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 ❚ ABSTRACT
Objective: To verify if, by three distinct quantifiers, the measured electroencephalographic signal 
at rest is different from the signal measured during a word reading situation, especially considering 
the faster rhythms, gamma and high-gamma, as it occurs in clinical rhythms (delta to beta). 
Methods: A total of 96 electroencephalographic signals measured from neurologically healthy 
volunteers were evaluated at two moments: resting and word reading. Each signal segment was 
measured by three quantifiers that separately assess normalized power, percent power, and right 
and left hemisphere coherence. The Mann-Whitney test was used to compare the results of the 
quantifiers in each brain range. Results: The gamma and high-gamma rhythms presented a more 
distinct behavior when comparing the analyzed moments (resting and reading) than the clinical 
rhythms. Conclusion: This finding contributes to the scarce literature on faster rhythms, which 
can contain information that is normally disregarded in neurological clinical practice.
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 ❚ RESUMO
Objetivo: Verificar se, por meio de três quantificadores distintos, o sinal eletroencefalográfico 
medido em repouso é diferente do sinal medido durante o processo de leitura, especialmente 
considerando os ritmos rápidos, gama e supergama, assim como ocorre nos ritmos clínicos 
delta a beta. Métodos: Foram avaliados 96 sinais eletroencefalográficos medidos em voluntários 
neurologicamente saudáveis, em dois momentos: repouso e leitura de palavras. Cada trecho do 
sinal foi mensurado por três quantificadores que medem, de maneira isolada, a potência normalizada 
e a potência percentual, bem como a coerência entre os hemisférios direito e esquerdo. O teste 
estatístico de Mann-Whitney foi usado para comparar os resultados dos quantificadores em cada 
faixa cerebral. Resultados: Os ritmos gama e supergama apresentaram comportamento mais 
distinto entre os momentos analisados (repouso e leitura) que os ritmos clinicamente analisados. 
Conclusão: Esse achado contribui com a escassa literatura segundo a qual os ritmos rápidos 
podem conter informações que normalmente são descartadas na neurologia clínica.

Descritores: Eletroencefalografia; Leitura; Ritmo gama; Ritmo delta; Ritmo beta

 ❚ INTRODUCTION

Reading improves the storage of information in the human brain, and requires 
a combination of skills and continuous study to enhance knowledge by 
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learning of new words.(1) Multiple brain systems must 
interact cooperatively for a word to be recognized 
and a homogeneous interpretation of the visual input 
to occur.(2) Research indicates that several brain 
regions are triggered during reading.(3) However, using 
neuroimaging, it has been shown that an area in the 
occipitotemporal cortex is activated in fluent readers.(4) 
This region, located in the fusiform gyrus, has been 
termed the visual word form area.(5) Studies showed the 
activation of this region is evoked by written words, but 
not by spoken words.(5) Besides improving previously 
acquired knowledge, reading also improves auditory 
and visual perception,(6) and is a particular form of 
human evolution.

During a word reading situation, the electrical 
activity of the brain changes, and these changes can be 
captured in electroencephalogram (EEG) recordings. 
The transmission of brain information occurs via 
electrical activity, and the EEG records this activity, 
which is detected by electrodes placed on the scalp,(7,8) 
according to the following neuroanatomical locations: 
frontal (F), central (C), parietal (P), temporal (T), 
occipital (O). Odd numbered electrodes represent the 
left cerebral hemisphere, and even numbered electrodes 
represent the right hemisphere.(9)

The EEG spectral analysis is performed in the EEG 
frequency bands, which have well-defined limits,(9,10) 
namely: delta (ranging from 0.5 to 3.5Hz), theta (from 
3.5 to 7.5Hz), alpha (ranging from 7.5 to 12.5Hz), beta 
(from 12.5 to 30Hz), gamma (from 30 to 80Hz), and 
high-gamma (above 80Hz).(10,11) The literature reports 
that the gamma and high-gamma rhythms are related 
to cognitive tasks involving perception, attention 
and memory.(12,13) However, as far as the authors are 
aware, no study analyzed the reading process per 
se. All previous studies analyzed reading associated 
with word comprehension, text interpretation, and 
visual stimulation. In addition, few articles studied the 
reading process in frequency bands above 40 Hz,(1,4,9,14) 
particularly in the context of Brazilian or Latin American 
individuals, assessing the degree of quantitative EEG 
changes that occur between resting and reading states, 
which is extremely important for a correct calibration of 
a brain-machine interface.

