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Abstract: Neurofeedback (NF) is a type of biofeedback in which an individual’s brain activity
is measured and presented to them to support self-regulation of ongoing brain oscillations and
achieve specific behavioral and neurophysiological outcomes. NF training induces changes in
neurophysiological circuits that are associated with behavioral changes. Recent evidence suggests
that the NF technique can be used to train electrical brain activity and facilitate learning among
children with learning disorders. Toward this aim, this review first presents a generalized model for
NF systems, and then studies involving NF training for children with disorders such as dyslexia,
attention-deficit/hyperactivity disorder (ADHD), and other specific learning disorders such as
dyscalculia and dysgraphia are reviewed. The discussion elaborates on the potential for translational
applications of NF in educational and learning settings with details. This review also addresses
some issues concerning the role of NF in education, and it concludes with some solutions and future
directions. In order to provide the best learning environment for children with ADHD and other
learning disorders, it is critical to better understand the role of NF in educational settings. The review
provides the potential challenges of the current systems to aid in highlighting the issues undermining
the efficacy of current systems and identifying solutions to address them. The review focuses on the
use of NF technology in education for the development of adaptive teaching methods and the best

learning environment for children with learning disabilities.
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1. Introduction

Neurofeedback (NF) is a type of biofeedback, the most common and traditional form of
which is the electroencephalogram (EEG) NF (EEG-NF). EEG-NF displays EEG waves that
are measured via electrodes placed on the scalp. The brain is constantly active, whether one
is awake or asleep and whether in the presence or absence of distinct stimuli. EEG waves
reflect the brain’s current functional state and can be characterized and separated into delta,
theta, alpha, sensorimotor rhythm (SMR), beta, and gamma frequency bands. Each band is
a unique indicator of brain activity. For example, brain activity during a complex cognitive
task varies from that at rest, and the strengths of the EEG bands vary correspondingly.
EEG-NF training captures characteristic EEG bands in real time and also measures the
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changes in EEG activity that are critical for and promote changes in a targeted cognitive
function. In recent years there has been a significant increase in clinical applications of the
technique for several neuropsychiatric conditions, including attention-deficit/hyperactivity
disorder (ADHD), epilepsy, migraine, and headaches [1-5].

NF methods are usually based on EEG, functional magnetic resonance imaging (fMRI),
or near-infrared spectroscopy (NIRS). Hitherto, EEG has been the primary method used in
NE mainly because of its low cost, ease of use, and non-invasiveness [6]. Technological
advances have now made it possible to combine methods, as in the simultaneous EEG-fMRI
method in which the subject wears an EEG electrode cap while inside an MRI scanner.
In this advanced method, EEG and fMRI recordings are performed simultaneously [7].
Advances in fMRI-NF have demonstrated promising results with techniques such as
decoded NF (DecNef) and functional connectivity NF (FCNef) [8-11]. In the current report,
we restrict our focus to EEG-NF.

EEG comprises a mixture of multiple waves of various frequencies. These frequency
bands are correlated with various degrees of neuronal synchronizations [12] and are also
linked to a variety of cognitive operations (Harmony, 2013). For example, delta waves
(0.5-4 Hz) are associated with inhibition of the sensory afferents [13,14]; theta waves
(4-8 Hz) are typical of nervousness [15,16]; an attentive and relaxed state of mind is char-
acterized by alpha waves (8-12 Hz) [17-19]; alertness is characterized by beta waves
(16-30 Hz) [20]; and problem-solving or higher cognitive functions are associated with
gamma waves (30-100 Hz) [21,22]. In terms of resting-state EEG frequency bands, wak-
ing state eyes-open activity is correlated with beta waves, whereas stage I non-rapid eye
movement (non-REM) sleep is characterized by theta waves. Stage II non-REM sleep
is characterized by spindles in the 10-15 Hz frequency range, whereas stage III and IV
non-REM sleep are characterized by slow delta waves. Rapid eye movement (REM) sleep,
after this stage, is characterized by high frequency and low amplitude waves, which is
similar to the brain activity when individuals are awake (Hobson, 1989).

Some characteristics of the EEG components and their frequency ranges are presented
in Table 1. EEG-NF protocols usually depend on the power of various EEG frequencies
such as the delta, theta, alpha, and beta bands or the alpha/theta or beta/theta ratios [23].

Table 1. Characteristics of EEG frequency bands.

EEg Waves Frequency Range Band Characteristics
Delta 0.5-4 Hz Unconsciousness, deep s'leep,
complex problem solving

Theta 4-8Hz Anxiety, creativity, depression
Lower 8-10 Hz Recall Relaxation, alertness

Alpha
Upper 10-12 Hz Cognition tasks Peacefulness/calmness

Sensorimotor rhythm .
(SMR) 12-16 Hz Relaxation, alertness
Beta Lower 16-20 Hz Focus, coherent thinking, attention
Upper 20-30 Hz Anxiety, attention (focused)
Gamma 30-100 Hz Learning, task solving

NF systems consist of five basic components, as illustrated in Figure 1. The first is
the data acquisition component, which is used to acquire brain signals. Neural responses
can be recorded using EEG, electrocorticography (ECoG), intracranial EEG, or magnetoen-
cephalography (MEG). The advantage of using these methods for NF is their high temporal
resolution, which implies that brain activities are continuously and directly reflected within
milliseconds. High spatial resolution fMRI and near-infrared spectroscopy (NIRS) are also
being increasingly used for data acquisition. The second component is online data process-
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ing, which involves the detection and removal of artifacts from the signals provided by the
data acquisition component. Typical artifacts from EEG/ECoG/MEG include muscle or
eye movements, and 50/60 Hz power line interference. Further to this, artifacts associated
with EEG at the scalp are a mix of a spatial smearing effect from the skull and other tissues
and multiple sources of brain activity [24]. Placing electrodes close to each other nearby
reduces the number of artifacts and results in a better signal from the scalp. The blind
source separation (BSS) method is typically used to separate artifacts from signals such as
the EEG [25-27]. This method detects signal sources that are important for understanding
brain activity [28]. In fMRI-based NF, participants attempt to control their brain activity
using real-time feedback from a particular region or network [29,30]. The most common
artifacts in the NIRS/fMRI signal are head motion, body motion, respiration, and heartbeat.
Artifacts caused by inhomogeneity in the magnetic field are also common in fMRI-NF.
Similar to the case of EEG, good signal processing methods such as BSS can separate these
artifacts from fMRI signals [31].
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Figure 1. Components of an NF system. EEG: electroencephalography; ECoG: electrocorticography;
MEG: magnetoencephalography; NIRS: near-infrared spectroscopy; FFT: fast Fourier transform, WT:
wavelet transform.

The third component is online feature extraction, which involves extracting the brain
activity in time or frequency domains from the artifact-free signals. Studies suggest that
insubstantial feature extraction can cause an NF system to fail [32]. Currently, machine
learning and sophisticated very large-scale integrated chips suitable for online feature
extraction are not used in NF systems. Instead, the fast Fourier transform (FFT) and wavelet
transform (WT), which provide information about the frequency domain and time domain,
respectively, are typically used for feature extraction. Recent technical developments have
also made it possible to analyze data online for fMRI- and NIRS-based NF systems [30,31].

The fourth component of NF systems is continuous audio/video feedback, which
presents the brain activity to the participant while they perform a task. The feedback can be
audio, visual, or a combination, and is intended to help participants modulate their brain
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activity to complete the task and obtain a reward. Specifically, it shows brain activity about
a task and presents a reward when the feature crosses a particular threshold, for instance,
>75% theta. The final component of NF systems is the participant’s performance, which
determines the success or failure of the NF training. The difficulty of the task can be altered
according to how easily the participant can perform the task.

NF learning is based on a control-theoretical framework with a closed-loop pipeline.
In practice, the initial stage of NF is characterized by fluctuating feedback, which reflects
unconditioned neural variability [33]. This neural variability may then be tuned so that the
brain activity reaches the threshold for rewarding feedback during the training. Ideally,
brain oscillations that afford an optimal balance between network flexibility and stability
can be achieved after learning. This would involve a series of learning events from a
neurophysiological mechanism, such as the activation of dopamine receptors. Although a
few studies have shed light on how neurotransmitter circuits modulate brain oscillations
and hence support brain plasticity [33,34], as yet there is no encompassing theory on
this topic.

NF learning is a promising treatment option in clinical practice. Studies have shown
that NF has positive effects on multiple domains of clinical outcomes in individuals
with neurological (i.e., epilepsy [35]), psychiatric (i.e., depression [36]; drug addiction
and alcoholism [37]; schizophrenia [38—40]; insomnia [41]), neurodevelopmental (i.e.,
ADHD [2,42,43]; ASD [44]) and learning disorders (i.e., dyslexia [45]; and specific learning
disorders [46,47]). In addition to its medical applications, NF has also been used for per-
formance improvement in sports [48], arts [49], and memory [17], and in the amelioration
of confusion, anxiety, and distraction [50,51]. However, despite the multiple promising
case reports on NF, there is a lack of reliable empirical studies with consistent results, thus
making its clinical use controversial. Nevertheless, other neuroimaging methods such as
fMRI have expanded the scope of NF in terms of increased training efficacy in specific
clinical domains [52-54].

The review discusses the potential for translational application of NF and how it could
be useful in education. In this review article, we first present a summary of a generalized
NF system and then discuss the use of NF in the treatment of dyslexia, ADHD, and other
specific learning disorders. Then, we make recommendations for further research and
potential applications of NF in educational settings. NF-based techniques are used to
treat dyslexia, ADHD, and other particular learning disorders including dysgraphia and
dyscalculia. To assess the potential of NF for educational settings, the review suggests first
understanding the current type of feedback provided to children, as well as the potential,
challenges, and limitations of the current systems, and provides future directions to aid in
identifying the issues undermining the efficacy of current systems and identifying solutions
to address them.

2. Methods

The literature search was conducted using the PubMed database for peer-reviewed
EEG-NF studies on dyslexia, ADHD, and other specific learning disorders up to 31 May
2021. EEG-NF studies on these disorders were included in this review. The search terms
used in this review were: (“Dyslexia” OR “reading disability”) AND (“EEG” OR “Electroen-
cephalography”) AND “Neurofeedback” for dyslexia, (“ADHD” OR “ADD” OR “Attention
Deficit Hyperactivity Disorder” OR “Attention Deficit Disorder”) AND (“EEG” OR “Elec-
troencephalography”) AND “Neurofeedback for ADHD” and “Learning disorder” AND
(“EEG” OR “Electroencephalography”) AND “Neurofeedback” for learning disorders. The
search yielded 198 studies, and 178 studies remained after removing duplicates.

The following criteria were adopted for the inclusion of candidate studies (see Figure 2).
(1) Studies that were empirical and used EEG-NF with clinical or randomized control trials.
(2) Participants included in the study were less than 18 years old. (3) The articles reporting
the studies were available in English. Studies that used fMRI, NIRS, and other modalities
of NF were excluded from the review.
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Figure 2. Literature search procedure.

Twenty-one studies met these criteria and were included in this review. Two NF studies
for training children with dyslexia, 14 NF studies for training children with ADHD, and
5 NF studies for training children with other specific learning disorders such as dysgraphia
and dyscalculia are included in the review (refer to Tables 2-4).

3. Results

The 21 articles were divided into three categories: dyslexia, ADHD, and other specific
learning disorders. Table 2 summarizes the research on NF for children with dyslexia,
Table 3 the research on NF for children with ADHD symptoms, and Table 4 the research on
NF for children with dysgraphia, dyscalculia, and other specific learning disorders.

