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Abstract: Electroencephalograms (EEGs) of children with reading disorder (RD) are characterized
by higher power and coherence in slow frequencies (delta and theta bands) and lower power and
coherence in the alpha band compared to EEGs of typically developed children. Neurofeedback
(NFB) is useful for treating learning disorders by reinforcing the reduction of the theta/alpha ratio.
This efficacy is supported by EEG power normalization and cognitive-behavioral improvement. To
further explore brain changes in isolated areas, this study aimed to explore the effects of this NFB
protocol on functional connectivity (coherence) in children with RD. Twenty children with RD and
an abnormally high theta/alpha ratio underwent 30 sessions of NFB. After treatment, 90% of par-
ticipants learned to decrease their theta/alpha ratio, and on average, children increased their read-
ing accuracy and comprehension scores. Interhemispheric coherence diminished in the delta, theta
and beta bands, mainly between frontopolar regions. Intrahemispheric coherence decreased in
delta, theta and beta bands and increased in alpha band. The reduction in theta coherence between
the left frontal area and other regions of the left hemisphere had particular relevance for reading.
These results suggest that this NFB treatment could positively impact reading-related functions in
the brain networks of children with RD.
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1. Introduction

Learning to read is a cognitive process that takes place at an early age; it is a process
that requires formal training and depends on the development and coordination of mul-
tiple brain processes in different regions that participate in its acquisition [1-3].

Although most people learn to read easily, 5-17% of school-age children [4, 5] have
difficulties acquiring reading skills [6]. When these difficulties manifest along with low
scores on standardized reading tests (1.5 standard deviations below the population mean
for the child’s age), they provide diagnostic certainty of the specific learning disorder
with impairment in reading (RD), which is considered specific because it is not attribut-
able to intellectual disability, hearing or vision disorders, or neurological or motor dis-
orders [7].

Reading problems have been reported to be associated with structural and/or func-
tional abnormalities, specifically in left perisylvian regions [4]. Numerous noninvasive
techniques can provide us with information on brain function. Due to its high temporal
resolution, electroencephalogram (EEG) recordings provide a useful tool for the study of
brain dynamics [8-11] and for estimating connectivity [12].

Previous studies have reported that children with learning disabilities have a dif-
ferent maturational process of EEG coherence than children with typical development
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[13]. Although there is no consensus yet about what characterizes the resting EEG of
children with RD, the most reported EEG pattern is an excess of slow activity, mainly in
the theta frequency range [14-17], and an alpha activity deficit [18-20] when compared to
children with typical development. This EEG pattern corresponds to a younger child;
therefore, this finding has been interpreted as these children with RD exhibiting a delay
in electroencephalographic maturation [15]. Most of the studies exploring brain activity
in children with learning disabilities using EEGs have been based on EEG power analy-
sis, and few have focused on functional connectivity measures.

Studying brain connectivity not only allows us to identify isolated brain areas that
participate in a certain function but also shows us the neural networks involved and their
interaction [21]. EEG coherence has been widely used to study the functional connectivity
between different brain areas [22] because it provides us with a quantifiable degree of
functional connectivity that exists between the structures underlying the recording elec-
trodes at the scalp [23-26]. Currently, there are better measures to assess EEG connectiv-
ity [27]; however, we selected the coherence between sensors because it is the measure
used in the clinical setting. Furthermore, having been used previously to characterize the
EEG of RD children, it is possible to compare our results with previous results and vali-
date its reproducibility.

Poor literacy performance has been associated with higher coherence values, spe-
cifically in the delta, theta, and beta frequency bands [28, 29], and lower coherence values
in the alpha band [29, 30]. This lower alpha coherence was replicated in adults with
dyslexia [31]. In general, there was a tendency of increasing coherence values in devel-
opment except in the theta band [32]. When attention is brought to interhemispheric and
intrahemispheric coherence, children with dyslexia are characterized by lower interhe-
mispheric coherence and higher intrahemispheric coherence compared to the coherence
of their classmates of the same age [33, 34].

A treatment aiming to reduce theta activity and increase alpha activity in children
with learning disorders who also have delayed electroencephalographic maturation
could be useful as it could normalize their EEG characteristics and concomitantly im-
prove their reading performance. A neurofeedback (NFB) treatment that positively re-
inforces the reduction of the theta/alpha ratio has been shown to be effective in reducing
this ratio, reorganizing the EEG, and improving cognitive-behavioral performance
[35-37]; treatment effects last for at least two years [38]. In these prior studies, changes in
the absolute power (AP) and relative power (RP) of EEG signals were explored. Howev-
er, currently, a more realistic perspective in cerebral function research has been provided
by neural networks and connectivity and not just by the identification of isolated areas
that show changes in neuronal activation [39]. In children with RD effectively treated
with this NFB protocol, it would be interesting to explore whether this treatment has had
a positive effect on electroencephalographic connectivity between brain areas related to
the reading process.