 ❚ OBJECTIVE

To measure, by quantitative processing, the 
electroencephalographic signals of neurologically healthy 

volunteers during a word reading situation and in 
a resting situation, and to verify if the gamma and 
high-gamma rhythms contribute significantly to the 
differentiation between the reading and the resting 
states, demonstrating possible changes in brain activity 
caused by these rhythms in these two situations.

 ❚METHODS

This study was carried out in the first semester of 2019 
and addressed the following topics in its methodological 
process: data collection; pre-processing; quantification 
of the brain signal; and statistical analysis.

Data collection
We analyzed EEG signals considered neurologically 
normal, collected from an EEG database and 
recorded from healthy volunteers, between the years 
2016 and 2018.(15) Authorization by the Research 
Ethics Committee of the Universidade Federal de 
Uberlândia (UFU) was released under CAAE: 
54781615.6.0000.5152, with approval number 1.715.960, 
allowing the collection and use/processing of these data. 
From this database, 96 EEG records were used (49 of 
the records were from male volunteers). The mean age 
of the volunteers was 24±7.5 years.

We used a 20-channel EEG equipment, with a 
high-pass filter with a cut-off frequency of 1Hz, a 
100Hz low-pass filter, and a filter that rejected the 
range between 58 and 62Hz. The sampling frequency 
and impedance values set for the device were 1kHz 
and 1 KΩ, respectively. All records were collected 
following the international 10-20 collection system. 
The protocol recorded two events: event 1, termed 
no stimulus (NS) event, and event 2, in which the 
volunteer read ten words sequentially, termed word 
reading (WR) event.

For NS recording, the volunteer laid down, with 
eyes open and at rest, for 3 minutes, without any 
stimulation. In WR, the volunteer laid down, and one 
word at a time was presented sequentially. Each word 
was shown for a period of 5 seconds, at the height of 
the volunteer’s eyes, written in large fonts on a piece 
of cardboard, for a silent reading. After the reading, 
another 5 seconds of recording took place, in silence, 
before moving on to the next word. In total, the 
volunteer was asked to read ten words, namely: dog, 
football, shirt, soap opera, banana, tomato, music, cell 
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phone, fabric and work. This choice of words, although 
random, sought to use words that evoked memories 
and emotions associated with the daily life of a 
common Brazilian individual. Examples of filtered and 
unfiltered EEG signals in the time domain, collected 
from a volunteer for both situations studied here, are 
shown in figure 1.

Pre-processing
To ensure that the study considered a time interval 
during which the volunteer was actually performing 
the word reading act, the first and the last seconds 
recorded for each word read were excluded. Thus, 
for the WR event, ten 3-second epochs (stretches and 
segments) were analyzed, each epoch associated with 
the reading of a specific word. As for the NS event, 
each EEG recording was validated for separation into 
epochs of interest. The epochs, also lasting 3 seconds, 
were selected by a neurologist, who was a specialist in 
EEG analysis, through visualization. The morphology 
of a neurologically normal recording, devoid of visual 
artifacts, as expected for a healthy volunteer, was 
adopted as pattern.

We relied on filtering methods and visual analysis 
to avoid artifacts, such as 60Hz noise, muscle artifacts, 
blinks, or others, to assure that the analyzed signal was 
related to the EEG tracing.

Quantification of the brain signal
The first tool used to quantify the signal was the discrete 
time Fourier transform (DTFT), whose calculation 
results in the spectral density (power) of the signal 
distributed at each frequency analyzed. The DTFT 
calculation is defined as shown in equation 1.

 (Equation 1)

where F(ω) is the DTFT of f(t).
The normalized power percentage (NPP) quantifier 

measures the amount of signal power, covering all 
existing rhythms between 1 and 100Hz (delta, theta, 
alpha, beta, gamma and high-gamma). The power 
contribution percentage (PCP) quantifier measures the 
power of each brain rhythm relatively to the total power 
of the spectrum, informing the contribution of each 
rhythm in the evaluated epoch. The input data for both 
quantifiers were ten epochs of the NS event, and ten 
epochs of the WR event.

