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Abstract
Biofeedback has shown to be a promising tool for the treatment of anxiety however several
theoretical as well as practical limitations have prevented widespread adaptation until now.
With current technological advances and the increasing interest in the use of self-monitoring
technology to improve mental health we argue that this is an ideal time to launch a new wave
of biofeedback training. In this review we reflect on the current state of biofeedback training
including the more traditional techniques and mechanisms that have been thought to explain
the effectiveness of biofeedback such as the integration of operant learning and meditation
techniques and changes in interoceptive awareness and physiology. Subsequently, we propose
an integrative model that includes a set of cognitive appraisals as potential determinants of
adaptive trajectories within biofeedback training such as: growth mindset, self-efficacy, locus
of control, and threat-challenge appraisals. Finally, we present a set of detailed guidelines
based on the integration of our model with the mechanics and mechanisms offered by
emerging interactive technology to encourage a new phase of research and implementation
using biofeedback. There is a great deal of promise for future biofeedback interventions that
harness the power of wearables and video games, and that adopt a user-centred approach to
help people regulate their anxiety in a way that feels engaging, personal, and meaningful.
Keywords: biofeedback; neurofeedback; anxiety; stress; intervention; appraisal;
mindset; mechanisms; mental health; e-health; digital health; video games; wearable
technology; review
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An integrative model for the effectiveness of biofeedback interventions
for anxiety regulation

Background
The era of the quantified self is upon us [1]. Anywhere and at any time, we have access to an
abundance of information about how our bodies are adapting to the world around us, be it through
the internet, applications on our smartphones, or wearable devices. With these current technological
advances we are able to track, monitor, and regulate various aspects of our physiology and
behavioural activation, ranging from heart rate, to sleep patterns, to number of steps taken, and
calories burned. The popularity of these devices and applications is ever-growing and they are
becoming increasingly simple to integrate into our daily lives, providing us with the means to take on
a more active role in the management of our health and wellbeing[2-9].
Monitoring our physiological state informs us about not only our physical health, but also our
psychological wellbeing as our physiology is intimately linked with our psychology [10-12]. In
particular, our ability to monitor and modulate our emotional arousal, feelings, and expressions – our
capacity for emotion regulation – are an integral part of mental health [13,14]. One fundamental
aspect of emotion regulation is interoceptive awareness, the ability to sense and interpret internal
physiological signals [15-18]. Furthermore, physiological dysregulation underpins breakdowns in
mental health and psychopathology (e.g., anxiety disorders) [19-24]. For some diagnoses such as
generalized anxiety disorder and post-traumatic stress disorder, physiological symptoms and
dysregulation even serve as important inclusion criteria for diagnosis [19]. Yet, the majority of
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current interventions for anxiety and related disorders mainly focus on cognition and behaviour, with
physiology being seemingly undervalued.

The promise of biofeedback
Together with psychopharmacology, cognitive behavioural therapy (CBT) is currently viewed
as the gold standard for the treatment of anxiety [25-27]. While some components of CBT involve
attending to physiological signals of anxiety, such as self-monitoring and relaxation training, the core
of CBT programs is aimed at modifying the maladaptive cognitive and behavioural components of
anxiety instead [28-30]. This is an important limitation, as somatic symptoms are strongly related to
the severity and level of impairment associated with anxiety[22,31,32]. Therefore, integrating
training that facilitates the awareness, monitoring, and regulation of physiological signals, might
strengthen the effectiveness of anxiety treatment.
In recent years, there has been a rising interest in incorporating self-monitoring technology in
the field of medicine and treatment of mental health [7,9,33,34]. In addition to fostering selfregulation, this type of technology also aligns with current treatment needs as individuals seem to
increasingly gravitate towards holistic forms of therapy that emphasize the mind-body connection
and allows them to take on an active role in managing their health [7,35]. One promising form of
self-monitoring technology is biofeedback. Biofeedback is the process of measuring an individual’s
physiological states and feeding that information back to them so that they can learn how to change
their physiological activity for the purpose of health improvement [35]. Biofeedback has an
extensive history in science [36] and has been shown to be efficacious as a treatment for a large
variety of physical [37-39], as well as mental health issues including stress and anxiety[40-43].
Surprisingly however, biofeedback has not yet been widely implemented in standard anxiety
treatment. Instead, it is generally regarded as an alternative form of treatment [25]. The reported use
of alternative treatment is fairly high among people with anxiety, with the most recent numbers
indicating that one in six (16%) anxiety patients received alternative care in addition to conventional
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care [44]. Earlier studies reported numbers ranging between 110 out of 193 (56.7%) [45] and 430 out
of 1004 (43%) [26]. However, the available estimate for the specific use of biofeedback among
people with anxiety seems fairly small, specifically 3 out of 193 (1.6% [45]).
Part of the reason why biofeedback has not yet been incorporated in standard treatment
programs is our general lack of understanding of the mechanisms by which biofeedback training
actually works. While some factors have been proposed that can explain the effectiveness of
biofeedback, there is no existing model that encompasses the possible mediating or moderating
factors that contribute to positive outcomes of biofeedback training and what should be implemented
to strengthen its effects. Understanding the processes that lead to improvement are essential in
intervention research, even though they are often overlooked [46]. Additionally, practical limitations
including hardware requirements, costs, time commitment, and lack of engagement may have
prevented wide adaptation (e.g. [47,48]). However, there have been some promising advancements in
recent years that may address some of these limitations, such as the development of biofeedbackbased video games which may increase accessibility and engagement, especially for youth [165-167,
170-174, 186]. With these current technological advancements in biofeedback training and the
accompanying surge in self-monitoring applications, we propose that biofeedback could have a
second run in the treatment of anxiety.

Objective
The current review will reflect on the current state of biofeedback training for the treatment
of anxiety. The theoretical and scientific background regarding the working mechanisms of
biofeedback will be reviewed and subsequently, several key gaps in the empirical literature will be
highlighted, and reasons for these oversights will be addressed. Subsequently, we propose an
integrative theoretical model that combines factors that have been traditionally linked to the
effectiveness of biofeedback with cognitive appraisals as determinants of the effectiveness of
biofeedback training. Finally, a set of guidelines will be presented for future research and the design
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and implementation of a new wave of biofeedback training. These guidelines will be based on the
integration of our theoretical model with the mechanics and mechanisms offered by emerging
interactive technology such as video games and wearables. Using these guidelines we aim to
encourage a new phase of research and implementation using biofeedback.

Techniques used in biofeedback training
Operant learning
One core technique that is integrated in biofeedback training is operant learning. In
biofeedback training, feedback is given about physiological changes that are occurring. The
complexity of biofeedback can vary from presenting raw signals of physiological activity (e.g. heart
rate variability (HRV), respiration, and electroencephalography (EEG) signals) to a moving
frequency analysis [97]. In clinical and educational settings, additional aids are often given by
presenting feedback in the form of graphs, images or sounds [56]. However, simply showing
individuals their activity is not enough. Instead, it is vital that individuals are actively taught, using
operant (or instrumental) learning how to change their physiological state, specifically by providing
real-time feedback and reinforcement while regulation attempts are made [55,103,114-116].
In operant learning, positive reinforcement is used to shape an individual’s behaviour by
strengthening adaptive behaviour through the use of rewards which makes the original behaviour
more likely to occur [117]. In a typical biofeedback paradigm, an individual is placed in front of a
computer screen on which feedback regarding their physiological state is presented. When the
appropriate activity increases and/or inappropriate activity decreases, this change is followed by a
pleasant response (e.g., a pleasant tone). As sessions are repeated, the thresholds for receiving a
reward are gradually modified, thereby stimulating the display of healthy physiological activity
[106,107].
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Meditation techniques
In addition to operant learning techniques, biofeedback training often
incorporates self-regulation techniques that are similar to meditation and
mindfulness practices. Meditation is a practice consisting of various exercises that
are meant to shift one’s attention primarily to internal stimuli in order to achieve
better wellbeing and emotional balance [31, 199]. Mindfulness meditation
likewise aims to shift one’s attention to present experiences, but puts an
additional emphasis on regarding experiences in a non-judgemental and
accepting manner [200-201].
Furthermore, similar mechanisms of change can be identified in both biofeedback and
meditation. For instance, similar physiological patterns of change are found in response to
biofeedback as well as mediation [122] such as a coherent cardiac rhythm [90, 123]. Another
similarity is that both practices encourage individuals to shift their attention to internal experiences.
In biofeedback this is achieved by using biosensors to provide individuals with feedback on changes
in their physiological activity, whereas in mindfulness training this is achieved by guided mediation
exercises where individuals are prompted to shift their attention to the present moment and present
experiences [200-202]. Both approaches also often train slow, diaphragmatic breathing [97,101,119121]. However, while both try to enhance individuals’ internal attention, biofeedback specifically
focuses on changes in physiological activity whereas meditation aims for a broader focus on the
present moment, including all present experiences. Furthermore, mindfulness meditation explicitly
encourages individuals to regard observed sensations in a non-judgemental manner [200-201],
whereas biofeedback training does not. The core difference between meditation and biofeedback
however, is that meditation training does not provide feedback on how the person is doing in terms
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of regulating their stress. In contrast, biofeedback training gives participants continuous feedback on
how they are doing in terms of physiologically regulating their stress. Thus, although there are
various similarities between mediation practices and biofeedback, we argue that the feedback that is
provided in biofeedback training is crucial to help people gauge their progress and to keep them
engaged in the training.

Working mechanisms in biofeedback training
Interoceptive awareness
There are various mechanisms to which the effectiveness of biofeedback has been attributed
(see Figure 1). One of the core assumptions is that biofeedback leads to increases in interoceptive
awareness which in turn helps individuals to better regulate their physiology (Figure 1, path A and B)
[49-51]. Interoceptive awareness is our ability to sense and interpret internal, physiological signals,
which is an important part of emotion regulation [13, 15, 36, 52, 198]. Scientific research on
interoceptive awareness started in the field of psychophysiology back in the 70’s and 80’s followed
by a new wave of interest in the 90’s sparked by the introduction of the somatic marker hypothesis
[36,52]. According to this hypothesis, the interpretation of bodily sensations is closely associated
with emotional processing and decision making [10,53]. These early days of interoceptive awareness
research also gave rise to the idea that biofeedback training could help individuals improve their
interoceptive awareness [36] and this assumption is still at the core of biofeedback research today
(e.g. [35,38,41,43,47,54-57]). The support for this claim however seems to be mostly theoretical in
nature as there is very little direct empirical evidence showing that biofeedback training
systematically improves awareness of physiological states (see Figure 1, path A). Equally important
is that it is unclear if and when this internal acuity is adaptive [36,58,59].
Interoceptive awareness has been positively related to decision making [60,61] as well as
various forms of emotional processing such as: emotional memory[62], emotion recognition[63] and
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most notably, emotion regulation [15-18]. Importantly, it seems that increased interoceptive
awareness is not always better. For example, heightened interoceptive awareness has been linked to
increases in anxiety [64,65] and has even been linked to various anxiety disorders such as panic
disorder and social anxiety disorder [59,66-69]. In individuals with panic disorder, an increased
focus on and subsequent misinterpretation of physiological sensations is the main cause of panic
attacks [66,70]. For individuals with social anxiety disorder, this vigilant attention to physiological
sensations likewise impairs their ability to process information from their immediate social
environment. Socially anxious individuals often interpret bodily sensations of anxiety as a
confirmation that they cannot function well in social situations. Furthermore, these anxious
individuals believe that their bodily sensations are clearly noticeable by others, which plays into their
fear of being humiliated [59,67,71,72]. Thus, whether or not high levels of interoceptive awareness
are adaptive seems to at least in part rely on how internal sensations are interpreted.

