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Abstract: This study examined the effects of combined neurofeedback (NF) and visual training (VT)
on children with developmental dyslexia (DD). Although NF is the first noninvasive approach to
support neurological disorders, the mechanisms of its effects on the brain functional connectivity
are still unclear. A key question is whether the functional connectivities of the EEG frequency
networks change after the combined NF–VT training of DD children (postD). NF sessions of voluntary
α/θ rhythm control were applied in a low-spatial-frequency (LSF) illusion contrast discrimination,
which provides feedback with visual cues to improve the brain signals and cognitive abilities in
DD children. The measures of connectivity, which are defined by small-world propensity, were
sensitive to the properties of the brain electrical oscillations in the quantitative EEG-NF training.
In the high-contrast LSF illusion, the z-NF reduced the α/θ scores in the frontal areas, and in the
right ventral temporal, occipital–temporal, and middle occipital areas in the postD (vs. the preD)
because of their suppression in the local hub θ-network and the altered global characteristics of the
functional θ-frequency network. In the low-contrast condition, the z-NF stimulated increases in the
α/θ scores, which induced hubs in the left-side α-frequency network of the postD, and changes in
the global characteristics of the functional α-frequency network. Because of the anterior, superior,
and middle temporal deficits affecting the ventral and occipital–temporal pathways, the z-NF–VT
compensated for the more ventral brain regions, mainly in the left hemispheres of the postD group
in the low-contrast LSF illusion. Compared to pretraining, the NF–VT increased the segregation of
the α, β (low-contrast), and θ networks (high-contrast), as well as the γ2-network integration (both
contrasts) after the termination of the training of the children with developmental dyslexia. The
remediation compensated more for the dorsal (prefrontal, premotor, occipital–parietal connectivities)
dysfunction of the θ network in the developmental dyslexia in the high-contrast LSF illusion. Our
findings provide neurobehavioral evidence for the exquisite brain functional plasticity and direct
effect of NF–VT on cognitive disabilities in DD children.

Keywords: neurofeedback; developmental dyslexia; functional connectivity; small-world propensity

1. Introduction

Neurofeedback (NF) has received increasing amounts of attention in the treatment
of various neuropsychological and cognitive disorders. NF stimulates the important
characteristics of the neural activity; converts them into visual, auditory, or tactile feedback;
rewards desired patterns; and inhibits unwanted patterns in the brain activity in order to
trigger a training process. The NF training can increase the plasticity of the brain through
a learning process with reinforcement [1]. NF-induced plasticity can compensate for
neurological deficits [2,3] and cognitive disabilities [4]. The NF efficiency depends on many
factors in the spatial, frequency, and temporal domains. The spatially localized brain area
that generates the NF signal is targeted to specific functions. The NF goals in the frequency
domain can be achieved through specially selected electroencephalographic (EEG) rhythms.
The z-score neurofeedback implements a quantitative online EEG technique (qEEG z-NF)
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for the training of the brain activity with EEG metrics (power, amplitude, coherence, and
phase), generates the z-scores from many brain areas to normative data or to the reference
values of healthy people [5,6], and converts the z-scores into feedback signals [7,8].

The training to discriminate visual patterns depends on the latency of the feedback
signal [9]. The type of training, which can be network training or behavioral training, directs
the training’s effect onto the brain’s ability to improve its cognitive performance [10]. The
network training involves the practice of a specific task (e.g., attention, working memory)
with a fixed difficulty, or adaptive training with an adjusted task difficulty, and it exercises
the specific task-related brain areas and networks until the performance over the course of
the trials is improved [11]. Increased task-related brain activity may reflect greater efforts
to discriminate more complex tasks during adaptive training [12], while the enhanced
neuronal adaptation during the experiment may reduce the cognitive demands for the
activation of the stimulus-related brain regions.

EEG-NF training has shown improvements in the cognitive-behavioral indices and
diminished EEG abnormalities of learning-disabled children (LD) [13–15]. Altered brain
functions in dyslexia show a left-lateralized hypoactivation of the posterior brain systems
in the ventral occipitotemporal and temporoparietal regions, which are part of the brain’s
network in typical readers, and are adapted to reading in dyslexia [13–15]. High θ and low
α activity in LD children suggests a maturation lag in the cognitive neural networks [16,17].

The qEEG z-NF efficacies in children and adolescents with LDs after 10 sessions
correlated with improvements in the academic and behavioral problems reported by
their parents [6]. The NF θ-to-β protocol might be efficient at compensating for attentional
deficits [18–22]. The z-scores within a defined range stimulated the brain to establish its own
route towards self-regulation [8], and to achieve the most relevant goal-directed behavior.
Poorer cognitive performances in children and adolescents with LDs are associated with a
neural network deviation from normal development, which manifests as an α-frequency
EEG maturation delay [16,17,23]. The α-waves acquire their highest amplitudes [5,24,25]
mainly in the posterior brain regions, and are highly stable in time and are sensitive to the
developmental changes in cognitive neural networks [26–28]. The α-waves are generated
by thalamocortical feedback loops and they reflect the information-processing speed, which
are important processes for the working and semantic memories [26–28]. The children
with LDs and attention-deficit/hyperactivity disorders (ADHD) show low α-bands (<9 Hz)
compared to age-matched typically developed children [17,24,29,30]. The slow α-peak
frequency (<9 Hz) in LD children is considered to be a biomarker [30]. These children
are classified on the basis of the categories of the amplitude peak frequencies and their
responses at the qEEG z-NF intervention, with multiple abnormal z-scores of the excess
focal δ or θ, atypical α, fast frequencies in multiple regions, and increased generalized
delays and asymmetries [16,29].

The α/δ NF [31], the θ/α z-NF [29], and the θ/α training protocols [32] specify only
two bands. The associated clinical symptoms and improvements are due to the NF training
of the regions involved in a specific task. The δ-frequency band (<4 Hz) was chosen as the
frequency for inhibition in the α/δ protocol, and the training-induced changes were mainly
related to increases in the α-frequency range. The over-recruitment in the low-frequency
bands (δ, θ) is associated with sustained concentration and attention, while the under-
recruitment in the high-frequency bands (γ, β) at the parietal and temporal cortices is
associated with response preparation and memory maintenance [33]. Low α (8–13 Hz) and
high β (15–30 Hz) spectral powers, particularly during the prestimulus period, characterize
the increased attention and predict better ongoing task performances [34,35]. The increased
prestimulus right-hemispheric β-band power may reflect the attentional network activa-
tion [36,37], or the activation in a region engaged in the ongoing stimulus processing [38].
The increased prestimulus θ and the α-band power may indicate the fatigue accompanying
the experiment [39].

The NF training reinforces the θ/α reduction and treats learning disorders [32]. The
most reported EEG patterns for reading-disabled children (RD) have redundancies of slow
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θ-frequency activity [40,41], α-activity deficit [42], and delayed EEG maturation [40], com-
pared to typically developed children. Most EEG studies of the brain activity in LD children
are based on EEG power analyses; however, few have focused on the measure of functional
connectivity as coherence [32]. The coherence neurofeedback [43] on the participants with
dyslexia show the hypocoherence of the occipitoparietal lobes to the frontal-temporal lobes,
and a hypocoherence of the parietal to the medial–temporal connections. Hypocoherences
have been reported on the δ-, θ-, and α-frequency bands. Coherence is the measure applied
in the clinical setting between the EEG sensors. Higher δ and θ-frequency coherence, and
lower α-frequency coherence are typical EEG characteristics for RD children [44], when
compared to normal readers. The interhemispheric δ-, θ-, and β-frequency coherences
diminish mainly between the frontal regions, as well as the intra-hemispheric δ, θ, and β

coherences, while they increase in the α-frequency band. The reduced θ-frequency coher-
ence in the left hemisphere between the frontal and other regions is particularly important
for reading. This lower α-frequency coherence is replicated in adults with dyslexia [45]. In
general, there is a tendency for increased frequency coherence in development, except for
the θ-frequency band [46]. Lower interhemispheric coherences and higher intrahemispheric
coherences characterized the children with dyslexia, compared to their peers [47]. The
NF θ/β training protocol was effective for Chinese children with dyslexia [48]. Reducing
the θ-frequency coherences in the inferior frontal and middle temporal regions, which are
adjacent to the Broca area, enhanced the spelling abilities but not the reading [49]. The
coherent protocols for people with dyslexia improved the reading and the phonological
awareness [43,50]. People with dyslexia also have slow waves at Broca’s area and no desyn-
chronized β1 activity in Broca’s area and in the angular gyrus during reading tasks [51],
nor in the left occipitotemporal and occipital regions [52]. Dyslexic children have increased
slow activity in the right posterior superior temporal, occipitotemporal, and parietal re-
gions, and in the frontal lobes [53]. There is a symmetric hypercoherence for the δ- and
θ-frequency bands at the bihemispheric posterior superior temporal lobe, and a specific
right-temporal hypercoherence for the α- and β-frequency bands [53]. Hypercoherence in
the bihemispheric middle temporal lobes manifests in the δ- and θ-frequency bands, while
hypocoherence can be found between the left occipitotemporal and occipital regions in the
δ-, θ-, and α-frequency bands [43], which means that left-hemispheric dominance is not yet
established. Therefore, any training of dyslexia should improve the left hemispheric func-
tioning. Although one study combined qEEG neurofeedback sessions and multisensory
learning methods for reading in children with developmental dyslexia (DD) [54], there are
no qEEG NF protocols that collaborate with training tasks for the various visual deficits
in children with DD, which could provide a more effective way to improve their learning
abilities. Slow-wave neurofeedback reduced them to the stage where the brain is ready to
learn new information, and the neural system should then seamlessly connect the visual
representations of the lexemes with the phonemes. This process is repeated many times,
as there are differences in the cross-modal processing to make it in a permanent ability
in dyslexia [54,55]. The training computer tasks efficiently repeat the same procedure to
stimulate the appropriate neural mechanisms in the DD children. Multisensory training for
DD children [54,55] does not change the brain structure but it does improve the perceptual
processes. Another study of dyslexic children used NF game-based cognitive training and
reported that both intelligence and attention improved [56].

In the current study, we explore the qEEG z-NF α/θ protocol to reinforce the θ

inhibition, the α activity, and the effective EEG reorganization, and to enhance the cognitive-
behavioral performance. The qEEG z-NF protocol in children with developmental dyslexia
was combined with training for the various visual deficits in dyslexia, and it could positively
affect the functional connectivity of a specific frequency network that is also involved in the
reading process. The selective inhibition of the excitatory neurons in a brain hub (region)
can change the network integration [57]. Reduced network integration can result from
the selective suppression of the excitatory neurons in a hub. The dysfunction of the brain
hub can affect the segregation, the resilience, and the network topology, which can lead to
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large-scale changes in the brain network. The hypotheses are: (1) The suppression of a hub
can affect widespread brain hub–node connections and the entire network organization;
(2) Through reductions in the hub centrality and strength, its role as a hub can be lost;
and (3) A new hub can appear through an increase in the centrality of the node after
the hub suppression, or after the deactivation of an existing hub. Our study aimed to
modify the global brain functional connectivities and the efficiencies of the reading circuits
in children with developmental dyslexia, as well as those of normally reading children,
through 12-channel qEEG z-NF interventions on specific brain locations (hubs) in children
with dyslexia, which was combined with visual training tasks.

On the basis of the functional connectivities of the typically developed children, we
suggest that qEEG z-NF could produce a functional reorganization in DD children that
consists of reduced intrahemispheric low-frequency δ or θ bands, and increased α in the
regions involved in the reading network in the left hemisphere in the posterior part of the
superior temporal lobe (classically referred to as Wernicke’s area), which is specialized
in the phonological functions, and in the ventral occipitotemporal cortex, adjacent to the
visual-word-form area, which is specialized in visual and orthographic recognition on the
basis of memory, and in the inferior frontal cortex (classically called Broca’s area), which
intervenes in the articulation and gesticulation of words [58–60].

2. Materials and Methods
2.1. Participants

The data for the group with developmental dyslexia (DD children, n = 72; 52 boys and
20 girls) and the control group (n = 36; 26 boys and 10 girls; mean age: 8–9 years; SD = 0.58)
were analyzed after the exclusion of records with missing data. The study did not include
children with disabilities unrelated to reading, as diagnosed by ophthalmologists and
neuropediatricians [61,62]. The specific DD profile of the experimental group, along with
the baseline control descriptive data, has been shown in previous works (Table A1; [60]).
The inclusion criteria for the dyslexic children were as follows: (1) Diagnosed with DD by
school logopedics and psychologists, according to the classification of DD children [63–66];
(2) Aged between 8 and 9 years; (3) With qEEG patterns of several abnormal waves in
several brain regions; (4) Having completed 12 qEEG z-NF sessions targeting the Fz, Cz,
Oz, FT9-10, TP7-8, Pz, PO7-O8, and O1–O2 locations; (5) Completion of visual training;
and (6) An average intelligence quotient, which was estimated according to the Raven
intelligence scale [67].

The study is a controlled trial comparing the interventions of the group with DD to
a control group. The children with dyslexia were assigned to a pretraining group (preD),
where they received six qEEG z-NF intervention sessions in a one-week period. These
pretest sessions were administered in order to identify those with main (magnocellular)
visual deficits, which further supports the notion of the multisensory integration deficit
underlying dyslexia. To be effective, remedial intervention should not be fuzzy, and should
focus on the deficient skills. Therefore, for the period of four months, the second-grade DD
children underwent an intervention with a visual-based training procedure and six other
qEEG z-NF sessions (treatment group or post-training group (postD)). The control group in
the study contained normal age-matched readers (same school grade and sociodemographic
background, no dyslexia, and no learning or language disabilities) who did not receive the
intervention. The behavioral measures of reading were measured at the start and at the end
of the four-month period (intervention) for both accuracy and speed, which included word
reading as an assessment of the training benefits. The EEG functional measurements of the
visual task were measured at baseline and at the end of the intervention (after four months)
for the intervention group, and they were measured once for the control group (used as
a criterion point to compare the pre/post EEG changes in the intervention). The study
used a pretest–training–post-test design to evaluate the training effect of the combined
programs (12 completed qEEG z-NF sessions and visual training) on the basis of the visual
tasks, with a specific focus on the gains in the brain functioning related to reading skills.
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In the pretest–training–post-test design of the study, the group with dyslexia received an
average of 366 sessions. The criteria for the intervention study were focused on specifying
the underlying mechanisms of change for a sufficiently large sample in order to reduce
the possibility that the results of the intervention occurred by chance. On the basis of the
data of previous intervention studies [68], which show that a sample size of higher than
20 per intervention condition and an anticipated attrition rate of 20% achieved a good
intervention effect, we recruited 72 children with dyslexia to detect the intervention effect
on the significant remediation of their reading skills. Because of the proven stability in the
reading abilities of the second-grade controls [68], we recruited a small size of the control
group, which was limited to 36. The time between the measurements did not change the
standardized scores of the second-grade controls [68], and, therefore, the controls had no
post-test control measurements, and they did not undergo the visual training protocol.