Initially, for both NPP and PCP, the power spectral 
density Sx, was calculated using the DTFT.(15-17) With 
the result of the calculation Sx , for all epochs of the NS 
and WR events, the values of NPP (equation 2), and 
the values of PCP were calculated (equation 3).(18) The 
NPP quantifier is defined as in equation 2.

Figure 1. Examples of unfiltered and filtered electroencephalographic signals 
in the time domain collected from a volunteer. (A) unfiltered signal of the no 
stimuli situation; (B) filtered signal of the no stimuli situation; (C) unfiltered 
signal of the word reading situation; (D) filtered signal of the word reading 
situation 

A

B
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 (Equation 2)

Where Sxa(f,b) is the power spectral density of 
the EEG signal at the X electrode, for event a (NS 
or WR); where b and f correspond, respectively, to 
the corresponding epoch and the frequency value. 
Sxa is the power spectral density matrix, in which 
the lines represent the frequency values (f), and the 
columns refer to the epochs (b) [W/Hz]. Max(Sxa) is 
the maximum amplitude, calculated after analyzing all 
elements of the Sxa matrix [W/Hz].

In this way, the calculation of the PCP quantifier is 
made according to equation 3:

 (Equation 3)

Where the index i is associated with the epochs; 
index a, with the event (NS or WR); finrhythm is the first 
frequency value of the analyzed rhythm [Hz]; foutrhythm 
is the last frequency value of the analyzed rhythm [Hz]; 
Pia is the power calculated across the spectrum [W], 
whereas a is the event.

The input data for the coherence quantifier were 
the same as for NPP and PCP (selected epochs of each 
event). Coherence is a statistical measure related to 
the degree of coupling of the frequency spectra, and 
its value depends on the correlations between the 
events in the frequency domain. Additional diagnostic 
information can also be provided by measuring the 
pairs of neocortical regions.(18-20) This refers to the 
degree of phase similarity between two signals.(21) The 
coherence calculation is done by the square magnitude 
of the cross spectral density of the two signals, as seen 
in equation 4.

 (Equation 4)

I b is the epoch considered; Sxy, the cross power 
spectral density [W/Hz]; Sx, the spectral density of 
the X electrode; and Sy, the spectral density of the U 
electrode.

Results of equation 3 vary from zero to one, and 
values close to zero indicate a low correlation, and 
values close to one indicate a high correlation. This 
property is expressed by equation 5.

 (Equation 5)

To perform the coherence calculations, the electrode 
pairs F3–F4, C3–C4, P3–P4 and O1–O2 were taken into 
consideration, in the spectral range from 1 to 100Hz, 
from the delta rhythm to the high-gamma rhythm.

Statistical analysis
Since the NPP values varied over a wide range of 
frequency bands (1 to 100Hz), it was decided to 
divide these data into three bands: clinical rhythms 
(ranging between 1 and 30Hz); gamma rhythm (from 
30 to 80Hz); and high-gamma rhythm (from 80 to 
100Hz). From the NPP values per band, the NS 
and WR events were arranged in that order, so that 
time-frequency diagrams could be drawn up. These 
values were arranged in chronological order of events 
and by frequency, from the lowest to the highest 
values (considering each band separately). For each 
electrode analyzed, three time-frequency diagrams 
were generated: clinical rhythms, gamma rhythm, and 
high-gamma rhythm. 

In order to verify the hypothesis of equality of NPP 
data in both events (NS and WR), the Mann-Whitney 
test was used, with 95% confidence interval. This is 
a non-parametric test for comparing independent 
samples to verify whether there is a difference between 
them.(22) The result shows the level of significance 
between the data, represented by the p value. When 
the p value is less than 5%, the equality hypothesis 
is rejected, assuming that the compared data are 
different.

The PCP values obtained were assessed using 
descriptive calculation (median±median standard 
deviation) to summarize the information obtained from 
each brain rhythm. These values were also compared 
for the two events using the Mann-Whitney test with the 
same level of significance, and the results are shown in 
a table.

