Résumé

L'erreur réfractive non corrigée est l'une des principales causes de déficiences visuelles dans le monde. Aujourd'hui, deux méthodes principales, l'une subjective et l'autre objective, sont utilisées pour déterminer l'erreur réfractive d'un individu. La méthode subjective est considérée comme la référence, mais dépend de la qualité des réponses et de la coopération du sujet ; de plus, elle nécessite un niveau d'expertise important de la part du praticien pour être efficace. La méthode objective, en revanche, consiste à mesurer la correction optique nécessaire pour focaliser sur la rétine un objet situé à une grande distance. Ce processus prend en compte les propriétés optiques de l'oeil, mais ne tient pas compte d'autres niveaux de traitement, en particulier le rôle du cerveau dans le traitement de l'information visuelle ; de plus, le résultat peut être biaisé par des facteurs physiologiques, tels que l'accommodation. Les chercheurs ont établi de manière répétée et fiable que l'activité cérébrale, mesurée par EEG, est modulée par la qualité de la perception visuelle. Cependant, la qualité de la perception visuelle est en elle-même difficile à définir correctement, sans parler de la mesurer. Par conséquent, les corrélats neuronaux liés à la modulation de la perception visuelle à travers des verres correcteurs restent flous. Cette thèse vise d'abord à mieux comprendre la relation entre la réponse cérébrale et la perception à travers des verres correcteurs. Deuxièmement, grâce aux avancées en technologie EEG, nous visons à développer une méthode automatisée pour déterminer l'erreur réfractive d'un individu en mesurant uniquement sa réponse cérébrale. Le premier objectif a été abordé en mesurant simultanément la réponse cérébrale à un stimulus clignotant et la défocalisation du stimulus par rapport à la rétine. La défocalisation a été modulée en faisant porter au sujet différents verres sphériques. Nous avons émis l'hypothèse que l'activité corticale serait maximale lorsque le stimulus était parfaitement focalisé sur la rétine, c'est-à-dire lorsque le sujet portait sa correction optimale. Cependant, nous avons constaté que la réponse cérébrale en fonction de la puissance des verres suivait plutôt une forme sigmoïde. L'activité corticale était maximale pour les verres négatifs, avec une défocalisation en arrière de la rétine, tandis qu'elle était minimale pour les verres positifs, avec une défocalisation en avant de la rétine. Comme prévu, l'erreur de focalisation était minimale quand la correction optimale était portée, mais en terme d'activité corticale, cela coïncidait avec le point d'inflexion de la sigmoïde. De ce fait, la défocalisation du stimulus par rapport à la rétine ne corrélait pas avec l'activité corticale. En utilisant des outils théoriques, nous avons démontré que d'autres facteurs optiques étaient plus appropriés pour prédire le comportement de la réponse cérébrale en fonction des verres correcteurs. Ensuite, nous avons entrepris de développer une méthode automatisée pour déterminer, en ne regardant que la réponse du cerveau, lequel, parmi un ensemble de verres, correspondait à la correction optimale et donc à la réfraction subjective de l'individu. En ajustant une fonction sigmoïde sur les données EEG enregistrées, nous avons pu déterminer exactement la correction optimale pour chaque sujet, avec une précision proche de 100%, avec une erreur de ±0,25D. Cependant, pour ce premier ensemble de résultats, la réfraction subjective était connue et utilisée comme référence, ainsi que comme valeur de départ, dans la recherche de la correction optimale. Nous avons ensuite exploré plusieurs autres approches, dans lesquelles nous avons plutôt utilisé une mesure objective de la réfraction (pour répondre aux conditions d'un contexte clinique) comme valeur de départ de notre méthode. La mise en place d'une boucle d'interface cerveauordinateur en temps réel et l'utilisation d'électrodes EEG sèches sont les prochaines étapes naturelles pour obtenir une première preuve de concept d'une réfraction neurale automatisée. Cela nous permettrait de valider notre méthode sur un échantillon de population plus important et d'avoir le premier moyen objectif, basé sur le cerveau, de déterminer la réfraction.

