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1. Abstract 

The ability to see and process images depends on the function of the eyes and a large 

extent on the processing of neuronal information, for this reason, it is important to 

study the neuronal activity obtained as response for visual stimulation. Approximately 

60% of stroke survivors have visual impairments implying the need for rehabilitation 

therapy and about 74% of patients with traumatic brain injury have visual alterations, 

and 38% of these alterations are visually impaired. However, although neuronal 

information is important, currently, brain activity is not recorded during therapies, so 

the neuronal changes due to therapy are unknown, only the clinical changes of the 

patients are measured, and only on those cases in which response to the therapy 

exists. A limitation to the study of brains’ activity during therapy is the cost and 

portability of the instrumentation required. The present study aims to characterize the 

cerebral visual electrophysiology response of healthy subjects with measures such as 

power spectrum and coherence, acquired through portable and low cost 

electroencephalography in healthy subjects in order to have biomarker that allow in 

future studies to follow up the patients’ process in neurological visual rehabilitation. 

 

A set of stimuli to perform visual cortex activation covering most of the visual skills was 

developed. As a result, six stimuli were designed, each of these with editable 

parameters for other tests. This set presents 3 previously reported stimuli and 3 

exploratory stimuli. The stimuli were designed for activating different visual function: 

acuity, contrast sensitivity, visual field, motion perception, form recognition, and color 

detection. 

 

These stimuli were presented to 37 healthy control subjects. During the whole 

experiment, subjects were seated in a comfortable chair in a slightly dimmed room 

about 1 m in front of the stimulation unit. Different stimuli were showed and analyzed 

to identify which have the most significant difference in power spectrum and coherence 

measures.  

 

In the first part an exploratory analysis was performed to identify outliers, initial trends 

and frequency response for the acuity and contrast stimuli. Also, statistical analyses 

were conducted, such as repeated measures ANOVA.  

 

Our results indicated that relative delta, theta and alpha power could be an indicator 

to distinguish between eyes open and eyes closed while specific power bands can 

give information for stimulation stages. Similarly, coherence analysis allowed us to find 

sensibility factors for each stage. With these stimuli and baseline in some measures 

characteristic of each one will be possible to compare these variables in patient with 

neuro-ophthalmological disorders and in neurological rehabilitation using the 

proposed stimuli to activate the different visual functions.  

 



 

The values obtained for power and frequency to respond to different behaviors 

depending on the type of stimulus, type of configuration and type of vision, this opens 

the analysis to understand if the trends are maintained in patients with visual 

impairment. 

 

Keywords: Visual cortex - Visual electrophysiology - Quantitative 

electroencephalography (qEEG) - Neurological rehabilitation - Vision disorders 

  



 

2. Introduction 

2.1 Motivation 

 

The ability to see and process images depend on the function of the eyes and also to 

a large extent on the processing of neuronal information, in addition, the area used for 

visual perception represents an important percentage of the visual cortex [1], more 

than 50% of human cerebral activity is related to vision [2]. For these reasons, it is 

important to study the neuronal activity in charge of the phenomenon of vision. Loss 

of vision may be the consequence of damage of the eye, the optic nerve, the visual 

pathways, or consequence of brain damage in occipital lobe due to stroke or neuro 

trauma which affects the visual system [3], [4]. Between 30% and 85% of patients will 

experience some type of visual dysfunction following a stroke [5][6]. The visual deficits 

most frequent in patients with stroke are visual field loss, hemianopsia and diplopia 

[7]. More than half a million patients are treated annually for head injuries, 90.000 of 

whom require rehabilitation services [8]. In moderate to severe traumatic brain injury 

(TBI), it is reported that about 74% of patients have visual alterations, and 38% are 

visually impaired [9], [10]. Stroke is one of the first causes of disability-adjusted life 

year (DALYs) in the world [11].  

 

Although the problems with vision loss due to damage of the central nervous system 

(CNS) have been assumed as irreversible, over the past two decades, 

neuropsychological research has shown that the “blind” regions of the visual field have 

a hitherto little-recognized ability to process residual vision. In the last years, new 

efforts have been made to “reactivate” such residual visual potential through vision 

training methods [3] [12]. The broad aim of rehabilitation is to achieve the best 

functional outcome for the patient. Within the rehabilitation team, the occupational 

therapist aims to improve or maintain independent function in all aspects of daily living 

including physical, cognitive and social behavior [6] [7].   

 

For these reasons, successful management of these lesions depends on accurate 

diagnostic, prognostic assessment, and a careful rehabilitation process.  The use of 

positron emission tomography (PET) and functional magnetic resonance imaging 

(fMRI) following stroke or TBI are important as measures of cerebral physiology [14] 

[15]. These are imaging tools that clinicians still rely on for the very first stage of 

diagnosis after TBI and stroke. fMRI and PET are useful in the first stage of diagnosis 

and establishing the extent of damage with the highest spatial resolution. Functional 

neuroimaging methods have been developed and new structural neuroimaging 

techniques also have been added to the toolbox of rehabilitation researchers because 

these techniques offer the ability to assess human white matter pathways in vivo and 

have a highest spatial resolution [16]. These are imaging techniques that clinicians 

use on for the very first stage of diagnosis after TBI and stroke. 

 



 

However, for therapy and rehabilitation follow-up, PET is not often used due to its use 

of radioactive materials is invasive and is extremely expensive. fMRI is a technique 

that produces images at a higher resolution than PET and does not require radioactive 

materials, although is also very expensive and not portable. In contrast, non-invasive 

electroencephalography (EEG) is inexpensive with highest temporal resolution and 

useful technology to measure of cerebral neurophysiology [8] [17] [18].  

 

In this line, quantitative EEG (qEEG) has proven to be useful in the diagnosis and 

rehabilitation [19] of cognitive problems of TBI individual [20] and visual evoked 

potentials (VEPs) have shown information on the functional status of the visual system 

[21]. Other studies have used these potentials to characterize vision function in 

children and adults and to have objective measures that support clinical evaluations 

in healthy subjects and in patients with visual impairment [22] [23] [24] [25] [26] [27]. 

However, although VEPs are measurements that offer important information of 

amplitude, latency, spectral characteristics, some of them are sensitive to external 

factors such as the monitor type [28], signal acquisition system for latency times, etc.  

 

This means that current measures could be not enough to allow know more about the 

visual system when different areas are activated and it can be more complex to have 

a baseline for different stimuli. Although some studies have researched the visual 

cortex there is not a reference of the same measure with different stimuli in healthy 

subject and patients. For this reason, it is important to analyze new EEG measures 

that can be sensitive indicators of pathologies [29] and use portable equipment that 

facilitates the implementation in clinical environments. 

 

The present study aims to characterize EEG signals of the visual system –visual 

cortex- in healthy subjects, to have new parameters or biomarkers that allow in future 

studies to follow up patients in therapy. This project was a cross-sectional study with 

an exploratory and descriptive analysis. The signals in this study were measured with 

a portable system to facilitate its use in rehabilitation centers.  

 

2.2  Objectives  

 

General objective 

 

Characterize the cerebral visual physiology response of healthy subjects using 

portable and low-cost electroencephalography (EEG). 

 

Specific objectives  

 

1. To design and build a set of tests to evaluate vision during EEG recordings. 

2. To measure neuronal activation using EEG in healthy control individuals during 

visual stimulation to obtain the baseline of clinical measures and qEEG values. 



 

3. To evaluate the capacity of qEEG measures obtained in healthy subjects, in 

order to find variables to discriminate experimental states. 

  



 

3. Neurophysiological foundations 

3.1 Medical condition  

3.1.1 Stroke 

 

Stroke is one of the main causes of death and functional disability worldwide, this 

cerebrovascular disease affects more than 800,000 people each year in the United 

States [30],  110,000 people in the United Kingdom (UK)  [4]. Stroke is the main cause 

of death in Latin America and the third most common cause of death in developed 

countries [31]. A large portion of the CNS, especially in the cerebral cortex, is 

dedicated to the vision and therefore strokes have a high likelihood of involving vision 

in some way [1]. 

 

It is estimated that about 87% of strokes are ischemic and the remaining 13% are 

hemorrhagic [32]. In general, ischemic stroke is due to thrombotic or embolic 

phenomena. Cardiogenic stroke occurs when a blood vessel that carries oxygen and 

nutrients to the brain is either blocked by a clot, or as a result of severe heart failure 

and cerebral hypoperfusion. 

 

Approximately 30% of all stroke patients suffer from post-stroke visual problems. The 

occurrence of neurologic visual impairment is higher in patients with occipital strokes, 

the frequency is reported to be up to 60% or 70% [33]. Hemianopia is the most 

common symptom, but also neglect, diplopia, reduced visual acuity, ptosis, anisocoria, 

and nystagmus are frequent [34]. 

 

3.1.2 Traumatic brain injury (TBI) 

 

TBI is a CNS injury that happens when a mechanical force is applied to the body or 

cranium that is transmitted to the brain and its structures, as occipital lobe and 

neurologic visual connections. This occurs, by definition, in milliseconds and initiates 

subsequent physiological and cellular processes [35]. The incidence of TBI varies 

between 200 and 300 cases per 100,000 inhabitants. It is more frequent in men than 

in women, with a higher prevalence in ages 15-24 [36] . 

 

The severity of TBI is classified as mild, moderate or severe depending on its 

characteristics and consequences [36]: 

 

a. TBI mild: external damage to the brain, confusion, disorientation, or loss of 

consciousness for less than 30 minutes; a Glasgow Coma Scale score of 13 to 

15; and post-traumatic amnesia fewer than 24 hours 



 

b. TBI moderate: loss of consciousness between 30 minutes and 24 hours, 

between 9 and 12 points on the Glasgow Coma Scale, and post-traumatic 

amnesia between 1 and 7 days.  

c. TBI severe: extensive memory and consciousness loss with much more 

dramatic results of cognitive loss. Glasgow Coma Scale ≤ than 8 points. 

 

A retrospective study determined the frequency of occurrence of visual field defects in 

a sample of visually symptomatic, ambulatory patients who have acquired either TBI, 

neurological visual defects were present in 62 (38.75%) of the patients and the most 

frequent defects were scattered (58.06%) followed by homonymous (22.58%) [37]. In 

other studies, known visual consequences of TBI include compromised visual acuity, 

visual fields, diplopia, and oculomotor function  [2][38].  

3.2 Visual system map 

 

The search for organizing principles of visual processing in the cortex has proven long 

and fruitful, demonstrating specific types of organization arising on multiple scales. 

One of the more important larger scale organizing principles of visual cortical 

organization is the visual field map (VFM) that has allowed to form one complete 

representation of contralateral visual space. [39]  

 

The neurological visual system has been subdivided into many functional areas. 

These areas have been found with post-mortem material based on the heavy 

myelination or with fMRI [40]. The study of visual cortex has revealed three human 

hemifield maps near the calcarine sulcus in the occipital lobe (Figure 1). Primary visual 

cortex (V1), which receives direct input from the retinogeniculate pathway, occupies 

calcarine cortex and represents a hemifield of visual space. Two additional maps (V2, 

V3) occupy a strip of cortex, roughly 1–3 cm wide, which encircles V1 [41]. Additionally 

human motion-sensitive is located in V5 area [42]. This map allows to focus the visual 

function in the occipital area, for this reason, the study in visual impairment is made in 

this zone. 

 
Figure 1. Visual field maps are measured in the right hemisphere of a single subject using expanding ring and 

rotating wedge stimuli. Mesial view: V1= primary visual cortex; V2 and V3= visual association cortex. Image 

taken from  [41] 

 



 

Multiple extrastriate visual areas, each one specialized for the detection of particular 

attributes of visual scenes, are organized into two roughly parallel processing streams 

(Figure 2). The ventral stream mediates visual recognition of objects (i.e., the “what” 

pathway) and the dorsal stream is specialized for processing spatial relationships 

among objects (i.e., the “where” pathway). Lesions of inferior temporal cortex caused 

severe deficits of visual discrimination or visual agnosia (i.e., disturbance for 

identifying objects, color, patterns, or shapes) without affecting visuospatial 

performance (i.e., visually guided reaching or judging the distance between objects). 

