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Abstract

o Objective: this work aims to test the performance of the Smart Glasses system
based on pattern-reversal Visual Evoked Potentials (pr-VEPS) in the ophthal-
mological clinical context, validating it through comparison with the commer-
cial Retimaz CSO system.

o Materials & Methods: the portable and cheap Epson Moverio BT-200 Smart
Glasses are flanked by the g. Hlamp Research bio-potential amplifier. The EEG
signals, obtained by stimulation and taken by electrodes positioned according
to International Standard 10/20, are sent to the bio-amplifier that records
and processes them through the software g.Recorder associated with it. This
is followed by further Matlab processing that highlights the characteristics of
the waves obtained, in terms of amplitude and latency.

o Results €& Future Goals: the results obtained through 10 healthy subjects and
30 subjects affected by maculopathy are therefore compared with the ones re-
trieved through a gold standard device Retimax CSO. Features extracted from
time and frequency domain are evaluated by statistical tools. The results show
a good correlation in both subjects categories. Nevertheless, several limitations
emerged from this work, especially those age-related. The future objective is
to improve the diagnostic valence of the device considering hardware and soft-
ware enhancements of the current prototype proposed.
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Chapter 1

Introduction

1.1 Sensory Coding and Brain Electric Waves

The existence of recordable electric waves from the scalp was discovered in 1924
by Hans Berger. These waves, due to the complex electrochemical activity of the
single cortical cells, have a maximum amplitude of 100 £V [1]. During the recording
of cerebral electrical potentials the dual neuronal activity is considered:

« spontaneous, commonly represented by the electroencephalographic signal
(EEG), which records the fluctuations in time of the electrical potentials de-
tected on the scalp in the absence of external stimuli;

» related event, related event potential (ERP), neural activity triggered by
specific events both internal to the subject, e.g. a movement, and external, e.g.
sensory stimuli. The electrophysiological signals of response to sensory stimuli
can be easily recorded at the sites where they are generated and in a non-
invasive way. The response elicited by applying external stimuli is generally a
low-intensity signal and it is therefore necessary to use particular techniques
to extract the ERP from the current EEG. These techniques, called averaging
techniques and used for the first time in 1947, require the repeatability of the
stimulus over time in order to obtain answers that are as similar as possible
to each other [1].

The evoked potentials are a typical example of ERP and provide numerical data
that contribute objectively and reliably to the diagnosis of numerous neurological
diseases affecting different sensory systems. Specific neuronal pathways transmit
information from the sensory receptor to the central nervous system. It is interest-
ing to understand how the nervous system, at the arrival of a stimulus on a sensory
receptor, manages to identify it, perceive its strength and location. This task is
made possible by sensory coding [2]:
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e coding of the type of stimulus: the type of stimulus is encoded by the
receptor and the information transport pathways are activated when the stim-
ulus is applied to the receptor. For example, light waves activate photore-
ceptors that communicate through specific pathways with the visual cortex.
The perception of stimuli is not necessarily based on the inputs coming from
a single sensory pathway: often the brain must integrate information coming
from different sensory systems;

» coding of stimulus intensity: the intensity of the stimulus is coded by the
frequency of action potentials, frequency codes, and the number of activated
receptors, population code. A more intense stimulus produces an increase in
the discharge frequency of action potentials and activates a greater number of
receptors;

» coding of stimulus location: the concept of localization is closely related
to the existence of receptive fields. In fact, the stimulus must be located within
the receptive field of the specific neuron. However, the size of the receptive
fields varies greatly in the body: the location of the stimulus is better in those
regions innervated by neurons with small receptive fields.

The different types of evoked responses (such as somatosensorial, auditory, visual
ones) are characterized by latency, inter-peack latency, amplitude and morphology
of the individual waves. In particular, the morphology varies according to the sen-
sory stimulus used. The study of evoked potentials arose from the need to relate
the response of the central nervous system to an external sensory stimulus, with the
possibility of analyzing the reaction of individual organs with interesting clinical
findings. For this reason, EPs are used for example in audiology or ophthalmology:
in this latter field, VEPs, visual evoked potentials, represent an important electro-
physiological tool for the diagnosis and study of neurological pathologies that can
determine the involvement of the optic nerve, the optic pathways and the visual
cortex [3].

1.2 Neuroanatomy and Physiology of the Visual
System

The eye is an organ with a spherical shape, housed in the orbital cavity, protected by
the eyelids and other ocular adnexa. Its function is to capture the light radiations
coming from the external environment and transform them into nerve impulses
that will be used to generate sight and reflexes. The eye guarantees vision by
transforming light into information that, in the form of electrical impulses, reaches
the brain where they are processed. The eyeball is essentially made up of an outer
epidermis membrane that protects three inner chambers, as shown in Figure 1.1..

2
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Posterior chamber

Anterior chamber
~~
Cornea
Macula/
~ Fovea
Pupil Vitreous chamber centralis
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o _ Suspensory I
Limbus” Ligament Optic nerve
Cilliary muscle \
Blind spot

(optic disc area)

Figure 1.1: Human eye structure [4].

The two aqueous chambers on the front of the eye are the anterior and posterior
chambers, separated by the iris. These chambers contain aqueous humor, secreted
in the posterior chamber by a layer of cells that cover the ciliary body and intended
to provide nutrients to the cornea and crystalline. This liquid passes into the
anterior chamber through the pupil. The largest of the chambers is the vitreous body,
containing wvitreous humor, separated from the other chambers by the crystalline
lens and the suspensory bonds, called zonular fibers, which connect the crystalline
lens to the ciliary body. The vitreous humor is a gelatinous substance that helps to
maintain the spherical structure of the eye [5]. The epidermis, on the other hand,
consists of three different layers, each of which performs specific functions:

e outer layer, sclera: it is the ‘white part’ of the eye, resistant and with a
protective function. Most of the sclera is opaque, but in the central part there
is a transparent "window": the cornea, through which the light penetrates into
the eye;

e middle layer, choroid: it is a layer of highly pigmented tissue, it is dark to
avoid light reflections inside the eye and it is the most vascularized layer;

o inner layer, retina: its function is to collect the visual information that the
main nerve of the eye, the optic nerve , must then send to the brain in the form
of light impulses which are then transformed into images. In the retina there
are two types of photosensitive cells that capture light: rods and cones. Rods
are sensitive to light and movement and allow vision in low light conditions
while cones are responsible for viewing colors and details. It is then the lens,
transparent and flexible, which allows the light to be focused on the retina.

3
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For more specific tasks, light is concentrated in the center of the retina, in an
area called macula, which represents the most sensitive area to light stimuli
[6]. The muscles around the lens alter its shape, allowing the vision of objects
placed at different distances, according to the concept of accommodation.

NEAR
POINT

Figure 1.2: Accomodation mechanism [7].

The shape of the crystalline lens is controlled by the ciliary muscle which has
fibers arranged concentrically, by means of the tension that it exerts on the
zonular fibers that connect the ciliary muscle to the crystalline itself. The
greater the contraction of a circular muscle, the smaller the inner diameter of
the circle, which will correspond to a lower tension of the zonular fibers and a
greater curvature of the crystalline lens. For the vision of distant objects the
ciliary muscle is released, which increases the diameter of the muscle itself,
tends the zonular fibers and reduces the curvature of the crystalline lens so
that it takes on a more flattened shape [2].

Visual field
of right eye
/

Region of overlap
of two visual fields

—_—

Light enters the eye
through the cornea
R |

Pupil changes size
based on light intensity

—

Optic chiasm

Information from left half

e ———— ————— %
Through the pupil, the of visual field (green)

light reaches the
crystalline lens

The lens changes
shape to convey light
onto the retina

Visual field
of left eye

=
Optic nerve

Cones and retinal rods
absorb light and send

messages to the brain

\ via the optic nerve

(a)

At the primary visual
cortex these pulses are
converted into an

image

% o)
Lateral geniculate
nucleus

Information from right . N ‘
half of visual field

Primary visual cortex
(yellow) g4

(b)

Figure 1.3: (a)Light path flow chart;(b)Visual pathway [8].
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1.3 Retina and Retinal diseases: Maculopathy

1.3.1 Layers and components of the retina

The conversion of light energy into action potentials occurs at the level of the
retina: this conversion is known as the phototransduction process [9]. The nerve
components of the retina consist of three main layers of cells. Starting from the
back of the eye to the front, these layers are composed of photoreceptor cells, called
cones and rods, bipolar cells and ganglion cells:
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Figure 1.4: Layers of the retina [10].

e cones and rods: phototransduction phenomenon occurs at these photorecep-
tors, which transform the light energy into electrical signals. They are mainly
concentrated in the centre of the macula, in an area called fovea, responsible
for spatial resolution (wvisual acuity) and colour vision [11]. The remaining
part of the retina is mainly used for viewing motion.

» bipolar cells: rods and cones contract synapses with the dendrites of bipolar
cells, the neurons of the first order of the visual pathway. They in turn contract
synapses with ganglion cells;

« ganglion cells: they are the largest neurons in the retina, organized in a single
layer near the vitreous body. They represent the second-order neurons of the
visual pathway. Their axons form the optic nerve. They do not contribute to
visual images but only detect light intensity [9].
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1.3.2 Maculopathy disease

One of the main causes of severe loss of visual acuity is maculopathy, a chronic
degenerative disease with a tendency to become bilateral. Those suffering from
macular pathology experience a loss of vision at the centre of the field of vision and
distorted perception of the images [12].

Figure 1.5: Visual effects of maculopathy progression [13].

However, degenerative maculopathy never leads to complete blindness as lateral
vision is usually preserved up to the terminal stages of retinal maculopathy. Macu-
lopathy does not give pain. Indeed, initially the visual problem may not be noticed,
because it is supplied with the good eye.

Senile maculopathy, or age-related maculopathy (AMD), is the most frequent form
of maculopathy that usually affects people over 65 years of age [14]. There are two
main kinds of AMD:

e dry maculopathy: it is the most frequent one and involves the thinning of the
retina, the visual cells stop working and disappear. The transport of nutrient
factors and the elimination of waste by retinal pigmented epithelium (RPE)
are slowed down, resulting in yellowish or pigmented intra-retinal deposits;

Dry Macular Degeneration

(b)

Figure 1.6: (a)Healthy macula VS damage macula [15]; (b)Dry Macular Degener-
ation [16].
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Normal Retina Wet AMD

wet maculopathy: involves the proliferation of new vessels under the retina
and this sometimes involves bleeding under the retina and lifting the pigmented
epithelium. Some dry maculopathy can become wet maculopathy over time,
so it is important to monitor its development [17].

Wet Macular Degeneration

Retinal
Pigment
Epithelial
cell (RPE)

Choroid ~ Retinal Pigment Rapidly growing vessels break

Epithelial cell through the RPE, leading to
(RPE) leakages and haemorrhage

(a)

Figure 1.7: (a)Healthy macula VS damage macula [15]; (b)Wet Macular Degener-
ation [16].

The main risk factors can be classified as [18]:

demographic factors: include age, ethnicity and sex. The risk of the onset of
the disease increases with increasing age and it has been hypothesized that the
ethnic differences in the prevalence of advanced AMD were due to a possible
protective effect of iridescent pigmentation in colored subjects, in which the
melanin can protect the EPR and the choroid with degenerative changes, which
predispose the patient to choroidal neovascularization;

behavioral factors: smoking, alcohol consumption, diet, obesity, physical
activity and ezxposure to sunlight. Tobacco smoke is the main predictable risk
factor for AMD due to its oxidative effects harmful to the retina, the reduction
of choroidal blood flow, the promotion of ischemia, hypoxia, retinal micro-
infarcts and stimulation of neovascularization. Alcohol also increases oxidative
stress. The regular performance of physical activity is also very important;

ocular factors: include a possible association between hypermetropia and
AMD:;

factors related to systemic diseases: diabetes and arterial hypertension
contribute to increasing the risk of onset of retinal pathology;

genetic factors: it could be hypothesized to associate AMD with a complex
genetic disorder in which one or more genes concur to determine the individual
susceptibility for the development of the disease.
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In addition to the senile one, other forms of maculopathy are:
« myopia maculopathy;
« diabetic maculopathy;
» exudative maculopathy after venous thrombosis of the retina;
« macular Pucker.

Among the numerous pathologies, this study focuses precisely on maculopathy as
the functional alterations of the macular region can represent the pathological as-
pect that involves the increase in latency and the reduction in the amplitude of
the VEP wave, whose collection and analysis are the purpose of this thesis. In
fact, 90% of the photoreceptors responsible for the generation of VEP are part of
the macula and consequently a localized pathology in this area, through the VEP
analysis, could be easily identified [19]. However, for a correct interpretation of
the alterations in the response of the VEP, observed in clinical practice, it is al-
ways recommended, and often necessary, to associate electrophysiological tests that

specifically explore retinal and macular function, such as the electroretinographic
test (ERG) [3]. As part of the ERG we remind:

 focal ERG (F-ERG);
« multifocal ERG (mf-ERG);
« pattern ERG (P-ERG).

Modifications of these single bioelectrical responses are indicative of a dysfunction
of the various retinal elements that generated the specific recorded electroretino-
graphic signal.