Abstract

Uncorrected refractive error is a leading cause of visual impairment worldwide. Nowadays, two main methods, a subjective and an objective one, are used to determine the refractive error of an individual. The subjective method is considered the gold standard, but relies on the direct feedback and the cooperation of the subject; besides, it requires a significant level of expertise from the practitioner to be successful. The objective method, on the other hand, consists of measuring the optical power needed to focus onto the retina an object situated at far distance. This process takes into account the optical properties of the eye, but ignores any other further level of processing, in particular, the role of the brain in processing visual information; furthermore, the result can be biased by physiological factor, like accommodation. Researchers have consistently and reliably established that the brain activity, measured by EEG, is modulated by the quality of the visual perception. However, the quality of the visual perception is in itself hard to be properly defined, let alone, measured. Therefore, the neural correlates related to the modulation of the visual perception through corrective lenses remain unclear. This thesis aims, first, to better understanding the relationship between brain response and the perception through corrective lenses. Secondly, benefiting from the advancements in the EEG technology, we aim to develop an automated method to determine the refractive error of an individual, only by measuring her/his brain response. The first objective has been addressed by measuring, simultaneously, the brain response to a flickering stimulus, and the defocus of the stimulus on the retina. The defocus was modulated by making the subject wearing different spherical lenses. We hypothesized that the cortical activity would have been maximal when the stimulus was perfectly focused on the retina, i.e. when the subject was wearing her/his optimal correction. However, we found that the brain response as a function of the lenses power, rather followed a sigmoidal shape. The cortical activity was maximal for negative lenses, and a defocus of the stimulus behind the retina, while it was minimal for positive lenses, and a defocus in front of the retina. As expected, the defocus was nullified by the optimal correction, but, in terms of cortical activity, it coincided with the inflexion point of the sigmoid. Thus, the defocus of the stimulus on the retina did not correlate with the cortical activity. Using theoretical tools, we demonstrated that other optical factors where more suitable to predict the behaviour of the brain response as a function of corrective lenses. Next, we set out to develop an automatised way to determine, only by looking at the brain response, which, among a set of lenses, corresponded to the optimal one and, hence, to the individual subjective refraction. By fitting a sigmoidal function on the recorded EEG data, we were able to determine exactly the optimal correction for any single subject, with an accuracy close to 100%, when allowing an error of ±0.25D. However, for this first set of results, the subjective refraction was known and used as ground truth, and starting lens value, in search for the optimal correction. We then explored several other approaches, in which we rather used an objective measurement of the refraction (to fit the conditions of a clinical setting) as starting value for our method. The implementation of an online brain-computer inter-face (BCI) loop, and the use of dry EEG electrodes, are the natural next steps to obtain a first proof of concept of an automated neural refraction. This would allow us to validate our method on a larger population sample, and to have the fist neural based, objective way to determine the refraction. 

Preface

Seventy percent of the adult french population wear glasses to correct various visual defect (myopia, hyperopia, astigmatism ...). The prevalence of glasses usage increases with age to reach more than 90% of people older than 55 y.o. Given this statistics, there is a critical need for a way to determine in a fast and reliable way the optical correction needed by someone to see clearly and comfortably.

Several methods already exist and are used in everyday life. These methods can be separated in two main categories, the objective and the subjective method.

The objective method relies on devices that will output an estimation of the visual correction needed, without any subjective feedback from the wearer. Most of these devices operate on the following principle: they project infrared light into the eye, this light is reflected by the ocular fundus back to the machine, which can then determine the refractive power of the eye. This method allows to have the correction in a few seconds, however the result may be inaccurate due to a poor control of the accommodative response of the eye, especially in infants.

In clinical practice, the objective refraction often serves as a starting point and is often improved upon with a subjective method. The subjective method is heavily based on the verbal response of the wearer to determine the optimal correction, while minimizing the accommodative response of the eye.

The wearer task broadly consists in discriminating different stimuli (letter) while comparing multiple sets of lenses. This method is time consuming, lasting on average 10-15 minutes. Moreover, the process can be tiring and stressful, due to the difficulty to express an unequivocal judgement at each moment along the process.

The long term aim of this project is to develop an objective method of refraction based on the recording of cortical activity using an EEG (electroencephalogram) device, in order to more comfortably and accurately determine the optimal ophthalmic correction for the patient. The goal is to reduce uncertainty in the responses of participants by providing the neural response associated with visual perception through eyeglasses. This neural activity could then be used in classification algorithms to identify the participant's perception through each correction lens, whether it is clear or blurry. To achieve this, our project aims to combine, for the first time, an EEG device and an automated refractor, to develop a real-time BCI system for the automated administration of an eye exam.

The first part of this work will present the state of the art around the refraction exam and the standard EEG techniques. The second part will present the different experiments performed, the methodological approached used, the technical difficulties and the results we obtained.

The last part will provide a conclusion on the work done and the future perspective.