Lesions of posterior parietal cortex had the opposite effects. [43] 

 
Figure 2. Schematic of the dorsal and ventral processing streams. MST, medial superior temporal area; LO, 

lateral occipital; FFA, fusiform face area; PPA, parahippocampal place area. Lateral view. Image taken from  [43]

 

3.3  Visual functions 

 

There are different visual functions that are evaluated for the ophthalmologists, in 

clinical applications they try to verify the functions that have an important role in daily 

life. Usually, the visual functions are grouped into: visual acuity (i.e., ability to see 

details, regardless of the distance of the object), color vision (i.e, ability to discriminate 

variations in the wavelength), stereopsis (i.e., binocular vision that allows depth 

perception), contrast sensitivity (i.e., ability to distinguish a background object, 

especially in low light situations), and vision of the visual fields (e.g., peripheral and 

central) [44]. 

 

In this study, we specified the visual function in acuity, contrast sensitivity, visual field, 

motion perception, form recognition and color detection. These functions and the 

distribution areas will be explaining in this chapter.   

3.3.1 Acuity  

 

Visual acuity (VA) is a measure of the ability of the eye to distinguish shapes and the 

details of objects at a given distance. It is important to assess VA in a consistent way 

to detect any changes in vision. In acuity studies, each eye is tested at a time [45] 

[46].  



 

 

There are many causes of decreased visual acuity in stroke patients, TBI patients and 

the general population, including refractive error, glaucoma, cataract, and others. But 

in stroke and TBI it is due to neurological visual injuries – cortex and connections-. 

Some causes are more readily treatable than others, but if poor visual acuity is not 

even highlighted in a patient, then easily correctable causes may go untreated and the 

rehabilitation and subsequent quality of life may be adversely affected [47][6].  

 

Acuity thresholds can be determined either by psychophysical techniques such as 

Teller acuity cards [46], Snellen chart [48], Bailey-Lovie and ETDRS chart or by 

electrophysiological procedures [49][50][51][52]. This last measure will be explained 

in section 4.2.1.1. 

 

Poor visual acuity is a risk factor for falls and a common impediment to rehabilitation, 

and after stroke, visual impairment may exacerbate the impact of other impairments 

on overall disability. Postural stability has been shown to be related to visual 

conditions, and visual ability has been shown to contribute to both the level of care 

needed and the patient’s level of satisfaction with life following stroke [47]. 

3.3.2 Contrast sensitivity 

 

Contrast sensitivity is the measure of the ability of an individual to detect a difference 

in the luminance between two areas. It is important in detecting objects without clear 

outlines and discriminating objects or details from their background [53] [54]. 

 

This ability is diminished following a stroke. Patients complain of not being able to tell 

the curb from the road or read the newspaper because the print closely resembles the 

background [6]. Contrast sensitivity can be measured using the Pelli-Robson Chart 

[55][53] or by electrophysiological procedures [25][24] (it will be explaining in section 

4.2.1.2.) 

3.3.3 Visual field 

 

The visual field is how wide of an area the eye can see when you focus on a central 

point. Visual field testing is the way in which ophthalmologists measure how much 

vision is present in either eye, and how much vision loss may have occurred over time 

[56]. Some tests for evaluating this function are: high-resolution perimetry, Tubingen 

Automatic Perimeter, Scanning Laser Ophthalmoscope [57] [58]. The Humphrey 

Visual Field Analyzer is often the instrument of choice for subjects with peripheral field 

loss or hemianopia. In the case of central field loss, the Humphrey 10-2 test, which 

focuses on the central 10º of the visual field, may be used [15]. 

 



 

Visual field loss has many causes but is a well-recognized complication of stroke, with 

an incidence in acute stroke patients reported as 20%. A large study of people in the 

community showed homonymous visual field defects in 8.3% of post-stroke patients. 

A smaller study showed asymptomatic visual field loss in 29% of transient ischemic 

attack patients and 57% of minor stroke patients, which, though asymptomatic, may 

carry implications for tasks such as driving [47] [6]. 

 

Visual field loss is associated with impairment in daily functioning and a higher risk of 

incident falling, which obviously has implications for rehabilitation. It is also an 

important predictor of functional status on discharge from stroke rehabilitation units. 

Some studies have shown that vision restoration therapy or computer-based training 

program improves significantly the visual fields [59][57]. A German study of 21 

hemianopic patients and 23 controls showed that 4 weeks of compensatory visual field 

training led to a marked improvement in detection and reaction time of visual stimuli in 

all their subjects with hemianopia and that this improvement was still maintained at 8 

months [47].  

3.3.4 Motion perception 

 

Motion information is required for the solution of many complex tasks of the visual 

system such as depth perception by motion parallax and figure/ground discrimination 

by relative motion [60]. Brain imaging studies report an increase in activation in and 

around area V5 when subjects are presented with moving checkerboards, form from-

motion displays coherent or incoherent motion displays and even illusory motion [42] 

[61] [62].  

 

Neurological patients whose cortical damage includes area V5 have deficits in 

perceiving motion which range from an almost total inability to perceive the movement 

of objects to deficits in second-order motion only [61].  

 
Figure 3. Random-dot kinematograms (RDKs). A fully coherent RDK (a) and two partially coherent RDKs (b and 

c) are shown. The direction of each dot’s movement, indicated here by an arrow, is separately controlled so that 

the percentage of dots moving in the same. Image taken from  [63] 

 
 

Computer-generated random-dot kinematograms (RDKs) can be used to study these 

motion-selective brain regions. RDKs are made up of two populations of moving dots; 



 

a “signal” and a “noise” population. Signal dots move in a common direction, whereas 

noise dots move randomly (Figure 3).  Each dot is assigned a particular motion vector. 

The observer’s task is to indicate the direction of the signal dots. Theoretically, cells in 

V1 provide information relating to the motion of individual dots, whereas cells within 

V5/MT are able to integrate information from V1 to resolve the global motion of the 

stimulus [62][42][64][63]. 

3.3.5 Form recognition 

 

Another of the extraordinary capabilities of the human visual system is its ability to 

rapidly group elements in a complex visual scene, a process that can greatly simplify 

the description of an image. For example, a collection of parallel lines can be described 

as a single texture pattern without specifying the location, length, and orientation of 

each element within the pattern. Such grouping processes are reflected in the activities 

of neurons at various stages of the visual system. Recent neuroimaging studies 

(Figure 4) have shown that the lateral occipital complex is a higher visual area critical 

for object shape perception [65] 

 
Figure 4. The expected location of LOC based on group data from seven neurologically intact participants. Image 

taken from [66] 

 
 

The overall shape of an object is an important cue for object recognition, as many 

objects are perfectly recognizable from the shape cues alone, e.g., in the case of 

silhouettes and line drawings. In general, shape integration in humans seems to be 

fast and largely invariant to such low-level physical properties of stimuli as contrast or 

gross size [67].  

 

Patients with visual agnosia have difficulties recognizing objects because of 

impairments in basic perceptual processing or higher-level recognition processes, due 

to involvement of the extra striate cortex such as V2, V3, V4 or V5-MT. Such patients 

can still recognize objects by using other senses such as touch, hearing, or smell, so 

the loss of function is strictly visual. The word agnosia can be translated from Greek 

as meaning “to lack knowledge of,” so visual agnosia implies a loss of visual 

knowledge [68] [69]. 

 

https://www.sciencedirect.com/topics/neuroscience/agnosia


 

Visual agnosia is diagnosed by assessing the patient's ability to name, describe uses 

for, and pantomime the use of visually presented objects. Extensive occipital damage 

due to anoxic insult or severe infarction is the usual cause of this rare syndrome [70].  

 

In addition to this, previous studies have shown that this grouping process modulates 

neural activity in the primary visual cortex (V1) that is signaling the local elements. 

However, the nature of this modulation is controversial. Some studies find that shape 

perception reduces neural activity in V1, while others report increased V1 activity 

during shape perception [71].  

3.3.6 Color detection  

 

Color vision, the ability to discriminate variations in the wavelength of light independent 

of intensity, involves multiple stages of processing. Each region of the retina has cone 

photoreceptors containing photopigments of different spectral sensitivities [72].  

 

Color is primarily processed in the blobs of V1, in the thin strips of V2, in the human 

V4 complex, and in regions anterior to it. Although the information on both features is 

present in V1, V2, and V4, it appears to be largely segregated at the cellular level. 

There is seemingly no evidence for chromatically selective neurons in V5/MT+, 

although the area does have reciprocal connections with V4 and some of its neurons 

can respond to moving isoluminant edges [73] 

 

Achromatopsia is a syndrome in which after cortical damage to a specific part of the 

human brain namely the color center in the fusiform gyrus, the patient is unable to see 

the world in color but only ‘dirty’ shades of grey [74][75]. The physiological evidence 

for this segregation is confirmed in a causal way by patient studies, showing that 

lesions in the vicinity of V4 impair color perception. 

 

Achromatopsia can result from cortical damage and are most associated with stroke 

located in the territory of the posterior cerebral artery (PCA). Such cases have the 

potential to provide useful information regarding the loci of the generation of the 

percept of the color [76]. It is a form of visual agnosia.  

 

To evaluate color detection, in one study, three types of visual stimuli were presented 

to the subjects during an experimental session. The first stimulus was a chromatic 

Mondrian pattern which comprised eight differently colored elements. The colored 

Mondrian pattern was alternated at a rate of 1 Hz with a blank background of the same 

mean luminance and mean hue. The second stimulus was an achromatic Mondrian, 

identical to the chromatic version except that each of the elements was of a different 

grey level. The third stimulus, the resting condition, consisted of a blank screen. [77] 



 

3.4 Therapy and neuroplasticity 

 

Vision loss is one of the most debilitating sensory deficits for humans given that we 

rely heavily on our sense of sight when gathering information from the external 

environment. This becomes more evident when the percentage of cerebral cortex 

allocated to our visual system is considered, which imposes a high risk for visual loss 

whenever brain damage occurs. There is a 20% to 30% chance of losing some amount 

of visual capacity leading to visual field disorder (VFD) after a stroke or TBI [3] [33] 

[78].  

 

Rehabilitation training programs are based on the theory that neuroplasticity 

reorganizes the damaged cerebral cortex, and it focuses on recovery of the damaged 

cognitive function and the minimization of the effects of the damage [79]. 

Neuroplasticity is an intrinsic property of the CNS that is also present during adult life 

and allows remodeling of specific brain networks in an attempt to optimize cortical 

function in response to learning and injury [80]. When this plasticity genuinely aids 

clinical recovery or maintains clinical function in the presence of persistent structural 

damage, it is known as compensatory plasticity [81]. 

 

Contrast sensitivity, visual acuity, and visual field are the most common outcome 

measures to evaluate functional changes due to a therapy [33], [55] [47]. Some 

techniques as vision restoration therapy (VRT) have reported subjective 

improvements in activities of daily life (ADL). For example, the patients felt more 

comfortable walking on the street because they felt safer after VRT than before. Also, 

they were able to read the newspaper again. Interestingly, some patients with no 

evidence of improved visual field size (according to diagnostic testing), still reported 

subjective improvements in ADL. These results suggest that besides training induced 

visual field changes other factors may play an important role in subjective ADL 

improvements after VRT [82] 

 

Neurovisual rehabilitation is still offered less frequently than motor and speech 

therapy. However, there is an increasing awareness of the need for it. Neurovisual 

rehabilitation focuses on three major strategies: restitution, compensation, and/or 

substitution. 

 

Restitution focuses on the utilization of areas described as ‘areas of residual vision’. 

This implies that there are sectors of the visual field that do not function normally, but 

where some of the visual brain capacities have survived ischemic injury. Most 

treatments of neurovisual disorders try to use intact functions (e.g., compensation), 

use or try to develop optic and prosthetic devices, or aim at improving the adaptation 

of the environment to the patient's impairment (e.g., substitution). Nevertheless, there 

are approaches for direct retraining of an impaired function (i.e., restitution)—that is, 

perimetric visual field training or training of convergent fusion [83]. 



 

 

4. Visual electrophysiology 

4.1 Electroencephalography (EEG) 

 

EEG signals have a high temporal resolution and are easily recorded in a non-invasive 

manner through electrodes placed over the scalp, being these the reasons why EEG 

is the most widespread recording modality. EEG measures electric brain activity 

caused by the flow of electric currents during synaptic excitations of the dendrites in 

the neurons. [84] [85]. This technique is portable, economical and with high temporal 

resolution and offering the possibility to monitor the fast dynamic changes in brain 

activity [86].  