1.4 VEPs: Visual Evoked Potentials

Visual evoked potentials are defined as variations of the bio-electric potentials of the
occipital cortex evoked by visual stimuli. They are therefore the manifestation of
complex neurosensory events related to transduction phenomena and transmission
of the nervous impulse along the visual pathways, from the retinal photoreceptors
up to the visual cortex [20]. VEPs express in fact the electrical correlation of the
activity of the visual pathways up to the calcareous cortex and allow to obtain in-
formation about the functionality of the human visual system in a non-invasive way
[3]. For this reason they have been used in neurophthalmological diagnostics as a
complement to ophthalmological and neurological semiotics for over five decades.
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VEPs have a good temporal resolution (in the order of ms), useful in order to
study the dynamic change that takes place in the central nervous system not only
in different pathological conditions, but also in response to different types of stim-
ulus.

Because of the nature of these events related potentials, the extraction of VEPs from
the electroencephalographic recording requires specific techniques such as the aver-
aging technique [1]. In fact, the aforementioned technique consists in the medium
operation of all the acquired epochs, where an epoch is the interval of time inter-
posed between two successive stimuli.

There are two main types of VEP, which are characterized by different types of
stimulus [21]:

« flash VEP, in which the administered stimulus consists of a luminance vari-
ation;

o pattern VEP, in which the administered stimulus consists of a contrast
variation. Among the pattern VEPs it is still possible to recognize the pat-
ternreversal VEPs, pr-VEPs, and the pattern onset/offset VEPs.

1.4.1 Flash VEPs

They have a rather limited field of application in the field of neurological diseases
that affect the visual pathways as they offer highly variable responses in the control
population and are less sensitive than the pattern VEPs [3]. The flash VEPs are
visual evoked potentials recorded after stimuli constituted by a stroboscopic flash,
with the possibility to change the intensity of the light and the frequency of the
flashes. The flash VEPs reflect the overall macular function of the photopic sys-
tem and the conditions of its signal along the macular visual pathways, up to the
primary visual areas [22]. These potentials consist of a series of six positive and
negative waves, which can be displayed in the time interval between 30 and 300 ms
after the stimulus.
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Figure 1.8: Typical morphology of a flash VEP of an healthy subject where it is
possibile to distinguish peaks that are defined with the letter indicating the polarity
[23].

The VEP flash is useful in cases where poor optical quality, poor collaboration
or poor vision make the use of pattern stimulation ineffective [24].

However, flash VEPs have two substantial disadvantages in clinical application:

1. large physiological variability of the response;

2. relative insensitivity in the presence of visual function disturbances [1].

Despite these limitations, the VEP flash proved to be a useful method in the study
of physiological and pathological brain ageing processes. In particular, it has re-
cently been proposed for the early diagnosis of Alzheimer’s type dementia [25].

In 1959 Barlow suggested that cortical neurons required specific visual patterns
to produce maximum response [26]. Based on these considerations, the contrast
stimuli that characterize the pattern VEPs have been realized.

1.4.2 Pattern VEPs

This type of stimulation adapts optimally to the physiological demands of the high-
resolution retinal areas (fovea), also favoring the functional exploration of the optic
nerve fibers [1]. Pattern VEP stimulation consists of periodic images with a geo-
metrically oriented structure, whose contrast is modulated while maintaining the
overall brightness constant [26]. Usually the image proposed to the patient consists
of a checkerboard with black and white elements, whose periodic inversion repre-
sents the visual stimulus. During inversions, the patient must turn his attention
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to a fixed point in the center of the checkerboard. It is possible to select the most
suitable features for the clinical analysis of the various components of the visual
system, which can be activated differently from the spatial, temporal, chromatic
and contrast properties of the image [25].

The spatial frequency (FS) of a pattern stimulus, expressed in minutes of arc, mea-
sures how many times the contrast of an image passes from the minimum to the
maximum value in a degree of visual angle. A reversal corresponds to complete
alternation from a light to a dark element in a degree of visual angle. The different
FS allow to explore the different sectors of the visual field by physiologically stim-
ulating the different neuronal systems of the visual pathway.

The electrophysiological response obtained with a pattern VEP also depends on
the temporal frequency (FT), ie the speed with which the pattern appears or dis-
appears (in the case of the pattern onset/offset) or with which the elements of the
model reverse their position (in the case of the pattern reversal) [3]. The FT is
measured in reversals per second (rps).

In the pattern on/off the repetitive stimulus involves the replacement of struc-
tured elements with a neutral background, without variations in total brightness.
This stimulation technique may be useful for the treatment of patients with nys-
tagmus. The response to pattern on / off stimulation physiologically consists of
three main peaks in adults, which are in the time interval between 75 and 150 ms
after the stimulus.
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Figure 1.9: Typical morphology of a on/off pattern VEP of an healthy subject [24].

In most clinical studies, however, the most commonly used pattern is the reversal
one, which involves the complete alternation of a light element with a dark chess-
board element, with a specific number of inversions per second. The variation of the
temporal frequency with which the elements are inverted between them determines
at the low frequencies (<4 Hz) a transient response and at high frequencies (>4

11
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Hz) a steady state response [3]. In the reversal pattern commonly used in clinical
practice, low stimulation F'Ts (between 1 Hz and 4 Hz) are used, which allow the
recording of a transient electrophysiological response from the occipital cortex.
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Figure 1.10: Typical morphology of a pattern reversal VEP of an healthy subject
[24].

The transient potential of the pattern reversal consists of a typical series of
three deflections with alternating polarity, reproducible latency and morphology,
in which it is possible to recognize:

1. N75: negative peak visible after 75 ms from the stimulus;
2. P100: positive peak visible after 100 ms from the stimulus;
3. N135: negative peak visible after 135 ms from the stimulus [21].

The positive wave P100 represents the most stable, repeatable and maximum ampli-
tude component. Many studies state that the P100 wave originates at the primary
visual cortex. In particular, a historical study reported that, in a patient with se-
vere lesions of the visual areas that however spared the primary visual area, it was
still possible to record an almost intact P100. It is thought instead that the other
two negative components of the potential, N75 and N135, originate at the level of
the striatal and extra-striatal cortex, respectively [3]. However, these responses are
variable and therefore not very significant in clinical practice.

Other studies match the origin of these waves to different areas of the visual system
and this disagreement could be due to the different technical characteristics of the
stimulation systems used. Furthermore, post processing could also be conducted
in different ways, leading to slightly different results.

The types of stimulation presented so far are standardized by International So-
ciety for Clinical Electrophysiology of Vision (ISCEV) protocol. In particular, the

12
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VEP reversal pattern is the type of stimulation used for the purposes of this work
and its technical stimulation characteristics will be discussed in more detail in the
"Materials and Methods" chapter.

1.5 Pattern Reversal VEP Physiological Inter-
pretation

The evaluation of morphology, amplitude and above all latency (retino-cortical
conduction time) of the potential P100 represents the fundamental element for the
electrophysiological study of the integrity of the optical pathways, especially at the
pre-chiasmatic level. Although the anomalies of VEPs are not specific and may
concern a wide variety of ophthalmologic and neurological pathologies, the alter-
ations of this potential are all reflected in a decrease in amplitude and/or in an
extension of the latency time of the different components that constitute the po-
tential itself [3]. The topographical position, the size and the degree of the visual
deficit strictly condition the possible anomalies detected in the analysis of pr-VEPs.

In order to proceed with a first visual interpretation of the VEP anomalies it is
appropriate to compare the case of the potential relative to a healthy subject with
that of a pathological one. Figure 1.11 shows a good comparision between healty
and pathologic signals acquired in our laboratory.

Averaging on 120 epochs: healthy subject
T T T T T

Averaging on 120 epochs: pathological subject
T T T T T

LN

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (ms) Time (ms)

() (b)

Figure 1.11: Comparison between an healthy (a) and a pathological (b) subject.
In the pathological VEP, it is observed both a decrease in amplitude of the P100
wave and its time delay.

VEP Amplitude (pV)
VEP Amplitude (pV)

The main parameters that must be taken into consideration, to determine whether
the answer is physiological or pathological, are the following:
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« P100 peak latency;

« P100 wave width (measured from N75 peak);

latency difference between the P100 waves of the right and left eye;
» time interval between N75 and N135 waves;

For example, if the amplitude of the VEP waves falls within the range of expected
values while the latency marks appear altered, then the test could have highlighted a
conduction anomaly typical of demyelinating pathologies, such as multiple sclerosis.
Otherwise, in the case of retinitis pigmentosa, the VEP may not be identified as
the expected waveform is absent. Finally, in the case of retinal detachment, the
amplitude values of the waves decrease in relation to the extent of detachment.

1.6 Clinical Applications and State of Art

In addition to the diagnostic capabilities of the pr-VEP to detect maculopathy, pre-
sented in paragraph 1.3, pr-VEPSs represent also an accurate indicator of anomalies
of the whole visual system. For instance, they are used to investigate pathologies
related to demyelinating or axonal issues. [3]. The phenomena of demyelination,
for example, involve changes in latency, in fact the cortical retinal conduction time
is greater. The presence of axonal damage, on the other hand, is evidenced by
alterations in amplitude and morphology of the acquired waveform.

The VEP test can therefore also be used to investigate the following diseases:
o multiple sclerosis;
o demyelination of the optic nerve;
o ischemic neuropathy of the optic nerve;
« compression pathologies of the optical pathways;
o pseudotumor cerebri;
o degenerative diseases (Parkinson’s, Alzheimer’s);
e migraine;
« primitive alterations of retinal ganglion cells.

In this thesis work, Retimax CSO, a commercial device for pr-VEP is used to
validate the prototype here proposed. Retimax CSO is an ocular electrophysiology
system suitable both for clinical practice, as a medical device, and for scientific

14
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investigations. Retimax CSO performs the recording, analysis of amplitude and
latency of the bio-potential of action of the retina in response to light stimuli. The
diagnostic methods of the Retimax system, which will be extensively described in
the "Materials and Methods" chapter, comply with the ISCEV standardization.

15



Chapter 2

Materials and Method

2.1 Retimax CSO

As anticipated, one of the systems currently in use for ocular electrophysiology is
the Retimax CSO. In the experimental study that supports this work of thesis, this
medical device was used for pr-VEP tests. In this way it was possible to compare
the results obtained with Retimax with those obtained using the device proposed
by us. The purpose of the comparison is the validation of our device, which, to-
gether with the results and performances, will be discussed later.

Retimax CSO is classified according to EN60601-1:
« type of protection against direct and indirect contacts: class I;
o applied parts: type BF.

Among the possible configurations of the Retimax system, the advanced version is
the one used here. The system consists of:

1. 230V-230V isolation transformer: for supplying the entire system, in compli-
ance with EN61558-2-15 and directives 73/23 / CEE and 93/68 / CEE;

2. flash stimulator: for the presentation of flashes of light with variable inten-
sity or bright light that alternate on a precise visual angle subtended in the
spectrum of visible light;

3. two-channel pre-amplifier: able to detect electrical biopotentials generated by
the retina and the occipital visual cortex; presents patient galvanic isolation,
10 dB CMRR and 10 M2 input impedance;

4. pattern stimulator: for the presentation of structured images on a 19" TV
screen, contrast ranging from 1 to 99%; stimulated visual angle selectable
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according to the distance of the subject from the stimulator with automatic
conversion of the spatial frequency in cycles per degree or in minutes of arc;

5. signal analysis system: consisting of a computer with "Retimax software" ap-
plication software capable of processing the signal and measuring its amplitude
and latency components;

6. computer monitor: for displaying the signals obtained.

—
°
3 ) [ S

1. 2. 3. 4. 5. 6.

Figure 2.1: Components of the Retimax CSO system.

Other accessory tools used in combination with Retimax CSO during the exami-
nation are:

o Nuprep Skin Gel, for effectively lowers impedance: abrasive gel for improving
conductivity and helping achieve efficiency with the equipment;

N ﬁw, '

Figure 2.2: Nuprep Skin Gel.

o Ag/AgCl EEG Gold Skin Passive Electrodes "SKIN CUP', with connecting
cables;

17
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Figure 2.3: Skin cup.

e KONIX EEG Paste: it allows the correct application of the electrodes on the
skin, limiting the electrode-skin impedance.

Figure 2.4: KONIX EEG Paste.

In addition to the VEP tests, the Retimax CSO system can be used for the following
diagnostic tests:

« ERG, electroretinogram,;

« PERG, pattern electroretinogram;
« EOG, electrooculogram;

o ENG, electronistagmogram;

The reason why we want to present a new VEP stimulation, detection and calcu-
lation system, despite the results obtained so far through the Retimax system are
repeatable and reliable, it consists mainly in the non-portability of the system. In
fact, its imposing size makes it difficult to transport, thus giving rise to the need of
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a portable and equally accurate system, such as the one representing the purpose
of this thesis.

Figure 2.5: A representation of the entire Retimax system while it is working.

At the end of the test, the following screen appears on the computer monitor:
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Figure 2.6: Retimax system screen.
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2.2 Epson Moverio BT-200

With the aim of making the stimulation and analysis system for VEP tests portable,
the device proposed in this thesis consists of a pair of smart glasses equipped with
a a pocket unit with trackpad touch for managing the actions, based on Android
operating system.