We aimed to explore the effects of NFB protocol that reinforces the reduction of the
theta/alpha ratio on functional connectivity in order to evaluate if this treatment have the
capability to normalize the altered mechanisms that underlie reading in RD children with
EEG maturational lag. Based on the coherence of control children vs. RD children and
from studies of NFB in children with a reading disorder, we hypothesized that NFB
would produce a reorganization that would consist of a) a reduction in intrahemispheric
delta and theta coherence, b) an increase in intrahemispheric alpha coherence and c) an
increase in interhemispheric coherence.

2. Materials and Methods

The Ethics Committee of the Institute of Neurobiology of the National Autonomous
University of México approved the experimental protocol INEU/SA/CB/146 on 1 July
2015, which followed the Ethical Principles for Medical Research on Human Subjects es-
tablished by the Declaration of Helsinki [40].
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2.1. Participants

Twenty right-handed subjects aged 7 to 11 years were included in this study. The
participants were volunteers and were referred by social workers, teachers, and parents
from different public and private schools in Querétaro, México. All participants in the
sample met the diagnostic criteria for RD according to the Diagnostic and Statistical
Manual of Mental Disorders 5th Edition. These criteria were as follows: a) The child
showed persistent difficulties in acquiring and/or using academic skills related to reading
(accuracy, comprehension and/or speed). Reading skills were measured with the Child
Neuropsychological Assessment-2 [41]; children included in the study had percentile
scores <9 in at least one of the subscales of the reading domain of the ENI-2. b) Reading
difficulties began in the first years of schooling, and not because the participants had in-
tellectual disabilities; the intelligence quotient (IQ) of the participants was measured with
the Wechsler Intelligence Scale for Children 4th edition [42]. The 1IQ scores obtained by
each child of the sample were greater than or equal to 80. c) The children have not hear-
ing impairment; five children used lenses to correct their visual difficulties. Any children
presented neurological or psychiatric pathology, except by the learning disorder. A
neuro-pediatric examination was performed, and the Mini-International Neuropsychiat-
ric Interview for Children and Adolescents (MINI Kid) [43, 44] was used; this assessment
was chosen to determine that the subjects did not have any disorder other than the RD.
Although children had attentional disabilities, these were not enough to establish an At-
tention Deficit Hyperactivity Disorder (ADHD) diagnostic. No children were medicated.
d) No severe socioeconomic or cultural problems were evident [45]. All participants had
an abnormally high EEG theta/alpha ratio compared to a normative database [46, 47]. All
children and their parents signed informed consent forms.

2.2. EEG Recording and Analysis

The electroencephalogram was recorded in a resting condition with eyes closed
from the 19 leads of the international 10-20 system (Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1,
02, F7, F8, T3, T4, T5, T6, Fz, Cz, and Pz), referenced to the linked earlobes (A1A2). For
this purpose, Medicid™ IV equipment (Neuronic Mexicana, SA, Mexico City, Mexico)
and a v5.0 Track Walker™ recording system were used. The amplifier bandwidth was set
between 0.5 and 50 Hz. All electrode impedances were equal to or less than 5 k(), and the
signal was amplified with a gain of 20,000. EEG data were sampled every 5 ms and edited
offline. Twenty-four artifact-free segments of 2.56 seconds were selected. EEG analysis
was performed offline. The fast Fourier transform was applied to the data and the
cross-spectral matrices were obtained every 0.39 Hz to calculate the AP and coherence
values of each of the bands (delta: 0.5-3.5 Hz, theta: 3.6-7.5 Hz, alpha: 7.6-12.5 Hz, and
beta: 12.6-19 Hz).

2.3. Z-values for the thetalalpha ratio

To calculate z-values for the theta/alpha ratio, AP in theta and alpha bands was
computed for each electrode, and the geometric power [48] was subtracted from the
cross-spectral matrix.

The log value (theta AP/alpha AP) was computed, and z-values for this logarithm
were calculated using the equation:

Z= [thetaAP/alphaAP - u] / o (1)

where 1 and © are the mean value and the standard deviation, respectively, of a norma-
tive sample that is the same age as the subject [46, 47]. Considering that the EEG of this
population is characterized by having more theta activity and less alpha activity than
children with typical development, having a z-value greater than 1.645 (1-tailed distri-
bution, p = 0.05) in at least one lead was also designated as an inclusion criterion. Treat-
ment was delivered via the lead with the highest abnormal z-value.