 

The recorded EEG signal is a monitoring method to record brain electrical activity over 

time. This method captures frequency components that can be measured and 

analyzed [84] [87]. Analysis of the EEG electrical activity can be performed using 

Fourier techniques and the frequency components have been described mainly in the 

bands delta (δ), theta (θ), alpha (α), beta (β), and gamma (γ) from low to high 

frequency, respectively. Table 1 shows the commonly defined waves or rhythms, their 

frequency, and their properties. 

 
Table 1. Properties for each frequency band  [84] [87]. 

Rhythms 

name  

Frequency 

band (Hz) 

 

Properties 

 

 

 

Delta 

 

 

 

<4 

The amplitude of delta signals detected in babies decreases as 

they age. Delta rhythms are usually only observed in adults in 

deep sleep state and are unusual in adults in awake state. A 

large amount of delta activity in awake adults is abnormal and 

is related to neurological diseases.  

 

 

 

 

Theta 

 

 

 

 

4-7 

In a normal awake adult, only a small amount of theta 

frequencies can be recorded. A larger amount of theta 

frequencies can be seen in young children, older children, and 

adults in drowsy, meditative or sleep states. Like delta waves, 

a large amount of theta activity in awake adults is related to 

neurological disease. Theta band has been associated with 

meditative concentration and a wide range of cognitive 

processes such as mental calculation, maze task demands, or 

conscious awareness. 

 

 

 

 

 

 

 

 

Their amplitude increases when the eyes close and the body 

relaxes and they attenuate when the eyes open and mental 

effort is made. These rhythms primarily reflect visual 

processing in the occipital brain region and may also be related 



 

Alpha 8-12 to the memory brain function. There is also evidence that alpha 

activity may be associated with the mental effort. Attention 

tasks cause a suppression of alpha activity, particularly from 

the frontal areas. Consequently, these rhythms might be useful 

signals to measure mental effort. 

 

 

 

Beta 

 

 

 

12-30 

Beta rhythms are recorded in the frontal and central regions of 

the brain and are associated with motor activities and cognitive 

effort. Beta rhythms are desynchronized during real movement 

or motor imagery. Beta waves are characterized by their 

symmetrical distribution when there is no motor activity. 

However, in the case of active movement, beta waves 

attenuate, and their symmetrical distribution changes. 

 

 

 

 

 

Gamma 

 

 

 

 

 

>30 

The presence of gamma waves in the brain activity of a healthy 

adult is related to certain motor functions or perceptions. This 

gamma band coherence is replaced by a beta band coherence 

during weak contractions, suggesting a correlation between 

gamma or beta cortical oscillatory activity and force. Also, 

several studies have provided evidence for the role of gamma 

activity in the perception of both visual and auditory stimuli. 

Gamma rhythms are less commonly used in EEG-based BCI 

systems because artifacts such as electromyography (EMG) or 

electrooculography (EOG) are likely to affect them. 

 

4.2 Quantitative electroencephalography (qEEG)  

 

qEEG, as the name implies, is a means of electrically processing the EEG signal to 

quantify the relative contributions of each frequency or other characteristics in the 

signal. qEEG represents a family of related technologies and techniques, however, 

the common foundation upon which they all are built is spectral analysis. Spectral 

analysis is a process by which a given segment of the complex EEG signal is 

separated into its component frequencies. Spectral analysis of the EEG signal reveals 

the amount of alpha, beta, delta, and theta activity contained in the signal [8]. This 

allows for comparison over time of changes in the composition of the EEG signal. A 

new area of research focusing on the changes in qEEG measures as a result of 

rehabilitation attempts has begun to appear, with interesting results [20]. Leon-Carrion 

et al. [88] reported on the relationship between recovery at 6 months and delta–alpha 

ratios in eyes closed data. A higher delta–alpha initial value was associated with 

poorer recovery.  

 

 



 

4.2.1 Steady-state visual evoked potentials (SSVEPs) 

 

Some studies have used steady-state VEPs (SSVEP) to analyze neuro-

ophthalmologic diseases [21][89][90][91].  The SSVEP is a robust method to study 

visual perception, spatial and selective attention, cognitive fatigue, and working 

memory [92]. Repetitive (or flickering) visual stimuli are presented at a high rate 

(usually from 6 to 20 Hz) [93], eliciting a continuous and steady sequence of oscillatory 

potential changes arising mainly in the visual cortex. This stimulation is rapid enough 

to prevent the evoked neural activity to returning to baseline. The SSVEPs reflect high 

propagation properties (i.e. a combination of locally and widely temporally distributed 

sources), are less sensitive to different kinds of artifacts, require much less time to 

acquire data and have a larger signal-to-noise ratio (SNR) than transient VEPs [21] 

[94] [95]. An example of the SSVEPs seen using the Fast Fourier Transform is shown 

in Figure 5.  

 
Figure 5. The SSVEP elicited by the 7-Hz stimulation shows characteristic frequency components with peaks at 

the fundamental and harmonic frequencies at the O2 electrode. Image adapted [95].  

 
 

SSVEPs have allowed measuring acuity [96] and contrast sensitivity [51] and it is 

important to find an objective measure.  

 

4.2.1.1 Acuity measure  

 

The assessment of vision is an essential part of any ophthalmological or optometric 

examination with visual acuity being the most commonly measured visual function. 

Contrast sensitivity is another important visual function that has been studied 

extensively in terms of its development in infants. A subjective assessment is usually 

done for verbal and cooperative individuals by using visual acuity and contrast 

sensitivity charts [25].  

 

Different techniques have been used to find acuity, Vernier acuity is a measure of the 

eyes’ ability to perceive that misalignment exists between the elements of the stimulus, 



 

when compared with a stimulus without such misalignment. By sweeping spatial 

frequency from low to high in about 10 s, an estimation of visual acuity is obtained by 

determining the highest spatial frequency to which the visual system responds [25] 

[52]. 

 

4.2.1.2 Contrast measure  

 

Measurements of spatial frequency threshold (grating acuity) and contrast sensitivity 

using the sVEP have been obtained previously in full-term, healthy infants and adults. 

[24]. Figure 6 is a schematic of the typical stimuli for contrast measure. In this case, 

the contrast sweep stimulus was a 1 cycles per degree of visual angle (c/deg) black 

vertical cosine-wave grating presented on a 109 cd/m2 space-average luminance 

white background screen in a pattern on/off mode at a rate of 3.76 Hz. Six 

presentations (on-off) was used, in each presentation a different percentage of 

contrast was set and it took 4 seconds. 
 

Figure 6. Stimuli for contrast sensitivity. Image adapted [24] 

 
 

Using the same processing than in Vernier acuity it possible to get the contrast value. 

The threshold is determined by extrapolation of a regression line from the signal peak 

to zero microvolt amplitude against percentage contrast for contrast threshold 

measurement [97].  
 

4.2.2 Power spectrum estimation  

Welch's method (also called the periodogram method) for estimating power spectra is 
carried out by dividing the time signal into successive blocks, forming the periodogram 
for each block, and averaging. 

Denote the 𝑚  the windowed, zero-padded frame from the signal 𝑥 by 

https://ccrma.stanford.edu/~jos/sasp/Periodogram.html
https://ccrma.stanford.edu/~jos/mdft/Example_Applications_DFT.html
http://ccrma.stanford.edu/~jos/filters/Definition_Signal.html


 

 

𝑥𝑚(𝑛) = 𝑤(𝑛)𝑥(𝑛 + 𝑚𝑅), 𝑛 = 0,1, … , 𝑀 − 1, 𝑚 = 0,1, … , 𝐾 − 1 

 

Where 𝑅 is defined as the window hop size, and let 𝐾 denote the number of available 

frames. Then the periodogram of the 𝑚  the block is given by 

 

𝑃𝑥𝑚
, M(𝑤𝑘) =

1

𝑀
|∑ 𝑥𝑚(𝑛)𝑒−𝑗2𝜋𝑛𝑘/𝑁

𝑁−1

𝑛=0

|

2

 

 

Where N represents the number of computations. The Welch estimate of the power 

spectral density is given by 

 

 𝑆𝑥
𝑊(𝑤𝑘) =

1

𝐾
∑ 𝑃𝑥𝑚

, M (𝑤𝑘)

𝐾−1

𝑚=0

 

 

In other words, it's just an average of periodograms across time. When 𝑤(𝑛)  is the 

rectangular window, the periodograms are formed from non-overlapping successive 

blocks of data [98]. 

 

Some studies investigated the power spectrum in rehabilitation therapy. Stathopoulou 

and Lubar [99] reported that the most systemic change on the EEG data (eyes closed, 

eyes open conditions) in the TBI patients following 22 sessions of a cognitive 

rehabilitation program was a decrease in alpha, contrary to the expectation of 

decreased delta, theta, and alpha (microvolts and relative power) and increases in 

beta. Vespa et al. [100] examined the daily percent alpha variability (PAV) variable on 

continuous EEG monitoring with moderate to severe TBI 0–10 days after injury. The 

lower the alpha variability, the poorer was the clinical outcome.  

 

4.2.3 Coherence 

 

The coherence function provides the linear correlation between two signals, 𝑥 and 𝑦, 

as a function of the frequency. Coherence, also termed as magnitude squared 

coherence or coherence spectrum, between two signals is their cross-spectral density 

function. It is expressed as follows:  

𝑘𝑥𝑦
2 (𝑓) =  

|〈𝑆𝑥𝑦(𝑓)〉|
2

|〈𝑆𝑥𝑥(𝑓)〉||〈𝑆𝑦𝑦(𝑓)〉|
 

 

 

https://ccrma.stanford.edu/~jos/sasp/Sample_Power_Spectral_Density.html
https://ccrma.stanford.edu/~jos/sasp/Sample_Power_Spectral_Density.html


 

Where 𝑓 is the frequency and 〈 . 〉 indicates the average of 𝑀 segments or times of 

equal magnitude of the EEG signals The spectrum is estimated using the Welch 

method, averaging the period plot over all segments [101].  

 

The estimated coherence ranges between 0 and 1. For a given frequency 𝑓𝑜,  𝑘𝑥𝑦(𝑓0) =

0 indicates that the activities of the signals in this frequency are linearly independent, 

whereas a value of  𝑘𝑥𝑦(𝑓0) = 1 gives the maximum linear correlation for this 

frequency.  

 

Some studies have shown how connectivity measures can be useful as biomarkers in 

stroke and TBI. Guo, Xiaoli et. al [102], reported a research in resting-state networks 

of mild occipital stroke patients with hemianopia using partial directed coherence in 

multi-channel EEGs. They found the patients presented enhanced connectivity due to 

newly formed connections which suggested that the enhancement of connectivity as 

a neural mechanism of recovery of stroke-induced hemianopia and demonstrated the 

potential usefulness of effective networks in the characterization of stroke patients.  

 

In another study, authors found electroencephalography measures of motor cortical 

connectivity are strongly related to motor deficits and their improvement with therapy 

after stroke and so may be useful biomarkers of cortical function and plasticity. They 

mentioned that such measures might provide a biological approach to distinguishing 

patient subgroups after stroke [103] 

 

In the case of TBI, Lewine, Jeffrey et. al [104], found, in patients with mild traumatic 

brain injury (mTBI), differences in global relative theta power (increased for mTBI 

patients), global relative alpha power (decreased for mTBI patients), and global beta-

band interhemispheric coherence (decreased for mTBI patients). Additionally, they 

reported the combination of a multivariate approach with machine learning methods 

yielded a composite metric that provided an overall predictive accuracy of 75% for 

correct classification of individual subjects as coming from control versus mTBI 

groups. This study indicates that in the identification, classification, and tracking of 

individual subjects with mTBI, quantitative EEG methods may be useful.  

  



 

 

5 Analysis methods 

 

5.2  Reduction of dimensionality  

 

In data analysis, it is common to find many variables that describe each sample, 

however, the volume of information limits processing. In these cases, the reduction of 

dimensionality is important. One of the techniques that allows this is known as factor 

analysis (FA). This technique is a method for analyzing a whole matrix of all the 

correlations among a number of different variables to reveal the latent sources of 

variance that could account for the correlations among many seemingly diverse tests 

or other variables. It is usually helpful to reduce the variables to a smaller set of factors, 

aiming mainly to understand the underlying structure of the data matrix. Usually, the 

first factor extracted explains most of the variance [105]. 

 

In factor analysis principal component (PCA) measure is the most common method 

used.  PCA starts extracting the maximum variance and puts them into the first 

factor.  After that, it removes that variance explained by the first factors and then starts 

extracting maximum variance for the second factor.  This process goes to the last 

factor. 