Figure 2.7: Smart glasses Epson Moverio BT-200 and external touchpad [27].

The same pattern of visual stimulation that the patient saw on the TV screen
of the Retimax CSO system is now provided to the patient through the glasses,
clearly smaller than a television screen and therefore easily transportable. The
Moverio BT-200 are equipped with LCD monitors integrated in the lenses, one for
lenses, which overlap the field of view of the person wearing them. The monitors
are equivalent to about a 40-inch TV watched from 2 m away and the field of vision
covers about 23 degrees. [27]. On these monitors, 960x540 pixel resolution images
are projected, which in this specific case will be geometrically structured images,
aimed at visual stimulation of the patient, as will be discussed in detail in the
following paragraphs. Moverio BT-200 has an 8GB internal memory, expandable
with micro-SD up to 32, a 1.2GHz dual core processor, 1GB of RAM and a refresh
rate of 60 Hz [28].

The smart glasses are equipped with a camera, gyroscope, GPS and other inte-
grated sensors that allow the software to perceive the movements of the wearer.
Moreover, regarding the connectivity, these glasses have a Wi-Fi, Bluetooth and
USB connection. They too come with Android and are available on the market for
around $700.

Moverio BT-200 is born as a device that allows augmented reality [27] but in this
20
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case they are used as a stimulator of visual evoked potentials, through the develop-
ment of an Android application loaded on the external controller. The application
lets to set the stimulation parameters (temporal frequency, spatial frequency) before
performing the test [21].

(b)
Figure 2.8: Features of the system: (a) Smart glasses; (b) External controller [28]

2.3 g.HIamp-Research

g.Hlamp-Research is a multi-channel biosignal amplifier with USB technology from
g.tec, a growing enterprise founded in 1999, with branches in Austria, Spain and
the United States and distribution partners all over the world. g.Hlamp is used
for invasive and non-invasive measurements of brain functions and is intended only
for applications of research and scientific investigation. In fact, it is not a medical
device, so it cannot be used for diagnosis, treatment of diseases or other medical
applications. g.Hlamp provides 80, 144 or 256 channels per unit. The amplifier
can be connected directly to a PC via a USB connector without the need for other
data acquisition devices. Each channel is equipped with a synchronized analog to
digital converter to perform the simultaneous sampling. Each 24-bit converter can
operate up to 614.4 KHz and performs a 16 times oversampling, to obtain a high
signal-to-noise ratio and a perfect signal resolution. This leads to a sampling fre-
quency of up to 38400 Hz for each channel. Furthermore, the device is equipped
with an internal unit for impedance control, as will be explained in detail in the
"Hardware and Software"section. The electrodes used for picking up the signals,
the same used with the Retimax CSO system, can be connected to the g.Hlamp
via the special 64-channel driver box supplied.

21



2 — Materials and Method

Figure 2.9: (a) g.Hlamp-Research multi-channel biosignal amplifier; (b) 64-channel
passive alectrode driver box for g.HlampB [29].

In this thesis work, the 144-channel g.Hlamp model was used as a measurement
and processing device for EEG signals taken from the subject’s scalp following
visual stimulation with the Epson Moverio BT-200, in order to calculate the VEPs.
g.Hlamp is able to measure, without any saturation, also:

o ECoG, electrocortioculogram;
o FOG, electrooculogram;
e ECG, electrocardiogram;

o EMG, electromyogram.

2.3.1 g.Hlamp-Research basic component

g.Hlamp-Research consists of the following items:
o g.Hlamp-Research USB biosignal amplifier;
e GlobTek GTM21097-3005 - power supply unit;
e Power line cord;
o USB cable;
« Parallel port cable;
e 64-channel electrode connector box;
« Connection cable from 64 channel electrode connector box to g.Hlamp-Research;

o Instruction for use.
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2.3.2 Technical specifications

Model g.Hlamp-Research
Type 144-Channel Research Amplifier
Rated power consumption 20 VA
Rated DC voltage 5V
Rated current of fuse 4 A, type 20 mm
Rated voltage of fuse 250 V
Produced HR-2018.02.04
Producer g.tec medical engineering GmbH

Table 2.1: g.Hlamp-Research.

USB 5V DC
HOLD 5V DC
DIGITAL IN 5V DC
POWER SUPPLY || 5V DC

Table 2.2: Maximum voltages at the previous sockets.

Sensitivity + 250 mV
Highpass 0 Hz
Lowpass 19.2 kHz

Input Impedance || >100 M)

Table 2.3: Amplifier Settings for all channels.

ADC resolution 24 bit
Sampling frequency || 38400 Hz per channel
Number of ADCs 144

Table 2.4: Analog-digital converter (ADC).
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Isolated power supply
Rated power consumption 30 VA
Rated AC voltage (input) 100-240 V
Rated frequency 50-60 Hz
Rated DC voltage (output) 5V
Rated DC current 6 A
Maximum voltage on Power Supply connector || 5V DC

Table 2.5: Power supply.

2.4 Data Acquisition: Hardware and Software

Premise

As anticipated, the pattern of visual stimulation that is provided to the patient
consists in the complete inversion of the squares of a checkerboard from white to
black and vice versa. This inversion occurs once every 500 ms: since it is this inver-
sion that represents the stimulation pulse, it is necessary to synchronize the VEP
calculation at each stimulation instant. This requires a trigger signal. Stimulation
parameters will be discussed in detail in section “2.5 Acquisition Protocol for the
FExperimental Tests”.

2.4.1 First prototype system for trigger generation

The sequence of images representing the stimulation pattern was overlaid by an
impulsive audio signal, produced through Matlab, starting at the same time as the
images sequence. The audio signal can be seen as a voltage signal that has peaks
every 500 ms and that is output via audio jack [21].

The objective is to send this audio signal, which is an analog signal, to the Arduino
Uno and, using its ATmega 328 microcontroller, output a digital trigger signal.
This digital trigger signal is then sent to the parallel port of the g.Hlamp-Research
which is connected via USB to the PC, where upon arrival of the trigger, using the
appropriate software, the VEP calculation starts.

The sound signal, however, has very low amplitude voltage peaks, around 170 mV:
then, before sending this signal to Arduino, an amplification circuit is required.
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Figure 2.10: Audio signal before amplification.

The amplification circuit has been mounted on a breadboard and consists of:

an LM324N non-inverting operational amplifier;

a 22 k() feedback resistance;

a 2.2 k() resistance;

various connectors.

Vol \%
V=170 mv >—————1 4 Fifeeel
LM324N ———> V= 1.87V
— 1.8_7
R;;\ZAZ, kQ Ll Time (ms)

Figure 2.11: Electric scheme of the amplification circuit and audio output signal.

Now the amplified audio signal can be input to Arduino, whose microcontroller has
been programmed as follows:
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int analogPin = AD; // pin to which the amplified analog signal arrives
int outputTrigger = 13; // cutput pin of the square wave to be taken to the parallel port of g.HIamp
int threshold = 1.5; // threshold (expressed in V) beyond which the square wave must be put out

void setup()

{
// initialization pin 13 as output for the trigger
pinMode {outputTrigger, OUTPUT);
// initialize serial communications:
Serial.begin(9600);

}

vold loop()

{
// reading of the analogue input woltage value
int analogValue = analogRead({analogPin);

// if the analogue input is higher than the preset threshold, the square output wave starts
if (analogValue >= threshold)

{

digitalWrite (outputTrigger, HIGH);

delay(250); // time expressed in ms

digitalWrite (outputTrigger, LOW);

delay(250) ;

}

Figure 2.12: Arduino code for generating the square wave.

The analog input pins and the digital output ones are initialized. If the mi-
crocontroller receives an input voltage value higher than the set threshold, it then
outputs a square wave in the 0-5 V range (Arduino voltage range) with 50% duty
cycle: 250 ms on and 250 ms off. In this way, the parallel port, set by software to

read only the rising edges, gets a high logic level every 500 ms and therefore every
500 ms the VEP calculation starts.

250 ms
+—>

ON
5V
0V OFF
+—
250 ms

Figure 2.13: First square wave model generated by Arduino.

Since the technical specifications report the value of 5 V as the maximum input
voltage to the parallel port, to stay in safe conditions it was preferred to send this
input square wave to a voltage divider composed of 2 equal resistances.

In this way the value of the input voltage to the parallel port has been halved, now
equal to 2.5 V. This value is acceptable since the minimum voltage value recognized
by the parallel port as a high logic level is 1.8 V.
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Figure 2.14: Trigger signal.
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Figure 2.15: First prototype: 1.Smart glasses with jack output; 2.Original audio
signal; 3. Amplification circuit and amplified audio signal; 4. Arduino Uno; 5.Square
wave 0-5 V; 6.Voltage divider; 7.Square wave 0-2.5 V: trigger signal; 8.g.Hlamp-
Research; 9. PC with software for VEP calculation.

It was noted, however, that using this trigger generation system, an average
delay of about 275 ms was introduced in the VEP calculation.
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DX1 | 372.50 ms
DX2 | 378.33 ms
DX3 | 371.67 ms
DX4 | 375.83 ms
DX5 | 374.17 ms

SX1 | 382.50 ms
SX2 | 375.9 ms
SX3 | 365.83 ms
SX4 | 375.83 ms
SX5 | 372.5 ms

Table 2.6: 5 acquisitions on the right eye and 5 acquisitions on the left eye of a
healthy subject: the time of P100 wave manifestation is reported. Note how, due
to the delay of about 275 ms, the P100 peaks appear on average after 375 ms from
the stimulus.

Probably this delay is due to the time required by Arduino for the conversion
from analog to digital and its magnitude is not acceptable because it is greater than
half of an epoch, equal to 500 ms. Because of this delay the VEP wave appears
shifted to the right, as shown in the figure 2.15:

Averaging on 120 epochs
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Figure 2.16: (a)Theoretical result [24]; (b)Result obtained through this first proto-
type system for trigger generation.

Since this delay was constant, a first idea was to take it into account in post-
processing and to shift 275 ms to the left the acquired signals. Later it was preferred
to think of a new trigger generation strategy, avoiding the use of Arduino. Hence,
the development of the second prototype discussed in the next paragraph.
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2.4.2 Second and definitive prototype system for trigger
generation

This prototype consists of the following blocks:

1. amplifier block;
2. rectifier block;

3. threshold comparator block.

The preliminary step was the modification of the impulsive audio signal super-
imposed on the stimulation pattern. Through an Matlab algorithm an ON/OFF
sound signal was generated, having the following parameters:

e duration: 60 s;
o sampling frequency: 20000 Hz;
e voltage amplitude: 170 mV;

e 250 ms ON and 250 ms OFF.

Each interval of 250 ms of ON consists of a sinusoid at a frequency of 800 Hz.

5 Audio signal: 250 ms ON and 250 ms OFF 5 Sinusoid within the 250 ms of ON
T
‘ ' ‘ Iff
0.5 R 0_5J ‘ ‘ “ il
° 1R
’ IR
) | -1
15 1 »1.5—“ 1
, LU A L
0 05 1 15 2 25 3 3.5 4 0 100 200 300 400 500 600 700 800 900 1000
Samples %104 Samples
(a) (b)

Figure 2.17: (a)On/off audio signal; (b)Sinusoid at high frequency which shapes
the ON range.
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Figure 2.18: (a)On/off audio signal: oscilloscope; (b)Sinusoid at high frequency
which shapes the ON range: oscilloscope.

It’s useful to keep only the positive half-waves of this audio signal with the aim
of bringing out a square wave that can act as a trigger signal.

Step 1: audio signal amplification

It is necessary to amplify the new audio signal in view of the following steps: to
obtain the final square wave to be used as a trigger signal, the audio signal must
pass through a rectifier circuit, as will be explained in detail in Step 2. This circuit
foresees the presence of a silicon diode with a voltage drop of approximately 0.6
V. Since the original audio signal has an amplitude of 0.170 V it needs its initial

amplification.
Output 1 1 E ] 14 Output 4
Tnverting Input 1 2 E— > z —] 13 Inverting Input 4
Non-nverting Input 1 3 E P < -j 12 Nen-mverting Input 4

Veet 4 [ LM324N  [] 11 Vee-
Non-mverting Input2 5 E 1+ +*j 10 Nen-mverting Input 3
Inverting Input2 6 I:—>‘ ’_<—:I 9 Inverting Input 3
OQutput 2 7 E j 8 Output 3

Figure 2.19: It is highlighted the op amp used to amplify the original audio signal.
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It was decided to use the LM324N integrated circuit, which has 4 op amps: one
of these was used for signal amplification. LM324N was powered by a single power
supply, so the amplified output signal only has positive semiwaves. The integrated
circuit is supplied at a voltage of 3.6 V through the series of three 1.2 V batteries
each.

Figure 2.20: Circuit power supply: batteries in series.

%% Agilent Technologies MON SEP 09 11:19:22 2019 ‘4% Agilent Technologies MON SEP 03 11:24:06 2019

Yl

Figure 2.21: Sequentially, original audio signal, amplification circuit, amplified au-
dio signal.

