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Abstract

Neurofeedback training (NFT) is an effective intervention in regulating electroencephalogram (EEG) abnormalities leading to
improvements in behavioral deficits, which exist in children with reading disabilities. This single-subject study explores our eva-
luation of the improvements in the reading ability and phonological awareness deficit, as well as the changes in the EEG in chil-
dren with reading disabilities as a result of NFT. Participants were 6 children, aged between 8 and 10 years, who completed
twenty 30-minute sessions of NFT and follow-up measurement sessions 2 months subsequent to the completion of the training
sessions. The results showed significant improvement in reading and phonological awareness skills. Furthermore, EEG analysis
did not show notable changes in the power of the targeted bands (delta, theta, and beta), rather there was normalization of
coherence of the theta band at T3-T4, delta band at Cz-Fz, and beta band at Cz-Fz, Cz-Pz, and Cz-C4. These significant changes
in coherence possibly indicate integration of sensory and motor areas that explains the improvements in reading skills and pho-

nological awareness.
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Introduction

Reading disability is defined as a significant discrepancy
between an individual’s reading achievement and his or her
ability based on intelligence, education, and age." Children with
reading disability have difficulties in acquiring letter—speech
sound associations and also in recognizing and manipulating the
sound structure of language, an ability referred to as phonologi-
cal awareness.” It is assumed that the planum temporale (PT) and
Heschle gyrus are involved in phonological awareness, where
auditory phonemes could be mapped into visual graphemes.’
Blau et al* observed underactivation of the superior temporal
gyrus in people with dyslexia for the integration of letter—speech
sound. The reduced integration is associated with a deficit in
auditory processing and phonological awareness. Larsen et al
studied the PT in normal and dyslexic participants using mag-
netic resonance imaging (MRI). They found that participants
with dyslexia (70%) had high frequency of PT symmetry,
whereas it was in only 30% of the control group. Patients with
dyslexia with PT symmetry had phonological deficits in reading,
indicating PT is involved in language processing. Their finding
also showed that the right PT is larger in patients with dyslexia.

Another study by Brown et al® showed decreased gray matter
density of the temporal lobe (around T3). Some other studies
supported these findings.””

While focusing on the brain regions related to language
processing, contrasts have been observed in brain structure
and the electroencephalogram (EEG) in children with reading
disabilities.'® For example, Arns et al'' reported that children
with dyslexia have increased slow activity (delta and theta)
in the frontal and temporal regions of the brain. Rippon and
Brunswick'? reported increased frontal theta activity during
phonological tasks in children with dyslexia. Dysfunction in
the left superior temporal gyrus (T3) was also reported by Simos
et al.”® In some dyslexia studies, EEG coherence has been used
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as a quantitative measure of linear dependency between 2 distant
brain regions. Sklar et al'* showed higher intrahemispheric
coherence and lower interhemispheric coherence in children
with dyslexia. Shiota et al'> showed increased inter- and intrahe-
mispheric coherence in rest condition in children with dyslexia.
Weiss and Muller'® concluded that despite some controversies in
coherence studies on dyslexia, a reduced coherence could be
found in people with dyslexia.

For remedial purposes, some researchers tried to normalize
the EEG (and consequently behavioral and cognitive deficits)
via neurofeedback training (NFT) in children with learning
disabilities (LDs).'”'® Neurofeedback training is a form of
operant conditioning, in which the electrical brain activity is
rewarded or repressed.'” Neurofeedback as an intervention
has been useful in the treatment of disorders such as epilepsy,°
attention-deficit hyperactivity disorder (ADHD),?! and LDs.*?

Thornton and Carmody?® indicated that there is not suffi-
cient research on NFT, especially regarding reading disorders.
However, NFT studies of children with LDs have indicated an
improvement in reading ability. For example, Fernandez et al*?
gave 20 sessions of NFT to 10 LD children, who had high
ratios of theta-to-alpha absolute power (theta/alpha). Positive
behavioral changes and significant improvements in cognitive
performances were found, which was not present in the control
group. Follow-up after 2 years indicated that the behavioral
changes continued in the experimental group, and in contrast,
EEG maturational lag increased in the control group.**
Thornton and Carmody?® reported the effect of NFT on a
9-year-old girl with history of learning problems. After com-
pleting 40 sessions of NFT, her auditory memory and reading
memory had improved. Other research demonstrated the
enhancement of reading scores of a 17-year-old adolescent
after NFT.?> In another single-case study, Jacobs®> demon-
strated the positive effect of NFT on 2 boys with learning,
attention, mood, social, and developmental deficits. Some studies
have also reported positive effects of NFT on working memory
and attention, which are essential components of reading abil-
ity.2*?® Using NFT on 10 children with dyslexia, Breteler
et al***° found a small improvement in their spelling skills, but
no improvement in their reading abilities.