Chapter 2

Refractive errors and the refraction procedure

Introduction

The visual system is a complex and essential part of our anatomy that enables us to perceive the world. However, many individuals suffer from refractive errors, known as ametropia, which can impair their ability to see clearly. Ametropia is caused by an abnormal shape of the eye or a problem with the eye's focusing mechanism, known as accommodation. This results in blurred vision and difficulty in seeing objects both near and far. Visual acuity, or the ability to see clearly, is an important aspect of the visual system, which is often compromised in ametropia. Visual acuity is typically measured by asking an individual to read, from a distance, letters of varying sizes. If the vision is impaired, the refraction of the eye will be measured to correct it.

In this chapter, we will first describe the most common forms of eye defects, how they are measured in a classical eye exam, and with which tools.

Emmetropia and Ametropia

When the eye is out of focus, vision is blurred. There may be several reasons why an eye is not in proper focus, and indeed the reasons why a person develops a refractive error are many and multi factorial, but no matter the reason, the end result is that there is a mismatch between the power of the refracting elements of the eye and the position of the retina (that is, the length of the eye). The eye has a refractive error and the vision is out of focus when the image formed by the refracting components of the eye is located in front of and/or behind the retina rather than exactly on it.

An eye is said to be emmetropic when the image of an object located at an infinite distance is formed on the retina (the object is seen clearly) without accommodation (in its relaxed state). If this is not the case, the eye is said to be ametropic and to have a refractive error.

The different types of ametropia are classified into three categories: myopia, hyperopia, and astigmatism.

Myopia is the state of refractive error in which the image of an object located at infinity is formed by the eye (in its relaxed state) in front of the retina. This is either due to the refractive power of the eye being too high or because its axial length is too long. The person with uncorrected myopia sees distant objects as blurred, but can see close objects clearly. Myopia is corrected by the introduction of a minus powered lens (concave), which will reposition the image of the object back onto the retina.

Hyperopia is the state of refractive error in which the image of an object located at infinity is formed by the eye (in its relaxed state) behind the retina. This is ei-ther due to the refractive power of the eye being too low, or because its axial length is too short. Hyperopia is corrected by the introduction of a plus powered lens (convex), which will reposition the image of the object forward onto the retina (Figure 2.1). Astigmatism is the state of refractive error in which the focus of the object differs according to the meridians of the eye. For example, a person with astigmatism who is looking at a capital letter E, may see the vertical lines clearly, but the horizontal lines blurred. There is always a meridian of maximal refractive power and one of minimum power perpendicular to one another, in this case the astigmatism is said to be regular. Between these, the refractive power varies (in a regular fashion) within the values of both minimum and maximum meridians. The astigmatism may also be irregular, where the two main meridians are not perpendicular to each other. This is commonly due to an injury or an underlying pathology.

In this case, the astigmatism cannot be corrected with glasses, but with rigid gas permeable contact lenses.

To properly diagnose these ametropia, and improve the vision of someone to normal capacity, an eye care professional will determine his refraction. Meaning, the power of the optical lenses that someone needs to wear to correct her/his ametropia and to allow her/him to see clearly again.

Accommodation

The refraction is the optical power that need to be worn by someone to see clearly at a far distance. However, in an ecological environment, we need to see object that are placed at different distances. In order to be perceived clearly, the optical power of the eye needs to be adapted. This process of adaptation is called accommodation. When an object being viewed is brought closer to the eye, the image of this object would be formed further behind the retina Unless the power of the eye is increased to maintain the image on the retina. Otherwise, the object will not be perceived clearly. The eye has the capacity to increase its overall power by actions of the ciliary muscle in the eye. This will change the shape of the crystalline lens, its surface curvatures, thickness, and position to adapt the power of the eye.

The amplitude of accommodation is the range over which the eye can focus. It represents the distance between the furthest object point seen clearly without accommodation, and the closest point seen clearly when the accommodation effort is maximal. In the emmetropic eye, this accommodation range extends from infinity to a near point. With aging,due to change physiological change and more notably change in the viscoelasticity of the crystalline lens [START_REF] Charman | The eye in focus: accommodation and presbyopia[END_REF], the accommodation capacity decreases. Thus, the closest visible point is further and further away. The accommodation capacity eventually becomes null around 60 years old. When the accommodation capacity fall below a certain threshold, we then talk about presbyopia.

