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the learning models in behavioral, developmental and cognitive psychology, and derive a synthetic model
of the psychological perspective on biofeedback. We afterwards review the neural correlates of feedback
learning mechanisms, and present a general neuroscience model of biofeedback. We subsequently show
how biomedical engineering principles can be applied to design efficient feedback protocols. We finally

Iéfgg:;iick present an integrative psychoengineering model of the feedback learning processes, and provide new
Neurofeedback guidelines for the efficient design of biofeedback and neurofeedback protocols. We identify five key
Learning properties, (1) perceptibility =can the subject perceive the biosignal?, (2) autonomy =can the subject
Psychoengineering regulate by himself?, (3) mastery = degree of control over the biosignal, (4) motivation = rewards system
Executive function of the biofeedback, and (5) learnability = possibility of learning. We conclude with guidelines for the
Brain plasticity investigation and promotion of these properties in biofeedback protocols.

Development © 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Potential of feedback approaches

When children go to school to learn how to read and write,
they receive guidance and feedback from their teachers. Through
hard work and receptivity to instruction, their cognitive skills will
adapt and they will eventually acquire reading and writing skills.
This adaptation is crucial to human development and central to
the acquisition of what makes us human; tutored interaction plays
a key role in culture acquisition. Biofeedback provides a subject
with a similar type of training, but instead of acquiring knowledge,
the subject acquires self-regulation mechanisms in order to control
affective, biological, and/or cognitive skills. Such psychophysiolog-
ical self-regulation could theoretically extend to the functioning of
both the autonomic and the central nervous systems (Prinzel et al.,
2001). Common modalities of biofeedback include respiratory, car-
diovascular, neuromuscular, skin conductance and temperature,
and central nervous system (Khazan, 2013).

Biofeedback can be explicit or implicit information (Dekker and
Champion, 2007; Kuikkaniemi et al., 2010; Nacke et al., 2011).
In the explicit model, feedback is given to the controller so that
the controller can act on the system. This is the most typical case
of biofeedback or neurofeedback: the user observes a (generally
visual or auditory, less frequently tactile) feedback signal, which
is a direct correlate of the biosignal to regulate. For example, the
user hears a sound with an amplitude directly proportional to his
heart rate, providing him/her with an additional perception to help
him/her regulate this biosignal. In implicit biofeedback, the signal
is not explicitly presented to the subject, but instead changes some
detail(s) of the experimental conditions. For example, a person

using a videogame whose content (e.g., changing levels of difficulty
or access to bonus items) evolves depending upon his heart rate
is receiving implicit feedback; he/she does not know directly that
his heart rate has dropped, but he/she experiences indirect effects
of this physiological change. The user is not directly aware of his
biosignal, but since it changes the behavior of the system he/she is
observing, he/she gets implicit access to a correlate of that biosig-
nal. Implicit feedback is used for subtle and indirect interactions
(e.g., changing implicitly the game difficulty) rather than to pro-
vide information (Dekker and Champion, 2007; Kuikkaniemi et al.,
2010). Such indirect biofeedbacks have an effect on motivational
variables (Nacke et al., 2010), and are typically used in affective
videogames (Gilleade and Dix, 2005). However, note that if the user
of animplicit biofeedback starts learning how the system works and
thereby gains control over it, implicit biofeedback becomes explicit
(Kuikkaniemi et al., 2010).

Biofeedback is also one of the best approaches to the prob-
lem of neurophenomenology (Varela et al., 2001). Especially when
applied to the brain (neurofeedback), it is a promising new scien-
tific avenue to explore phenomenology and to investigate the self
and consciousness (Bagdasaryan and Le Van Quyen, 2013), thereby
attempting to solve the so-called hard problem of consciousness
(Chalmers, 1995).

Finally, biofeedback holds a prominent position in the tran-
shumanist agenda (Hansell and Grassie, 2011). Transhumanism
is an international and intellectual movement that aims to
enhance human intellectual, physical, and psychological capaci-
ties (Bostrom, 2006). The cybernetics perspective on biofeedback
(Anliker, 1977) opens new perspectives about human enhance-
ment, attracting the attention of a growing scientific community.
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1.2. Towards higher standards

In order to clearly evaluate the clinical efficacy of biofeedback
interventions, the Association for Applied Psychophysiology and
Biofeedback and the Society for Neuronal Regulation developed
guidelines with five levels of performance (Moss and Gunkelman,
2002): (1) not empirically supported, (2) possibly efficacious, (3)
probably efficacious, (4) efficacious, (5) efficacious and specific.
In order to reach level 4 and be considered efficacious, a treat-
ment must be replicated in at least two independent studies, the
data analysis must not be flawed, the outcome must be evaluated
with precise inclusion criteria, and the experimental setting must
involve randomized control trials. Level 5 is reached if the treat-
ment satisfies level 4 conditions, and in addition is statistically
superior to credible sham therapy, pill, or alternative bona fide
treatment in at least two studies. In a review of 41 treatments,
urinary incontinence in females was the only biofeedback treat-
ment found to be efficacious and specific (Yucha and Montgomery,
2008). In the same study, biofeedback was deemed efficacious
for ten other conditions: anxiety, attention deficit hyperactivity
disorder (ADHD), chronic pain, epilepsy, constipation, headache,
hypertension, motion sickness, Raynaud’s disease, and temporo-
mandibular disorder. Note that the survey criteria did not require
double-blind investigations; consequently, some of the treatments
ranked at level 4 may still be biased by placebo effects. In other
words, despite several well-conducted studies exist, the effective-
ness of biofeedback has not been fully demonstrated yet, due to
insufficient evidences. We hope future biofeedback studies will
reach higher standards, so they can meet with level 5 condition
with double-blind protocols.

1.3. Modeling neurofeedback and biofeedback: how does it work?

Previous studies attempted to describe the cognitive adap-
tation mechanisms supporting neuro and biofeedback (Sherlin
et al,, 2011; Bagdasaryan and Le Van Quyen, 2013; Gevensleben
et al,, 2014; Ros et al.,, 2014; Micoulaud-Franchi et al., 2015). We
believe that the missing keystone to design effective and effi-
cient approaches is a clear and comprehensive model synthesizing
the existing medical, neurological, psychological and engineering
perspectives. Considering that information processing is impacted
by biofeedback, one would expect to see a model—or at least an
explanation—of how these processes will adapt. Due to disciplinary
barriers, even though these cognitive adaptation processes have
beendescribed in the scientific literature, a general model has never
been proposed. In the interest of removing those barriers, we will
review existing models of biofeedback from biomedical, psycholog-
ical, brain science, and bioengineering perspectives. We will then
synthesize those views and present a general model of the cognitive
adaptation mechanisms underlying biofeedback. As was stated by
Georges Box, all models are essentially wrong, but some are use-
ful (Box and Draper, 1987). We will prove the usefulness of this
model by providing guidelines for proper development of efficient
biofeedback and neurofeedback protocols and the means to control
key parameters for successful feedback learning.

2. Biomedical perspective

Psychophysiological self-regulation, also commonly termed
biofeedback (biological feedback), can be investigated from a
biomedical perspective. In this section we will review the exist-
ing models of biofeedback mechanisms from the perspective of
biomedical interventions, where the aim is to improve biological
variables impaired by dysfunctions (e.g., blood pressure, tension,
heart rate variability, etc.). The variable of interest is fed back to

the subject as a biosignal that he/she then attempts to regulate.
Consequently, investigations in the biomedical field are more con-
cerned with optimizing conditions for the provision of effective and
efficient treatments. In other words, most manuscripts in this field
focus more on biofeedback efficiency rather than on biofeedback
mechanisms. Consequently, we will review in this section the inter-
pretations found in the biomedical literature about the conditions
for efficient biofeedback design, considered as a treatment.
Indeed, a medical approach to biofeedback necessarily means an
approach centered on treatment of pathologies, for the purposes
of improving health and performance (Yucha and Montgomery,
2008). This perspective is to be distinguished from the transhu-
manist goal of performance enhancement (Maheu et al., 2004),
and should not be confused with the entertainment perspective
of biofeedback games (Arns et al., 2015). In other words, medi-
cal biofeedback seeks to cure, not to enhance or entertain. Some
authors defend the thesis that biofeedback would normalize biolog-
ical functions, thereby treating pathologies. For instance, for Arns
the main goal neurofeedback is to normalize deviant brain activity
(Arns, 2011). The biofeedback aim would in this case be to train the
patient so he can reach normality. However, judging a statistically
abnormal feature as pathology is rather a normative judgement
than a scientific one. One shall always refer to the individual’s own
reference when defining pathology! (Canguilhem, 1966). Accord-
ing to Canguilhem’s perspective, the aim of medicine in general
and biofeedback in particular would be to seek improvements in
impaired functions, instead of seeking normality. However, as the
distinction between the vital norms of the body and the disciplinary
norms of society is becoming difficult to maintain in the modern
times, this ethical question remains to be solved (Rose, 2009).

2.1. Acquiring skills

For decades, the biomedical literature has emphasized biofeed-
back’s basis in the acquisition of self-regulation and self-control
skills that subjects could use to correct their states toward an opti-
mum (Schwartz and Schwartz, 2003; Norris, 1986; Epstein and
Blanchard, 1977; Hauri, 1975). The consequence of this acquisi-
tion of new self-control skills would be an improved “calibration”
of the nervous system (Brenner, 1974). The key to understanding
the effect of biofeedback would then be to model how these voli-
tional skills or strategies are acquired during biofeedback sessions.
One can identify two specific skills: discrimination, which is the
aptitude to achieve an inner perception of the biological variable,
and self-maintenance, which is the ability to affect the biological
variable and effectively change it in the intended direction (Epstein
and Blanchard, 1977). These skills would in turn allow subjects
to regulate their biological constants through a volitional psycho-
somatic process (Leigh, 1978). This model provides an important
guideline for evaluating biofeedback systems—a model that unfor-
tunately has not been taken into account in several studies. Indeed,
if discrimination and self-maintenance are acquired, then a proper
evaluation of biofeedback should be based on an evaluation of this
acquisition. Biofeedback, therefore, should be evaluated pre- and
post-training to determine whether the subject has an improved
perception of and action on the targeted biological variable (Epstein
and Blanchard, 1977). This should be done by comparing the sub-
ject's perceptions before and after training (rather than merely
evaluating objective performances). There is, however, a surpris-
ing lack of reflection in the biomedical literature regarding the
nature of those self-control skills and what those strategies could
be. Nevertheless, one could easily make the small leap to define

! En matiére de normes biologiques, c’est toujours a I'individu qu'il faut se référer.
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discrimination and self-maintenance skills as cognitive processes.
We will attempt to provide a proper definition of this new class of
cognitive processes in Sections 3 and 4.