3.1. EEG—Neurofeedback for Assisting Children with Dyslexia

Dyslexia, also called reading disability, is a neurodevelopmental disorder in which
children experience heightened difficulty in learning. This difficulty is characterized by
inaccurate or slow word recognition, poor spelling ability, and difficulty in decoding.
A major challenge for children with dyslexia is translating written words into sounds,
which is referred to as a phonological deficit. Children with dyslexia also sometimes have
comorbid difficulties in reading comprehension or mathematics comprehension. Dyslexia
is one of the most common developmental problems seen in children, with prevalence
rates ranging from 5% to 10% in Western societies [55]. A large body of evidence on the
cognitive processes associated with dyslexia directly relates to deficits in phonological
processing such as phonological awareness, phenome representation, storage, and recall.
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Neurobiological evidence from children with dyslexia indicates reduced activation in the
left hemisphere, including the temporoparietal regions [56]. A recent meta-analysis of
fMRI, MEG, and PET studies showed that children with dyslexia exhibit differences in
functional connectivity between the left inferior frontal gyrus, supplementary motor area,
and middle frontal gyrus compared with typical readers [57]. The disruption of the left
temporoparietal regions is related to difficulties in phonological processing and is associated
with the under-development of white matter fibers in this region [58]. EEG studies have
provided additional insights into the differences in the oscillatory brain activities between
children with and without dyslexia during the resting state. Children with dyslexia have
demonstrated decreased alpha and beta power bilaterally but increased theta power in the
left hemisphere [59].

A few studies have examined the utility of NF for assisting children with dyslexia.
Breteler et al. [45] studied the effect of NF sessions on reading and spelling ability in 19
children diagnosed with dyslexia. Personalized NF training protocols were developed
based on a quantitative EEG (QEEG) assessment. The children’s spelling ability was tested
before and after 40 NF sessions. Power was measured in the frontotemporal region and
coherence was measured in the frontocentral and parietal regions. There was a significant
increase in alpha coherence and improvement in spelling ability following the NF training.
This finding suggests that NF may contribute to the treatment of dyslexia through attention
modulation. In another study involving children with dyslexia (N = 6; mean age = 9 years)
by Nazari et al. [60], the NF training protocol was designed to reduce delta (14 Hz) and
theta (4-8 Hz) at T3 (mid-temporal electrode) and enhance beta (15-18 Hz) at F7 (inferior
frontal electrode) [61]. Twenty NF sessions, each lasting 30 min, were conducted and
interactive video games were used as feedback. The children demonstrated improvements
in reading ability following the NF training sessions, evidenced by reductions in reading
time and reading mistakes. The evaluations were then repeated after 2 months. The results
of the follow-up demonstrated changes in the EEG band power and normalization of
coherence in the delta, theta, and beta bands, and concurrent improvements in reading
ability and phonological awareness. The authors suggested that these neurophysiological
changes in coherence may indicate the integration of sensory and motor areas, which could
explain the improvements in reading skills and phonological awareness.

Although there is a paucity of studies on the utility of NF for assisting children with
dyslexia, it is supported by substantial anecdotal evidence. For example, cognitive devices
can be developed for children with dyslexia to improve their reading time and reduce
errors and spelling mistakes based on the studies presented in this review. The NF task
must be motivating [62] so that the learner is attentive, ignores distractions, and develops
skills related to memory and tasks. The development of such devices would result in a
further understanding of the neural correlates of dyslexia based on EEG.

3.2. EEG-Neurofeedback for Assisting Children with ADHD Symptoms

ADHD is a neurodevelopmental disorder that is most prevalent among children and
is categorized by its behavioral presentation [63]. Typical ADHD symptoms include inat-
tentiveness, impulsive behavior, and restlessness, with periods of increased frequency and
severity, and the problems persist from childhood to adulthood. About 3-8% of children
worldwide have ADHD. It is considered extremely comorbid and is associated with various
psychiatric disorders. The prognosis of comorbid ADHD in children is more challenging
than that of ADHD only, and the comorbidities change with time and developmental
changes. Symptoms of language disorder and oppositional defiant disorder are found in
early childhood, whereas tics and anxiety are found in the mid-schooling years. In addition
to these, many children with ADHD have a specific learning disorder. Thus, ADHD and
its comorbidities pose both clinical and diagnostic challenges. Although ADHD is not
considered a learning disability, it does make learning difficult (e.g., Loe et al., 2007 [55]).
Importantly, many students with ADHD also have comorbid reading and language disabil-
ities in addition to the deficits directly associated with ADHD (e.g., Westby and Watson,
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2004 [56]). The late development of fronto-cerebellar networks in those with ADHD results
in deficits in higher-level executive cognitive functions [64]. Consequently, the condition is
associated with poor social and academic outcomes [65]. From a neurobiological perspec-
tive, ADHD deficits are most prominent in subcortical areas such as the insula and basal
ganglia [66]. Meta-analyses of studies on ADHD have found volume reductions in these
subcortical regions as well as in the hippocampus and amygdala. Studies have also found
issues in the ventromedial frontal regions [66]. The cortical thickness has been shown to
have delayed maturation in the temporal, parietal, and frontal regions in children with
ADHD [67].

The clinical use of NF for ADHD is fairly common. The EEG frequency bands of
interest are the theta, beta, and alpha bands, and comparisons such as the theta/beta
power and amplitude ratios are also useful. Studies have suggested that beta waves
represent concentration and increased anxiety, whereas slow theta activity represents
thinking without concentration [68], distraction, dreaming, and sleepiness [69]. The SMR
frequency band (12-16 Hz) is associated with silent motor activity, alertness, and a calm
attentive state [70]. Lubar et al. [71] suggested using the theta/beta ratio as a biomarker
to differentiate between children with and without specific learning disorders, attention-
deficit disorder (ADD), or ADHD symptoms. The ratio was later used in many other
studies such as that of [72], which found that inattention in children with ADHD symptoms
was characterized by an increased theta/beta ratio. Specifically, based on two conditions
(eyes-closed and eyes-open), the study found that the theta/beta power ratios at Cz were
useful for the diagnosis of ADHD [72]. Findings have also suggested that children with
ADHD symptoms show consistent activity in the frontocentral regions compared with
children without ADHD symptoms [73]. Furthermore, reducing the theta/beta ratio can
regulate brain activity associated with attention [42]. That study found a large effect size
(0.99) for inattention and a medium effect size (0.55) for hyperactivity.

There are three preferred NF protocols [74] for clinical use in children with ADHD.
The first is the suppression of theta activity and enhancement of beta activity. This helps
in reducing inattention and impulsivity [74,75]. Table 3 summarizes the studies that have
examined this protocol. The objective of the theta/beta ratio protocol is to inhibit theta
waves and enhance beta waves. Kropotov et al. [34] used beta and SMR training and
observed improvements in children with ADHD symptoms (n = 86; mean age = 11.4 years)
based on a go/no-go task. The training included beta training at C3-Fz and SMR training
at C4-Pz over a range of 15-22 sessions. The study further found a 25% increase in the beta
and SMR power at the end of the training compared with during the first session. Doren
et al. [76] performed theta/beta NF training to improve the reading ability of children
with ADHD (n = 31; age = 10-15 years old). A short-term theta/beta protocol at Cz (the
midline central electrode) was used in the study. The children with ADHD were able to
reduce the theta/beta ratio, which was associated with an improvement in their reading
ability. A study by Janssen et al. [77] found a linear decrease in the theta/beta index in
children with ADHD symptoms (n = 38; mean age = 9.87 years) over 29 sessions. Learning
improved over the sessions, which was indicated by the increase in beta power. Another
study by Bakhshayesh et al. [75] compared EMG biofeedback with EEG-NF in children with
ADHD symptoms (n = 35; mean age = 9.34 years). The study found a decreased theta/beta
ratio in the NF group, which correlated with an improvement in ADHD symptoms over
30 sessions. It found medium effect sizes for impulsivity and hyperactivity and a large
effect size for inattention. Escolano et al. [78] studied the effect of increasing upper alpha
power in children with ADHD symptoms (1 = 20; mean age = 11.8 years). They focused
on increasing upper alpha frequencies averaged over the frontal and central sites using an
individual alpha frequency and found that the power enhancement of the upper alpha band
helped children with ADHD symptoms. The study found large effect sizes for hyperactivity
and impulsivity.
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Table 2. Summary of studies on dyslexia and neurofeedback.

Ch teristics of th Post-NF
Author(s) aracteristics of the Groups NF Details .
Sample P Brain Activities (Sﬁgl::‘}fg;) Behavior (Long Term)
1. Increased activity in delta There was a sienificant
n =19 (11 male) with dyslexia with Z >1.5 times normal at Té6. : . & :
were randomized into Exp. =10, 2. Increased coherence in iﬁgeaalse};iaf;féin;ién delta Improvement in spelling gnprtovlzrlrzlint. m spelling
Breteler et. al. [45] 2 groups; control = 9. alpha/beta band at F7-FC3 or decreaIZe d coherence in the  Putno clear improvement ueto lralnéngl- .
age range = 816 years, F7-C3 with Z > 1.5. bota band in reading abilities. Qtteﬂtmﬁ o u.atlo? can
mean age = 10.33 years. 3. Increased coherence at ’ be assumed to be mvolve
T3-T4 with Z > 1.5. in this improvement.
EEG was converted to specific
frequency bands using FFT
(delta: 1-4 Hz, theta: 4-8 Hz,
n = 6 (all male) with dyslexia;  Exp. =6, alpha: 8-12 Hz; beta: 12-25 Increased coherence inbeta, Ry ction in reading errors ~ Sensory—motor integration

Nazari et. al. [60]

age range = 8-10 years,
mean age = 9 years.

no control group.

Hz); z-scores of coherence,
absolute power, and relative
power were calculated for all
the above bands; the study
examined individual
differences in subjects.

theta, and delta band.
No change in power for
all bands.

and reading time following
NF sessions.

and cerebral maturity in
children with dyslexia.

Note: Exp: experimental group; NFT: neurofeedback training.

Table 3. Summary of studies on ADHD and neurofeedback.

Characteristics of . Post-NF
Author(s) Groups NF Details
the Sample P Brain Activities Behavior (Short Term) Behavior (Long Term)
n = 86 (9 female) . At least a 25% increase in : _ :
with ADHD; Exp. =86, 1. Beta training on C3-Fz within sessional beta or Improvement in go/no-go Children showed

Kropotov et al., 2005 [34]

age range = 9-14 years,
mean age = 11.4 years.

no control group.

2. SMR training on C4-Pz;
15-22 sessions.

SMR power in the 1st
session.

response time and
go/no-go SD.

improvements in symptoms
of ADHD.

Doren et al., 2017 [76]

n =22 (1 female)

with ADHD;

age range = 10-15 years,
mean age = 13.4 years.

Exp. =22,

no control group.

Theta/beta power training
was provided based on the
signal at Cz,

NF session—2 NF phases:
1. Puzzle task and

2. Attention task,

one acquaintance session,
and two theta/beta NF
sessions with pre- and
post-NF behavioral and
EEG assessments

Reduction in the theta/beta
ratio and theta power
during reading.

Improved reading ability.

No long—term measures.
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Table 3. Cont.

isti Post-NF
Author(s) Che&l;acéerlstlf s of Groups NF Details - — - -
€ oample Brain Activities Behavior (Short Term) Behavior (Long Term)
. Increase upper alpha power S e
n =20 with ADHD . Enhanced upper alpha. . . A significant positive
(1 female); Exp. =20, averaged over six feedback Average increase of 13% in Improvement in working learning and improved

Escolano et al., 2014 [78]

age range = 9-13 years,
mean age = 11.8 years.

no control group.

electrodes (frontocentral) at
IAF; 18 sessions, 5 trails
per session.

upper alpha power in
task-related activity.

memory, concentration,
and impulsivity.

cognitive performance
over sessions.

n = 32 (32 male) with
ADHD; randomized

1. Beta training on FCz

Increased activity of beta at

NF with computer training
resulted in significant

Children demonstrated

o double-blind trial with Exp. group =16, electrode (15 min). Czand SMR at Czand FCz  improvements in control of  ; :
Rajabi et al., 2019 [79] two groups; control = 16 2. SMR training on C1-C5 and decreased theta,/beta mol?cor behavior and g?gIB\II{eSwnts in symptoms
age range = 6-11 years, (15 min). at Cz. inhibition of attention to
mean age = 10.25 years. disturbing stimuli.
Exp.=32*

Christiansen et al., 2014 [80]

n =58 (10 female)

with ADHD;

age range = 7-11 years,
mean age = 8.42 years.

randomly divided into
two groups; )

exp. group was given
SCP NF training only; the
control group was given
medication only

SCP NF protocol;
30 sessions of NF training
with 40 trials of 8 min each.