Visual acuity

During the refraction procedure, to evaluate the quality of the visual perception of someone, the eye care professional will ask to read letter of varying size. The smaller the letter, the better the quality of the visual perception. This measure correspond to a measure of visual acuity. More specifically, the visual acuity represents the spatial resolution of the eye, meaning the minimal distance at which two points are perceived as distinguishable. This distance is called the minimal angle of resolution. Vision is considered normal, from a clinical point of view, when the minimum angle of resolution is 1°, corresponding to a visual acuity of 0 logMAR (10/10). However, visual acuity is often measured using a black on white target, thus characterizing the ability to perceive a target of maximal contrast in the center of the visual field of an individual. Hence, even if the visual acuity is one of the most common test to evaluate the visual capacity of an individual, it is far from characterising the overall quality of the visual perception.

It is important to note that we cannot perceive the whole environment clearly at the same time. Our visual acuity capacity is maximal at the center of the visual field and decreases as we move away from it [START_REF] Johnson | Effects of target size and eccentricity on visual detection and resolution[END_REF]. Also we cannot see clearly at several distances simultaneously. For the light coming from an object located at a specific distance to focus on the retina, the refractive power of the eye needs to be changed via the accommodation. The closer the object is, the higher the power of the eye needs to be and the higher the accommodation effort is.

For an healthy individual, the visual acuity is limited by two factors, the optical quality of the eye itself and the density of photo-receptors at the retinal level. The theoretical upper limit of the visual acuity is ranging from 20/12 to 20/5, depending on the pupil size [START_REF] Schwiegerling | Theoretical limits to visual performance[END_REF]. The visual acuity is thus not a perfect indicator of the quality of the visual perception. For example, a normal vision of 0 logMAR (10/10) would still be considered blurry by an individual who is used to having a far better visual acuity. Visual acuity is hence a very fast and cheap way of evaluating an aspect of the visual capacity of someone.

Optical metrics, image quality and best focus

As explained previously, visual acuity is extremely used in clinical settings. However, in such an environment, practitioners can only correct the low-order aberrations (sphere and cylinder) to improve the visual importance. Nonetheless, higher order aberrations also limit visual acuity and other visual functions. Nowadays, researchers can use optical models to investigate in more detail how light is refracted through the various optics of the eye. The implementation of those models relies on, first, the point spread function (PSF), which describes the response of an imaging system to a point source or point object. In a perfect system, a point source would be imaged as a point. However, due to various factors such as diffraction, aberrations in the imaging optics, and the resolution of the detector, a point source is often imaged as a volume, not a point. The shape of this volume is given by the PSF, which is the spatial distribution of this light, typically centered around the location where a perfect system would image the point source. If the imaging system is linear and shift-invariant (LSI), the image of a complex object can be calculated as the convolution of the object's actual spatial distribution and the PSF. The characteristics of the PSF can vary depending on the specificity of the optical system (in our case the eye) such as the pupil size diameter, the refractive error, and the higher-order aberrations. Second, the Modulation Transfer Function (MTF), is a measure of the imaging system's ability to reproduce (or resolve) the variations (modulations) in intensity of the object in the image. MTF is a metric calculated as a func-tion of spatial frequency. The MTF shows how well the system can resolve fine details. An ideal system would have an MTF of 1 or 100%, meaning it can perfectly reproduce all spatial frequencies. However, real-world systems inevitably fall short of this, especially at high spatial frequencies. The connection between the PSF and the MTF is that the MTF is actually the magnitude of the Fourier Transform of the PSF. In simpler terms, the PSF describes how the system responds to a single point in space, while the MTF tells you how the system responds to variations or patterns at different scales (or spatial frequencies) in the image. The Optical Transfer Function (OTF) provides a more complete description of the eye's performance. It consists of two components: the MTF, which we have just described, and the Phase Transfer Function (PTF), which describes how the optical system shifts the phase of spatial frequencies. The OTF is essentially the Fourier Transform of the Point Spread Function (PSF) of the system. It is a complex function, meaning it has both a magnitude and a phase. The magnitude of the OTF is the MTF, and the phase of the OTF is the PTF. Different metrics of image quality have been created [START_REF] Marsack | Metrics of optical quality derived from wave aberrations predict visual performance[END_REF][START_REF] Cheng | Predicting subjective judgment of best focus with objective image quality metrics[END_REF]). These metrics have been investigated to find a way to predict various visual functions, e.g. visual acuity, contrast sensitivity [START_REF] Marsack | Metrics of optical quality derived from wave aberrations predict visual performance[END_REF][START_REF] Watson | Predicting visual acuity from wavefront aberrations[END_REF][START_REF] Ravikumar | Change in visual acuity is highly correlated with change in six image quality metrics independent of wavefront error and/or pupil diameter[END_REF][START_REF] Leroux | Absolute prediction of relative changes in contrast sensitivity with aberrations using a single metric of retinal image quality[END_REF], the subjective refraction [START_REF] Guirao | A method to predict refractive errors from wave aberration data[END_REF][START_REF] Thibos | Accuracy and precision of objective refraction from wavefront aberrations[END_REF][START_REF] Hastings | Is an objective refraction optimised using the visual strehl ratio better than a subjective refraction?[END_REF] or the visual performance with specific optical devices [START_REF] Legras | Through-focus visual performance measurements and predictions with multifocal contact lenses[END_REF]. Given some optical constraints (control of the pupil, which aberrations to correct), the objective best focus is attained when the image quality is optimized. Which metric is able to perfectly predict the subjective best focus (i.e. when the subject report ta have the best visual perception) is still an open question. It is important to note that the "best focus" does not mean being in focus on the retina. Indeed it has been shown that the visual acuity is not maximal when the defocus is minimized [START_REF] Cheng | Predicting subjective judgment of best focus with objective image quality metrics[END_REF]). Finally, even though the best focus is an important tool in research, its use in clinical settings and ecological viewing conditions is limited. Indeed, the purpose of the visual system is less to reach maximal visual performance at every instant and thus reach a state of best focus, rather than to minimize the accommodative effort while providing acceptable visual performance (López-Gil, Martin, Liu, Bradley, Díaz-Muñoz, and Thibos 2013; Bernal-Molina, Montés-Micó, Legras, and López-Gil 2014).