2.2. Experimental Paradigm

The successful ways to promote DD children include engaging their attention with the
use of reinforcement techniques (NF), and using visual stimuli with different orientations,
spatial frequencies, locations, contrasts, and directions, as well as tasks with attention
requirements [69].

Our reinforcement technique (neurofeedback) maximally activated the magnocellu-
lar pathways in the children with developmental dyslexia [70,71]. The task included the
contrast discrimination of the illusionary doubling motion of a sinusoidal grating with a
low spatial frequency (LSF) (2fd: two cycles per degree (cpd) of the visual angle; vertical
flicking with 15-Hz counter phase), embedded in an external noise field. The LSF illusion
task (Figure 1) comprised two conditions (low- and high-contrast grating), presented in
40 trials (with 20 trials per condition), in a pseudorandomized sequence, with an interstimu-
lus interval (ISI) of 1.5–3.5 s. The contrast levels were 6% and 12% of the thresholds selected
in the previously performed psychophysical contrast-sensitive tasks [72]. Each trial started
with a fixation white cross for 100 ms. After 200 ms, a flicking sinusoidal grating appeared
in the center of the screen for 200 ms, and with a viewing distance of 210 cm. Gabor’s
oscillating grating is perceived at twice the spatial frequency of the actual spatial frequency.

A subsequent fixation period of 100 ms of a color cross was presented on the screen,
which changed to red/green when the selected EEG activity was below/above the set
threshold, respectively. The child discriminated the low-contrast sinusoidal grating by
pressing a button with the left hand, and discriminated the high-contrast sinusoidal grating
by pressing a button with the right hand. A brief beep marked the trial’s end. A response-
time period from 100 to 1500 ms began with the stimulus onset. The reaction times less
than 0.100 s and more than 1.5 s were excluded as outliers. The correct answers and the
reaction times were taken into account. The refresh rate of the computer screen was 60 Hz,
with a pixel resolution of 1920 × 1080. The stimuli were generated with in-house software
written on C++ [72], and they were synchronized with the EEG data acquisition system.
The children received trial-by-trial neurofeedback in the form of different colored crosses.

2.3. EEG Signal Preprocessing

The EEG experimental procedure has been described elsewhere [59]. The EEG sen-
sors (Brain Rhythm Inc., Taiwan) were placed according to a 10–20 system [73,74], which
covered: the middle frontal gyrus (MFG) (Fz, F3-4: Brodmann area, BA8); the postcentral
gyrus (PSTCG; C3-4: BA123/6, primary somatosensory and motor cortices); the posterior
part of the superior temporal gyrus (STG) (T7-8: BA21/22, [74]; MT/MST; [75]); the infe-
rior parietal lobe (IPL) (P3: BA39/7/19—angular/precuneus/associative visual V3 areas;
P4: BA39/40/7—angular/supramarginal gyri/precuneus; PGp/PGa/IPS/7P [76]; LIP [75]);
the middle occipital gyrus (MOG) (O1-O2: BA19—associative visual V3 area); the precentral
gyrus (PRECG) (Cz: Brodmann areas, BA4/6—primary motor, premotor cortices); the supe-
rior parietal gyrus (SPL) (Pz: BA7, precuneus, 7P; [76]); and a part of the cuneus of the occip-
ital lobe (Oz: BA18—cuneus, visual area V2). Additional EEG sensors were arranged in the
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10–10 system [73,74], which covered the adjacent brain areas to: the superior frontal cortex
(SFC) (AF3-4: BA9—dorsolateral prefrontal cortex (DLFC)); the inferior frontal gyrus (IFG)
(F7-8: BA45/47—Broca’s area, orbital frontal cortex); the anterior part of the inferior tem-
poral gyrus (ATG) (FT9-10: BA20/BA38—temporal pole; TE/AIT areas; [76]); the middle
frontal gyrus (MFG) (FC3-4: BA6—premotor and supplementary motor cortices: pre-SMA,
SMA); the inferior frontal gyrus (IFG) (FC5-FC6: BA44/45—opercular and triangular parts
of Broca’s area); the PRECG (C1-2: Brodmann areas, BA4/6/123—primary motor, premotor,
somatosensory cortices); the PSTCG (C5-6: BA123/40/43—primary somatosensory cortex
and supramarginal gyrus with extension into the Sylvian fissure to PFop; [75]); the SPL
(CP1-2: BA5/7—PGa/7A/7PC; LIP areas; [76]); the IPL (CP3-4: BA40/123—supramarginal
gyrus (subareas PFt/PFm; [76]); the ventral intraparietal sulcus VIP or IPSmot; [75]); the
middle temporal gyri (MTG) (TP7: BA21/37/22—MT+/V5/MST; TP8: BA21/22/37/20—
medial superior and middle temporal areas, lateral occipitotemporal/posterior inferior tem-
poral gyri, adjacent to posterior fusiform/lingual gyrus; MST/MT+/V5/V4; [76]); the ITG
(P7: BA37/19—lateral occipitotemporal gyrus, adjacent to posterior fusiform/lingual cor-
tex, V5/V3; [76]); P8: BA37—occipitotemporal gyrus); the superior occipital gyrus (SOG)
(PO3: BA19/18/39/7—dorsal visual cortex/parieto–occipital sulcus/angular gyrus/
precuneus; pIPS/V3A/POs; PO4: BA19/18/39—dorsomedial parieto-occipital visual V6
and V6A, ventral portion of posterior intraparietal sulcus, including dorsal portion of retino-
topical V3A/V7; [76]); and the MOG (PO7-PO8: BA18/19—ventral visual cortices V3v/V2).
The ground sensor was placed on the forehead, and the reference sensors were placed on
both mastoid processes. The skin impedance was less than 5 kΩ.
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intertrial intervals (ITI) of 1.5–3.5 s. The color cross, presented for 100 ms, was changed to red/green
if the selected EEG activity was below/above the set threshold, respectively. The response was made
with the left hand for low contrast, and with the right hand for high contrast. A brief beep signaled
the trial’s end. Following the feedback screen, a fixation cross was presented during the ITI, which
marked the start of each trial.

The continuous EEG data, with a sampling rate of 250 Hz, was band-pass filtered from
the δ to the γ frequencies (δ = 1.5−4; θ = 4.5−8; α = 8.5−13; β1 = 13.5−20; β2 = 20.5−30;
γ1 = 30.5−48; γ2 = 52−70 Hz). The artifact-free trials (not exceeding ± 200 µV), which
were time-locked to the stimulus onset, were segmented for the functional connectiv-
ity analysis with a duration of 800 ms. After that, the remaining trials were filtered
(bandpass: 1–70 Hz; notch filter: 50 Hz). The analysis included only the trials with correct
responses to the corresponding contrast discrimination of the LSF illusion, within a time
window of 0.1–1.5 s. After the preprocessing, the average trial number per condition and
group was 772 artifact-free data epochs.

2.4. Neurofeedback Online Training Measures

The main question in our study was whether closed-loop neurofeedback through the
EEG signatures of the target-induced oscillations can compensate for the magnocellular
deficit in dyslexia and enhance the child’s performance in a visual illusion task.

The 12-channel online z-score neurofeedback device (qEEG z-NF) (sensors: Fz, Cz, Oz,
FT9-10, TP7-8, Pz, PO7-PO8, O1-2) provided a 24-bit conversion with an internal sampling
rate of 1024 samples/s and a 256-samples/s data rate to the computer. Each qEEG z-NF
trial was online decoded in the frequency bands: δ (4 Hz); θ (4.5–8 Hz); α (8.5–12 Hz);
β1 (13.5–20); β2 (20.5–30 Hz); and γ (30.5–48; 52–70 Hz), by a Morlet wavelet during the
time of the sinusoidal grating presentation (~250 ms; MATLAB function). The individual
amplitude peaks of the α and θ frequencies defined the qEEG z-NF α/θ scores for eight
brain regions in each hemisphere. The software contained normalized data defined by
the prefeedback baseline mean measure, which was taken during a 2.5-min feedback-free
period with eyes opened at the beginning of the first session of children, and which was
used to determine the z-NF α/θ scores’ thresholds. The absolute pre-z-scores ≥ 1.0 were
highlighted as being the targeted z scores by site and frequency [7]. The enrolled potential
candidates for the feedback were based on multiple abnormal qEEG z-NF α/θ scores
from several of the brain locations studied in dyslexia [59,60]. The time interval from
the neural activity to the delivery of the qEEG z-NF to the child (NF latency) was set to
significantly affect the outcome of the operant conditioning that specified the reinforcement
schedule [77]. The qEEG z-NF α/θ score was delivered via the sensor with the highest
z-value back to the child as a color cross on the screen. This reinforcement was based on
the z-score that falls above the threshold (positive z-score rewards visual feedback with
green cross) and under the threshold (negative z-score rewards visual feedback with a red
cross). A neurofeedback α/θ protocol was applied to the dyslexic group in six sessions of
10 min for the left brain hemisphere, and 10 min for the right brain hemisphere.

The qEEG z-NF α/θ protocol was as follows: (1) Intrahemispheric reduced θ and
increased α waves in the left hemispheric regions in the reading functional network, which
is adjacent to the posterior superior temporal (Wernicke’s area) and middle occipital gyri,
and the ventral occipitotemporal cortex, which is adjacent to the visual-word-form area,
and the left inferior frontal cortex (Broca’ area); and (2) Increased the left hemispheric
qEEG z-NF α/θ scores and reduced the right hemispheric qEEG z-NF α/θ scores, which
compensated for the brain laterality. By applying neurofeedback, the slow brain waves
should be reduced to a level where the brain is prepared to learn new information.

This qEEG z-NF α/θ protocol was administered twice for the dyslexic group and
once for the control group, and it included the qEEG z-NF treatment (six sessions) before
the visual training procedure, and then four months after that, in the next six qEEG z-
NF sessions. The mean number of qEEG z-NF sessions from the preassessment to the
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postassessment for the dyslexics was 12. The qEEG z-NF sessions in the first experiment
period were separated from the visual perceptional training.

2.5. Visual Training Procedure

The visual training procedure [78] was directed towards a wide range of visual func-
tions (i.e., the spatial attention with the accurate gaze direction, the enhanced contrast
sensitivity in fine or coarse conditions, the processing speed, and the direction discrimina-
tion of the coherent motion in crowded paradigms with eye movement training). The visual
training (VT) consisted of discrimination tasks in which the stimuli unpredictably appeared
in the center of a screen. The children had to direct their attention and gaze to the stimulus
(or the stimuli). These task-mediated improvements are believed to target multiple features,
which heighten the changes for the broader modal transfer [79]. The learning effects in
them are negligible, according to the reported effects of the training [55,69,72].

The procedure was the same for all of the participants with DD [55,78]. The children
underwent baseline measurements with five visual and two auditory tasks, and then
the dyslexics were trained with six qEEG z-NT sessions. After that, only the dyslexics
performed VT [55], which consisted of five visual tasks with two blocks (conditions), with
40 trials, three times per week, for approximately 12 consecutive weeks, which makes a
total of 11,600 trials per child. The children relaxed between the tasks.

All of the dyslexic children trained at school with visual training tasks [55,72]. Before
the subjects started the training, they received verbal instructions about the computer tasks,
monitoring of the actual viewing distance for each task, and information on how to respond
with buttons on the task controller. At the end of each training task, the task sent the data
to a monitor, which allowed for the monitoring of the training compliance.

The training program, which was based on the low-contrast discrimination of the low-
spatial-frequency sinusoidal gratings (2 cpd), and high-temporal frequencies (15 reversals/s),
which were vertically flicking in the external noise region, had the same experimental pa-
rameters and requirements as the abovementioned reinforcement technique.

The next training program, which was based on the high-contrast discrimination of
high-spatial-frequency sinusoidal gratings (10 cpd), which were vertically flicking in the
external noise region, with contrast levels of 3 and 6% of the defined contrast thresholds in
previous psychophysics paradigm [55], was used to increase the parvocellular pathway.
The other parameters of the task and the children’s requirements were the same as in the
previous training task.

The training program, which required the direction discrimination of the coherent
vertical motion [55], stimulated the magnocellular function. The coherent vertical motions
of the white dots in randomly moving elements, with a size of 0.1 deg within a circle (a
diameter of 20 deg), appeared on a black screen, at a viewing distance of 57 cm, for 200 ms.
The velocity of the moving dots was 4.4 deg/s. The coherent motion threshold was 50%
of the randomly moving dots. The ITI was 1.5–2.5 s. The instructions were the press of a
button with the left hand for an upward motion of the dots, and the press of a different
button with the right hand when the dots moved downwards.