2.2. Volitional and conscious strategy?

The existing literature presents contradictory theories about the
effects of biofeedback: it is either attributed to volitional control
over the biological variables (involving executive function) or to
autonomic regulation of subcognitive systems. The biofeedback lit-
erature most often argues that observed effects are due to volitional
control of biological variables (e.g., Abukonna et al., 2013), and neu-
rofeedback is known to be more efficient when based on volitional
and conscious cognitive strategies demanding the use of atten-
tional processes (Bagdasaryan and Le Van Quyen, 2013). However,
one could argue that improved regulation could be achieved with-
out volitional control (in which case the subject would not exert
voluntary control over the regulation). In a recent review, for exam-
ple (Lehrer and Gevirtz, 2014), the effect of heart rate variability
biofeedback was attributed to a combination of causes, including
homeostasis in the baroreceptors, parasympathetic reflex stimu-
lation, improved gas exchange, mechanical stretching of airways,
anti-inflammatory effects, and attentional effects. Nevertheless, as
we will see in Section 3.6 it is difficult to defend a hypothesis involv-
ing a total absence of volitional control.

Furthermore, one could consider the learning strategy to acquire
the biofeedback skills (discrimination and self-maintenance) to be
conscious or unconscious. The discord between a cognitive model
and an infra-cognitive model is more visible in neurofeedback
publications, where two different models can easily be identified.
On the one hand, a recent manuscript suggested that neurofeed-
back relies on a top-down processing mechanism, where higher
cognitive functions percolate down from large-scale oscillations
to small-scale and single-neuronal activities (Bagdasaryan and Le
Van Quyen, 2013). On the other hand, operant conditioning (OC)
has historically been the dominant interpretation of neurofeed-
back mechanisms; the feedback would in that case be modeled as
an implicit infra-cognitive reinforcement signal (Lawrence et al.,
2014; Caria et al., 2011; Koralek et al., 2012; Sterman and Egner,
2006). These two models lead to opposing perspectives on proper
feedback designs: one based on a behavioral paradigm using con-
ditioning strategies, discrete trials, reinforcement approaches, and
exercises excluding entertainment (Sterman and Egner, 2006); and
another based on a cognitive paradigm linking inner events with
the corresponding neural signals (Bagdasaryan and Le Van Quyen,
2013). These two conflicting models have led to a dual-process the-
ory for neurofeedback mechanisms (Wood et al., 2014), a theory
that categorizes the cognitive functions supporting neurofeedback
into two main types of processing: more automatic and capacity-
free processes vs. more controlled and capacity-limited processes.
One possible resolution to this contradiction would be to postulate
the existence of interactions between these two types of process-
ing. From this perspective, biofeedback could be considered as a
self-investigation tool, where the patient improves his volitional
control over autonomic mechanisms (Zolten, 1989). As we will see
inSection 3.2, it is possible to reconcile these two apparently oppos-
ing perspectives, as recent connectionist models in developmental
psychology can integrate both perspectives on a continuum. The
question of entertainment and biofeedback will be discussed fur-
ther with the paradigm of serious games in Section 5.3.

2.3. Synthetic biomedical model
From a biomedical perspective, biofeedback paradigms are

based either on cognitive training—or subcognitive regulation—of
two specific skills acquired using a biosignal (Fig. 1): discrimination

Intrinsic
perception

Discrimination

et o

Self-maintenance

Action

Fig. 1. Biomedical model of biofeedback.

(perception of the target biological variable) and self-maintenance
(action over the biological variable). Successful training in either or
both of these skills would lead to improved balance in the biologi-
cal variable for patients suffering from medical conditions involving
that variable, and the positive effect should remain when the feed-
back is turned off (otherwise the patient would be dependent upon
the feedback system).

3. Psychological perspective
3.1. Operant conditioning: the reward problem

As we mentioned in Section 2.2, the mechanisms of biofeed-
back have traditionally been theorized using a behavioral approach
inspired by Skinner’s theories of OC (Skinner, 1938; Sherlin et al.,
2011) and reinforcement learning (RL). The OC paradigm states
that when a behavior has consequences (either rewards or punish-
ments), it will be reinforced or repressed. In the case of biofeedback,
the behavior is the regulation of an underlying biological variable,
and the reinforcement signal is the success or failure of the subject
to modulate the feedback signal. Such an approach is supported by
animal studies: for example, prefrontal cortex neurons can be con-
trolled by rhesus monkeys through an OC paradigm (Schafer and
Moore, 2011). RL has two possible mechanisms (Sutton and Barto,
1998; Dayan and Berridge, 2014): either the subject is in a goal-
directed setup and supports his learning from an internal model,
in which case learning is termed as model-based RL; or the subject
has no model of the outside events and learning arises from simple
associations, termed as model-free RL. In the case of biofeedback
and neurofeedback based on explicit feedbacks, a model-based RL
is triggered: the subject seeks to reach a goal (regulating the feed-
back signal). In the case of biofeedback and neurofeedback based on
implicit feedbacks, learning is more likely to follow a model-free RL
mechanism. OC, and more specifically the SORC model (Goldfried
and Sprafkin, 1976), has been used for decades to model the func-
tional analysis of behaviors (Bellack and Hersen, 1988). In the SORC
model (see Fig. 2), the behavior of an organism is modulated by the
environmental feedback that is the consequence of its action. In
other words, the action consequence acts as a reward signal.

However, whether for implicit or explicit feedbacks, the OC
model for biofeedback has a fundamental limitation. The prob-
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Consequence

Organism

Stimulus - - Response

Fig. 2. The SORC model (Goldfried and Sprafkin, 1976), a behavioral model inspired
by Skinner’s theories on operant conditioning. SORC is an acronym for S-Stimuli, O-
Organism variables, R-Responses, and C-Consequences. In this model, an individual’s
responses are thought to be a joint function of immediate environmental variables
(stimuli and consequences) and of organism variables (physiological characteristics
and past learning history) that the individual brings to the situation (Nelson-Gray
and Farmer, 1999).

lem lies with the definition of the reinforcement signal. In animal
experiments, it is standard practice to withhold food from a rat or
a monkey and provide it later as a reward when the animal suc-
cessfully modulates a biosignal, but it would be more difficult (and
clearly unethical) to deprive human subjects of food. Furthermore,
there is no guarantee that a human subject would interpret the
biosignal as a reward: interpretation of the signal would depend
upon the motivational state of the subject (see Section 5.3 about
motivation).

The challenge is, therefore, to find an appropriate and effective
reward to motivate human subjects. Rewards can be extrinsic when
they take the form of external motivations (such as money, a pat
on the back, or food) or intrinsic when based on self-motivation.
Extrinsic rewards are maladaptive for human subjects: even if
it were possible to control the rewarding effect of the biosig-
nal, Lepper’s studies on the overjustification effect (Lepper et al.,
1973) demonstrated that extrinsic rewards have a detrimental
effect on long-term motivation in human subjects, as they are per-
ceived by human subjects as constraints rather than motivations.
Extrinsic-reward-based strategies can therefore induce short-term
stimulation followed by long-term aversive effects.

Another, more plausible option would be to base the reinforce-
ment signal on intrinsic rewards. Intrinsic rewards are triggered
when the action a subject takes is congruent with his internal
motivation. When a human subject achieves learning toward pro-
ficiency in a skill (in the case of biofeedback, the skill would be
discrimination and/or self-maintenance), exercising that skill pro-
vides an intrinsic reward. This intrinsic reward is the so-called flow
state, obtained whenever a good balance is achieved between task
difficulty and skill proficiency (Csikszentmihalyi, 1990). From this
perspective, the implicit reward value of the biosignal in biofeed-
back paradigms would be intrinsic and due to achievement of a flow
state, which involves voluntary attentional processes and higher
cognitive functions. By integrating higher cognitive functions in
the OC paradigm, one moves from behavioral learning theories to
cognitive and developmental theories (explored in more depth in
Section 3.2), which could explain the recent trend in neurofeedback
publications toward cognitive strategies for the training of human
subjects (Bagdasaryan and Le Van Quyen, 2013).

3.2. Developmental psychology and schemata

A central question in developmental psychology is how best to
understand the acquisition of complex behaviors. Rats cannot surf
the internet, dance the tango, or even solve the towers of Hanoi
problem. These tasks involve the coordination of complex skills
whose emergence cannot be attributed to simple reinforcement
learning. To model the acquisition of such complex skills, psychol-
ogists have had to move away from learning theories grounded in
behavioral psychology and notions of conditioning or reward and
toward schemata formation and working memory (WM) span. We

will review these concepts here and explain how they can be used
to model biofeedback mechanisms.

Piaget was the first to model human development, with a spe-
cific interest in childhood development. In 1926 he introduced the
concept of schema (plural schemata), a cognitive structure rep-
resenting organized knowledge of some part of the world that is
acquired on the basis of experience (Piaget, 1971). The concept was
further developed by Bartlett (Bartlett, 1932) and later by other
developmental and cognitive psychologists. When new elements
are encountered, a given schema could either be adapted to assim-
ilate the element through an abstraction process, or be revised
in order to accommodate the schema to the new element (Lewis
and Durrant, 2011). The schemata theory has been successfully
extended to development in adults and is still used to model skill
acquisition (Weeks et al., 2013; Plant and Stanton, 2013). A neuro-
science perspective regarding schemata formation and integration
is presented in Section 4.

While it might appear that behavioral learning theories and
developmental schemata integration theories are incompatible
perspectives, it is possible to reconcile them. From a connection-
ist perspective, schemata emerge at the moment they are needed
from the interaction of large numbers of much simpler elements all
working in concert (Rumelhart et al., 1986). Reinforcement learn-
ing at a lower level can interact with integration mechanisms to
become higher level skills, as has been suggested in recent cogni-
tive neuroscience models of schemata (Lewis and Durrant, 2011),
which we will discuss in Section 4.

Early in the development of schemata theories of skill acquisi-
tion, questions began to arise about how these skills evolve, since
it became apparent that humans acquire skills through succes-
sive non-linear “steps.” Strikingly, these steps are even evident
in the acquisition of complex skills when children have already
acquired their subcomponents. A child can learn motor and cog-
nitive skills through apparently abrupt transformations. In order
to model what happens between these discontinuous evolutions,
the successors of Piaget (the so-called neo-Piagetians) introduced
the concept of memory span (Pascual-Leone and Goodman, 1979;
Case, 1985). Memory span is a limit on WM during the execution
of tasks, the idea being that it is impossible to keep too many items
in mind or execute too many cognitive operations simultaneously.
The explanatory power of memory span resides in the explanation
of developmental “steps” observed in children. Instead of proposing
that schemata are created “out of nowhere,” neo-Piagetians theo-
rize mechanisms of progressive integration in which schemata with
a higher degree of integration have a lower WM cost. Development,
therefore, would move in observable steps, since whenever chil-
dren have finished integrating their schemata they are suddenly
able to coordinate more schemata and perform combinations of
tasks. (A neuroscience perspective regarding schemata formation
and integration is presented in Sections 4 and 4.2.)