On the refraction procedure

When an individual subjectively reports poor visual perception and seeks medical advice, his visual acuity will be measured and if the result is below normal capacity, its refraction will be measured. Refraction is the key point of an eye examination when a visual correction is necessary, or as a diagnostic tool. Nowadays, the refraction can be obtained with two different methods: optical refraction and subjective refraction. The optical refraction, which does not involve the patient's response, can be obtained using instruments that are currently widely available to the eye care provider (skiascope, automatic refractometers, aberrometers, etc.).

It is used by most as a starting point during a refraction examination. However, although it provides a measurement of ametropia (i.e. the presence of an optical defect), optical refraction is often considered less reliable than a subjective refraction examination. In fact, for many ametropic people, optical refraction alone does not allow for an effective correction of the visual defect with glasses, providing insufficient visual acuity and/or visual comfort.

On the contrary, subjective refraction is considered the gold standard by most eye care providers. It is based on methods that involve the patient's response in order to determine the lens correction that gives the best possible visual acuity at a far distance (> 5m) with minimal accommodative effort [START_REF] Benjamin | Borish's Clinical Refraction-E-Book[END_REF]). The "standard (mono, bio, bino)" method follows the principle of first correcting each eye independently (by covering the non-examined eye) in spherical and cylindrical correction, then balancing the vision of the two eyes during a binocular balance, and finally balancing the spherical refraction of the eye pair in binocular conditions, to obtain the subjective optimal refraction (SOR).

According to Borish [START_REF] Benjamin | Borish's Clinical Refraction-E-Book[END_REF]), the SOR is the maximum convex lens value that allow a person to have 0 logMAR to -0.1 logMAR of visual acuity at far distance without any accommodation effort. To provide a comfortable vision, the accommodation effort needs to be minimized. Indeed, sustaining an important accommodation effort can elicit symptoms of fatigue such as blurred vision, diplopia, eye strain, and headache. This is however not the only way to define the refraction.

The definition of refraction can indeed be interpreted differently depending on one's perspective or requirements. Some people define refraction as the correction that maximizes distant vision performance. This definition tends to prioritize the best possible visual acuity, allowing an individual to clearly perceive objects at a distance. Others might argue that an optimal measure of refraction should offer comfortable vision at all distances.

In this case, "comfortable vision" isn't strictly defined but usually suggests a state where the eyes are neither strained nor fatigued after prolonged periods of visual tasks. Therefore, these variations in defining refraction underline the complexity and multifaceted nature of visual comfort and performance. Furthermore, the correct lens prescription for a given individual depends on various factors, including the individual's lifestyle, profession, and specific visual needs.

The different steps necessary to determine the SOR are the following :

-We first approximate the refraction using either an objective method, the previous glasses or simply by questioning the participant and measuring her/his visual acuity.