The velocity discrimination training program induced changes in the MT/V5 brain
area [55]. Two pairs of circular stimuli, with the radial moving the white dots’ elements
from the center to the periphery of the optical flow (a diameter of 10 deg), appeared
sequentially, one after another, on a screen. Each stimulus pair’s first item was always
performed with a constant slow speed (4.5 deg/s). The second item in the pair of stimuli
had the speed of the flow (5.0 deg/s) close to that of the first stimulus (4.5 deg/s), or with a
higher speed (5.5 deg/s). The first item appeared for 300 ms, and after 500 ms, the second
item in the stimulus pair appeared for 300 ms at a viewing distance of 57 cm. The ITI was
1.5–3.5 s. The instruction was to press a key with the right hand when the pair’s speed was
slow, or press another key with the left hand when the second stimulus in the pair had a
higher speed than the first stimulus’s constant speed.
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The aim of the visual-spatial attentional training task was to search and track either
the color change or the color preservation of a square in a cue [55]. The cue was a black
frame for 300 ms, in either the left or right visual fields on a white screen, before the square
color array (each with a size of 3 × 3 deg) presentation. A color square appears in the
cue for 200 ms, horizontally or vertically, in an arranged color array of four squares. The
cue remains on the screen during the presentation of the color array. The child had to
compare the square color in the cue with the previous one presented in it on the screen
at a viewing distance of 57 cm. The adjacent squares in the array changed their colors in
every presentation. The ITI was 1.5–2.5 s. The child pressed a key on a computer keyboard
with the left hand when two consecutive colors in the cue were the same, and with the
right hand when they were different. The number of correct answers and the reaction times
were reported in the training programs, with 40 trials for each condition and task. The
thresholds of the parameters and the program designs have been described in previous
works [55].

Four months later, the second set of qEEG z-NF post-training measurements was
taken to determine the long-term training effect. The training sessions were opened for
the children after each task, and they provided them with information on a screen about
the percentage of successful trials for each task and condition. The children and their
parents also received written informed consent, including the General Data Protection
Regulation rules (EC/2018; BG Personal Data Protection Law/LPPD-26.02.2019), and a
training protocol with instructions concerning the desired training tasks, which were
approved by the Ethics Committees of the Institute of Neurobiology and the Institute for
Population and Human Studies, BAS (approval No 02-41/12.07.2019), the State Logopedic
Center, and the Ministry of Education and Science (approval No 09-69/14.03.2017).

The metrics of the functional connectivities were calculated before and after the
training (qEEG z-NF and VT). We analyzed the pre- and post-training differences for the
behavioral performances and the functional connectivity measures during the illusion task.

2.6. Small-World Propensity

The phase lag index (PLI) defines the phase synchronization across all sensor pairs [79,80],
which are not phase-locked when the PLI is 0, and with a phase difference between
the pairs different from 0 mod π when the PLI is 1 [80,81]. The PLI is less sensitive to
spurious correlations because of the co-sources in the brain and its volume conduction.
The statistical calculations over the strengths of the node connections form the networks.
Metrics such as hubness, integration, and segregation reflect the network behavior on a
global level [82,83]. The network’s ability to process specific information locally within
the adjacent brain areas is its network segregation, while its integration is the ability to
combine information from different brain regions (nodes) [84]. The fractions of the nodes’
neighbors, which are neighbors of each other, define the clustering coefficient, which
characterizes the brain network segregation [85,86]. The shortest path length averaged
between all the nodes’ pairs characterizes the network integration or, i.e., the so-called
“characteristic path length” [85,86]. The measures for the hubness are the connection
strength of a node compared to the other nodes, and the betweenness centrality of a
node (fraction of the shortest paths passing through a node) [82,83,87]. The fraction of
the shortest paths containing a given link is the betweenness centrality (BC) of the edges.
The inverse of the average path length quantifies the exchange of information across the
entire network and quantifies the network efficiency. The ratio of the clustering coefficient,
the characteristic path length, and the global efficiency define the small world of the
network [83]. A new graph metric, namely, small-world propensity (SWP), assesses the
small-world network structures with different densities, while considering the variations
in the network density [88] and the sensitivity to the functional connection’s strengths
between the nodes. The contributions of the weak and strong links are differential to the
overall network functioning [89]. This method does not apply threshold techniques to
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remove the weak links, as does other approaches, because these links can be potential
pathological biomarkers [89].

The SWP defines the properties of the small worlds of the weighted networks (φ), as
compared to the metrics (clustering coefficient, characteristic path length) of the regular
lattices and random graphs with the same node numbers and the same degrees of the
probability power distribution of the overall nodes in the real network [88]. The deviation
of the clustering coefficient (∆C of Cobs) and the characteristic path length (∆L) of the
observed network (Lobs) from its null model as a random network and regular lattice
quantifies the SWP (φ) of the observed network. The assumptions in these models are
that the closer nodes in the network have stronger node–node connection strengths and
stronger edges than the distant network nodes. The φ of the observed network is evaluated
by these reference networks. The characteristic path length value is low, and the clustering
coefficient is high for the lattice network, while the characteristic path length is high, and the
clustering coefficient values are low for the random network. At a maximal deviation of the
clustering coefficient from its null model, the network rewires. The randomly distributed
weighted edges between the N nodes create the random network, with small shortest paths
and randomly assigned connections throughout the matrix. The random network model
is not segregated and is highly integrated when there is no significant local clustering
between the nodes. The path lengths, or the clustering coefficients, of the real networks can
exceed the lengths of the random or lattice networks. The φ sets to 1 when the weighted
networks’ measures are more than 1, and it sets to 0 if the weighted networks’ measures
are less than 0. The φ is close to 1 when the observed network has high clustering and low
path lengths, which equally contribute to the φ (i.e., low deviations of the ∆C and ∆L). The
brain networks with large φ values exhibit small-world properties. Larger deviations of the
measures (path length and clustering) of the observed networks from those of their null
models define the lower φ values of the networks with less small-world structure [88]. The
relatively high φ leads to modest clustering and a short path length (moderate ∆C and low
∆L, respectively), as well as to a moderate path length and high clustering (moderate ∆L
and low ∆C, respectively). The real power of the φ quantifies the degree of the small-world
graph between the different networks.

The weighted adjacency matrices (40 × 40), which are constructed by the PLI between
all the pair channels, are estimated in the δ- to γ-frequency bands. The φ, ∆L, and ∆C are
defined for the controls and dyslexics by the MATLAB toolbox for brain connectivity [88].

The weights of the adjacency matrix are converted into distances and they determine
the betweenness centralities (BCs) of the nodes. A large number of the shortest paths
involve edges with high values of the betweenness centrality. The sum of all the connection
weights for a node determines the node strength (the BC values), which is divided by the
average local measures of all the nodes. Nodes with strength (high BC) play a significant
role in the processing of information in the graph and they are involved in the many
shortest paths [86]. Graphs are more integrated when there is a higher maximum BC,
or strength [82,87]. The most important nodes of the network are the hubs, which were
obtained through MATLAB’s brain connectivity toolbox [83].

2.7. Statistics

A nonparametric bootstrap procedure, with 1000 random permutations, was applied
to the between-group comparisons of the global metrics, φ, ∆L, and ∆C, for the conditions
and frequencies [90,91]. The corrections for the multiple comparisons, by the Bonferroni
correction, to a significant level (P = α/3 = 0.017) were applied in the permutation tests.

The nonparametric permutation cluster-based statistics evaluated the brain regions’
local alignments on the basis of the BCs/strengths of the nodes [90]. The maximum
BC/strength of a node that crosses the selective threshold criteria defines a hub (one std
over the mean group nodal strength/BC). The critical values for the (max cluster) statistics
identified the significant clusters. The effect of multiple different significant clusters, which
corrects the false alarm rate for multiple comparisons, quantifies, by their ordered sequence
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indices in the histograms, whether their medians are sensitive to hemispheric differences.
The control of the multiple thresholds requires a Bonferroni correction of the significance
level to the selected threshold on the data (P = α/2 = 0.025). The significant p-values are
presented in bold text in the tables. The edge BCs and the links also having selection criteria
are shown in the figures, which are presented by BrainNet Viewer 1.63 [92].

The pretraining and post-training qEEG z-NF scores were compared by bootstrap
nonparametric tests for the z-scores of the selected threshold sensors, and for each outcome
behavior measure (reaction time and success rate). Two related samples were applied to the
pairs of brain locations (z-NF α/θ measure), before and after the training of the dyslexic
group, as well as in each dyslexic group and the control group, in order to determine which
sensor responded more to the neurofeedback, by passing the threshold, as well as what
hemisphere is dominant. The maximum and minimum z-NF α/θ measures were excluded
as outliers from the statistical comparisons.

3. Results
3.1. Behavioral Results of the LSF Illusion

The behavioral results are the percentages of the correct responses and the response
times of the two conditions of the LSF illusion task (low-contrast and high-contrast). There
were slower responses and less correct responses in the low-contrast condition than in
the high-contrast condition for the dyslexics before training vs. the other groups. The
low-contrast illusion was more difficult to discriminate at a behavioral level for the dyslexic
children before (preD) and after (postD) training than for the controls (Con) (Table 1). The
assessed within-group differences (preD vs. postD, Table 1) for the percentages of correct
responses and response times found that the postD showed faster response times for the
low-contrast condition after the qEEG z-NF–VT training (p = 8.7 × 10−7, χ2 = 24.79). Thus,
the combined training improved the performance, and increased the speeds and accuracies
of the contrast discrimination of the LSF illusion (p < 0.015, χ2 < 5.94). The improvements
in the reading speeds were twice as high after four months of qEEG z-NF–VT training [55].

Table 1. Nonparametric statistical comparisons (p, χ2, Kruskal–Wallis test; significance threshold:
p < 0.05; the average numbers of correct trials per condition were 525 for Con, 792 for preD, and 1000
for postD) of the behavioral parameters of the LSF illusion (2fd).

2fd Condition Con PreD PostD Con/PreD Con/PostD Pre/PostD
Mean ± s.e. Mean ± s.e. Mean ± s.e. p χ2 p χ2 p χ2

Low-contrast
success (%) 71.28 ± 3.26 53.12 ± 3.72 62.00 ± 3.47 0.002 9.43 0.029 4.58 0.015 5.94

RT (ms) 853.36 ± 10.25 935.41 ± 31.7 724.92 ± 25.6 0.020 5.14 4.9 × 10−8 33.21 8.7 × 10−7 24.79

High-contrast
success % 71.66 ± 2.12 56.25 ± 2.76 72.5 ± 2.84 0.003 8.62 0.98 0.0001 0.0007 11.82
RT (ms) 789.47 ± 10.36 882.56 ± 28.6 743.38 ± 25.7 0.04 4.18 0.46 0.49 0.0002 12.57

3.2. Functional Connectivity Alterations
3.2.1. Global SWP Measures

In both contrasts, there is a tendency towards a decrease in the φ, which is driven
by an increase in the ∆C and a decrease in the ∆L, while increases in the frequencies
were observed in the groups from the δ- to β2-frequency ranges. In the low-contrast 2fd,
significant differences for the global SWP measures were found between the Con and the
preD in the δ ÷ α-, β2-, and γ2-frequency ranges, as well as between the preD and postD
in the α ÷ β2- and γ2-frequency bands. In the high-contrast 2fd, significant differences
were found between the Con and the preD in the θ-, α-, and γ-frequency bands, as well as
between the preD and postD in the θ- and γ2-frequency bands.

The preD vs. the Con had a statistically lower φ/higher ∆C in the δ, and a higher
φ/lower ∆C in α and β2, as well as a higher ∆L in the θ, and a lower ∆L/higher ∆C in the
γ2-frequency band for the low-contrast 2fd (p < 0.017, χ2 > 5.69), while when compared to
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the postD, the preD had a higher φ/lower ∆C in α ÷ β2, and a higher ∆C/lower ∆L in the
γ2 (p < 0.009, χ2 > 6.63; Table 2).

Table 2. Statistical comparisons of the global metrics (significance threshold p < 0.017; φ, ∆C, ∆L)
of the Con, preD, and postD brain networks for low-contrast LSF illusion for frequency bands of:
δ = 1.5−4; θ = 4.5−8; α = 8.5−13; β1 = 13.5−20; β2 = 20.5−30; γ1 = 30.5−48; and γ2 = 52−70 Hz.

Con PreD PostD Con/PreD Con/PostD Prx 10-/PostD
F Metric Mean ± s.e. Mean ± s.e. Mean ± s.e. p χ2 p χ2 p χ2

∆ φ 0.648 ± 0.014 0.589 ± 0.009 0.643 ± 0.021 0.002 9.49 0.938 0.01 0.048 3.90
∆C 0.377 ± 0.028 0.478 ± 0.017 0.428 ± 0.037 0.005 8.01 0.395 0.72 0.225 1.46
∆L 0.243 ± 0.012 0.253 ± 0.012 0.202 ± 0.026 0.707 0.14 0.056 3.64 0.054 3.68

θ φ 0.511 ± 0.008 0.534 ± 0.007 0.515 ± 0.013 0.066 3.36 0.891 0.02 0.124 2.36
∆C 0.665 ± 0.013 0.609 ± 0.013 0.655 ± 0.021 0.018 5.51 0.916 0.01 0.057 3.61
∆L 0.137 ± 0.006 0.168 ± 0.008 0.138 ± 0.010 0.017 5.69 0.886 0.02 0.050 3.82

α φ 0.510 ± 0.007 0.535 ± 0.007 0.499 ± 0.011 0.012 6.28 0.241 1.37 0.003 8.66
∆C 0.667 ± 0.011 0.631 ± 0.011 0.691 ± 0.017 0.014 5.96 0.193 1.70 0.002 9.54
∆L 0.125 ± 0.005 0.129 ± 0.005 0.109 ± 0.007 0.372 0.79 0.105 2.63 0.022 5.17

β1 φ 0.471 ± 0.006 0.479 ± 0.006 0.451 ± 0.009 0.383 0.76 0.045 4.01 0.005 7.64
∆C 0.736 ± 0.010 0.724 ± 0.009 0.759 ± 0.016 0.398 0.71 0.055 3.66 0.008 6.95
∆L 0.084 ± 0.004 0.079 ± 0.004 0.078 ± 0.007 0. 095 2.77 0.009 6.69 0.195 1.68

β2 φ 0.455 ± 0.005 0.478 ± 0.006 0.453 ± 0.008 0.010 6.50 0.479 0.50 0.008 6.92
∆C 0.764 ± 0.008 0.729 ± 0.009 0.766 ± 0.012 0.011 6.45 0.521 0.41 0.009 6.63
∆L 0.067 ± 0.003 0.071 ± 0.003 0.069 ± 0.005 0.369 0.80 0.903 0.01 0.503 0.45

γ1 φ 0.499 ± 0.006 0.505 ± 0.006 0.509 ± 0.009 0.875 0.02 0.546 0.36 0.596 0.28
∆C 0.686 ± 0.010 0.672 ± 0.011 0.671 ± 0.014 0.680 0.17 0.534 0.39 0.746 0.10
∆L 0.116 ± 0.005 0.128 ± 0.006 0.121 ± 0.006 0.593 0.28 0.315 1.01 0.626 0.24

γ2 φ 0.504 ± 0.008 0.502 ± 0.008 0.502 ± 0.012 0.905 0.01 0.769 0.09 0.727 0.12
∆C 0.433 ± 0.016 0.521 ± 0.016 0.305 ± 0.020 0.0001 13.97 9.4 × 10−6 19.63 9.1 × 10−14 55.54
∆L 0.400 ± 0.016 0.318 ± 0.013 0.534 ± 0.022 3.6 × 10−6 21.49 4.0 × 10−7 25.69 1.6 × 10−18 77.11

For the high contrast, the preD had a higher φ/∆L and a lower ∆C in θ and γ1
(p < 0.013, χ2 > 6.11), and a higher ∆L in α (p = 0.011, χ2 = 6.32; Table 3) than the Con group.
However, for the preD, significantly lower φ/∆L and higher ∆C in γ2 than the other groups
(p < 0.009, χ2 > 6.78) were found, as well as a higher ∆L/lower ∆C in θ than the postD
(p < 0.014, χ2 > 5.94; Table 3).