A common observation in developmental skill acquisition is the
U-shaped learning curve, representing a three-step process: good
performance, followed by bad performance, followed by good per-
formance once again (Carlucci and Case, 2013). The adoption of
novel processing strategies leads to an increased cognitive load
and to temporary losses of processing efficiency (Pauls et al., 2013;
Siegler, 2004). Language acquisition models confirm that U-shaped
behavior is unavoidable since human learners are limited by cog-
nitive constraints (Carlucci and Case, 2013). If the cognitive load
of a task is too high, performance will decline. This effect was
observed early for biofeedback, where a transient decrease of gal-
vanic skin response (usually following a U-shaped evolution) can
be observed, representative of the increased attentional demand
with the biofeedback (Gatchel et al., 1978; Montgomery, 1988;
Freedman and lanni, 1983; Gevensleben et al., 2014).
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Fig. 3. The neo-Piagetian memory span model, cognitive load theory, and schemata integration. When a subject begins learning a task involving volitional control over a
combination of schemata, the memory span is high. When learning begins (A), several storage and processing schemata have to be controlled, inducing a high intrinsic
cognitive load. During learning (B), the use of learning schemata (in green) to integrate the processing and storage schemata increases the cognitive load. At this point,
performance drops (performance follows a U-shaped curve) as the cognitive load increases (due to a germane cognitive load increase). After learning (C), the schemata are
integrated and the cognitive load drops, leading to improvement in performance. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

One explanation for this learning curve can be found in cognitive
load theory (CLT) (van Merriénboer and Sweller, 2010). In CLT, WM
is considered a resource divided between three different cognitive
loads: intrinsic, extraneous, and germane. Extraneous load refers to
the complexity of task presentation and is external to the subject.
Intrinsic load refers to the amount of WM dedicated to task perfor-
mance; it is high when element interactivity is high, i.e., when the
subject has to process numerous elements (new elements not yet
integrated into his own memorized schemata in long term mem-
ory). Germane load refers to the process learning load involving
induction or “mindful abstraction,” whereby the subject performs
abstractions on the schemata associated with the intrinsic cognitive
load. We can see how this theory relates to the U-shaped learn-
ing curve (as illustrated in Fig. 3): when learning begins, subjects
need to devote part of their WM to performing mindful observation
of their WM in order to aggregate their schemata into a coherent
new process. This increased germane cognitive load will in turn
decrease performance. When the new schema is formed, perfor-
mance improves again (since the intrinsic load is lower due to better
schemata integration). It was already defended in 1989 by Zolten
that biofeedback indeed follows the CLT predictions: “the better the
clients are able to control their autonomic processes, the more efficient
will be the organization of those processes when routinization occurs,
and the clients will be able to direct their attentional abilities toward
other important problem issues” (Zolten, 1989).

The classical perspective of Piaget restricts development of
schemata to self-acquired experience (Piaget, 1971). However, both
the social cognitive theory of Bandura (Bandura, 1986) and the
social learning theories of Vygotski (Valsiner, 2012) placed social
interaction at the heart of child development. Children learn more
easily when learning is mediated by social interactions with a tutor
(Dixon-Krauss, 1996). The tutor provides scaffolding, i.e., elements
of a task that are initially beyond the learner’s capacity, thus per-
mitting the child to concentrate upon and complete those elements
that are within his range of competence (Wood et al., 1976). What
a child is able to do today with instructional scaffolding, he/she
will be able to do tomorrow alone (Valsiner, 2012). While the sub-
ject has limited abilities, with the help of a supervisor he/she is
able to perform more complex tasks. What he/she can do alone
is termed the “autonomy zone,” what he/she can do with help is
termed the “zone of proximal development,” and what he/she can-
not do even with help is termed the “rupture zone.” Numerous
experiments have supported this model, demonstrating the direct
impact of scaffolding on executive function, WM emergence, and

cognitive self-regulation (Valsiner, 2012; Hammond et al., 2012;
Dilworth-Bart et al., 2010; Freund, 1990). Interestingly, cognitive
self-regulation corresponds to the definition of self-maintenance
in Section 2.1.

We will now illustrate with a simple example why schemata
theory accurately models biofeedback effects. As noted in Sec-
tion 2.2, a recent review (Lehrer and Gevirtz, 2014) attributed
the effect of heart rate variability biofeedback to a combination
of causes including: homeostasis in the baroreceptors, parasym-
pathetic reflex stimulation, improved gas exchange, mechanical
stretching of airways, anti-inflammatory effects, and attentional
effects. As explained in Section 2.1, the effect of biofeedback is to
improve biosignal control through the acquisition of two skills: dis-
crimination and the self-maintenance. Here, both discrimination
and self-maintenance can be seen as complex tasks; though a given
subject may know how to sustain his attention, relax, or slow down
his breathing, the coordination of these tasks is not necessarily a
straightforward process. Similarly, though a subject can monitor
his breathing, notice if he/she is relaxed or tense, and observe when
his attention drops, the combined monitoring of multiple states
can be challenging. In the case of heart rate variability biofeed-
back, therefore, discrimination and self-maintenance skills could
be modeled as schemata. This example is not exceptional, as most
biofeedback paradigms include involvement of executive function
or attention (see Section 3.4 below). From this perspective, biofeed-
back provides scaffolding for the subject (Sanders and Welk, 2005),
helping him/her to acquire or improve task-related discrimination
and self-maintenance schemata.

3.3. Skill learning

Skill learning is a paradigm that describes the mechanisms
involved in the acquisition of complex perceptual, cognitive, or
motor skills. The effect of feedback is a variable of interest in skill
learning—for example, it could be useful for the description of effi-
cient coaching practices for motor skill acquisition. One can identify
two significant properties of a motor action (Salmoni et al., 1984):
its performance, i.e., the quality of the subject’s own movement
(how to do the action); and its result, i.e., the success or failure
of the action (what shall be done). The subject can learn about
these two properties either by himself or with external help. When
the subject has direct access to these two observables, it is termed
“intrinsic feedback.” When the information comes from an exter-
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nal source (for example, a sports coach or a device), it is termed
“external feedback.”

The efficiency of external feedback for skill learning has been
the object of several studies and some foundational truths have
been demonstrated. First, extrinsic feedback helps to accelerate
and facilitate the learning process (Poole, 1991), especially when
it is not redundant with internal feedback (Schmidt and Wrisberg,
2007). It has informational functions and motivational properties
with important influences on learning (Wulf et al., 2010), but it can
also induce dependency (the so-called guidance effect): if admin-
istration of extrinsic feedback is not appropriate, performance
decreases after the feedback is withdrawn (Buchanan and Wang,
2012). Second, the subject must be able to act upon his internal
feedback when the external feedback is removed; successful feed-
back learning, therefore, is an adaptation of internal feedback in
a way that incorporates the external feedback (Syznofzik et al.,
2006). Finally, performance feedback is generally more effective
for real-world tasks (Schmidt and Wrisberg, 2007).

The dissociation of performance feedback and result feedback
can be observed for instance in skilled typists. Logan and Crump
provided skilled typist with fake result feedbacks (Logan and
Crump, 2010), either corrected errors that typists made or insert-
ing errors in correct responses. When asked to report errors, typists
took credit for corrected errors and accepted blame for inserted
errors, claiming authorship for the result feedback. However, their
typing rate showed no evidence of these illusions, slowing down
after corrected errors but not after inserted errors. This dissociation
suggests two error-detection processes: an outer loop sensitive to
the appearance of the screen (result feedback) and an inner loop
sensitive to keystrokes (intrinsic performance feedback). Another
example in motor learning is voice control training or rehabili-
tation. Visual feedback on voice spectral properties can be used
to train singers, and as one would expect, novice and expert
singers require training tailored to their individual skill level: while
beginners prefer simple and continuous information, experienced
singers prefer more complex and discontinuous feedback (Hoppe
et al., 2006). Internal result feedback develops with expertise, and
therefore simple external result feedback is redundant and ineffec-
tive for experts. The results of the Sing & See project (Wilson et al.,
2005) are of particular interest, as they illustrate how developmen-
tal psychology can explain feedback learning mechanisms: singers’
performance dropped during feedback presentation but improved
after feedback training (as compared to a control group). This is
typical of a U-shaped performance curve (see Section 3.2).

Though motor skill learning theories cannot be directly adapted
to explain biofeedback training, their core principles are similar
in practice, and assumptions about efficiency of feedback from the
motor skill model are likely to hold true for biofeedback. This model
can easily be extended to any kind of feedback learning in gen-
eral, including biofeedback and neurofeedback. The implications
of skill learning for neurofeedback has already been debated by
Strehl (Strehl, 2014). Skill learning theory models systems with
explicit feedbacks, and therefore would relate to model-based RL
mechanisms.

3.4. Executive function and attention

Biofeedback could not exist without involvement of executive
functions and/or attention. Executive functions comprise the men-
tal processes that enable individuals to take control over otherwise
automatic responses of the brain in order to produce goal-oriented
behaviors (Lamar and Raz, 2007; Garon et al., 2008; Lezak et al.,
2012). They are strongly, but not exclusively, associated with neu-
ral networks located in the prefrontal cortex (Miller and Cohen,
2001)(more detailsin Section 4.3.). These executive functions allow
individuals to handle new and/or complex situations where rou-

tine behavior does not exist or would prove suboptimal, and they
include processes such as planning, goal setting, decision mak-
ing, voluntary attention, task switching, set shifting, behavioral
and perceptual inhibitions, voluntary emotional regulation, and
error correction. In biofeedback paradigms, and especially when
training is based on cognitive strategies (see Section 3), several
executive functions appear to be essential to setting up an inter-
nal reward system (goal setting), integrating feedback information
(voluntary attention, set-shifting), and adapting behavior toward
self-maintenance (error correction).

Most of the aforementioned cognitive functions interact with
attention, a broad concept that can be defined as the set of pro-
cesses dealing with the allocation of WM to the different neural
representations available in the brain (Knudsen, 2007). Many stud-
ies point to the common neural mechanisms that support both
WM and attention (Ikkai and Curtis, 2011a,b; Gazzaley and Nobre,
2012), reinforcing the idea of an overlap between the two functions.
Because high-level cognition relies on WM'’s limited span (Cowan,
2005; Cowan et al., 2005), attention plays a crucial role in learn-
ing tasks where WM is partly occupied by learning schemata (see
Section 3.2).

3.5. Working memory models

There are good reasons to hypothesize that WM plays a key
role in biofeedback learning. The central role of WM is empha-
sized in motor skill learning (Seidler et al., 2012), and by definition,
this theoretical construct intersects with all cognitive functions
(see Section 3.4). While performing any cognitive task, informa-
tion being processed is stored and maintained in WM. Miller coined
the term “working memory” while studying everyday formation,
transformation, and execution of plans in the context of behavioral
science (Wallace, 1960).

3.5.1. Multiple-component model

Baddeley and Hitch’s model (Baddeley and Hitch, 1974) remains
the most influential model of WM. The original model included two
slave storage subsystems in charge of storage and maintenance of
visual and auditory information; and a coordinating system, the
central executive. The central executive coordinates the slave sub-
systems, activates memory traces from long-term memory (LTM),
selects coding strategies, and shifts attention. Two main criticisms
of the concept of a central executive have been (1) that it is depicted
as an homunculus, an all-powerful man running WM, and (2) that
the lack of rigorous evidence makes it impossible to falsify (Parkin,
1998). A new slave system, the episodic buffer, was later intro-
duced by Baddeley (Baddeley, 2000). The episodic buffer stores
multi-dimensional pieces of information integrated by the central
executive into time-ordered episodes, like fragments of a story.
These episodes are then linked to multi-dimensional representa-
tions in LTM.