-Fogging. The idea behind this method is that a blur is created with the aim of relaxing the patient's accommodation. This may be achieved because the patient will experience even greater blur if they accommodate. Thus, they gradually relax their accommodation to minimise the blur. The blur is created by placing a positive lens in front of the eye, to limit the visual acuity to a certain value. The blur is then reduced by adding negative lens in step of -0.25D, the visual acuity of the patient should then increase until reaching a VA 0 logMAR or a plateau. The most positive lens that gives the patient a VA of 0 log-MAR, or the best VA possible if lower, is considered the end point at this stage.

-Correcting the astigmatism.

To correct the astigmatism of the participant the practitioner needs to determine its two parameters, the axis of its meridians and the difference of power (the cylindrical power) between both meridians. To do so, several methods exists. The most common one is the Jackson crossed-cylinder technique. Unlike the precedent step, the astigmatism correction is not evaluated by a measure of visual acuity or any other performance. The practitioner will converge on the correct axis/cylindrical value by asking the participant to compare his overall visual perception while wearing different axis/cylindrical value. For example, consider the case in which the meridians of the participant are at 105°. The practitioner will ask the participant to compare two astigmatism corrections whose axes are at 80°and 90°. The participant will prefer the latter and the practitioner will then test 90°and 100°. Again the participant will prefer the latter. Then when testing 100°and 110°, the participant will have equivalent visual perceptions for both corrections. The practitioner will then conclude that he found the proper axis for the astigmatism. An equivalent step will be performed to find the proper cylindrical power. This step is often the most difficult for the participant. Indeed, he is asked to judge very subtle differences between two perceptions. Also, his perception can be dis-torted differently between the two lens tested, and knowing which one degraded the most his perception is not always unequivocal.

To make this whole procedure faster and simpler, Essilor implemented [START_REF] Marin | A new subjective refraction methodology[END_REF], in its last generation of refractometers, an automated version of this test, using a vectorial representation of the astigmatism (i.e power vector) [START_REF] Thibos | Power vectors: an application of fourier analysis to the description and statistical analysis of refractive error[END_REF]. This method is easier for the participant because he will have to judge different levels blur, unlike the classical method where he will have to judge more conceptual changes.

-Binocular balance At this stage, once the two previous step have been performed on both eyes, the visual acuity of both eyes in an healthy individual should be 0 logMAR. But even if we tried to minimize and control the accommodation effort, we have no guarantee that this effort was null and equal during the testing of each eye. We thus dissociate the vision of each eye using, for example, either a prism or a polarized lens, to verify that both eyes have an equal visual perception (since the two eyes cannot have different levels of accommodative effort). If both eyes do not have an equivalent visual perception, the correction of only one eye will be adjusted, until both have equivalent perception.

To do this, the perception of both eyes is dissociated using prisms or polarized filters. In this state, the participant has double vision and cannot fused what he is looking at. The participant will then be presented a line with several letters. The participants will however perceived two identical lines of letters. He will then be asked if both lines are perceived equally or if one line is easier to read than the other. Depending on the response of the participant, the spherical lens power will be changed on only one eye, until both lines are perceived equally.

-Sphere adjustment The final step of the refraction procedure, is the binocular adjustment of the spherical value, in which we look for the maximum convex lenses that allow the subjects to have -0.1 logMAR of visual acuity.

Additional steps can then be explored. For example, the prescribed correction can be tested at a near distance, or it could be tried out in ecological conditions.

As of today, one can identify two major factors that make subjective refraction not completely optimal. First, given the subjective nature of the measurement, which is based only on the patient's response, its result is often quite noisy, therefore not accurate or more time consuming.

The patient himself often says he cannot judge with certainty which is the correction that gives him the clearest image perception. Secondly, for many years, subjective refraction techniques have hardly changed and are not perceived as easy and comfortable by patients. In fact, they are aware of the essential role that eye examination plays and pay particular attention to these factors that can lead to erroneous results, sometimes involving a stressful experience.

As stated above, at the end of the refraction procedure, an healthy subject should have -0.1 logMAR, however the theoretical upper limit is much better. It is also not uncommon, especially for young people, to attain better visual perception. Why are we limiting the visual acuity in such a way? Shouldn't we assume that when the visual acuity is maximal then the stimulus is focused on the retina? If the visual acuity was only depending on whether or not the stimulus is focused on the retina, then the visual acuity should increase as the lenses in front of the eye are changed from more to less concave, it should reach its maximal value and then remain constant, since the eye is capable of an accommodation effort compensating the lens value. However, as stated before, the visual acuity is limited by the optical quality of the eye i.e by its different aberrations. With glasses, we can only correct the lower order aberrations i.e the defocus and astigmatism. Other higher order aberrations will remain uncorrected and their amount varies from individual to individual. Their impact on the visual acuity will vary depending on the size of the pupil: the lower the pupil size the lesser the impact of those aberrations, and the higher the possible visual acuity. Since the size of the pupil decreases when the accommodation efforts increases, the visual acuity should increase when the participant starts to accommodate. If asked, an individual will most of the time subjectively prefer a slightly more myopic / less hyperopic refraction as it will increase is visual acuity. This refraction will however be less comfortable over time, as the eye will permanently need to make an effort to maximize the visual acuity at far distance, and an even more important effort at close distance.