Table 3. Comparisons of the global metrics of the Con, preD, and postD brain networks for high-
contrast LSF illusion in frequency bands (F).

Con PreD PostD Con/PreD Con/PostD Pre-/PostD
F Metric Mean ± s.e. Mean ± s.e. Mean ± s.e. p χ2 p χ2 P χ2

∆ φ 0.620 ± 0.010 0.630 ± 0.009 0.656 ± 0.016 0.521 0.41 0.095 2.77 0.185 .75
∆C 0.427 ± 0.021 0.409 ± 0.017 0.331 ± 0.037 0.428 0.63 0.041 4.15 0.071 3.25
∆L 0.249 ± 0.010 0.261 ± 0.010 0.281 ± 0.023 0.695 0.15 0.261 1.26 0.436 0.61

θ φ 0.506 ± 0.006 0.558 ± 0.007 0.528 ± 0.013 1.7 × 10−6 22.91 0.265 1.24 0.023 5.11
∆C 0.670 ± 0.011 0.570 ± 0.013 0.634 ± 0.022 1.1 × 10−7 28.28 0.338 0.92 0.004 7.95
∆L 0.146 ± 0.006 0.177 ± 0.008 0.141 ± 0.009 0.009 6.72 0.494 0.47 0.014 5.94

α φ 0.511 ± 0.006 0.532± 0.007 0.513 ± 0.009 0.032 4.56 0.798 0.06 0.173 1.86
∆C 0.672 ± 0.010 0.637 ± 0.011 0.665 ± 0.016 0.030 4.69 0.767 0.09 0.173 1.85
∆L 0.115 ± 0.005 0.127 ± 0.004 0.121 ± 0.007 0.011 6.32 0.416 0.66 0.222 1.48

β1 φ 0.472 ± 0.006 0.482 ± 0.005 0.477 ± 0.009 0.140 2.17 0.586 0.29 0.588 0.29
∆C 0.737 ± 0.009 0.719 ± 0.009 0.726 ± 0.014 0.143 2.15 0.562 0.34 0.605 0.26
∆L 0.079 ± 0.003 0.083 ± 0.004 0.084 ± 0.006 0.622 0.24 0.896 0.02 0.813 0.06

β2 φ 0.461 ± 0.006 0.481 ± 0.006 0.480 ± 0.009 0.033 4.51 0.198 1.65 0.653 0.21
∆C 0.754 ± 0.008 0.725 ± 0.009 0.723 ± 0.015 0.035 4.41 0.198 1.66 0.698 0.15
∆L 0.069 ± 0.003 0.072 ± 0.003 0.077 ± 0.005 0.349 0.87 0.267 1.23 0.634 0.22

γ1 φ 0.491 ± 0.006 0.518 ± 0.007 0.524 ± 0.009 0.002 9.12 0.0009 10.87 0.357 0.84
∆C 0.701 ± 0.010 0.654 ± 0.011 0.651 ± 0.014 0.001 10.15 0.001 10.41 0.489 0.47
∆L 0.106 ± 0.004 0.124 ± 0.005 0.118 ± 0.006 0.013 6.11 0.042 4.13 0.918 0.01



Symmetry 2022, 14, 369 13 of 37

Table 3. Cont.

Con PreD PostD Con/PreD Con/PostD Pre-/PostD
F Metric Mean ± s.e. Mean ± s.e. Mean ± s.e. p χ2 p χ2 P χ2

γ2 φ 0.517 ± 0.008 0.474 ± 0.008 0.511 ± 0.012 3.2 × 10−5 17.29 0.759 0.09 0.009 6.78
∆C 0.375 ± 0.015 0.555 ± 0.015 0.353 ± 0.021 4.7 × 10−15 61.38 0.519 0.41 1.5 × 10−13 54.52
∆L 0.432 ± 0.015 0.326 ± 0.014 0.486 ± 0.021 1.5 × 10−8 32.03 0.035 4.41 7.9 × 10−12 46.76

Compared to the Con, the postD had a statistically higher ∆L/lower ∆C in γ2,
and a lower ∆L in the β1 network at a low contrast (∆C: p = 9.4 × 10−6, χ2 = 19.63;
∆L: p = 4.0 × 10−7, χ2 = 25.69; Table 2), while, for the high contrast, a statistically higher φ
and a lower ∆C were found in the γ1-frequency network (p < 0.001, χ2 > 10.41; Table 3).

3.2.2. Local SWP Measures at Low-Contrast LSF Illusion

For the discrimination of the low-contrast LSF illusion, the hubs (Str) in the δ-frequency
network of the Con were in the right hemisphere in the ATG (FT10), PRECG (C2), IPL (CP4),
and MTG (TP8), and in the left MOG (PO7), while the preD group had hubs in the right
hemisphere in the SFC (AF4), MTG (TP8), and MOG (PO8), as well in the left hemisphere
in the PRECG (C1), PSTCG (C5), and MFG (Fz) (Figure 2A). The Con vs. the preD had
significantly different hub distributions, which were based on the strengths of the nodes,
with more hubs in the right hemisphere of the Con, and in the left hemisphere of the preD
(p = 0.021, χ2 = 5.29). The postD also had more hubs in the right hemisphere in the SFC
(AF4), IFG (F8, FC6), IPL (CP4), and STG (T8), and in both hemispheres in the MFG (FC3-4),
PSTCG (C3-4), and in the left ITG (P7). There were no significant differences between the
hub distributions of the Con and the postD (p = 0.640, χ2 = 0.21), nor between the preD and
the postD (p = 0.052, χ2 = 3.75; Table A1).
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Figure 2. Functional connectivities during low-contrast LSF illusion: (A) hubs (Str) in δ network
of Con: in right ATG (FT10), PRECG (C2), IPL (CP4), MTG (TP8), left MOG (PO7); and of preD: in
right SFC (AF4), MTG (TP8), MOG (PO8), and left PRECG (C1), PSTCG (C5), and MFG (Fz); and of
postD: in right SFC (AF4), IFG (F8, FC6), IPL (CP4), STG (T8), in both MFG (FC3-4) and PSTCG (C3-4),
in the left ITG (P7); (B) the α network of Con with hubs (Str) in the MFG (Fz), PRECG (Cz), SPL (CP1,
Pz), IPL (CP3-4, P4); of the preD with hubs in: both SFC (AF4), MFG (Fz, FC3), PRECG (C2), PSTCG
(C3), SPL (CP1-2); and of the postD with hubs in: the MFG (Fz), PSTCG (C3, C5), SPL (Pz), and
IPL (P4); (C) main hubs (Str) in β1 network of Con: in right MFG (Fz, F4, FC4), IFG (FC6), PRECG
(Cz), PSTCG (C4), SPL (CP2), IPL (CP4); in preD: in left SFC (AF3), MFG (F3, FC3), IFG (FC5, F7),
PSTCG (C3, C5); and in postD: at the MFG (Fz), PSTCG (C6), SPL (CP1-2), IPL (CP4), and SOG (PO4);
(D) hubs (Str) in γ1 networks of Con: at the MFG (Fz), SPL (CP2), IPL (CP4, P4), MTG (TP8); of preD:
in both MFG (FC3-4), PSTCG (C4, C5-6), and IPL (CP3); and of postD: in right SFC (AF4), MFG (Fz,
F4, FC4), IFG (FC6), PRECG (C2), and PSTCG (C4, C6); (E) hubs (BC), in γ1 networks of Con: in right
ATG (FT10), PSTCG (C4), STG (T7-8), MTG (TP8), SPL (CP2), and IPL (P4); of preD: in left (MFG
(FC3), ATG (FT10), PSTCG (C3, C5), and STG (T7); in postD: in IFG (FC6), PRECG (C2), STG (T7),
and SPL (CP2); (F) γ2 network of Con (Str) with hubs in: the MFG (FC3), ATG (FT9), PRECG (C1-2),
and SPL (CP2); in preD: in the left MFG (F3, FC3), ATG (FT9), PSTCG (C3, C5), both PRECG (Cz,
C1-2); and in postD: right PRECG (C2), SPL (CP2), IPL (CP4, P4), SOG (PO4), and both MFG (FC3-4);
(G) hubs in γ2 network (BC) of Con: in both ATG (FT9-10), PRECG (C1-2), PSTCG (C5), SOG (PO4),
and MOG (PO7); of preD: in left ATG (FT9), PRECG (Cz), and PSTCG (C3, C5); and of the postD: in
the right PRECG (C2) and SOG (PO4).
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The α network of the Cons had more hubs (Str) at the midline of the brain in the MFG
(Fz), PRECG (Cz), SPL (CP1, Pz), and IPL (CP3-4, P4), as did the postD in the MFG (Fz),
PSTCG (C3, C5), SPL (Pz), and IPL (P4), as did the preD group in both hemispheres in
the SFC (AF4), MFG (Fz, FC3), PRECG (C2), PSTCG (C3), and SPL (CP1-2) (Figure 2B).
Therefore, the hub distributions between the controls and the preD were significantly
different (p = 0.023, χ2 = 5.16). There were no significant differences between the hub
distributions of the Con and the postD (p = 0.085, χ2 = 2.96), nor between the preD and the
postD (p = 0.938, χ2 = 0.01).

The main hubs (Str) in the β1-frequency network of the controls were in the right
sides of the MFG (Fz, F4, FC4), IFG (FC6), PRECG (Cz), PSTCG (C4), SPL (CP2), and IPL
(CP4), as well as in the postD in the MFG (Fz), PSTCG (C6), SPL (CP1-2), IPL (CP4), and
SOG (PO4). The main hubs (Str) in the β1 network of the preD were in the left SFC (AF3),
MFG (F3, FC3), IFG (FC5, F7), and PSTCG (C3, C5) (Figure 2C). However, the hubs were
distributed in both hemispheres of the brains of the controls and the pretraining dyslexics
(p = 0.661, χ2 = 0.19). Moreover, no significantly different distributions were found between
the controls and the postD (p = 0.517, χ2 = 0.42). The hub distributions were significantly
different between the preD and the postD (p = 0.0005, χ2 = 12.06).

The hub distributions (Str) in the γ1 networks were in the right MFG (Fz), SPL (CP2),
IPL (CP4, P4), and MTG (TP8) for the Con, and in the right SFC (AF4), MFG (Fz, F4,
FC4), IFG (FC6), PRECG (C2), and PSTCG (C4, C6) for the postD (Figure 2D). The preD
group had main hubs in both hemispheres in the MFG (FC3-4), PSTCG (C4, C5-6), and IPL
(CP3). The distributions of the hubs between the Con and preD were significantly different
(p = 6.82 × 10−6, χ2 = 20.24), as were the distributions between the preD and postD groups
(p = 0.0002, χ2 = 13.48). There were no significant differences between the hub distributions
of the Con and the postD (p = 0.991, χ2 = 0.0001).

The hubs (defined by the BC) in the γ1 networks of the Con and the postD were on the
right side with the main hubs in the ATG (FT10), PSTCG (C4), STG (T7-8), MTG (TP8), SPL
(CP2), and IPL (P4) for the normally reading children, and in the right (FC6), PRECG (C2),
and SPL (CP2), and the left STG (T7) for the postD children (Figure 2E), with insignificantly
different hub distributions (p = 0.801, χ2 = 0.06). These groups had significantly different
hub distributions (Con vs. preD: p = 0.001, χ2 =10.14; postD vs. preD: p = 0.003, χ2 = 8.70)
compared to the preD group, of which the main hubs were in the left hemispheric MFG
(FC3), PSTCG (C3, C5), STG (T7), and the right ATG (FT10).

The γ2 network of the Con (Str) had hubs distributed in both hemispheres at the left
MFG (FC3), ATG (FT9), both PRECG (C1-2), and the right SPL (CP2). More hubs for the
preD were distributed in the left-side MFG (F3, FC3), ATG (FT9), and PSTCG (C3, C5),
and in the bihemispheric PRECG (Cz, C1-2). The postD had right-side hub distributions
with the main hubs in the left-hemispheric PRECG (C2), SPL (CP2), IPL (CP4, P4), and
SOG (PO4), and the bihemispheric MFG (FC3-4) (Figure 2F). Therefore, all of the hub
distributions were significantly different (Con vs. preD: p = 1.97 × 10−13, χ2 = 54.02; Con vs.
postD: p = 0.012, χ2 = 6.22; preD vs. postD: p = 1.04 × 10−15, χ2 = 64.35; Table A1). Moreover,
the hub distributions in the γ2 network (BC) between all the groups were significantly
different (Con vs. preD: p = 8.75 × 10−6, χ2 =19.76; Con vs. postD: p = 0.004, χ2 = 8.17; preD
vs. postD: p = 1.35 × 10−10, χ2 = 41.22). For the Con, the hubs were distributed again in
both hemispheres, with the main hubs in the ATG (FT9-10), PRECG (C1-2), PSTCG (C5),
SOG (PO4), and MOG (PO7); for the preD, the hubs were distributed in the left hemisphere,
with the main hubs in the ATG (FT9), PRECG (Cz), and PSTCG (C3, C5); and for the postD,
the hubs were distributed in the right hemisphere, but with only two main hubs at the
PRECG (C2) and the SOG (PO4) (Figure 2G).