This amplifier block consists of:

« one of the LM324N operational amplifiers;
o a 10k resistor;

o the series of two 47k} feedback resistors;
e a 1.8 nF capacitor.

The capacitor acts as a low-pass filter to eliminate frequencies that are too high
compared to the carrier frequency of 800 Hz. The choice of this capacitor allows
frequencies up to 900 Hz.

Now the amplified audio signal has an amplitude of 0 - 1.7 V.
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Step 2: audio signal rectification

4 Agilent Technologies MON SEP 09 11:25:41 2019

3 Usata
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Figure 2.22: Amplifier block followed by rectifier block. The rectified signal is
shown.
The rectifier block consists of:

« a silicon diode of the 1N4001 series;

e a 2.2 uF capacitor acting as a capacitive filter;

o a 1k resistor.

The waveform output from the rectifier block belongs to the range 0 - 1.1V, as the
audio signal undergoes the voltage drop on the silicon diode.

Step 3: threshold comparator and trigger signal generation

The output signal from the rectifier finally becomes the input of a threshold com-
parator, which is another LM324N op amp.

Output 1 1 E ] 14 Output 4
Inverting Input 1 2 |: - —] 13 Inverting Input 4
Non-mverting Input 1 3 E +-j 12 Non-inverting Input 4

Vee+ 4 [ LM324N ] 11 vee-

Non-inverting Input 2 5 E +—j 10 Non-mverting Input 3
Inverting Input2 6 E - —j 9  Inverting Input 3
j § OQutput 3

Qutput 2 7 E

Figure 2.23: Tt is highlighted the op amp used as threshold comparator.
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The threshold voltage has been obtained by means of a voltage divider (a 10kohm
resistor and the series of two 1kohm resistors) which receives the input supply volt-
age and brings a voltage output value of about 0.5 V. This value was wanted because
it was greater than that due to the circuit noise, about 0.3 V.

The threshold comparator is a module that performs a step function: it converts
an analog input (the rectified audio signal) into a logical output value. In this way,
as threshold comparator output, the desired square wave is obtained to be used as
a synchronization signal to be sent to g.Hlamp.

This square wave falls within the 0 - 2 V range, the maximum output voltage value
by feeding the LM324N at 3.6 V and has the same timing as the square wave
obtained through the first prototype.

b3
8
i

3.8 Vde

4

VOFF =
VAMPL=0.170V
FREQ = 800 Hz

Figure 2.24: Final prototype for trigger generation.

% Agilent Technologies MON SEP 09 11:26:47 2019
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Figure 2.25: Trigger signal to send to the parallel port of g.Hlamp.
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Hardware Improvement: supply voltage control

It has been said that the entire circuit is supplied with a voltage of 3.6 V via the
series of three batteries.

Since the circuit requires a minimum supply of 3 V to function properly, it was
decided to carry out a control of the supply voltage, so as to replace the batteries
just before the power supply drops below the minimum threshold required.

The supply control circuit consists of:
e a third LM324N op amp used as a threshold comparator;
o a 220 € resistor;
e a 5.6 k2 resistor;
 a zener diode 3.3 V as voltage stabilizer;
e a 100 € resistor;

one red LED.

V=36V

Output I 1 I: :l 14 Output 4
Inverting Input 1 2 I: :l 13 Inverting Input 4
Non-inverting Input 1 3 E ] 12 Non-inverting Input 4

Neet 4 E LM324N :| 11 Vee-

Non-inverting Input2 5 E ] 10 Non-inverting Input 3
Inverting Input2 6 I: ] 9 Inverting Input 3
(] s

Output 2 7 E Output 3

()

Figure 2.26: (a)lt is highlighted the op amp used as threshold comparator;
(b)Electric scheme of the supply voltage control circuit.

After its inverse polarization, the zener diode maintains the threshold voltage at
3.3 V independently of the variation of the supply voltage. As long as the power
supply voltage is higher than the threshold then the red LED remains on, otherwise
it turns off: in this case it is time to replace the batteries.
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Finally, the entire trigger generation circuit, including the power control one, has
been made easily portable thanks to welding on the matrix board, as shown in the

figure 2.25:

(a)

Figure 2.27: (a)Circuit on breadboard; (b)Circuit on matrix board: small and
portable.

2.4.3 g.Recorder Software

The g.tec support software (under Windows) is g. Recorder, which allows the record-
ing, display and storage of biosignals, ensuring a comfortable hardware configura-
tion. The data is stored in hdf5 format.

Particular software extensions allow the extraction and online visualization of some
signal parameters useful for clinical research:

o Compressed Spectral Array (CSA);
« Heart Rate (HR);
o Heart Rate Variability (HRV).

Signal and parameters can also be checked in display mode, stored in disk and
re-displayed later in offline/replay mode.

For the purposes of this thesis work, g.Recorder was used for the acquisition of
the EEG signal and for the calculation of VEPs. After setting the channels that
will be used for the acquisition, the software receives the trigger signal generated by
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the prototype shown in the previous paragraph via parallel port and synchronizes
the start of the VEP calculation with the rising edges of this signal.

- .
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Figure 2.28: (a)List of triggers that can be selected: the trigger 7 was chosen
arbitrarily. The trigger reading is enabled only on the rising edge; (b)Reading of
trigger 7 every 500 ms.
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Figure 2.29: Main screen of the software during an acquisition.
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Furthermore, in the "Evoked Potentials" section, the following settings have been
set:

Evoked Potentials Configuration X

fikering Trigger Tining

Bandpass fiter 1-100H v Pre-tigger period duration 392 ms

——— Postigger period duration: | 5002 ms
Value Post tigger period offset: 03] ms

[ ool target EPsfor:  [Tagaer 1 (HRLZ016102 ErEr=]
Calculate nontarget EPs for:  Trigger 7 (HR-2018.02
roger : : P 5
ffsing odge)
eparate target and nonarget EP by odd and even tal umbers 150 150
O s: d EPs by odd and I numb ) :
100 10.0
Baselne Comction
50 5.0
Comect baseline of frames before averaging | | A
w00 woo
Averaging H 4
: i i me 50 50
>
® Average al frames. pretrigger  “posti.’  postdrigger 10.0 e : ceeeed 100
©) Average alimted rumber of mast recent frames only et
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w0E :
M5 11007 TZ00ms 1300ms  1400E T 1100m 12005 1300ms 14007E,
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0z
Cancel oK

Figure 2.30: (a)Filtering, epochs to mediate and trigger settings; (b) VEP at the
end of an acquisition.

From the settings it’s possible to see how the pre-trigger value has been set to
39 ms. It was noticed, in fact, that the overlapping audio signal - sequence of
stimulation images was not perfect and that the audio signal was 39 ms late with
respect to the stimulation video.

The resulting VEP is given by the average of all the epochs acquired.

2.5 Acquisition Protocol for the Experimental
Tests

As anticipated, the purpose of this thesis work is the comparison between the vi-
sual stimulation system, VEPs acquisition and calculation proposed by us and the
Retimax CSO currently in use, for a possible validation of our prototype.
Consequently, for the comparison to be valid, the stimulation and parameters con-
ditions must be the same for both systems.
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[ Skin preparation ]

[ Electrodes placement ]

[ Impedance monitoring ]47
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Monocular acquisition
of VEP signal

Figure 2.31: Clinical acquisition protocol.

Skin preparation

The first step consists in preparing those areas of the patient’s skin where the
sampling electrodes will be placed. This preparation involves the use of Nuprep
Skin Gel, necessary to degrease the patient’s skin, eliminating any dead cells that
would hinder the good contact between skin and electrodes.

Electrodes placement: International Standard 10/20

For electrode placement the international standard 10/20 has been followed, as
required by the ISCEV standard. Four electrodes have been used for our purposes:

« active electrode in O,;
« reference electrode for O, in F,;

« ground electrode at the left mastoid;

38



2 — Materials and Method

« clectrode for measuring impedance in F,,; (only for our prototype).

Figure 2.32: Extended 10/20-System with 30 channels [30].

The electrodes are positioned using KONIX EEG conductive paste to reduce con-
tact impedance.

Impedance monitoring

Once the electrodes are positioned, to ensure good signal quality it is advisable
to check the impedance. An impedance value greater than 10 k€2 could make the
picked signal unreliable.

The g.Recorder software presents a tool for calculating the impedance, as shown in
the figure 2.51.

| o s o = o o e e e
I ] [ [ [ [ [ [ [ [ [ [ [ [
(I [ () (o (] ] [ (e () [ [ () [ [
] [ [ [ [ [ [ [ [ [ [ (] [ [
] [ [ [ [T [ [ [ (e [ (] (e (] [
e | e v | v e | e o 7| i e e e |
I [ () (o [ (e (e [ (e [ [ [ [ () [ [l
I [ o | [ [ [ [ [ [ [ [ (] [ [ [ [
uuuuuuuuuu
[z G Gl Gl ] G ] sl s
(D] o] Gna] [oan ] ] (G ] [oaa ] ]

£

Figure 2.33: Impedance assessment tool.

Impedance evaluation is allowed through channel 1 of the g.Hlamp driver box,
also called channel Z. The test can start when the impedance value is within the
yellow-green range.
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Monocular acquisition of VEP signal: parameters of stimu-
lation

After covering one of the patient’s eyes and after darkening the room where the
exam will take place, the test can begin. In the case in which our prototype is used,
the patient is made to wear Smart Glasses, while if it’s used the Retimax CSO
system the patient is asked to observe the television screen where the stimulation
pattern will appear.

Figure 2.34: A representation of our prototype while it’s working.

In both cases, as anticipated, the stimulation pattern consists of the total in-
version of the elements of a checkerboard, during which the patient is required to
observe a red dot in the center of the same, called fization point.

C N N NN

"

Figure 2.35: Stimulation pattern for pr-VEP tests [31].
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The stimulation pattern has the following features:

Parameters H Value ‘
Duration 60 s
Temporal frequency 2 reversal per second (rps)(2 Hz)
Spatial frequency 60 minutes of arc
Duration of an epoch 500 ms
Number of epochs acquired and averaged 120
Sweeps time 300 ms
Contrast 81%
Field size 23°
Bandpass filter 1-100 Hz

Table 2.7: Stimulation parameters set for both systems.

The time frequency is kept so low mainly for two reasons:

1. to fatigue the patient’s tested eye as little as possible, thus giving the possibility
to repeat the test several times. This aspect is particularly important in the
context of this thesis work, as the patient is tested twice through the two
different devices;

2. to avoid inducing seizures.

The choice to set the contrast to 81% was dictated by the Smart Glasses LCD
screen.

During the acquisition of the various epochs, the average of the selected periods
is gradually calculated and displayed on the PC screen. The VEP signal obtained
at the end of the test is the average of all the epochs acquired: it is therefore the
result of the averaging technique.

2.6 Advice for the successful execution of an exam

The artifacts in the electrophysiological examination are represented by any electri-
cal disturbance generated by the muscular movements or electroencephalogram of
the subject examined, or electromagnetic disturbances generated by the recording
instruments themselves, or commonly present in the surrounding environment. All
electrical devices generate electromagnetic disturbances and these devices should
therefore be at an appropriate distance from the recording instrument and the pa-
tient examined. Cell phones should be kept off during the examination. Artifacts
can alter the biolectric response generated by the patient subjected to the exami-
nation so as to make the examination itself unreliable.
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In the VEP exam registration the main artifact is constituted by the patient’s
electroencephalographic activity: however, it is recalled that it can be eliminated
with the averaging technique.

Muscle tension can generate highly significant electrical activity. During an ex-
amination, it is therefore strongly advised to inform the patient not to stretch the
neck muscles, to not chew and not to blink too frequently. In fact, eye movements
can produce artifacts in the electro-functional test. In particular, eye movement
artifacts and patient’s fixation problems produce baseline variations. Under ideal
conditions the baseline should look like a horizontal line with minimal oscillations.
In the event of excessive fluctuations of the baseline, the patient should be reminded
to observe carefully the fixation point or the structured stimulus.

The environmental characteristics must be such as to produce the total darkness
in the examination room in order to obtain adequate retinal adaptation, avoiding
light reflections on the stimulator screen.

The VEP exam is generally performed in monocular vision: the unexamined eye
must be occluded during the examination. It is also necessary to pay attention to
the distance between the patient and the pattern stimulator, in order to guarantee
the correct visual angle and the relative spatial frequency subtended by the stimu-
lus.

The impedance of electrical contact between the subject and the electrodes used
for recording the biopotential should be less than 10 k€). The lower the value, the
better the signal-to-noise ratio.

It is necessary to use original accessories, such as electrodes, conductive paste and
other complying with the EU directive 93/42/EEC. The electrodes must always
be disinfected and sterilized before their use. Carefully degrease the patient’s skin
where the electrode will be applied. The electrodes in contact with the skin must
be used together with an adequate quantity of gel or conductive paste specific for
these electrodes, in order to favor their contact with the skin.