Physiological Changes
Biofeedback training teaches individuals how to regulate their physiological activity [35] and
the benefit of biofeedback is often attributed to the acquisition of these self-regulation skills. This
belief is rooted in the large body of research dedicated to linking specific emotional states to specific
physiological changes [36]. Anxiety’s strong physiological ties make it a particularly fitting target for
biofeedback, as biofeedback training addresses a wide array of physiological processes. The most
prominent forms of biofeedback that are used for anxiety treatment and stress management are heart
rate variability (HRV) biofeedback and neurofeedback.
HRV Biofeedback
The primary aim of HRV biofeedback is to create balance in the autonomic nervous system
(ANS). The ANS is divided into two branches: the sympathetic nervous system (SNS) and the
parasympathetic nervous system (PNS). The SNS prepares individuals for action, increasing heart
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rate, blood pressure, and cardiac output, whereas the PNS slows these processes down as part of the
restorative process [73,74]. Anxiety has mostly been tied to hyper-arousal of the SNS which is
associated with physiological responses such as increases in breathing rate and intensity, heightened
blood pressure, increases in electrodermal activity, increases in heart rate, and decreases in heart rate
variability [42,75]. However, anxiety can also be tied to disrupted PNS function, as is reflected in the
low vagal tone that is exhibited by individuals suffering from anxiety disorders [75-79]. Vagal tone is
the inhibitory action exerted by the vagus nerve. Specifically, an increase in vagal tone slows down
the heart rate and a decrease speeds up the heart rate [78]. Vagal tone is used as a marker for emotion
regulation with a higher vagal tone reflecting effective emotion regulation and lower vagal tone
reflecting emotion regulation deficits [80-82].
As the name indicates, HRV biofeedback targets the variability in time (R-R) intervals
between heart beats [85,86]. HRV is an important marker for emotion regulation as it reflects the
interplay between the PNS and the SNS [80,86-89]. HRV has shown to be particularly sensitive to
changes in emotional state, with positive and negative emotions often being readily distinguishable
[90]. During negative emotions such as anxiety there is less synchronization between the PNS and
the SNS [91]. Low HRV in particular has been tied to a lack of emotional flexibility [92,93] and has
been found to be present in depression [94,95] as well as anxiety disorders [75,76,79,96].
The primary aim of HRV biofeedback is to create autonomic balance by enhancing cardiac
coherence, which is a heart rhythm oscillating at a frequency of around 0.1 Hz [39,90,97]. In
common HRV biofeedback paradigms this rhythm is achieved by training individuals to increase the
amplitude of respiratory sinus arrhythmia (RSA: [39,97]). RSA is the cyclical change in heart rate
occurring when the heart rate increases during inhalation and decreases during exhalation. RSA is
commonly used as an index of vagal control of the heart, particularly parasympathetic control [98].
Low amplitudes of RSA are found in anxious and depressed individuals [99,100] and HRV
biofeedback aims to increase these amplitudes [97]. In HRV biofeedback training participants are
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often shown raw signals of their HRV or a moving frequency analysis. Then participants are
instructed to pace their breathing to around six breaths per minute to maximize their RSA amplitude
[97,101].
Neurofeedback
In addition to heart function, emotion regulation deficits in anxious individual have also been
tied to irregularities in electrical activity in various brain regions such as the amygdala and prefrontal cortex [83,84]. Neurofeedback uses a brain-computer interface to provide feedback to an
individual about their brain's electrical activity, which is measured by electroencephalography (EEG)
electrodes that are placed on the scalp. The aim of neurofeedback training is to keep the level of
brain activity within a specified frequency range (e.g. Theta 4-8 Hz) [102-104]. Effective
neurofeedback training protocols for the treatment of anxiety have mostly focused on enhancing
alpha, increasing higher theta activity, and inhibiting beta frequencies [105-108]. However,
quantitative EEG is increasingly used to identify additional patterns of brain activity related to
anxiety and to improve neurotherapy (for a detailed overview see: [108]).
Limitations and gaps in biofeedback research
Despite the fact that teaching individuals to change their physiology is central to both HRV
biofeedback as well as neurofeedback, there is no convincing evidence as to whether these changes
are indeed essential for positive treatment outcomes (see Figure 1, path C). In fact, early evidence
suggested that physiological changes may only account for a small percentage of variance in clinical
outcomes [109,110]. In current efficacy studies, physiological changes are treated as secondary to
clinical changes [39] with many studies failing to check whether subjects have been trained to
criterion, therefore lacking a demonstration that physiological responses have truly been altered [43].
When changes are in fact monitored in neurofeedback, many individuals seem unable to effectively
control their physiological activity [111]. However, even in the absence of significant physiological
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changes, or even when the change was in the wrong direction, significant clinical improvements can
still be found [105]. In HRV biofeedback training similar findings indicated improvements in
symptoms of depression and anxiety even though no significant changes in HRV could be
established [112]. In addition, improvements in anxiety were found even when sham-feedback was
given [113]. This could indicate that certain expectations or perceptions of control in relation to
biofeedback training may be important determinants for treatment outcomes of biofeedback
[111,114]. However, empirical evidence with regard to specific working mechanisms and possible
influencing factors related to physiological changes in biofeedback training is lacking.
In the current biofeedback literature, the efficacy of biofeedback is attributed to the
implementation of operant learning reinforcement and meditation techniques as well as changes in
interoceptive awareness and physiology, (see Figure 1). While there is indeed a wealth of theoretical
speculation about the importance of these factors, the empirical evidence linking these processes to
biofeedback outcomes specifically remains scarce. Equally important, there are likely important
mechanisms that mediate the effectiveness of biofeedback that have not yet been investigated.
Specifically, we propose that there are a set of cognitive appraisals that act as mediators between
previously identified processes (e.g., interoceptive awareness and physiological change) and anxiety
reduction from biofeedback training. In the following section, we introduce this set of cognitive
mechanisms and argue for the importance of including them in a more comprehensive framework for
understanding biofeedback training.
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Figure 1. Traditional techniques and mechanisms thought to explain the effectiveness of biofeedback
training

Cognitive mechanisms underlying biofeedback processes
Regulating physiology (such as heart rate) is only one aspect of emotion regulation. Emotion
regulation also includes changing subjective experience (affective states) as well as cognitions[13].
Cognitive processes, including how we interpret and evaluate certain situations or feelings, play a
major role in the onset and regulation of emotion as well as how we respond to and interact with our
environment [11,13,124,125]. Evaluations and interpretations of certain events or situations are
commonly referred to as appraisals, which are central to our current understanding of emotion
[74,126]. Appraisals drive our entire emotional experience, including how our body reacts (e.g.
sweating or heart racing), how we feel (e.g. anxious or calm) and how we take action (e.g. avoid or
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approach; [125,127-130]). Furthermore, dysfunctional interpretations and attributions mediate
recovery from mental health problems [131,132]. Appraisals may therefore be an important factor
explaining or contributing to the effectiveness of biofeedback interventions that aim to help
individuals with stress and anxiety.
Broad categories of appraisals include: valence (e.g. whether something is viewed as positive
or negative), causal agency, evaluations regarding one’s potential to cope with or control a situation,
and compatibility and relevance with regard to one’s goals, norms, and expectations. Different
appraisals of the same situation or stressor can therefore lead to an array of emotional responses
[126]. We suggest that there are varying levels of appraisals that are relevant to understanding the
mechanisms by which biofeedback works: appraisals of the self, such as self-efficacy and locus of
control, and situational appraisals such as threat-challenge appraisals.

Self-efficacy
When considering appraisal mechanisms by which biofeedback may work to regulate anxiety,
appraisals about the self are particularly relevant (c.f. [126,138]). For example, someone’s
uncertainty regarding their ability to cope with a situation is highly predictive of anxiety [139].
Whether someone succeeds in self-regulation may therefore strongly depend on their self-efficacy, in
other words the belief that they can do it. Various meta-analyses have shown that self-efficacy is
important for self-development, adaptation, and change (see [140]). Moreover, high self-efficacy is
linked with better emotion regulation skills and general psychosocial functioning [141]. In contrast,
low levels of self-efficacy are accompanied by high levels of anxiety [142-144]. In youth, selfefficacy has been found to be predictive of the development and maintenance of affective disorders
[145,146]. Furthermore, self-efficacy is an important predictor of treatment outcomes for panic
disorder [147]. Given the importance of self-efficacy in anxiety regulation, it is likely a key
mechanism for effective biofeedback training.
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Locus of Control
An additional way in which self-efficacy may be tied to biofeedback is by changing locus of
control. Locus of control refers to the degree to which individuals believe that they themselves have
control over the outcome of events in their lives (internal locus) as opposed to forces outside of their
control (external locus) [148,149]. People with high self-efficacy generally have an internal locus of
control, believing that their own actions and decisions shape outcomes. In contrast, people with low
self-efficacy have an external locus of control, often viewing their lives as being beyond their control
[140]. Control is an important factor that determines distress and anxiety in a given situation.
Specifically, the less someone feels like they are in control, the more anxious they become [150154]. Moreover, perceived control has been shown to predict outcomes of mental health therapy,
with stronger feelings of control being linked to better outcomes [155]. The amount of control
someone feels in biofeedback paradigms may therefore influence the success of the training
[55,153,155].
Over the course of biofeedback training, with repeated practice and continued feedback on
physiological changes, participants in training may increasingly come to believe that they themselves
can influence the outcome of the intervention, in turn leading to a decrease in distress and anxiety. If
biofeedback training indeed leads to an increased internal locus of control and locus of control
directly influences anxiety, this may also explain why positive therapeutic outcomes of biofeedback
can still be present even in the absence of significant physiological changes or when sham-feedback
is

given.

Threat-Challenge
Appraisals of the self often interact with more specific appraisals regarding the situation at
hand to determine how anxious someone is and whether they are able to regulate their anxiety. For
instance, when personal resources are perceived as greater than the situational demands posed by a
stressor suggest, the situation is likely to be appraised as a challenge. However, when situational
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demands are perceived as exceeding personal resources, the situation is more likely to be appraised
as a threat [36,156-158]. Someone with high self-efficacy is therefore more likely to view difficult
tasks as something to be mastered (i.e. a challenge) rather than something that should be avoided (i.e.
a threat) [159].
Challenge and threat appraisals are both related to activation in the SNS. However, they differ
in the way that they prepare the body for action. When individuals enter a threat state, the body
responds by activating the hypothalamic-pituitary-adrenal axis, leading to increases in cortisol
production. In addition, downstream vascular resistance is increased and cardiac efficiency is
decreased. These changes prepare the body for damage of a physical or social nature. In contrast,
when individuals are in a challenge state, there is an increased activation of the sympathetic-adrenalmedullary axis, which results in increased oxygenation of the bloodstream to the brain and peripheral
sites and vasodilation which leads to increased cardiac efficiency. These changes prepare the body
for approach-oriented behaviour [157].
In biofeedback training, the goal is to change a person’s physiological activity from an erratic
state to one where there is increased cardiac efficiency and synchrony between the parasympathetic
and sympathetic branches of the ANS; that is, a state of autonomic balance or homeostasis
[39,90,91,97]. However, the extent to which homeostasis is maintained may not solely depend on
practice and feedback, but may also be determined or moderated by how physiological activity is
appraised over the course of biofeedback training. According to the threat-challenge model, these
appraisals are key to changing physiology, cognitions, and behaviour in stressful situations
[157,161]. Indeed, reappraising stress arousal as helpful rather than harmful has been shown to
effectively reduce attention bias to threat cues and improve physiological functioning, resulting in
decreased vasoconstriction and increased cardiac efficiency [162]. Thus, another way in which
biofeedback may work is by helping individuals to shift from interpreting their physiological arousal
as being indicative of a challenge, rather than a threat.
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An integrative model of biofeedback training
We began by reviewing the main factors to which the effectiveness of biofeedback has
conventionally been attributed including: the implementation of operant learning and meditation
techniques and changes in interoceptive awareness and physiology (see Figure 1). We went on to
suggest that cognitive processes have been largely neglected in biofeedback research even though
these play an important role in emotion regulation and adaptive trajectories of anxiety treatment
[11,13,124,125,131,132]. Several cognitive appraisal dimensions were identified that may be
important determinants of adaptive trajectories within biofeedback training. Specifically, we
identified appraisals varying from appraisals of the self to situation-specific appraisals. Next, we
propose an integrative model which combines and causally links these appraisals with previously
identified mechanisms to explain the effectiveness of biofeedback. In this model we pay particular
attention to both the real-time changes that occur within single biofeedback sessions as well as
developmental changes that may happen as a result of repeated exposure and training.