2.4. NFB treatment
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Treatment was performed using an NFB program adapted for the Medicid IV reg-
istration system. A threshold level was selected in which the subject obtained a reward
between 60 and 80% of the time. The stimulus used as a reward was a tone of 500 Hz at 60
dB. Every 3 minutes, the threshold level was updated based on the subject's performance.
Each subject received 30 training sessions three times a week, and the duration of each
session was 30 minutes.

2.5. Posttreatment analysis

The Wechsler Intelligence Scale for Children 4th edition and the ENI-2 Child Neu-
ropsychological Assessment were applied before NFB treatment for diagnostic purposes
and after treatment to assess the cognitive effects of the treatment. It was necessary for a
year to elapse between the first and second application of these tests; therefore, second
application was applied two months after treatment. The application manual of these
tests stipulates that a year must pass between the first and second applications. Since re-
cruitment lasted several months and the treatment period included the same dates for all
children, this timeline fulfilled the scheduling requirements.

In a session following the tests' application, the posttreatment EEG was recorded
with two purposes: a) to assess whether NFB-induced learning occurred and b) to eval-
uate the NFB effects on coherence. We considered that a child learned if his/her z-value
decreased.

2.6. Coherence analysis

EEG data were exported from Medicid IV to calculate coherence with Neuroguide
2.6.5 software. Intrahemispheric coherence was obtained considering all leads except the
midline (Fp1, F3, C3, P3, O1, F7, T3, and T5 in the left hemisphere and Fp2, F4, C4, P4, O2,
F8, T4, and T6 in the right hemisphere), and interhemispheric coherence was obtained
considering only homologous derivations. EEG coherence values were calculated before
and after treatment.

2.7. Statistical analysis

A series of permutation analyses was performed to compare the data before and af-
ter treatment using Student's t-test for dependent samples. Independent analyses were
performed for the variables total IQ, reading precision, reading comprehension, reading
speed, theta/alpha ratio, interhemispheric coherence, and intrahemispheric coherence.

3. Results
3.1. NFB-induced learning

In Figure 1, it can be observed that the theta/alpha ratio of the most abnormal deri-
vation for everyone decreased significantly after treatment (t = 4.4497, p = 0.0004). Fif-
ty-five percent of the treated children normalized their theta/alpha ratio values in the
derivation used to give NFB. However, 90% of the participants decreased their the-
ta/alpha ratio even though they had not reached normal values.
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Figure 1. Mean and standard deviation of the theta/alpha ratio before and after NFB treatment. The
Z-score of the theta/alpha ratio decreased significantly after NFB treatment.

3.2. Behavioral outcomes

There were no significant changes in total IQ after treatment. In the reading varia-
bles included in the infant neuropsychological evaluation, significant improvement was
observed in precision (t=2.1391, p = 0.0194) and comprehension (t = -3.4554, p =0.0010), as
shown in Figure 2; no significant result was found in speed reading when comparing
results before vs. after NFB.
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Figure 2. Mean and standard deviation of the Child Neuropsychological Assessment-2 in the
reading domain before (dark blue) and after (light blue) NFB treatment. Reading accuracy and
comprehension increased significantly (*p=0.01, **p=0.01).
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3.3. Functional connectivity changes
3.3.1. Intrahemispheric coherence

In Figure 3, the results of intrahemispheric coherence in both hemispheres can be
observed. In the left hemisphere, P3-O1 coherence in the alpha frequency band increased
significantly (t = -3.2083, p = 0.0342). In the theta frequency band, the coherence values
decreased significantly in F3-P3 (t=3.6818, p =0.0144), F3-01 (t = 3.3866, p = 0.0294), F3-T3
(t=3.8031, p = 0.0112), F3-T5 (t = 3.8038, p = 0.0112) and C3-P3 (t = 4.9384, p = 0.0022). In
the delta and beta bands, no significant changes occurred.

In the right hemisphere, beta coherence decreased in Fp2-F4 (t = 3.0484, p = 0.0440),
FP2-F8 (t = 3.1789, p = 0.0328) and P4-T4 (t = 3.1180, p = 0.0384). In the theta band, the
coherence values decreased in FP2-F8 (t = 3.1543, p = 0.0398) and F4-C4 (t = 3.7558, p =
0.0110). In the delta band, C4-T4 coherence decreased (t = 3.2628, p = 0.0366). In the alpha
band there were no significant changes.
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Figure 3. Top: Bar graphs showing the significant changes in coherence z-values by frequency band
(indicated at the top) when comparing intrahemispheric connectivity Before vs. After NFB treat-
ment; left or right hemisphere is indicated below the graph. Bottom: Topographic representation of
significant changes in z-coherence after NFB treatment, showing the increase or decrease in red or
blue, respectively.