As noted above, most of the studies on NFT have been
focused on children with LDs, and there is not sufficient
research to investigate the effectiveness of NFT on children
with reading disorders. This study evaluates the effectiveness
of NFT on children with reading disabilities and difficulty in
phonological awareness.

Methods
Participants

Six male children with dyslexia with a mean age of 8 to 10
(mean = 9 and standard deviation [SD] = 0.63) and average
intelligent quotient (IQ) of 101.5 (SD = 12.95), who had no
history of brain injury, neuropsychological or psychiatric
disorders, were selected from the Learning Disability Center

of Tabriz. Diagnosis of reading disorder was confirmed by the
Wechsler Intelligence Scale for Children (WISC-III) and
Reading Disability Checklist.>' The study was fully explained
to parents, who then signed a consent form.

Measurements

To evaluate the effectiveness of NFT on reading ability at
baseline and after the intervention, a reading disability test*®
was used. With this checklist, 2 scores were obtained for each
participant: number of errors and reading length. A phono-
logical awareness test®® was given pre- and postintervention.
Phonemes and syllables, discrimination and identification of
the phonemes, phonetic segmentation, and phoneme deletion
were evaluated.

The EEG was recorded in an eyes-closed resting condition
using 19 surface electrodes (Electro-Cap, Eaton, Ohio, USA)
based on the International 10-20 System. The EEG was ampli-
fied by NeuroScan (Herndon, Virginia, USA). DC-50 Hz was
filtered and recorded with linked-ears reference at a sampling
rate of 500 Hz. The impedance of electrodes was kept below
10 kQ.

EEG signals were processed by NeuroGuide Delux (version
2.3.8). Artifact rejection was based on both visual inspection
and computerized selection. Epochs were also visually ana-
lyzed by an expert, who determined the acceptance or rejection
of each individual epoch. In total, 36 to 48 artifact-free EEG
epochs (2.5 seconds) were selected for analysis. The EEG
epoch time domain was then transformed into the frequency
domain using a Fast Fourier Transformation (FFT) algorithm.
The frequency bands were defined as delta (1-4 Hz), theta
(4-8 Hz), alpha (8-12 Hz), and beta (12-25 Hz). Absolute
power, relative power, and coherence scores were calculated
for each frequency band. Using NeuroGuide normative data-
base, all power and coherence values were subsequently trans-
formed into Z scores.

Procedure

The multiple baseline single-subject design included follow-
up measurements after 2 months. To test the intervention,
participants were randomly placed in 3 groups. After a
stable and/or predictable pattern of performance was estab-
lished for all baselines/groups (after 3 baseline measure-
ments), the intervention was introduced to group 1. Then
the intervention was applied to a second group (after 4
baselines). A third group was tracked without intervention.
Therefore, we had 5 baselines for the last group.®? During
baseline (A phase), scores of reading ability, phonological
awareness, and EEG were obtained. Treatment (B phase)
involved 20 30-minute sessions of NFT, given two or three
times a week. Measurements were made throughout the
baseline (A) and treatment (B) phases. On completion of
NFT, evaluations were repeated after 2 months.

NFT was conducted by Procomp Infiniti Encoder and Bio-
graph Infiniti software (v 5.1.3). Training was set to decrease
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delta (1-4 Hz) and theta (4-8 Hz) and to increase beta (15-
18 Hz) at T3 and F7, according to Rippon'? and Arns.!" For
12 sessions, all participants received the same NFT protocol
only at T3. Then for 8 remaining sessions, the NFT protocol
was administered to both T3 and F7. The length of NFT for
T3 was 20 minutes and 10 minutes for F7. Training sessions
were separated into a 2-minute baseline period (ie, no feed-
back), 30-minute feedback presentation, and a 2-minute base-
line period again. Interactive video games were used as
feedback for children.