 

In addition, rotation method, also can be configured.  Eigenvalues do not affect the 

rotation method, but the rotation method affects the Eigenvalues or percentage of 

variance extracted.  There are a number of rotation methods available: (1) No rotation 

method, (2) Varimax rotation method, (3) Quartimax rotation method, (4) Direct oblimin 

rotation method, and (5) Promax rotation method. The most common method is 

Varimax.  

 

5.3  Repeated measure design  

 

Repeated measurements often exist in clinical trials, when the response of patients to 

a treatment is regularly measured to monitor it, also when the design is characterized 

by the inclusion of several observations per experimental unit (e.g., subjects), each 

obtained under a different experimental condition (e.g., treatment). 

 

Repeated measurements in each experimental unit provide information on the time 

trend of the response variable under different treatment conditions. Trends in time can 

reveal how quickly units respond to treatment or how long treatment effects manifest 

themselves in the units of the study. It is also possible to assess differences between 

treatment trends [106]. 

 

The increase in accuracy in this kind of analysis is due to the fact that measurements 

in the same unit tend to be less variable than measurements in different units; 



 

therefore, the effect of repeated measurements is similar to the effect of using blocks 

[106]. 

 

In the analyses of repeated measurements, it is necessary to evaluate the sphericity 

assumption to validate the conclusions. Sphericity is calculated with the differences 

between each pair of levels of the repeated measures factor and with the variance of 

these difference scores. Sphericity requires that the variances for each set of 

difference scores be equal. Mauchly's sphericity test or Mauchly's W is a statistical 

test used to validate a repeated measures analysis of variance. If P-value for 

Mauchly's test is greater than or equal to 0.05, the assumption of sphericity is not 

rejected at the 5.0%  significance level [107]. 

  



 

6 Set of test  

 

Objective: To design and build a set of tests to evaluate vision during EEG 

recordings. 

 

Different visual functions are affected after a stroke or TBI, these functions involve 

decreased visual acuity, impairment in identifying contrast changes, loss of visual field 

or motion recognition, difficulty in recognizing shapes or in detecting color. This means 

that in order to obtain a characterization of the cerebral electrophysiology in healthy 

subjects that allows later evaluation of the evolution of the patients it is necessary to 

design different stimuli focused on the visual functions that can be affected by 

damages at cerebral level. This section aims to show the methodology and results 

obtained for this stage. 

 

6.2 Methodology  

 

For the first objective different studies were analyzed to find stimuli that generate visual 

cortex activation according to different visual abilities. The studies vary for EEG or 

fMRI measurements. For each visual skill different options were evaluated.  

 

Once the stimuli were defined, depending on the characteristics of each one, software 

that better adapted to be designed was used. Python, psychoPy3 and openDesigner 

were the software on which they were mounted to evaluate functionality. Each stimulus 

meets conditions of time, frequency, light intensity, among others. 

 

 

6.3 Results and discussion 

 

In order to evaluate the visual function, the test set was designed to stimulate vision 

for different skills. The set contains stimuli to measure: Vernier acuity, contrast 

sensitivity, motion perception, visual field, form recognition, and color detection. This 

selection answers the different skills that are affected when there is a stroke or TBI.  

Open-source scripts are available on GitHub: 

https://github.com/danni9310/Thesis_stimuli.  

 

Table 2 explains the characteristics of each test. From resting-state with eyes closed, 

to visual field stimulus, the participants do not talk, only passively watch. In some 

cases, participants have to report with their finger the direction of the points for motion 

stimulus, or whether they can see the square in the monitor for visual field stimulus. 

For form recognition and color detection, the participants need to report the forms and 

colors they see. 

   

https://github.com/danni9310/Thesis_stimuli


 

 
Table 2. Stimuli description 

Stimulus Diagram Description  

Resting-state 

eyes closed 

- 30 seconds with close eyes 

(time tested to be stable) 

Resting-state 

eyes open 

- 30 seconds for binocular 

and monocular vision with 

eyes open.  

(time defined to keep 

comparison with eyes 

closed) 

Vernier acuity  

 

 

 

 

 

 

 

 

 

 

All stimuli alternated 

between two states at a rate 

of 3.75 Hz. For the swept 

paradigm, the size of the 

displacements of Vernier 

offset ranged from 2 to 30 

cycles per degree (cpd) in a 

period of 28 s 

[49][108][109]. Stimulus in 

openDesigner.  

 

Total time of stimulation for 

each eye: 28s 

Participant’s action: 

passively fixate on the 

center of the screen. 

Contrast 

sensitivity  

 

 

 

 

 

 

 

 

 

 

 

 

 

Contrast sweep 3.75 Hz 

onset-offset vertical cosine-

wave grating with 2 cpd  

onset-offset vertical grating 

space-average luminance 

white background screen 

was swept from 0.5% to 

100% contrast in linear 

steps [24]. Stimulus in 

openDesigner. 

 

Total time of stimulation for 

each eye: 28s 



 

Participant’s action: 

passively fixate on the 

center of the screen. 

Motion 

perception  

 Dynamic random-dot 

kinematograms (RDKs) 

consisted of a large number 

of moving dots randomly 

positioned within a restricted 

area. Each dot is assigned a 

particular motion vector. 

With these stimuli, a 

variable percentage of dots 

can be moved in a single 

coherent (signal) direction 

whilst remaining dots are 

moved in random directions 

(noise) [63][62]. This 

stimulus was designed in 

psychoPy3 using 120 dots 

0.1 in speed (displacement 

per frame) and 22 px for dot 

size. 

 

Total time of stimulation for 

each eye: 62s 

Participant’s action: report 

with their finger the direction 

of the points. 

Visual field  In visual field stimulus, the 

patient focuses on a central 

fixation point in the screen 

during the entire period of 

examination, light stimulus 

was repetitively presented in 

different parts of the space 

screen [59]. Only for this 

stimulus, subject have 

attended stimulus from 50 

cm distance. Stimulus in 

openDesigner. 

 

The positions were selected 

to cover all the visual field 



 

and for square size we use 

the minimum visual acuity 

for the first test (2 cpd). 

 

White square size: 60x60 px 

Total time of stimulation for 

each eye: 114s 

Participant’s action: report 

with their finger if they could 

see the white square. 

Form 

recognition 

 

 

 

 

Form recognition was 

measured while volunteers 

were watching universal 

icons for some objects. 

Three objects were static 

and 3 more was showed in 

different sizes. Eleven 

different forms were used: 

heart, phone, apple, ball, 

plane, light bulb, clock, 

scissors, umbrella, house 

and tooth. Stimulus 

designed in python. 

 

We selected image with 

lines and curves and we 

tested if the images were 

easy to recognize.  

 

Total time of stimulation for 

each eye: 50s 

Participant’s action: report 
the forms they see. 

Color detection  

 

 

 

 

 

 

 

 

 

 

Color detection stimulus 

was designed in three parts. 

First, basic color (red, blue, 

green and yellow) was 

performed in the screen for 

5 seconds, after the same 

color flicker between two 

different colors in order to 

change the contrast and 

finally, stroop effect was 

tested to maintain the 



 

 

 
 

 

 

 

concentration in the image. 

In this experiment different 

words with different colors 

are showed and the 

participants are required to 

say the color of the word, 

not what the word says. For 

example, for the 

word, AZUL, participants 

should say "green". 

Stimulus designed in 

python. 

 

Total time of stimulation for 

each eye: 95s 

Participant’s action: report 
the colors they see. 

 

 

 

According to the results, a set of stimuli was designed to activate the visual cortex, 

some stimuli were configured according to reports in the literature and others are part 

of an exploratory analysis. This set activates the visual skills from basic processing to 

complex analysis and allows that neurons in occipital and temporal-occipital cortex 

areas V1, V2, V3, V4 y V5 are stimulating to get an EEG measure. EEG recordings 

during resting state were very important because they represent the baseline for 

comparing signals when there is stimulation. 

 

Stimuli for acuity and contrast measures have been reported in previous research 

studies [23][25][110][111][97][108][109][112][113]. In some of them, there are 

experiments to examine whether a higher density of recording electrodes improves 

the estimation of individual low-level visual thresholds with swept-parameter visual 

evoked potential (sVEP) [23], others validate intersession and intrasession variabilities 

of sVEP measurements [110] and some studies use this measure for the detection of 

amblyopia in adults and children [109][112].  

 

For motion perception [64][63][114][62] and visual field [59] there are some papers 

with test used in clinical part or in rehabilitation process. However, there is not a world 

standard for forms recognition and color detection stimuli, so in these cases, the stimuli 

were designed taking into account general clinical information. It was important to use 

basic forms and main colors. This part is an exploratory section.   
 

 

 



 

Figure 7. Flow complete for each stimuli 

 
 

 

All the stimulus scripts were designed following the structure of the diagram in Figure 

7.  Each stimulus has different editable parameters for other types of experiments, 

table 3 shows the summary. Stimulation time and time between tests is common to all 

stimuli. For all the tests in this work the rest time between tests was 10 seconds and 

the stimulation time varied for each stimulus.  

 
Table 3. Editable parameters for each stimulus 

Stimulus Editable parameters 

Resting-state eyes closed Time 

Resting-state eyes open Time 

Vernier acuity 

Stimulus time 
Resting time between tests  

Stimulation frequency 
Cycles per degree in each image 

Contrast sensitivity 

Stimulus time 
Resting time between tests  

Stimulation frequency 
Contrast and cycles per degree in each 

image 

Motion perception 

Stimulus time 
Resting time between tests  

Dots number 
Dots speed  
Dots size 

Visual field 

Stimulus time 
Resting time between tests  

Box size  
Background color  

Box Items 

Form recognition 

Stimulus time 
Resting time between tests  

Background color 
Images shown 

Number of images 

Color detection 

Stimulus time 
Resting time between tests  

Time of each color on the screen  
Background color 

Color and size of letters 
Color and text order 

 



 

In Vernier acuity and contrast sensitivity stimulus there is a stimulation in a specific 

frequency (3.75 Hz) [109], it means that in the electrophysiological signal this 

frequency need to be as easily identifiable. If in the experiment, the stimulation 

frequency change, a peak should appear at the set frequency and at the following 

harmonics.  

 

6.4  Conclusion  

 

The subdivision of the visual cortex can help to define the type of stimuli that we can 

use to activate the visual system. In this case stimuli with editable parameters for 

acuity measures, contrast sensitivity, visual field, motion perception, form recognition, 

and color detection are necessary for activating V1, V1, V3, V4 and V5 with dorsal and 

ventral streams. Scripts are free and were developed in open source tool, whereby 

they can be used in other visual experiments. 

 

  



 

 

7 Study in healthy control individuals 

 

Objective: To measure neuronal activation using EEG in healthy control individuals 

during visual stimulation to obtain the baseline of clinical measures and qEEG 

values. 

 

With the stimuli designed in the previous objective, the measurements had to be made 

on healthy subjects and exploratory analysis carried out to understand the general 

behavior of the data. Power and coherence were the measures chosen to be analyzed. 

 

7.2  Methodology  

7.1.1 Subjects 

 

This study was conducted in 37 healthy control subjects. Participants were recruited 

at the University of Antioquia and all measurements were made in laboratory facilities 

located in the university campus. Patient demographics is included as supplementary 

material (Appendix 1). 

 

The inclusion criteria and exclusion criteria for the healthy subjects in this research 

were:  

- Both genders 

- Adults (>18 years and <60 years) 

- Healthy subjects: no ophthalmologic or neurological disease (acute or chronic). 

Without epilepsy.  

 7.1.2 Experimental setup 

 

During the whole experiment, subjects were seated in a comfortable chair in a slightly 

dimmed room about 1 m in front of the stimulation unit. All subjects completed the test 

at the same time. Figure 8 shows the condition for the room and the basic position for 

the subjects.  

 

Each subject was in the experiment for 40 minutes. The stimuli were shown for 

binocular and monocular vision. During the experiment, participants wore specific 

glasses that allowed us to cover one eye for monocular vision. In each subject 8 tests 

were made. Stimuli were designed in python, openDesigner and psychopy and 

performed in a screen SyncMaster 2243 LNX with a vertical refresh rate of 75 Hz and 

horizontal refresh rate of 81 kHz. Scripts are open and can be used in other projects  

(https://github.com/danni9310/Thesis_stimuli).  

 

 

https://github.com/danni9310/Thesis_stimuli


 

 

 
Figure 8. Conditions for the room 

 
 

7.1.3 EEG acquisition  

 

An open-source BCI headset and data acquisition board OpenBCI were used to 

acquire EEG signals from the surface of the scalp. The sampling rate was 250 Hz. 

