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Abstract

Dyslexia is one of the most frequent specific learning disorders which has often been associated with
deficits in phonological awareness mainly caused by auditory and visual inabilities to recognize and
discriminate phonemes and graphemes within words. Neuroimaging techniques like EEG recordings have
been widely used to assess hemispheric differences in brain activation between students with dyslexia and
their typical counterparts. Although dyslexia is a lifelong disorder which persists into adulthood, very few
studies have been carried out targeting in adult population. In this study, we examined the brain activation
differences between 14 typical (control group) and 12 university students with dyslexia (experimental
group). The participants underwent two tasks consisting of 50 3-word groups characterized by different
degrees of auditory and visual distinctiveness. The whole procedure was recorded with a 14-sensor
sophisticated wearable EEG recording device (Emotiv EPOC+). The findings from the auditory task
revealed statistically significant differences among the two sets of groups in the left temporal lobe in B,
vy and & rhythms, in the left occipital lobe in B rhythm, and in the right prefrontal area in o, p and
v rhythms, respectively. The students with dyslexia reported higher mean scores only in & rhythm in the
left temporal lobe, and in a, B and y rhythms in the right prefrontal area. Concerning the visual task,
statistically significant differences were evident in the left temporal lobe in B, y rhythms, in the occipital
lobe in o, B and & rhythms, in the parietal lobe in B rhythm, and in the right occipital lobe in 5, f and
v thythms. The students with dyslexia reported higher mean scores only in the d rhythm of both the left
and right occipital lobe. The results indicate that there are differences in the hemispheric brain activation
of students with or without dyslexia in various rhythms in both experimental conditions, thus, shedding
light in the neurophysiological discrepancies between the two groups. It also lays great emphasis on the
necessity of carrying out more studies in adult population with dyslexia.
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1. Introduction

Dyslexia is one of the most frequent specific developmental learning disorders, affecting 5-15%
of school-aged children although estimates vary widely depending on the language and culture (American
Psychiatric Association, 2013). It has often been related to severe deficits in reading and spelling skills
which often co-occur with dysfunctional phonological processing (Snowling, 2000) that persist in adult
life (Paulesu et al., 2001), difficulties in phonological representations and short-term memory deficits in
coding, storing and retrieving these representations (Gathercole & Baddeley, 2014).

According to recent studies, dyslexic and normal readers differ in terms of processing visual and
auditory information, as the large cell visual pathway of dyslexics, presents some form of abnormality or
dysfunction (Stein, 2001). Livingstone and Galaburda (1993), concluded that the large cells of the central
nervous system of people with dyslexia were smaller in size and disorganized compared to normal
people, a finding which was later confirmed in an in-vivo study by Giraldo-Chica et al., (2015).
This hypothesis of magnocellular processing deficits has offered an alternative explanation of auditory
and visual processing deficits. More specifically, the instability in focusing along with the problematic
eye movement or increased density of visual stimuli result in visual deficits, which may also lead to
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auditory and motor problems (Ramus et al., 2003) as they carry information about motion, overall shape,
and small light-dark changes.

In several studies over the last 20 years, electroencephalograph (EEG) has been used to study the
physiology of the brain in patients with dyslexia, as it is non-invasive, painless, cheap and potentially
wearable to record electrical activity of human brain from the scalp surface (Xing, Mccardle, & Xie,
2012). Most studies focusing on EEG rhythms’ changes have employed tasks associated with reading
difficulties. For example, Rippon and Brunswick (2000) found that children with dyslexia showed
increased frontal activity in a phonological task, and no differences were observed between the dyslexic
group and the control group in a visual task. In addition, there was a marked increase in B rhythm activity
in the right parietal-occipital region in children with dyslexia when performing phonological in relation to
the visual task (Papagiannopoulou & Lagopoulos, 2016). The coherence of B and y rhythms has been
linked to more complex linguistic sub-processes, such as syntax or semantics. EEG findings from the
literature study show increased (left) frontal and right temporal slow activity in the 6 and 6 bands and
increased B in F7 (Kandel et al., 2017).

A number of methods have been proposed in order to measure EEG signals in several
populations through brain computer interface (BCI). One such device is the lightweight Emotiv EPOC+
wireless EEG system which has received the most empirical attention in a spectrum of different fields
(Badcock et al., 2015). Concerning the exploration of the relationship between several forms of learning
difficulties and EEG abnormalities there have been just a handful of researches using the Emotiv EPOC+.
For example, Eroglu et al., (2018), found that the dyslexic group showed significantly lower complexity
at the lowest temporal scale and at the medium temporal scales than did the control group.