3.2.3. Local SWP Measures at High-Contrast LSF Illusion

For the discrimination of the high-contrast LSF illusion, the main hubs (Str) in the
θ-frequency network of the Con were found in the right-side SFC (AF4) and PSTCG (C4),
and in the left-side IPL (P3), MTG (TP7), and MOG (PO7), while the main hubs of the preD
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were located only in the left side of the brain in the MFG (Fz, FC3), PRECG (Cz), PSTCG
(C3, C5), and a part of the cuneus (Oz) (Figure 3A). The postD also had main hubs in the
bihemispheric MFG (F3-4) and IFG (FC5, F8), and the left-side PSTCG (C5), STG (T7), MTG
(TP7), and SPL (Pz, CP1). The hub distributions were significantly different between the
Con and the preD (p = 1.69 × 10−5, χ2 = 18.51; Table A2), but not between the Con and the
postD (p = 0.066, χ2 = 3.36), and they were significantly different between the dyslexics
before and after training (p = 0.185, χ2 = 1.75).
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MTG (TP8), SOG (PO4), and ITG (P8); (D) Con’s hubs in the β2-network (BC): in right SFC (AF4),
ATG (FT10), SPL (CP2), SOG (PO4), and left IFG (F7) and STG (T7); preD’s hubs: in left MFG (Fz),
ATG (FT9-10), PSTCG (C3, C5), and STG (T7); postD’s hubs: in right PRECG (C2), PSTCG (C4, C6),
STG (T8), MTG (TP8), SOG (PO4), and ITG (P8); (E) main Con’s hubs in γ1 networks (Str): in right
MFG (F4, FC4), IFG (FC6), PSTCG (C4, C6), SPL (CP2), IPL (CP4, P4), and MTG (TP8); preD’s hubs:
in left SFC (AF3), MFG (F3), IFG (FC5), PSTCG (C5-6), and IPL (CP4); postD’s hubs: in right MFG
(FC4), PSTCG (C4), SPL (CP2), IPL (CP4), STG (T7), and MTG (TP8); (F) Con’s hubs in γ1 networks
(BC): right MFG (F4), IFG (FC6), ATG (FT10), PSTCG (C6), and SPL (CP2); preD’s hubs: in left SFC
(AF3), IFG (F7), MFG (FC3), PSTCG (C3, C5), ATG (FT9-10), and PRECG (C2); postD’s hubs: in right
MFG (FC4), ATG (FT10), PSTCG (C4), STG (T7), MTG (TP8), and SOG (PO4); (G) Con’s hubs in γ2
network (Str): in left MFG (FC3), ATG (FT9), PRECG (Cz, C1-2), PSTCG (C3), and SOG (PO4); preD’s
hubs: in left MFG (FC3), IFG (FC5), ATG (FT9), PRECG (Cz, C1-2), and PSTCG (C3); postD’s hubs: in
right MFG (Fz, FC4), PRECG (Cz, C1-2), PSTCG (C4), SPL (CP2), and SOG (PO4); (H) main Con’s
hubs in γ2 network (BC): in right ATG (FT9-10), PRECG (C2), PSTCG (C3-4), SPL (CP2), and SOG
(PO4); preD’s hubs: in left ATG (FT9), PSTCG (C3), MOG (O1), both PRECG (Cz, C2), and right STG
(T8); postD’s hubs: in the left ATG (FT9), and right PRECG (C2), PSTCG (C4), STG (T8), SPL (CP2),
SOG (PO4), and MOG (PO8).

The main hubs in the β1 network (Str) for the Con were in the right PSTCG (C6), IPL
(CP4, P4), and MFG (Fz), and in the bihemispheric SPL (CP1-2) (Figure 3B). The main hubs
for the preD were in the bihemispheric SPL (CP1, Pz), the left IPL (CP3), and the right
SOG (PO4), while the postD had more hubs in the right hemisphere, with the main hubs in
the MFG (Fz), PRECG (C2), PSTCG (C4), SPL (CP2), MTG (TP8), IPL (P4), and SOG (PO4)
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because their hub distributions were significantly different compared to the Con (p = 0.005,
χ2 = 7.61) and the preD (p = 0.0002, χ2 = 13.29). The Con vs. the preD had insignificant
different distributions (p = 0.283, χ2 = 1.14).

In the β2 network (Str), the main hubs for the Con were found in the left-side MFG
(FC3, F3), and in the right-side PSTCG (C4), SPL (CP2), and IPL (CP4, P4), and for the preD,
the main hubs were found in both hemispheres in the MFG (Fz, F3, FC3-4), IFG (FC5-6), and
PSTCG (C3, C5-6), while the main hubs for the postD were only in the right hemisphere at
the IFG (FC6), PRECG (C2), PSTCG (C4, C6), SPL (CP2), IPL (CP4, P4), MTG (TP8), SOG
(PO4), and ITG (P8) (Figure 3C). The hubs of the Con vs. the preD were insignificantly
differently distributed in both hemispheres (p = 0.101, χ2 = 2.67). However, the distributions
of the Con hubs and the postD hubs were significantly different (p = 7.1 × 10−6, χ2 = 20.16),
as was the case between both the dyslexic groups (p = 1.83 × 10−9, χ2 = 36.14) because
there were more hubs in the right hemispheres of the postD.

The hub distributions of the Con vs. the preD in the β2 network (BC) were signifi-
cantly different (p = 0.001, χ2 = 9.72), as were the distributions of the preD vs. the postD
(p = 1.29 × 10−6, χ2 = 23.43), while there were no significant differences between the distri-
butions of the Con and the postD (p = 0.027, χ2 = 4.88) because of the more distributed hubs
in the left postD hemispheres and in the right preD hemispheres. The main hubs for the
Con were more on the right side in the SFC (AF4), ATG (FT10), SPL (CP2), and SOG (PO4),
and there were only a few on the left side in the IFG (F7) and STG (T7) (Figure 3D). The
preD had more main hubs in the left-side MFG (Fz), ATG (FT9-10), PSTCG (C3, C5), and
STG (T7), while, after training, the postD hubs were only on the right sides in the PRECG
(C2), PSTCG (C4, C6), STG (T8), MTG (TP8), SOG (PO4), and ITG (P8).

The γ1-network hub distributions, based on both the Str and the BC of the nodes, were
significantly different between all the group pairs (Con vs. preD, Str: p = 0.009, χ2 = 6.67;
BC: p = 0.013, χ2 = 6.07; preD vs. postD, Str: p = 5.92 × 10−6, χ2 = 20.51; BC: p = 6.21 × 10−6,
χ2 = 20.42; Con vs. postD, Str: p = 0.012, χ2 = 6.26; BC: p = 0.009, χ2 = 6.65) because of the
right-side distributions for the Con and the postD, as well as the left-side distributions of
the preD. The Con’s main hubs were found in the right MFG (F4, FC4), IFG (FC6), PSTCG
(C4, C6), SPL (CP2), IPL (CP4, P4), and MTG (TP8), on the basis of the Str of the nodes
(Figure 3E), and in the MFG (F4), IFG (FC6), ATG (FT10), PSTCG (C6), and SPL (CP2), on
the basis of the BC of the nodes (Figure 3F). More main hubs for the preD were in the left
hemisphere, on the basis of the Str, in the SFC (AF3), MFG (F3), IFG (FC5), PSTCG (C5-6),
and IPL (CP4), and on the basis of the BC, in the SFC (AF3), IFG (F7), MFG (FC3), PSTCG
(C3, C5), ATG (FT9-10), and PRECG (C2), while for the postD, more main hubs were found
in the right hemisphere, on the basis of the Str, in the MFG (FC4), PSTCG (C4), SPL (CP2),
IPL (CP4), STG (T7), and MTG (TP8), and on the basis of the BC in the MFG (FC4), ATG
(FT10), PSTCG (C4), STG (T7), MTG (TP8), and SOG (PO4).

The same hub distributions were found in the γ2 networks (Str, BC). They were also
significantly different between the groups (Con vs. preD, Str: p = 1.7 × 10−17, χ2 = 27.29;
BC: p = 0.003, χ2 = 8.69; preD vs. postD, Str: p = 8.6 × 10−13, χ2 = 51.14; BC: p = 4.5 × 10−7,
χ2 = 25.48; Con vs. postD, Str: p = 0.001, χ2 = 10.65; BC: p = 0.009, χ2 = 6.78; Table A2)
because of the right-side hub distributions in the postD, and the left-side hub distributions
in the preD. The hubs with maximal Str for the Con were in the left-side MFG (FC3), ATG
(FT9), PRECG (Cz, C1-2), PSTCG (C3), and SOG (PO4) (Figure 3G), and the hubs with the
best BC were in the right-side ATG (FT9-10), PRECG (C2), PSTCG (C3-4), SPL (CP2), and
SOG (PO4), (Figure 3H). The main hubs in the preD were located more in the left side of
the brain at the MFG (FC3), IFG (FC5), ATG (FT9), PRECG (Cz, C1-2), and PSTCG (C3), on
the basis of the node Str, and in the left-side ATG (FT9), PSTCG (C3), and MOG (O1), the
bihemispheric PRECG (Cz, C2), and the right-side STG (T8), on the basis of the node BC.
The postD had main Str hubs distributed in the right hemisphere in the MFG (Fz, FC4),
PRECG (Cz, C1-2), PSTCG (C4), SPL (CP2), and SOG (PO4), and BC hubs in the ATG (FT9),
PRECG (C2), PSTCG (C4), STG (T8), SPL (CP2), SOG (PO4), and MOG (PO8).
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3.3. z-NF Training with LSF Illusion

The dyslexic and control statistical differences of all the absolute qEEG z-NF α/θ
scores were significant (Con vs. preD: 2.27 ± 0.04; 1.98 ± 0.03; p < 7.2 × 10−6, χ2 < 20.1;
Table 4), as was the case for the left-side qEEG z-NF scores (Con vs. preD: 1.99 ± 0.04,
1.89 ± 0.03, p < 0.0357, χ2 < 4.41). For all the outcome measures, the average preD scores
were at the threshold in the first six qEEG z-NF sessions, and they changed after the
combined four-month VT and six other qEEG z-NF sessions. The 12 qEEG z-NF sessions
and the VT improved the attention (increased success), the executive functions (shorter
response time), the frequency oscillation functions in a specific range (better frequency
scores), and the behavior (reading) [55]. Tables 4 and A2, summarizes the scores of all the
groups. Figure 4 (Figures A1 and A2) presents the estimated preD and postD qEEG z-NF
α/θ scores.

Table 4. Comparison of the α/θ scores for contrast discrimination of LSF illusion (p < 0.05).

z-NF α/θ Scores Con PreD PostD Con/PreD Con/PostD Pre-/PostD

Mean ± s.e. Mean ± s.e. Mean ± s.e. p χ2 p χ2 p χ2

Low-contrast
All sensors 2.27 ± 0.04 1.98 ± 0.03 2.52 ± 0.05 7.2 × 10−6 20.1 7.8 × 10−4 11.3 1.3 × 10−12 50.3

Midline sensors 2.10 ± 0.04 1.95 ± 0.03 2.28 ± 0.05 0.705 0.14 1.6 × 10−22 95.4 1.5 × 10−12 50.1
Left-side sensors 1.99 ± 0.04 1.89 ± 0.03 2.64 ± 0.08 0.0357 4.41 3.4 × 10−7 25.96 1.5 × 10−12 50.1

Right-side sensors 2.33 ± 0.05 2.22 ± 0.04 2.49 ± 0.05 0.187 1.74 1.5 × 10−5 18.73 0.0018 9.7
Left/right-side p 1.2 × 10−12 2.3 × 10−6 0.192

χ2 50.5 31.2 1.7

High-contrast
All sensors 2.30 ± 0.05 2.11 ± 0.05 2.44 ± 0.06 2.2 × 10−6 22.4 0.003 8.86 1.1 × 10−4 14.9

Midline sensors 2.13 ± 0.05 1.82 ± 0.03 2.34 ± 0.05 1.3 × 10−5 18.9 0.017 5.66 1.1 × 10−11 46.2
Left-side sensors 2.02 ± 0.04 1.63 ± 0.03 2.51 ± 0.06 9.3 × 10−20 82.8 3.9 × 10−8 30.2 4.1 × 10−43 189.5

Right-side sensors 2.35 ± 0.04 2.30 ± 0.04 2.40 ± 0.05 0.18 1.89 0.15 2.1 0.94 0.01
Left/right p 9.7 × 10−10 1.3 × 10−61 0.131

χ2 37.39 274.3 2.29

Significantly lower qEEG z-NF α/θ scores were found for the left hemispheres of the
preD than for the Con and the postD (Table 4). While the Con and preD groups showed
right-dominant qEEG z-NF scores (p < 2.3 × 10−6, χ2 > 31.2), both hemispheres of the postD
group were involved in the qEEG z-NF during the low-/high-contrast discrimination of
the 2fd (p > 0.131, χ2 < 2.29; Table 4). The preD had significantly low qEEG z-NF scores of
all the sensors vs. the Con (p < 0.032, χ2 < 4.6, except for O1-2 for low contrast, and Oz-O1
for high-contrast) and the postD (p < 0.008, χ2 < 7.02; except for FT9-10, O1 for low contrast,
and TP8-O2 for high contrast; Table A3; Figure A1). The z-NF scores of the postD increased
significantly after the combined qEEG z-NF and VT.