Real-time change
Figure 2 summarizes our integrative model of biofeedback effectiveness at the real-time
scale. We propose that the relationship between interoceptive awareness and anxiety regulation may
be mediated by changes in a person’s moment-to-moment appraisals (see Figure 2). Focusing on
these real-time processes can potentially address conflicting results in past research on biofeedback.
On the one hand, increasing interoceptive awareness through biofeedback is thought to facilitate
anxiety regulation. On the other hand, we also know that an increase in physiological awareness can
lead to an increase in anxiety [64,65]. Examining how cognitive appraisals may interact in a
feedback process in real time with interoceptive awareness helps us make sense of these
contradictory findings.
At the start of biofeedback training, participants with heightened anxiety symptoms may
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begin with low interoceptive awareness and they may not yet be able to effectively self-regulate.
However, as biofeedback training continues, awareness of physiological signals may increase as
participants begin to detect changes in their physiology. Importantly, however, this increase in
awareness may only have a positive effect on self-regulation when certain appraisals are elicited. For
instance, when a person becomes aware of physiological sensations and changes related to their
anxiety but they have low self-efficacy, their ability to effectively self-regulate may be impeded and
give rise to further anxiety. Alternatively, a person with higher self-efficacy who becomes
increasingly aware of changes in their physiology may feel more competent to focus on the training
and regulate that physiology. Thus, appraisals such as self-efficacy and locus of control may
influence real-time effects of biofeedback training within individual sessions. However, we argue
that for lasting improvements in anxiety to be realized through biofeedback, repeated sessions are
needed for locus of control, self-efficacy and threat-challenge appraisals to change and stabilize into
more resilient patterns.
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Figure 2. Integrative model of changes in real-time including appraisal mechanisms
Developmental change
Some mechanisms of change may already occur within a single biofeedback session but it is
likely that repeated exposure is essential for changes to become automated and

internalized.

Specifically, we suggest that only when practice is provided in a way that the proposed changes are
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optimized will changes generalize to outside the context of the training and influence developmental
outcomes such as mindset, stress reactivity and recovery and trait anxiety (see Figure 3).
Mindset
Before someone engages in a biofeedback training, they already have certain expectations with
regard to the efficacy of the training and their ability to change. These expectations are tied to a
general belief system regarding the malleability of traits. Someone with a growth mindset believes
that traits are malleable and change as a result of circumstances and situations. In contrast, someone
with a fixed mindset assumes traits are stable across time and situations [133,134]. Having a fixed
mindset compared to a growth mindset has been found to predict psychopathology [135,136].
Furthermore, a recent study found that students who received a growth mindset intervention viewed
stressors as less threatening and showed more adaptive physiological responses which resulted in
better performance outcomes, such as better grades [137]. Differences in individual performance and
improvement in biofeedback paradigms may likewise be influenced by someone’s initial mindset
with regard to the malleability of self-regulation skills.
Someone with a growth mindset, may have a stronger belief that, through practice, they will be
able to effectively exert control over their physiology and will regard the training as a positive
challenge. This is because individuals with a growth mindset believe change can be obtained through
effortful engagement and they regard failure as a sign to remain engaged and bolster one’s efforts
[160]. Regarding the training as a positive challenge may not only improve someone’s performance
in the training but also their physiological functioning [162]. Furthermore, we argue that biofeedback
training may lead to changes in people’s mindset. In initial training sessions, participants may start
out with a fixed mindset, low self-efficacy and a low internal locus of control. However, as
participants practice repeatedly and observe their progress in terms of self-regulation they begin to
learn that they are indeed able to effectively change their physiology; this awareness, in turn, may
influence their mindset. Specifically, someone who previously had a more fixed mindset with regard
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to their ability to self-regulate could shift towards a more growth-oriented one as training continues.
Stress reactivity and recovery
Over the course of biofeedback training, participants are also likely to change how they
physiologically and psychologically respond to stressful situations (i.e. their stress reactivity [203) as
well as the speed at which they are able to recover after the stressor has ended (i.e. their stress
recovery [203]). Anxious individuals in particular exhibit increased stress reactivity and slower stress
recovery [203-205], but with repeated practice they may be able to change their reactivity and
increase the speed at which they recover. Specifically, as participants receive practice in changing
their physiological activity, they are likely to increase the speed at which they are able to do so.
Furthermore, as they receive feedback on their progress, they may change the way they perceive
changes in physiological activity and their ability to control this change. For instance, instead of
being hyper-vigilant towards bodily cues and changes in physiology, which often results in increases
in anxiety, they may tune their attention to a more balanced, optimal level of engagement. It is likely
that “riding” this more balanced form of attention to physiology feels more like a “flow” state
[163,164] and results in more positive, agentive, and challenge-based appraisals of the situation. In
turn, these challenge-based appraisals will improve stress reactivity and may help individuals to
more quickly recover from being exposed to stressors [157, 161-162].
Trait anxiety
With repeated practice, as the self-regulation techniques and changes in cognitive
mechanisms become more internalized, people may become more adept at appraising and regulating
their physiological and psychological responses to stressful situations. Over development and
repeated training sessions, we propose that an increased growth mindset, and more adaptive stress
reactivity and recovery, will develop in concert with lower day-to-day levels of anxiety (i.e. their trait
anxiety).
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Figure 3. Model of developmental change showing repeated practice leading to changes in mindset,
stress reactivity and recovery, and a trait proclivity to feel anxiety.

Implications for research
Studies testing the effectiveness of biofeedback training have primarily focused on outcome
measures. However, in order to update theoretical models that link physiology to emotional states,
and to improve outcomes from biofeedback interventions, it is vital to study how individuals change
with repeated practice and exposure and how outcomes may be tied to certain mediators and
moderators. In particular, there seems to be a great deal of promise in studying the appraisal
processes outlined in Figure 2 and Figure 3 as mediators within individual sessions as well as across
sessions to see how they influence developmental outcomes.
In order to capture mechanisms of change, experimental studies need to be set up in such a
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way that measurements of interest are repeated within and across multiple training sessions. For
instance, training at the very beginning may make individuals feel like they do not have a lot of
control over their physiology and the way that they feel, but this perceived control may increase over
the course of the training. By assessing locus of control at multiple times during the training, the
extent to which changes in these appraisals, in real time, predict or perhaps mediate the effect of the
training on anxiety symptoms can be examined. Subsequently, by examining at what point in the
training and which particular circumstances these changes occur, future training programs can be
designed to amplify these changes and subsequently maximize positive outcomes.
Although it is important to capture change, it is also important to examine how certain beliefs
or characteristics present before starting the training (i.e., cognitive moderators) may influence
performance or how quickly someone learns to self-regulate. For example, someone with a growth
mindset who believes that they are able to change their ability to self-regulate through practice, may
be more receptive to feedback about their physiology, viewing the training as an opportunity to better
themselves. In contrast, a fixed mindset may initially inhibit progress in the training as physiological
sensations of anxiety and feedback on physiology may be interpreted as threatening. Thus, in studies
focused on evaluating the effect of a biofeedback training, it seems important to include mindset as a
moderator in the analyses. Alternatively, participants can be divided into groups using a particular
cut-off of the characteristic of interest. The extent to which individuals with one particular trait (such
as growth mindset) improve more than those with a fixed mindset can be examined. It would also be
interesting to track trajectories of change over the course of the various training sessions to see if
they differ between groups. Information about the influence of certain traits and characteristics can
inform us about who is an ideal participant for biofeedback training and why, such that future
interventions can be improved and better targeted. For instance, if results indicate that individuals
with a growth mindset respond better to biofeedback training, then it may be more effective if the
training is adapted in such a way that expectations related to this type of mindset are primed early on
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in the intervention.

Implications for designing new biofeedback interventions
Thus far we have proposed a new integrative model which presents several cognitive
appraisals as possible moderators or mediators of adaptive outcomes in biofeedback training and
suggested ways in which these appraisals can be assessed in future experimental studies.
Furthermore, we emphasized that adaptive and lasting developmental changes can only be achieved
by repeated practice. Our design recommendations follow from these points, emphasizing two main
sets of suggestions. First, biofeedback interventions should work optimally if they enforce all factors
in our model including interoceptive awareness and physiological change as well as the newly
proposed cognitive mechanisms. Second, these interventions need to be designed to keep individuals
intrinsically motivated and engaged enough to keep practicing over several repeated training
sessions. In the following sections, we describe how specific design aspects of interactive technology
such as video games and wearables could be integrated with biofeedback training to optimize the
factors described in our integrative model.

Interoceptive awareness
While someone may become increasingly aware of their internal state while engaging in
biofeedback training, it may still be difficult to notice changes in physiology in someone’s daily life.
While continued practice may increase the likelihood that changes and skills transfer to outside the
training context, this process may be further enhanced by using wearable self-monitoring technology.
“Wearable” technology is becoming increasingly easy to integrate in our daily lives [9]. There are
already a large number of phone applications available that are either linked to internal sensors (e.g.,
global positioning system (GPS) or pedometer) or external sensors (e.g., heart rate sensors) which
can generate real-time information or provide daily, weekly, or even yearly overviews of a person’s
activities, mood, and physiology. Using these wearables may not only increase someone’s
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interoceptive awareness, but may also provide information regarding the contexts in which certain
internal changes are most likely to occur. Furthermore, providing overviews of how someone has
changed over a certain period of time may foster a growth mindset as it emphasizes their
malleability. Finally, reports provided by wearables may also be valuable for clinicians as they can
more closely monitor their clients’ improvement or deterioration and identify contexts in which
certain exercises or interventions may be most effective.
At this point it is important to once more emphasize that while interoceptive awareness is an
important aspect of emotion regulation, merely increasing this awareness may actually result in an
increase in anxiety [64,65]. Continuously providing feedback on whether a desired level of
physiological activity is reached may lead to extreme attention vigilance and be counterproductive
for those anxious people who already focus too much on their internal states. Therefore, fostering a
balanced awareness may be a better approach for biofeedback training for anxiety reduction. To
achieve this balance, the training should be designed in such a way that other elements in the
environment provide opportunities to disengage from attending to physiological activity. For
instance, in the biofeedback video game Dojo [165-167] there is a figure of a seated human with a
heart displayed in the corner of the computer screen that changes colour based on the player’s HRV.
Specifically, the heart changes in colour from red, to orange to green, with green being the most
optimal level of HRV. Using this type of stimuli clearly communicates changes in the physiology of
the player, however having it continuously present may result in a singular focus on their internal
state. Thus, making the training context more engaging at different parts of the game and leading
participants’ attention away from the heart representation for short periods is likely a more optimal
strategy. It may actually be most effective to move away from explicit representations of heart rate,
pulse, and other bodily representations of stress and arousal.
If the digital context where self-regulation is practiced is engaging enough (e.g., by offering
thrilling or beautiful environments to explore where stimuli respond to changes in physiology), these
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design features may craft a more balanced attention landscape. Practicing in this type of landscape
may change from a vigilant form of interoceptive awareness to a state of concentrated relaxation in
which participants are aware of their arousal but instead of fighting it or losing themselves in it, they
are in control and moving along with it. Gamers have described this state of “concentrated
relaxation” as feeling completely focused and concentrated but at the same time feeling like they are
able to let go of both [168,169]. For example, the game Nevermind [170] in addition to using explicit
representations of HRV (a heart changing in colour) also uses atmospheric changes that reflect the
player’s level of arousal. Players find themselves in an eerie environment that becomes more or less
unsettling depending on how well the player is able to self-regulate their arousal. The screen
becomes more distorted or ominous noises become even more pronounced the more anxious the
person feels. Moreover, specific scenic elements are used such as the kitchen that floods with milk
the more anxious the player becomes. In addition the game also includes challenging puzzles which
require the player’s attention, which means they cannot singularly focus on changes in their HRV
[171]. Another exemplary biofeedback application is DEEP, which integrates atmospheric forms of
biofeedback [172]. In DEEP players receive feedback on their breathing by means of a circle that
enlarges and shrinks in accordance with the player’s breath. While this circle is always directly in the
player’s line of sight, the game environment is designed in such a way that it grabs the attention and
invites players to explore the beautiful underwater world with its vibrant flora and fauna that respond
to players’ breath. For example, some of the plants mirror players’ in- and out-breath growing and
shrinking or becoming more or less bright [173,174]. As these examples demonstrate, there is a great
deal of promise in integrating biofeedback into engaging environments where participants are made
aware of their internal states, but feel competent and able to focus on the task at hand.