Finally, the coherence values obtained in both the 
NS and WR events were used to create time-frequency 
diagrams. The time axis was defined, as well as for 
NPP, by values measured in the chronological epochs, 
respecting the order of events, in seconds, and the 
frequency axis comprised values ranging from the lowest 
to the highest contribution within each rhythm, in Hz. 
The statistical comparison between the coherence 
values measured in the NS event and those obtained 
in the WR event was also implemented using the  
Mann-Whitney test, with a 5% significance level.
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Figure 2. Topographies of the mean values of power contribution percentage of all volunteers. (A) topographies of clinical rhythms (delta to beta), gamma, and high-
gamma for the no stimulus situation; (B) topographies of clinical rhythms (delta to beta), gamma, and high-gamma for the word reading situation

A B

 ❚ RESULTS

Figure 2 shows non-normalized topographies with the 
mean values of PCP of all volunteers for all rhythms: 
clinical (delta to beta), gamma, and high-gamma, 
demonstrating how the distribution and variation of 
rhythms occur, during the resting situation and the word 
reading situation, throughout all scalp leads. Using non-
normalized topography, each rhythm has its own scale, 
which is constructed using the maximum and minimum 
average power of the specific rhythm.

Figure 3 shows the time-frequency diagrams of 
the NPP values. In each figure, the Fz, Cz, Pz and Oz 
electrodes are shown. Figure 3, from A to D, shows 
the clinical rhythms; from E to H, shows the gamma 
rhythm; and from I to L, shows the high-gamma 
rhythm. In all comparisons between NS (1 to 30 
seconds) and WR (30 to 60 seconds) using the Mann-
Whitney statistical test, the p values were less than 
0.05, indicating a statistical difference between the 
NPP measured at rest and the NPP measured during 
the word reading situation. 

Figure 3, from A to D, shows that, in the frequency 
range between 10 and 13Hz, which the alpha band was 
more evident, the discrepancy between the NS and 
WR events was noticeable. In figure 3, from E to H, 
showing the gamma rhythm, the highest NPP values 
were concentrated in the 30 to 52Hz bands, not only 
visually, but quantitatively. These values decreased 
in the WR process (p value <0.05). In figure 3, from 
I to L, showing the high-gamma rhythm, there was a 
more evident separation between NS and WR in this 
frequency range, and also, as in the gamma rhythm, 
there was a decrease in the NPP values during the 
WR event. 

The PCP values of each event, with their respective 
p values, for each brain rhythm, are shown in table 1 
(delta to beta) and table 2 (gamma and high-gamma), 
for the C3, Cz, C4, P3, Pz, P4, T5, T6, O1, Oz, and O2 
electrodes.

In the PCP calculation, as to clinical rhythms, 
the delta rhythm showed an increase in power in all 
electrodes during WR, when compared to NS. On 
the other hand, both in alpha and beta rhythms, PCP 
values decreased in the word reading situation. The 
theta frequency band variation showed a different 
PCP behavior, according to the region measured. For 
example, in the P, O and T regions, the PCP increased 
during the word reading situation, whereas in the other 
regions this index decreased. In gamma and high-
gamma rhythms, PCP values decreased in the word 
reading situation, except in the occipital and temporal 
region. The gamma and high-gamma rhythms, in 
terms of PCP, were sensitive to the brain region. In the 
parietal region, there was no differentiation between 
the PCP values measured at rest and during the 
word reading situation. This indicated that, for these 
rhythms, analyzing the electrodes in this region was 
not effective for EEG segmentation into resting and 
cognitive activity.

The analysis of the third EEG signal quantifier, i.e. 
coherence, indicated that both for the clinical rhythms 
(Figure 4) and the gamma and high-gamma rhythms 
(Figures 5 and 6, respectively), the coherence between 
the symmetrical pairs of the electrodes was higher 
during the word reading situation. The discrepancy 
between these values measured at rest and during 
word reading situation was markedly greater for faster 
rhythms, rendering these rhythms clinically important 
in the evaluation conducted by neurologists. 
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Md: Median; SD: standard deviation; NS: no stimuli; WR: word reading.