The higher z-NF scores were recorded in the MOG (PO8), the MTG (TP8), and the
part of the cuneus (Oz) of the Con, the ATG (FT10), of the preD, and in the SPL (Pz), MOG
(PO7), and ATG (FT10) of the postD during the low-contrast condition (Figure 4; Table A3).
While for the high contrast, the Con showed higher qEEG z-NF scores in the PRECG (Cz),
MTG (TP8), and MOG (O1-O2), the preD showed higher scores in the right MOG (PO8)
and the left MOG (O1), and the postD had higher scores in the PRECG (Cz), SPL (Pz), and
the left MOG (PO7) (Figure 4; Table A3). The postD (higher performers) showed higher
qEEG z-NF scores in both contrasts of the grating in the SPL (Pz), and the MOG (PO7).

The most frequently involved areas in the left-hemispheric qEEG z-NF training were
the ATG (FT9) and the MTG (TP7) for the Con and the preD for both contrast conditions,
while, in the right-hemispheric z-NF training, the most frequently involved areas were
the MTG (TP8) and the ATG (FT10) (Figures A2 and A3). The MOG (PO7-O8, O1-O2) of
the preD and the Con (Fz) were involved during both hemispheric qEEG z-NF training
sessions. The postD showed the most frequent involvement of the TP7-FT9 and the MFG
(Fz) during the left-side z-NF training, and of the TP8-FT10 and the MOG (PO8-O2) during
the right-side qEEG z-NF training, for both contrast conditions.



Symmetry 2022, 14, 369 20 of 37

Symmetry 2022, 14, 369 21 of 39 
 

 

 
Figure 4. Averaged α/θ scores on 12 z-NF locations for the three groups. 

The higher z-NF scores were recorded in the MOG (PO8), the MTG (TP8), and the 
part of the cuneus (Oz) of the Con, the ATG (FT10), of the preD, and in the SPL (Pz), 
MOG (PO7), and ATG (FT10) of the postD during the low-contrast condition (Figure 4; 
Table A3). While for the high contrast, the Con showed higher qEEG z-NF scores in the 
PRECG (Cz), MTG (TP8), and MOG (O1-O2), the preD showed higher scores in the right 
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Compared to the controls, the reduced qEEG z-NF involvement of the preD hubs
(Cz, Oz) showed reduced activation in the primary motor and premotor areas (precentral
gyrus, Cz), and the bilateral cuneus (high-contrast LSF illusion), similar to the reading tasks
in [59]. The increased qEEG z-NF scores (and hubs) were in the right anterior part of the
inferior temporal gyri in the preD, which may reflect more efforts to compensate for the
impairments of motor and visual processing (Figure A1). However, the primary motor and
premotor areas, and the right anterior temporal and right occipitotemporal (TP8) gyri of
the postD were actively included during the NF sessions (Figure A2A,B), which improved
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their α/θ oscillations (Figure 4). Moreover, the precuneus and left middle occipital gyri
(PO7) showed improved α/θ activity (Figures 4 and A1).

The between-group comparisons (postD vs. Con; Table 4, Table A3) were performed to
find the qEEG z-NF contributions, given that the qEEG z-NF also produced some positive
effects in the Con (Oz, TP8—low-contrast; Cz, O1-2—high-contrast). The results that these
sensor’s statistics yielded were as follows: (1) Higher α/θ scores for the qEEG z-NF postD
in the SPL (precuneus, Pz; left MOG, PO7) compared to the Con; (2) Lower α/θ scores
in the right MOG (PO8, O2—high-contrast) for the qEEG z-NF postD vs. the Con; and
(3) Higher α/θ scores in the MFG (Fz—intermediate frontal, including frontal eye fields—
high-contrast) for the qEEG z-NF postD vs. the Con. According to the main hypothesis,
the functional connectivity metrics confirmed the overall compensated α/θ hemispheric
contributions of the middle temporal, lateral occipitotemporal (MST/MT+/V5/V4), and
middle occipital gyri (ventral visual cortices, V3v/V2), the dorsal associative visual V3 area
for the postD, and the reduced NF lateralization (left-side/right-side: p > 0.131, χ2 < 2.29,
Table 4). The intrahemispheric α/θ scores for the TP7-PO7 (both conditions), the middle
frontal, primary motor, and premotor cortices, and the superior parietal gyri (Fz-Cz-Pz,
low-contrast) increased significantly in the postD vs. the other groups (Figure 4).

The qEEG z-NF-VT intervention effects on the dysfunction of the dorsal route (pre-
frontal and premotor cortices, occipitoparietal gyri in α and θ networks) in developmental
dyslexia, which is mainly in the left hemisphere, are more expressed in the high-contrast
discrimination. This suggests the effect of the training on the reading skills achievement.
Because of the anterior, superior, and middle temporal deficits affecting the primary ven-
tral, the occipitotemporal route, the postD had improved ventral brain regions in the
low-contrast LSF illusion, whereas they had improved dorsal (occipitoparietal) routes in
the high-contrast LSF illusion. Figure A1 shows the changes in the interhemispheric α/θ
differences between the pairs (Table A3). In the high-contrast condition, the qEEG z-NF
reduces the α/θ scores for: the frontal regions (Fz); the right medial superior and middle
temporal areas; the lateral occipitotemporal/posterior inferior temporal gyri, adjacent to
the posterior fusiform/lingual gyrus, MST/MT+/V5/V4 (TP8); the middle occipital gyrus;
the ventral visual cortices, V3v/V2 (PO8); and the associative visual V3 (O1-2) areas in
the postD vs. the preD because of its suppression (Table A3) in the local hub θ network
(Figure 3) and the changes in the global characteristics of the functional θ-frequency net-
work of the postD (Table 3). In the low-contrast condition, the z-NF stimulated the increase
in the α/θ values in all locations (Table A3), which induced the left-side hubs in the α-
frequency network of the postD (Figure 2), and it changed the global characteristics of the
functional α-frequency network (Table 2), which becomes more segregated and similar to
that of the Con, compared to the more integrated network in the preD.

4. Discussion

This study explored the qEEG z-NF effects on children with developmental dyslexia by
LSF visual illusion processing, with a protocol of an α/θ in excess of the EEG resting state.

Previous studies on the qEEG z-NF θ/α protocol found a reduction in the θ/α
scores [26,93,94]. Regulated by the training of a fixed range of EEG frequencies for the
defined brain leads, the changes were also observed in other frequency bands and brain re-
gions. Training that comprises the reinforcement could involve more abnormal leads, either
at the EEG surface level or at the source [95]. The comparison of the pretraining with the
post-training of the dyslexic group showed faster response times and significantly different
percentages of the correct responses for the more difficult (low-contrast) condition after
the qEEG z-NF training. The hypotheses were that the qEEG z-NF induced compensatory
mechanisms that normalized the task-related frequency power spectrum by diminishing
the excess of low-frequency δ and θ power, while increasing the higher-frequency α, β, or γ
power activities. The postD group showed specific high-frequency changes in the posterior
areas (decreased α activity and α/θ scores), while showing increased α/θ scores in the
anterior areas (decrease of θ and increased α activity). The postD group had highlighted
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α/θ (α power) increases in the left-hemispheric posterior areas, compared to the Con and
the preD groups. The maintenance of the memory and its binding representations are
an attribute of the γ- and β-frontal activities [96,97], which are also related to movement
preparation [98]. The increased number of hubs in the γ network of the postD group reveals
better memory maintenance because of the qEEG z-NF training, which could also be a
neural substrate of the enhanced working memory retrieval. The β1 network of the postD
group, with a reduced number of hubs, can be more effective, which may be a nonspecific
qEEG z-NF training effect [99] that could be combined with other therapeutic interventions,
such as VT.

Applying only neurofeedback alone in dyslexia (for both slow and fast frequencies)
was useful for reading, as is shown in other studies that also report increases in the read-
ing levels [100]. The qEEG z-NF training of the children with dyslexia showed that the
most common lowest α/θ scores, from the left MOG to the intermediate frontal lobe (low-
contrast), as well as in from the left medial superior and middle temporal areas to the ATG
(high-contrast discrimination), which were found in the preD group during the first NF
sessions, led to the highest α/θ scores from the left MOG through the SPL (precuneus) to
the precentral cortices for the postD in the last sessions (both contrasts). Trained with neuro-
feedback, the reading performances of the children with learning disabilities improved [43].
One of the significant differences between the currently available neurofeedback systems
(Table A4) and our protocol was that the latter combined both the neurofeedback training of
the common visual deficits for developmental dyslexia with VT that was directed towards
more specific visual deficiencies [55,72,78]. This protocol could stimulate the establishment
of new weak connections in the disconnected areas and improve the reading process. The
training design of the specific visual deficits was more convenient for use at school or home,
both of which extended the training periods of the children. The major contribution of the
work is the combined neurofeedback and visual training in a protocol for improving the
reading and cognitive abilities of children with developmental dyslexia.

The selected qEEG z-NF sensors covered the regions showing significant group dif-
ferences in the functional connectivity, including in the precentral, middle and inferior
temporal and middle occipital gyri, and in the precuneus, cuneus, and frontal gyri. A signif-
icant qEEG z-NF-VT effect of the postD group was seen in several brain regions, including
in the precentral gyrus, the superior parietal lobule (precuneus), the left inferior temporal,
and the lateral occipital gyri. In addition, a significant major effect of the task condition
was found for the precuneus and middle occipital gyrus (ventral visual cortices, V3v/V2).
The functional connectivity results reveal a similar and widespread brain activation pat-
tern during the LSF illusion under different contrasts in the control and postD children
(Figures 2 and 3), which was mainly involved the precentral, superior/middle/inferior
frontal, postcentral, superior and middle temporal, and fusiform gyri, and the superior
and inferior parietal lobules in the frequency networks. These regions were consistent
with previous findings of the functional connectivity of the reading task [59]. The dyslexic
children (preD), compared to the controls, had no hubs in the right-side medial frontal
gyri, including in the supplementary motor area (SMA), the postcentral gyrus, the superior
parietal, the inferior parietal lobe (angular/supramarginal gyri/precuneus), the superior oc-
cipital (dorsomedial parieto–occipital visual areas V6 and V6A, dorsal portion of V3A/V7),
the occipitotemporal gyri, the cuneus, and the left middle occipital gyrus. These hubs were
found in the children in the postD. Compared to the controls, the preD group exhibited
weak connectivities between the right SMA and the inferior parietal lobe (no hubs in CP4,
P4, no red links as α network of Con), especially in the low-contrast discrimination. The
dyslexic children (preD) also showed increased activation, or hubs, in comparison to the
controls in the left inferior/middle frontal gyri and bilateral superior medial frontal gyri in
the β1- (Figure 2) and γ1-frequency networks (Figure 3). The DD children also exhibited
reduced activation in the SMA during reading tasks [59], which may be due to a disruption
in the motor sequence memory, a deficit in the automatic dynamic motor sequence, or
insufficient reading practice compared to normal children. A significant effect of the group
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was found in several brain regions, including in the superior parietal lobule (precuneus),
and in the left inferior temporal and lateral occipital gyri. These regions were consistent
with previous findings of the hub presentation of the reading task [59]. The reading task
yielded significant brain activation mainly in the left prefrontal, inferior temporal, right
middle occipital, and occipitotemporal (fusiform) gyri. More widespread activation was
observed for the controls and the postD than for the preD in the prefrontal and parietal
cortices in both hemispheres during the reading task, as well as in the medial/superior
temporal cortex and the right dorsomedial parieto-occipital visual areas during the contrast
discrimination of the LSF illusion task.

The findings suggest a deficit, which is associated with the functional abnormalities of
the multiple brain regions implicated in visual processing and cognitive and motor control.
The preD exhibited reduced activation in the multiple brain regions supporting sensory-
motor processing (such as the SMA and the postcentral gyrus) and visual processing
(such as the bilateral precuneus) during the discrimination tasks. The SMA and the right
inferior parietal lobe (including angular/supramarginal gyri/precuneus) also showed
reduced activation during the reading tasks in DD children [59]. Increased activation of
the IFG and ATC in the preD during the contrast discrimination of the LSF illusion and
the reading may reflect the efforts of the executive control because of the low level of task
automatization. The DD children had reduced activation in the right postcentral gyrus,
which extended posteriorly into the SPL. Dysfunction of the postcentral gyrus can reduce
reading speeds, probably because of the insufficient sensory feedback during reading. The
preD had reduced activation, compared to the controls, in the right dorsomedial parieto–
occipital regions (visual V6 and V6A, dorsal part of visual V2A/V7 areas), and in the
bilateral preparietal and superior parietal (BA 5/7), and in the MOG (BA19/18). Reduced
activation in the precuneus in dyslexics may reflect less efficient visual-spatial processing.
Hyperactivity (more hubs, high-contrast condition) was observed in the left IFG in the
preD compared to the controls and the postD. The increased activation of the left IFG in
dyslexic children has been previously reported during reading [101,102], which supports
the fine articulatory processing, and compensates for the problematic phonological analysis
in the posterior part of the reading network [103]. There were no hubs in the dorsolateral
prefrontal cortex (DLPFC) for the control group (low-contrast condition) and the postD
(high-contrast) because of the control of the pursuit eye movements by the posterior areas,
which are not only closed to the angular gyrus at the temporal–parietal–occipital junction,
but also by the frontal eye fields. The greater connectivity strengths at the DLPFCs in
the preD were associated with the ineffective control of the DLPFC to inhibit improperly
directed saccades to stimuli during the low-contrast LSF visual illusion, which is similar to
the high-speed discrimination task [60]. This information may help to improve the training
strategies for dyslexia.