According to the International 10–10 system, sensors were placed on the scalp at 

locations FCz, Oz, O1, O2, PO7, PO8, PO3, PO4 (Figure 9). Additionally, two sensors 

were used on right and left earlobes for reference and ground signals respectively.  

 

The OpenBCI Cyton Board is an Arduino-compatible, 8-channel neural interface with 

a 32-bit processor. At its core, the OpenBCI Cyton Board implements the 

PIC32MX250F128B microcontroller, giving it lots of local memory and fast processing 

speeds. The board comes pre-flashed with the chipKIT™ bootloader, and the latest 

OpenBCI firmware [115]. 

 
Figure 9. Electrode Placement. Image adapted [116] 

 



 

7.1.4 EEG processing and data analysis 

 

The EEG recordings acquired from OpenBCI were processed with Python and 

statistical analysis was performed by STATGRAPHICS and R. The signals were band-

pass linear filtered at 3-30 Hz and divided in monocular and binocular vision (right and 

left). Depending of the features (power spectrum or coherence), a specific script was 

developed in Python. An exploratory analysis of the data was carried out to identify 

outliers. 

 

Features were extracted using the electrodes selected using aspatial filter based on 

Independent Component Analysis (ICA), in order to use a maximally independent, 

multichannel EEG decomposition. This filter is important because it is obtained taking 

into account the neurophysiological behavior for visual stimuli. The configurations 

used were: Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), 

PO3+PO7-FCz (POL), PO4+PO8-FCz (POR)  

 

1. Frequency spectrum were calculated for each bipolar channel by Welch's power 

spectral density estimate method. This processing was made with a Hamming 

window. Relative power spectral in each frequency band was calculated for 

summation of the values for each band, delta (0-4 Hz), theta (4-8 Hz), alpha (8-13 

Hz) and beta (13-30 Hz).   

 

Function signal.welch was used from scipy library, the parameters set were 

(data_filter is the main signal):  

 

 
 

2. Coherence was obtained for each frequency band taking into account the different 

combination between spatial filters. Function signal.coherence was used from 

scipy library, the parameters set were: 

 

 
 

Coherence values were obtained for each pair of channels and in each frequency. 
It means we got:  Alpha O1O2-PO, Alpha O1O2-POL, Alpha O1O2-POR, Alpha 
Oz-O1O2, Alpha Oz-PO, Alpha Oz-POL, Alpha Oz-POR, Alpha POL-POR, Alpha 
PO-POL, Alpha PO-POR, and the combination for each frequency.  

 



 

7.1.5 Ethics statement  

 

The study was presented to the Research Ethics Committee at the University of 

Antioquia and was approved in December 2018. Subjects did not receive any financial 

reward for participating in this study. Written informed consent was obtained from all 

participants after explanation of the nature and possible consequences of this study. 

 

In Resolution 8430 of October 4, 1993 (Articles 9 and 11), the definition of risk and the 

categories that apply to investigations are proposed. The present project was 

classified as research with minimal risk since it will be a cross-sectional study based 

on the characterization of signals acquired by non-invasive instruments. 

 

There was not intentional intervention or modification of the behavior or social, medical 

or work variables of the people (healthy subjects and patients) participating in the 

study. Medications were not applied and invasive sensors will not be used at the level 

of the orbital cavity or the eyeball. No new electroencephalography devices will be 

tested on patients. The sensors used in the project (electrodes of EEG), are evaluated 

devices and with commercial use in humans so that new devices or in prototype phase 

will not be used. 

 

7.1  Results and discussion  

 

Using the set designed, to groups of control subjects was recording. The first 

measures were made between March and June 2019 and 37 subjects were in the test. 

Table 4 shows the average age, range age and the number of women and men in 

each group. Complete information can be found in the supplementary material.  
 

Table 4. Subjects caracterization 

Average age Range age Women Men 

26.5 19 – 53 15 22 

 

An exploratory visual analysis on the EEG recording allowed us to clean the database 

and determine the final signals for analysis by each type of stimulus. Some signals 

had outlier data or problems with the acquisition equipment. The sample signals are 

shown in Figure 10. Normal signals (Figure 10A) were approved, signals with only one 

outlier were filtered with Hampel filter (Figure 10B) and signals with many outlier data 

(Figure 10C) were discarded. Drastic errors in the acquisition of the signals were 

produced by saturation in the sending of data from the openBCI. Eye blinks was 

removed with band-pass linear filtered at 3-30 Hz and in the visual inspection the 

outliers was classified  according to Figure 10. All signals were visualized with the 

same methods and in the same scale.  

 



 

Figure 10. Sample signals A) Normal signals B) Signals with only atypical data C) Signals with many atypical 

data 

 
 

After visual inspection, 31 participants were included, resulting in 580 test sets, this 

dataset has records for each stimulus and type of vision (binocular - B, monocular left 

- L and monocular right - R). The datasets are available in a repository on GitHub 

(https://github.com/danni9310/Thesis_group_mix/tree/master/DataProcessingMix).  

 

7.2.1 Power spectrum estimation 

  

Relative power in each frequency band for channels Oz-FCz (Oz), O1+O2-FCz 

(O1O2), PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL), PO4+PO8-FCz 

(POR), was got and analyzed.  

 

An exploratory analysis of the variables was carried out to identify trends and 

characterize each stimulus according to the results for the power spectrum. This 

chapter shows an overview of the data, the statistical tests are presented in the 

following section. Each type of stimulus is analyzed in the same way: graph of 

confidence bands for mean value of all channel in each frequency band and test of 

repeated measures in the next chapter.  These analyses consider resting states (i.e., 

eyes open, eyes closed), visual stimulation, and type of vision (i.e., binocular – both 

eyes, monocular right eye, and monocular left eye). 

 

7.2.1.1 Vernier acuity  

 

Figure 11 shows the confidence interval for each frequency band taking into account 

the states and the electrode configuration. In the figure it is possible to observe that 

for the theta and alpha bands there is a difference between the three states: eyes 

closed, eyes open, and stimulation (binocular, monocular left and monocular right). 

For theta band, it shows low values when participants' eyes are closed and these 

values increase when eyes are open and when there is stimulation. The trend is 

upwards in this band for all configurations. Moreover, in the alpha band, the trend is 

downwards. Delta band only shows a representative increase between open and eyes 

closed and beta band does not show a clear trend.  It is also observed that the power 

https://github.com/danni9310/Thesis_group_mix/tree/master/DataProcessingMix


 

values when participants are watching the stimulus are similar in binocular and 

monocular vision for all bands.   

 
Figure 11. Confidence bands for Vernier acuity stimulus for relative power in each frequency band.  

Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL), PO4+PO8-FCz 

(POR).   

 
 

Figure 12 represents a typical power spectrum for different spatial filter, peak in 3.5 

Hz is visible and corresponds to stimulation frequency. 

 
Figure 12. Power spectrum for S7 in Vernier acuity with binocular vision in different configuration.  

 
 

Percentage of subjects where the peak frequency is observable was analyzed (table 

5), to define if the peak was representative the maximum values was compare with 

the maximum values in lateral frequencies. If the central value was 1.5 time the lateral 



 

peaks, it was saved as a representative peak. For O1+O2-FCz configuration the peak 

was observable in the 79% of the test in monocular – right eye, 86% in monocular – 

left eye test and in the 89% of binocular test. In other cases, in binocular vision 

configurations Oz-FCZ and PO8+PO4-FCz show a relevant percentage of test 

although it was not the same for monocular vision. This result shows that the type of 

stimulus presented on the screen generate a specific response in power spectrum in 

the EEG signals.   

  
Table 5. Percentage of subjects where the peak frequency is observable in Vernier acuity stimulus. 

Spatial filter 
Monocular 
Right eye  

Monocular 
Left eye  

Binocular 

O1+O2-FCz 79 86 89 

Oz-FCz 69 68 89 

PO7+PO3-FCz 52 50 70 

PO7+PO8+PO3+PO4-FCz 62 57 67 

PO8+PO4-FCz 48 64 81 

 

7.2.1.2 Contrast sensitivity 

 

Confidence band analysis in contrast sensitivity stimulus shows the same tendency 

than in Vernier acuity stimulus (Figure 13). The trend is upwards in theta band for all 

configurations, downwards in alpha band and small changes in delta band for eyes 

closed and eyes open. Also, the power values when participants are watching the 

stimulus are similar in binocular and monocular vision for all bands.   

 
Figure 13. Confidence bands for contrast sensitivity stimulus for relative power in each frequency band.  

Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL), PO4+PO8-FCz 

(POR). 

 
 

Figure 14 represents a typical power spectrum for different spatial filter, peak in 3.5 

Hz is visible and corresponds to stimulation frequency. 

 



 

Figure 14. Power spectrum for S27 in contrast sensitivity with binocular vision in different configuration.  

 

 

Table 6 shows the percentage of subjects where the peak frequency is observable. In 

this case the percentage are higher than in acuity stimulus because the change of 

images generates perceivable changes in brightness. In this stimulus, O1+O2-FCz 

special filter shows the highest percentages, in 97% of the monocular vision – right 

eyes recording, the peak was measured, in 79% in monocular – left eye and in 83% 

of the binocular recording.  

 
Table 6. Percentage of subjects where the peak frequency is observable in contrast sensitivity stimulus. 

Spatial filter 
Monocular 
Right eye  

Monocular 
Left eye  

Binocular 

O1+O2-FCz 97 79 83 

Oz-FCz 69 62 80 

PO7+PO3-FCz 72 72 70 

PO7+PO8+PO3+PO4-FCz 72 52 73 

PO8+PO4-FCz 79 69 80 

 

7.2.1.3 Motion perception 

 

In this case, the behavior of the data is similar to the stimuli presented above (Figure 

15), the trends are the same with small alteration in theta band where the difference 

between eyes open and stimulation stage (binocular and monocular) is not so marked.  

 

 

 



 

Figure 15. Confidence bands for motion perception stimulus for relative power in each frequency band.  

Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL), PO4+PO8-FCz 

(POR). 

 
 

7.2.1.4 Visual field 

 

For this stimulus, figure 16 shows the interval confidence for relative power. In this 

case, there are no clear trends, only it is possible to find a small change between eyes 

closed and eyes open for delta, theta, and alpha band but it is not easy to identify 

differences with stimulation test. Beta band does not show a significant change. 

 
Figure 16. Confidence bands for visual field stimulus for relative power in each frequency band.  

Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL), PO4+PO8-FCz 

(POR). 

 
 

7.2.1.5 Form recognition 

 

As with the visual field stimulus, the relative power data does not show a clear trend 

(Figure 17), only a small difference between eyes closed and eyes open can be seen 

for theta and alpha bands.  



 

 
Figure 17. Confidence bands for form recognition stimulus for relative power in each frequency band. 

 Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL), PO4+PO8-FCz 

(POR). 

 
 

7.2.1.6 Color detection 

 

Figure 18 shows the results for the confidence bands in color detection stimulus. In 

this case, it is only possible to see a difference between eyes closed and eyes open 

for delta, theta and alpha band. Differences between the stimulation stage and eyes 

open are not obtained. 

 
Figure 18. Confidence bands for color detection stimulus for relative power in each frequency band. 

Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL), PO4+PO8-FCz 

(POR). 

 
 

7.2.2 Coherence 

 

 

 

 



 

Figure 19. Confidence bands for coherence in each frequency band for Vernier acuity stimulus 

 
 

Coherence was obtained in each frequency band for all possible combinations with 

the channels Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), 

PO3+PO7-FCz (POL), PO4+PO8-FCz (POR). The mean in each bands were 

calculated and figure 19 shows the results for each state. Here we observe that 

regardless of whether the state is rest or stimulation, the behavior of coherence is 

similar for all cases. Low coherence in delta band and increases for theta, alpha and 

delta, being significantly high in delta. This trend is observed for all stimuli with no 

drastic observable and conclusive differences 

7.3 Conclusion  

The exploratory analysis of the power spectrum allows us to conclude that there are 

differences between the stimulation and eyes open stages with respect to the values 

obtained for the closed eye state and that in specific stimuli like Vernier acuity and 

contrast sensitivity, the configuration O1+O2-FCz shows clearer the typical spectrum 

for this stimulation.  On the other hand, the consistency measure does not visually 

show significant changes between different states and stimuli. This analysis is 

complemented in the following section by statistical tests. 