Statistical Analysis

The data were evaluated for the target change by visual inspec-
tion of the graphs and clinical analysis. Mean percentage reduc-
tion (MPR) and mean percentage improvement (MPI) were
calculated for clinical changes. There were no intergroup com-
parisons, the focus being on pretreatment versus posttreatment
performance of each participant. The means, standard SDs, and
Cohen d were also calculated for the baseline, treatment, and
follow-up sessions of each participant. The Cohen guideline
for the d statistic (0.2, 0.5, and 0.8 benchmarks for small-,
medium-, and large-sized effects) was used.’”

Results
Reading ability

Figure 1 shows the multiple baseline design used to assess
changes in reading (A, number of mistakes; B, reading time)
following the NFT in 3 groups. Figure 1A demonstrates a
repeated pattern of reduction in the word reading mistakes fol-
lowing the intervention in all 3 groups. No major fluctuations
are present in the data at other time points, suggesting the
results are due strictly to the interventions. Although the second
participant had an increase after 9 sessions, low scores were
shown at the end of the interventions, and his scores remained
well below his baseline scores at the follow-up assessment
sessions. The participants showed the least amount of change
at the follow-up assessments.

A similar pattern of changes was observed for the time that
participants spent for reading (Figure 1B): all of the participants’
scores remained constant over the baseline. Their scores were
reduced only after the treatment was administered, although the
reduction varied considerably between participants. At the
follow-up sessions, the scores remained relatively constant.

Table 1 presents the following information for all 6 partici-
pants: mean, SD, MPR, Cohen d value at baseline, treatment,
and follow-up assessments for all participants. The level of
word reading mistakes is reduced in all participants and the
reduction varies in magnitude from 4.65% to 44.54%. In com-
paring both the baseline treatment and the baseline follow-up
phase, the values of effect sizes for all but 1 participant (parti-
cipant 5) were large (above the 0.8). The effect size for parti-
cipant 5 showed that treatment for this participant was not
very effective. For time factor, the percentage of reduction

ranged from 9.89 to 46.71 and all the effect sizes (between
1.19 and 3.13) were large (see Table 2).

Phonological Awareness

Figure 2 shows the phonological awareness scores at baseline,
treatment, and follow-up assessments. Visual inspections
showed that baseline levels remained relatively stable and
an increase in scores is shown only after the introduction
of NFT. A change in phonological awareness following
intervention in one group doubled, while there was an
absence of change in other groups who were yet to receive
an intervention, which suggests that the changes occurred due
to the treatment.

The MPI for phonological awareness ranged from 23.57
to 45.73. The mean level of phonological awareness scores
was higher during the treatment and the follow-up phases,
compared to the baseline period, indicating that a change in
the behavior had occurred. The values of effect sizes for all
participants were above 0.8 which indicates a large-sized
effect (Table 3).

QEEG

Results revealed no important changes in the power of the
signal of any aimed frequency band and recording channels.
However, coherence analysis showed an interesting change
toward normalization in delta, theta, and beta bands after NFT.
Table 4 shows the statistics of z scored coherence in these
frequency bands. The coherence of delta band in Fz-Cz was
up trained from a lower than normal value to near normal. The
pattern of changes in the theta band had a reduction of an
abnormal hypercoherence toward near normal coherence
between T3 and T4. The hypocoherence of beta band was
approximated to normal in Fz-Cz, Cz-Pz, and Cz-C4 (Figure 3).
Substantial remediation of abnormal coherence is better shown
with brain maps in Figure 4.

Discussion

Analysis of behavioral data revealed an improvement in the
reading ability by NFT in all participants. At the end of the
treatment, participants showed a reduction in reading mistakes
and reading time. The total Cohen d for the reading errors was
2.33 and 1.61 for reading time, suggesting a large improvement
in both factors (Tables 1 and 2). Participants had better perfor-
mance on phonological awareness test posttreatment. The
Cohen d score was 1.44 for this variable, suggesting a large
effect size (Table 3). Also, the follow-up assessment showed
that behavioral improvements remained durable and better
compared to those of the baseline phase.