Positive SCPs indicated a
relaxed state and negative
SCPs indicated an
attentive state

Psychopathology ratings
increased in children who
did a follow-up, improved
ADHD symptoms.

Psychopathology ratings
showed no differences from
a period post-treatment to
6 months after treatment.

Participants were divided
into two groups, learners
and non-learners, based

SCP NF protocol;

n =22 with ADHD; . P 10 sessions (2 sessions/day), - e . SCP might not be an
Okumura et al., 2019 [81] age range = 7.83-16.25 years, j(ﬁldti}g:;ra}:ggél; ng 60 trials/session; ggga;clz I:relﬂ;‘s)folfl(l’;lme g\i ;ﬁﬂgﬁi‘; Col;?[g)g]l)n effective protocol for all

mean age = 12.11 years regulation in training SCP recorded at Cz. ADHD children.

using decision tree

analysis.

Theta/beta NF protocol,
_ : 29 sessions (3

X 5 11:71%(9 female) with Exp. = 38, sessions/week), A linear decrease in Learning improved with an

Janssen et al., 2017 [77]

age range = 7-13 years,
mean age = 9.87 years.

no control group.

each session = 45 min,

10 trials/session;

inhibit theta and reinforce
beta at Cz.

theta/beta index over
sessions.

No behavioral changes.

increase in beta power over
sessions.

Strehl et al., 2006 [82]

n =23 (9 female)

with ADHD;

age range = 8-13 years,
mean age = not provided.

Exp. =23;
no control group.

SCP NF protocol;

30 sessions (3 blocks of 10)
Each session = 45 min,

39 trials/run,

3-5 runs/session;

SCP recorded at Cz.
Follow-up after 6 months.

The good performance is
indicated by differences in
the mean amplitude

of SCPs.

Improvement in behavior,
attention, and IQ following
NF sessions.

Clinical improvement is
seen only in good learners.
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Table 3. Cont.

Author(s) Characteristics of Groups NF Details Post-NF
the Sample Brain Activities Behavior (Short Term) Behavior (Long Term)
Randomization of group )
assignment was SCP NF protocol; The good performance is

Drechsler et al., 2007 [83]

n =30 (7 female)

with ADHD;

age range = 9-13 years,
mean age = 10.85 years.

incomplete;

two groups:

NFT group =17,
control group = 13.

30 sessions;

2 sessions = 45 min,
40 trials/run;

SCP recorded at Cz.

indicated by differences in

the mean amplitude of
SCPs.

Improvement in positive
behavioral effects following
NF sessions.

Clinical improvement in
ADHD symptoms is seen
only in good learners.

Leins et al., 2007 [84]

n = 38 (6 female) with
ADHD and were blind to
group assignment; age
range = 8-13 years,
mean age = 9.16 years.

Two groups:
theta/beta NF group = 19;
SCP NF group = 19.

1. Theta/beta group:
theta/beta NF protocol;

30 sessions,

each session =1 hr;

thefta /beta recorded at C3f,
CA4f.

2. SCP group:

SCP NF protocol;
30 sessions;

each session = 1 hr;

Both groups demonstrated
EEG-based learning by
improvements in respective
cortical activity.

Both groups demonstrated
improvements in attention
and 1Q.

Clinical effects for both
groups remained stable six
months after treatment.

SCP recorded at Cz.

n =35 (9 female) with :

ADHD and were blind to Two groups: ;’Fél eta/ b eta NF E rotogol, _ Reduced theta/beta ratios Improved reaction times imrfl r?[‘éf:;iﬂ;:;gglglj
Bakhshayesh et al., 2011 [75] group assignment; NF group = 18, S€SSIONS, €act session = : and attention following NF ymp : y

ace range = 6-14 vears BF sroup = 17 30 min, 2-3 sessions/week,  in the NF group. cessions parents only in the NF

rr%ean age 934 y}éars., group ’ theta/beta recorded at Cz. : group.

E tind

n =42 (29 female) with NF group: suppress theta + (br;%z?%(etr}?eetr:i -il-r:ile)}(la) Behavioral symptoms rated

ADHD and were double Two groups: al hga erllpﬁancpepbeta increase) im rovid by teachers; ?m provements Improvements rated by
DeBeus et al., 2011 [85] blind to randomization; NF group =18, pha, p y 7 Lmp teachers correlated with the

age range = 7-11 years,
mean age = 8.8 years.

placebo group = 17.

including SMR at Fz;
20 sessions.

following NF sessions in
74% of the children.

in the continuous
performance test.

engagement index.

Gevensleben et al., 2014 [86]

n =10 with ADHD;
randomized controlled
trials;

Exp. =10;
no control group.

SCP NF protocol;
13 double sessions,
each session = 105 min,

Mean amplitude increase in
SCP negativity in all trials.

Decrease in inattention
symptoms, and an
association between mean

No long-term changes.

Takahashi et al., 2014 [87]

age range = 10-13 years, 36-38 trials/session; amplitude and SCP
mean age = 11.4 years. SCP recorded at Cz. negativity.
T TN ot o

with ADHD; Exp. =10; sessions/ v\;eek, amplitude in sessions 9 and No behavioral changes

age range = 8.4-16.6 years,
mean age = 12.5 years.

no control group.

each session = 12 min,
60 trials/session;
SCP recorded at Cz.

13, and negative shift
increase in amplitude in
sessions 11 and 12.

following NF sessions.

No long-term changes

Note: Exp: experimental group; IAF: individual alpha frequency, SCP: slow cortical potential. * The study was not completed by the authors, and therefore only preliminary results are
provided. Fifty-eight children were part of the initial sample, but the follow-up after six months could be conducted for only 32 children. These results are the preliminary results for

only the 32 children.



Brain Sci. 2022, 12, 1238

11 of 22

The second protocol is the enhancement of SMR, which helps to reduce hyper-motoric
symptoms [88]. This protocol is commonly used to increase focus and attention by reducing
mind-wandering and drowsiness. The enhancement of SMR in an NF context was studied by
Rajabi et al. [79], who demonstrated its effectiveness in assisting children with ADHD (1 = 32;
mean age = 10.20 years). They focused on improving visual attention, concentration, and the
regulation of body movements. They recorded QEEG from the participants, and the NF training
was conducted at electrode sites Cz and C1-C5 (left and right central electrodes) for the first
15 sessions and at FCz and C1-C5 for the next 15 sessions under an open-eyes condition. The
protocol used was to decrease theta and increase beta at FCz. In addition, SMR training was
used when the children were in a hyperactive or impulsive mood to reduce theta and high
beta and increase SMR at sites C1-C5. This study found medium to large effect sizes in ADHD
symptoms and visual attention and a medium effect size in visual response control. DeBeus
and Kaiser [85] used an engagement index (increase in beta/(theta + alpha)) in their study on
children with ADHD symptoms (1 = 42; mean age = 8.8 years). They suppressed the theta and
alpha frequencies and enhanced the beta frequencies using SMR training at Fz over 20 sessions.
They found a linear increase in the engagement index as the sessions progressed. The teachers
rated an improvement in ADHD symptoms, which further correlated with the engagement
index. This study found small to medium effect sizes for hyperactivity and impulsivity.

The third protocol involves the regulation of the slow cortical potentials (SCPs) of
cortical excitations [80]. This protocol targets unexpected negative amplitude variations [89]
and measures EEG signals at the vertex from several hundred milliseconds to several
seconds. These signals are largely related to excitability levels in the cortical regions [90]
and negative shifts of amplitudes in SCPs represent an increased excitation state, whereas
positive shifts of amplitude in SCPs represent a decreased excitation state in the respective
cortical areas. During SCP training, participants are typically asked to switch from a
positive amplitude state (relaxed) to a negative amplitude state (attentive) or vice versa.

Christiansen et al. [80] conducted a study (1 = 58; age = 7-11 years) to assist children with
ADHD. Theirs was the first randomized controlled trial to test the effectiveness of SCPs. The
children were divided into two groups: one group was administered only medication, whereas
the other was administered NE. SCP NF training was incorporated to generate positive SCPs
(relaxed state) and negative SCPs (attentive state). The children received 30 sessions of SCP
NF training with each session consisting of 40 trials lasting 8 min each. The group without
medication and with NF demonstrated greater improvements in ADHD symptoms than the
group with medication only. Strehl et al. [82] used mean amplitude differences in the SCP and
found that 30 sessions of 45 min each led to improvements in behavior, attention, and IQ in
children with good learning ability who had ADHD symptoms (1 = 23; age = 8-13 years). Their
SCP NF training was conducted at the Cz electrode. A follow-up after 6 months indicated
clinical improvements among the participants. A similar protocol-based study by Drechsler
et al. [83] in children with ADHD symptoms (1 = 30; age = 9-13 years) found similar positive
behavioral improvements among those with good learning ability over 30 sessions. This study
found small to medium effect sizes for hyperactivity and medium to large effect sizes for
impulsivity and inattention. Okumura et al. [81] also conducted a study using SCPs and
classified children with ADHD (n = 22; mean age = 12.11 years) as learners and non-learners.
SCPs were recorded at the Cz electrode and NIRS was used to examine activations in the
prefrontal cortex. De-oxygenated hemoglobin concentrations were measured from the right
and left prefrontal cortex. The children who were successful in the trials and demonstrated
positive SCPs were categorized as learners, whereas non-learners did not demonstrate an
improvement. Leins et al. [84] compared the SCP and the theta/beta protocol for children
with ADHD symptoms (1 = 38; mean age = 9.16 years). The children were divided randomly
into two groups. One group was trained with the theta/beta protocol at C3f and C4f, and the
other was trained with the SCP protocol at Cz, for 30 sessions each. Both groups demonstrated
improved attention and IQ following the NF sessions and the clinical outcomes were stable
after 6 months of treatment, indicating successful NF training. This study found medium effect
sizes for both behavioral and attention changes.
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Although NF is currently used for treating or assisting individuals with ADHD symptoms,
meta-analyses and a few studies on its efficacy have been inconclusive. The clinical effectiveness
of NF in treating ADHD has been debated [2,91,92]. A meta-analysis by Cortese et al. [92]
showed that evidence-based controlled trials with blinded outcomes are not indicative of
the effectiveness of NF for treating children with ADHD [93]. Furthermore, although certain
studies have mentioned NF as being “specific and efficacious,” it fails to match up to this
purported efficacy in actually treating ADHD [2,91]. The inconsistent and conflicting results
indicate that further studies based on high-quality controlled trials are necessary not only to
validate the utility of EEG-NF and learning protocols but also to establish suitable predictors
for the treatment of ADHD.

3.3. EEG—Neurofeedback for Assisting Children with Other Specific Learning Disorders

In addition to dyslexia and ADHD, other disorders affect learning, such as dyscalculia
and dysgraphia [94]. Specific learning disorders cause difficulties in one or more areas of
learning, without affecting the children’s general intelligence and motivation.

Dyscalculia is a specific neurodevelopmental learning disorder affecting numerical skills,
which persists into late adolescence [95]. It is characterized by difficulties in processing numerical
information, learning arithmetic facts, and performing calculations. Children with dyscalculia
have comorbid difficulties in math reasoning or word reasoning accuracy. The prevalence of
dyscalculia has been reported to be 3-6% in most countries, which is similar to that of ADHD
and dyslexia [96]. Studies on children with dyscalculia have found deficits in the prefrontal and
parietal cortices, which are involved in the performance of arithmetic tasks [97,98]. One study
found a structural abnormality in the left parieto-temporal area in a patient with dyscalculia [99].
Number processing involves the intraparietal sulcus (IPS) [100], and patients with deficits in
the IPS fail to perform numerical approximation and numerical comparison tasks. Dysgraphia,
by contrast, pertains to deficits in handwriting performance in children [94], with a prevalence
varying from 5% to 25% in adolescents [101]. A study by Richards et al. [102] compared the
performance of those with good and poor writing in an fMRI finger-tapping study and found
lower activations in the motor regions among those with poor writing.