One last thing to consider is that the visual system will not always focus the stimulus perfectly on the retina. The eye has a depth of field: a dioptric range in which the visual perception does not change appreciably. The visual system will thus minimize the accommodation response with respect to the theoretical demand, while still achieving acceptable visual acuity. However, what is considered acceptable visual acuity is not defined and varies from individual to individual. The depth of field decreases when the spatial frequency of the stimulus increases [START_REF] Marcos | The depth-of-field of the human eye from objective and subjective measurements[END_REF]. If the stimulus remains focused in front of the retina, it is an accommodative lead. If the stimulus is focused behind the retina, it is an accommodative lag. The accommodation response increases when the demand increases, but the two do not increase at the same rate. When the accommodative lag increases, the stimulus is more and more out of focus from the retina, however from a perceptual point of view, the visual acuity remains at normal vision level, i.e., equal to 0 logMAR or better (López-Gil, Martin, Liu, Bradley, Díaz-Muñoz, and Thibos 2013; Bernal-Molina, Montés-Micó, [START_REF] Bernal-Molina | Depth-of-field of the accommodating eye[END_REF].

2.7 Material used to perform a refraction measurement

Autorefractometer

The optical refraction is measured via an optometer or autorefractometer, an automated device which shines light into the eye, measuring how it changes as it bounces off the retina (Figure 2.2 shows one of such device, a Wave Analyzer Medica 700). The device outputs, among other measurements, the basic refraction error of a patient and hence a first estimation of the prescription needed. In its basic functioning mode, the patient is shown an image that moves in and out of focus. Several measurements determine when the eye is properly focused and there-fore the level of vision correction needed. Unlike many conventional refraction diagnostic devices, some autorefractors utilizes a unique wavefront technology algorithm based on Hartmann-Shack wavefront sensor, which analyzes many focal spots of a light wavefront. It can measure not just the basic refraction error but it is also used to obtain a spatially resolved refraction map of the wavefront. The refractometer Vision-RTM 800 (Figure 2.3) is a latest generation model, which combines several major innovations, including unique optical modules that enable continuous power control and generate instantaneous changes of sphere, cylinder and axis. The device is controlled via an interface giving the practitioner access to the control of the lens and the display of tests on the associated screen (the CS Pola 600). It can therefore be used, as in conventional practice, with fixed variations of lens power (e.g. 0.25D), and driven manually by a practitioner, as a traditional motorized refractor. However, it can also be controlled via an ensemble of "smart tests", which make it possible to carry out part of the refractive tests in a more automated and simplified way for the practitioner. During those tests, the lens power is automatically changed based on the re-sponse of the participant (i.e. adaptive feedback). The CS Pola 600 (see Figure 2.4) test screen is a 24" polarized LCD test screen for refraction. It is connectable and controllable from the Vision-R™ 800. Chapter 3

EEG and related techniques

Introduction

Nowadays, determining the refraction of someone is mostly done, either via subjective feedback on the clearness of the perception, or, strictly objectively, via optical based devices. However, both these methods, leave the objective (i.e. measured) contribution of the brain completely unexplored. In relatively recent years, electroencephalography (EEG) has emerged as a powerful tool for investigating the neural mechanisms underlying visual processing. By recording the neural activity in response to visual stimuli, researchers can gain insight into the neural processes underlying visual perception, attention, and cognition. In this context, EEG has been used extensively in vision research to study a wide range of visual processes, including perception of motion, color, shape, and faces, as well as attention and visual memory.

Here, our focus will be on the characterization of the clearness of the visual perception via EEG, with the long term goal to develop a method to determine, in an objective way, the refraction of a individual. Hence, in this chapter, we will star off by reviewing the basic principles of EEG. We will then proceed by describing the specific technique of stimulus presentation we chose to use in our experiments, i.e. the SSVEP (steady state visual evoked potentials). We will conclude by a more technical section to highlight the difficulties in using this kind of technique.