3.5.2. Embedded-process model

Cowan’s model of WM (Cowan, 1988) outlines more precisely
the mechanisms underlying attention and extends the notion of
slave subsystems to more general types of encoding. In terms of
flow, information enters the brief sensory store and is retained
for several hundred milliseconds, whereupon LTM representations
(sensory or semantic) become active and remain so for a few sec-
onds. Depending on the salience of the stimuli and/or voluntary
attention, the activated memories may enter the focus of attention
or remain outside of it (yet still active). The attentional processes
are mediated by the central executive, which can direct attention
either outward to perceived stimuli or inward to LTM. The process-
ing of activated traces of LTM might lead to controlled actions if
information passes through the focus of attention or to automatic
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actions otherwise. LTM storage of some coded features occurs auto-
matically. Processing in this model can also be performed on active
items outside the focus of attention.

3.5.3. Long-term working memory

Traditional models of WM perform rather well on laboratory
tasks. However, the large storage demands of text comprehen-
sion and other skilled activity (e.g., good chess players, digit span
experts) cannot be explained by models that rely only on tem-
porally limited capacity (Anders Ericsson and Kintsch, 1995). To
address this problem, Anders Ericsson and Knitsch proposed their
long-term working memory (LTWM) model. Based on experimen-
tal findings (Anders Ericsson and Delaney, 1999) that conflicted
with other WM models, they proposed the idea that skilled activ-
ity in everyday life does not rely heavily on temporal storage. On
the contrary, while skills are developing, domain specific semantic
structures are built in LTM that allow for efficient coding and fast
retrieval, and hence LTM largely mediates expert performance.

3.5.4. Time-based resource-sharing model

A model of WM that proposes an interesting definition of
cognitive load is the time-based resource-sharing model (TBRS)
(Barrouillet et al., 2004). The main assumption of the TBRS model
is that attentional resources, serial in nature, are needed not only
for processing information, but are also shared with activation and
maintenance processes. This holds true both for complex tasks as
well as for simple activities like reading letters or digits.

Within this model, quick pauses are required during processing
in order to maintain the memory traces, which would otherwise
decay over time. This process does not necessarily correspond to
rehearsal in the phonological loop proposed by Baddeley since
different mechanisms could occur, such as the rapid and covert
retrieval process through attentional focusing proposed by Cowan
(Cowan, 1992). This attentional switch might occur constantly and
at the micro level, as described in the micro-task-switching process
by Towse et al. (Towse et al., 2007). This process is serial in nature
at the micro level, yet rapid enough to seem parallel at the macro
level.

Due to this attentional constraint, it is important to redefine the
notion of cognitive load. A high load condition should involve not
only the number of active items, but also the available time that can
be devoted to attentional switches to refresh memory traces. If the
task allows enough time to ensure proper maintenance of memory
traces, it is said to correspond to low cognitive load, and conversely,

if high processing demands leave little time for refreshing, the task
is said to involve high cognitive load. In this sense, the concept of
load becomes task dependent.

3.6. Volitional action, agency, and fluency

In Section 2.2, we mentioned that biomedical models of biofeed-
back disagree over the need for volitional control of the regulated
biological variables. Volitional action is associated with authorship
of the action, a sense of agency or self-agency—the sense that “I am
the one whois causing or generating an action” (Gallagher, 2000).In
other words, a sense of agency refers to the feeling of controlling an
external event through one’s own actions. Agency is at the center of
neurocognitive models of schizophrenia as an explanation for voli-
tional delusions (Lafargue and Franck, 2009). Interestingly, agency
seems to be linked with both internal and external feedback about
self-control (Syznofzik et al., 2006) and therefore has a direct rela-
tionship to fluency. Fluency is the subjective experience of ease or
difficulty associated with completing a mental task (Oppenheimer,
2008) and therefore relates to the perception of self-control or self-
regulation. Monitoring of physical efforts by a subject, for example,
can lead to a retrospective sense of fluency, which can in turn con-
tribute to a sense of agency (Demanet et al., 2013). This is not a
new observation; Maine de Biran proposed in 1805 that the sen-
sation of effort might provide an internal cue for distinguishing
self-caused changes from other changes in the environment (Maine
de Biran, 1805). Recent reports have shown that a sense of agency
would be derived from both a prospective (action selection) and
retrospective (action outcome) fluency (Chambon et al., 2014).

This relationship between agency and self-regulation is crit-
ically important for biofeedback training. First of all, successful
volitional biofeedback induces improved fluency in regulation
of the biological variable and consequently involves a sense of
agency. Furthermore, self-regulation can be seen as one aspect
of executive function, whose depletion has negative effects on
task performance—the so-called ego depletion effect (Vinney and
Turkstra, 2013). Again, this ego depletion effect predicts a drop in
performance during effective biofeedback, in line with develop-
mental psychology models (Section 3.2).

3.7. Synthetic psychological models

Biofeedback is concerned with a specific subtype of skill learn-
ing: biological variable regulation. Biofeedback setups provide the

B - .-+~ I

I External performance feedback I

Correction

Cognitive
functions

Objective “

Organism
(action)

d
#Result

Process

Environment
(reaction)

Internal performance feedback

Internal result feedback

Fig. 4. Four-component biofeedback flow chart. The subject has access to two internal feedbacks (bottom of flow chart). The internal performance feedback corresponds to
the discrimination skill. Succeeding or failing to regulate the biological variable is the result feedback. The biofeedback provides either external result or external performance
evaluations to the subject (top of the flow chart). The self-maintenance skill integrates both internal and external feedback and regulates the biological variable based on

these inputs.



A. Gaume et al. / Neuroscience and Biobehavioral Reviews 68 (2016) 891-910 899

== percept flow
— executive control

[ HicH-LEVEL PROCESSING ]

----> internal control

i1

WORKING MEMORY }

EXECUTIVE
CONTROL

Task-related tuning
Vigilance

—»[ SENSITIVITY CONTROL ]4———{ COMPETITIVE ALLOCATION

Voluntary attention
Percept inhibition

[ 1]

Capacity control
————— 7 ¢ F 7] AROUSAL
Tonic Alertness

Set-shifting

NEURAL REPRESENTATIONS

Emotional regulation
Goal-setting

7.

A

HIGH-LEVEL SALIENCE FILTERS} -------------------

Phasic Alertness

.

i 1

INTERNAL PERCEPTS

executive

Low-LEVEL SALIENCE FlL’['L‘RS]- --------------------

Phasic Alertness

- - -- reflexive

1 1

—>[ SENSORY ORGANS

]=>[ EXTERNAL PERCEPTS ]

Fig. 5. Integrative model of attention and executive control. The role of attention is assumed to be the allocation of working memory between available percepts. Blue
nodes represent the main components of attention, responsible for evaluation and selection of relevant information as well as executive feedback over the selection process.
Red nodes are brain structures strongly linked with attention. Long-term memory could be represented as a red node as well. Green nodes are abstract representations of
information flow and processing. Executive functions linked to the control of attention are represented in purple. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

user with external feedback, while the discrimination skill is an
internal performance feedback. The self-maintenance skill inte-
grates bothinternal and external feedback and acts on the biological
variable. As with motor learning, biological variable regulation
seeks an effect involving the organism and its environment and has
a directed functional goal; succeeding or failing to reach this goal
is the result feedback. The main difference from motor learning
resides in the type of action involved: while motor action learn-
ing involves sensorimotor processes, biofeedback is more general
and can include any kind of biological variable. We can summarize
these elements in a general biofeedback flow chart with four types
of feedbacks: external result feedback, external performance feed-
back, internal result feedback, and internal performance feedback
(Fig. 4).

A framework for the different executive functions involved in
biofeedback, largely inspired by the work of Knudsen (Knudsen,
2007), is shown in Fig. 5. This model includes several levels of
salience filters that attribute weights to both external and inter-
nal percepts based on their physical, temporal, motivational, and
emotional properties (Menon and Uddin, 2010). The resulting neu-
ral representations then go through a competitive selection process
to determine which information enters WM. This filtering layer is
referred to as bottom-up attention and will, for example, allow a
loud, unexpected sound to enter almost anyone’s WM (in addition
to triggering subcortical responses). Top-down signals can alter this
selection process by modifying the behavior of salience filters (e.g.,
emotional regulation) or by enhancing or inhibiting a neural rep-
resentation that has already entered WM and has gained or lost
salience through high-level processing (voluntary attention and
percept inhibition, respectively). Feedback signals can also modify
the behavior of sensory organs at several levels of this weight-
ing/selection process—for example, by orienting the eyes toward
a stimulus to enhance its relative importance in the visual cor-
tex. Other executive functions deal with the temporal allocation
of WM and can therefore be considered components of attention.
Set-shifting, for example, refers to the ability to switch between dif-
ferent high-level neural representations of a percept on the basis
of feedback and is therefore an important mechanism in learning
and biofeedback paradigms (Kehagia et al., 2010). Sustained atten-

tion is another key component of attention and refers to the ability
to maintain neural representations in WM over time (Gazzaley and
Nobre, 2012). This cognitive function is also strongly involved in the
learning process described in Section 3.2, as both feedback infor-
mation and learning schemata should be maintained in WM during
the integration process.

As explained in Section 2.1, the interest of biofeedback is to help
train two cognitive functions related to a target biological variable:
discrimination and self-maintenance. Acquisition of the discrimi-
nation skill requires the subject to find an internal or autogenous
percept that matches the fluctuation of the external feedback. This
process requires the subject to scan the different percepts available
to him/her at a given time (selective attention) and to manipulate
their different neural representations (set-shifting) in order to find
out if a correlation can be established with the feedback. Train-
ing of the discrimination skill is greatly facilitated by joint or prior
development of the self-maintenance function, i.e., the ability to
affect the biological variable voluntarily. Intended modification of
the biological variable allows the subject to more easily confirm or
contradict a possible correlation between an internal or autogenous
percept and the external feedback than would mere observation
of natural fluctuations in the biological variable. Development of
the self-maintenance skill also requires the subject to try several
approaches to infer whether or not a behavior has an influence
on the feedback. Both functions are therefore acquired using typ-
ical learning strategies that involve reinforcement in the case of a
positive correlation and error detection/correction otherwise.

4. Neuroscience perspective
4.1. Neural correlates of schemata formation

Straightforward links can be established between schemata the-
ory and functional neuroanatomy (Johnson and Grafton, 2003;
Cannon et al., 2008). Schemata correspond closely to biological
networks of neurons usually termed “neural assemblies.” A neu-
ral assembly is a small set of interconnected neurons that can
persist without external stimulus, connected by learning and sup-
ported by synchronous firing behavior (Huyck and Passmore, 2013).
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The “information overlap to abstract” (iOtA) model of Lewis and
Durant (Lewis and Durrant, 2011) theorizes that schemata are cre-
ated through reinforcement of synaptic connections of overlapping
memories: when a group of neural assemblies are activated simul-
taneously, their common overlapping networks are reinforced.
Through progressive abstraction due to synaptic homeostasis, a
new assembly of neurons could be gathered into abstract schemata
combining elements of these memories. Despite the likelihood that
other biological mechanisms may also underlie the formation of
schemata, such mechanisms have not yet been described (Huyck
and Passmore, 2013), so the iOtA model is the most complete avail-
able.