If after applying the suggestions listed above the artifacts generated by muscle
movements were still excessive, it will be possible to resort to further solutions,
such as increasing the number of mediated samples during recording. A further so-
lution is to reduce the amplifier bandwidth by selecting a narrower filter capable of
reducing the amplitude of such disturbances. Digital filtering through Fast Fourier
Transform is also a remedy for the elimination of disturbances. By decomposing
the sampled signal in all its harmonic components it will be possible to select only
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those of interest, eliminating the others. It will then be possible to reassemble the
signal without the eliminated components and thus obtain a cleaner signal.

2.7 Data Post-processing

As listed in Table 2.7, the VEP acquisition is done by setting a 1-100 Hz bandpass
filter for both devices, without any notch filters as ISCEV standards require [21].

The sampling frequency is originally different:
e 1200 Hz for g.Hlamp-Research;
« 1700 Hz for Retimaz CSO.

Then the signals obtained from both devices are imported to Matlab and each of
them is stripped of the average value. Subsequently, signals obtained through Reti-
max were sub-sampled at 1200 Hz, to make the sampling frequencies of the signals
obtained from the two different devices equal. This gives the same number of sam-
ples for all signals.

At this point the same acquisitions, made through the two different acquisition
systems, are plotted superimposed, so as to be able to make a first visual compar-
ison.

It was also thought to perform a frequency analysis of the acquired signals. In
this regard it has been asked which approach, between the Power Spectral Density
(PSD) and the Fast Fourier Transform (FFT), was the most useful to extrapolate
the information of interest. The PSD describes how the signal power is distributed
along the frequencies, while the FFT shows the spectral content of the signal, the
amplitude and the phase of the signal harmonics.

Being interested in identifying the range of frequencies in which it is found the
greater information of the signals, it is chosen to calculate the PSD. The calcula-
tion was made using the periodogram method, in which the PSD is the FFT signal
framework module. It is emphasized that the simple periodogram, or Schuster’s
periodogram, introduces an excessive variability of the estimate. Then, as proposed
by the literature, the method is integrated with the mathematical tool that reduces
random variability: the media operation. The Daniell’s, Barlett’s and Welch’s
methods are all designed to mitigate the variability of the estimate.

For our analysis the Welch’s method has been used, as it represents a middle
way between attenuation of the variability and maintenance of the resolution. The
method involves the fragmentation of the signal in contiguous segments that can
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be overlapped up to 50% and this leads to have a greater number of segments to
mediate. For this reason, compared to the other methods, Welch’s provides a better
spectral resolution. The fragmentation of the signal happens through the choice of
a suitable window, that in our case is the Hamming window.

From the frequency representation a particularly interesting aspect has been ev-
idenced: the greater information of the signals appears in band 1-30 Hz, as shown

in Figure 2.34 and 2.35.
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Figure 2.36: Right and left eye signals obtained via Retimax and their PSD.
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Figure 2.37: Right and left eye signals obtained via g.Hlamp and their PSD.

The complete results will be reported in Chapter “Results”.
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From these observations it was thought to further filter the signals, using a 1-30
Hz band-pass filter. In doing so, as will be shown in the next chapter, we obtain
cleaner signals, not altered either in amplitude or latency and easier to interpret.

To determine whether or not the 1-30 Hz filtering removes an important infor-
mation content of the signals it was decided to:

1. extract the power quantity of each 1-100 Hz filtered signal;

2. mediate all these numerical values of all 1-100 Hz filtered signals;
3. extract the power quantity of each 1-30 Hz filtered signal;

4. mediate all these numerical values of all 1-30 Hz filtered signals;

5. repeat these operations for both Retimax and Smart glasses signals.

If, as we want to demonstrate, the 1-30 Hz band filtering does not eliminate any
important information of the acquired signals, the averages relative to the power
content of the 1-100 Hz and 1-30 Hz signals must be very similar. The obtained
results are shown in the next chapter.

2.8 An alternative visual stimulator: the Card-
board

Cost reduction represents the most current technological challenge: the primary
objective is to achieve good performance by limiting economic investments as much
as possible.

In light of these intentions, in this thesis work it was thought to try a new sys-
tem for visual stimulation, much cheaper than both the Retimax system and the
Smart Glasses.

For the price of a few euros, there are commercially available folding cardboard
glasses called "Google Cardboard".

Created by David Coz and Damien Henry, this platform is designed just like a low-
cost system to encourage interest and development in virtual reality applications.
To use Cardboards, just be equipped on your smartphone with specific applications
for your own purposes. The phone is placed on the back of the viewer and the ap-
plications are used by looking through the lenses.
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Figure 2.38: Cardboard as cheap visual stimulator.

In order to use the Cardboards as a visual stimulation system, a simple applica-
tion for Android has been developed. This application allows the cardboard wearer
to initiate the visual stimulation pattern as soon as he feels ready to begin the
test. In fact the first screen of the application presents the "play" button on which
the user can click through the Cardboard conductive lever which activates a touch
event on the phone screen. Clicking on "play" starts the visual stimulation video
already described in the previous paragraphs. The test is carried out also in this
case in monocular mode.
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Figure 2.39: (a)Screen 1 of the application; (b)Screen 2 of the application. The red
fixation points are two because in monocular mode they are seen individually.
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Figure 2.40: Functional blocks of the application.
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The obtained results are reported:

Figure 2.41: Cardboard: subject MC. Acquisitions on the right eye and left eye;
1-100 Hz and 1-30 Hz filtering.

Figure 2.42: Cardboard: subject PC. Acquisitions on the right eye and left eye;
1-100 Hz and 1-30 Hz filtering.

Figure 2.43: Cardboard: subject MU. Acquisitions on the right eye and left eye;
1-100 Hz and 1-30 Hz filtering.
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Figure 2.44: Cardboard: subject TR. Acquisitions on the right eye and left eye;
1-100 Hz and 1-30 Hz filtering.

Figure 2.45: Cardboard: subject VA. Acquisitions on the right eye and left eye;
1-100 Hz and 1-30 Hz filtering.

Figure 2.46: Cardboard: subject SP. Acquisitions on the right eye and left eye;
1-100 Hz and 1-30 Hz filtering.
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VEP Amplitude (4V)

Figure 2.47: Cardboard: subject SS. Acquisitions on the right eye and left eye;

1-100 Hz and 1-30 Hz filtering.

VEP Amplitude (V

Figure 2.48: Cardboard: subject MG. Acquisitions on the right eye and left eye;

1-100 Hz and 1-30 Hz filtering.

Figure 2.49: Cardboard: subject BA. Acquisitions on the right eye and left eye;

1-100 Hz and 1-30 Hz filtering.
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Filior compasison: LEFT EYE

Figure 2.50: Cardboard: subject CG. Acquisitions on the right eye and left eye;
1-100 Hz and 1-30 Hz filtering.

For a qualitative comparison between the results obtained via Cardboard and
via Smart glasses, Figure 2.51 shows the average of the signals and the standard
deviation.
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Figure 2.51: Comparison Cardboard-Smart Glasses: average and standard devia-
tion.
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2 — Materials and Method

From the average of the signals obtained via Cardboard it results that the three
characteristic waves are recognizable, but with altered latencies. In particular, it
is noted that the N75 wave is anticipated and it’s detected around 50 ms. Instead,
the N135 wave appears delayed, appearing around 150-160 ms. Finally, the main
wave, the P100, presents more or less the latency provided by the literature.

All in all, with some precautions and improvements, the cardboard could become
a good, innovative and economic idea for the future.
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Chapter 3

Results

3.1 Calibration of our Prototype and Acquisi-
tions on Healthy Subjects

With the aim of comparing the results obtained through the prototype we propose
with those obtained through the Retimax CSO commercial system, the first neces-
sary step is the calibration of our device.

10 healthy subjects, 6 females and 4 males, aged between 22 and 25 years were
selected for this purpose. Informed consent was obtained from all individual partic-
ipants included in the study. None of these subjects had ophthalmological diseases
and, for those who needed it, the test was performed with glasses (see Table 3.1).

Subject code | Gender || Age
LP Female 24
RT Female 25
FC Female 24
SS Female 22
AV Male 24
SS Male 23
FP Male 24
AT Male 25
MN Female 23
IT Female 22

Table 3.1: Clinical details of the healthy subjects recruited: subject, gender and
age.
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The

VEP Amplitude (11V)

results obtained using the two devices compared are shown below.
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Figure 3.4: Subject SS:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.5: Subject AV:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.6: Subject SS:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.7: Subject FP:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.8: Subject AT:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.9: Subject MN:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.10: Subject IT:(a)tracks of the left eye; (b)tracks of the right eye.

The illustrated results have been analyzed during post-processing to determine
the differences, in terms of latency and amplitude, between the signals obtained
through the two different visual stimulation systems. In particular, the character-
istics reported in Table 3.2 and Table 3.3 were investigated.
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Figure 3.11: The characteristics of the pr-VEP investigated.

The values are reported as average of the 10 subjects + standard deviation and
they show the differeces between Retimax and Smart glasses stimulations in terms
of PR-VEP amplitudes and latencies. The last column of the tables shows the

absolute mean difference (amd).
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Left Eye

Retimax Smart Glasses amd
Amplitude(pV)
N75 Amplitude -4.084+2.41 -3.08+1.96 1
P100 Amplitude 7.78+3.01 4.77+2.82 3.01
N135 Amplitude -3.884+2.5 -3.68+2.33 0.2
N75-P100 Amplitude 11.86+4 7.851+2.6 4.01
P100-N135 Amplitude 11.66+3.67  8.4542.99 3.21
Latency(ms)
N75 Time Peak 71.29+£5.65  79.62+4.89 8.36
P100 Time Peak 98.87+4.83 106.214+3.77 7.34
N135 Time Peak 136.03+7.43 136.6+4.05 0.57
N75-P100 Time Interval  27.58+5.43  26.59+6.17 0.99
P100-N135 Time Interval 37.1648.64 30.39+4.19 6.77

Table 3.2: Left eye: differences between Retimax and Smart glasses stimulations.

Right Eye

Retimaz Smart Glasses amd
Amplitude(pV)
N75 Amplitude -4.464+2.88 -2.77+2.38 1.69
P100 Amplitude 8.65+3.75 5.82+3 2.83
N135 Amplitude -4.20£2.68  -2.87£2.2 1.33
N75-P100 Time Interval 13.11+4.85 8.59+3.67 4.52
P100-N135 Time Interval 12.85+4.33  8.69+4+3.97 4.16
Latency(ms)
N75 Time Peak 69.46+4.23  77.96+7.07 8.5
P100 Time Peak 99.01+3.84  106.21+3.95 7.2
N135 Time Peak 136.854+9.63 137.51+6.55 0.66
N75-P100 Time Interval  29.55+5.18  28.25+7.29 1.3
P100-N135 Time Interval 37.84+8.67  31.30+6.49 6.54

Table 3.3: Right eye: differences between Retimax and Smart glasses stimulations.
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Data reported show that PR-VEP amplitudes from Retimax CSO are reason-
ably greater than those from Smart Glasses. Instead, the amplitudes relative to the
N135 wave of the left eye signals are very similar. On the other hand, the latencies
of the signal components appear to be greater for acquisitions made using Smart
Glasses, of about 10 ms. Also in this case, the N135 wave is very similar, in latency,
for both stimulators and for both eyes.
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Figure 3.12: Average and standard deviation of all the PR-VEP waveforms obtained
during the test using the Retimax stimulator and the Smart Glasses. Healthy
subjects.

The PR-VEPs showed are well-defined in terms of N75, P100, and N135 compo-
nents. The components relating to the acquisitions made via Smart Glasses on the
left eye appear to be slightly pronounced, probably due to interference or artifacts.

58



3 — Results

3.2 Acquisitions on Pathologic subjects: Experi-
mental Tests

As a support to this thesis work and to the prototype proposed by us, experi-
mental tests were conducted at the Molinette hospital in Turin, ophthalmology
department. With their consent, 30 pathological subjects were recruited, 17 males
and 13 females, aged between 49 and 86, each of whom presented at least one
eye affected by some form of maculopathy. All procedures performed in studies
involving human participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964 Helsinki Dec-
laration and its later amendments or comparable ethical standards. It is recalled
that the study is aimed at the investigation of this pathology as it is particularly
widespread especially among the elderly. Furthermore, the response to pr-VEPs of
maculopathic subjects is much more standard than that of subjects suffering from
other diseases and this facilitates the recognition of the waveform. Tables 3.4 and
3.5 show the clinical details of all patients.