Self-efficacy and Locus of Control
One of the foremost sources of information from which we derive our sense of self-efficacy is the
genuine experience of mastery [175]. Specifically, our feelings of competence and confidence are
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largely based on earned failures and successes [175,176]. A sense of mastery can be felt when a
task’s level of challenge is aligned with our perceived level of competence. In developmental
literature this ideal balance between challenge and guidance is known as the zone of proximal
development [177]. Putting players in this sweet spot of challenge to keep them motivated and
engaged is something that video game designers excel at, as is demonstrated by the huge number of
individuals that play games and the amount of hours that they play them [178-180].
This balance of challenge and difficulty that is experienced in games is also referred to as a state
of flow. Flow is experienced when individuals are immersed in a task, with energized focus, full
involvement, and enjoyment in the process of the activity. This flow state coincides with a high sense
of control and a loss of self-consciousness [164]. Notably, flow has also been linked to increased
self-esteem and decreased anxiety [181]. To achieve a flow state, clear goals must be set beforehand
and there must be a possibility to monitor progress. In addition, clear and immediate feedback needs
to be given and a good balance between the perceived challenge and one’s perceived skills should be
the aim [163]. Some of these conditions are already an inherent part of biofeedback such as the
immediate feedback and ability to monitor progress, however, most biofeedback training programs
are not specifically designed with flow states in mind. Video games are designed in such a way that
flow states are likely to occur as the difficulty level dynamically adapts to the player’s current level
of mastery, ramping up whenever the skill of the player increases [182]. While some biofeedback
programs do in fact dynamically adjust the level of difficulty, participants may still not experience
mastery. To accomplish a true sense of mastery, it is not only important to balance the level of
challenge, but to also balance rewards and acknowledgements of success. Providing rewards when
appropriate instils a sense of accomplishment and pride. However, if challenges are too easily
overcome and rewards are disproportionately doled out, the same sense of accomplishment is not felt
due to ill-gotten gains[183]. When designing biofeedback interventions it may therefore be beneficial
to focus on facilitating flow and genuine mastery experiences, thereby creating experiences where
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participants feel competent, in control, and focused on the goals in the training, but still aware of
their physiological arousal.

Threat-Challenge
Clinical interventions often focus on decreasing physiological arousal as increases in arousal
(e.g., quickening of the breath and an increase in heart rate) are often associated with negative
emotional states such as anxiety. Interventions that focus on changing appraisals of stress from a
threat to a challenge do not focus on reducing arousal or inducing relaxation per se, but instead aim
to change the way the arousal is interpreted and experienced [161,162,184]. Interventions aimed at
changing threat-challenge appraisals either directly target arousal interpretations or they target
higher-level belief systems such as growth mindset. When directly targeting threat-challenge
appraisals participants are often provided with information in written, oral and sometimes in videoform that shows arousal is not harmful but rather a functional response of the body that aids
performance in challenging and stressful situations. Interventions focused on fostering growth
mindset use similar strategies but have an additional emphasis on people’s ability to change (for a
complete review of threat-challenge manipulation strategies see: [184]). Appraising arousal in a
positive manner has been shown to lead to more adaptive stress responses [157] and even better
academic performance [137,161].
To encourage challenge appraisals, feedback messages could be implemented in biofeedback
training before and throughout biofeedback training which frame arousal as adaptive. However, a
downside to integrating these types of messages is that they are fairly explicit, which may clash with
the more implicit, bottom-up type of feedback that is delivered through biofeedback. Therefore, if
feedback messages are integrated, they should nicely blend into the environment. One successful
example of this type of integration can be found in the phone-based companion application called
#SelfCare[185]. In this application, which aims to provide relaxation and mindfulness training, users
are invited to stay inside in their virtual bedroom where they can interact with objects in the
https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

environment and play some minigames. While interacting with the application, messages pop up on
screen that encourage the user to observe how they feel such as: “Is there tension somewhere?”,
“Where does this tension come from?”, and “What can we learn from it?”. These types of messages
frame bodily sensations and arousal as informative, similar to threat-challenge manipulation
strategies [184]. Furthermore, the user is addressed in a comforting and encouraging way, such as
“There’s no hurry, we can stay as long as we’d like”. However, the messages don’t feel patronizing
or forced because they are phrased in a personal and relational way and because they blend in with
the soothing and safe atmosphere of the environment. Thus, while biofeedback training may benefit
from integrating feedback messages that frame arousal as functional and encourage a growth
mindset, we argue that caution must be given so that it is well balanced with the design.
In previous sections we posited that merely interacting with biofeedback could already help
individuals to appraise increasing arousal from a perspective of challenge as they witness that arousal
as something that they can control. However, the environments in which participants train are often
fairly neutral and participants are rarely given the opportunity to practice in situations that increase
their arousal [186]. We argue that especially when it comes to anxiety, it is important that individuals
practice in contexts where feelings of anxiety are actually triggered, similar to exposure exercises in
anxiety treatment [187]. When practicing self-regulation within contexts that evoke arousal the
likelihood increases that skills are transferred to outside of the training to stressful situations where
these skills are needed most. Moreover, when practicing within these contexts, re-appraisals of
arousal are more likely to occur than practicing in a neutral or relaxing setting [188,189]. Some
biofeedback-based games such as Nevermind [171] and Mindlight [206] have already adopted the
use of anxiety-inducing settings. The latter game, Mindlight has even been shown to be as effective
in relieving anxiety as CBT [190]. Ideally, stressful training environments are designed to increase
arousal but also allow individuals to directly interact with and exert control over the environment so
that they feel immersed, in control, and motivated to continue.
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Mindset
While biofeedback training may already implicitly change participants’ mindset as feedback
with regard to change and progress is constantly provided, incorporating design elements that
explicitly facilitate a growth mindset may further strengthen the training’s effects. Various
approaches have been used in previous interventions to foster a growth mindset such as providing
individuals with excerpts from scientific texts, showing them educational videos or by giving them
writing exercises. All of these strategies are focused on priming individuals with or explicitly
displaying information that emphasizes people’s ability to change (e.g. [137,191]). These mindset
interventions have shown positive results improve physiological responding, work performance,
affective responses, and health outcomes (for overview see [184]).
While biofeedback training may already foster a growth mindset by providing feedback with
regard to physiological change, the training may further benefit from including elements that are
explicitly designed to emphasize a person’s malleability. For instance, feedback messages in initial
biofeedback sessions could be adapted so that they not only indicate how someone is currently doing,
but also highlights their rate of improvement and that they have the potential to further improve.
Furthermore, participants can be provided with regular opportunities to check in on their progress
throughout the course of the training. For instance, they could be shown a visual representation of all
changes that they went through from the first session onwards. Whereas the feedback messages in
the initial session can be intended to demonstrate the possibility to change, showing explicit evidence
of a person’s progress can serve as a concrete representation of improvement. Furthermore, for these
growth-mindset micro interventions, it is essential to structure the specific feedback messages so that
they reinforce and focus on the participant’s efforts, instead of emphasizing that the participant is a
competent person [160]. For instance, messages should not focus on personal traits such as ‘You’re
awesome!’ or ‘You’re so smart!’ but could instead highlight progress and effort: ‘You’re doing great,
it’s clear that you are improving!’ or ‘Keep at it, you’ll figure it out!’ Adding these type of feedback
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messages could result in someone adopting a growth mindset regarding their ability to self-regulate.

Engagement as a prerequisite for change
In the previous section we have shown how future biofeedback interventions can be designed in
such a way that they optimize all factors in our integrative model (Figure 3). Several of these
suggestions focused on harnessing the power of new technology such as video games and wearables.
These forms of technology are able to directly target some of the suggested mechanisms and are also
more likely to keep users engaged and motivated. However, while we have proposed that using these
forms of technology is promising in terms of accessibility and engagement we also suggest that
merely integrating game-elements or wearables into a biofeedback intervention is not be enough to
guarantee user engagement. For instance, the use of wearables has increased in recent years and yet a
third of all adopters stop using their devices after a couple months[192]. A similar lack of adherence
and uptake has been observed for the use of digital mental health applications, including game-based
interventions[193-196]. For wearables, the observed drop in usage is attributed to the fact that many
of these applications suffer from poor user-research (or none at all) which results in unsatisfactory
user experiences [7,197]. A similar lack of user-centred approaches and design principles has been
posited for digital mental health interventions [193,195].
One possible solution to avoid the same pitfalls in the design of the next generation of
biofeedback interventions may be to adopt design thinking principles and practices. A recent paper
by Scholten and Granic [195] outlined how design thinking could be used to improve digital mental
health interventions. Design thinking focuses on empathy, multidisciplinary ideation and
experimentation. The design thinking approach puts the needs of the user at the centre of the
development process. Furthermore, there is cross-disciplinary teamwork and collaboration and the
development process consists of rapid prototyping and iterative testing of services [195]. Although
this is just one suggested approach, its emphasis on user engagement integrated with a strong design
foundation that tailors the intervention or application to the user’s needs seems particularly
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promising.

Conclusion
With current technological advances and the increasing interest in the use of self-monitoring
technology to improve mental health, we argue that this is an ideal time to launch a new wave of
biofeedback training. Our hope for the current paper was to inspire a new phase of research and
implementation of biofeedback training. We reviewed the more traditional techniques and
mechanisms thought to explain the effectiveness of biofeedback: operant learning and meditation
techniques, interoceptive awareness, and physiological change. Next, we identified several cognitive
appraisal dimensions as potential determinants of adaptive trajectories within biofeedback training
including: self-efficacy, locus of control and threat-challenge appraisals. Subsequently, we proposed
a new comprehensive model addressing real-time as well as developmental processes of change.
Specifically, we posited that the relationship between changes in interoceptive awareness and anxiety
regulation in individual sessions may be mediated by changes in a person’s moment-to-moment
appraisals such as self-efficacy and locus of control. Furthermore, we highlighted the importance of
repeated exposure and practice in order to achieve adaptive and lasting developmental changes in
growth mindset, stress reactivity and recovery and trait levels of anxiety. Finally, we presented
guidelines for the design of future experimental studies as well as new biofeedback training
programs and applications that are in line with our integrative model. In sum, there is a great deal of
promise for future biofeedback interventions that harness the power of wearables and video games
and that adopt a user-centred approach to help people regulate their anxiety in a way that feels
engaging,

personal,

and

meaningful.

Acknowledgements
This work was supported by the Netherlands Organisation of Scientific Research (NWO) Creative
Industry grant [314-99-115]. In addition, we would like to acknowledge Owen Harris, Niki Smit
https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

(Monobanda), Andy Mooney (Paradoxical Recordings), and Bryan Duggan (DIT School of
Computing) for developing the game DEEP which inspired our work.