Tansey and Bruner** reported the successful use of neuro-
feedback for academic and behavioral improvements by
decreasing theta and enhancing beta. Furthermore, in some
single-subject reports, Thornton and Carmody® reported
improvements in reading, auditory memory, reading memory,

Downloaded from eeg.sagepub.com at UNIV TORONTO on October 8, 2014


http://eeg.sagepub.com/

Clinical EEG and Neuroscience 43(4)

318

group 1

| ¢ dn mojjo}
| zdn mojjqy
| | dn mojjo}
| g uoissas
| /| uoissas
| G| uoissas
| ¢ uoissas
| 1| uoissas
| g uoissas
| J uoissas
| g uoissas
| ¢ uoissas
| | uoissas

€ auljaseq

o O
* + + |z auleseq
| | auleseq

[ ¢ dn mojjoy
| z dn mojjoy
i | dn mojjo)
| B uoissas
| /| uoissas
| G| uoissas
" g} uoissas
[ |} uoissas
| g uoissas
|/ uoissas
| g uoissas
| ¢ uoissas
| | uoissas

[SEIERE)

Z duljaseq
| suieseq

o O O O o o o
o O o o o o o
N © O < M N
(puodas) swn
-
o
3
o
S
00
— N
v
w wu
|||||||||||||||||||||||||| - -1
m o O
O 0OWTNOWWOTNO
N+~ -

sayelsiw Suipeal

N o0
s L = [ ¢ dn mojjo}
mb r m | € dn moltoy < m & |z dn mojjoy
I dn mojjoy %0 I | dn mojjoy
| dn mojjoy -
. | 61 uoissas
/| uorssas | L1 uorssas
g1 uoissas | Gl uoissas
o] uoissas | €1 uoissas
" L} vorssas | 1) uoissas
[ 6 uoissas | 6 uoissas
" J uoissas | £ uoissas
" g uorssas | g uoissas
| ¢ uoissas | € uotssas
| | uoisses n & 1 | uoissss
T i o o] G auEseq
' & | youneseq @ 2| v aulsseq
_ S € auljaseq H # 8 S| ¢ auieseq
+ | z auipeseq + + |z surjeseq
[ | auleseq | | auleseq
—_— —_———
© o o © © © © o
se28ggge” SEEEgERE
(puodas) swn (puodas) awn
~ [ ¢ dn mojjo4 o [ ¢ dn mojjoy
s W w | zdnmoy @ ﬁ "z dn mojjoy
onruo b dn mojjoy ° | | dn mojjo4
61 uolssas °0 6| uolssas
" /| uoissas | /| uoissas
| g} uoissas | G| uoissas
I €1 uolssas | ¢| uoissas
" 1| uoissas | | uoissas
| 6 uoissas | @ uolssas
| uoissas | J uoissas
| G uoissas | g uoissas
| ¢ uoissas | ¢ uoissas
r | UoIssas I ] uoissas
I A T | G auljaseq
e e T M.M. ”.w.w.m_._@wm@ ........... . M M ” i auljaseq
8 8| gaueseq 8 8| gaueseq
+ + |z suipeseq + + |z aulaseq
I | auljsseq . | auijaseq
grevgewovwao greymowmovao

sayelsiw Suipead

sayelsiw Suipead

B. Word reading time

A. Word reading mistakes

Figure |. Pattern of reading ability changes across baseline, treatment, |-week, |-month, and 2-month follow-up assessments conducted for all

3 groups. A, Word reading mistakes. B, Word reading time.

Table 1. Mean and Standard Deviation of Word Reading Mistakes at Baseline, Treatment, |-Week, |-Month, and 2-Month Follow-Up

Assessments

MPR

Cohen d, Al-A2

Cohen d, Al-B

MeanA2 SDAI SDB SDA2

MeanB

MeanAl

23.07%
31.40%

44.54%

2.68
2.25
2.95
1.42
0.59
2.08

2.40
1.97
2.54
1.06
0.20
1.75

0.57
0.57
0.57
0.57
0.57
0.57

2.42
4.15

0.57
0.57
0.8l
0.5

10.66
6.33
3.66
8.66
4.66
5.33

14.10

18.33
18.66

Case |

12.80

Case 2

2.60
3.75
2.74
3.77

6.10
14.90

Case 3

16.05%

17.75

Case 4

4.65%
31.57%

0.54
0.83

8.20
10.40

8.60
15.20

Case 5

Case 6

Abbreviations: Al, baseline phase; B, treatment phase; A2, follow-up; SD, standard deviation; MPR, mean percentage reduction.