2. Objectives

The purpose of this study is to investigate the brain function of young adults with dyslexia
through innovative and non-invasive methods of functional imaging of the brain in phonological and
morphological awareness tests, such as audiovisual discrimination tasks in a word-level.

3. Methods

3.1. Data acquisition

In this study, 26 right-handed young adults (mean average 21.32 y/o) participated in this
experiment, forming the Dyslexic group (12 students) and the Control group (14 students). All the
subjects with dyslexia had undergone intervention at young age without reporting any dyslexia-related
comorbidities. There were no major age or education-level differences, since all of them were university
students in the School of Health Sciences. Written consent forms to participate in this study were obtained
from all the subjects who participated on a voluntary basis. The recording was terminated as soon as a
participant felt any discomfort with the device or the procedure. Each experimental session lasted 22
minutes on average depending on the time required by the participants to answer each question.

3.2. EEG acquisition

For the EEG recordings, the Emotiv EPOC+ head-set was used, a wireless neuro-signal
acquisition device with 14 wet sensors (+2 reference), capable of detecting brainwaves at 128Hz
sequential sampling rate. The participants were seated in a comfortable chair in front of a computer and a
specialized technician set up the device following the instructions provided by the EmotivPRO Software,
checking regularly the quality of the connectivity in the beginning and during the recording. The felt pads
were placed in the scalp according to the International 10-20 System (AF3, F3, F7, FC5, T7, P7, Ol,
AF4, F4, F8, FC6, T8, P8 and O2), using saline liquid solution on all felt pads of each sensor (Figure 1).
However, due to loss of connectivity the F8 electrode was isolated and rejected and so was the
corresponding channel, F7 to maintain the symmetry of the recording.

Figure 1. Regions of Interest according to the electrode sites. (Blue: Left frontal, Orange: Lefi temporal, Red: Left
occipital, Green: Right frontal, Purple: Right temporal, Yellow: Right occipital, Grey: Rejected channels).
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The recordings were made with the montage, according to the connected mastoids, and the EEG
signals were saved in ".edf" format. A Butterworth notch filter is applied to remove 50 Hz power line
noise oscillations from EEG signals and a 0.5 Hz high-pass digital FIR filter to remove low frequency
oscillations. Next, five FIR filters of similar design are designed to allow frequencies within a certain
range and attenuate frequencies outside that range. The five bandwidth filters (6 = 0.5 - 4 Hz, 8 = 4 - 8
Hz, a =~ 8 — 12 Hz, p = 13 — 30 Hz, and v = 30 - 60 Hz) are designed in relation to the 5 EEG rhythms,
trying to export spectral characteristics to each subband of frequencies to be investigated.

3.3. Material

The material included in the software consists of 60 triads of words, which have been selected
meeting strict phonological, morphological and semantic criteria taking into account the difficulties
encountered by people with dyslexia (Asvestopoulou et al., 2019). More specifically, the given words
mainly focused on the confusion of letters with acoustic similarity (f, v, 8, 0) (Koloavtin-AliQt
& Zogeipomovrov, 2004), and their performance was evaluated with a novel interactive application
measuring audiovisual discrimination of words in two experimental conditions.

3.4. Auditory discrimination task

In the first experimental auditory discrimination task, participants were asked to differentiate
verbally-presented words containing phonemes with common phonological characteristics (eg fo’vame,
fo’dame, fo'Bame). Participants saw 3 boxes with written numbers in a row on a computer screen, asking
them to choose the number that corresponded to the word they thought was correct in predefined time
limit of 10 seconds. The verbal instruction given was the following: "choose the right word you hear".

3.5. Visual recognition task

In the second experimental task, which assessed visual recognition, the participants saw 3 words
in a row on the screen, and had to implicitly read them as carefully as possible choosing the one that they
thought had the correct spelling in predefined time limit ranging from 5 to 10 seconds. The on-screen
instruction was: "Choose the right word you see".

4. Results

Aiming to examine the differences in EEG recordings between the two sets of groups in
(1) auditory discrimination and (ii) visual recognition of words, we performed the t-test as the data were
normally distributed.