Conflicts of interest
None

declared.

Abbreviations
ANS: Autonomic Nervous System
CBT: Cognitive Behavioural Therapy
EEG: Electroencephalography
GPS:
HRV:
RSA:
SNS:
PNS:

Global
Heart
Respiratory
Sympathetic
Parasympathetic

Positioning
Rate

System

Variability
Sinus
Nervous
Nervous

Arrhythmia
System
System

References
1.
2.
3.
4.

5.
6.
7.
8.
9.
10.

Lupton D. The quantified self. Malden, Massachusets: Polity Press 2016. ISBN:
9781509500611:9781509500611
Barick U, Gowda A, Mohanty R, Dutt AR, Somanath M, Mittal S, Patil A. Harnessing real
world data from wearables and self-monitoring devices: Feasibility, confounders. MEFANET
Journal 2016;4(1):44-49.
Evenson KR, Goto MM, Furberg RD. Systematic review of the validity and reliability of
consumer-wearable activity trackers. Int J Behav Nutr Phys Act 2015;12(1):159. PMID:
26684758
Free C, Phillips G, Watson L, Galli L, Felix L, Edwards P, Patel V, Haines A. The
effectiveness of mobile-health technologies to improve health care service delivery processes:
A systematic review and meta-analysis. PLoS Med 2013;10(1):e1001363. PMID:
PMC3566926
Kim KJ, Shin DH. An acceptance model for smart watches: Implications for the adoption of
future wearable technology. Internet Research 2015;25(4):527-541. doi:10.1108/IntR-052014-0126
Leth S, Hansen J, Nielsen OW, Dinesen B. Evaluation of commercial self-monitoring devices
for clinical purposes: Results from the future patient trial, phase i. Sensors(Basel)
2017;17(1):211. PMID: 28117736
Piwek L, Ellis DA, Andrews S, Joinson A. The rise of consumer health wearables: Promises
and barriers. PloS Med 2016;13(2):e1001953. PMID: 26836780
Swan M. Sensor mania! The internet of things, wearable computing, objective metrics, and
the quantified self 2.0. Journal of Sensor and Actuator networks 2012;1(3):217-253.
doi:10.3390/jsan1030217
Yetisen AK, Martinez-Hurtado JL, Ünal B, Khademhosseini A, Butt H. Wearables in
medicine. Adv Mater 2018;30(3):e1706910. PMID: 29893068
Damasio AR. The somatic marker hypothesis and the possible functions of the prefrontal

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Weerdmeester et al

cortex. Philos Trans R Soc Lond B Biol Sci 1996;351(1346):1413-1420. PMID: 8941953
Gross JJ, John OP. Individual differences in two emotion regulation processes: Implications
for affect, relationships, and well-being. J Pers Soc Psychol 2003;85(2):348-362. PMID:
12916575
Niedenthal PM. Embodying emotion. Science 2007;316(5827):1002-1005. PMID: 17510358
Gross JJ. Emotion regulation: Affective, cognitive, and social consequences.
Psychophysiology 2002;39(3):281-291. PMID: 12212647
Thompson RA. Emotion regulation: A theme in search of definition. Monogr Soc Res Child
Dev 1994;59(2-3):25-52. PMID: 7984164
Füstos J, Gramann K, Herbert BM, Pollatos O. On the embodiment of emotion regulation:
Interoceptive awareness facilitates reappraisal. Soc Cogn Affect Neurosci 2013;8(8):911-917.
PMID: 22933520
Kanbara K, Fukunaga M. Links among emotional awareness, somatic awareness and
autonomic homeostatic processing. 2016;10(1):16. PMID: 27175214
Kever A, Pollatos O, Vermeulen N, Grynberg D. Interoceptive sensitivity facilitates both
antecedent-and response-focused emotion regulation strategies. Pers Individ Dif 2015;87:2023. doi:10.1016/j.paid.2015.07.014
Wiens S. Interoception in emotional experience. Curr Opin Neurol 2005;18(4):442-447.
PMID: 16003122
Association AP. Diagnostic and statistical manual of mental disorders. Arlington, Virgana:
American Psychiatric Publications; 2013. ISBN:9780890425558 9780890425558
Crawley SA, Caporino NE, Birmaher B, Ginsburg G, Piacentini J, Albano AM, J. S, Sakolsky
D, Compton SN, Rynn M, McCracken J, Gosch E, Keeton C, March J, Walkup JT, Kendall
PC. Somatic complaints in anxious youth. Child Psychiatry Hum Dev 2014;54(4):398-407.
PMID: 24129543
Eisen AR, Engler LB. Chronic anxiety. In: Eisen AR, Kearney CA, Schaefer CE, editors.
Clinical handbook of anxiety disorders in children and adolescents. New Jersey: Jason
Aronson, Inc.; 1995 p. 223-250.
Ginsburg GS, Riddle MA, Davies M. Somatic symptoms in children and adolescents with
anxiety disorders. J Am Acad Child Adolesc Psychiatry 2006;45(10):1179-1187.
doi:10.1097/01.chi.0000231974.43966.6e
Last CG. Somatic complaints in anxiety disordered children. J Anxiety Disord 1991;5(2):125138. doi:10.1016/0887-6185(91)90024-N
Silverman WK, Kurtines WM. Anxiety and phobic disorders: A pragmatic approach. New
York: Plenum Press 1996. ISBN:9781475792126:9781475792126
Bandelow B, Michaelis S, Wedekind D. Treatment of anxiety disorders. Dialogues Clin
Neurosci 2017;19(2):93-107. PMID: 28867934
Bystritsky A, Hovav S, Sherbourne C, Stein MB, Rose RD, Campbell-Sills L, Golinelli D,
Sullivan G, Craske MG, Roy-Byrne PP. Use of complementary and alternative medicine in a
large sample of anxiety patients. Psychosomatics 2012;53(3):266-272. PMID: 22304968
Silverman WK, Pina AA, Viswesvaran C. Evidence-based psychosocial treatments for phobic
and anxiety disorders in children and adolescents. J Clin Child Adolesc Psychol
2008;37(1):105-130. PMID: 18444055
Beck JS. Cognitive behavior therapy: Basics and beyond. New York: Guilford Press; 2011.
ISBN:9781609185046:9781609185046
Kendall PC. Treating anxiety disorders in children: Results of a randomized clinical trial. J
Consult Clin Psychol 1994;62(1):100-110. PMID: 8034812
Podell JL, Mychailyszyn M, Edmunds J, Puleo CM, Kendall PC. The coping cat program for
anxious youth: The fear plan comes to life. Cogn Behav Pract 2010;17(2):132-141.
doi:10.1016/j.cbpra.2009.11.001

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

31.
32.

33.
34.
35.

36.
37.
38.
39.
40.
41.
42.
43.

44.

45.

Weerdmeester et al

Astin JA, Shapiro SL, Eisenberg DM, Forys KL. Mind-body medicine: State of the science,
implications for practice. J Am Board Fam Pract 2003;16(2):131-147. PMID: 12665179
Storch EA, Merlo LJ, Keeley ML, Grabill K, Milsom VA, Geffken GR, Ricketts E, Murphy
TK, Goodman WK. Somatic symptoms in children and adolescents with obsessivecompulsive disorder: Associations with clinical characteristics and cognitive-behavioral
therapy response. Behav Cogn Psychother 2008;36(3):283-297.
doi:10.1017/s1352465808004335
Heron KE, Smyth JM. Ecological momentary interventions: Incorporating mobile technology
into psychosocial and health behaviour treatments. Br J Health Psychol 2010;15(1):1-39.
PMID: 19646331
Schueller SM, Aguilera A, Mohr DC. Ecological momentary interventions for depression and
anxiety. Depress Anxiety 2017;34(6):540-545. PMID: 28494123
Gilbert C, Moss D. Biofeedback and biological monitoring. In: Moss D, McGrady A, Davies
TC, I. W, editors. Handbook of mind-body medicine in primary care: Behavioral and
physiological tools. Thousand Oaks, California: Sage; 2003 p. 109-122. ISBN:
9780761923237
Blascovich J, Mendes WB. Social psychophysiology and embodiment. In: Fiske SK, Gilbert
DT, Lindzey G, editors. Handbook of social psychology Hoboken, New Jersey John Wiley &
Sons, Inc.; 2010 p. 194-227. ISBN: 9780470137475
Gevirtz R. The promise of heart rate variability biofeedback: Evidence-based applications.
Biofeedback 2013;41(3):110-120. doi:10.5298/1081-5937-41.3.01
Kaushik RM. Biofeedback in medicine. 2009. https://www.semanticscholar.org/paper/3Biofeedback-in-Medicine-Kaushik/c50d870b4f4d77a55da7c10e86bb5faf26c38332#citingpapers. Archived at: http://www.webcitation.org/78saed6fU
Wheat AL, Larkin KT. Biofeedback of heart rate variability and related physiology: A critical
review. Appl Psychophysiol Biofeedback 2010;35(5):229-242. PMID: 20443135
Goessl VC, Curtiss JE, Hofmann SG. The effect of heart rate variability biofeedback training
on stress and anxiety: A meta-analysis. Psychol Med 2017;47(15):2578-2586.
doi:10.1017/S0033291717001003
Lantyer ADS, Viana MDB, Padovani RDC. Biofeedback in the treatment of stress and
anxiety-related disorders: A critical review. Psico-USF 2013;18(1):131-140.
doi:10.1590/S1413-82712013000100014
Schoenberg PLA, David AS. Biofeedback for psychiatric disorders: A systematic review.
Appl Psychophysiol Biofeedback 2014;39(2):109-135. PMID: 24806535
Yucha C, Montgomery D. Evidence-based practice in biofeedback and neurofeedback. In:
Wheat Ridge, Colorado: AAPB; 2008:
http://downloads.imune.net/medicalbooks/Evidence_Based_Practice_in_Biofeedback_and_N
eurofeedback_2008_0_8_26_2011_9_15_24_AM_0_.pdf. Archived at:
http://www.webcitation.org/78sb0DFf6
de Jonge P, Wardenaar KJ, Hoenders HR, Evans-Lacko S, Kovess-Masfety V, AguilarGaxiola S, Al-Hamzawi A, Alonso J, Andrade LH, Benjet C, Bromet EJ, Bruffaerts R,
Bunting B, Caldas-de-Almeida JM, Dinolova RV, Florescu S, de Girolamo G, Gureje O, Haro
JM, Hu C, Huang Y, Karam EG, Karam G, Lee S, Lepine JP, Levinson D, Makanjuola V,
Navarro-Mateu F, Pennell BE, Posada-Villa J, Scott K, Tachimori H, Williams D, Wojtyniak
B, Kessler RC, Thornicroft G. Complementary and alternative medicine contacts by persons
with mental disorders in 25 countries: Results from the world mental health surveys.
Epidemiol Psychiatr Sci 2018;27(6):552-567. PMID: 29283080
Kessler RC, Soukup J, Davis RB, Foster DF, Wilkey SA, Van Rompay MI, Eisenberg DM.
The use of complementary and alternative therapies to treat anxiety and depression in the
united states. Am J Psychiatry 2001;158(2):289-294. PMID: 11156813

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

46.
47.
48.
49.
50.
51.
52.
53.
54.

55.
56.
57.
58.
59.
60.

61.
62.
63.
64.