  



 

8 Statistical analysis  

 

Objective: To evaluate the capacity of qEEG measures obtained in healthy subjects, 

in order to find variables to discriminate experimental states. 

 

 

Finally, the measures obtained in the previous objective are evaluated using statistical 

methods to evaluate the capacity of the qEEG measures obtained to classify the test 

vision in healthy subjects and select the variables with best behavior. This section 

describe the methodology and results obtained.   

8.1 Methodology 

The signals obtained were analyzed by means of a repeated measurement ANOVA. 

In the case of power, each spatial filter was analyzed, while in the case of coherence, 

a factorial analysis was initially carried out and subsequently the combinations of filters 

that provided the most information to each factor were studied. The statistical analysis 

was carried out in Statgraphics XVII-X64. 

 

All analyses compared whether there was a significant difference between keeping 

the eyes closed and open, between keeping the eyes closed and observing a stimulus, 

and between keeping the eyes open without stimulation and observing a specific 

stimulus. The P-value in Mauchly's sphericity is always reported, for values >0.05 the 

conclusion regarding differences between states is valid.  

 

The labels used in this section are: Oz-FCz (Oz), O1+O2-FCz (O1O2), 

PO3+PO4+PO7+PO8-FCz (PO), PO3+PO7-FCz (POL) and PO4+PO8-FCz (POR) 

8.2 Result and discussion  

8.2.1 Power spectrum estimation 

  

A repeated measures analysis was made in order to evaluate the qEEG values 

behavior between states.  The analysis takes into account the states (eyes open rest, 

eyes closed rest and stimulation) and the type of vision (binocular - both, monocular 

right eye and monocular left eye). 

 

8.2.1.1 Vernier acuity  

 

Repeated measures analysis (Table 7) shows that it is possible to separate all the 

states in the test in the theta band in all electrode configurations. In yellow rows, there 

are significant differences between eyes closed and eyes open in the three types of 

vision (binocular- both, monocular left eye – left and monocular right eye - right), also 

between eyes closed vs stimulation and eyes open vs stimulation. 



 

 

 

 

 

 
Table 7. Repeated measures analysis in Vernier acuity stimulus for each electrode configuration taking into 

account each state and type of vision.  

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 and rows with yellow color are the bands and electrodes with significant difference in all 

condition for Vernier acuity stimulus. 

 
Figure 20. Means and 95.0 percent LSD intervals for relative power in theta in configuration Oz-FCz with Vernier 

acuity stimulation and binocular vision.  

 
 

 

Both Left Right Both Left Right Both Left Right Both Left Right

Delta Oz * * * * * *

Theta Oz * * * * * * * * *

Alpha Oz * * * * * * * *

Beta Oz * * *

Delta O1O2 * * * * * * *

Theta O1O2 * * * * * * * * *

Alpha O1O2 * * * * * * * * *

Beta O1O2 * * * * *

Delta POL * * * * * * *

Theta POL * * * * * * * * *

Alpha POL * * * * * * * *

Beta POL * * * * *

Delta POR * * * * * * *

Theta POR * * * * * * * * *

Alpha POR * * * * * * * * *

Beta POR * * * * * *

Delta PO * * * * * *

Theta PO * * * * * * * * *

Alpha PO * * * * * * * * *

Beta PO * * * * * *

Frequency 

band 

Eyes closed vs 

eyes open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation
P-value

P
S

D
 



 

Figure 20 shows one example of Least Significant Difference (LSD) values for relative 

power in theta band for configuration Oz-FCz in binocular vision. Here, it is possible 

to observe that all the states are clearly separated. The tendency is equal in all theta 

configuration and in all types of vision where the values for the theta band are lower 

when the participants have their eyes closed and increase when the eyes are open, 

for the stimulation states the values are significantly higher. 

 

8.2.1.2 Contrast sensitivity 

 

The result for the analysis of repeated measurements (Table 8) is also equal to that 

obtained in the Vernier acuity stimulus. Theta band in all electrode configurations 

allows to separate the conditions in the experiment and satisfy the sphericity criteria. 

There are other bands that show significante difference in the same way (alpha Oz, 

alpha POR and alpha PO) but data in at least one case (both, left or right) violates the 

assumption of sphericity.  

 
Table 8. Repeated measures analysis in contrast sensitivity stimulus for each electrode configuration taking into 

account each state and type of vision. 

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 and rows with yellow color are the bands and electrodes with significant difference in all 

condition for contrast sensitivity stimulus. 

 

Figure 21 shows one example of Least Significant Difference (LSD) values for relative 

power in theta band for configuration Oz-FCz in binocular vision. Here, it is possible 

to observe that all the states are clearly separated. The tendency is equal in all theta 

configuration and in all types of vision and share the same analysis that in Vernier 

acuity stimulation.  

Both Left Right Both Left Right Both Left Right Both Left Right

Delta Oz * * * * * *

Theta Oz * * * * * * * * *

Alpha Oz * * * * * * * * *

Beta Oz * * *

Delta O1O2 * * * * * *

Theta O1O2 * * * * * * * * *

Alpha O1O2 * * * * * * * * *

Beta O1O2 * * * * * *

Delta POL * * * * * *

Theta POL * * * * * * * * *

Alpha POL * * * * * * * *

Beta POL * * * * * *

Delta POR * * * * * *

Theta POR * * * * * * * * *

Alpha POR * * * * * * * * *

Beta POR * * * * * *

Delta PO * * * * * *

Theta PO * * * * * * * * *

Alpha PO * * * * * * * * *

Beta PO * * * * * *

P-value
Frequency 

band 

Eyes closed vs eyes 

open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation



 

Figure 21. Least Significant Difference (LSD) values for relative power in theta band for configuration Oz-FCz in 
binocular vision 

 
 

8.2.1.3 Motion perception 

 

Repeated measures analysis (Table 9) shows that it is possible to separate all the 

conditions in the test in the alpha band in all electrode configurations and in delta band 

for Oz, O1O2 and POL. In yellow rows, there are significant differences between eyes 

closed and eyes open in the three types of vision (binocular- both, monocular left eye 

– left and monocular right eye - right), also between eyes closed vs stimulation and 

eyes open vs stimulation. 
 

Table 9. Repeated measures analysis in motion perception stimulus for each electrode configuration taking into 

account each state and type of vision. 

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 and rows with yellow color are the bands and electrodes with significant difference in all 

condition for motion perception stimulus. 

Both Left Right Both Left Right Both Left Right Both Left Right

Delta Oz * * * * * * * * *

Theta Oz * * * * * * * *

Alpha Oz * * * * * * * * *

Beta Oz * * *

Delta O1O2 * * * * * * * * *

Theta O1O2 * * * * * * * *

Alpha O1O2 * * * * * * * * *

Beta O1O2 * * * * * * *

Delta POL * * * * * * * * *

Theta POL * * * * * * * * *

Alpha POL * * * * * * * * *

Beta POL * * * * * * *

Delta POR * * * * * * * *

Theta POR * * * * * * * * *

Alpha POR * * * * * * * * *

Beta POR * * * * * *

Delta PO * * * * * *

Theta PO * * * * * * *

Alpha PO * * * * * * * * *

Beta PO * * * * * * *

Frequency 

band 

Eyes closed vs eyes 

open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation
P-value

P
S

D
 



 

 

Figure 22 shows one example of Least Significant Difference (LSD) values for relative 

power in delta band for configuration Oz-FCz in binocular vision. Here, it is possible to 

observe that all the states are clearly separated. The tendency is equal in all yellow 

delta configuration (Table 9). 

 
Figure 22. Least Significant Difference (LSD) values for relative power in delta band for configuration Oz-FCz in 

binocular vision 

  

 

Least Significant Difference (LSD) values for relative power in alpha band for 

configuration Oz-FCz in binocular vision is opposite to delta band (Figure 23). The 

tendency is equal in all yellow alpha configuration (Table 9). 
 

Figure 23. Least Significant Difference (LSD) values for relative power in alpha band for configuration Oz-FCz in 
binocular vision 

 
 

In this case the trends are different according to the bands to be analyzed. For the 

delta band the values increase when passing from closed eyes, to open eyes and to 

stimulation state, while for the alpha band the behavior is decreasing, lower values for 

stimulation states and higher values for closed eyes rest. 
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D
 



 

 

8.2.1.4 Visual field 

 

For the analysis of repeated measurements, no band shows a significant difference 

between the participant with the eyes open and the participant watching at the stimulus 

(Table 10). It is only possible to separate eyes open from eyes closed and eyes closed 

from the stimulation stage.  

 
Table 10. Repeated measures analysis in visual field stimulus for each electrode configuration taking into 

account each state and type of vision. 

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 and rows with yellow color are the bands and electrodes with significant difference in all 

condition for visual field stimulus. 

 

8.2.1.5 Form recognition 

 

Repeated measures analysis (Table 11) in this stimulus does not show components 

with a difference in all conditions. Although delta Oz offers a significant difference, 

data violates the assumption of sphericity. In this case, the selected rows meet 

spherical criteria for all cases but in at least one type of vision, it is not possible to 

separate the stage of eyes open versus stimulation. 

Figure 24 shows one example of Least Significant Difference (LSD) values for relative 

power in alpha band for configuration O1+O2-FCz in monocular vision (left). Here, it 

is possible to observe that all the states are clearly separated. The tendency is equal 

in all yellow alpha configuration for right and left eye (Table 11). 

  

Both Left Right Both Left Right Both Left Right Both Left Right

Delta Oz * * * * * *

Theta Oz * * * * * *

Alpha Oz * * * * * *

Beta Oz * * *

Delta O1O2 * * * * * *

Theta O1O2 * * * * * *

Alpha O1O2 * * * * * *

Beta O1O2 * * * * * *

Delta POL * * * * * *

Theta POL * * * * * *

Alpha POL * * * * * *

Beta POL * * * * * *

Delta POR * * * * * *

Theta POR * * * * * *

Alpha POR * * * * * *

Beta POR * * * * * *

Delta PO * * * * * *

Theta PO * * * * * *

Alpha PO * * * * * *

Beta PO * * * * * *

Frequency 

band 

Closed eyes vs open 

eyes 

Closed eyes vs 

stimulation

Open eyes vs 

stimulation
P-value



 

Table 11. Repeated measures analysis in form recognition stimulus for each electrode configuration taking into 

account each state and type of vision. 

  
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the bands and electrodes with significant difference in all condition 

for form recognition stimulus. 
 

Figure 24. Least Significant Difference (LSD) values for relative power in alpha band for configuration O1+O2-
FCz in monocular vision (left) 

 
 

Least Significant Difference (LSD) values for relative power in delta band for 

configuration PO3+PO7-FCz (POL) in monocular vision (left) is opposite to delta band 

(Figure 25). The tendency is equal in all yellow delta configuration for right and left eye 

(Table 11). 

  

Both Left Right Both Left Right Both Left Right Both Left Right

Delta Oz * * * * * * * *

Theta Oz * * * * * *

Alpha Oz * * * * * * * *

Beta Oz * * *

Delta O1O2 * * * * * * * *

Theta O1O2 * * * * * *

Alpha O1O2 * * * * * * * *

Beta O1O2 * * * * * * *

Delta POL * * * * * * * *

Theta POL * * * * * * *

Alpha POL * * * * * * * *

Beta POL * * * * * * *

Delta POR * * * * * * * *

Theta POR * * * * * *

Alpha POR * * * * * * * *

Beta POR * * * * *

Delta PO * * * * * * *

Theta PO * * * * * * *

Alpha PO * * * * * * * *

Beta PO * * * * * * *

Frequency 

band 

Eyes closed vs eyes 

open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation
P-value

P
S

D
 



 

Figure 25. Least Significant Difference (LSD) values for relative power in delta band for configuration PO3+PO7-
FCz (POL) in monocular vision (left) 

 
 

As well as the trend of movement perception, for alpha band there is a decreasing 

behavior, while for delta the trend is increasing. 

 

8.2.1.6 Color detection 

 

According to repeated measures analysis (Table 12), clear markings are not achieved 

as with other stimuli, for beta band there is a difference between the 3 states (eyes 

closed, eyes open and stimulation), however, in at least one of the type of vision, data 

violates the assumption of sphericity. Beta band is selected in this stimulus for the 

following analyses although it is important taking into account that the conclusion 

cannot be applicable.  

 
Table 12. Repeated measures analysis in color detection stimulus for each electrode configuration taking into 

account each state and type of vision. 