Children with specific learning disorders exhibit slow EEG waves, including elevations
in the theta wave and depressions in the alpha wave. They face challenges in the proper pro-
cessing of information, which affects their learning, reading, and writing. This consequently
affects their daily and routine functions and causes their academic achievement to be below
average. Therefore, an NF system that can reduce the theta/alpha ratio in their EEG waves
could be key to assisting them. Only a few studies have been conducted on children with
other specific learning disorders.

Fernandez et al. [47,103] characterized children with specific learning disorders as having
delayed EEG with an abnormally high theta/alpha ratio. They adopted a protocol to control
and reduce the abnormal theta/alpha ratio using an auditory stimulus. Children with specific
learning disorders exhibited improvements in alpha and beta activity in the frontal regions
indicating attention and also learned to decrease the theta/alpha ratio during the NF training.
The study also found changes in EEG sources that reflected improvements in learning. Their
research can serve as a baseline for all upcoming studies on the role of NF in improving specific
learning disorders in children. Becerra et al. (2006) demonstrated in a follow-up study on
children with learning disabilities that neurofeedback is an effective treatment for learning
disorders and has beneficial effects not only immediately after neurofeedback therapy but also
over a longer period [46]. In terms of cognition, the patients” symptoms of learning disabilities
improved, which is consistent with the findings of this study. Jacobs (2006) demonstrated
that NF improved reading skills in two adolescents with learning disabilities. They found
significant improvements in those who received the treatment when compared to the control
group, as well as a lower rate of early treatment dropout, and they also reported positive results
after 40 or more sessions [104]. A few uncontrolled studies on EEG-NF training that improved
English reading ability have also been conducted [105]. Table 4 summarizes the results of some
case studies on specific learning disorders and NE
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Table 4. Summary of studies on neurofeedback and specific learning disorders other than dyslexia.

Author(s)

Details of the Sample

Conditions

NF Details

Post-NF

Becerra et al. (2006) [46]

n =10 (2 female) children with
learning disability;

age range = 7-11 years,

mean age = 11.65 years.

Children diagnosed with learning
disorders were divided into

two groups:

experimental group (n =5,

age =112 £ 1.4, 1 female) and
control group (1 =4*,

age =12.1 + 1.6, 1 female).

Each child received 20 NF sessions
in the experimental group, with
each session lasting 30 min, and

2 sessions per week over a period of
10-12 weeks.

This follow-up study lasted for

2 years with two groups: the
experimental group receiving NF
sessions and the control group
receiving placebo treatment; verbal
scores decreased after NF sessions;
EEG maturational lag in control
group children increased, reaching
abnormally high theta values. By
contrast, children in the
experimental group exhibited
positive behavioral changes.

Jacobs (2006)
Case 1[104]

15-year-old boy.

Diagnosed with ADHD, learning
disabilities in writing, reading, and
spelling, and bipolar and
developmental disorders.

Received 40 NF sessions including
right and
intra-hemispheric training.

Improvements in some learning
deficits. Symptoms of anxiety,
depression, phobias, interpersonal
sensitivity, etc. improved
significantly; improved focus.

Jacobs (2006)
Case IT [104]

10-year-old boy.

Serious deficits in social interactions,
attention, and anxiety affect his
home and school functions.

Received 39 NF sessions including
right-hemispheric training.

Improvement in inhibition and
executive functions. Improved
attention, social acceptability, social
interaction, and control over anger.

Thornton and Carmody (2005),
Case I1 [105]

9-year-old girl.

History of learning problems. No
academic records or
neuropsychological testing was
completed to verify the severity of
the learning disability. Did not
exhibit a high theta/low beta
pattern as with other children with a
learning disability.

40 sessions including alpha
coherence (input stage) and alpha
and beta coherence (recall period).

Post-NF sessions showed
improvement in auditory and
reading memory.

Thornton and Carmody (2005),
Case III [105]

Boy (age not mentioned).

History of reading problems. He
exhibited abnormalities in
connectivity and coherence.

25 NF training sessions at occipital
positions indicating issues in the
posterior regions.

Increased auditory memory
functioning following the
25 sessions. In addition
demonstrated improved
reading scores.
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Table 4. Cont.

Author(s)

Details of the Sample

Conditions

NF Details

Post-NF

Thornton and Carmody (2005),

20 NF sessions were provided to

Following the 20 NF sessions, the
comprehension scores improved
from 45% to 90% (8th grade level)

Case IV [105] 17-year-old. Issues relating to reading disability. the participant. and 20% to 70% (10th grade level);
the story recall performance score
also increased.

n =16 with LD Experimental group: Before NF All children learned to decrease the

Fernandez et al. [47,103]

randomly assigned to two groups:

experimental group (n = 11;

6 females; age range = 7-11 years;
mean age = 8.94 years): received
NF training.

Control group (n = 5;

age range = 7-11 years;

mean age = 9.7 years): received
placebo treatment.

Children with learning disability.

training, 2-3 EEG recordings were
taken for every child. Every child
received 20 NF sessions

(30 mins/session) for 10-12 weeks
(2 sessions/week); theta/alpha ratio
was calculated at the beginning and
end of every session.

Control group: in similar conditions,
only the tone onset and its duration
were randomly assigned.

theta/alpha ratio during the NF
sessions. Post NF sessions, the
control group did not find
significant reductions in the EEG
power bands. In contrast, the
experimental group reduced delta
and theta power levels and
increased the alpha and beta
power levels.

Fernandez et al. [47,103]

n =20 with LD

randomly assigned to two groups:

auditory group (n = 10;
mean age = 9.10 years):
NF training using an
auditory stimulus.
Visual group (n = 10;

mean age = 9.08 years): NF training

using a visual stimulus.

Children with learning disability.

Before NF training, 2-3 EEG
recordings were taken for every
child. Every child received 20 NF
sessions (30 mins/session) for
10-12 weeks (2 sessions/week).

After the NF training, both groups
significantly reduced the z-score of
theta/alpha quotient; However,
more children with normalized
z-score theta/alpha quotient were
found in the NF enforced

auditory group.

* One child who was included in the control group left the school one year before the completion of the study and declined to participate further in the study.
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4. Discussion
4.1. Potential for Using EEG-NF in Education

As discussed in the previous sections, there are a fair number of clinical applications
based on NF for the treatment of dyslexia, ADHD, and other specific learning disorders.
Studies suggest that these applications are not detrimental. We identified 21 published
NF group studies on children with symptoms of dyslexia, ADHD, and other specific
learning disorders such as dysgraphia and dyscalculia (refer to Tables 2—4). However,
although studies have demonstrated that NF can improve memory, ability to focus, and
other cognitive abilities, there is little or no evidence supporting the use of NF in formal
educational settings. Nevertheless, translational applications of NF in education do show
some potential. These are discussed in this section.

Two studies were found on EEG-NF for children with dyslexia [45,60], both of which
were based on frequency bands. They adopted protocols to strengthen various features
such as power (absolute or relative) and coherence z-scores in the EEG frequency bands.
These studies showed increased SMR along with increases in spelling ability and atten-
tional modulation. The ADHD-based NF studies examined in this review adopted NF
training of specific frequency bands and primarily used central electrodes [75-77,84]. The
frequency band-based NF provided continuous feedback to the participants, targeting
a particular band or a ratio of specific bands that varied across conditions. One major
protocol-based study was aimed at decreasing theta activity and increasing beta activ-
ity [75]. Another characteristic protocol aimed to enhance the SMR band [34,79,85], which
plays a major role in motor excitability, as suggested by previous studies [106,107]. Fi-
nally, a third protocol that was adopted in certain studies was the self-regulation of the
fluctuations of the SCPs [80-84,86,87]. Some of these studies showed improvements in
EEG regulation [75,78,86]. Other studies either reported the rate of learning [34,85] or
differentiated between good and poor learners [81-83]. Furthermore, the six studies that
we found on other specific learning disorders adopted different protocols with different
sample sizes and showed inconsistent results (refer to Table 3). These case studies showed
improvements in factors such as reading ability, recall ability, and attentional and work-
ing memory. However, their sample sizes were very small, making it difficult to draw
conclusions from them.

A key process in biofeedback systems is the self-learning of participants with the
assistance of mathematical models that evaluate the changes from the NF signals [108].
Learning can be implicit or explicit [109]. Implicit learning implies that the experimental
conditions are modulated based on the learning outcomes, but this is not explicitly known
to the participants. Instead, participants are notified by the neuro/biofeedback systems
about the cognitive functions that need to be regulated. The role of explicit feedback in
improving mathematical or reading abilities has been examined in various studies [110].
Research also indicated that children with ADHD symptoms might learn better with explicit
guidance [111]. Moreover, Heinrich and Gevensleben (2013) suggested that the trainer
should encourage the participant to fully engage with the NF system at the beginning
of the training session, and gradually reduce this encouragement when self-regulation
becomes possible.

Recent research has also suggested the use of behavioral rating scales before initiating
NF learning sessions to capture individual differences in learning performance [112]. Stud-
ies have also identified biomarkers of learning during an experimental NF session [113].
These results can provide informative predictors of successful learning for an educational
system. NF may be used in education to facilitate learning in multiple ways. For example,
a student’s emotional states during and after a class can be assessed with EEG parame-
ters. Additionally, NF can be used to assist in focusing exercises. Improving focus and
concentration will eventually result in better learning outcomes for students.

An important question is whether EEG-based NF is useful as a standalone treatment, or
must it be used in conjunction with pharmacological or other methods. A few studies have
adopted a between-subjects design by comparing NF as a standalone, non-pharmacological
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intervention in one condition with medication in the other condition [114-116], whereas a few
EEG-based NF studies have also combined other treatment modalities [117,118]. Studies have
shown that a combination of NF and other treatment modalities produces superior outcomes
compared with a standalone NF system [118-121]. In summary, previous studies from both
standalone and multimodal NF interventions suggest that NF as a multimodal intervention
is associated with better outcomes than a standalone NF intervention. However, the actual
neurophysiological mechanisms underlying the interventions remain to be tested.

Further work is also required to identify the type of interface that would be conducive
to participants’ learning. This interface should not discourage the participant from per-
forming the NF session. Rewards could play a major role in encouraging participants to
complete additional sessions. The aesthetics of the interface and the electrodes are also
important for educational research. These factors must be considered when developing
an interface for any NF system used for education. Despite the challenges involved in the
adoption of NF, numerous cognitive devices have been developed to improve attention
in people affected by ADHD. NASA’s Langley research center developed a simulator to
monitor a pilot’s EEGs and predict the pilot’s attention during their flight [62]. The work
was further extended to the development of a video game in which the responsiveness of
the joystick increases if the player produces more beta waves and fewer theta waves, and de-
creases if the player produces fewer beta waves and more theta waves. This resulted in the
development of a player attention system with a head-mounted sensor for focusing on the
game, instead of a using a joystick or any other device that requires hand—eye coordination.

4.2. Challenges in the Adoption of EEG-NF in Education

EEG is the most commonly used method in NF because of its high temporal resolution
and non-invasiveness. However, the EEG frequency oscillations associated with a particular
cognitive function, such as the understanding of a new concept, are complex and larger in
scope than the attention process. Currently, EEG-NF can be used for monitoring whether
students are focused during a lecture or as an assessment technique. However, to optimize
learning outcomes, the system must capture meaningful neural oscillations that indicate
that a certain concept has been mastered. Another issue with NF is reliability, as artifacts
caused by the movement of the head or body parts during a particular task must be
considered. This might also cause it to become tedious to use in an educational environment
with students. This issue might be solved by the use of proper filters, feature extraction
methods, and machine learning algorithms. Furthermore, the system should also be
personalized to each student’s needs. To be meaningful for use in education, the NF system
must be reliable, but its utility can be further enhanced if it can be personalized.

Cost is another concern for the use of NF systems in education, especially because of
the need for personalization. Accurate EEG systems are also expensive and it might not be
cost-effective to use them in every class. Accurate wearable cognitive devices could be a
potential solution to this problem. If there are no neural markers for a particular application,
event-related potentials (ERPs) may also be considered as an option [108]. NF systems
must also be calibrated each time for every individual, thereby requiring additional effort
to adopt. These issues outlined above should be considered during the development and
implementation of educational NF systems.