Weerdmeester et al

Kazdin AE. Evidence-based treatment research: Advances, limitations, and next steps. Am
Psychol 2011;66(8):685-698. PMID: 22082384
Dedeepya P, Nuvvula S, Kamatham R, Nirmala SV. Behavioural and physiological outcomes
of biofeedback therapy on dental anxiety of children undergoing restorations: A randomised
controlled trial. Eur Arch Paediatr Dent 2014;15(2):97-103. PMID: 23907736
Parnandi A, Gutierrez-Osuna R. Physiological modalities for relaxation skill transfer in
biofeedback games. IEEE J Biomed Health Inform 2017;21(2):361-371. PMID: 28055927
Cameron OG. Interoception: The inside story--a model for psychosomatic processes.
Psychosom Med 2001;63(5):697-710. PMID: 11573016
Chentsova-Dutton YE, Dzokoto V. Listen to your heart: The cultural shaping of interoceptive
awareness and accuracy. Emotion 2014;14(4):666-678. PMID: 24749640
Mehling WE, Price CJ, Daubenmier JJ, Acree M, Bartmess E, Stewart A. The
multidimensional assessment of interoceptive awareness (maia). PLoS One
2012;7(11):e48230. PMID: 23133619
Garfinkel SN, Seth AK, Barret AB, Suzuki K, Critchley HD. Knowing your own heart:
Distinguishing interoceptive accuracy from interoceptive awareness. Biol Psychol
2015;104:65-74. PMID: 25451381
Damasio AR, Tranel D, Damasio HC. Somatic markers and guidance of behavior: Theory and
preliminary testing. In: Levin HS, Eisenberg HM, Benton AL, editors. Frontal lobe function
and dysfunction. New York: Oxford Publishing 1991 p. 217-228. ISBN:9780195062847
Fourie P. An evaluation of functional assessment and biofeedback for the treatment of
generalised anxiety disorder Bond University; 2013.
https://pure.bond.edu.au/ws/portalfiles/portal/18243122/AN_EVALUATION_OF_FUNCTIO
NAL_ASSESSMENT_AND_BIOFEEDBACK_FOR_THE_TREATMENT_OF_GENERAL
ISED_ANXIETY_DISORDER.pdf Archived at: http://www.webcitation.org/78u9yYGmC
McKee MG. Biofeedback: An overview in the context of heart-brain medicine. Cleve Clin J
Med 2008;75:S31-S34. PMID: 18540143
Peper E, Harvey R, Takebayashi N. Biofeedback an evidence based approach in clinical
practice. Japanese Journal of Biofeedback Research. 2009;36(1):3-10. http://bfemeeting.com/
articles/Clinical%20biofeedback.pdf
Ratanasiripong P, Sverduk K, Hayashino D, Prince J. Setting up the next generation
biofeedback program for stress and anxiety management for college students: A simple and
cost-effective approach. College Student Journal 2010;44(1):97-100.
Mehling WE, Gopisetty V, Daubenmier J, Price CJ, Hecht FM, Stewart A. Body awareness:
Construct and self-report measures. PLoS One 2009;4(5):e5614. PMID: 19440300
Rachman S. Anxiety. New York: Psychology Press; 2004.
ISBN:9781841695167:9781841695167
Lux E, Hawlitschek F, Adam MTP, Pfeiffer J. Using live biofeedback for decision support:
Investigating influences of emotion regulation in financial decision making. ECIS 2015
Research-in-Progress Papers. 2015. http://aisel.aisnet.org/ecis2015_rip/50. Archived at:
http://www.webcitation.org/78sbPWG6M
Sütterlin S, Schulz SM, Stumpf T, Pauli P, Vögele C. Enhanced cardiac perception is
associated with increased susceptibility to framing effects. Cogn Sci 2013;37(5):922-935.
PMID: 23607678
Pollatos O, Schandry R. Emotional processing and emotional memory are modulated by
interoceptive awareness. Cogn Emot 2008;22(2):272-287. doi:10.1080/02699930701357535
Sze JA, Gyurak A, Yuan JW, Levenson RW. Coherence between emotional experience and
physiology: Does body awareness training have an impact? Emotion 2010;10(6):803-814.
PMID: 21058842
Pollatos O, Traut-Mattausch E, Schroeder H, Schandry R. Interoceptive awareness mediates

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.
82.
83.
84.

Weerdmeester et al

the relationship between anxiety and the intensity of unpleasant feelings. J Anxiety Disord
2007;21(7):931-943. PMID: 17257810
Pollatos O, Traut-Mattausch E, Schandry R. Differential effects of anxiety and depression on
interoceptive accuracy. Depress Anxiety 2009;26(2):167-173. PMID: 19152366
Clark DA, Beck AT. Defeating panic and avoidance. In: Clark DA, Beck AT, editors. The
anxiety and worry workbook: The cognitive behavioral solution New York: Guilford Press;
2011 p. 171-177. ISBN: 9781606239186
Hope DA, Heimberg RG, Turk CL. Managing social anxiety: A cognitive-behavioral therapy
approach. New York: Oxford University Press 2010. ISBN: 978=0195336696
Naragon-Gainey K. Meta-analysis of the relations of anxiety sensitivity to the depressive and
anxiety disorders. Psychol Bull 2010;137(1):128-150. PMID: 20063929
Domschke K, Stevens S, Pfleiderer B, Gerlach AL. Interoceptive sensitivity in anxiety and
anxiety disorders: An overview and integration of neurobiological findings. Clin Psychol Rev
2010;30(1):1-11. PMID: 19751958
Clark DM. Cognitive therapy for anxiety. Behav Cogn Psychother 1986;14(4):283-294.
doi:10.1017/S0141347300014907
Clark DM, Wells A. A cognitive model of social phobia. In: Heimberg RG, Liebowitz MR,
Hope DA, Schneier FR, editors. Social phobia: Diagnosis, assessment, and treatment. New
York: Guilford Press; 1995 p. 69-94. ISBN: 9781572300125
McEwan KL, Devins GM. Is increased arousal in social anxiety noticed by others? J Abnorm
Psychol 1983;92(4):417-421. PMID: 6643820
McCorry LK. Physiology of the autonomic nervous system. Am J Pharm Educ
2007;71(4):78. PMID: 17786266
Oatley K, Keltner D, Jenkins JM. Understaning emotions. Malden: Blackwell Publishing
2006. ISBN:9781405131025:9781405131025
Friedman BH. An autonomic flexibility–neurovisceral integration model of anxiety and
cardiac vagal tone Biol Psychol 2007;74(2):185-199. PMID: 17069959
Lyonfields JD, Borkovec TD, Thayer JF. Vagal tone in generalized anxiety disorder and the
effects of aversive imagery and worrisome thinking. Behavior Therapy 1995;26(3):457-466.
doi:10.1016/S0005-7894(05)80094-2
Miu AC, Heilman RM, Miclea M. Reduced heart rate variability and vagal tone in anxiety:
Trait versus state, and the effects of autogenic training. Auton Neurosci 2009;145(1-2):99103. PMID: 19059813
Porges SW, Doussard-Roosevelt JA, Portales AL, Greenspan SI. Infant regulation of the
vagal “brake” predicts child behavior problems. Dev Psychobiol 1996;29(8):697-712. PMID:
8958482
Thayer JF, Friedman BH, Borkovec TD. Autonomic characteristics of generalized anxiety
disorder and worry. Biol Psychiatry 1996;39(4):255-266. PMID: 8645772
Porges SW. Vagal tone: An autonomic mediator of affect. In: Garber J, Dodge KA, editors.
Cambridge studies in social and emotional development. The development of emotion
regulation and dysregulation New York: Cambridge University press; 1991 p. 111-128.
doi:10.1017/CBO9780511663963.007
Porges SW. Vagal tone: A physiologic marker of stress vulnerability. Pediatrics
1992;90(3):489-504. PMID: 1513615
Porges SW. Cardiac vagal tone: A physiological index of stress. Neurosci Biobehav Rev
1995;19(2):225-233. PMID: 7630578
Banks SJ, Eddy KT, Angstadt M, Nathan PJ, Phan KL. Amygdala-frontal connectivity during
emotion regulation. Soc Cogn Affect Neurosci 2007;2(4):303-312. PMID: 18985136
Thomas KM, Drevets WC, Dahl RE, Ryan ND, Birmaher B, Eccard CH, Axelson D, Whalen
PJ, Casey BJ. Amygdala response to fearful faces in anxious and depressed children. Arch

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

85.
86.
87.
88.
89.
90.

91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.

Weerdmeester et al

Gen Psychiatry 2001;58(11):1057-1063. PMID: 11695953
Gruzelier JH, Thompson T, Redding E, Brandt R, Steffert T. Application of alpha/theta
neurofeedback and heart rate variability training to young contemporary dancers: State
anxiety and creativity. Int J Psychophysiol 2014;93(1):105-111. PMID: 23684733
Thayer JF, Ahs F, Fredrikson M, Sollers III JJ, Wager TD. A meta-analysis of heart rate
variability and neuroimaging studies: Implications for heart rate variability as a marker of
stress and health. Neurosci Biobehav Rev 2012;36(2):747-756. PMID: 22178086
Appelhans BM, Luecken LJ. Heart rate variability as an index of regulated emotional
responding. Rev Gen Psycho 2006;10(3):229-240. doi:10.1037/1089-2680.10.3.229
Thayer JF, Brosschot JF. Psychosomatics and psychopathology: Looking up and down from
the brain. Psychoneuroendocrinology 2005;30(10):1050. PMID: 16005156
Thayer JF, Lane RD. A model of neurovisceral integration in emotion regulation and
dysregulation. J Affect Disord 2000;61(3):201-216. PMID: 11163422
McCraty R, Atkinson M, Tomasino D, Bradley RT. The coherent heart heart-brain
interactions, psychophysiological coherence, and the emergence of system-wide order. A
Transdisciplinary & Transcultural Journal for New Thought, Research, & Praxis
2009;5(2):11-115.
Uy CC, Jeffrey IA, Wilson M, Aluru V, Madan A, Lu Y, Raghavan P. Autonomic mechanisms
of emotional reactivity and regulation. Psychology 2013;4(08):669-675.
doi:10.4236/psych.2013.48095
Friedman BH, Thayer JF. Anxiety and autonomic flexibility: A cardiovascular approach. Biol
Psychol 1998;47(3):243-263. PMID: 9564452
Gorman JM, Sloan RP. Heart rate variability in depressive and anxiety disorders. Am Heart J
2000;140(4):77-83. PMID: 11011352
Agelink MW, Boz C, Ullrich H, Andrich J. Relationship between major depression and heart
rate variability. Clinical consequences and implications for antidepressive treatment.
Psychiatry Res 2002;113(1-2):139-149. PMID: 12467953
Yeragani VK, Rao KA, Smitha MR, Pohl RB, Balon R, Srinivasan K. Diminished chaos of
heart rate time series in patients with major depression. Biol Psychiatry 2002;51(9):733-744.
PMID: 11983187
Watkins LL, Blumenthal JA, Carney RM. Association of anxiety with reduced baroreflex
cardiac control in patients after acute myocardial infarction. Am Heart J 2002;143(3):460466. PMID: 11868052
Lehrer PM, Vaschillo E, Vaschillo B. Resonant frequency biofeedback training to increase
cardiac variability: Rationale and manual for training. Appl Psychophysiol Biofeedback
2000;25(3):177-191. PMID: 10999236
Berntson GG, Cacioppo JT, Quigley KS. Respiratory sinus arrhythmia: Autonomic origins,
physiological mechanisms, and psychophysiological implications. Psychophysiology
1993;30(2):183-196. PMID: 8434081
Asmundson GJ, Stein MB. Vagal attenuation in panic disorder: An assessment of
parasympathetic nervous system function and subjective reactivity to respiratory
manipulations. Psychosom Med 1994;56(3):187-193. PMID: 8084962
Rechlin T, Weis M, Spitzer A, Kaschka WP. Are affective disorders associated with
alterations of heart rate variability? J Affect Disord 1994;32(4):271-275. PMID: 7897091
Vaschillo EG, Vaschillo B, Lehrer PM. Characteristics of resonance in heart rate variability
stimulated by biofeedback. Appl Psychophysiol Biofeedback 2006;31(2):129-142. PMID:
16838124
Cannon RL. Editorial perspective: Defining neurofeedback and its functional processes.
NeuroRegulation 2015;2(2):60-60. doi:10.15540/nr.2.2.60
Simkin DR, Thatcher RW, Lubar J. Quantitative eeg and neurofeedback in children and

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

104.
105.
106.
107.
108.