Pathology code:
« EPR Dystrophy: reticular dystrophy of retinal pigmented epithelium;
o« CNV: choroidal neovascularization;
o« AVMD: foveomacular calf dystrophy at adult onset;
o CSC: central serous choriouretinopathy.
Maculopathy classification:
« Wet AMD: wet age-related macular degeneration;

e Dry AMD: dry age-related macular degeneration.
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Left eye
Subject code || Gender | Age Pathology AMD || Visual Acuity
Al Female 77 || EPR Dystrophy || Dry 3/10 SC
BG Male 67 Drusen Dry 10/10 CL
LR Male 69 Drusen Dry 4/10 SC
MS Male 65 - - 9/10 SC
CM Female 56 CNV Wet 3/10 CL
DS Male 78 CNV Wet 3/10 CL
LL Female 68 - - 2-3/10 CL
PA Male 49 || EPR Dystrophy || Dry 2/10 CL
BL Female 78 CNV Wet 6-7/10 CL
BB Male 58 CNV Wet 3/10 SC
MM Female 51 Drusen Dry 8/10 CC
AY Female 52 - - 8/10 CL
FC Male 79 CNV Wet 2/10 CL
TA Male 79 Drusen Dry 7-8/10 CL
LS Male 67 AVMD Dry 4/10 CC
CN Male 65 CNV Wet 6/10 SC
CE Male 86 || EPR Dystrophy | Dry 1/10 CL
LM Male 52 CNV Wet 1-2/10 CL
PA Male 79 Drusen Dry 8/10 CL
CG Female 79 - - 7-8/10 SC
GG Male 69 CNV Wet 4/10 CL
MG Female 78 - - 9/10 SC
BA Female 78 Drusen Dry 2-3/10 CL
SL Female 71 - - 4/10 CC
BG Male 79 || EPR Dystrophy | Dry 3/10 SC
CF Female | 73 - ; 8/10 CC
GA Female 76 || EPR Dystrophy || Dry 2/10 SC
SL Female 74 || EPR Dystrophy || Dry 8/10 SC
GG Male 7 Drusen Dry 5-6/10 SC
BL Male 59 CSC Wet 10/10 CL

Table 3.4: Clinical details of the pathologic subjects recruited: subject, gender, age,
left eye pathology, maculopathy classification and left eye visual acuity. (CC=with

correction; SC=without correction; CL=contact lens.)
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Right eye

Subject code || Gender | Age Pathology AMD || Visual Acuity
Al Female 77 || EPR Dystrophy || Dry 8/10 SC
BG Male 67 CNV Wet 3/10 CL
LR Male 69 Drusen Dry 7-8/10 SC
MS Male 65 CNV Wet 10/10 SC
CM Female 56 - - 1/10 CL
DS Male 78 || EPR Dystrophy || Dry 8/10 CL
LL Female 68 CNV Wet 1/10 CL
PA Male 49 || EPR Dystrophy || Dry 8/10 CL
BL Female 78 Drusen Dry 10/10
BB Male 58 || EPR Dystrophy || Dry 7-8/10 SC
MM Female 51 Drusen Dry 6-7/10 CC
AY Female 52 CNV Wet 5-6/10 CL
FC Male 79 AVMD Dry 3/10 CL
IA Male 79 Drusen Dry 1-2/10 CL
LS Male 67 AVMD Dry 2/10 CC
CN Male 65 - - 6-7/10 SC
CE Male 86 || EPR Dystrophy Dry -
LM Male 52 CSC Wet 10/10 CL
PA Male 79 Drusen Dry 6-7/10 CL
CG Female 79 || EPR Dystrophy || Dry 3/10 SC
GG Male 69 - - 2/10 CL
MG Female 78 Drusen Dry 8/10 SC
BA Female 78 || EPR Dystrophy || Dry 6-7/10 CL
SL Female 71 || EPR Dystrophy || Dry 4-5/10 CC
BG Male 79 - - 10/10 SC
CF Female 73 CNV Wet 1/10 CC
GA Female 76 || EPR Dystrophy || Dry 1/10 SC
SL Female 74 || EPR Dystrophy || Dry 6-7/10 SC
GG Male 7 Drusen Dry 3/10 SC
BL Male 59 CNV Wet 1/10 SC

Table 3.5: Clinical details of the pathologic subjects recruited: subject, gender,
age, right eye pathology, maculopathy classification and right eye visual acuity.

(CC=with correction; SC=without correction; CL=contact lens.)

The results obtained using the two devices compared are shown below.
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Figure 3.13: Patient Al:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.14: Patient BG:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.15: Patient LR:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.17: Patient CM:(a)tracks of the left eye; (b)tracks of the right eye.

VEP Amplitude (V)

PR-VEP of Retimax and Smart Glasses: SX EYE

TN ot

Retimax
Smart Glasses

50 100 150 250 300

Time (ms)

(a)

200

PR-VEP of Retimax and Smart Glasses: DX EYE

Retimax
Smart Glasses

50

100

150
Time (ms)

(b)

200

250

300

Figure 3.18: Patient DS:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.19: Patient LL:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.20: Patient PA:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.21: Patient BL:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.22: Patient BB:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.23: Patient MM:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.24: Patient ZV:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.25: Patient FC:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.26: Patient [A:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.27: Patient LS:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.28: Patient CN:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.29: Patient CE: tracks of the left eye. The right eye sampling was not
done because the patient had significant vision problems from this eye.
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Figure 3.30: Patient LM:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.31: Patient PA:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.32: Patient CG:(a)tracks of the left eye; (b)tracks of the right eye. Acqui-
sitions via our prototype are very corrupted by network interference.
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Figure 3.33: Patient GG:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.34: Patient MG:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.35: Patient BA:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.36: Patient SL:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.37: Patient BG:(a)trac

PR-VEP of Retimax and Smart Glasses: SX EYE

(b)
ks of the left eye; (b)tracks of the right eye.
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Figure 3.38: Patient CF:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.39: Patient GA:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.40: Patient SL:(a)tracks of the left eye; (b)tracks of the right eye.
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Figure 3.41: Patient GG:(a)tracks of the left eye; (b)tracks of the right eye.

VEP Amplitude (V)

PR-VEP of Retimax and Smart Glasses: SX EYE

Retimax
Smart Glasses

Time (ms)

(a)

PR-VEP of Retimax and Smart Glasses: DX EYE

Retimax
Smart Glasses

50 100 150 200 250 300 0 50 100 150 200 250 300

Time (ms)

(b)

Figure 3.42: Patient BL:(a)tracks of the left eye; (b)tracks of the right eye.
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Amplitude (V)

Amplitude (V)

Figure 3.43: Average and standard deviation of all the PR-VEP waveforms obtained
during the test using the Retimax stimulator and the Smart Glasses. Pathological
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subjects.

Finally, it was decided to compare the signals relating to patients suffering from
wet maculopathy with those belonging to patients with dry maculopathy, as

shown in Figure 3.44 e Figure 3.45.

Amplitude (V)

Figure 3.44: Wet Maculopathy: average and standard deviation of the signals
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obtained by Retimax CSO and via Smart Glasses.
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PR-VEP: average of all acquisitions via RETIMAX: DRY AMD PR-VEP: average of all acquisitions via SMART GLASSES: DRY AMD
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Figure 3.45: Dry Maculopathy: average and standard deviation of the signals ob-
tained by Retimax CSO and via Smart Glasses.

This comparison has been made to verify what the literature suggests: it is
expected that in the case of wet maculopathy the signals are more flat. In fact,
between the wet maculopathy and the dry maculopathy, it is the wet one that
causes the most serious damage, as it involves the rupture of the retinal pigmented
epithelium. The results obtained confirm the expectations.

3.3 Power Spectral Density (PSD)

Of all the acquisitions made through both devices, a frequency domain analysis was
made, using the PSD calculation. The objective has been, in fact, to identify the
frequencies range that encloses the greater amount of information of each signal.
This analysis has been carried out both on signals related to healthy subjects and
on those belonging to pathological ones.

Numerical information is given in subparegraph 3.4.2.
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PSD of Healthy Subjects Signals
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Figure 3.46: Subject LP: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.47: Subject RT: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.48: Subject FC: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

74



3 — Results

(a) (b)

Figure 3.49: Subject SS: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.50: Subject AV: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

] o &

i 5 bl
gA SR A I

(a) (b)

Figure 3.51: Subject SS: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.52: Subject FP: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.53: Subject AT: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.54: Subject MN: (a) PSD of left and right eye signals obtained with
Retimax;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.55: Subject IT: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

PSD of Pathological Subjects Signals
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Figure 3.56: Patient AL (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.57: Patient BG: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

7



3 — Results

“ i [
W/M “\ \\/\ :LV\—/‘/"\M’\/\/\W/‘ 7““\ ‘\’J \
o E T i
il TK ézkﬂ\$”AJ\Wvﬂﬂﬁw awk fl
(a) (b)

Figure 3.58: Patient LR: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

N IS
N 1 | ‘\& i .
(a) (b)

Figure 3.59: Patient MS: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.60: Patient CM: (a) PSD of left and right eye signals obtained with
Retimax;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.61: Patient DS: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.62: Patient LL: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.63: Patient PA: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.64: Patient BL: (a) PSD of left and right eye signals obtained with Reti-

max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.65: Patient BB: (a) PSD of left and right eye signals obtained with Reti-

max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.66: Patient MM: (a) PSD of left and right eye signals obtained with

Retimax;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.67: Patient ZV: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.68: Patient FC: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

(b)

Figure 3.69: Patient TA: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.70: Patient LS: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.71: Patient CN: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.72: Patient CE: (a) PSD of left eye signal obtained with Retimax;(b) PSD
of left eye signal obtained with Smart Glasses. The right eye sampling was not
done because the patient had significant vision problems from this eye.
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Figure 3.73: Patient LM: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.74: Patient PA: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.75: Patient CG: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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(a) (b)

Figure 3.76: Patient GG: (a) PSD of left and right eye signals obtained with Re-
timax;(b) PSD of left and right eye signals obtained with Smart Glasses. The
acquisitions made through our prototype appear corrupted by the network inter-
ference, as clearly shows the peak at 50 Hz in the PSD calculation.
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Figure 3.77: Patient MG: (a) PSD of left and right eye signals obtained with
Retimax;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.78: Patient BA: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

84



3 — Results

(a) (b)

Figure 3.79: Patient SL: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.80: Patient BG: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.81: Patient CF: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.82: Patient GA: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.83: Patient SL: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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Figure 3.84: Patient BL: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.
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()

Figure 3.85: Patient GG: (a) PSD of left and right eye signals obtained with Reti-
max;(b) PSD of left and right eye signals obtained with Smart Glasses.

3.4 Comparison between filtered 1-100 Hz and
1-30 Hz signals

As anticipated in the "2.7 Data Post-processing" paragraph, following the frequency
analysis it was decided to filter the signals in 1-30 Hz band. Below is an example
of signals related to healthy and pathological subjects on which this filtering has

been applied.

()

Figure 3.86: Healthy subject: (a) Retimax signals of right and left eye, before and
after filtering 1-30 Hz; (b) Smart Glasses signals of right and left eye, before and

after filtering 1-30 Hz.
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Figure 3.87: Pathological subject: (a) Retimax signals of right and left eye, before
and after filtering 1-30 Hz; (b) Smart Glasses signals of right and left eye, before
and after filtering 1-30 Hz.

There is a clear improvement in the filtered signal quality in both cases reported:
the signal appears less noisy and the typical VEPs waveform is more recognizable,
even in the case of pathological subjects.

3.4.1 Visual comparison

The overlap of the filtered signals 1-100 Hz and 1-30 Hz is reported, both for the
signals obtained through the Retimax system and for those obtained by visually
stimulating the patient via Smart Glasses. It is necessary to underline that no
significant alterations of the filtered signal in the 1-30 Hz band are visible, neither
in amplitude nor in latency.

The representations are related to 5 healthy subjects and 5 pathological ones.

Figure 3.88: Healthy Subject RT: 1-100 Hz and 1-30 Hz filtered signals overlap, for
left eye and right one, for the signals obtained from the two different stimulation
systems.
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Figure 3.89: Healthy Subject SS: 1-100 Hz and 1-30 Hz filtered signals overlap, for
left eye and right one, for the signals obtained from the two different stimulation
systems.
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Figure 3.90: Healthy Subject AV: 1-100 Hz and 1-30 Hz filtered signals overlap, for
left eye and right one, for the signals obtained from the two different stimulation
systems.
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Figure 3.91: Healthy Subject FP: 1-100 Hz and 1-30 Hz filtered signals overlap, for
left eye and right one, for the signals obtained from the two different stimulation
systems.
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Figure 3.92: Healthy Subject MN: 1-100 Hz and 1-30 Hz filtered signals overlap, for
left eye and right one, for the signals obtained from the two different stimulation
systems.
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Figure 3.93: Patient AI: 1-100 Hz and 1-30 Hz filtered signals overlap, for left eye
and right one, for the signals obtained from the two different stimulation systems.
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Filter compasison: RETIMAX Filter compasison: RETIMAX

Figure 3.94: Patient BL: 1-100 Hz and 1-30 Hz filtered signals overlap, for left eye
and right one, for the signals obtained from the two different stimulation systems.
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Figure 3.95: Patient FC: 1-100 Hz and 1-30 Hz filtered signals overlap, for left eye
and right one, for the signals obtained from the two different stimulation systems.
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Figure 3.96: Patient LM: 1-100 Hz and 1-30 Hz filtered signals overlap, for left eye
and right one, for the signals obtained from the two different stimulation systems.
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Figure 3.97: Patient LR: 1-100 Hz and 1-30 Hz filtered signals overlap, for left eye
and right one, for the signals obtained from the two different stimulation systems.

3.4.2 Comparison of the quantity of power

Table 3.5 and Table 3.6 show the average on all signals of the power quantity £
standard deviation, before and after filtering in the 1-30 Hz band.