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the bands and electrodes with significant difference in all condition 

for color detection stimulus. 

Both Left Right Both Left Right Both Left Right Both Left Right

Delta Oz * * * * * * * *

Theta Oz * * * * * *

Alpha Oz * * * * * * * *

Beta Oz * * * * * *

Delta O1O2 * * * * * * *

Theta O1O2 * * * * * *

Alpha O1O2 * * * * * * * *

Beta O1O2 * * * * * * * * *

Delta POL * * * * * * * *

Theta POL * * * * * *

Alpha POL * * * * * * * *

Beta POL * * * * * * * * *

Delta POR * * * * * *

Theta POR * * * * * *

Alpha POR * * * * * * * *

Beta POR * * * * * * * * *

Delta PO * * * * * *

Theta PO * * * * * *

Alpha PO * * * * * * * *

Beta PO * * * * * * * * *

P-value
Frequency 

band 

Eyes closed vs eyes 

open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation

P
S

D
 



 

 

Figure 26 shows one example of Least Significant Difference (LSD) values for relative 

power in beta band for configuration O1+O2-FCz in binocular vision. The tendency is 

equal in all beta configuration for all type of vision (Table 12) where the stimulation 

values are higher than those obtained for resting state with eyes open or eyes closed. 

 
Figure 26. Least Significant Difference (LSD) values for relative power in beta band for configuration O1+O2-FCz 

in binocular vision 

 
 

8.2.2 Coherence 

 

Coherence was obtained in each frequency band for all possible combinations with 

the channels Oz-FCz (Oz), O1+O2-FCz (O1O2), PO3+PO4+PO7+PO8-FCz (PO), 

PO3+PO7-FCz (POL), PO4+PO8-FCz (POR). 40 variables were got, 10 relations for 

4 frequency bands. Factor analysis was used to reduce the dimension in each test, 8 

factors that keep more than 83% of the variability were calculated. Finally, repeated 

measures ANOVA analyses was made with each factor in other to identify which 

factors show a significant difference. 

 

8.2.2.1 Vernier acuity  

 

Coherence analysis in Vernier acuity shows (Table 13) that factor 2 allows 

differentiating eyes open from eyes closed and eyes open from the state of stimulation 

and p-value is greater than 0.05. In this factor, the variables with influence greater than 

65% were Delta Oz-O1O2, Theta Oz-O1O2, Delta Oz-PO, Theta Oz-PO, Delta Oz-

POL, Theta Oz-POL, Delta Oz-POR, Theta Oz-POR. With theta and beta being the 

most relevant bands as well as the relation between Oz with the other configurations. 
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S

D
 



 

Table 13. Repeated measures analysis in for Vernier acuity stimulus for each coherence factor taking into 

account each state and type of vision. 

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the factor with significant difference in all condition for Vernier 

acuity stimulus. 

 

Figure 27 shows one example of Least Significant Difference (LSD) values for 

coherence in delta band for signals Oz with O1O2 in binocular vision. In this case, 

values in the stimulation state are higher than those obtained for resting state with 

eyes open, however they are similar to those obtained for resting state with eyes 

closed. 

 
Figure 27. Least Significant Difference (LSD) values for coherence in delta band for signals Oz with O1O2 in 

binocular vision 

 
 

Figure 28 shows one example of Least Significant Difference (LSD) values for 

coherence in theta band for signals Oz with O1O2 in binocular vision. The trend shows 

that the values for the state of stimulation are still higher than the resting state with 

eyes open and for this case also higher than the resting state with eyes closed. 

 
  

Both Left Right Both Left Right Both Left Right Both Left Right

1 * * * * *

2 * * * * * *

3 * * * * *

4 * *

5 * *

6 * * *

7 * * * * * *

8 * * * * * *

Factor

Eyes closed vs 

eyes open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation
P-value
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h
e
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n
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Figure 28. Least Significant Difference (LSD) values for coherence in theta band for signals Oz with O1O2 in 
binocular vision 

 
 

8.2.2.2 Contrast sensitivity 

 

In contrast sensitivity stimulus, 3 factors (Table 14) were found with the capacity to 

separate closes eyes from stimulation and eyes open from stimulation. In this case, 

the analysis was made in factor 6 and facto 5 because share the results for some 

combination and bands. The variables with influence greater than 65% were Beta Oz-

O1O2, Beta Oz-PO, Beta Oz-POL, Beta Oz-POR. It shows that beta band in the 

relation of Oz with the other configuration is relevant to separate states. 

 
Table 14. Repeated measures analysis in contrast sensitivity stimulus for each coherence factor taking into 

account each state and type of vision.  

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the factor with significant difference in all condition for contrast 

sensitivity stimulus. 

 

Figure 29 shows one example of Least Significant Difference (LSD) values for 

coherence in beta band for signals Oz with O1O2 in binocular vision and figure 30 

shows values for coherence in beta band for signals Oz with PO in binocular vision. 

The trend for the coherence values in both cases is maintained, being significantly 

higher for the stimulation with respect to the resting states. 

 
 

Both Left Right Both Left Right Both Left Right Both Left Right

1 * * * * * * * *

2 * * * * * * * *

3 * * * * * *

4 * * * *

5 * * * * * *

6 * * * * * * *

7 * * * * * *

8 * * *

P-value
Factor

Eyes closed vs 

eyes open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation

C
o

h
e

re
n

c
e

 



 

Figure 29. Least Significant Difference (LSD) values for coherence in beta band for signals Oz with O1O2 in 
binocular vision. 

 
Figure 30. Least Significant Difference (LSD) values for coherence in beta band for signals Oz with PO in 

binocular vision 

 
 

8.2.2.3 Motion perception 

 

In this stimulus, factor 4 (Table 15) shows the capacity to differentiate the states of 

closes eyes from stimulation and eyes open from stimulation. However, unlike the 

previous stimuli, the factor obtained does not have the same influence variables 

for the three types of vision.  
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Table 15. Repeated measures analysis in motion perception stimulus for each coherence factor taking into 

account each state and type of vision.  

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the factor with significant difference in all condition for motion 

perception stimulus. 

 

In this case, factor 4 is constructed with different variables. Table 16 shows the 

variables with greater than 65% of influence in the factor. Alpha band and beta band 

are representative in this factor although there is not a clear trend in the relation for 

electrodes. 

 
Table 16. Variables selected for each type of vision for motion perception stimulus (B - binocular, L - monocular 

left, R - monocular R) 

 
 

 

Figure 31 shows one example of Least Significant Difference (LSD) values for 

coherence in alpha band for signals Oz with PO in binocular vision. In this case the 

trend is downwards, a similar behavior for the form recognition stimulus. 

 

 

 

 

 

Both Left Right Both Left Right Both Left Right Both Left Right

1 * * * * * * * *

2 * * *

3 * * * * * *

4 * * * * * * *

5 * *

6 * * *

7 * * *

8 * * * * * *

Factor

Eyes closed vs 

eyes open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation
P-value

Factor 4 

(B) 

Factor 4 

(L)

Factor 4 

(R)

Alpha Oz-

PO

Beta Oz-

O1O2

Alpha 

O1O2-

POR

Alpha Oz-

POL

Beta Oz-

PO

Alpha PO-

POL

AlphaO1

O2-PO

Beta Oz-

POL

Alpha PO-

POR

Alpha PO-

POR

Beta Oz-

POR

Alpha 

POL-POR

Motio perception (RDKs)



 

 
Figure 31. Least Significant Difference (LSD) values for coherence in alpha band for signals Oz with PO in 

binocular vision 

 
 

Figure 32 shows one example of Least Significant Difference (LSD) values for 

coherence in beta band for signals Oz with O1O2 in monocular vision (L). Although 

the trend is similar to that observed in the previous graph, in this case the coherence 

values do not allow a difference between the two resting states. This tendency is 

similar to Figure 33.  

 
Figure 32. Least Significant Difference (LSD) values for coherence in beta band for signals Oz with O1O2 in 

monocular vision (L) 
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Figure 33. Least Significant Difference (LSD) values for coherence in alpha band for signals O1O2 with POR in 
monocular vision (R). 

 
 

8.2.2.4 Visual field  

 

Although in the power analysis it was not possible to separate the eyes open and 

stimulus states, the coherence analysis shows two factors that can discriminate these 

states (Table 17). Factor 1 was selected to find the bands and relations because this 

factor stores more information about variability. This factor was different variables for 

binocular vision and monocular.   

 
Table 17. Repeated measures analysis in visual field stimulus for each coherence factor taking into account each 

state and type of vision.  

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the factor with significant difference in all condition for visual field 

stimulus. 

 

Table 18 shows the variables selected with greater than 65% of influence in the factor. 

Coherence in bands delta, theta and beta are important in factor 1. Relations Oz 

regarding other electrodes for binocular vision and relation O1O2 and PO with POR 

and POL for monocular vision are relevant. 

 

 

 

Both Left Right Both Left Right Both Left Right Both Left Right

1 * * * * * * *

2 * * * * * * *

3 * * * * *

4 * * * * * * *

5 * * * * *

6 * * * * * * *

7 * * * * *

8 * * * * * *

Factor

Eyes closed vs 

eyes open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation
P-value

C
o

h
e
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n
c
e

 



 

Table 18. Variables selected for each type of vision for visual field stimulus (B - binocular, L - monocular left, R - 

monocular R) 

 
 

Figure 34 shows one example of Least Significant Difference (LSD) values for 

coherence in delta band for signals Oz with POR in binocular vision.   

 
Figure 34. Least Significant Difference (LSD) values for coherence in delta band for signals Oz with POR in 

binocular vision 

 
 

Figure 35 shows one example of Least Significant Difference (LSD) values for 

coherence in theta band for signals Oz with PO in binocular vision.  

 
 

Factor 1 

(B)

Factor 1 

(L- R)

Delta Oz-

O1O2

Beta 

O1O2-

POL

Theta Oz-

O1O2

Beta 

O1O2-

POR

Delta Oz-

PO

Beta PO-

POL

Theta Oz-

PO

Beta PO-

POR

Delta Oz-

POL

Beta POL-

POR

Theta Oz-

POL

Delta Oz-

POR

Theta Oz-

POR

Visual field
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Figure 35. Least Significant Difference (LSD) values for coherence in theta band for signals Oz with PO in 
binocular vision 

 

 
 

Figure 36 shows one example of Least Significant Difference (LSD) values for 

coherence in alpha band for signals POL with POR in monocular vision (L).  

 
Figure 36. Least Significant Difference (LSD) values for coherence in alpha band for signals POL with POR in 

monocular vision (L) 

 
 

Figure 37 shows one example of Least Significant Difference (LSD) values for 

coherence in beta band for signals POL with POR in monocular vision (R). 
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Figure 37. Least Significant Difference (LSD) values for coherence in beta band for signals POL with POR in 
monocular vision (R) 

 
 

The trends for figures 34 and 35 are similar in binocular vision, however values for 

coherence in theta band for signals Oz with PO (figure 35) shows a better ability to 

differentiate the 3 states. 

 

For the case of monocular vision (Figure 36 and 37), the trend is similar for the right 

and left eye, however the bands analyzed are not the same. 

 

8.2.2.5 Form recognition 

 

Coherence analysis for this stimulus was not possible to find a factor with the capacity 

to show a significant difference between eyes open and stimulation (Table 19). 

Although in power analysis is was possible, coherence does not show this difference. 

Probably, factor 1 o factor 8 can help to enhance the analysis between eyes closed 

and eyes open, and eyes closed and stimulation.   

 
Table 19. Repeated measures analysis in form recognition stimulus for each coherence factor taking into account 

each state and type of vision.  

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the factor with significant difference in all condition for form 

recognition stimulus. 

 

 

 

Both Left Right Both Left Right Both Left Right Both Left Right

1 * * * * * *

2 * * * * *

3 * * * *

4 * * * * *

5 * * * *

6 * * * * *

7 * * *

8 * * * * * *

Factor

Eyes closed vs 

eyes open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation
P-value

C
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h
e
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n
c
e

 



 

8.2.2.6 Color detection 

 

Table 20 shows the result for the coherence factors, in this case, factor 1 and factor 2 

can separate the states, however, factor 1 has a better behavior because can 

differentiate the 3 states, although it is important taking into account that the 

assumption of sphericity is rejected at the 5.0% significance level. In factor 1, the 

variables with influence greater than 65% were: Delta Oz-O1O2, Theta Oz-O1O2, 

Delta Oz-PO, Theta Oz-PO, Delta Oz-POL, Theta Oz-POL, Delta Oz-POR, Theta Oz-

POR.  