The formation of neural assemblies occurs in two steps
(Frankland and Bontempi, 2005). First, a transient neuronal assem-
bly is formed to deal with a task, leading to short-term memory
organization. The hippocampus probably plays a key role at this
stage, especially for episodic memories (Shirvalkar, 2009). Reacti-
vation of the assembly leads to its consolidation and the formation
of along-term memory through reinforcement learning (RL), stored
in cortical networks. Classical models assume that memories are
consolidated during sleep, but experimental evidence shows that
this process can also occur during waking states (Axmacher et al.,
2009). The ventromedial prefrontal cortex and the hippocampus
may interact at this stage for schema formation and possibly in the
representation of partially consolidated schemata (van Kesteren
etal.,2010). Furthermore, schema acts as memory containers facil-
itating encoding: when a schema exists, the assimilation of new
mnesic traces into the schema can occur extremely quickly, and
become rapidly hippocampal-independent (Tse et al., 2007).

A functional model of the neural correlates of schemata could
be found in the notion of actor strategies in the prefrontal cor-
tex (Koechlin, 2014; Collins and Koechlin, 2012). Actors are task
sets driving ongoing behavior, stored in long-term memory. Koech-
lin’s theory (Koechlin, 2014, 2016) provides a model integrating
schemata learning and self-control networks. While existing actors
are used and reinforced through model-free RL (see Section 3), they
are evaluated by the prefrontal cortex (PFC), and monitored by
the anterior cingulate cortex (ACC). Cascade of interactions can be
observed between the dorsolateral PFC and the anterior cingulate
cortex, involved in response evaluation upon action performance
(Banich, 2009). When the ACC detects suboptimal strategies, a
model-based RL mechanism would be triggered in order to cre-
ate a new actor. Once a new efficient actor is learned, model-free
RL progressively dominates with time. Model-free RL and model-
based RL form two cooperative systems with model-free RL driving
online behavior and model-based RL working offline in the back-
ground to continuously adjust model-free RL (Sutton and Barto,
1998; Gershman et al., 2014; Koechlin, 2016). It can easily be seen
that this theory articulates model-free RL mechanisms for schema
assimilation and model-based RL mechanisms for schema accom-
modation (new actor creation), which bridges the gap between
the CLT in psychology (Section 3.2) and RL mechanisms in neu-
roscience. The germane load could find a potential neural correlate
in the frontopolar cortex, involved in the cognitively costly evalu-
ation of new strategies in model-based RL by (Koechlin, 2014). A
recent study illustrates this effect and indicate an neural correlate
of the germane load: subjects exposed to a slow cortical potential
followed a U-shaped evolution of neuronal resource allocations,
measurable using the contingent negative variation (CNV) at the
Cz electrode (Gevensleben et al., 2014), which was not observed in
the sham group. The role of the PFC, the cognitive control network
and the ACC are discussed with more details thereafter in Sections
4.3,4.4 and 4.5.

4.2. Schemata and working memory

WM, or the processing of short-term memory, is fundamen-
tal to the functioning of schemata. As neural activity persists in
subregions of the PFC and posterior parietal cortex (PPC) during
maintenance of WM representations (Ikkai and Curtis, 2011a,b),
one could consider these two brain regions together as the location
of WM neural substrates.

Two subfunctions of WM have been identified: information
storage and executive processing of stored data. Neuroimaging
evidence links the short-term memory storage function with the
ventrolateral PCF (Smith and Jonides, 1999; Stokes, 2015; Ester
et al., 2015) and the PPC (Ester et al., 2015; Ikkai and Curtis,
2011a,b). The executive component, on the other hand, appears
to be mediated by the dorsolateral PFC (Smith and Jonides, 1999),
whose causal role is supported by transmagnetic stimulation stud-
ies (Mottaghy, 2006).

There are three hypotheses regarding the neural basis of WM
storage. First, information could be stored in the PFC and PPC
themselves; in fact, brain activity in these areas can be used to
reconstruct orientation bars stored in visual WM (Ester et al., 2015).
A second hypothesis is that WM is not stored in persistent neural
activity, but instead in the combined interaction of ongoing activity
and the hidden state (activity-silent states) in the brain’s structural
connectivity (Stokes, 2015). This hypothesis is supported by the fact
that dynamic states of neural networks are combinations of their
ongoing activity, underlying connections, and short-term synap-
tic plasticity (Buonomano and Maass, 2009). The final hypothesis
proposes a mediating role for the lateral PFC. Recent studies com-
bining TMS and neural measures have shown that the lateral PFC
modulates sensory activity during WM tasks and enhances selec-
tivity of representations in the sensory cortex (Sreenivasan et al.,
2014). According to these results, and in line with Cowan’s WM
model (Section 3.5), the WM would not be stored in the lateral PFC,
but instead stored in the sensory cortex and mediated by the lateral
PFC (whose activity would therefore be a correlate of sensory cortex
activity). There is no consensus yet on these three models. However,
arecent study demonstrated that noise learning is accompanied by
rapid formation of sharp neural selectivity to arbitrary and complex
acoustic patterns within sensory regions (Andrillon et al., 2015).
This is the first experimental confirmation that schemata bridge
the gap between sensory and memory processes, and a validation
of Cowan'’s hypotheses.

The iOtA model is compatible with all three theories of WM stor-
age, fitting best with the second (activity-silent states) theory. The
model describes schemata as neural assemblies involving struc-
tural networks of neurons, a description that is consistent with
activity-silent states. The TBRS model (see Section 3.5.4) is more
compatible with the third theory (lateral PFC mediation of WM), as
it separates the storage function from the storage location.

4.3. Executive functions and the prefrontal cortex

As mentioned in Section 3.4, executive functions play a key
role in the integration of feedback in skill learning. Two frontal
brain regions are central to several executive functions (Logue and
Gould, 2014): the medial PFC, involved in general attention and
set-shifting tasks; and the orbitofrontal cortex, involved in reversal
learning and response inhibition tasks.

Koechlin’s hierarchical model of cognitive control (Koechlin
etal., 2003; Koechlin and Summerfield, 2007) is a multistage archi-
tecture along the anterior-posterior axis of the lateral PFC where
each stage maintains active representations that are controlled by



A. Gaume et al. / Neuroscience and Biobehavioral Reviews 68 (2016) 891-910 901

higher stages and that exert control on representations in lower
stages. Control signals owing to events which occurred in the more
and more distant past would arise from successively more anterior
cortical regions. In this model, the apex of the prefrontal executive
system is implemented in the most anterior prefrontal regions and
corresponds to control processes underlying multitasking and the
temporary maintenance of pending behavioral episodes. Logan and
Crump’s hierarchy of loops (Logan and Crump, 2010) involved in
result (outer loop) and performance (inner loop) error-detection
processes is compatible with this hierarchical model. Together,
these models can explain the differences observed between result
and performance feedbacks in skill learning (see Section 3.3).

There is general consensus about the nature of the PFC’s medi-
ation of executive functions (Smith and Jonides, 1999). PFC areas
modulate the activity in sensory cortices, thereby allowing for vol-
untary control of brain functions. Similarly, emotional regulation
involves a network of areas in the PFC, hippocampus, and parahip-
pocampus (Phillips et al., 2008). The PFC most likely plays a central
role in executive control of the brain: several reports indicate that
top-down signals originating in the LPFC (representing current task
goals) implement cognitive control by biasing information flow
across multiple large-scale functional networks (Miller and Cohen,
2001; Cole et al., 2013). This specific role in cognitive control will
be addressed in the next section.

4.4. Self-control networks

As noted in Section 2.1, the voluntary control of biosignals
attempted in biofeedback paradigms depends on two functions:
discrimination and self-maintenance. Here we will report recent
evidence about the neural correlates of cognitive control, which
could stand as potential candidates for the neural basis of
self-maintenance. Recently it has been hypothesized that neuro-
feedback might tune brain oscillations toward a homeostatic point
through a top-down regulation mechanism (Ros et al., 2014). If this
theory is true, then top-down control of brain functions would play
a key role in neurofeedback, even in autonomous (non-volitional)
regulation neurofeedback models (see Section 2.2 for a discussion
of volitional and autonomous regulation strategies).

The cognitive control network (CCN) is a brain network thought
to underlie cognitive control capacity (Dosenbach et al., 2006;
Cole and Schneider, 2007); to correlate with fluid intelligence
(Cole et al., 2012a,b); and to support executive functions in gen-
eral (Niendam et al., 2012). Regions within the CCN include the
ACC and pre-supplementary motor area (pSMA), inferior frontal
junction (IF]), anterior insular cortex (AIC), dorsal premotor cor-
tex (dPMC), and a subnetwork termed the frontoparietal network
(FPN) that includes portions of the lateral prefrontal cortex (LPFC)
and the posterior parietal cortex (PPC) (Cole and Schneider, 2007;
Cole et al., 2013). The FPN acts as a hub that coordinates cogni-
tive control (Cole et al., 2013); it centralizes functional connections
with multiple brain networks and is involved in a wide variety of
tasks. Furthermore, these connections form an organized frame-
work, with systematic relationships between the types of tasks and
the corresponding connectivity patterns. Consequently, the FPN
can coordinate brain networks according to the requirements of
the task, thereby enabling the transfer of abilities across tasks. The
CCN is considered the neural seat of cognitive control, and there-
fore is a good candidate for the neural basis of self-maintenance;
in a recent fMRI study, sham neurofeedback was indeed associated
with activation in three areas of the CCN: the LPFC, ACC, and AIC
(Ninaus, et al., 2013).

The CCN is likely not the only neural network supporting the
self-maintenance function. In situations of wakeful rest such as
day-dreaming, activity in a network of brain areas termed the
default mode network (DMN) can be observed (Buckner et al.,

2008). Recent investigations have observed that cognitive con-
trol may actually be the outcome of dynamic functional couplings
between the FPN system, the cingulo-opercular network, and the
DMN (Cocchi et al., 2013). By applying network control theory on
human diffusion tensor imaging, Gu et al. recently confirmed that:
(i) DMN areas may be important in low cognitive effort tasks, (ii)
the FPN and cingulo-opercular areas may be important in high
cognitive effort tasks, and (iii) attention areas may be important
in manipulating information across different cognitive processes
(Gu et al.,, 2015). Furthermore, the FPN is anatomically positioned
to integrate information from the attention system and the DMN
(Vincent et al., 2008). From this perspective, the CCN, attentional
networks, and DMN would share access to cognitive processes
depending on the type of task. This observation confirms recent
evidence pointing to correlations between dynamic interactions of
the CCN and DMN on the one hand, and cognitive control perfor-
mance of adolescent subjects on the other (Dwyer et al., 2014).
This is also consistent with the dual-process theory mentioned in
Section 2.2 (Wood et al., 2014), with the DMN corresponding to
low-level processing and the CCN to high-level processing.