3.3.2. Interhemispheric coherence (homologous pairs)
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Figure 4 shows the changes in interhemispheric coherence between homologous
pairs. In all bands, coherence values between frontopolar regions decreased, except in the
alpha band, where there were no changes (delta Fpl-Fp2: t = 2.6653, p = 0.0370; theta
Fp1-Fp2: t=2.7395, p = 0.0398; beta Fp1-Fp2: t = 2.7592, p = 0.0322). In addition, coherence
between posterior temporal (T5-T6: t = 3.3042, p = 0.0148) and parietal regions (P3-P4: t =
3.1918, p = 0.0176) decreased in the theta band.
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Figure 4. Significant differences in interhemispheric coherence between homologous pairs when
before and after treatment were compared. Top: Bar graph showing the significant changes in co-
herence z-values by frequency band (indicated at the superior part). Bottom: Topographic repre-
sentation of significant changes at the scalp; blue lines indicate that coherence was reduced after
treatment.

4. Discussion

Our objective in this study was to explore the changes in EEG coherence patterns in
children with RD treated with NFB using a protocol that reinforces the reduction in the
theta/alpha ratio. Given that this protocol has already demonstrated its efficacy when
treating the condition of this population [35-38], no control group was used in this study.

Previous studies have reported that NFB-induced learning occurs in approximately
80% of treated individuals [36]. In our study, a significant reduction in the theta/alpha
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ratio was demonstrated in the lead used to guide NFB. Ninety percent of the participants
reduced this quotient, and 55% reached normalization.

It was expected that as a consequence of NFB treatment, a reduction in intrahemi-
spheric delta and theta coherence, an increase in intrahemispheric alpha coherence, and
an increase in global interhemispheric coherence would be observed. Our results confirm
the hypotheses regarding intrahemispheric coherence. We found a reduction in delta
coherence between central and right temporal regions and in theta coherence, between
left frontal regions and other regions of the same hemisphere and between frontal regions
of the right hemisphere. An increase in alpha coherence was also observed between the
parietal and occipital regions of the left hemisphere. In addition to this hypothesis, we
found a reduction in beta coherence between regions of the right hemisphere with frontal
dominance.

However, the hypothesis regarding interhemispheric coherence was wholly rejected
by our results. We found a reduction in coherence between frontopolar regions in all
bands except for the alpha band and a reduction in theta coherence between posterior
parietal and temporal regions.

In studies conducted in which EEG coherence in the pediatric population was ana-
lyzed, the tendency has been to associate high values of coherence, mainly in the delta
and theta bands, with cognitive dysfunction [49]. For example, Thatcher [50] reported
high coherence in children with low 1Q scores. Chabot et al. [51], Barry et al. [52], and
Clarke et al. [53] reported the same results in patients with ADHD. However, in studies
conducted in children with learning disabilities, the results were not very consistent; this
may be because children with learning disabilities are a heterogeneous population [54]
and because they frequently have many comorbidities that have not been controlled in
other studies.

In individuals with reading disorders, abnormalities in cortical connectivity have
been found. These could be due to alterations in neuronal migration [31] reported by
Galaburda et al. [55], who evidenced cortical anomalies in the brains of people with
dyslexia in postmortem studies, which consisted of neuronal ectopias and dysplasias
located mainly in the left perisylvian regions. Years later, using imaging techniques such
as magnetic resonance imaging, the existence of a cortical network in the left hemisphere
was reported that involves three specialized regions that participate in reading: 1) the left
dorsal temporoparietal circuit located around the area of Wernicke, which specializes in
phonological functions; 2) the left ventral occipito-temporal circuit that houses the visual
area of word form, to which visual and orthographic recognition based on memory is
attributed; and 3) the lower left frontal circuit classically called Broca's area that inter-
venes in the articulation and gesticulation of words [56].

In our study, a reduction in theta coherence was observed in areas of the left hemi-
sphere that are spatially correlated with this previously described cortical network.
However, as previously mentioned, EEG recordings are characterized by great temporal
resolution, but they do not have good spatial resolution; therefore, we could not guar-
antee that it corresponds precisely to these structures directly involved in the reading
process. Future studies would be necessary to perform analyses using other methods that
could result in a more specific topographic localization.

Reading disorders have been associated with higher coherence values in the delta,
theta, and beta bands [28, 29] and lower coherence values in the alpha band [29, 30].
Therefore, our results indicate a trend towards normalization of coherence patterns in
treated children. This coherence maturation can be associated with improved reading
comprehension and precision scores on the ENI-2 neuropsychological test since it occurs
among regions involved in the previously described network.

To conclude, we consider that the identification and early diagnosis of RD allow
specific and timely interventions to be carried out to reduce the impact of this disorder on
a child's personal, school, and social life as much as possible. It also allows us to imple-
ment techniques that have already proven to be effective, such as NFB, which was con-
firmed in this study to contribute positively to the normalization of the function of the
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network involved in the reading process and, consequently, in children's academic per-
formance.
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