Figure 3. Time-frequency diagram of normalized power percentage for brain rhythms, with the first 30 seconds referring to the no stimulus event, and the last  
30 seconds referring to the word reading event. (A) diagram of the Fz electrode, clinical rhythms; (B) diagram of the Cz electrode, clinical rhythms; (C) diagram 
of the Pz electrode, clinical rhythms; (D) diagram of the Oz electrode, clinical rhythms; (E) diagram of the Fz electrode, gamma rhythm; (F) diagram of the Cz 
electrode, gamma rhythm; (G) diagram of the Pz electrode, gamma rhythm; (H) diagram of the Oz electrode, gamma rhythm; (I) diagram of the Fz electrode, 
high-gamma rhythm; (J) diagram of the Cz electrode, high-gamma rhythm; (K) diagram of the Pz electrode, high-gamma rhythm; (L) diagram of the Oz electrode, 
high-gamma rhythm
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Table 1. Percentage values of power contribution – clinical rhythms (α=5%)

Electrodes and situation Delta Theta Alpha Beta

C3

NS 40.9 19.7 11.2 9.1

WR 51.3 18.8 7.8 7.6

p value 0 0.6 0 0

CZ

NS 40.8 23.3 11.4 8.2

WR 53.3 22.4 7.5 6.6

p value 0 0.3 0 0

C4

NS 41.1 18.3 12.9 9.2

WR 52.9 18.2 7.6 7.4

p value 0 0.8 0 0

P3

NS 40.7 18.3 13.1 9.3

WR 49.9 18.3 8.7 8.2

p value 0 0 0 0

PZ

NS 41.5 16.0 13.2 9.1

WR 52.6 19.7 8.5 7.8

p value 0 0 0 0

P4

NS 40.2 14.7 14.7 9.2

WR 50.8 18.5 8.9 8.3

p value 0 0 0 0

T5

NS 39.9 15.6 13.3 9.8

WR 49.5 17.6 8.6 9.8

p value 0 0 0 0.5

T6

NS 39.9 13.2 14.4 9.6

WR 51.3 17.0 8.4 9.1

p value 0 0 0 0

O1

NS 35.7 12.4 15.3 11.1

WR 47.9 18.4 9.6 9.9

p value 0 0 0 0

OZ

NS 37.1 13.1 15.2 10.5

WR 48.8 17.9 9.9 9.6

p value 0 0 0 0

O2

NS 35.3 10.9 18.2 11.0

WR 47.8 18.1 10.4 10.1

p value 0 0 0 0
p≥0.05 indicates statistical equality. 
NS: no stimulus; WR: word reading. 

Table 2. Percentage values of power contribution – faster rhythms (α=5%)

Electrodes and situation Gamma High-gamma

C3

NS 3.8 0.5

WR 3.5 0.4

p value 0 0

CZ

NS 3.5 0.4

WR 3.1 0.4

p value 0 0

C4

NS 3.7 0.5

WR 3.0 0.4

p value 0 0.1

P3

NS 3.6 0.5

WR 3.6 0.5

p value 0.7 0.7

PZ

NS 3.5 0.4

WR 3.3 0.4

p value 0.1 0.1

P4

NS 3.5 0.5

WR 3.7 0.5

p value 0.1 0.3

T5

NS 3.8 0.5

WR 4.3 0.5

p value 0 0

T6

NS 3.6 0.5

WR 4.1 0.5

p value 0 0

O1

NS 3.7 0.5

WR 4.1 0.5

p value 0 0

OZ

NS 3.6 0.5

WR 3.9 0.5

p value 0 0

O2

NS 3.7 0.5

WR 4.1 0.5

p value 0 0
p≥0.05: indicates statistical equality. 
NS: no stimulus; WR: word reading. 
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Md: median; SD: standard deviation; NS: no stimulus; WR: word reading.

Figure 4. Time-frequency coherence diagram for clinical rhythms, with the first 30 seconds referring to the no stimulus event, and the last 30 seconds referring to the 
word reading event. (A) diagram of the Fz electrode; (B) diagram of the Cz electrode; (C) diagram of the Pz electrode; (D) diagram of the Oz electrode

Md: median; SD: standard deviation; NS: no stimulus; WR: word reading.

Figure 5. Time-frequency coherence diagram for gamma band, with the first 30 seconds referring to the no stimulus event, and the last 30 seconds referring to the word 
reading event. (A) diagram of the Fz electrode; (B) diagram of the Cz electrode; (C) diagram of the Pz electrode; (D) diagram of the Oz electrode
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 ❚ DISCUSSION
The review by Antonenko et al.,(23) describes two case 
studies: one on the cognitive load in hypertext reading, 
with 20 students, and the other on the cognitive load 
in multimedia reading, with 38 students. The results 
of the first case showed a significant decrease in 
alpha power during the 20 seconds of reading and, in 
the second case, this reduction was also noticed in the 
frontal region of the brain.