1-100 Hz Filtering || 1-30 Hz Filtering
Left eye Retimax 7.454+3.18 7.0943.25
Right eye Retimax 9.33£3.90 8.88+3.91
Left eye Smart Glasses 5.26+2.41 4.984+2.35
Right eye Smart Glasses 5.94+3.15 5.54£3.05

Table 3.6: Healthy Subjects: average of the power content of the 1-100 Hz and 1-30
Hz filtered signals, of right and left eye, of Retimax and Smart Glasses signals. The
values are followed by the standard deviation.

1-100 Hz Filtering || 1-30 Hz Filtering
Left eye Retimax 4.98+4.65 4.71+4.64
Right eye Retimax 6.2346.59 5.89+6.61
Left eye Smart Glasses 2.7+£2.81 2.45£2.79
Right eye Smart Glasses 2.64+2.69 2.16+£2.47

Table 3.7: Pathological Subjects: average of the power content of the 1-100 Hz and
1-30 Hz filtered signals, of right and left eye, of Retimax and Smart Glasses signals.
The values are followed by the standard deviation.
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It is interesting to note how the amount of power before and after the filtering
of the signals in band 1-30 Hz, has remained almost unchanged. This confirms that
through this filtering almost nothing is lost regarding the information linked to the
signals, with the advantage of obtaining much cleaner signals.

Moreover, regarding the comparison between the two stimulators, the PR-VEPs
evoked with the Retimax Advanced seem to provide a higher information content
about power density than the Smart Glasses PR-VEPs.

Finally, the quantity of power relative to the average of the signals of wet and
dry maculopathic has been calculated. Wet maculopathic power is expected to be
the lowest. Table 3.8 shows the results.
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Figure 3.98: PSD of the average of wet maculophatic signals obtained via Retimax
and via Smart Glasses.
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Figure 3.99: PSD of the average of dry maculophatic signals obtained via Retimax
and via Smart Glasses.
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Wet AMD | Dry AMD
Retimax 0.92+0.02 2.5140.04
Smart Glasses 0.54+0.01 0.96+0.02

Table 3.8: Wet and Dry maculophaty: quantity of power of the average of the
pathological Retimax and Smart Glasses signals. The values are followed by the
standard deviation.

Summary of this chapter

After the initial calibration on the 10 healthy subjects, the values relative to the
characteristic components of the VEP signals (N75, P100 and N135) obtained via
Retimax CSO and Smart Glasses, were extrapolated and compared, in terms of
amplitude and latency. From this comparison it emerged how the amplitudes of
the pr-VEPs obtained through the Retimax system are in general greater than
those obtained via Smart Glasses. The latencies, on the other hand, were very
similar between the two devices. Then the results of the acquisitions on the 30
subjects suffering from maculopathy were shown. A subdivision between the results
of patients with dry maculopathy and wet maculopathy was also reported. This
comparison confirmed what the letteraturea suggests: the signals belonging to wet
maculopaths are flatter and with less power, as it is precisely the wet maculopathy
that causes more damage to the visual pathway. Finally, for all the signals the power
spectral density was calculated, with the aim of identifying the frequency band in
which the greatest quantity of signal information was concentrated. It emerged
that this band corresponds to the 1-30 Hz range. Therefore the power quantity
was calculated for each signal, considering the 1-100 Hz band first and then 1-30
Hz. It was shown that 1-30 Hz filtering does not alter the signals of interest. In
fact, the amount of power before and after this filtering has remained more or
less unchanged, with the advantage of obtaining cleaner and simpler interpretation
signals. The chapter concludes with the discovery that signals obtained via Retimax
CSO have a greater amount of power than those obtained using Smart Glasses as
a visual stimulation system.

94



Chapter 4

Statistic analysis

Once obtained the results for both healthy and pathological subjects, through the
two different prototypes compared in this thesis work, a statistical analysis was
carried out evaluating the following statistical parameters and algorithms:

o correlation coefficient (r) or Pearson’s coefficient;
o linear or least square regression line and scatter plot,
o Bland-Altman plots.

o concordance correlation coefficient (CCC), bias correction factor (xv) and in-
traclass correlation coefficient (ICC) (only for N75, P100 and N135 compo-
nents.)

The objective was to establish whether the prototype proposed by us would lead to
results quantitatively and qualitatively similar to those obtained with the Retimax
CSO system currently in use. This would eventually lead to the validation of the
system presented in this work.

4.1 Statistic analysis on healthy subjects

For healthy subjects, the statistical analysis was conducted both on the average of
the whole signals and on their characteristic components: N75, P100 and N135,
evaluated both in amplitude and in latency. A frequency analysis was also carried
out, calculating the correlation between the quantity of signals power.
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Correlation Coefficient (r) or Pearson’s Coefficient
Average of the signals

In order to express quantitatively the intensity of the link between two variables it
is necessary to calculate a correlation index. Our goal is to estimate the correla-
tion between VEPs acquisitions made through the Retimax CSO system and our
prototype.

There are various kinds of correlation indices: in this thesis work it was decided
to calculate the Pearson’s coefficient (r), defined as the covariance of the com-
parative acquisitions divided by the product of the standard deviations of the two
acquisitions.

All correlation indices have some common features:

1. the two data sets are associated to the same individuals or events, or to differ-
ent but associated subjects from a certain point of view. In our specific case
we compare the average of the signals acquired through Retimax CSO with
the average of the signals acquired by means of our prototype;

2. the values of the various correlation indices vary between -1 and +1; both
extreme values represent perfect relations between the variables, respectively
negative and positive, while 0 represents the absence of a relationship;

3. a positive correlation index means that individuals who obtain high values in
a given set tend to obtain high values on the second data set. And it’s also
true vice versa, ie those who have low values in the first data set tend to have
low values also in the second one;

4. a negative correlation index indicates that a low values on a data set correspond
high values on the other one.

Table 4.1 shows the values of the Pearson’s coefficients together with the degree of
statistical significance: p-value. Generally the p limit value that is indicated as
the correlation threshold between the two sets is 0.05: values of p<0.05 represent
a good correlation, on the contrary p>0.05 is an index of poor correlation.

Coefficient r p-value
Left Eye 0.7380 3.9309%107%3
Right Eye 0.7317 1.4398*1076¢

Table 4.1: Pearson’s Coefficient and p-values of the average of the signals: left and
right eye, healthy subjects.
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From the values of the correlation coefficient, it is stresses the existence of a
direct correlation (r>0) between the acquisitions made through the two different
prototypes. In detail, it is a strong correlation, as r>0.7. The p-values confirm
these observations.

N75, P100 and N135 Components

This section shows the correlation indexes between the characteristic components of
the VEP signals: for example, the P100 wave of a signal obtained via Retimax CSO
is compared, in amplitude and latency, with the P100 wave of a signal obtained by
visually stimulating the subject via Smart Glasses. Similarly, the N75 and N135
waves were also evaluated. Components analysis was only possible on healthy
subjects, as characteristic waves are often not recognisable in signals belonging to
pathological ones.

Amplitude Latency

Left Right || Left Right
r of N75 || -0.0088 0.6434 | 0.0793 0.3077
p-value 0.9808 0.0447 | 0.8276 0.3871
r of P100 | 0.5747 0.4728 || 0.1445 -0.5641
p-value 0.0822 0.1676 || 0.69051 0.0894
r of N135 || 0.4488 0.4602 || 0.3984 -0.0344
p-value 0.1932 0.1808 || 0.2542 0.9247

Table 4.2: Pearson’s Coefficient and p-values of the N75, P100 and N135 compo-
nents: amplitude and latency, left and right eye, healthy subjects.

From the comparison of the individual components, the results obtained show a
weak correlation. In fact, in all cases r<0.7. However, as expected, in cases where
the Pearson’s coefficient assumes higher values, the p-values decrease.

Quantity of signals power

It was decided to extract the amount of power from each signal acquired and to
use it as a feature to be correlated. Of each signal, for both the right and left eyes,
the amount of power was calculated. In this way, 10 power values were obtained
for the right eye and other 10 for the left one. Averaging the first 10 values it was
obtained the Pearson’s coefficient related to the quantity of power of the right eyes.
In the same way, the value relative to the left eyes was also obtained.
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Coefficient r || p-value
Left Eye -0.0270 0.9410
Right Eye 0.4094 0.2401

Table 4.3: Pearson’s Coefficient and p-values for the amount of signals power: left
and right eye, healthy subjects.

There is a direct correlation, even if weak, only in the case of the right eye.
Probably, the acquisitions on the left eye were affected by interference or artifacts,
so as to obtain very different amounts of power.

Signal for signal: average correlation coefficients

Finally, the signals were correlated individually: this resulted in 10 coefficients r
for the right eye (10 healthy subjects considered) and 10 coefficients r for the left
one. Then the average value was calculated, obtaining the two values shown in

Table 4.4:

Average of Coefficients r
Left Eye 0.6184
Right Eye 0.6014

Table 4.4: Average of the Pearson’s Coefficients: left and right eye, healthy subjects.

From the reported data, it is concluded that the signals compared have a good
degree of correlation for both eyes. However, it is not possible to talk about a
strong correlation.

Taking into account the values assumed by the Pearson’s coefficient, even if a
perfectly linear relationship does not exist between the data, it makes sense to
determine the equation of a line that approximates the data in the "best possible
way'. For this reason, the statistical algorithm that will be proposed in the next
section consists of the least squares method, which allows to determine the equation
of the regression line.
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Linear or Least Square Regression Line and Scatter Plots
Average of the signals

The qualitative comparison of the distance between the linear regression line, that
is the line that best approximates the data series, and the quality line (bisector
line) is shown, in order to evaluate the agreement between the two VEPs acquisi-
tion systems. The more similar the regression line and quality line are, the greater
the agreement between the results obtained via Retimax and via Smart Glasses.

Furthermore, to visually explore the relationship between two data sets it is useful
to represent it through appropriate correlation diagrams, called scatter plots. This
is a type of graph in which the samples of the two data sets are shown on the Carte-
sian plane. Generally, the scatter plot is a representation used when one of the two
data sets is under the control of the experimenter and is called an independent or
control data set.

In this work, the VEP acquisition made by the Retimax system is assumed as
the independent data set, whose values are reported on the abscissa axis of the
scatter plot. Instead, on the ordinate axis are shown the values of the VEP acqui-
sitions made through our prototype, which represent the dependent data sets.

The overlap between the representation constituted by the regression line and the
one constituted by the scatter plot is reported below.

Linear or Least Square Regression Line: RIGHT EYE . Linear or Least Square Regression Line: LEFT EYE

Smart Glasses

Figure 4.1: Linear Regression Line relative to the average of the signals of healthy
subjects: (a) linear regression line for acquisitions on the right eye; (b)linear re-
gression line for acquisitions on the left eye.

From these representations it is possible to make observations in accordance with
the values assumed by the Pearson’s coefficients. The scatter plots dispersion, in
fact, appears more or less concentrated around the regression line (not entirely be-
cause the correlation coefficient is not 1). On the other hand, however, this line
does not perfectly approximate the quality one: this is due to the fact that there
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is a correlation between acquisitions made through the Retimax system and those
made through our prototype, but not strictly linear.

N75, P100 and N135 Components

The same type of statistical analysis was conducted on the characteristic waves of
the VEPs signals, as shown below.

()

Figure 4.2: Linear Regression Line relative to the signals components, healthy sub-
jects: (a)N75 component: amplitude and latency, left and right eye; (b)P100 com-
ponent: amplitude and latency, left and right eye; (¢)N135 component: amplitude
and latency, left and right eye.

In accordance with what was said in paragraph 3.1 regarding the latency of the

N135 wave, we observe the existence of a close linear correlation between the N135
components of the signals, both for the right eye and for the left one. In fact, the
regression line approaches the quality line very well.
For the N75 and P100 components, however, what stands out most is the scatter
plot scattering: the points that represent the data appear to be particularly con-
centrated around the regression line, emphasizing a good correlation between the
data. The same observation applies to the N135 wave amplitude analysis.
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Quantity of signals power

Linear or Least Square Regression Line: RIGHT EYE Linear or Least Square Regression Line: LEFT EYE

Figure 4.3: Linear Regression Line relative to the quantity of signals power of
healthy subjects: (a) linear regression line for acquisitions on the right eye; (b)linear
regression line for acquisitions on the left eye.

These representations confirm what is indicated by the correlation coefficients re-
lated to the amount of power: in particular for the acquisitions made on the left
eye, there is a poor correlation between the data. The scatter plot points, in fact,
are dispersed and some ones are very far from the regression line.
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Bland-Altman Plots

Average of the signals

The Bland-Altman plots allow to compare two measurement methods of the same
nature, corresponding, in our case, to the two acquisitions made for each subject
through the two different systems.

The graph is a dispersion diagram in which on the ordinates the difference of the
two data sets is reported and on the abscissas the reference measure, corresponding
to their arithmetic mean.

The horizontal lines represent the average of the difference and the average of
the difference + 2 x standard deviation. The average of the difference makes it
possible to estimate whether one of the two methods underestimates or overesti-
mates the measure with respect to the other, while the other two lines constitute
the confidence interval. If the points of the graph are within the confidence inter-
val, the methods compared provide congruent results, while the points outside this
range are cases in which the two methods are not congruent with each other or any
outliers.