4.3. Future Directions for EEG-NF Applications in Education

Recent studies have incorporated virtual reality (VR) in NF to understand and im-
prove learner characteristics such as attention by examining frontal alpha oscillations [122].
Studies based on relaxation training [123], the improvement of cognitive processing [124],
cognitive performance [125], positive mood states [126], and motivation [127] have been
successful in training individuals using NF systems with specific protocols. A VR-based NF
system can be developed in which classroom-based learning is combined with VR-related
tasks and rewards to enhance the aforementioned parameters in students. This could be
achieved with ease by using very large-scale integrated chips to reduce the size of the
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system to that of a wearable device that would help to regulate brain activity and perform
tasks to achieve rewards. Ease of use must be a priority for NF to be successful in educa-
tional applications. Such NF devices would mark an advancement in the acquisition of
EEGs in terms of hardware. They would also help us better understand the range of states
that can be detected in an EEG. There are a few devices currently that support meditation,
attention, sleep, and relaxation. Although very few of them focus on the domain of this
study, we can expect more in the future. If such technologies are developed, they should
be used rather than prohibited in classrooms. Children, teachers, parents, and academics
should be involved to make this technology usable and useful.

The mechanism of neurofeedback is still unknown and it is still debatable whether
it genuinely affects EEG or only has a placebo effect [128]. The majority of the studies
included in this review demonstrated improvements in learning following NF sessions, but
most studies omit the electrophysiological assessment before the treatment. To ensure that
the electrophysiological changes after treatment were produced by NF, correlations of EEG
before and after NF sessions are essential in the future studies.

5. Conclusions

There is a need to understand how children with specific learning disorders can be
assisted using NF. This review reveals that there is a paucity of studies on NF that focus
on improving learning abilities because research in this field is still at a nascent stage. The
review also reveals that there are issues of reliability concerning the use of NF in different
fields. There are arguments in the literature both against and in favor of fostering EEG-
based NF learning in children with dyslexia, ADHD, and other specific learning disorders.
Despite this ambivalence toward the use of NF for children with learning disorders, there
has been rapid progress in the field, especially in the application of NF for education. NF
can be useful for children with difficulties in numeracy and literacy, including problems
with comprehension. However, further research is required before clear conclusions can
be drawn. The adoption of this technology in education can lead to the development of
new interactive designs and new NF protocols. In the future, NF technologies will be
cost-effective, support better user interactions, and be more comfortable to use.

Author Contributions: A.U.P,, D.M.,, O.J.L.T,, C.-M.H. and H.-W.H. designed and conceptualized the
project. A.U.P, C-M.H. and H.-W.H. analyzed the data. A.U.P, Y.-T.F,, C.-M.H. and H.-W.H. wrote
the paper. C.-M.H. and H.-W.H. supervised the project. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by Ministry of Science and Technology (105-2420-H-009-001-MY2;
106-2410-H-001-024-MY2; 107-2410-H-009-028 -MY3; 108-2321-B-038-005-MY2), and the Center for
Intelligent Drug Systems and Smart Biodevices (IDS?B) from The Featured Areas Research Center
Program within the framework of the Higher Education Sprout Project by the Ministry of Education
(MOE) in Taiwan. This work was also supported by CityU Strategic Research Grant (7005343), and
the Hong Kong Institute for Advanced Studies, City University of Hong Kong (9360157).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Nestoriuc, Y.; Martin, A.; Rief, W.; Andrasik, F. Biofeedback Treatment for Headache Disorders: A Comprehensive Efficacy
Review. Appl. Psychophysiol. Biofeedback 2008, 33, 125-140. [CrossRef] [PubMed]

2. Arns, M.; de Ridder, S.; Strehl, U.; Breteler, M.; Coenen, A. Efficacy of Neurofeedback Treatment in ADHD: The Effects on
Inattention, Impulsivity and Hyperactivity: A Meta-Analysis. Clin. EEG Neurosci. 2009, 40, 180-189. [CrossRef] [PubMed]

3. Reddy, ].K; Sneha, C.S. EEG Neurofeedback Brain Training for Epilepsy to Reduce Seizures: EEG Neurofeedback Training for
Epilepsy. Int. |. Child Dev. Ment. Health 2019, 7, 28-33.


http://doi.org/10.1007/s10484-008-9060-3
http://www.ncbi.nlm.nih.gov/pubmed/18726688
http://doi.org/10.1177/155005940904000311
http://www.ncbi.nlm.nih.gov/pubmed/19715181

Brain Sci. 2022, 12, 1238 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Wu, Y.-L.; Fang, S.-C.; Chen, S.-C.; Tai, C.-J.; Tsai, P-S. Effects of Neurofeedback on Fibromyalgia: A Randomized Controlled Trial.
Pain Manag. Nurs. 2021, 22, 755-763. [CrossRef] [PubMed]

Pérez-Elvira, R.; Oltra-Cucarella, J.; Carrobles, J.; Teodoru, M.; Bacila, C.; Neamtu, B. Individual Alpha Peak Frequency, an
Important Biomarker for Live Z-Score Training Neurofeedback in Adolescents with Learning Disabilities. Brain Sci. 2021, 11, 167.
[CrossRef] [PubMed]

Gruzelier, ].H. EEG-neurofeedback for optimising performance. I: A review of cognitive and affective outcome in healthy
participants. Neurosci. Biobehav. Rev. 2014, 44, 124-141. [CrossRef]

Huster, R.]J.; Debener, S.; Eichele, T.; Herrmann, C.S. Methods for Simultaneous EEG-fMRI: An Introductory Review. J. Neurosci.
2012, 32, 6053-6060. [CrossRef]

Amano, K,; Shibata, K.; Kawato, M.; Sasaki, Y.; Watanabe, T. Learning to Associate Orientation with Color in Early Visual Areas
by Associative Decoded fMRI Neurofeedback. Curr. Biol. 2016, 26, 1861-1866. [CrossRef]

Cortese, A.; Amano, K.; Koizumi, A.; Lau, H.; Kawato, M. Decoded fMRI neurofeedback can induce bidirectional confidence
changes within single participants. Neurolmage 2017, 149, 323-337. [CrossRef]

Megumi, F.; Yamashita, A.; Kawato, M.; Imamizu, H. Functional MRI neurofeedback training on connectivity between two
regions induces long-lasting changes in intrinsic functional network. Front. Hum. Neurosci. 2015, 9, 160. [CrossRef]

Yamashita, A.; Hayasaka, S.; Kawato, M.; Imamizu, H. Connectivity Neurofeedback Training Can Differentially Change Functional
Connectivity and Cognitive Performance. Cereb. Cortex 2017, 27, 4960-4970. [CrossRef] [PubMed]

Musall, S.; Von Pfostl, V.; Rauch, A.; Logothetis, N.K.; Whittingstall, K. Effects of Neural Synchrony on Surface EEG. Cereb. Cortex
2014, 24, 1045-1053. [CrossRef] [PubMed]

Wood, K.H.; Memon, A.A.; Memon, R.A ; Joop, A.; Pilkington, J.; Catiul, C.; Gerstenecker, A.; Triebel, K.; Cutter, G.; Bamman,
M.M,; et al. Slow Wave Sleep and EEG Delta Spectral Power are Associated with Cognitive Function in Parkinson’s Disease. J.
Park. Dis. 2021, 11, 703-714. [CrossRef]

Harmony, T. The functional significance of delta oscillations in cognitive processing. Front. Integr. Neurosci. 2013, 7, 83. [CrossRef]
Gevins, A.; Smith, M.E.; Leong, H.; McEvoy, L.; Whitfield, S.; Du, R.; Rush, G. Monitoring Working Memory Load during
Computer-Based Tasks with EEG Pattern Recognition Methods. Hum. Factors 1998, 40, 79-91. [CrossRef] [PubMed]

Wang, C.-H,; Lo, Y.-H.; Pan, C.-Y.; Chen, E-C,; Liang, W.-K ; Tsai, C.-L. Frontal midline theta as a neurophysiological correlate
for deficits of attentional orienting in children with developmental coordination disorder. Psychophysiology 2015, 52, 801-812.
[CrossRef]

Klimesch, W. EEG alpha and theta oscillations reflect cognitive and memory performance: A review and analysis. Brain Res. Rev.
1999, 29, 169-195. [CrossRef]

Klimesch, W.; Sauseng, P.; Hanslmayr, S. EEG alpha oscillations: The inhibition-timing hypothesis. Brain Res. Rev. 2007, 53, 63-88.
[CrossRef] [PubMed]

Bonnefond, M.; Jensen, O. The role of gamma and alpha oscillations for blocking out distraction. Commun. Integr. Biol. 2013, 6,
€22702. [CrossRef]

Wang, J.; Zhang, J.; Li, P.; Martens, S.; Luo, Y. Beta-gamma oscillation reveals learning from unexpected reward in learners versus
non-learners. Neuropsychologia 2019, 131, 266-274. [CrossRef] [PubMed]

Mejia-Rodriguez, O.; Zavala-Calderoén, E.; Magana-Garcia, N.; Gonzalez-Campos, R.; Lopez-Loeza, E.; Rangel-Argueta, A.R,;
Lopez-Vazquez, M.; Olvera-Cortés, M.E. Diabetic patients are deficient in intentional visuospatial learning and show different
learning-related patterns of theta and gamma EEG activity. J. Clin. Exp. Neuropsychol. 2021, 43, 15-32. [CrossRef] [PubMed]
Modolo, J.; Hassan, M.; Wendling, F.; Benquet, P. Decoding the circuitry of consciousness: From local microcircuits to brain-scale
networks. Netw. Neurosci. 2020, 4, 315-337. [CrossRef]

Dempster, T.].T. An Investigation into the Optimum Training Paradigm for Alpha Electroencephalographic Biofeedback; Canterbury Christ
Church University: Canterbury, UK, 2012.

Congedo, M.; Gouy-Pailler, C.; Jutten, C. On the blind source separation of human electroencephalogram by approximate joint
diagonalization of second order statistics. Clin. Neurophysiol. 2008, 119, 2677-2686. [CrossRef] [PubMed]

Delorme, A.; Sejnowski, T.; Makeig, S. Enhanced detection of artifacts in EEG data using higher-order statistics and independent
component analysis. Neurolmage 2006, 34, 1443-1449. [CrossRef]

Delorme, A.; Miyakoshi, M.; Jung, T.-P.; Makeig, S. Grand average ERP-image plotting and statistics: A method for comparing
variability in event-related single-trial EEG activities across subjects and conditions. ]. Neurosci. Methods 2015, 250, 3-6. [CrossRef]
Romero, S.; Mafianas, M.A.; Barbanoj, M.J]. A comparative study of automatic techniques for ocular artifact reduction in
spontaneous EEG signals based on clinical target variables: A simulation case. Comput. Biol. Med. 2008, 38, 348-360. [CrossRef]
Onton, J.; Westerfield, M.; Townsend, J.; Makeig, S. Imaging human EEG dynamics using independent component analysis.
Neurosci. Biobehav. Rev. 2006, 30, 808-822. [CrossRef] [PubMed]

Sulzer, J.; Haller, S.; Scharnowski, F.; Weiskopf, N.; Birbaumer, N.; Blefari, M.; Bruehl, A.; Cohen, L.; Decharms, R.; Gassert, R.;
et al. Real-time fMRI neurofeedback: Progress and challenges. Neurolmage 2013, 76, 386-399. [CrossRef]

Watanabe, T.; Sasaki, Y.; Shibata, K.; Kawato, M. Advances in fMRI Real-Time Neurofeedback. Trends Cogn. Sci. 2017, 21, 997-1010.
[CrossRef]