In the study by von Stein et al.,(20) with 19 volunteers, 
coherence was analyzed in three different modalities: 
written word, auditory presentation and visual 
presentation of the object. Each stimulus lasted 2 
seconds, with an interval of 2 to 3 seconds between all 
conditions. For comparison, a resting state was used 
with the volunteer relaxed and with eyes open. During 
reading, the gamma coherences between the parietal 
and temporal cortex increased. In addition, alpha 
coherence also demonstrated an increase in temporal 
electrodes.

The study by Bedo et al.,(24) analyzing independent 
components, showed that, both in the ventral 
occipitotemporal cortex and in the central cortex, 

progression of theta band and gamma band 
synchronization occurs, and the information flow 
from these bands are associated with the visual and 
language processing areas.

The study,(25) carried out with two male volunteers, 
evaluated guitar score reading, involving an unpublished 
sequence of musical notes, previously developed for the 
experiment. The results obtained revealed changes in 
the theta to gamma bands during cognitive activities. 
Our study shows changes in the four brain rhythms 
during reading activities.

In a review by Klimesch,(26) alpha activity is 
suppressed in the word reading situation, which was 
also evidenced in our present study. 

In the research by Fitzgibbon et al.,(27) an analysis 
implemented in 20 adults showed that, during cognitive 
tasks, including reading, the powers of the gamma and 
theta bands increased, respectively, by two to five, and 
one to three times, when compared to resting. 

The study by Kornrumpf et al.,(28) aimed to 
investigate the spatial distribution of attention during 
reading, analyzing alpha band oscillations in the EEG. 
In their findings, it was concluded that, during reading, 

Md: median; SD: standard deviation; NS: no stimulus; WR: word reading.

Figure 6. Time-frequency coherence diagram for high-gamma band, with the first 30 seconds referring to the no stimulus event, and the last 30 seconds referring to the 
word reading event. (A) diagram of the Fz electrode; (B) diagram of the Cz electrode; (C) diagram of the Pz electrode; (D) diagram of the Oz electrode
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there is a right lateralization of posterior alpha activity, 
which is directly linked to attention, and is also related 
to oculomotor behavior in reading. 

The study by Bizas et al.,(4) evaluated the EEG of 17 
neurologically healthy, adult and right-handed volunteers, 
during the execution of several cognitive processes, 
involving reading. EEG records were quantified using 
energy spectrum measurements in the four frequency 
bands (delta to beta). The results led to the conclusion 
that the left cerebral hemisphere showed greater 
spectral variations in the word reading situation. In 
contrast, our study showed greater PCP variation in the 
right hemisphere for the parietal and occipital regions. 
In the other regions, the variations in both hemispheres 
were similar.

 ❚ CONCLUSION

This article is essentially focused on the reading activity 
and, therefore, the results characterize this pure cognitive 
process, avoiding several types of simultaneous stimuli 
and allowing the quantitative results to be associated 
specifically with the physiology of reading, based on the 
electroencephalographic signal. 

Most of the results obtained in this research are in 
agreement with the literature. Particularly considering 
the faster, gamma (30-80Hz) and high-gamma (80-100Hz)  
rhythms, the changes in the power contribution percentage 
values   in the temporal and occipital regions during 
the word reading situation, compared to the frontal 
and central regions, increased reasonably. The 
quantitative data obtained represent a proposal for 
a “normal” quantitative pattern associated with the 
pure reading process, in view of the high number of 
individuals evaluated. Therefore, these results can be 
useful both in the assessment of clinical neurological 
conditions (patients in a coma) and for brain–machine 
interface applications (patients/individuals with hearing/
verbalization problems). For a patient in an open-eyed 
coma-like state, unable to communicate verbally, if 
brain changes similar to those found in this study are 
observed, this could be an indication that the patient 
can read. This may be an alternative communication 
channel between the patient and the medical team/
family. However, it is impossible to affirm that the same 
changes found in a “normal” neurological situation are 
present in a neurological condition with any form of 
brain dysfunction. These perspectives represent possible 
future studies, as a result of this article.
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