Downloaded from eeg.sagepub.com at UNIV TORONTO on October 8, 2014


http://eeg.sagepub.com/

Nazari et al

319

Table 2. Mean and Standard Deviation of Reading Time at Baseline, Treatment, |-Week, |-Month, and 2-Month Follow-Up Assessments

MeanAl MeanB MeanA2 SDAI SDB SDA2 Cohen d, Al-B Cohen d Al-A2 MPR
Case | 524 279.20 144.66 4.58 131.08 12.85 2.63 3.04 46.71%
Case 2 656.33 397.50 303.33 5.50 140.86 23.86 2.59 3.06 39.43%
Case 3 217.75 178 151.66 4.34 24.42 1.52 2.26 2.64 18.25%
Case 4 506 307.60 293.66 4.96 89.35 32.71 3.13 3.6l 39.20%
Case 5 433 326.70 264.33 2.54 73.94 5.03 2.03 2.44 24.54%
Case 6 260.80 235 187.66 1.64 30.49 832 1.19 1.53 9.89%

Abbreviations: Al, baseline phase; B, treatment phase; A2, follow-up; SD, standard deviation; MPR, mean percentage Reduction.
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Figure 2. Phonological awareness scores across baseline, treatment,
I-week, |I-month, and 2-month follow-up assessments conducted for
all 3 groups.

and reading fluency after NFT. Breteler et al**>° have studied
the effect of neurofeedback for dyslexia and found small
improvements in spelling ability (Cohen d = 0.26) but no

improvements in reading ability. They also reported the time
factor to be a main effect in reading and spelling variables.
Moreover, Walker and Norman®? reported the efficacy of NFT
by normalization of targeted EEG abnormalities in dyslexia,
with improvements in the reading ability at least 2 grade levels
post-NFT.

To explore links between behavioral changes and EEG
changes in our participants, EEG power and coherence were
analyzed. As predicted, the analysis showed no important
change in power of the targeted bands (delta, theta, and beta)
after NFT. However, coherence analysis showed interesting
changes after the intervention. Interhemispheric coherence
normalization in theta at T3-T4 was observed. All participants
had higher than normal interhemispheric coherence in the
baseline in this band. In addition, we found normalization
of coherence of the delta band between Cz-Fz with a lower
than normal baseline value. A similar pattern was observed
in the coherence of the beta band in Cz-Fz, Cz-Pz, and Cz-
C4. Participants had lower than normal beta coherence at the
baseline.

Weiss and Mueller'® stated that dyslexia is a heterogeneous
syndrome, as are the results of EEG coherence studies. For
example, Sklar et al'* reported higher intrahemispheric coher-
ence, as well as lower interhemispheric coherence, in dyslexia
during reading. Similarly, Leisman®® found lower interhemi-
spheric and higher intrahemispheric coherence in dyslexia.
However, Shiota et al'> showed high values in inter- and
intrahemispheric EEG coherence in rest condition in children
with dyslexia.

Coherence shows the functional interconnection of two
brain sites, therefore, observed hypercoherence of theta band
at T3-T4 may be an indication of abnormal symmetric func-
tion of the left/right temporal regions in dyslexia. Different
studies have reported the involvement of the temporal region
(around T3) in dyslexia; Arns et al'' reported that high delta
and theta activities in the frontal and temporal regions are cor-
related with weakness of reading and phonological awareness
in dyslexia. Flynn and Deering®’ also found an increase in the
left temporal theta activity during reading and spelling tasks
in dyslexia. Furthermore, structural brain studies have
reported decreased gray matter density in the temporal lobe
(around T3).° In an MRI study by Larsen,’ the symmetry of
planum temporal of right and left homologous regions was
found in dyslexia.
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Table 3. Mean and Standard Deviation of Phonological Awareness Scores at Baseline, Treatment, 1-Week, |-Month, and 2-Month Follow-Up

Assessments

MeanAl MeanB MeanA2 SDAI SDB SDA2 Cohen d, Al-B Cohen d, Al-A2 MPI
Case | 9.66 17.80 25.66 0.57 6.83 0.57 1.67 2.37 45.73%
Case 2 15.66 25.80 35.66 1.15 5.58 3.21 2.51 2.82 39.30%
Case 3 26.75 35 44.66 1.89 6.51 0.57 1.72 2.30 23.57%
Case 4 40.75 55 67.66 1.89 12.62 3.05 1.57 227 25.90%
Case 5 4] 64.80 85.66 2 16.69 1.52 2 2.67 36.72%
Case 6 29.20 46.40 61.33 0.83 13.04 2.08 1.86 2.55 37.06%
Abbreviations: Al, baseline phase; B, treatment phase; A2, follow-up; SD, standard deviation; MPI, mean percentage improvement.
Table 4. Z Scores FFT Coherence for Pre- and Posttreatment