Weiskopf, N.; Scharnowski, F.; Veit, R.; Goebel, R.; Birbaumer, N.; Mathiak, K. Self-regulation of local brain activity using real-time
functional magnetic resonance imaging (fMRI). J. Physiol. 2004, 98, 357-373. [CrossRef]


http://doi.org/10.1016/j.pmn.2021.01.004
http://www.ncbi.nlm.nih.gov/pubmed/33579615
http://doi.org/10.3390/brainsci11020167
http://www.ncbi.nlm.nih.gov/pubmed/33525458
http://doi.org/10.1016/j.neubiorev.2013.09.015
http://doi.org/10.1523/JNEUROSCI.0447-12.2012
http://doi.org/10.1016/j.cub.2016.05.014
http://doi.org/10.1016/j.neuroimage.2017.01.069
http://doi.org/10.3389/fnhum.2015.00160
http://doi.org/10.1093/cercor/bhx177
http://www.ncbi.nlm.nih.gov/pubmed/28922830
http://doi.org/10.1093/cercor/bhs389
http://www.ncbi.nlm.nih.gov/pubmed/23236202
http://doi.org/10.3233/JPD-202215
http://doi.org/10.3389/fnint.2013.00083
http://doi.org/10.1518/001872098779480578
http://www.ncbi.nlm.nih.gov/pubmed/9579105
http://doi.org/10.1111/psyp.12402
http://doi.org/10.1016/S0165-0173(98)00056-3
http://doi.org/10.1016/j.brainresrev.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16887192
http://doi.org/10.4161/cib.22702
http://doi.org/10.1016/j.neuropsychologia.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31173770
http://doi.org/10.1080/13803395.2020.1853065
http://www.ncbi.nlm.nih.gov/pubmed/33641640
http://doi.org/10.1162/netn_a_00119
http://doi.org/10.1016/j.clinph.2008.09.007
http://www.ncbi.nlm.nih.gov/pubmed/18993114
http://doi.org/10.1016/j.neuroimage.2006.11.004
http://doi.org/10.1016/j.jneumeth.2014.10.003
http://doi.org/10.1016/j.compbiomed.2007.12.001
http://doi.org/10.1016/j.neubiorev.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16904745
http://doi.org/10.1016/j.neuroimage.2013.03.033
http://doi.org/10.1016/j.tics.2017.09.010
http://doi.org/10.1016/j.jphysparis.2005.09.019

Brain Sci. 2022, 12, 1238 19 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zich, C.; Debener, S.; Kranczioch, C.; Bleichner, M.G.; Gutberlet, I.; De Vos, M. Real-time EEG feedback during simultaneous
EEG-fMRI identifies the cortical signature of motor imagery. Neurolmage 2015, 114, 438-447. [CrossRef]

Eros, T.; Baars, B.; Lanius, R.A.; Vuilleumier, P. Tuning pathological brain oscillations with neurofeedback: A systems neuroscience
framework. Front. Hum. Neurosci. 2014, 8, 1008. [CrossRef]

Kropotov, ].D.; Grin-Yatsenko, V.A.; Ponomarev, V.A.; Chutko, L.S.; Yakovenko, E.A.; Nikishena, I.S. ERPs correlates of EEG
relative beta training in ADHD children. Int. |. Psychophysiol. 2005, 55, 23-34. [CrossRef] [PubMed]

Sterman, M.B.; Macdonald, L.R.; Stone, R.K. Biofeedback Training of the Sensorimotor Electroencephalogram Rhythm in Man:
Effects on Epilepsy. Epilepsia 1974, 15, 395-416. [CrossRef]

Budzynski, T.H.; Budzynski, HK.; Evans, ].R.; Abarbanel, A. Introduction to Quantitative EEG and Neuro-Feedback: Advanced Theory
and Applications, 2nd ed.; Academic Press: Cambridge, MA, USA, 2009; ISBN 9780123745347

Horrell, T.; El-Baz, A.; Baruth, J.; Tasman, A.; Sokhadze, G.; Stewart, C.; Sokhadze, E. Neurofeedback Effects on Evoked and
Induced EEG Gamma Band Reactivity to Drug-Related Cues in Cocaine Addiction. J. Neurother. 2010, 14, 195-216. [CrossRef]
Nan, W.; Chang, L.; Rodrigues, J.P.; Wan, E; Mak, PU.; Mak, PI; Vai, M.I;; Rosa, A. Neurofeedback for the Treatment of
Schizophrenia: Case Study. In Proceedings of the Proceedings of IEEE International Conference on Virtual Environments,
Human-Computer Interfaces, and Measurement Systems, VECIMS, Tianjin, China, 2—4 July 2012; Volume 139, pp. 78-81.
McCarthy-Jones, S. Taking Back the Brain: Could Neurofeedback Training Be Effective for Relieving Distressing Auditory Verbal
Hallucinations in Patients with Schizophrenia? Schizophr. Bull. 2012, 38, 678-682. [CrossRef] [PubMed]

Surmeli, T.; Ertem, A.; Eralp, E.; Kos, I.H. Schizophrenia and the Efficacy of qEEG-Guided Neurofeedback Treatment: A Clinical
Case Series. Clin. EEG Neurosci. 2012, 43, 133-144. [CrossRef] [PubMed]

Hammer, B.U.; Colbert, A.P.; Brown, K.A ; Ilioi, E.C. Neurofeedback for Insomnia: A Pilot Study of Z-Score SMR and Individual-
ized Protocols. Appl. Psychophysiol. Biofeedback 2011, 36, 251-264. [CrossRef]

Gevensleben, H.; Rothenberger, A.; Moll, G.H.; Heinrich, H. Neurofeedback in children with ADHD: Validation and challenges.
Expert Rev. Neurother. 2012, 12, 447-460. [CrossRef]

Azizi, A.; Drikvand, EM.; Sepahvani, M.A. Comparison of the Effect of Cognitive Rehabilitation and Neurofeedback on Sustained
Attention Among Elementary School Students With Specific Learning Disorder: A Preliminary Randomized Controlled Clinical
Trial. Basic Clin. Neurosci. J. 2020, 11, 465-472. [CrossRef] [PubMed]

Karimi, M.; Haghshenas, S.; Rostami, R. Neurofeedback and autism spectrum: A case study. Procedia-Soc. Behav. Sci. 2011, 30,
1472-1475. [CrossRef]

Breteler, M.H.M.; Arns, M.; Peters, S.; Giepmans, I.; Verhoeven, L. Improvements in Spelling after QEEG-Based Neurofeedback in
Dyslexia: A Randomized Controlled Treatment Study. Appl. Psychophysiol. Biofeedback 2010, 35, 5-11. [CrossRef]

Becerra, J.; Fernandez, T.; Harmony, T.; Caballero, M.; Garcia, F.; Fernandez-Bouzas, A.; Santiago-Rodriguez, E.; Prado-Alcala, R.
Follow-up study of learning-disabled children treated with neurofeedback or placebo. Clin. EEG Neurosci. 2006, 37, 198-203.
[CrossRef]

Fernandez, T.; Harmony, T.; Ferndndez-Bouzas, A.; Diaz-Comas, L.; Prado-Alcald, R.A.; Valdés-Sosa, P.; Otero, G.; Bosch, J.;
Galdn, L.; Santiago-Rodriguez, E.; et al. Changes in EEG Current Sources Induced by Neurofeedback in Learning Disabled
Children. An Exploratory Study. Appl. Psychophysiol. Biofeedback 2007, 32, 169-183. [CrossRef]

Haufler, A.J.; Spalding, T.W.; Maria, D.S.; Hatfield, B.D. Neuro-cognitive activity during a self-paced visuospatial task: Compara-
tive EEG profiles in marksmen and novice shooters. Biol. Psychol. 2000, 53, 131-160. [CrossRef]

Markovska-Simoska, S.; Pop-Jordanova, N.; Georgiev, D. Simultaneous EEG and EMG biofeedback for peak performance in
musicians. Prilozi 2008, 29, 239-252.

Moradi, A.; Pouladi, F,; Pishva, N.; Rezaei, B.; Torshabi, M.; Alam Mehrjerdi, Z. Treatment of Anxiety Disorder with Neurofeed-
back: Case Study. Procedia-Soc. Behav. Sci. 2011, 30, 103-107. [CrossRef]

Plotkin, W.B.; Rice, K.M. Biofeedback as a placebo: Anxiety reduction facilitated by training in either suppression or enhancement
of alpha brainwaves. J. Consult. Clin. Psychol. 1981, 49, 590-596. [CrossRef]

Thibault, R.T.; Lifshitz, M.; Raz, A. The self-regulating brain and neurofeedback: Experimental science and clinical promise.
Cortex 2016, 74, 247-261. [CrossRef]

Thibault, R.T; Lifshitz, M.; Birbaumer, N.; Raz, A. Neurofeedback, Self-Regulation, and Brain Imaging: Clinical Science and Fad
in the Service of Mental Disorders. Psychother. Psychosom. 2015, 84, 193-207. [CrossRef]

Thibault, R.T.; Raz, A. The psychology of neurofeedback: Clinical intervention even if applied placebo. Am. Psychol. 2017, 72,
679-688. [CrossRef] [PubMed]

Walker, J.E.; Norman, C.A. The Neurophysiology of Dyslexia: A Selective Review with Implications for Neurofeedback Remedia-
tion and Results of Treatment in Twelve Consecutive Patients. J. Neurother. 2008, 10, 45-55. [CrossRef]

Pugh, K.R; Sandak, R; Frost, S.J.; Moore, D.; Mencl, W.E. Examining Reading Development and Reading Disability in English
Language Learners: Potential Contributions from Functional Neuroimaging. Learn. Disabil. Res. Pract. 2005, 20, 24-30. [CrossRef]
Barquero, L.A.; Davis, N.; Cutting, L.E. Neuroimaging of Reading Intervention: A Systematic Review and Activation Likelihood
Estimate Meta-Analysis. PLoS ONE 2014, 9, e83668. [CrossRef]

Klingberg, T.; Hedehus, M.; Temple, E.; Salz, T.; Gabrieli, ].D.; Moseley, M.E.; Poldrack, R.A. Microstructure of Temporo-Parietal
White Matter as a Basis for Reading Ability: Evidence from Diffusion Tensor Magnetic Resonance Imaging. Neuron 2000, 25,
493-500. [CrossRef]


http://doi.org/10.1016/j.neuroimage.2015.04.020
http://doi.org/10.3389/fnhum.2014.01008
http://doi.org/10.1016/j.ijpsycho.2004.05.011
http://www.ncbi.nlm.nih.gov/pubmed/15598513
http://doi.org/10.1111/j.1528-1157.1974.tb04016.x
http://doi.org/10.1080/10874208.2010.501498
http://doi.org/10.1093/schbul/sbs006
http://www.ncbi.nlm.nih.gov/pubmed/22323675
http://doi.org/10.1177/1550059411429531
http://www.ncbi.nlm.nih.gov/pubmed/22715481
http://doi.org/10.1007/s10484-011-9165-y
http://doi.org/10.1586/ern.12.22
http://doi.org/10.32598/bcn.11.4.1211.1
http://www.ncbi.nlm.nih.gov/pubmed/33613884
http://doi.org/10.1016/j.sbspro.2011.10.285
http://doi.org/10.1007/s10484-009-9105-2
http://doi.org/10.1177/155005940603700307
http://doi.org/10.1007/s10484-007-9044-8
http://doi.org/10.1016/S0301-0511(00)00047-8
http://doi.org/10.1016/j.sbspro.2011.10.021
http://doi.org/10.1037/0022-006X.49.4.590
http://doi.org/10.1016/j.cortex.2015.10.024
http://doi.org/10.1159/000371714
http://doi.org/10.1037/amp0000118
http://www.ncbi.nlm.nih.gov/pubmed/29016171
http://doi.org/10.1300/J184v10n01_04
http://doi.org/10.1111/j.1540-5826.2005.00117.x
http://doi.org/10.1371/journal.pone.0083668
http://doi.org/10.1016/S0896-6273(00)80911-3

Brain Sci. 2022, 12, 1238 20 of 22

59.

60.

61.