109.
110.
111.
112.

113.
114.
115.
116.

117.
118.
119.
120.

Weerdmeester et al

adolescents: Anxiety disorders, depressive disorders, comorbid addiction and attentiondeficit/hyperactivity disorder, and brain injury. Child Adolesc Psychiatr Clin N Am
2014;23(3):427-464. PMID: 24975621
Putman J. The effects of brief, eyes-open alpha brain wave training with audio and video
relaxation induction on the eeg of 77 army reservists. J Neurother 2000;4(1):17-28.
doi:10.1300/J184v04n01_03
Moore NC. A review of eeg biofeedback treatment of anxiety disorders. Clin
Electroencephalogr 2000;31(1):1-6. PMID: 10638346
Hammond DC. Neurofeedback treatment of depression and anxiety. J Adult Dev 2005;12(23):131-137. doi:10.1007/s10804-005-7029-5
Hammond DC. What is neurofeedback? J Neurother 2007;10(4):25-36.
doi:10.1300/J184v10n04_04
Price J, Budzynski T. Anxiety, eeg patterns, and neurofeedback. In: Budzynski TH,
Budzynski HK, Evans JR, Abarbanel A, editors. Introduction to quantitative eeg and
neurofeedback: Advanced theory and applications. 2nd.ed. ed. London: Academic Press;
2009 p. 453-470. ISBN: 9780080923154
Cohen HD, Graham C, Fotopoulos SS, Cook MR. A double‐blind methodology for
biofeedback research. Psychophysiology 1977;14(6):603-608. PMID: 928613
Wickramasekera I. How does biofeedback reduce clinical symptoms and do memories and
beliefs have biological consequences. Appl Psychophysiol Biofeedback 1999;24(2):91-105.
PMID: 10575537
Witte M, Kober SE, Ninaus M, Neuper C, Wood G. Control beliefs can predict the ability to
up-regulate sensorimotor rhythm during neurofeedback training. Front Hum Neurosci
2013;7(478). PMID: 23966933
Pierini D, Tzavaris P, Sgromo D, Pruneti C, Cosentino C. Heart rate variability biofeedback
reduces symptoms of depression and anxiety in depressed people 2015;
https://www.researchgate.net/profile/Davide_Pierini2/publication/
274382703_Heart_Rate_Variability_Biofeedback_Reduces_Symptoms_of_Depression_and_
Anxiety_in_Depressed_People/links/
274382551d274382510cf274382702a274382702d274382709e274382713ae274382709ef.pdf
. Archived at: http://www.webcitation.org/78sbkqFpx
Strunk KK, Sutton GW, Burns NS. Beneficial effects of accurate and false brief biofeedback
on relaxation. Percept Mot Skills 2009;109(3):881-886. PMID: 20178287
Ninaus M, Kober SE, Witte M, Koschutnig K, Stangl M, Neuper C, Wood G. Neural
substrates of cognitive control under the belief of getting neurofeedback training. Front Hum
Neurosci 2013;7:914. PMID: 24421765
Coben R, Evans JR, eds. Neurofeedback and neuromodulation techniques and applications.
London: Academic Press; 2010. ISBN: 9780123822369
Lawrence EJ, Su L, Barker GJ, Medford N, Dalton J, Williams SC, Birbaumer N, Veit R,
Raganatha S, Bodurka J, Brammer M, Giampietro V, David AS. Self-regulation of the
anterior insula: Reinforcement learning using real-time fmri neurofeedback. Neuroimage
2014;88:113-124. PMID: 24231399
McLeod SA. Skinner - operant conditioning. 2018;
https://www.simplypsychology.org/operant-conditioning.html Archived at:
http://www.webcitation.org/78uDUlBtP
Lehrer PM, Gevirtz R. Heart rate variability biofeedback: How and why does it work? Front
Psychol 2014;5:756. PMID: 25101026
Cahn BR, Polich J. Meditation states and traits: Eeg, erp, and neuroimaging studies. Psychol
Bull 2006;132(2):180-211. PMID: 16536641
Demos JN. Getting started with neurofeedback. New York: Norton & Company; 2005. ISBN:

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

121.
122.
123.

124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.

136.
137.
138.
139.

Weerdmeester et al

9780393704501:9780393704501
Khalsa SS, Rudrauf D, Damasio AR, Davidson RJ, Lutz A, Tranel D. Interoceptive awareness
in experienced meditators. Psychophysiology 2008;45(5):671-677. PMID: 18503485
Dziembowska I, Izdebski P, Rasmus A, Brudny J, Grzelczak M, Cysewski P. Effects of heart
rate variability biofeedback on eeg alpha asymmetry and anxiety symptoms in male athletes:
A pilot study. Appl Psychophysiol Biofeedback 2016;41(2):141-150. PMID: 26459346
Bradley RT, McCraty R, Atkinson M, Tomasino D, Daugherty A, Arguelles L. Emotion selfregulation, psychophysiological coherence, and test anxiety: Results from an experiment
using electrophysiological measures. Appl Psychophysiol Biofeedback 2010;35(4):261-283.
PMID: 20559707
Lazarus RS. Cognition and motivation in emotion. Am Psychol 1991;46(4):352-367. PMID:
2048794
Moors A, Ellsworth PC, Scherer KR, Frijda NH. Appraisal theories of emotion: State of the
art and future development. Emotion Review 2013;5(2):199-124.
doi:10.1177/1754073912468165
Ellsworth PC, Scherer KR. In: Davidson RJ, Scherer KR, Goldsmith HH, editors. Handbook
of affective sciences New York: Oxford University Press; 2003 p. 572-595. ISBN:
9780195126013
Frijda NH, Scherer KR. Emotion definitions (psychological perspectives). In: Sander D,
Scherer KR, editors. The oxford companion to emotion and the affective sciences New York:
Oxford University Press; 2009 p. 142-144. ISBN: 9780198712190
Scherer KR. The dynamic architecture of emotion: Evidence for the component process
model. Cogn Emot 2009;23(7):1307-1351. doi:10.1080/02699930902928969
Moors A. Theories of emotion causation: A review. Cognition and Emotion 2009;23(4):625662. doi:10.1080/02699930802645739
Scherer KR, Schorr A, Johnstone T, eds. Appraisal processes in emotion: Theory, methods,
research. New York: Oxford University Press; 2001. ISBN: 9780195130072
Driessen E, Hollon SD. Cognitive behavioral therapy for mood disorders: Efficacy,
moderators and mediators. Psychiatr Clin North Am 2010;33(3):537-555. PMID: 20599132
Garrat G, Ingram RE, Rand KL, Sawalani G. Cognitive processes in cognitive therapy:
Evaluation of the mechanisms of change in the treatment of depression. Clin Psychol Sci
Pract 2007;14(3):224-239. doi:10.1111/j.1468-2850.2007.00081.x
Chiu CY, Hong YY, Dweck CS. Lay dispositionism and implicit theories of personality. J
Pers Soc Psychol 1997;71(1):19-30. PMID: 9216077
Yeager DS, Dweck CS. Mindsets that promote resilience: When students believe that
personal characteristics can be developed. Educational psychologist 2012;47(4):302-314.
doi:10.1080/00461520.2012.722805
Miu AC, Yeager DS. Preventing symptoms of depression by teaching adolescents that people
can change: Effects of a brief incremental theory of personality intervention at 9-month
follow-up. Clinical Psychological Science 2015;3(5):726-743.
doi:10.1177/2167702614548317
Schleider JL, Abel MR, Weisz JR. Implicit theories and youth mental health problems: A
random-effects meta-analysis. Clin Psychol Rev 2015;35:1-9. PMID: 25462109
Yeager DS, Lee HY, Jamieson JP. How to improve adolescent stress responses: Insights from
integrating implicit theories of personality and biopsychosocial models. Psychol Sci
2016;27(8):1078-1091. PMID: 27324267
Beck AT. Cognitive therapy and the emotional disorders. In: New York: International
Universities Press; 1979. ISBN: 9781101659885
Roseman IJ, Smith CA. Appraisal theory: Overview, assumptions, varieties, controversies. In:
Scherer KR, Schorr A, Johnstone T, editors. Appraisal processes in emotion: Theory,

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.

Weerdmeester et al

methods, research New York: Oxford University Press; 2001 p. 3-19. ISBN: 9780195130072
Bandura A. Guide for constructing self-efficacy scales. In: Urdan T, Pajares F, editors. Selfefficacy beliefs of adolescents Greenwich, Connecticut: Information Age Publishing; 2006 p.
307-337. ISBN: 9781593113667
Bandura A, Caprara GV, Barbaranelli C, Gerbino M, Pastorelli C. Role of affective selfregulatory efficacy in diverse spheres of psychosocial functioning. Child Dev
2003;74(3):769-782. PMID: 12795389
Muris P. Relationships between self-efficacy and symptoms of anxiety disorders and
depression in a normal adolescent sample. Pers Individ Dif 2002;32(2):337-348. doi:10.1016/
S0191-8869(01)00027-7
Mathews BL, Koehn AJ, Abtahi MM, Kerns KA. Emotional competence and anxiety in
childhood and adolescence: A meta-analytic review. Clin Child Fam Psychol Rev
2016;19(2):162-184. PMID: 27072682
Niditch LA, Varela RE. Perceptions of parenting, emotional self-efficacy, and anxiety in
youth: Test of a mediational model. Child Youth Care For 2012;41(1):21-35.
doi:10.1007/s10566-011-9150-x
O'Neal LJ, Cotten SR. Promotive factors and psychosocial adjustment among urban youth.
Child Youth Care For 2016;45(6):947-961. doi:10.1007/s10566-016-9364-z
Bandura A, Pastorelli C, Barbaranelli C, Caprara GV. Self-efficacy pathways to childhood
depression. J Pers Soc Psychol 1999;76(2):258-269. PMID: 10074708
Williams SL. Self-efficacy, anxiety, and phobic disorders. In: Maddux JE, editor Selfefficacy, adaptation, and adjustment. New York: Plenum Press; 1995 p. 69-107. ISBN:
9781441968685
Rotter JB. Social learning and clinical psychology. In: Englewood Cliffs, New Jersey:
Prentice-Hall; 1954. doi: 10.1037/10788-000
Rotter JB. Generalized expectancies for internal versus external control of reinforcement.
Psychol Monogr 1966;80(1):1-28. PMID: 5340840
Bandura A. Self-efficacy conception of anxiety. Anxiety Research 1988;1(2):77-98.
doi:10.1080/10615808808248222
Bandura A. Self-efﬁcacy: The exercise of control. New York: Freeman; 1997.
ISBN:9780716728504:9780716728504
Ellsworth PC, Smith CA. From appraisal to emotion: Differences among unpleasant feelings.
Motivation and emotion 1988;12(3):271-302. doi:10.1007/BF00993115
Roseman IJ. A model of appraisal in the emotion system. In: Scherer KR, Schorr A,
Johnstone T, editors. Appraisal processes in emotion: Theory, methods, research. New York:
Oxford University Press; 2001. ISBN: 9780195130072
Schwarzer R. Self-efficacy: Thought control of action. New York: Taylor & Franic; 2014.
ISBN:9781315800820:9781315800820
Warmerdam L, van Straten A, Jongsma J, Twisk J, Cuijpers P. Online cognitive behavioral
therapy and problem-solving therapy for depressive symptoms: Exploring mechanisms of
change. J Behav Ther Exp Psychiatry 2010;41(1):64-70. PMID: 19913781
Gross JJ. Emotion regulation: Current status and future prospects. Psychol Inq 2015;26(1):126. doi:10.1080/1047840X.2014.940781
Jamieson JP, Mendes WB, Nock MK. Improving acute stress responses: The power of
reappraisal. Curr Dir Psychol Sci 2013;22(1):51-56. doi:10.1177/0963721412461500
Seery MD. The biopsychosocial model of challenge and threat: Using the heart to measure
the mind. Soc Personal Psychol Compass 2013;7(9):637-653. doi:10.1111/spc3.12052
Bandura A. Self-efficacy: Toward a unifying theory of behavioral change. Psychol Rev
1977;84(2):191-215. PMID: 847061
Dweck CS, Molden DC. Self-theories. In: Elliot AJ, Dweck CS, editors. Handbook of

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.