 

Bands delta and theta provide, in the relation Oz with other electrodes, important 

information in each state for color detection stimulus.  

 
Table 20. Repeated measures analysis in color detection stimulus for each coherence factor taking into account 

each state and type of vision.  

 
* represent that there is significant difference between the states, green color means P-value in Mauchly's 

sphericity is > 0.05 rows with yellow color are the factor with significant difference in all condition for color 

detection stimulus. 

 

Figure 38 shows one example of Least Significant Difference (LSD) values for 

coherence in delta band for signals Oz with PO in binocular vision.   

 
Figure 38. Least Significant Difference (LSD) values for coherence in delta band for signals Oz with PO in 

binocular vision 

 

Both Left Right Both Left Right Both Left Right Both Left Right

1 * * * * * * * * *

2 * * *

3 * * * * * *

4 * * * * * *

5 * * * * * *

6 * * * * * * *

7 * * * * *

8 * * * * *

P-value
Factor

Eyes closed vs 

eyes open

Eyes closed vs 

stimulation

Eyes open vs 

stimulation

C
o

h
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n

c
e
 



 

 

Figure 39 shows one example of Least Significant Difference (LSD) values for 

coherence in theta band for signals Oz with PO in binocular vision.  In this figure and 

in the previous one it can be seen that the trend of coherence in the theta and delta 

band is decreasing, with lower values in the stimulation states. 

 
Figure 39. Least Significant Difference (LSD) values for coherence in theta band for signals Oz with PO in 

binocular vision 

 
 

The result obtained for relative power in healthy subject shows that delta, theta and 

alpha bands allows differentiation when participants have their eyes closed from when 

they have their eyes open [117][118], in contrast, beta band does not allow to 

differentiate between of the conditions in some case. However, in these bands, it is 

not clear the difference between when the participants have the eyes open and the 

stimulation moment.   
Table 21. Variable selected for relative power 

Vernier 
acuity 

Contrast 
sensitivity 

Motio 
perception 

(RDKs) 
Visual field 

Form 
recognition 

Color 
detection 

Theta Oz Theta Oz Delta Oz - Alpha O1O2 Beta Oz 

Theta 
O1O2 

Theta 
O1O2 

Alpha Oz 
 

Delta POL Beta O1O2 

Theta POL Theta POL Delta O1O2  Alpha POR Beta POL 

Theta POR Theta POR 
Alpha 
O1O2   

Beta POR 

Theta PO Theta PO Delta POL   Beta PO 

  Alpha POL    

  Alpha POR    

  Alpha PO    

 

Table 21 summarizes the variables selected for relative power that best characterize 

each state. These variables allow us to know when the participants have their eyes 

closed, when they have their eyes open and when there is stimulation according to 

relative power. These variables are important because represent the main values for 

each stimulus.  
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Theta band in all electrode configuration is representative for Vernier acuity and 

contrast sensitivity, both stimuli have a specific frequency stimulation and it is reflected  

in the power spectrum and theta band processing rhythms are involved in our 

continuous perception of dynamic visual events and these stimuli are highly dynamic 

[119]. Delta and alpha band in some spatial configuration represents motion 

perception [120] and form recognitions stimuli.  

 

On the other hand, beta is the band to separate the states in color detection [121]. 

Some studies [121] have suggested that the subjects’ EEG responses in a resting 

state differed when shown different colored paper, beta wave intensity in the occipital 

areas can be inhibited, so this band can save stimuli information.   

 

For visual field stimulus, it was not possible to get representative variables, one of the 

possible reason is that the square size for the stimulus used in the visual field test, did 

not elicit any frequency response. Although each square had a stimulation frequency, 

it was not visible in the signals recorded.  

 

In this point, relative power spectrum shows to be a suitable feature to find difference 

between eyes open and eyes closed in different bands while for each stimulus, specific 

variables should be used to separate eyes open from stimulation. In order to find more 

features with sensibility to understand eyes open and stimulation, a coherence 

analysis was conducted. 

 
Table 22. Factors selected for coherence values and most influential variables 

 
 

Vernier 

acuity

Contrast 

sensitivity

Form 

recognition

Color 

detection

Factor 2 Factor 7 
Factor 4 

(B) 

Factor 4 

(L)

Factor 4 

(R)

Factor 1 

(B)

Factor 1 

(L- R)
- Factor 1 

Delta Oz-

O1O2

Beta Oz-

O1O2

Alpha Oz-

PO

Beta Oz-

O1O2

Alpha 

O1O2-

POR

Delta Oz-

O1O2

Beta 

O1O2-

POL

Delta Oz-

O1O2

Theta Oz-

O1O2

Beta Oz-

PO

Alpha Oz-

POL

Beta Oz-

PO

Alpha PO-

POL

Theta Oz-

O1O2

Beta 

O1O2-

POR

Theta Oz-

O1O2

Delta Oz-

PO

Beta Oz-

POL

AlphaO1

O2-PO

Beta Oz-

POL

Alpha PO-

POR

Delta Oz-

PO

Beta PO-

POL

Delta Oz-

PO

Theta Oz-

PO

Beta Oz-

POR

Alpha PO-

POR

Beta Oz-

POR

Alpha 

POL-POR

Theta Oz-

PO

Beta PO-

POR

Theta Oz-

PO

Delta Oz-

POL

Delta Oz-

POL

Beta POL-

POR

Delta Oz-

POL

Theta Oz-

POL

Theta Oz-

POL

Theta Oz-

POL

Delta Oz-

POR

Delta Oz-

POR

Delta Oz-

POR

Theta Oz-

POR

Theta Oz-

POR

Theta Oz-

POR

Visual fieldMotion perception (RDKs)



 

For coherence analysis, 48 factors were processed. In each stimulus, the factor was 

selected according to the capacity to differentiate the 3 states. The previous result in 

power spectrum analysis shows that this analysis can identify while participants have 

the eyes open and close, whereby in coherence analysis, the factors were prioritized 

regarding the separation of eyes open from stimulation.  

 

The same analysis was carried out for all stimuli (Appendix C). The factors that showed 

difference between eyes open and stimulation were prioritized. Table 22 shows the 

final factors for each stimulus and variables with an influence greater than 65% in each 

factor. Coherence in delta and theta band is relevant in Vernier acuity, visual field and 

color detection, beta band has a major influence in contrast sensitivity, motion 

perception for monocular left vision (L) and visual field monocular. Alpha is present 

only in motion perception for binocular vision and monocular right vision (R). 

 

In form recognition was not possible to find a factor with coherence measures (table 

22) with the capacity to show a significant difference between eyes open and 

stimulation. However, for this stimulus, relative power spectrum in alpha O1O2, delta 

POL and alpha POR allow us to separate when subjects have the eyes open or when 

they are watching the stimulus.  

 

In visual field stimuli coherence showed two factor that can be characteristic to identify 

between open eyes and stimulation state. For this case power spectrum was not 

achievable to find a relevant frequency band.  

 

Each stimulus for each condition presents different trends according to the band to be 

analyzed and the type of vision. This means that the patterns are not constant for all 

tests. In both power and coherence analysis the differences are more pronounced in 

stimuli without stimulation frequency, which refers to deeper processing stimuli.  

 

Similarly, with the results presented it is possible to analyze that the behavior for a 

specific stimulus can generate different variables of interest according to the type of 

vision, however analysis with isolated variables (without factor analysis), does not 

show capacity to differentiate between binocular and monocular vision.   

8.3 Conclusion 

 

Our results indicated that relative delta, theta and alpha powers could be an indicator 

to distinguish between eyes open and eyes closed while specific power bands can 

give information for stimulation stages. Similarly, coherence analysis allowed us to find 

sensibility factors for each stage. With these stimuli and baseline in some measures 

characteristic of each one will be possible to compare these variables in patient with 

neuro-ophthalmological disorders and in neurological rehabilitation using the 

proposed stimuli to activate the different visual functions.  



 

 

The values obtained for power and frequency to respond to different behaviors 

depending on the type of stimulus, type of configuration and type of vision, this opens 

the analysis to understand if the trends are maintained in patients with visual 

impairment. 

  



 

9 General discussion 

 

The first part of the study allowed the development of a set of stimuli to perform visual 

cortex activation covering most of the visual skills, as a result 6 stimuli were designed 

with editable parameters for other tests. This set presents 3 previously reported stimuli 

and 3 exploratory stimuli.  

 

With the designed stimuli, some parameters were set to perform test of healthy 

subjects. In the second, we recorded resting states and stimulation states for 

monocular and binocular vision. The signals obtained were filtered and the measures 

of power and coherence were calculated. The initial exploratory analysis showed that 

it was possible to replicate results with respect to resting state with eyes open or eyes 

closed [117][118] and that for stimuli such as contrast and acuity, the result in the 

power spectrum showed the characteristic peaks for these tests [24][95]. 

 

In the third part the power and coherence measurements were analyzed using the 

repeated measurements method in order to complement the analyses of the previous 

step and with emphasis on the ability of the measurements to characterize each test 

state. This analysis is important for understanding whether each test state (open eyes 

rest, closed eyes rest or stimulation) exhibits differential behavior in the 

electrophysiological measurements.  The results showed that power measurements 

in some frequency bands allow for differences in all 3 states and that coherence 

measurements can help to corroborate the separation between open-eye resting state 

measurements and stimulation. 

 

The differences found between resting states in power spectrum have been reported 

in other studies [117][118] and the frequency changes in the signals for Vernier acuity 

and contrast sensitivity [24][95] are important to separate these stimuli states from 

resting states. Power analysis in specific bands have been useful in motion and color 

perception studies [119][120][121]. 

 

This study presents a baseline of the behavior of some variables that can be compared 

in patients to evaluate changes in trends that generate value for the follow-up of visual 

rehabilitation therapies. We achieve to characterize the cerebral visual physiology 

response of healthy subjects using portable and low-cost EEG taking into account the 

visual function and the type of stimuli that can help us to cover occipital cortex 

functionality . 

  



 

10 Future studies 

 

Due to the current pandemic we were only able to record healthy groups only, and 

unfortunately patients group was postponed. The results of this research set the 

grounds for further studies, and establish the most meaningful methods/analyses that 

can be implemented when it is time to perform follow ups in patients during 

rehabilitation. Additionally, due to the same situation it was not possible to perform 

several follow up recordings in healthy subjects in order to study intra-subject 

variability in the test. 

 

Future work could analyze other signal characterization, in order to identify factors, 

variables, or electrodes that maximize the difference between the three stages.  

 

The database acquired is an important input to be able to carry out different analyses 

on the data to find more information regarding the visual system at a physiological 

level. Future studies can carry out a comparative analysis between the stimuli to 

identify if there is a difference between each one, they can extract from the signals 

other characteristics to identify their capacity of discrimination between patients and 

healthy subjects. Similarly, it is possible to perform a more in-depth analysis only on 

the resting signals, and comparative studies between monocular and binocular vision 

can also be carried out. The records obtained for acuity and contrast measurements 

can be analyzed by means of regressions to obtain the exact value for each subject 

of these visual abilities. 

 

Finally, in this study the analyses were made from conventional statistical methods 

due to the limitation in the database, however future studies may increase the sample 

and work with classification techniques such as support vector machines or k-means. 
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12 Supplementary material 

Appendix 1 

Demographics information for healthy participant   

 

Code 
Dominat 

eye 
Age  Gender 

S1 Left 25 F 

S2 Right 30 F 

S3 Left 19 F 

S4 Left 24 M 

S5 Right 43 F 

S6 Right 24 M 

S7 Right 25 M 

S8 Right 25 F 

S9 Right 35 M 

S10 Left 20 F 

S11 Right 22 M 

S12 Left 24 F 

S13 Left 24 M 

S14 Left 19 M 

S15 Left 25 F 

S16 Right 28 M 

S17 Right 29 M 

S18 Right 39 M 

S19 Right 22 F 

S20 Left 27 M 

S21 Left 35 M 

S22 Right 25 M 

S23 Right 22 M 

S24 Right 22 F 

S25 Right 23 F 

S26 Right 23 M 

S27 Right 23 M 

S28 Left 24 M 

S29 Right 29 M 

S30 Right 53 F 

S31 Right 24 M 

S32 Left 22 M 

S33 Left 25 M 

S34 Left 25 F 

S35 Left 25 F 

S36 Right 35 M 



 

S37 Right 22 F 

 

 