62.
63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Papagiannopoulou, E.A.; Lagopoulos, ]. Resting State EEG Hemispheric Power Asymmetry in Children with Dyslexia. Front.
Pediatr. 2016, 4, 11. [CrossRef]

Nazari, M.A.; Mosanezhad, E.; Hashemi, T.; Jahan, A. The Effectiveness of Neurofeedback Training on EEG Coherence and
Neuropsychological Functions in Children With Reading Disability. Clin. EEG Neurosci. 2012, 43, 315-322. [CrossRef]

Rippon, G.; Brunswick, N. Trait and state EEG indices of information processing in developmental dyslexia. Int. |. Psychophysiol.
2000, 36, 251-265. [CrossRef]

Palsson, O.; Pope, A. Morphing beyond Recognition: The Future of Biofeedback Technologies. Biofeedback 2002, 30, 14-18.
Loépez-Villalobos, J.A.; Andrés-De Llano, J.; Lépez-Sanchez, M.V.; Rodriguez-Molinero, L.; Garrido-Redondo, M.; Sacristan-Martin,
A.M.; Martinez-Rivera, M.T.; Alberola-Lépez, S. Criterion validity and clinical usefulness of Attention Deficit Hyperactivity
Disorder Rating Scale IV in attention deficit hyperactivity disorder (ADHD) as a function of method and age. Psicothema 2017, 29,
103-110. [CrossRef]

Rubia, K. Functional brain imaging across development. Eur. Child Adolesc. Psychiatry 2013, 22, 719-731. [CrossRef]

Thomas, R.; Sanders, S.; Doust, J.; Beller, E.; Glasziou, P. Prevalence of Attention-Deficit/Hyperactivity Disorder: A Systematic
Review and Meta-analysis. Pediatrics 2015, 135, €994—-e1001. [CrossRef]

Norman, L.J.; Carlisi, C.; Lukito, S.; Hart, H.; Mataix-Cols, D.; Radua, J.; Rubia, K. Structural and Functional Brain Abnormalities in
Attention-Deficit/Hyperactivity Disorder and Obsessive-Compulsive Disorder: A Comparative Meta-Analysis. JAMA Psychiatry
2016, 73, 815-825. [CrossRef]

Shaw, P.; Malek, M.; Watson, B.; Sharp, W.; Evans, A.; Greenstein, D. Development of Cortical Surface Area and Gyrification in
Attention-Deficit/Hyperactivity Disorder. Biol. Psychiatry 2012, 72, 191-197. [CrossRef]

Lubar, ].F. Neurofeedback for the Management of Attention Deficit Disorder. In Biofeedback: A Practitioner’s Guide; The Guilford
Press: New York, NY, USA, 2003; pp. 409-437.

Nooner, K.B.; Leaberry, K.D.; Keith, ].R.; Ogle, R.L. Clinic Outcome Assessment of a Brief Course Neurofeedback for Childhood
ADHD Symptoms. |. Behav. Health Adm. 2017, 44, 506-514. [CrossRef]

Sterman, M.B. Physiological origins and functional correlates of EEG rhythmic activities: Implications for self-regulation.
Biofeedback Self-Regul. 1996, 21, 3-33. [CrossRef]

Lubar, J.F. Discourse on the development of EEG diagnostics and biofeedback for attention-deficit/hyperactivity disorders.
Biofeedback Self-Regul. 1991, 16, 201-225. [CrossRef]

Monastra, V.J.; Lubar, ].E; Linden, M.; VanDeusen, P.; Green, G.; Wing, W.; Phillips, A.; Fenger, T.N. Assessing attention deficit
hyperactivity disorder via quantitative electroencephalography: An initial validation study. Neuropsychology 1999, 13, 424-433.
[CrossRef]

El-Sayed, E.; Larsson, ] .-O.; Persson, H.E.; Rydelius, P.-A. Altered Cortical Activity in Children With Attention-Deficit/Hyperactivity
Disorder During Attentional Load Task. J. Am. Acad. Child Adolesc. Psychiatry 2002, 41, 811-819. [CrossRef]

Holtmann, M.; Sonuga-Barke, E.; Cortese, S.; Brandeis, D. Neurofeedback for ADHD: A Review of Current Evidence. Child
Adolesc. Psychiatr. Clin. N. Am. 2014, 23, 789-806. [CrossRef]

Bakhshayesh, A.R.; Hénsch, S.; Wyschkon, A.; Rezai, M.].; Esser, G. Neurofeedback in ADHD: A single-blind randomized
controlled trial. Eur. Child Adolesc. Psychiatry 2011, 20, 481-491. [CrossRef] [PubMed]

Van Doren, J.; Heinrich, H.; Bezold, M.; Reuter, N.; Kratz, O.; Horndasch, S.; Berking, M.; Ros, T.; Gevensleben, H.; Moll, G.H.; et al.
Theta/beta neurofeedback in children with ADHD: Feasibility of a short-term setting and plasticity effects. Int. J. Psychophysiol.
2017, 112, 80-88. [CrossRef]

Janssen, T.W.P,; Bink, M.; Weeda, W.D.; Geladé, K.; Van Mourik, R.; Maras, A.; Oosterlaan, J. Learning curves of theta/beta
neurofeedback in children with ADHD. Eur. Child Adolesc. Psychiatry 2016, 26, 573-582. [CrossRef]

Escolano, C.; Navarro-Gil, M.; Garcia-Campayo, J.; Congedo, M.; Minguez, J. The Effects of Individual Upper Alpha Neurofeed-
back in ADHD: An Open-Label Pilot Study. Appl. Psychophysiol. Biofeedback 2014, 39, 193-202. [CrossRef]

Rajabi, S.; Pakize, A.; Moradi, N. Effect of combined neurofeedback and game-based cognitive training on the treatment of
ADHD: A randomized controlled study. Appl. Neuropsychol. Child 2019, 9, 193-205. [CrossRef]

Christiansen, H.; Reh, V.; Schmidt, M.H.; Rief, W. Slow cortical potential neurofeedback and self-management training in
outpatient care for children with ADHD: Study protocol and first preliminary results of a randomized controlled trial. Front.
Hum. Neurosci. 2014, 8, 943. [CrossRef]

Okumura, Y,; Kita, Y.; Omori, M.; Suzuki, K.; Yasumura, A.; Fukuda, A.; Inagaki, M. Predictive factors of success in neurofeedback
training for children with ADHD. Dev. Neurorehabilit. 2019, 22, 3-12. [CrossRef] [PubMed]

Strehl, U.; Leins, U.; Goth, G; Klinger, C.; Hinterberger, T.; Birbaumer, N. Self-regulation of Slow Cortical Potentials: A New
Treatment for Children With Attention-Deficit/Hyperactivity Disorder. Pediatrics 2006, 118, e1530—e1540. [CrossRef]

Drechsler, R.; Straub, M.; Doehnert, M.; Heinrich, H.; Steinhausen, H.-C.; Brandeis, D. 1Controlled evaluation of a neurofeedback
training of slow cortical potentials in children with Attention Deficit/Hyperactivity Disorder (ADHD). Behav. Brain Funct. 2007,
3, 35. [CrossRef]

Leins, U.; Goth, G.; Hinterberger, T.; Klinger, C.; Rumpf, N.; Strehl, U. Neurofeedback for Children with ADHD: A Comparison of
SCP and Theta/Beta Protocols. Appl. Psychophysiol. Biofeedback 2007, 32, 73-88. [CrossRef] [PubMed]

Debeus, R.J.; Kaiser, D.A. Neurofeedback with Children with Attention Deficit Hyperactivity Disorder. A Randomized Double-Blind
Placebo-Controlled Study; Elsevier Inc.: Amsterdam, The Netherlands, 2011; ISBN 9780123822352. [CrossRef]


http://doi.org/10.3389/fped.2016.00011
http://doi.org/10.1177/1550059412451880
http://doi.org/10.1016/S0167-8760(00)00075-1
http://doi.org/10.7334/PSICOTHEMA2016.93
http://doi.org/10.1007/s00787-012-0291-8
http://doi.org/10.1542/peds.2014-3482
http://doi.org/10.1001/jamapsychiatry.2016.0700
http://doi.org/10.1016/j.biopsych.2012.01.031
http://doi.org/10.1007/s11414-016-9511-1
http://doi.org/10.1007/BF02214147
http://doi.org/10.1007/BF01000016
http://doi.org/10.1037/0894-4105.13.3.424
http://doi.org/10.1097/00004583-200207000-00013
http://doi.org/10.1016/j.chc.2014.05.006
http://doi.org/10.1007/s00787-011-0208-y
http://www.ncbi.nlm.nih.gov/pubmed/21842168
http://doi.org/10.1016/j.ijpsycho.2016.11.004
http://doi.org/10.1007/s00787-016-0920-8
http://doi.org/10.1007/s10484-014-9257-6
http://doi.org/10.1080/21622965.2018.1556101
http://doi.org/10.3389/fnhum.2014.00943
http://doi.org/10.1080/17518423.2017.1326183
http://www.ncbi.nlm.nih.gov/pubmed/28594254
http://doi.org/10.1542/peds.2005-2478
http://doi.org/10.1186/1744-9081-3-35
http://doi.org/10.1007/s10484-007-9031-0
http://www.ncbi.nlm.nih.gov/pubmed/17356905
http://doi.org/10.1016/b978-0-12-382235-2.00005-6

Brain Sci. 2022, 12, 1238 21 0f22

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

Gevensleben, H.; Moll, G.H.; Rothenberger, A.; Heinrich, H. Neurofeedback in attention-deficit/hyperactivity disorder—Different
models, different ways of application. Front. Hum. Neurosci. 2014, 8, 846. [CrossRef] [PubMed]

Takahashi, J.; Yasumura, A.; Nakagawa, E.; Inagaki, M. Changes in Negative and Positive EEG Shifts during Slow Cortical
Potential Training in Children with Attention-Deficit/Hyperactivity Disorder: A Preliminary Investigation. Neuroreport 2014, 25,
618-624. [CrossRef] [PubMed]

Monastra, V. Electroencephalographic biofeedback (neurotherapy) as a treatment for attention deficit hyperactivity disorder:
Rationale and empirical foundation. Child Adolesc. Psychiatr. Clin. N. Am. 2005, 14, 55-82. [CrossRef]

Albrecht, B.; Brandeis, D.; Uebel, H.; Valko, L.; Heinrich, H.; Drechsler, R.; Heise, A.; Miiller, U.C.; Steinhausen, H.-C.; Rothen-
berger, A.; et al. Familiality of neural preparation and response control in childhood attention deficit-hyperactivity disorder.
Psychol. Med. 2012, 43, 1997-2011. [CrossRef]

Heinrich, H.; Gevensleben, H.; Strehl, U. Annotation: Neurofeedback-train your brain to train behaviour. J. Child Psychol.
Psychiatry 2007, 48, 3-16. [CrossRef]

Arns, M.; Heinrich, H.; Strehl, U. Evaluation of neurofeedback in ADHD: The long and winding road. Biol. Psychol. 2014, 95,
108-115. [CrossRef]

Cortese, S.; Ferrin, M.; Brandeis, D.; Holtmann, M.; Aggensteiner, P.; Daley, D.; Santosh, P.; Simonoff, E.; Stevenson, J.; Stringaris,
A.; et al. Neurofeedback for Attention-Deficit/Hyperactivity Disorder: Meta-Analysis of Clinical and Neuropsychological
Outcomes From Randomized Controlled Trials. J. Am. Acad. Child Adolesc. Psychiatry 2016, 55, 444-455. [CrossRef]
Micoulaud-Franchi, J.-A.; Salvo, E; Bioulac, S.; Fovet, T. Neurofeedback in Attention-Deficit/Hyperactivity Disorder: Efficacy. J.
Am. Acad. Child Adolesc. Psychiatry 2016, 55, 1091-1092. [CrossRef] [PubMed]

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; (DSM-5); American Psychiatric
Association: Washington, DC, USA, 2013.