172.
173.
174.

175.
176.
177.
178.

Weerdmeester et al

competence and motivation New York: Guilford Press; 2005 p. 122-114. ISBN:
9781593856069
Jamieson JP, Mendes WB, Blackstock E, Schmader T. Turning the knots in your stomach into
bows: Reappraising arousal improves performance on the gre. J Exp Soc Psychol
2010;46(1):208-212. PMID: 20161454
Jamieson JP, Nock MK, Mendes WB. Changing the conceptualization of stress in social
anxiety disorder: Affective and physiological consequences. 2013;1(4):363-374.
doi:10.1177/2167702613482119
Csikszentmihalyi M, Abuhamdeh S, Nakamura J. Flow. In: Elliot AJ, Dweck CS, editors.
Handbook of competence and motivation New York: Guilford Press; 2005 p. 598-608. ISBN:
9781593856069
Sherry JL. Flow and media enjoyment. Communication theory 2004;14(4):328-347.
doi:10.1111/j.1468-2885.2004.tb00318.x
Scholten H, Malmberg M, Lobel A, Engels RC, Granic I. A randomized controlled trial to test
the effectiveness of an immersive 3d video game for anxiety prevention among adolescents.
PLoS One 2016;11(1):e0147763. PMID: 26816292
Schuurmans AAT, Nijhof KS, Engels RCME, Granic I. Using a videogame intervention to
reduce anxiety and externalizing problems among youths in residential care. J Psychopathol
Behav Assess 2018;40(2):344-354. PMID: 29937625
Schuurmans AAT, Nijhof KS, Vermaes IP, Engels RC, Granic I. A pilot study evaluating
“dojo,” a videogame intervention for youths with externalizing and anxiety problems. Games
Health J 2015;4(5):401-408. PMID: 26287930
Kottke J. 2016. Update to alto’s adventure adds endless zen mode.
https://kottke.org/16/06/update-to-altos-adventure-adds-endless-zen-mode Archived at: http://
www.webcitation.org/78uE0CaFK
Turkle S. The second self: Computers and the human spirit In: New York: Simon &
Schuhster, Inc; 1984 p. 84-85. ISBN: 9780262701112
Flying Mollusk. Nevermind [computer program]. 2015. https://nevermindgame.com
Lobel A, Gotsis M, E. R, Annetta M, Engels RC, Granic I. Designing and utilizing
biofeedback games for emotion regulation: The case of nevermind. Proceedings of the 2016
CHI Conference Extended Abstracts on Human Factors in Computing Systems; 2016 May 79; San Jose, CA, USA. ACM; 2016.
Harris O, Smit N. Deep [computer program]. 2015. http://exploredeep.com
van Rooij M, Lobel A, Harris O, Smit N, Granic I. Deep: A biofeedback virtual reality game
for children at-risk for anxiety. Proceedings of the 2016 CHI Conference Extended Abstracts
on Human Factors in Computing Systems; 2016 May 7-9; San Jose, CA, USA. ACM; 2016.
Weerdmeester J, Van Rooij M, Harris O, Smit N, Engels RC, Granic I. Exploring the role of
self-efficacy in biofeedback video games. Extended Abstracts Publication of the Annual
Symposium on Computer-Human Interaction in Play; 2017 Oct 15-18 Oct; Amsterdam, the
Netherlands. ACM; 2017.
Bandura A. The explanatory and predictive scope of self-efficacy theory. J Soc Clin Psychol
1986;4(3):359-373. doi:10.1521/jscp.1986.4.3.359
Pajares F, Schunk D. Self-efficacy and self-concept beliefs. In: Marsh HW, Graven RG,
McInerney DM, editors. New frontiers for self-research. Greenwich, Conneticut: IAP; 2005
p. 95-123. ISBN: 9781607526650
Vygotsky L. Interaction between learning and development. In: Gauvain M, Cole M, eds.
Readings on the development of children. New York: Scientific American Books 1978:34-41.
ISBN: 9781429216494
NPD. Over half of the 211.2 million video gamers in the u.S. Play games across multiple
platforms, according to npd. 2018; Retrieved from:

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

179.
180.
181.
182.
183.
184.
185.
186.
187.

188.
189.
190.
191.
192.

193.
194.

Weerdmeester et al

https://www.npd.com/wps/portal/npd/us/news/press-releases/2018/over-half-of-the-211-2million-video-gamers-in-the-u-s--play-games-across-multiple-platforms--according-to-npd/
Archived at: http://www.webcitation.org/78uJo8lCt
Perrin A. 5 facts about americans and video games. 2018. https://pewrsr.ch/2vbbMxD
Archived at: http://www.webcitation.org/78uEIVUpY
Przybylski AK, Weinstein N. A large-scale test of the goldilocks hypothesis: Quantifying the
relations between digital-screen use and the mental well-being of adolescents. Psychol Sci
2017;28(2):204-215. PMID: 28085574
Csikszentmihalyi M, Rathunde KR, Whalen S. Talented teenagers: The roots of success and
failure. New York: Cambridge University Press; 1993.
ISBN:9780521574631:9780521574631
Sweetser P, Wyeth P. Gameflow: A model for evaluating player enjoyment in games.
Computers in Entertainment 2005;3(3):3-3. doi:10.1145/1077246.1077253
Bura S. Emotion engineering in videogames: Toward a scientific approach to understanding
the appeal of videogames. 2008. http://www.stephanebura.com/emotion/version_1_0_2.html
Archived at: http://www.webcitation.org/78uAFBuKf
Jamieson JP, Crum AJ, Goyer JP, Marotta ME, Akinola M. Optimizing stress responses with
reappraisal and mindset interventions: An integrated model. 2018;31(3):245-261. PMID:
29471669
Tru Luv Media. #selfcare [phone application]. 2018. https://itunes.apple.com/us/app/selfcare/
id1378384555?mt=8
Parnandi A, Ahmed B, Shipp E, Gutierrez-Osuna R. Chill-out: Relaxation training through
respiratory biofeedback in a mobile casual game. International Conference on Mobile
Computing, Applications, and Services; 2014 Nov 7-8; Paris, France. Springer, Cham; 2014.
Parker ZJ, Waller G, Gonzalez Salas Duhne P, Dawson J. The role of exposure in treatment of
anxiety disorders: A meta-analysis. International Journal of Psychology and Psychological
Therapy. 2018;18(1):111-141.
https://search.proquest.com/openview/1e680320edbce057101d410a94bb5e9d/1?
cbl=29514&pq-origsite=gscholar.
Driskell JE, Johnston JH. Stress exposure training. In: Cannon-Bowers JA, Salas E, editors.
Making decisions under stress: Implications for individual and team training. Washington,
DC: American Psychological Association; 1998 p. 191-217. ISBN: 9781557987679
Salkovskis PM, Hackmann A, Wells A, Gelder MG, Clark DM. Belief disconfirmation versus
habituation approaches to situational exposure in panic disorder with agoraphobia: A pilot
study. Behav Res Ther 2007;45(5):877-885. PMID: 17296165
Schoneveld EA, Lichtwarck-Aschoff A, Granic I. Preventing childhood anxiety disorders: Is
an applied game as effective as a cognitive behavioral therapy-based program? Prev Sci
2018;19(2):220-232. PMID: 28956222
Yeager DS, Trzesniewski KH, Dweck CS. An implicit theories of personality intervention
reduces adolescent aggression in response to victimization and exclusion. Child Dev
2013;84(3):970-988. PMID: 23106262
Ledger D, McCaffrey D. Inside wearables: How the science of human behavior change offers
the secret to long-term engagement. 2014. https://medium.com/@endeavourprtnrs/insidewearable-how-the-science-of-human-behavior-change-offers-the-secret-to-long-termengagement-a15b3c7d4cf3 Archived at: http://www.webcitation.org/78uDHBydu
Fleming TM, De Beurs D, Khazaal Y, Gaggioli A, Riva G, Botella C, Baños RM, Aschieri F,
Bavin LM, Kleiboer A, Merry S, Lau HM, Riper H. Maximizing the impact of e-therapy and
serious gaming: Time for a paradigm shift. Front Psychiatry 2016;7:65. PMID: 27148094
Ng MM, Firth J, Minen M, Torous J. User engagement in mental health apps: A review of
measurement, reporting, and validity. Psychiatr Serv 2019:appips201800519. PMID:

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.

Weerdmeester et al

30914003
Scholten H, Granic I. Use of the principles of design thinking to address limitations of digital
mental health interventions for youth. J Med Internet Res 2019;21(1):e11528.
doi:10.2196/11528
Torous J, Nicholas J, Larsen ME, Firth J, Christensen H. Clinical review of user engagement
with mental health smartphone apps: Evidence, theory and improvements. Evid Based Ment
Health 2018;21(3):116-119. PMID: 29871870
Norman D. The design of everyday things. New York: Basic Books 2013.
ISBN:9780262525671:9780262525671
Craig AD. How do you feel? Interoception: The sense of the physiological condition of the
body. Nat Rev Neurosci 2002;3:655-666. PMID: 12154366
Khalsa SS, Rudrauf D, Davidson RJ, Tranel D. The effect of meditation on regulation of
internal body states. Front Psychol 2015;6:924. PMID: 26217263
Brown KW, Ryan RM. The benefits of being present: Mindfulness and its role in
psychological well-being. J Pers Soc Psychol 2003;84(4):822-848. PMID: 12703651
Kabat-Zinn J. Wherever you go, there you are: Mindfulness meditation in everyday life
Hachette Books; 1994. 0786880708:0786880708
Baer RA, ed Mindfulness-based treatment approaches: Clinician's guide to evidence base
and applications. Elsevier. Burlington, MA: Elsevier; 2006.
Linden W, Earle TL, Gerin W, Christenfeld N. Psychological stress reactivity and recovery:
Conceptual siblings seperated at birth? J Psychosom Res 1997;42(2):117-135. PMID:
9076640
Villada C, Hidalgo V, Almela M, Salvador A. Individual differences in the psychobiological
stress response to psychosocial stress (trier social stress test): The relevance of trait anxiety
and coping styles. stress & health 2014;32(2):90-99. PMID: 24916722
Vitaliano PP, Russo J, Paulsen VM, Baily SL. Cardiovascular recovery from
laboratory stress: Biopsychosocial concomitants in older adults. J Psychosom Res
1995;39(3):361-377. PMID: 7636779
Mindlight [computer program]. https://www.theplayniceinstitute.com/

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

Supplementary Files

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

Figures

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

Traditional techniques and mechanisms thought to explain the effectiveness of biofeedback training.

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

Integrative model of changes in real-time including appraisal mechanisms.

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

Model of developmental change showing repeated practice leading to changes in mindset, stress reactivity and recovery, and a
trait proclivity to feel anxiety.

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

Other materials for editor/reviewers onlies

https://preprints.jmir.org/preprint/14958

[unpublished, non-peer-reviewed preprint]

JMIR Preprints

Weerdmeester et al

Revised manuscript with tracked changes.
URL: https://asset.jmir.pub/assets/2c877c51a038ccf9c036089119bfdeda.docx
Responses to reviewers as supplementary file.
URL: https://asset.jmir.pub/assets/0d77544a813074a73e28772154398dc4.docx

https://preprints.jmir.org/preprint/14958

Powered by TCPDF (www.tcpdf.org)

[unpublished, non-peer-reviewed preprint]