Delta (1-4 Hz) Theta (4-8 Hz) Beta (12-25 Hz)

Fz-Cz pre Fz-Cz post T3-T4Pre T3-T4 Post Fz-Czpre Fz-CzPost Cz-Pzpre Cz-PzPost Cz-C4Pre Cz-C4 Post
Case | —2.33 0.98 2.38 1.12 —3.94 0.49 —2.69 -0.2 —2.55 0.98
Case 2 —3.40 —1.89 2.41 —0.80 —4.94 —1.76 -3.6 0 —4.16 —1.13
Case 3 -2.95 —0.14 2.85 —0.16 —3.89 —0.82 —3.06 —0.99 —3.28 —0.1
Case 4 —3.68 0.77 3.11 —0.63 -7.17 0.94 —3.69 0.25 —-372 0.0l
Case 5 —4.13 —0.62 1.01 —0.38 —6.28 —2.33 —2.78 —0.38 —4.97 —1.86
Case 6 —1.77 0.75 2.06 0.62 —3.62 —0.47 —2.57 —0.05 -2.29 0.1
Mean —3.043 —0.025 2.303 —0.038 —4.973 —0.658 —3.065 —0.228 —3.495 —0.333
Some evidence has been proposed regarding the neuroplas- Conclusion

tic changes resulting from neurofeedback and behavioral inter-
ventions in clinical populations. For example, Beauregard and
Levesque™® studied the neural bases of NFT effects on selective
attention and response inhibition in children with ADHD by
functional MRI (fMRI). They suggested that NFT has the
capacity to functionally normalize brain systems, mediating
selective attention and response inhibition in ADHD children.
Furthermore, in a fMRI study,39 behavioral remediation
resulted in the normalization of function in the temporoparietal
cortex and inferior frontal gyrus in dyslexia. They suggested
« a partial remediation of language-processing deficits,
resulting in improved reading, ameliorates disrupted function
in brain regions associated with phonological processing and
produces additional compensatory activation in other brain
regions.”

Moreover, some studies have pointed to sensorimotor
deficits in addition to the phonological and reading difficulties
in dyslexia. For instance, Abdeldayem and Selim* drew atten-
tion to sensorimotor and age-related differences between dys-
lexic and normal children. They suggested a delayed cerebral
dyslexic maturation in the children with dyslexia. Thatcher et
al*! explored EEG coherence and phase development from age
2 months to 16.67 years in anterior—posterior and posterior—
anterior direction. They found an increase of coherence with
age in near electrodes and a decrease of phase in distant elec-
trodes as an indication of brain maturity. This study suggests
that the normalization (increase) of beta and delta coherence
in Cz-Fz, Cz-Pz, and Cz-C4 (in rest condition) is a sign of inte-
gration between sensory and motor areas in the brain of the par-
ticipants after NFT.

There is converging literature on the capacity of NFT to
modulate neural differences in neurodevelopmental disor-
ders in children, including dyslexia. This study showed
neurophysiological changes and concurrent improvements
in the reading ability and phonological awareness in chil-
dren with dyslexia post-NFT. The results showed positive
changes in the temporal lobes, along with improved coher-
ence between central—frontal and central—parietal areas. This
indicates sensory—motor integration and more cerebral
maturity in children with dyslexia. However, further
research on the cerebral maturity of participants with dys-
lexia and the application of NFT to target cerebral maturity
is needed. Also, the small numbers of cases require cautious
interpretation, and additional replication with larger samples
would be advantageous.
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Figure 3. Pattern of Z scored coherence changes after neurofeedback training (NFT). A, Coherence of delta band (Fz-Cz). B, Coherence of
theta band (T3-T4). C, Coherence of beta band between different channels.

Pre-treatment

Delta (1-4 Hz)

post-treatment

Delta (1-4 Hz)

Z-scored >=1.96

Z-scored >=2.58

Z-scored >=3.09

Figure 4. Diagrammatic illustration of averaged Z scored coherence
in delta, theta, and beta bands for pre- (left) and posttreatment (right).
The solid line indicates the hypercoherence and square dot lines indi-

cate the hypocoherence.

References

1.

American Psychiatric Association. Diagnostic and Statistical

Manual of Mental Disorders, 4th ed. Washington, DC 1994.