Finally, as explained in Section 3.6, a sense of agency would be
directly related to the perception of self-maintenance. According
to one meta-analysis, self-agency appears to involve the insula and
the experience of a “global emotional moment” representative of
the sequential integration of perceptive and motivational infor-
mation (Sperduti et al., 2011). The angular gyrus (AG) may also
play a key role in monitoring signals relating to action selection in
the dorsolateral prefrontal cortex in order to prospectively inform
subjective judgments of control over action outcomes. The online
monitoring of these signals by the AG might provide a subject with
subjective markers of volition prior to the action itself (Chambon
etal., 2013), and therefore the AG might be a neural substrate of the
sense of agency (Chambon et al., 2014). The main electrophysiolog-
ical markers of a sense of agency in EEG signals are the alpha-band
relative power in the central, parietal, and right temporal areas, as
well as alpha phase coherence in frontal areas (Kang et al., 2013).
The correlates of fluidity in EEG are the error potentials reported in
the next section.

4.5. Consciousness of errors and error potentials

Action monitoring and error processing are two critical stages
of executive control in humans, allowing for efficient behavioral
adjustment and optimization of performance. These functions
therefore play a central role in skill learning and are good candi-
dates for neuronal markers of the discrimination function defined
in Section 2.1.

Correct overtresponses are frequently preceded by an early sub-
threshold electromyographic burst recorded from the hand that is
associated with the incorrect response (Burle and Bonnet, 1999).
These bursts that occur in about 20% of correct response trials rep-
resent partial errors (Hasbroucq et al., 2009). If the correct response
is provided by the subject, this means that the partial error has
been identified and corrected, preventing an overt error. Rochet
et al. studied whether partial errors are consciously detected by
subjects (Rochet et al., 2014), and they showed that less than one-
third of partial errors were reported. Even if partial errors are not
consciously detected, however, they are being corrected for before
producing an overt error.

One might ask: is it helpful to be aware of our errors if two-thirds
are not reported but still corrected? Biofeedback could be used
to explore brain mechanisms implicated in error monitoring and
whether being aware of our errors has consequences on error pro-
cessing and skill learning. Indeed, errors can be corrected without
awareness before they reach the threshold of response. However,
in situations where partial errors have been consciously detected,
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Fig. 6. Feedback learning from a neuroscience perspective. The user is focusing his executive functions on the task, involving the DLPFC (1) and the CCN (not represented in
the illustration). Working memory is coordinated by these networks, involving both his hippocampus (2) and the neural assemblies supporting task performance (3) under
the supervision of the DLPFC (1). Error monitoring in the ACC (4) allows the user to perceive fluidity, which is then converted into agency by the AG (5). If agency is perceived,
and the user is training through a trial-and-error process, then the ventral striatum (6) activates. This leads to the formation of a schemata, progressively integrated and
abstracted from the areas involved in the task (3) and consolidated into long-term memory as a skill.

it would be of interest to investigate whether they are corrected
through the same processing mechanism or if other adjustments
occur (such as a change in strategy). Evoked related potential (ERP)
can be useful in exploring error monitoring and might be employed
in biofeedback to investigate error monitoring mechanismes.

Errors in reaction-time tasks induce a response-locked ERP that
peaks within 50-100 ms after the erroneous response. This ERP is
a fronto-central negative deflection, and because it was originally
reported as being absent following correct responses, it has been
called error negativity or Ne (Falkenstein et al., 1991), or error-
related negativity or ERN (Gehring et al., 1993). The Ne is strong
evidence for the existence of an action monitoring system able to
quickly separate errors from correct responses at the very moment
of response (Vidal et al., 2015). In 2000, Vidal et al., by applying
the Laplacian transformation, observed a smaller Ne-like poten-
tial following correct responses. Actually, Laplacian-transformed
data argues in favor of a single-generator hypothesis (Vidal et al.,
2015) for the Ne, and the Ne is sensitive to the correctness of the
ongoing response. Previous studies suggest that Ne may remain
present even when subjects are unaware of having made a partially
erroneous eye-movement. It seems that Ne is generated indepen-
dently of the conscious detection of errors (Nieuwenhuis et al.,
2001; Endrass et al., 2007; O’Connell et al., 2007). More gener-
ally, the midline frontal theta power—the position and frequencies
where Ne is observed—might be the best EEG marker for cogni-
tive control (Cavanagh and Frank, 2014). The error positivity (Pe)
is a positive deflection with more parietally distributed ERP than
the Ne. It occurs 200-400 ms after a conscious erroneous response
(Falkenstein et al., 1991; Nieuwenhuis et al., 2001; Overbeek et al.,
2005). The amplitude of Pe is sensitive to the degree of awareness
of an error (Dockree and Roberston, 2011) and is larger for con-
scious than unconscious errors (O’Connell et al., 2007; Charles et al.,
2013; Loganet al., 2015). Ne and Pe are therefore neural correlates
of volitional self-monitoring of errors.

4.6. Motivation and reward

As explained in Section 3, motivation and reward are cen-
tral components of biofeedback mechanisms. Motivation involves
dopaminergic circuits in the reward system, where the striatum
plays a key role (Yager et al.,, 2015). Monitoring the neural cor-
relates of motivation and reinforcement learning would provide
direct insights into biofeedback learning mechanisms.

Volitional self-monitoring of errors is associated with Ne and
Pe. When feedback is presented, a specific Ne can be recorded:
feedback-related negativity (FRN), which follows the display of
negative feedback (Miltner et al., 1997; Walsh and Anderson, 2012).
FRN may be the best neural correlate of the reinforcement learn-
ing process (Walsh and Anderson, 2012) for several reasons: (1)
FRN represents a quantitative prediction error; (2) it is evoked by
rewards and by reward-predicting stimuli; (3) FRN and behavior
change with experience; and (4) the system that produces FRN is
maximally engaged by volitional actions. According to a recent joint
EEG-fMRI investigation by Hauser and colleagues (Hauser et al.,
2014), FRN could be a neural correlate of surprise signals involving
top-down cognitive control in the ACC and may therefore be a good
neural marker of fluency in feedback learning (see Section 3.6).

One well-studied ERP component that seems to play a role in
reward processing is the P3 (or P300), a positive wave usually
peaking between 300 and 600 ms post-stimulus with its largest
amplitude at centroparietal scalp sites. When comparing P300 and
FRN, reward magnitude (how much reward is received) is reflected
by the P300 ERP but not by feedback negativity, while reward
valence (positive or negative reward) was reflected by feedback
negativity only (Yeung and Sanfey, 2004).

4.7. General model of feedback learning

Feedback learning is the generalization of skill learning to cogni-
tive functioning. The principal brain areas involved in this learning
process are illustrated in Fig. 6. The user is performing a learning
task that involves both the executive functions and the self-control
networks. During learning, working memories and neural assem-
blies are activated under the monitoring of the central executive
(involving the CCN and the DLPFC). Error detection is related to
fluency and agency, involving the ACC and the AG: AG playing
a key role in the sense of agency (Chambon et al., 2014), while
ACC is involved with error detection (Bush et al., 2000). If the
protocol leads to motivating conditions (mainly intrinsic motiva-
tion in volitional biofeedback), then the reward system activates.
Finally, feedback learning leads to the formation of coordinated and
integrated neural assemblies through reinforcement of synaptic
connections among overlapping memories. The resulting schemata
have lower intrinsic cognitive load because the CCN will not need
to coordinate the underlying neural assemblies anymore (the task
is automated now; see Fig. 3).
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Fig. 7. Basic control theory model. Block Diagrams are graphical representations of processes. This diagram represents a closed-loop model, where a feedback is a correlate
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Fig. 8. Explicit model of biofeedback and neurofeedback. The feedback is subdivided into internal and external feedback, where the external feedback comes from an external

device and the internal one is within the central nervous system of the subject.

Note that whereas conscious error monitoring involves the
ACC, subliminal error monitoring does not (Dehaene et al., 2003).
Implicit feedback strategies may indeed not involve the same
mechanisms: they are more likely to be based on model-free RL
mechanisms (Dayan and Berridge, 2014). Explicit feedbacks would
foster schema accommodation with a model-based RL mechanism;
whereas implicit feedbacks would foster schema assimilation with
a model-free RL mechanism.

5. Engineering perspective
5.1. Process control models of feedback learning

In engineering, process control is a discipline that aims to main-
tain the output of a process in a certain desired state (Murrill,
2000; Bennett, 1993; Levine, 2010). For example, a thermostat on a
heater can turn the heater on or off by comparing the temperature
measured by a sensor to a reference temperature. Once the target
temperature is reached, the difference between the room temper-
ature and the target temperature is zero, so the thermostat stops
the heater. Process control can work in an open loop or by using
feedback (Wilts, 1960). It can be continuous or discrete - causing
a sequence of events (Levine, 2010). Its application to biomedical
engineering models was first suggested by Norbert Wiener in 1948
who introduced cybernetics to model self-regulating mechanisms
(Wiener, 1948 2nd revised ed. 1961; Mindell, 2002; Ross Ashby,
1956), and was soon identified as a framework to model biofeed-
back (Anliker, 1977). It is now commonly used to model systems
biology (Cosentino and Bates, 2011), and was recently applied for
instance to model biological motor systems (Scott, 2004) and their
cognitive control (Frith etal., 2000), or speech acquisition (Tourville
and Guenther, 2011; Vinney and Turkstra, 2013), and generally the
behavior of biological organisms (Cowan et al., 2014). Biofeedback
and neurofeedback are also often modeled using control theory,
such as neurofeedback training of implanted brain-computer inter-
face (Guenther et al., 2009), for biofeedback training of postural

control (Ersal and Sienko, 2013), biofeedback techniques in renal
replacement therapy (Paolini and Bosetto, 1999), or electrodermal
biofeedback of arousal (Parnandi et al., 2013). It was also suggested
as a general model for neurofeedback (Ros et al., 2014).

Feedback can be positive or negative (Ross Ashby, 1956; Black,
1934)—terms that can refer either to the way we widen or narrow
the gap between reference and measurement of a parameter, or to
the valence of the action on the gap, which can have positive or
negative emotional connotations.

5.1.1. Controllability

A deterministic system can be fully described by the set of val-
ues of all its state variables at a given time. These state variables are
characterized by dynamic equations, and prior knowledge is not
necessary to predict future states given the current state and cur-
rent and future values of control variables. Controllability describes
the ability to control the internal state of a system from an initial
state to a final state in a finite time interval (Kalman, 1960). Con-
trolling a system means being able to move it in all its configuration
space using some determined displacements.

5.1.2. Observability

Observability is a measure of a system’s predictability accord-
ing to knowledge of its external outputs. A system is observable if
the current state can be determined in a finite time using only its
outputs, for any possible sequence of states and control (Kalman,
1960). If a system is not observable, it means that the current value
of some of its state cannot be determined using the output sensors;
they are unknown to the controller, but can be estimated under
certain conditions.