Bland-Altman: RIGHT EYE - Bland-Altman: LEFT EYE

4 5 6 7 4 5 6 7
Retimax Smart Glasses): VEPs Signals Average (V) (Retimax Smart Glasses): VEPs Signals Average (V)

Figure 4.4: Bland-Altman Plots of the average of the signals of healthy subjects:
(a) Bland-Altman plot for acquisitions on the right eye; (b)Bland-Altman plot for
acquisitions on the left eye.

The absence of a trend in the distribution of values is a symbol of lack of sys-
tematic errors. Much of the dispersion lies within the confidence interval, which
underlines a good level of congruence between the acquisitions made through the
two different systems. Also in this case, these results are in agreement with what
is indicated by the correlation coefficients.
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N75, P100 and N135 Components

()

Figure 4.5: Bland-Altman Plots of the signals components, healthy subjects:
(a)N75 component:amplitude and latency, left and right eye; (b)P100 component:
amplitude and latency, left and right eye; (¢)N135 component: amplitude and la-
tency, left and right eye.

In all the representations shown above it is evident that the dispersion of points
is entirely part of the confidence interval. There are no outliers. It is also noted
that in some cases, as for the latency analysis of the N135 wave related to the left
acquisitions, this range is particularly narrow, demonstrating the good congruence
between the signal components.
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Quantity of signals power

Bland-Altman: RIGHT EYE Bland-Altman: LEFT EYE
151

(a) (b)

Figure 4.6: Bland-Altman Plots of the quantity of signals power of healthy subjects:
(a) Bland-Altman plot for acquisitions on the right eye; (b)Bland-Altman plot for
acquisitions on the left eye.

For both right-eye and left-eye acquisitions, the dispersion of the points is within
the confidence interval. Confirming the claims made so far, this frequency analysis
shows that this range is not very narrow and this is a symbol of a weak correlation.

Concordance Correlation Coefficient, Bias Correction Factor and Intra-
class Correlation Coefficient

At the end of the statistical analysis of the results obtained on healthy subjects,
the values assumed by concordance correlation coefficient (CCC), bias correction
factor (xp) and the intraclass correlation coefficient(ICC) are reported. These co-
efficients were obtained by reference to the characteristic components of the VEP
signals.
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Left Eye
CCC  xp(accuracy) ICC

Amplitude(uV)

N75 Amplitude  -0.0071 0.8779 -0.0079
P100 Amplitude  0.3603 0.6268 0.5735
N135 Amplitude  0.4459 0.9935 0.4477
Latency(ms)

N75 Time Peak  0.0329 0.4159 0.0785
P100 Time Peak 0.0540 0.3740 0.1402
N135 Time Peak 0.3330 0.8360 0.3347

Table 4.5: Left eye: CCC, x3, and ICC.

Right Eye
cCcC  xplaccuracy) ICC

Amplitude(uV)

N75 Amplitude 0.5158 0.8016 0.6317
P100 Amplitude  0.3333 0.7049 0.4614
N135 Amplitude 0.3884 0.8440 0.4516
Latency(ms)

N75 Time Peak  0.1242 0.4037 0.2710
P100 Time Peak -0.1948 0.3453 -0.5639
N135 Time Peak -0.0319 0,9267 -0.0320

Table 4.6: Right eye: CCC, x3, and ICC.
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4.2 Statistic analysis on pathological subjects

For pathological subjects the statistical analysis has been carried out on the average
of the acquired signals and not on the single components: in fact, in the signals
relating to maculopathic subjects the characteristic waves are not always easily
recognizable. In this case too, frequency analysis was carried out, calculating the
correlation between the quantity of signal power.

Correlation Coefficient (r) or Pearson’s Coefficient

Average of the signals

Coefficient r p-value
Left Eye 0.8438 8.6064*10~
Right Eye 0.7901 4.3607*10°78

Table 4.7: Pearson’s Coefficient and p-values of the average of the signals: left and
right eye, pathological subjects.

In particular for the acquisitions made on the right eye there is a positive and high
correlation coefficient. In both cases, for both the right eye and the left one, the
p-values are clearly below the threshold beyond which the correlation would lose
statistical significance.

Quantity of signals power

Coefficient r p-value
Left Eye 0.7006 1.6261%107°
Right Eye 0.6456 1.5557*10~4

Table 4.8: Pearson’s Coefficient and p-values for the amount of signals power: left
and right eye, pathological subjects.

Considering the amount of power of the signals as the characteristic extracted and
compared, it is noted that for both eyes there is a good correlation, strong for the
left acquisitions.
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Signal for signal: average correlation coefficients

Average of Coefficients r
Left Eye 0.3579
Right Eye 0.3762

Table 4.9: Average of the Pearson’s Coefficients: left and right eye, pathological
subjects.

Pearson’s mean coefficients indicate a weak correlation. This can probably be due
to the fact that the average operation has considerably reduced the variability of
the signals, which are indeed very different from patient to patient.

Linear or Least Square Regression Line and Scatter Plots

Average of the signals

Linear or Least Square Regression Line: RIGHT EYE Linear or Least Square Regression Line: LEFT EYE

Figure 4.7: Linear Regression Line relative to the average of the signals of patho-
logical subjects: (a) linear regression line for acquisitions on the right eye; (b)linear
regression line for acquisitions on the left eye.

To confirm the value assumed by the Pearson’s coefficient on the average of the
acquisitions made on the left eye, the regression line reported above approximates
sufficiently well the dispersion of the data. Again, although the correlation between
the two prototypes is confirmed by these evidences, it is not possible to speak of
linear correlation, as there is no overlap between regression line and quality line.
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Quantity of signals power

Linear or Least Square Regression Line: RIGHT EYE Linear or Least Square Regression Line: LEFT EYE

Figure 4.8: Linear Regression Line relative to the quantity of signals power of
pathological subjects: (a) linear regression line for acquisitions on the right eye;
(b)linear regression line for acquisitions on the left eye.

It is clear that the correlation between the signals obtained from the two different
prototypes exists, but it is not linear.

Bland-Altman Plots

Average of the signals

Bland-Altman: RIGHT EYE ~ Bland-Altman: LEFT EYE

£

Figure 4.9: Bland-Altman Plots of the average of the signals of pathological sub-
jects: (a) Bland-Altman plot for acquisitions on the right eye; (b)Bland-Altman
plot for acquisitions on the left eye.

In both cases, the confidence interval is sufficiently narrow, which indicates a
low variability between the data. The data dispersion appears mainly within the
confidence range and this indicates a good correlation between the acquisitions
made through the Retimax system and through the prototype proposed by us. We
highlight some outliers, probably related to subjects whose maculopathy status is
particularly advanced. In these cases the two prototypes have small differences.
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Quantity of signals power

Bland-Altman: RIGHT EYE . Bland-Altman: LEFT EYE

s E 4 6 8 1
(Retimax Smart Glasses): Average (V) (Retimax Smart Glasses): Average (V)

Figure 4.10: Bland-Altman Plots of the quantity of signals power of healthy sub-
jects: (a) Bland-Altman plot for acquisitions on the right eye; (b)Bland-Altman
plot for acquisitions on the left eye.

The dispersion of the points is part, for both eyes, of the confidence interval, which
is evidently narrower in the case of the left eye.

Summary of this chapter

The statistical analysis of the healthy subjects signals was conducted on the aver-
age of the signals and on the individual characteristic components of the pr-VEPs.
Instead, for the maculopathic subjects signals the statistical analysis on the single
components was not possible, since in most cases it was not possible to identify
them. For both categories of subjects a frequency analysis was then carried out
to calculate the correlation between the power quantity of the signals obtained
through the two stimulation systems. Both for the healthy subjects signals and
those of pathological ones a good correlation emerges between the devices, espe-
cially in terms of latency. However, taking into account in particular the perfor-
mance achieved on pathological subjects, it is still necessary to process the proto-
type presented in this work. On the whole, there is a direct correlation between
the results obtained, even if not linear. Also the standard deviations calculation
confirms promising results.
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Chapter 5

Conclusions, Critical points
and Future goals

In this thesis work a portable and low-cost device was presented as a system for
carrying out pr-VEPs tests: the Smart Glasses.

Born in the field of virtual reality, this device has been used for the visual stimula-
tion of subjects (healthy and pathological), through the most common checkerboard
stimulus. The crucial point of this thesis was the performance comparison between
the prototype we proposed and the commercial stimulation and acquisition Retimax
CSO system. Therefore Smart glasses offer the possibility to set the parameters
of stimulation, such as the spatial and temporal frequency, in order to adapt them
to the parameters of the Retimax system. The International 10/20 Standard was
followed for electrode positioning. The pr-VEPs signals resulting from the stimu-
lation have been acquired in real time by the bio-potential amplifier g. Hlamp and
finally sent to a laptop for analysis, through special software, and post-processing,
via Matlab.

The choice to propose our prototype as a system for pr-VEPSs is linked to the
several advantages that result. Thanks to their portability, in fact, the Smart
Glasses offer the possibility of subjecting even bedridden or motion-impaired pa-
tients to the test. Through our device, therefore, the pr-VEP exam can also be
done at the patient’s home. Another particularly interesting aspect concerns the
low cost of the presented system. While the current and commercial equipment
required for pr-VEPs tests requires between 20.000 and 70.000 €, our prototype
has an estimated price of around 1.200 €.

In view of the intended objective, before using our prototype for clinical tests on
maculopathic patients, it was necessary to calibrate it on a set of 10 healthy sub-
jects. Once calibrated, the system was tested on 30 patients whose visual integrity
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was more or less damaged.

The results obtained from stimulation via Smart Glasses have been compared with
those related to the Retimax system. A first visual comparison was possible by
superimposing the signals of the two stimulation systems. The tracks were an-
alyzed both in time and in frequency, through the calculation of Power Spectral
Density (PSD). From this last analysis it emerged that the greatest informative
contribution of the signals is in the 1-30 Hz band. Finally, a statistical analysis was
conducted using correlation coefficients, such as the Pearson’s coefficient (r) and
the Concordance Correlation Coefficient (CCC), and statistical algorithms, such as
linear regression, scatter plots and Bland-Altman graphs.

Although this thesis work is still only a preliminary evaluation, to be extended
to a larger number of patients, the conducted analyses show a good congruence
between the results of the two systems. In terms of amplitude and latency of the
three characteristic waves of VEP signals, the pathways belonging to pathological
subjects show greater differences than those relative to the calibration subjects.
These differences may be due to the overlapping of the low amplitude signal typical
of the maculopathic with the random noise present during the acquisitions, towards
which our prototype appears to be particularly sensitive.

In view of these results, I think that the proposed prototype can have a signifi-
cant diagnostic value, to be increased by continuing to test it and improve it with
both hardware and software modifications.

For future developments, we can start by trying to find a solution to the following
critical issues:

sensitivity to 50 Hz network interference, a reason of difficulty in analyzing
the signal;

« not being able to know exactly the value of the luminance of the Smart Glasses,

as it is not indicated as a numerical value but as a "minimum', "medium" and
"maximum" luminance;

o difficulty in focusing the Smart Glasses display. This disturbance could be
caused by the presence of prisms in the lenses of the glasses, created for viewing
3D movies;

o Smart Glasses wear. Our system has been used in many previous experiments
and is therefore not in very good condition. The patient has sometimes been
distracted from having to keep the glasses with his hands in the most optimal
position, thus not paying attention exclusively to the stimulation pattern. This
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aspect has most affected patients in clinical experiments due to their age and
limited knowledge of the test.

Future Goals

Hardware Improvements

o we will try to make the Smart Glasses system more comfortable and stable
than the current one;

o it will ensure that the structure of the device perfectly isolates the patient
from the outside world, so that it is no longer necessary to perform the test in
a darkroom.

Software Improvements

o we want to introduce further stimulation modes, so as to be able to perform
flash VEP and on/off VEP tests on the same device;

« we want to implement a real-time analysis of the patient’s eye movement, in
order to stop the stimulation when the patient no longer looks at the fixation
point and resume it when he returns to the ideal stimulation conditions.

Future developments: Cardboard

With the aim of creating a prototype that is not only portable and low-cost, like
that of Smart Glasses, but that is also accessible to everyone, acquisitions on healthy
subjects have been made using Cardboard as a visual stimulator. It should also
be remembered that the pr-VEPs tests are currently performed only in specialized
ophthalmology clinics with very expensive tools. A device that allows you to make
diagnostics with your smartphone, as Cardboard do, opens the way for a whole
range of applications in telediagnostics and telemedicine, including in hospitals
where specialist screening, as that achievable with VEPs, would not be possible
due to economic scarcity.

As regards the results obtained from the acquisitions, it is observed that the three
characteristic waves are all recognizable. In some cases, however, there are changes
in latency compared to the expected results. These differences are probably due
to the luminance level of the smartphone screen, whose necessary value is not yet
well known. With the appropriate improvements and modifications, the Cardboard
remain a good solution for future visual stimulation.
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