Shalev, R.S.; Manor, O.; Gross-Tsur, V. Developmental dyscalculia: A prospective six-year follow-up. Dev. Med. Child Neurol. 2005,
47,121-125. [CrossRef]

Shalev, R.S.; Auerbach, J.; Manor, O.; Gross-Tsur, V. Developmental dyscalculia: Prevalence and prognosis. Eur. Child Adolesc.
Psychiatry 2000, 9, S58-S64. [CrossRef]

Menon, V.; Rivera, S.; White, C.; Glover, G.; Reiss, A. Dissociating Prefrontal and Parietal Cortex Activation during Arithmetic
Processing. Neurolmage 2000, 12, 357-365. [CrossRef]

Schmithorst, V.J.; Brown, R. Empirical validation of the triple-code model of numerical processing for complex math operations
using functional MRI and group Independent Component Analysis of the mental addition and subtraction of fractions. Neurolmage
2004, 22, 1414-1420. [CrossRef]

Levy, L.M,; Reis, LL.; Grafman, J. Metabolic abnormalities detected by 1H-MRS in dyscalculia and dysgraphia. Neurology 1999,
53, 639. [CrossRef]

Dehaene, S.; Piazza, M.; Pinel, P.; Cohen, L. Three parietal circuits for number processing. Cogn. Neuropsychol. 2003, 20, 487-506.
[CrossRef]

Van Hartingsveldt, M.].; De Groot, 1.].M.; Aarts, P.B.M.; Der Sanden, M.W.G.N.-V. Standardized tests of handwriting readiness: A
systematic review of the literature. Dev. Med. Child Neurol. 2011, 53, 506-515. [CrossRef] [PubMed]

Richards, T.L.; Berninger, V.W.; Stock, P.; Altemeier, L.; Trivedi, P.; Maravilla, K. Functional magnetic resonance imaging
sequential-finger movement activation differentiating good and poor writers. J. Clin. Exp. Neuropsychol. 2009, 31, 967-983.
[CrossRef]

Fernandez, T.; Bosch-Bayard, J.; Harmony, T.; Caballero, M.I.; Diaz-Comas, L.; Galan, L.; Ricardo-Garcell, ].; Aubert, E.; Otero-
Ojeda, G. Neurofeedback in Learning Disabled Children: Visual versus Auditory Reinforcement. Appl. Psychophysiol. Biofeedback
2015, 41, 27-37. [CrossRef]

Jacobs, E.H. Neurofeedback Treatment of Two Children with Learning, Attention, Mood, Social, and Developmental Deficits. J.
Neurother. 2006, 9, 55-70. [CrossRef]

Thornton, K.E.; Carmody, D.P. Electroencephalogram biofeedback for reading disability and traumatic brain injury. Child Adolesc.
Psychiatr. Clin. N. Am. 2005, 14, 137-162. [CrossRef]

Sterman, M.B.; Howe, R.C.; Macdonald, L.R. Facilitation of Spindle-Burst Sleep by Conditioning of Electroencephalographic
Activity While Awake. Science 1970, 167, 1146-1148. [CrossRef]

Pfurtscheller, G.; Stancak, A.; Neuper, C. Event-related synchronization (ERS) in the alpha band—An electrophysiological
correlate of cortical idling: A review. Int. J. Psychophysiol. 1996, 24, 39-46. [CrossRef]

Huang, HW.,; King, ].T.; Lee, C.L. The New Science of Learning: Using the Power and Potential of the Brain to Inform Digital
Learning. Educ. Technol. Soc. 2020, 23, 1-13.

Gaume, A.; Vialatte, A.; Mora-Sanchez, A.; Ramdani, C.; Vialatte, F. A psychoengineering paradigm for the neurocognitive
mechanisms of biofeedback and neurofeedback. Neurosci. Biobehav. Rev. 2016, 68, 891-910. [CrossRef] [PubMed]

Poole, ].L. Application of Motor Learning Principles in Occupational Therapy. Am. J. Occup. Ther. 1991, 45, 531-537. [CrossRef]
Lansbergen, M.M.; Arns, M.; van Dongen-Boomsma, M.; Spronk, D.; Buitelaar, ] K. The increase in theta/beta ratio on resting-state
EEG in boys with attention-deficit/hyperactivity disorder is mediated by slow alpha peak frequency. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 2011, 35, 47-52. [CrossRef]


http://doi.org/10.3389/fnhum.2014.00846
http://www.ncbi.nlm.nih.gov/pubmed/25374528
http://doi.org/10.1097/WNR.0000000000000156
http://www.ncbi.nlm.nih.gov/pubmed/24781948
http://doi.org/10.1016/j.chc.2004.07.004
http://doi.org/10.1017/S003329171200270X
http://doi.org/10.1111/j.1469-7610.2006.01665.x
http://doi.org/10.1016/j.biopsycho.2013.11.013
http://doi.org/10.1016/j.jaac.2016.03.007
http://doi.org/10.1016/j.jaac.2016.09.493
http://www.ncbi.nlm.nih.gov/pubmed/27871645
http://doi.org/10.1017/S0012162205000216
http://doi.org/10.1007/s007870070009
http://doi.org/10.1006/nimg.2000.0613
http://doi.org/10.1016/j.neuroimage.2004.03.021
http://doi.org/10.1212/WNL.53.3.639
http://doi.org/10.1080/02643290244000239
http://doi.org/10.1111/j.1469-8749.2010.03895.x
http://www.ncbi.nlm.nih.gov/pubmed/21309763
http://doi.org/10.1080/13803390902780201
http://doi.org/10.1007/s10484-015-9309-6
http://doi.org/10.1300/J184v09n04_06
http://doi.org/10.1016/j.chc.2004.07.001
http://doi.org/10.1126/science.167.3921.1146
http://doi.org/10.1016/S0167-8760(96)00066-9
http://doi.org/10.1016/j.neubiorev.2016.06.012
http://www.ncbi.nlm.nih.gov/pubmed/27339691
http://doi.org/10.5014/ajot.45.6.531
http://doi.org/10.1016/j.pnpbp.2010.08.004

Brain Sci. 2022, 12, 1238 22 0f 22

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

Dong, M.Y.; Sandberg, K.; Bibby, B.M.; Pedersen, M.N.; Overgaard, M. The development of a sense of control scale. Front. Psychol.
2015, 6, 1733. [CrossRef]

Reichert, J.L.; Kober, S.E.; Neuper, C.; Wood, G. Resting-state sensorimotor rhythm (SMR) power predicts the ability to up-regulate
SMR in an EEG-instrumental conditioning paradigm. Clin. Neurophysiol. 2015, 126, 2068-2077. [CrossRef]

Sonuga-Barke, E.J.; Brandeis, D.; Cortese, S.; Daley, D.; Ferrin, M.; Holtmann, M.; Stevenson, J.; Danckaerts, M.; Van Der Oord,
S.; Dopfner, M.; et al. Nonpharmacological Interventions for ADHD: Systematic Review and Meta-Analyses of Randomized
Controlled Trials of Dietary and Psychological Treatments. Am. J. Psychiatry 2013, 170, 275-289. [CrossRef]

Van Doren, J.; Arns, M.; Heinrich, H.; Vollebregt, M.A.; Strehl, U.; Loo, S.K. Sustained effects of neurofeedback in ADHD: A
systematic review and meta-analysis. Eur. Child Adolesc. Psychiatry 2018, 28, 293-305. [CrossRef]

Razoki, B. Neurofeedback versus psychostimulants in the treatment of children and adolescents with attention-deficit/hyperactivity
disorder: A systematic review. Neuropsychiatr. Dis. Treat. 2018, 14, 2905-2913. [CrossRef]

Duric, N.S.; Assmus, J.; Gundersen, D.; Golos, A.D.; Elgen, I.B. Multimodal treatment in children and adolescents with attention-
deficit/hyperactivity disorder: A 6-month follow-up. Nord. |. Psychiatry 2017, 71, 386-394. [CrossRef] [PubMed]

Monastra, V.J.; Monastra, D.M.; George, S. The Effects of Stimulant Therapy, EEG Biofeedback, and Parenting Style on the Primary
Symptoms of Attention-Deficit/Hyperactivity Disorder. Appl. Psychophysiol. Biofeedback 2002, 27, 231-249. [CrossRef] [PubMed]
Geladé, K,; Janssen, TW.P,; Bink, M.; Van Mourik, R.; Maras, A.; Oosterlaan, ]. Behavioral Effects of Neurofeedback Compared to
Stimulants and Physical Activity in Attention-Deficit/Hyperactivity Disorder: A Randomized Controlled Trial. J. Clin. Psychiatry
2016, 77, €1270-e1277. [CrossRef]

Krepel, N.; Egtberts, T.; Sack, A.T.; Heinrich, H.; Ryan, M.; Arns, M. A multicenter effectiveness trial of QEEG-informed
neurofeedback in ADHD: Replication and treatment prediction. Neurolmage Clin. 2020, 28, 102399. [CrossRef]

Steiner, N.J.; Frenette, E.C.; Rene, KM.; Brennan, R.T.; Perrin, E.C. In-School Neurofeedback Training for ADHD: Sustained
Improvements From a Randomized Control Trial. Pediatrics 2014, 133, 483-492. [CrossRef]

Berger, A.M.; Davelaar, E.J. Frontal Alpha Oscillations and Attentional Control: A Virtual Reality Neurofeedback Study. Neuro-
science 2018, 378, 189-197. [CrossRef]

Putman, J. The Effects of Brief, Eyes-Open Alpha Brain Wave Training with Audio and Video Relaxation Induction on the EEG of
77 Army Reservists. J. Neurother. 2000, 4, 17-28. [CrossRef]

Angelakis, E.; Stathopoulou, S.; Frymiare, J.L.; Green, D.L.; Lubar, ].E; Kounios, J. EEG Neurofeedback: A Brief Overview and
an Example of Peak Alpha Frequency Training for Cognitive Enhancement in the Elderly. Clin. Neuropsychol. 2007, 21, 110-129.
[CrossRef]

Zoefel, B.; Huster, R.J.; Herrmann, C.S. Neurofeedback training of the upper alpha frequency band in EEG improves cognitive
performance. Neurolmage 2011, 54, 1427-1431. [CrossRef]

Subramaniam, K.; Vinogradov, S. Improving the neural mechanisms of cognition through the pursuit of happiness. Front. Hum.
Neurosci. 2013, 7, 452. [CrossRef]

Kleih, S.C.; Kiibler, A. Empathy, motivation, and P300 BCI performance. Front. Hum. Neurosci. 2013, 7, 642. [CrossRef] [PubMed]
Schabus, M.; Griessenberger, H.; Gnjezda, M.-T.; Heib, D.PJ.; Wislowska, M.; Hoedlmoser, K. Better than sham? A double-blind
placebo-controlled neurofeedback study in primary insomnia. Brain 2017, 140, 1041-1052. [CrossRef] [PubMed]


http://doi.org/10.3389/fpsyg.2015.01733
http://doi.org/10.1016/j.clinph.2014.09.032
http://doi.org/10.1176/appi.ajp.2012.12070991
http://doi.org/10.1007/s00787-018-1121-4
http://doi.org/10.2147/NDT.S178839
http://doi.org/10.1080/08039488.2017.1305446
http://www.ncbi.nlm.nih.gov/pubmed/28345387
http://doi.org/10.1023/A:1021018700609
http://www.ncbi.nlm.nih.gov/pubmed/12557451
http://doi.org/10.4088/JCP.15m10149
http://doi.org/10.1016/j.nicl.2020.102399
http://doi.org/10.1542/peds.2013-2059
http://doi.org/10.1016/j.neuroscience.2017.06.007
http://doi.org/10.1300/J184v04n01_03
http://doi.org/10.1080/13854040600744839
http://doi.org/10.1016/j.neuroimage.2010.08.078
http://doi.org/10.3389/fnhum.2013.00452
http://doi.org/10.3389/fnhum.2013.00642
http://www.ncbi.nlm.nih.gov/pubmed/24146640
http://doi.org/10.1093/brain/awx011
http://www.ncbi.nlm.nih.gov/pubmed/28335000

	Introduction 
	Methods 
	Results 
	EEG–Neurofeedback for Assisting Children with Dyslexia 
	EEG–Neurofeedback for Assisting Children with ADHD Symptoms 
	EEG–Neurofeedback for Assisting Children with Other Specific Learning Disorders 

	Discussion 
	Potential for Using EEG-NF in Education 
	Challenges in the Adoption of EEG-NF in Education 
	Future Directions for EEG-NF Applications in Education 

	Conclusions 
	References