During the stimulus processing, decreased qEEG z-NF α/θ scores (low α) in the occip-
ital areas for the controls (low-contrast) and the postD (high-contrast) reflects the effective
processing of the attending stimuli. The task-related occipital α-power is associated with
selective attention during stimulus processing [34]. A low α-frequency power during
the prestimulus period is beneficial for sensory perception [104]. The decreased qEEG
z-NF α/θ scores (high θ-band activity) observed for the stimulus processing engages the
resources of the frontoparietal cortical network. The increase in the task-related θ-band
activity [105] of the frontal cortex shows that the task’s accomplishment required additional
cognitive resources for the preD (low contrast). Low qEEG z-NF α/θ scores (high θ power)
were observed for the preD in the left middle occipital (BA19/18—ventral visual cortices
V3v/V2) and left middle temporal areas (BA21/37/22—MT+/V5/MST). The neuronal
activity in the medial superior temporal (MST) area in both hemispheres, which is consid-
ered part of the parietal stream, subserves the language processing for children [106], and
its right side subserves the storage of visuospatial information [106]. The less qEEG z-NF
α/θ lateralization in the MST in the post-training children with developmental dyslexia
(Table 4) may represent a compensatory mechanism [106]. The qEEG z-NF α/θ scores were
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higher (high α-band power) in the right hemispheres during the stimulus period for the
preD. At the same time, the qEEG z-NF α/θ scores increased over the majority of the EEG
sensors in both hemispheres for the postD. The α-activity is relevant to attention in general
and is not restricted to visual stimuli processing [107,108], where attention modulates the
prestimulus α-band power and affects the stimulus-processing accuracy. The low qEEG
z-NF α/θ scores bilaterally in the frontal-central, parietal, and temporal regions in the
preD, which are based on the increased θ-band activity, can serve as markers of mental
fatigue and performance decrement [39]. Moreover, the weak lateralization of the language
processing could reflect aberrations not only in the language organization, but also in the
global brain organization, which is related to cognitive skills in both the verbal and spatial
components [109].

Greater local attention, which is characterized by the ability to focus attention on the
local elements in the LSF illusion during the stimulus processing [110], are correlated with
the left-lateralized qEEG z-NF scores (α-band power; [111]) in the postD. The high qEEG
z-NF scores (high α-band activity) in the right hemispheres of the preD, but less in the
control and postD groups, show worse global attentional bias during the experiment.

The neuronal (qEEG z-NF and VT) adaptation affects the functional connectivity in the
other frequency networks. The hubs of the β-frequency network in the right hemisphere
can be related to the increasing attention, as the attentional network is, overall, lateralized
to the right hemisphere [112]. Some components of the attention (e.g., the alerting and
disengaging functions) are bilateral, while others (e.g., the orienting and executive func-
tions) are biased towards the right hemisphere [113]. The executive functions subserve
the interplay between the alerting and orienting functions to maintain a state of readiness
and to focus attention on the relevant features of the stimulus [114]. The better orienting
and executive components of attention can be essential for better behavioral performance,
which can improve because of the better selection of the stimulus features [39].

The fast magnocellular pathways transfer the low-spatial-frequency (LSF) information
of the visual stimulus, which provides its coarse information, e.g., the global structure of
the flicking sinusoidal grating, as the right hemisphere preferentially processes the LSF
information, and the left hemisphere preferentially processes the high-spatial-frequency
(HSF) information [114–116]. The coarse perceptual information of the LSF illusion trans-
fers rapidly from the occipital cortex through the dorsal cortical stream (parietal and frontal
cortices) before the propagation along the ventral cortical stream (inferotemporal cortex),
which mediates its recognition [117]. The right IPL near to the temporoparietal junction
for the Con and the postD (α, β1, low-contrast; β2, γ1-networks, high-contrast) process
the global information, while the left IPL in the preD transfers the local processing of the
stimulus through the γ1 (low-contrast) and β1-frequency (high contrast) networks. An
attentional cortical mechanism, which is located in the temporoparietal junction, manages
the attentional selection at the global or local levels of the information, depending on
the conditions of the visual task [118]. Higher activation in the right lingual gyrus was
found during the identification of the global form, and in the left inferior occipital gyrus
during the identification of the local elements [119,120]. A lower level of visual processing
(e.g., identification of the global form) in the right medial superior and middle temporal
and lateral occipitotemporal areas (adjacent to the posterior fusiform/lingual gyri) was
found in the postD (δ, low; β, γ, high-contrast), the controls (δ, low; γ1, both conditions),
and the preD (δ, low; γ2, high-contrast). The left-hemispheric medial superior and middle
temporal areas in the postD (γ1, low-contrast; δ, γ1, high-contrast), the controls (γ1, low-
contrast; θ, β2, high-contrast), and the preD (γ1, low-contrast; β2, high-contrast) identified
the local elements of the stimulus. More hubs were located in the right temporopari-
etal junction of the frequency networks of the postD and the Con frequency networks
(vs. preD) when attention was directed at a global level, as more hubs were located in
the left temporoparietal junction in the frequency networks of both groups (preD) when
the attention was directed at a local level (e.g., identification of the local elements). The
right ATC was more involved in global processing for the controls (δ, γ1, low-contrast;
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β2, γ, high-contrast), and was more sensitive to familiar versus unfamiliar scenes than
were the postD (γ1, high-contrast) and the preD (γ1, low-contrast; β2, high-contrast). The
hubs that occurred in the right IPL near the temporoparietal junction, could reflect the
attentional control mechanisms during the spatial frequency selection and the allocation
of the attention to the global information. The hubs in the right superior occipital gyri
(dorsomedial parieto–occipital visual areas) in the controls and the postD (γ2, low-contrast;
β2, γ, high-contrast) were involved in the LSF illusion recognition, while, for the preD,
this was only the case for the β1-frequency network (high-contrast). More hubs were
localized in the right superior and middle occipital gyri only in the postD (vs. Con) to
recognize the LSF illusion, and in the left middle occipital gyri of the Con (vs. postD) to
recognize the fine-grain information of the stimulus. These cortical areas may have exerted
attentional influences on the lower-level areas [121,122] in the occipital cortex, as well as
in the precuneus, the motion-sensitive temporal cortex, the IPS, and the frontal eye fields
in the frontal cortex [122]. Directed attention elicited greater activation (more hubs) in
the occipital areas (V1, V2, V3, and V4), which corresponded to the most central target
eccentricity sectors of the visual areas, and in the parietal areas, which corresponded to
their most targeted peripheral eccentricity sectors [120]. The hubs close to the peripheral
cortical representation in the visual areas could be due to the child’s attention being focused
at the global level, while the hubs in the foveal representation of the visual areas could be
due to attention being focused on the local features.

For the coarse processing of the LSF illusion, a right-sided dominance was found only
in the occipitotemporal gyri of the postD (β2, high-contrast), and, for fine-grain information
of the stimulus, only in the left sides of the postD occipitotemporal gyri (δ, low-contrast),
according to the hemispheric specialization of the spatial frequency processing [123]. The
rapid global information of the visual stimulus was predominantly analyzed in the dorsal
cortical stream [117,120,124], and then, back at the low-level areas, it guides the subsequent
processing of the slow fine analysis through the ventral cortical stream. The stimuli, which
contained the LSF information, elicited rapid activation only in the right IFCs (adjacent
to the orbitofrontal cortex) of the postD (δ, low-contrast; θ, high-contrast), as well as
earlier [125] in the projected feedback connections to the recognition-related areas in the
temporal cortex, subsequently guided by the fine-grained analysis of the grating elements.
The z-NF revealed hubs in the middle occipital areas, and the frontal and temporoparietal
areas for the sequences of different contrast LSF illusions. The LSF information in the
grating projects, from the visual areas to the orbitofrontal cortex, for stimulus identification,
has strong and reciprocal links with the temporal cortex, which provides the fast and coarse
recognition of the LSF illusion [125]. The functional connectivity results for the postD
demonstrated that the LSF information of the gratings rapidly activates the right high-order
areas of the dorsal visual stream, which accomplishes the coarse initial analysis of the
visual illusion, and provides the spatial information through the frontal eye fields and
the attentional control through the temporoparietal junction (δ, low-contrast; β2, γ2, high-
contrast). The information through the prefrontal IFC (adjacent to orbitofrontal) and the
temporal areas of the postD (δ, γ1, low-contrast; β2, high-contrast) promote the ongoing
organization of the illusion, before it is delivered to the ITC (δ, low-contrast; β2, high-
contrast), along the ventral visual stream mediated by the recognition of the illusion. The
inferior temporal cortex (ITC) of the ventral stream is involved mainly in the coarse-to-fine
processing [120] of the stimulus, as it is involved in the recognition of the fine elements
of the flicking sinusoidal grating, and is preferentially performed in the right hemisphere,
from the occipital cortex to the ITC. The involvement of both the orbitofrontal and temporal
cortices in the right hemisphere during the recognition of the LSF illusion suggests strong
synchrony and the functional interactions between them. The analysis of the LSF stimuli in
the frontal, temporal, and parietal areas, through top-down connections [119,124] with the
visual areas [119], probably facilitates the selection of the fine features of the illusion, with
both brain hemispheres complementing one another in the processing of the flicking LSF
sinusoidal gratings for the postD. The occipitotemporal cortex, which is sensitive to the
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spatial frequency of the stimulus [114,125], is found only in the postD (β2, high-contrast;
δ, low-contrast).

5. Limitations of the Study

A limitation of the study is the possibility that the children given specialized interven-
tions may improve their functioning solely on the basis of the alternative VT intervention
(Table A4). All children have significant brain changes throughout the developmental pe-
riod [54,126]. The maturation also has some impact on the functional connectivity changes
over 3–4 months (the duration between the pre- and post-EEG measurements in this study).
A general limitation of the design refers to the long periods of time between managing
the pre- and postassessments of the qEEG z-NF, as well as the additional VT that was
incorporated between them (Table A4). However, this study is a comparison with a control
group of typically reading children from the same social environment. In future work,
knowledge about how neurocognitive training stimulates the daily functioning of children
with developmental dyslexia, as well as typically developed children, can facilitate the
needed self-regulation. This may include adjusting the number and length of the sessions,
as well as the thresholds, rewards, and the multisensory transfer exercises (Table A4).

6. Conclusions

The qEEG z-NF was used to modulate the behaviorally relevant functional networks.
The qEEG z-NF manipulates the neural activities in the determinative regions and func-
tional connections, and stimulates the brain self-regulation, which leads to specific behavior
changes. The ability of qEEG z-NF to modulate the neural dynamics on a network level is
more effective for neural regulation than NF with a single brain area. A change in the func-
tional connectivities of the experimental group, from that of dyslexia before the qEEG z-NF
training, to becoming similar to typically reading children after four months of training,
was observed between brain regions that belong to different networks, such as the lateral
parietal cortex (reading network; default mode network; or medial frontoparietal network)
and the primary motor cortex (visual–spatial–motor network). The occurred functional re-
organization of the brain after the qEEG z-NF-VT training is an indicator of neuroplasticity.
The training compensated for the functional connectivity or spatiotemporal patterns of the
activity to optimize the interactions across these networks, and it is a potential training
strategy for dyslexia. The qEEG z-NF and the connectivity analysis showed that learning
self-regulation leads to a gradual reduction in the spatial extent of the hub clusters (greater
“segregation”) in some frequency networks of the brain, and an increase in the separation
of these hub clusters (‘integration”) in others. The qEEG z-NF training may not always
modify the behavior. A combined qEEG z-NF–VT study in dyslexics found a positive
effect of the EEG alpha–theta network on the functional connectivities in all networks. The
qEEG z-NF-VT functional stimulation through specific visual tasks developed the weak
connections between the brain regions involved in reading and learning, and behavioral
training helped to transfer the learned effect to the cognitive improvements. Moreover, the
qEEG z-NF modulated the activity of a spatially distinct brain region (or areas in the ventral
stream) that was not affected by developmental dyslexia in order to induce intracortical
facilitation in the affected areas in the dorsal stream as well-modulated interhemispheric
lateralities. The training protocols could be adapted to individual children on the basis of
the predictions of the neurofeedback performances from the task-related activity, as well as
from the brain functional connectivities and personal traits.
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Appendix A

Table A1. Nonparametric statistical comparisons of graph SWP metrics (significance threshold
p < 0.025; strength: Str: strength; BC: betweenness centrality) of functional brain networks of control
and dyslexic groups during low-contrast of 2fd for the frequencies: δ = 4; θ = 4.5–8; α = 8.5–13;
β1= 13.5–20; β2 = 20.5–30; γ1 = 30.5–48; and γ2 = 52–70 Hz.

Control Pre- Dys Post- Dys Con/Pre- Dys Con/Post- Dys Pre-/Post- Dys
Hubs Hubs Hubs p χ2 p χ2 p χ2

δ Str
FT10 C2 CP4

TP8 PO7
AF4 Fz C1 C5

TP8 PO8

AF4 F8 FC6
FC3-4 C3-4 T8

CP4 P7
0.021 5.29 0.640 0.21 0.052 3.75

BC FT9-10 C2 TP8
T7 PO7 P8

AF3-4 FT9 Fz
C5 T7-T8 TP8

PO4 P8

AF4 F7-8 C3
T8 Oz 0.067 3.33 0.868 0.03 0.227 1.45

θ Str
F3 Fz C1 Cz CP3

CP4 TP8
F3 C2 C4 CP4

P4 O1
FT9 C5 Pz CP1

PO3 PO7 0.973 0.001 0.335 0.92 0.301 1.07

BC F7 Fz Oz
PO3 FT10

FT9-10 Fz Cz C2
Oz O2

AF4 FT9-10 Pz
T7 P4 PO7 0.195 1.67 0.611 0.26 0. 128 2.31

α Str
Fz Cz CP1

CP3-4 Pz P4
AF4 Fz FC3 C2

C3 CP1-2 Fz C3 C5 Pz P4 0.023 5.16 0.085 2.96 0.938 0.01

BC FT9-10 Fz Pz
PO8 T8 P8 Oz

FT9-10 C2 C3
P7 O1

AF3 F7 Fz FT10
CP2 PO8 P8 0.591 0.28 0.611 0.19 0.941 0.01

β1 Str
Fz F4 FC6 FC4
Cz C4 CP2 CP4

AF3 F3 FC3 F7
FC5 C3 C5

Fz C6 CP1-2
CP4 PO4 0.661 0.19 0.517 0.42 0.0005 12.06

BC Fz Cz C5 T7
PO4 P8 O1 F7 C3 P7 Fz C1 C5 T7

PO4 O1 0.994 3.9 × 10−5 0.986 0.0003 0.041 4.18

β2 Str FC6 C4 C5-6 P8 Fz FC4 C3-4
C5-6 CP4

Fz F4 FC4 Cz C1
C6 CP1 0.661 0.19 0.775 0.08 0.948 0.004

BC F7 Fz FT10 C2
T7 P8 FT9-10 C3 C5 P7 Fz F4 FT10 C1

C6 T8 0.994 3.9 × 10−5 0.205 1.61 0.208 1.57
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Table A1. Cont.