5.1.3. Basic model

The basic model of feedback in process control theory can be
illustrated as in Fig. 7 (Murrill, 2000). A sensor is used to measure
the output of a system. This output is then compared to a reference
value so that the error between measured output and reference can
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Fig. 9. Implicit model of biofeedback and neurofeedback. The feedback signal is not provided to the subject (controller input), but instead used to change the system

conditions.

be reduced. In this model, the comparison only involves the output
of the system.

5.1.4. Explicit model of neurofeedback and biofeedback

Biofeedback can be explicit or implicit (Dekker and Champion,
2007; Kuikkaniemi et al., 2010; Nacke et al., 2011); we will first
provide a model for explicit biofeedback (see Fig. 8). In this model,
both internal and external functions are used to control the current
state of the system as compared to the target state.

5.1.5. Implicit model of neurofeedback and biofeedback

The process control model of implicit biofeedback is shown in
Fig. 9. In this model, there are two kinds of comparisons: the sys-
tem can use both internal and external functions to reach a target
state. Internal functions refer to inner sensors of the system, while
external functions are not directly accessible. External feedback is
provided as an input to the system (it has an impact on the system
input but not on the error measurement).

5.2. Limits of process control models

When using modelling biofeedback, one should bear in mind
the typical limitations of process control methods, reflected in the
following five “good practice” precautions.

5.2.1. Linearity

Linear process control models are generally only applicable to
linear systems, and when applied to non-linear systems, defini-
tions are only valid for small movements in the neighborhood of
a functioning point (Trentelman et al., 2001). Physiological regula-
tion is typically non-linear, and consequently, biofeedback systems
need to be individually calibrated, with each user having his own
functioning point depending upon both his physiology and his
proficiency at regulating the biosignal of interest. Furthermore,
the regulation task should also target small enough variations in
performances to prevent non-linearity effects. In addition, neu-
rophysiological regulation is allostatic (Sterling, 2004): the brain
performs predictive regulations and retune its parameters accord-
ing to changes. Therefore, experimental protocols should take into
account the fact that individuals’ reference point may vary over
time depending on task demands and learning.

5.2.2. Stability

Process control systems can be stable or unstable (Ross Ashby,
1956; Routh and Fuller, 1975; Lopez-Caamal et al., 2014). Unsta-
ble systems can be heavily perturbed by the slightest change in
the input command, whereas stable systems can regulate even
the most discontinuous perturbations (e.g., Dirac pulses, which
have finite impulse responses). Biofeedback systems are in most
cases unstable, and consequently, tolerance to variations around
the functioning point is fairly limited.

5.2.3. Temporality: transients and steady-states

When the command changes in complex systems, transient
variations typically occur before the system reaches its steady-state
(Wilts, 1960). Controlling the amplitude of these variations usually
leads to a tradeoff between convergence speed and transient vari-
ation amplitude. In other words, fast systems tend to have lots of
fluctuations before they reach their goals, whereas slow systems
tend to be more precise. This means that the temporality of biofeed-
back can be a crucial issue: while transient variations correspond to
task performances, steady-state error relates to the task result (see
Section 3.3 about performance and results). Consequently, contin-
uous feedback about transient states is usually more efficient than
discrete feedback about steady-state errors, unless steady-state
error perception is not readily available to subjects. For example, in
sports training, result feedback can provide useful information to
beginners but is of less interest to trained subjects. In biofeedback,
the type of feedback presented (transient or steady-state) has to
match the subject’s level of fluency in the task.

5.2.4. Precision

In process control, a system’s precision (or accuracy) is defined
by its ability to reach a zero steady-state error (Levine, 2010). This
precision, or static error, is one of the key estimates of the system’s
performance. Therefore, the precision of the biofeedback system
(i.e., the precision of biosignal monitoring, the subject’s perfor-
mance with or without feedback) should always be evaluated.

5.3. Serious games

“Serious games” are games with teaching, training, and infor-
mational purposes that utilize play as motivational leverage (Abt,
1970; Prensky, 2001; Michael and Chen, 2006; McGonigal, 2011).
Such games have been designed and engineered to stimulate moti-
vation in subjects learning new tasks. Video gaming has several
effects on cognitive functions, and in particular may be efficient
training for learning how to learn (Bavelier et al., 2012): action
video game players have been shown to learn how to extract reg-
ular patterns in their environment, thereby improving their ability
to learn new tasks. Furthermore, video gaming may lead to lasting
changes in reward processing mechanisms (Lorenz et al., 2015).
For example, it has been shown that cancer patients playing a
serious game to encourage treatment-related behavior markedly
activated neural circuits implicated in reward (caudate, putamen,
and nucleus accumbens) as compared to patients observing the
same audio-visual stimuli without playing (Cole et al., 2012a,b).
Biofeedback can be considered a type of serious game: the user
“plays” with his biological variable through an interface. Under-
standing the effective design of serious games is therefore critical
to knowing how to design efficient biofeedback systems.

Games are interesting learning strategies because they stimu-
late motivation and therefore the reward system. Humans have
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Table 1
Integrative perspective on biofeedback models, from biomedicine to neuroscience. WM = working memory, LPFC = lateral prefrontal cortex, CCN = cognitive control network.
Biomedicine Engineering Psychology Neuroscience Psychoengineering
Discrimination Observability Cognitive load, LPFC, Perceptibility
WM sensory cortex
Agency Insula, Autonomy
. Volitional Explicit paradigms Angular gyrus
Self maintenance Fluency CCN, Mastery
Error potentials
Extrinsic motivation Reward system, Motivation
Autonomous Implicit paradigms Operant conditioning Ventral striatum
Biosignal regulation Controllability Schemata formation Neural assembly Learnability

formation

genuinely high motivation to play video games because they
stimulate intrinsic motivation factors, i.e., psychological needs
of mastery, autonomy, and relatedness (Przybylski et al., 2010;
Lorenz et al., 2015). Several studies have been published on video
games and flow (Olson, 2010; Swanson and Whittinghill, 2015),
a state of being pleasantly and completely absorbed in a goal-
driven activity with hyper-focused attention (Csikszentmihalyi and
LeFevre, 1989). The flow state occurs when information process-
ing matches the user’s aptitudes and the task becomes a realizable
challenge (neither too frustrating nor too boring). According to
Csikzentmihalyi, the amount of information a human subject can
process amounts to a bit rate of 126 bits/s (Csikzentmihalyi and
Csikzentmihalyi, 1992), placing a higher bound on manageable cog-
nitive load (which is modulated by the person’s skills). This intrinsic
motivation is mainly reported as “fun” by the video game player
(Olson, 2010), associated with biological rewards with dopamine
release in the ventral striatum (Lorenz et al., 2015).

Certain errors must be avoided to take full advantage of the
“fun factor” in biofeedback treatments. Simply because a process is
required during game play does not guarantee changes in that pro-
cess (Bavelier et al., 2012). Unfortunately in some clinical studies
the goal has been to “entertain” children with “EEG-driven games,”
rather than really applying a learning procedure the children could
benefit from for a longer period (Arns et al., 2015). The game should
be designed to induce training, and this is done by controlling
the game’s validity—in particular, its predictive validity, proving
that performance in the game leads to better outcomes in reality
(Graafland et al., 2014). In the field of biofeedback, the problem of
transfer is as important as it is for serious games; the skill must be
transferable to real life or the user will not benefit from treatment.

6. Psychoengineering model
6.1. The missing keystone: toward a psychoengineering model

In the previous sections, we have explored the various existing
models of biofeedback: biomedical, psychological, neuroscience
and bioengineering perspectives. We could argue in favor of any
of these four perspectives, as each one answers a set of critical
questions. However, we believe that a blended model would best
describe the mechanisms of biofeedback and produce useful exper-
imental paradigms. This model should represent the perspective of
biofeedback itself and bridge the gaps among the aforementioned
four disciplines. From a biofeedback perspective, the brain is regu-
lating its own control over biosignals, thereby building itself anew.
We have therefore coined the term “psychoengineering” to define
our perspective and will attempt to develop such a model in this
section.

6.2. Bridging the disciplinary gaps

First, we recapitulate the key points of the above-mentioned
four models in the table below (Table 1). As we can see, there

is no direct mapping between the applied models (biomedicine
and engineering perspectives) and the theoretical models (psy-
chology and neuroscience perspectives) of self-maintenance. We
can identify five key properties of an efficient biofeedback system:
perceptibility, autonomy, mastery, motivation, and learnability.
Controlling these five variables is necessary for evaluation of a
biofeedback prototype.

Perceptibility refers to the potential for the subject to access
the perception of the biosignal he/she has to regulate. Autonomy
refers to the potential for the subject to regulate the biosignal by
himself, without the help of biofeedback, once the training protocol
is over. Mastery refers to the degree of control the subject can exer-
cise over the biosignal. Motivation refers to the reward system of
the biofeedback device—the reinforcement signal that will induce
learning. Learnability refers both to the conditions for achieving
long-term memory formation (e.g., sufficient amount of time and
repetitions) and to the possibility of learning itself.

7. Conclusion

The learning mechanisms involved in biofeedback should be
thoroughly investigated, as the existing literature is largely insuf-
ficient to understand biofeedback and explain how it works. We
conclude thereafter with five directions that ought to be pursued
to better investigate these mechanisms and to improve biofeedback
and neurofeedback protocols. These guidelines are representative
of the existing literature and should not be seen as established laws
butrather as future research directions. They can be used to design a
good practice guide for biofeedback and neurofeedback—a tool that
is of critical importance to the clinical evaluation of these interven-
tions (Micoulaud-Franchi et al., 2015). Thanks to these guidelines,
we hope future biofeedback studies will reach higher standards.

Note that different standardized psychological scales are men-
tioned for each property, complicating the investigation of feedback
protocols. Performing all these evaluations during online feedback
procedures mightlead to anincreased cognitive load for the subject,
which could lead to negative interactions with the feedback proto-
col. Therefore, developing a general feedback learning experience
scale involving the main items of all five properties may provide us
with a new and useful direction in biofeedback research. Further-
more, one should distinguish here the research purposes (when one
evaluates a feedback procedure) and the clinical purposes (when
one uses a feedback procedure for treatment). The evaluation of
psychological scales during feedback trials is certainly useful for
research purposes; however for the final clinical applications such
evaluations could be pointless in many cases.

7.1. Investigating and promoting perceptibility

An efficient biofeedback system has to ensure that both the
external and internal signals of interest can be perceived with suf-
ficient precision and be effectively organized so that their bit rate
will not exceed the user’s perception capabilities. One method that
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mightimprove perceptibility in explicit models would be to provide
multimodal feedbacks (Lotte et al., 2013): each sensory modal-
ity would correspond to a different slave subsystem of working
memory. Consequently, a sensory modality not involved in the task
should be preferred in the feedback design (see Section 3.5 about
working memory models).