. Blau V, Reithler J, Van Atteveldt N, et al. Deviant processing of
letters and speech sounds as proximate cause of reading failure: a
functional magnetic resonance imaging study of dyslexic chil-
dren. Brain. 2010;133(pt 3):868-879.

. Shapleske J, Rossell SL, Woodruff PWR, David AS. The planum
temporale: a systematic quantitative review of its structural, func-
tional and clinical significance. Brain Res Brain Res Rev. 1999;
29(1):26-49.

. Blau V, Van Atteveldt N, Ekkebus M, Goebel R, Blomert L.
Reduced neural integration of letters and speech sounds links pho-
nological and reading deficits in adult dyslexia. Curr Biol. 2009;
19(6):503-508.

. Larsen J, Hoien T, Lundberg I, Odegaard H. MRI evaluation
of the size and symmetry of the planum temporale in adoles-
cents with developmental dyslexia. Brain Lang. 1990;39(2):
289-301.

. Brown WE, Eliez S, Menon V, Rumsey JM, White CD, Reiss AL.
Preliminary evidence of widespread morphological variations of
the brain in dyslexia. Neurology. 2001;56(6):781-783.

. Rumsey JM, Dorwast R, Verness M, Denckla MB, Kruesi JP,
Rapoport JL. Magnetic resonance imaging of the brain anatomy
in severe developmental dyslexia. Arch Neurol. 1986;43(10):
1045-1046.

. Morgan AE, Hynd GW. Dyslexia, neurolinguistic ability, and

anatomical variation of the planum temporale. Neuropsychol Rev.

1998;8(2):79-93.

Downloaded from eeg.sagepub.com at UNIV TORONTO on October 8, 2014


http://eeg.sagepub.com/

322

Clinical EEG and Neuroscience 43(4)

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hugdahl K, Heiervang E, Ersland L, Lundervold A, Steinmetz H,
Smievoll A. Significant relation between MR measures of planum
temporale area and dichotic processing of syllables in dyslexic
children. Neuropsychologia. 2003;41(6):666-675.

Hersen M, Thomas JC, Ammerman RT. Comprehensive Hand-
book of Personality and Psychopathology: Child Psychopathol-
ogy. New York, NJ: Wiley; 2006.

Arns M, Peters S, Breteler R, Verhoeven L. Different brain acti-
vation patterns in dyslexic children: evidence from EEG power
and coherence patterns for the double-deficit theory of dyslexia.
J Integr Neurosci. 2007;6(1):175-190.

Rippon G, Brunswick N. Trait and state EEG indices of informa-
tion processing in developmental dyslexia. Int J Psychophysiol.
2000;36(3):251-265.

Simos PG, Fletcher JM, Bergman E, et al. Dyslexia specific brain
activation profile becomes normal following successful remedial
training. Neurology. 2002;58(8):1203-1213.

Sklar B, Hanley J, Simmons WW. An EEG experiment aimed
toward identifying dyslexic children. Nature. 1972;240(5381):
414-416.

Shiota M, Koeda T, Takeshita K. Cognitive and neurophysiologi-
cal evaluation of Japanese dyslexia. Brain Dev. 2000;22(7):
421-426.

Weiss S, Muller HM. The contribution of EEG coherence to the
investigation of language. Brain Lang. 2003;85(2):325-343.
Lubar JO, Shouse M. EEG behavioral changes in a hyperactive
child concurrent with training of the sensorimotor rhythm
(SMR): a preliminary report. Biofeedback Self Regul. 1976;
1(3):293-306.

Fernandez T, Harmony T, Fernandez-Bouzas A, et al. Changes in
EEG current sources induced by neurofeedback in learning dis-
abled children: An exploratory study. Appl Psychophysiol Bio-

feedback. 2007;32(3-4):169-183.

19.

20.

21.

22.

23.

24.

25.

Demos IN. Getting Started with Neurofeedback. New York, NY:
W.W.Norton & Company Inc; 2005.

Sterman MB. Basic concepts and clinical findings in the treatment
of seizure disorders with EEG operant conditioning. Clin Electro-
encephalogr. 2000;31(1):45-55.

Gevensleben H, Holl B, Albrecht B, et al. Neurofeedback train-
ing in children with ADHD: 6-month follow-up of a randomised
controlled trial. Fur Child Adolesc Psychiatry. 2010;19(9):
715-724.