Control Pre- Dys Post- Dys Con/Pre- Dys Con/Post- Dys Pre-/Post- Dys
Hubs Hubs Hubs p χ2 p χ2 p χ2

γ1 Str
Fz CP2 CP4

TP8 P4
FC3-4 C4
C5-6 CP3

AF4 F4 FC4 Fz
FC6 C2 C4 C6 6.8 × 10−6 20.24 0.991 0.0001 0.0002 13.48

BC FT10 C4 T7-8
CP2 TP8 P4

FC3 FT10 C3
C5 T7 FC6 C2 T7 CP2 0.001 10.14 0.801 0.06 0.003 8.70

γ2 Str
FC3 FT9
C1-2 CP2

F3 FC3 FT9 Cz
C1-C2 C3 C5

FC3-4 C2 CP2
CP4 PO4 P4 2.0 × 10−13 54.02 0.012 6.22 1.0 × 10−15 64.35

BC FT9-10 C1-2 C5
PO4 PO7 FT9 Cz C3 C5 C2 PO4 8.8 × 10−6 19.76 0.004 8.17 1.4 × 10−10 41.22

Table A2. Nonparametric statistical comparisons of graph SWP metrics (p < 0.025; Str: strength;
BC: betweenness centrality) of functional brain networks of control and dyslexic groups during high
contrast of 2fd for the frequencies: δ = 4; θ = 4.5–8; α = 8.5–13; β1= 13.5–20; β2 = 20.5–30; γ1 = 30.5–48;
and γ2 = 52–70 Hz.

Control Pre- Dys Post- Dys Con/Pre- Dys Con/Post- Dys Pre-/Post- Dys
Hubs Hubs Hubs p χ2 p χ2 p χ2

δ Str AF4 F4 F8 FC6
TP7 PO7-8

C5 CP4
PO8 P8

FC6 FT10 C2
C4 O1 0.138 2.19 0.068 3.30 0.402 0.70

BC FT9 F4 T7
CP2 PO7-8

FC3 FT10 C5
T7 P4 PO8 P7

F7 FT9-10 C6
PO4 PO8 O1 0.923 0.009 0.975 0.001 0.971 0.001

θ Str AF4 C4 P3
TP7 PO7

FC3 Fz Cz C3
C5 Oz

F3-4 FC5 F8 C5
T7 CP1 Pz TP7 1.7 × 10−5 18.51 0.066 3.36 0.185 1.75

BC FT9-10 T7 PO4
PO7 P8 PO7 Oz O1 F4 T7 PO8 O2 0.339 4.49 0.067 3.33 0.755 0.09

α Str Fz Cz Pz C2 AF4 F3 FC5
Fz C3 C5 CP1

FC4 Cz CP1 C2
P4 PO4 0.511 0.43 0.108 2.57 0.029 4.73

BC FT9 Cz C2 TP7
PO3-4 PO8 P8

FT9-10 Fz T7
PO4 PO8

Oz O1

FT9 F4 CP1 P7
PO4 PO8 O2 0.655 0.19 0.394 0.72 0.605 0.26

β1 Str Fz CP1-2 C6
CP4 P4

CP1 Pz
CP3 PO4

Fz C2 C4 CP2
TP8 P4 PO4 0.283 1.14 0.005 7.61 0.0002 13.29

BC Cz PO8 T7 P7 T7 PO4
PO7 P7

F7 Fz C2 T8
PO3-4 0.716 0.13 0.070 3.28 0.032 4.59

β2 Str F3 FC3 C4 CP2
CP4 P4

F3 FC3-4
FC5-6 Fz
C3 C5-6

FC6 C2 C4 C6
CP2 CP4 TP8

PO4 P4 P8
0.101 2.67 7.1 × 10−6 20.16 1.8 × 10−9 36.14

BC AF4 F7 FT10 T7
CP2 PO4

Fz FT9-10 C3
C5 T7

C2 C4 C6 T8
TP8 PO4 P8 0.001 9.72 0.027 4.88 1.3 × 10−6 23.43

γ1 Str
F4 FC4 FC6 C4

C6 CP2 CP4
TP8 P4

AF3 F3 FC5
C5-6 CP4

FC4 C4 CP2
CP4 TP8 T7 0.009 6.67 0.012 6.26 5.9 × 10−6 20.51

BC F4 FC6 FT10
C6 CP2

AF3 F7 FC3
FT9-10 C2

C3 C5

FC4 FT10 T7 C4
TP8 PO4 0.013 6.07 0.009 6.65 6.2 × 10−6 20.42

γ2 Str FC3 FT9 Cz
C1-2 C3 PO4

FC3 FC5 FT9
Cz C1-2 C3

Fz FC4 Cz C1-2
C4 CP2 PO4 1.7 × 10−17 27.29 0.001 10.65 8.6 × 10−13 51.14

BC FT9-10 C2 C3-4
CP2 PO4

FT9 Cz C2 C3
T8 O1

FT9 C2 C4 T8
CP2 PO4 PO8 0.003 8.69 0.009 6.78 4.5 × 10−7 25.48
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Table A3. Nonparametric statistical comparisons (p < 0.05) of the α/θ scores between the sensors of
the groups during contrast discrimination of LSF illusion (2fd).

α/θ Scores Con Pre-D Post-D Con/Pre-D Con/Post-D Pre-/Post-D

Mean ± s.e. Mean ± s.e. Mean ± s.e. p χ2 p χ2 p χ2

Low-contrast
Fz 2.06 ± 0.04 1.65 ± 0.02 2.47 ± 0.05 1.9 × 10−10 40.8 2.4 × 10−11 44.6 2.7 × 10−40 176.6
Cz 2.10 ± 0.04 1.73 ± 0.01 2.66 ± 0.08 0.0010 10.6 0.0131 6.2 5.2 × 10−4 12.1
Pz 2.27 ± 0.05 2.21 ± 0.04 3.44 ± 0.08 0.0039 8.34 3.3 × 10−40 176.2 3.7 × 10−32 139.4
Oz 2.48 ± 0.06 1.97 ± 0.04 2.00 ± 0.03 4.0 × 10−17 70.8 7.2 × 10−6 20.2 2.0 × 10−11 44.9
FT9 1.68 ± 0.02 2.12 ± 0.03 2.13 ± 0.03 1.3 × 10−22 95.7 4.9 × 10−33 143.4 0.303 1.06
TP7 2.26 ± 0.05 1.82 ± 0.02 2.62 ± 0.07 1.9 × 10−5 18.3 7.2 × 10−10 37.9 2.2 × 10−24 103.8
PO7 2.12 ± 0.05 1.64 ± 0.02 2.82 ± 0.08 2.7 × 10−9 35.4 2.4 × 10−15 62.7 3.7 × 10−38 166.8
O1 2.13 ± 0.04 2.01± 0.03 2.27 ± 0.05 0.4743 0.51 0.0339 4.5 0.193 1.71

FT10 2.08 ± 0.04 2.57 ± 0.06 2.77 ± 0.07 1.9 × 10−14 58.6 4.7 × 10−11 43.3 0.79 0.07
TP8 2.50 ± 0.06 2.06 ± 0.03 2.43 ± 0.04 5.1 × 10−4 12.1 8.8 × 10−4 11.1 1.2 × 10−9 36.9
PO8 2.73 ± 0.07 2.21 ± 0.03 2.28 ± 0.03 6.1 × 10−7 24.9 0.202 1.63 0.0015 10.1
O2 2.10 ± 0.03 2.20 ± 0.03 2.50 ± 0.04 0.1045 2.64 3.4 × 10−18 75.3 1.9 × 10−11 45.1

High-contrast
Fz 1.97 ± 0.03 2.34 ± 0.06 2.02 ± 0.03 2.4 × 10−4 13.5 6.2 × 10−4 11.7 2.5 × 10−9 35.5
Cz 3.24 ± 0.09 1.70 ± 0.02 2.81 ± 0.07 5.6 × 10−49 216.4 0.002 9.5 3.5 × 10−38 166.9
Pz 1.92± 0.02 2.44 ± 0.06 2.84 ± 0.04 2.0 × 10−6 22.6 9.9 × 10−62 274.9 1.8 × 10−28 122.5
Oz 2.26 ± 0.05 2.10 ± 0.03 2.21 ± 0.03 0.215 1.54 0.002 9.77 0.008 7.02
FT9 1.98 ± 0.04 1.51 ± 0.02 2.40 ± 0.06 1.8 × 10−18 76.9 8.0 × 10−8 28.8 4.4 × 10−45 198.5
TP7 2.04 ± 0.03 1.66 ± 0.02 2.58 ± 0.06 1.4 × 10−28 122.9 6.7 × 10−4 11.6 1.9 × 10−42 186.4
PO7 1.93 ± 0.03 1.76 ± 0.02 2.98 ± 0.08 1.4 × 10−7 27.7 2.0 × 10−22 94.9 8.6 × 10−40 174.3
O1 2.45 ± 0.06 2.49 ± 0.07 2.15 ± 0.04 0.062 3.49 0.040 4.21 1.2 × 10−8 32.4

FT10 2.27 ± 0.04 2.30 ± 0.04 2.70 ± 0.06 0.032 4.61 5.3 × 10−4 12.0 3.2 × 10−9 35.1
TP8 2.50 ± 0.06 2.23 ± 0.03 2.27 ± 0.04 0.007 7.30 0.048 4.61 0.613 0.26
PO8 2.33 ± 0.04 2.59 ± 0.05 2.27 ± 0.06 8.8 × 10−5 15.4 8.6 × 10−6 19.8 1.2 × 10−19 82.2
O2 2.47 ± 0.06 2.16 ± 0.04 2.12 ± 0.03 4.6 × 10−5 16.6 9.4 × 10−20 82.7 0.12 2.5

Table A4. Comparisons of the limitations and advantages of the training programs for developmental
dyslexia in the literature, which combines the EEG-channel neurofeedback and multisensory learning
methods [54,126].

Groups Present Study (qEEG z-NF -VT) Other Study (AutoTrainBrain) [54,126]

Features Advantages Disadvantages Differences Advantages Disadvantages Differences

Control
group Typically reading children No VT Size of group (36)

Multisensory
learning with

alphabet letters

Children with
pure dyslexia Size of group (14)

Pre- qEEG z-NF
Functional connectivity
(neural network) in all

frequency bands

Pre- qEEG
z-NF, post-
qEEG z-NF

Complexity (entropy),
coherence powers of all

frequency bands

qEEG z-NF-alpha/theta qEEG z-NF-theta

Experimental
group Developmental dyslexia Size of group (72) Multisensory

learning

Dyslexia
combined with
comorbid cases

Size of group (16)

VT directed to specific
visual deficits (deficits of
magnocellular pathway

and its functioning;
parvocellular pathway;

temporal cortex;
visual-spatial attention)

No chosen
individual

parameters for
training the specific

visual deficits

Visual, auditory, and
reading tasks in

pretraining period;
visual and reading tasks

in postperiod

Multisensory
learning

No specific
training;

Common reading tasks
in pre- and

post-training periods

Pre-NF, post-NF NF-specific
magnocellular task

Pre-qEEG z-NF,
post-

qEEG z-NF

qEEG z-NF audio-visual
word task

More flexible 12- qEEG
z-NF system

Stimulates compensatory
mechanisms in the

hemisphere’s functioning

Less flexible 14-
qEEG z-NF

Improved the
cognitive abilities

Pre- qEEG z-NF, Post-
qEEG z-NF

3-month duration between
pre- and post-

EEG measurements

Pre- qEEG
z-NF, post-
qEEG z-NF

6-month duration
between pre- and post-

EEG measurements
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Table A4. Cont.

Groups Present Study (qEEG z-NF -VT) Other Study (AutoTrainBrain) [54,126]

Features Advantages Disadvantages Differences Advantages Disadvantages Differences

12 pre- and post-
qEEG z-NF

360 sessions of VT training
during 12 consecutive
weeks (11,600 trials)

60 sessions of qEEG
z-NF training

during 12
consecutive weeks

Reading assessments [55]
Reading

assessments
[126]
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Figure A1. Averaged α/θ scores for Fz, Cz, Oz, FT9, FT10, TP7, TP8, Pz, PO7, PO8, O1, and O2 for 
each group (Con: light gray; preD: middle gray; postD: dark gray) and condition (low-contrast; 
high-contrast), separately. 

Figure A1. Averaged α/θ scores for Fz, Cz, Oz, FT9, FT10, TP7, TP8, Pz, PO7, PO8, O1, and O2
for each group (Con: light gray; preD: middle gray; postD: dark gray) and condition (low-contrast;
high-contrast), separately.
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Figure A2. Frequencies of appearances of the z-NF sensors for each group and condition repre-
sented separately. 

Figure A2. Frequencies of appearances of the z-NF sensors for each group and condition
represented separately.
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Figure A3. The online appearances of the qEEG z-NF sensors during session recording (x-axis,
number trials, channel’s name) for individual (A) control subject; (B) first session for preD subject;
(C) fourth session for preD subject; (D) last session for postD subject, for left and right hemisphere,
separately represented discrimination of low-contrast sinusoidal grating: blue line; high-contrast
discrimination: red line; circles and stars mark the correct trials. During the neurofeedback session,
the qEEG z-NF α/θ scores lower than 1 correspond to a red color cross on the screen, and those α/θ
scores higher than 1 correspond to a green color mark on the screen.
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