(1) Regarding the auditory discrimination task we observed statistically significant differences
in both hemispheres. More specifically, in the left hemisphere differences were found in the left temporal
lobe in B (p=.005), v (p=-002) and & (p=.017) rhythms, in the left occipital lobe in B (p=.02), rhythm, and
in the right prefrontal area in a (p=.02), B (p=.05) and y (p=.04) rhythms, respectively. Students with
dyslexia reported higher mean scores only in & rthythm in the left temporal lobe, and in o, B and y rthythms
in the right prefrontal area of the hemisphere (Table 1).

Table 1. T-test examining the correlation of brain regions and rhythms between Control and Dyslexic groups in
Auditory discrimination task.

Control (n=14) Dyslexic (n=12) df 25
Left Hemisphere
M Sd M Sd t Sig
T7 % 0.556 0.234 0.771 0.100 -2.585 017
T7 B 0.113 0.082 0.032 0.014 2.890 .005
T7 vy 0.133 0.093 0.031 0.015 3.255 .002
o1 B 0.091 0.031 0.054 0.027 2.487 027
Right Hemisphere
AF4 o 0.014 0.011 0.029 0.014 -2.569 .020
AF4 B 0.020 0.014 0.052 0.024 -3.758 .005
AF4 v 0.026 0.088 0.047 0.114 2.223 040

(i1) Concerning the visual task, statistically significant differences were evident in the left
temporal lobe in B (p=.02), y (p=.04) thythms, in the occipital lobe in a (p=.01), B (p=.01) and 3 (p=.02)
rhythms, in the left parietal lobe in B (p=.02) rhythm, and in the right occipital lobe in 6 (p=.01), B (p=.01)
and y (p=.03) rhythms. The students with dyslexia reported higher mean scores only in the 6 rhythm of
both the left and right occipital lobe (Table 2).
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Table 2. T-test examining the correlation of brain regions and rhythms between Control and Dyslexic groups in
Visual recognition task.

Control (n=14) Dyslexic (n=12) df 25
Left Hemisphere
M Sd M Sd t Sig
T7_B 0.142 0.088 0.064 0.060 2.334 .020
T7 v 0.170 0.111 0.080 0.081 2.090 .040
01.% 0.420 0.132 0.595 0.206 -2.499 021
Ol_a 0.045 0.018 0.034 0.011 2.567 011
o1 B 0.106 0.025 0.068 0.039 2.813 .010
P7 B 0.140 0.076 0.079 0.048 2.121 .032
Right Hemisphere
0235 0.355 0.152 0.538 0.205 -2.612 015
02 B 0.123 0.041 0.028 0.019 3.136 011
02 vy 0.131 0.106 0.090 0.062 2.280 .033

5. Discussion

The aim of this study was to track brain activity in the regions of interest, testing differences in
brain rhythms as they were recorded through a Brain Computer Interface device, between young adults
with dyslexia and a control group across two experimental conditions (auditory discrimination and visual
recognition).

The results showed statistically significant differences in brain regions in both hemispheres
between the two groups, revealing the heterogeneity of rhythms’ activation in different regions
(Perrachione et al., 2016). The findings in both experimental conditions are in line with previous
researches reporting a left occipito-temporal hypoactivation converging on the same brain regions
associated with the reading deficit (Paulesu et al., 2014; Zakopoulou et al., 2019).

What is evolutionary in this study, is the attempt to further investigate the rhythms’ activation
within these brain regions, where students with dyslexia exhibited lower B and y rhythms in the left
occipito-temporal lobes, during both auditory and visual tasks, suggesting that these rhythms are linked
with difficulties in the phonological and reading processes as well as with failure of left posterior brain
systems (Shaywitz et al., 2002). Similarly, a reduced a activity in the left occipital region was found only
during the visual task, indicating a relationship between a rhythm, cognitive performance (Riviello et al.,
2011), and brain maturation (Pineda, 2005).

Interestingly, during the auditory task an increased 6 rhythm was found in the left temporal
region, while similarly high 6 rhythm was found in the left occipital region during the visual task. Being
in line with Gori’s (Gori et al., 2015) and Kandel’s (Kandel et al., 2017) results, these findings enrich the
assumption that the left occipito-temporal slow activity reveal a strong interaction between auditory
processing difficulties and reading impairments.

6. Conclusion

o, B and 8 EEG bands were used to define unique brain activations and related possible
phonological and reading impairments, in adults with dyslexia, during auditory and visual tasks. Such
evidence would be relevant for the theory of magnocellular processing, which postulates the coexistence
of auditory and visual processing deficits as indicative of a broadly distributed dysfunction in the “neural
signature” of dyslexia.
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