From a psychological perspective, perceptibility is related to
cognitive load, which can be measured using scales such as the
NASA TLX (Hart and Staveland, 1988) or equivalent standardized
measures while the subject performs the feedback learning task.
The cognitive load is expected to be anti-correlated with the U-
shaped evolution of performance (Pauls et al., 2013; Siegler, 2004)
and should not reach too high a level, or the subject will expe-
rience a cognitive overload and a subsequent loss of motivation.
Unfortunately, the issue of cognitive load is often overlooked or
ignored in biofeedback studies. For instance, in Angelakis et al.
(2007), the same neurofeedback is presented both in auditory and
visual modalities (Angelakis et al., 2007) — without any discussion
about the impact on cognitive load of this strategy. In Keizer et al.
(2010), an auditory neurofeedback rate is bounded to a maximum
of 1 feedback per second (Keizer et al., 2010). The amount of infor-
mation a given subject can process during 1 is limited, this limit
has an interaction with the extraneous load of this task. In Kober
etal. (2015), an SMR neurofeedback uses 3 bars, the subject having
to modulate both SMR, alpha range and theta range (Kober et al.,
2015). As the theta and beta range bars were used to prevent mus-
cle contraction and eye blinks, they could have been replaced by an
auditory feedback, and thereby the cognitive load could have been
decreased. In Penzlin et al. (2015), a visual feedback is presented to
indicate heart rate variability, while another visual cue is presented
to indicate breath-pacing (Penzlin et al., 2015). The breath pacing
cue could have been auditory, likely reducing the cognitive load.

Furthermore, one has to ensure that the informative external
and internal feedback can be perceived as well. This concerns the
validity of the external feedback signal: one must demonstrate that
the signal is indeed correlated with biosignal regulation. It also con-
cerns the precision of the feedback signal—a classical modelling
problem, this precision is a test error that should be evaluated on
an independent test set (not on the database used to develop the
feedback model). For instance, in neurofeedback, the appropriate
approach is to evaluate precision using the same methods as in
brain-computer interface paradigms.

Finally, evaluating internal feedback is an observability issue:
without the presence of internal feedback there is nothing to be
learned. This evaluation can be achieved using psychophysiologi-
cal scales measuring perception of the internal biosignal: subjects
with a complete infirmity in the trained biosignal regulation would
not be good candidates for a neurofeedback procedure (since they
will never be able to develop autonomy, as explained in the next
section). Instead, they would be limited to using the biofeedback
system as a palliative measure—something akin to a wheelchair,
which cannot be used to rehabilitate movement in hemiplegic
individuals (though still useful to them). Inter-individual differ-
ences in the ability to monitor interoceptive signals, to concentrate
on one’s own internal representations and inhibit external, task-
irrelevant, stimulation, should be tracked (Corbetta and Shulman,
2002; Burgess et al., 2007). Measuring these individual profiles in
biofeedback subjects could be of use to adapt the protocol to indi-
vidual needs. For instance, Lazarov et al. reported that individuals
with obsessive compulsive disorders may suffer from interoceptive
deficits, with deficits in internal signal perception, when exposed
to biofeedbacks (Lazarov et al., 2010). One could use scales such
as Rotter’s Locus of control scale to evaluate whether subjects are
internally or externally oriented (Rotter, 1966). Internal state per-

ceptibility might also be promoted by combining biofeedback with
mindfulness interventions and strategies (Khazan, 2013).

7.2. Investigating and promoting autonomy

From a psychological perspective, autonomy could be promoted
following the “guidance hypothesis” (Winstein and Schmidt, 1990;
Strehl, 2014). Biofeedback aims to be a scaffolding system rather
than palliation for a missing internal signal; otherwise, learn-
ing cannot occur. The biofeedback signal should help the subject
identify his own internal signals and become progressively more
independent of the external feedback, promoting the user’s sense
of agency. The biofeedback protocol should be as close to reality
as possible (high predictive validity, with feedback progressively
withheld to promote memorization and intrinsic motivation; see
Sections 3 and 3.5.3). For instance, in O’Connell et al. (2007), a
protocol promoting autonomy in an explicit biofeedback setting is
presented (O’Connell et al., 2007): volitional control is promoted by
allowing the subject to progressively initiate the biofeedback task,
instead of externally cued; furthermore the subject has to progres-
sively gain autonomy by learning to rely on his internal feedback,
the final training step being performed with a withheld external
feedback. Such procedures will induce generalization, a process
whereby the learner control is progressively experienced without
feedback (Sherlin et al., 2011; Strack, 2011).

Predictive validity is necessary to allow transfer from the
task-training protocol to real-life positive outcomes. It can be inves-
tigated using task performance properties: the so-called “game
metrics” used in serious-game designs. These game metrics must
be reliable, valid, and cause-specific (Graafland et al., 2012). For
example, in neurofeedback, predictive validity requires specificity
of the feedback signal: is it targeting only the function to be reg-
ulated or a confused signal involving the target function together
with additional brain systems? The feedback setup is also of inter-
est: is the training related to real-life conditions or to an abstract
conditioning protocol that has no meaning for the subject? Virtual
reality setups, for example, seek to improve predictive validity by
immersing the subject in a realistic task environment.

If the sense of agency is too low, the biofeedback protocol will
not trigger intrinsic motivation and could have a negative impact
on learning. Sense of agency can be measured using scales such
as SOARS (Polito et al., 2013) or equivalent standardized measures.
Other implicit, preverbal, measures such as action-outcome tempo-
ral compression or sensory attenuation following voluntary action
could also be used to estimate agency (Brown et al., 2013; Dewey
and Knoblich, 2014).

From a neuroscience perspective, monitoring the neural corre-
lates of agency could be attempted by measuring the alpha-band
relative power and phase coherence during feedback performance.

7.3. Investigating and promoting mastery

Biofeedback systems should provide the user with the possi-
bility to experiment with a progressive experience of control over
the regulatory task, promoting the user’s sense of fluency. Mas-
tery can be promoted by maintaining a reasonable challenge level,
which can be achieved by breaking the treatment down into sev-
eral sessions of progressive difficulty. In order to respect conditions
of linearity and stability, a typical solution is to estimate a psy-
chophysiological curve of subject performance during a calibration
phase. This curve estimates both the optimal functioning point and
the tolerance to variations around this point. The curve could then
be optimized online while the subject is training with the biofeed-
back system. Task difficulty could either be regularly recalibrated
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at the beginning of each session, or controlled in real-time using an
adaptive calibration strategy.

A sense of fluency can be measured using scales such as SCS
(Dong et al., 2015) or equivalent standardized measures. Task per-
formance (such as biosignal modulation ability) or cognitive load
physiological markers (such as galvanic skin response, or CNV in
Cz) are objective but indirect indicator of mastery, and should
follow a U-shaped evolution (Pauls et al., 2013; Siegler, 2004;
Gevensleben et al., 2014) in explicit feedback protocols. Despite
U-shape cognitive demand evolution was first reported in 1978
in biofeedback systems (Gatchel et al., 1978), and is still reported
in recent investigations (Gevensleben et al., 2014), most studies
investigate performances before and after feedback administration,
instead of during - and are therefore ignoring this issue. Note how-
ever that this U-shaped evolution might not be observed in implicit
reward feedback systems, as the subject is not focusing his atten-
tion directly onto the feedback. Optimally, the type of feedback
(steady-state or transient) should be consistent with the subject’s
fluency without feedback. Fluent subjects will not be interested
in steady-state discrete feedback but rather in transient continu-
ous feedback, whereas subjects with low fluency may find discrete
steady-state feedback useful.

From a neuroscience perspective, FRN may be a good neural
marker of fluency in feedback learning and can be measured dur-
ing tasks comparing naive, trained, and control subjects while they
receive feedback (sham feedback for control subjects).

7.4. Investigating and promoting motivation

Within the five properties of efficient biofeedback systems,
motivation is probably the most important research avenue. Most
existing biofeedback systems are actually extremely boring: the
subject sits in a chair and observes a biosignal correlate over a
long period of time. A biofeedback system should be motivat-
ing (targeting extrinsic or intrinsic motivation) to best promote
learning.

From a psychological perspective, though it is well-known
that human interactions are catalysts of intrinsic motivation (Ryff
and Keyes, 1995), biofeedback and neurofeedback paradigms are
too often based on solitary human-computer interactions, and
the “human variable” is seldom mentioned or investigated. Much
biofeedback research seems to assume a treatment model, as
if biofeedback is a procedure “done to” an individual (Yucha
and Montgomery, 2008). As was previously stated by Strehl,
neurofeedback and biofeedback will always take place within a
patient-therapist interaction (Strehl, 2014). Furthermore, it should
be noted that this human factor can have an effect both on feed-
back groups and on control groups in controlled studies (possibly
biasing outcomes). Interactions with instructors are key motiva-
tional variables (Middaugh et al., 2001; Khazan, 2013) that should
be taken into account and evaluated rigorously, for instance using
principles taken from instructional design (Lotte et al., 2013).

Finally, from the perspective of OC, the reward percentage
(positive feedback), the reward delay and the strategy of reward
presentation can also play a key role (Sherlin et al., 2011). In any
case, the subjective experience of motivation should be controlled,
for instance using items from standardized flow-state evaluation
scales such as the FSSOT (Yoshida et al., 2013) or equivalent stan-
dardized measures.

From a neuroscience perspective, monitoring the neural corre-
lates of motivation and reinforcement learning would be of great
interest. For instance, EEG signatures such as Ne, Pe, FRN, P300,
or midline frontal theta power would provide direct insights into
biofeedback learning mechanisms.

7.5. Investigating and promoting learnability

Learnability introduces a controllability issue: is the subject able
to regulate his biosignal—at least slightly—before the biofeedback
or neurofeedback protocol starts? Otherwise, the subject will never
be able to learn anything: whatever the precision of the biofeed-
back, it cannot be used to train nonexistent internal mechanisms.
This can be evaluated by determining the subject’s fluency with-
out feedback before training begins, which can be measured using
scales such as the SCS (Dong et al., 2015).

From a neuroscience perspective, it could also be of great inter-
est to measure a subject’s aptitude in brain wave modulation as an
indicator of his ability to be trained by neuro or biofeedback. For
instance, performance in neurofeedback is usually defined as the
ability to up-regulate the targeted neuromarker during feedback
training sessions (Escolano et al., 2012; Witte et al., 2013; Zoefel
et al., 2011; Reichert et al., 2015; Escolano et al., 2011). The inves-
tigation of biomarkers predicting learnability is of great interest
for the design and evaluation of efficient bio and neurofeedback,
and should be generalized. For instance, Reichert et al. reported a
relationship between the controllability of the biosignal (ability to
modulate the SMR) and the measurement of an EEG marker (rest
signal pre-training value) in SMR neurofeedback (Reichert et al.,
2015).

For other types of biofeedback, learnability could be measured
by evaluating the modulation performance of the subject during the
first training sessions: a low initial performance in explicit biofeed-
back (i.e. an absence of improvement, or an absence of aptitude to
modulate the biosignal) would indicate poor learnability.

Finally, learning is constrained by mechanisms of long-term
memory formation. Learning follows a succession of steps: memo-
ries are abstracted into functionally efficient schemata (see Section
4) and progressively consolidated. This process takes time, and it
calls for a succession of sessions separated by nights of recuperation
(sleep being a necessary ingredient for memory consolidation). The
number of sessions, session duration, and time intervals between
sessions are therefore all crucial parameters of biofeedback and
neurofeedback protocols, and the long-term effects of feedback
training should be evaluated to determine training stability.
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