Fernandez T, Herrera W, Harmony T, et al. al. EEG and
behavioral changes following neurofeedback treatment in learn-
ing disabled children. Clin Electroencephalogr. 2003;34(3):
145-152.

Thornton KE, Carmody DP. Electroencephalogram biofeedback
for reading disability and traumatic brain injury. Child Adolesc
Psychiatr Clin N Am. 2005;14(1):137-162.

Becerra J, Fernandez T, Harmony T, et al. Follow-up study of
learning disabled children treated with neurofeedback or placebo.
Clin EEG Neurosci. 2006;37(3):198-203.

Jacobs E. Neurofeedback treatment of two children with learning,
attention, mood, social, and developmental deficits. J Neurotherapy.
2005;9(4):55-70.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vernon D, Egner T, Cooper N, et al. The effect of training distinct
neurofeedback protocols on aspects of cognitive performance. Int
J Psychophysiol. 2003;47(1):75-85.

Tansey MA. Wechsler (WISC-R) changes following treatment of
learning disabilities via EEG biofeedback training in a private prac-
tice setting. Australian J Psychology. 1991;43(3):147-153.
Fenger TN. Visual-motor integration and its relation to EEG neu-
rofeedback brain wave patterns, reading, spelling, and arithmetic
achievement in attention deficit disordered and learning disabled
students. J Neurotherapy. 1998;3(1):9-18.

Breteler MH, Arns M, Peters S, Giepmans I & Verhoeven L.
Improvements in Spelling after QEEG-based neurofeedback in
dyslexia: a randomized controlled treatment study. App! Psycho-
physiol Biofeedback. 2010;35(1):5-11.

Breteler MH, Arns M, Peters S, Giepmans I, Verhoeven L. Erra-
tum to: Improvements in spelling after QEEG-based neurofeed-
back in dyslexia: a randomized controlled treatment study. App!
Psychophysiol Biofeedback. 2010;35(2):187.

Michaeli Manee F. The Study of Reading Phonological Process-
ing Model in 8-10 Years Old Tehranian and Tabrizian Normal
and Dyslexic Monolingual and Bilingual Students [PhD thesis].
Teacher Training Tehran University; 2005.

Barlow DH, Nock DH, Hersen M. Single Case Experimental
Designs: Strategies for Studying Behavior for Change. Boston,
Pearson Education; 2009.

Cohen J. Statistical Power Analysis for the Behavioral Sciences.
Hillsdale, NJ: Lawrence Erlbaum Associates; 1988.

Tansey MA, Bruner RL. EMG and EEG biofeedback training in
the treatment of a 10-years-old hyperactive boy with a develop-
mental reading disorder. Biofeedback Self Regulation. 1983;
8(1):25-37.

Walker JE, Norman CA. The Neurophysiology of Dyslexia: A
Selective Review with Implication for Neurofeedback Remedia-
tion and Results of Treatment in Twelve Consecutive Patients. J
Neurotherapy. 2006;10(1):45-55.

Leisman G. Coherence of hemispheric function in developmental
dyslexia. Brain Cogn. 2002;48(2-3):425-431.

Flynn JM, Deering WM. Subtypes of dyslexia: investigation of
Boder’s system using quantitative neurophysiology. Dev Med
Child Neurol. 1989;31(2):215-223.

Beauregard M, Levesque J. Functional magnetic resonance ima-
ging investigation of the effects of neurofeedback training on the
neural bases of selective attention and response inhibition in chil-
dren with attention-deficit/hyperactivity = disorder. Appl
Psychophysiol Biofeedback. 2006;31(1):3-20

Temple E, Deutsch GK, Poldrack RA, Miller SL, Tallal P,
Merzenich MM, et al. Neural deficits in children with dyslexia
ameliorated by behavioral remediation: evidence from functional
MRI. Proc Natl Acad Sci U S A. 2003;100(5):2860-2865.
Abdeldayem H, Selim O. Neuropsychological assessment and
EEG evaluation of dyslexic children. Int J Child Neuropsychiatr.
2005;2(2):155-162.

Thatcher RW, North DM, Biver CJ. Development of cortical con-
nections as measurement by EEG coherence and phase delays.
Hum Brain Mapp. 2008;29(12):1400-1415.

Downloaded from eeg.sagepub.com at UNIV TORONTO on October 8, 2014


http://eeg.sagepub.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