General information about the visual pathway and EEG

The visual pathway (see figure 3.1), also referred to as the visual system, refers to the series of structures involved in converting light entering our eyes into a coherent visual perception in our brains. This pathway is quite complex, and involves several key steps and structures.

The visual pathway begins in the eye, where light enters through the cornea, passes through the pupil (whose size is controlled by the iris), and then through the lens which further focuses the light onto the retina at the back of the eye. The retina contains several types of cells, including photoreceptor cells known as rods and cones. Rods are responsible for vision in low light conditions, a type of vision known as scotopic vision. They are more sensitive to light than cones, but they don't discriminate colors and their spatial resolution is lower. This is why in dim light conditions, we see less color and detail. Rods are more numerous than cones, with about 120 million rod cells in the human retina, and they are distributed more toward the periphery of the retina. Cones, on the other hand, are responsible for our vision in well-lit conditions, known as photopic vision, as well as all of our color vision. Cones are less sensitive to light than rods, but they can discriminate colors and have a high spatial acuity. There are three types of cones that respond to different ranges of wavelength, corresponding to short (S, blue), middle (M, green), and long (L, red) wavelengths. This is known as trichromatic color vision. There are about 6 million cone cells in the human retina, concentrated in the fovea, a small area at the center of the retina. This is why we tend to move our eyes to direct our gaze such that light from the object of interest hits the fovea. In fact, over half of the visual cortex in the brain is devoted to processing information from the fovea, which constitutes less than 1% of the retina, highlighting its importance in our vision. Both types of photoreceptors work by changing their electrical output in response to light, a process known as phototransduction.

The pigment molecules in these cells absorb photons of light and trigger a series of biochemical reactions that lead to a change in the cells' membrane potential, ultimately leading to a change in the rate at which they release neurotransmitter molecules. These changes are then processed by other cells in the retina, leading to the electrical signals that are sent to the brain via the optic nerve. The optic nerves from each eye meet at a structure called the optic chiasm. Here, the information from the right half of each retina (which corresponds to the left half of the visual field) is sent to the left side of the brain, and vice versa. This means that each hemisphere of the brain processes the visual information from the opposite side of the visual field. After the optic chiasm, the visual signals reach a part of the thalamus called the lateral geniculate nucleus. The LGN acts as a relay, further processing the visual information and sending it on to the primary visual cortex. The primary visual cortex, located in the occipital lobe at the back of the brain, is where the processing of visual information begins in earnest. Here, simple features such as edges and colors are detected. The primary visual cortex maintains a topographic map of the retina, known as a retinotopic map. This means that neighboring areas on the retina correspond to neighboring areas in V1. The center of the visual field (the fovea) is over-represented relative to the periphery, reflecting the higher density of photoreceptors and the higher visual acuity in this area. The primary visual cortex is where basic visual features start to be extracted from the raw visual input. Neurons in V1 are sensitive to specific features of the visual scene, such as orientation (edges at particular angles), spatial frequency (contrast and size of details), direction of motion, and color. These neurons are often called "feature detectors. V1 is also organized into columns perpendicular to the surface of the cortex. Neurons within a column typically have similar receptive fields and feature preferences. One type of column that's been extensively studied is the orientation column, where neurons respond best to edges of a particular orientation. After these processes occur in the primary visual cortex, the information is sent to other parts of the visual cortex for more complex processing, such as object recognition, depth perception, motion detection, and other aspects of visual cognition. This whole process happens incredibly quickly, allowing us to perceive and respond to the world around us in real time. Electroencephalography is a pertinent tool to study the visual pathway and has been used extensively in both clinical settings and research to investigate the visual system and its integrity.

EEG is a non-invasive technique that allows the record- ing and monitoring of the brain activity on the scalp. More specifically, EEG measures the voltage fluctuations, via electrodes placed on the scalp, generated by large population of pyramidal neurons in the cortex (see figure 3.2). When a pyramidal neuron is firing, the electrical current that runs thought it creates a dipole. Whenever a large enough group of those neurons fire synchronously, a large enough dipole is created to allow the measurement of voltage fluctuations at the scalp.

The EEG recording method provides several advantages: it is non-invasive, relatively affordable and easy to use. Most importantly, the EEG has an extremely good temporal resolution that can reach the sub-millisecond precision. To the contrary, the spatial resolution is quite poor, since the EEG does not easily permit to identify from which brain structure the signal is coming from. As shown in figure 3.3, the brain's surface has many folds and creases, resulting in the creation of multiple dipoles, having each different possible orientations. Since the electrodes placed on the scalp will only record the dipoles that are oriented toward themselves, and not the one that are necessarily the closest, it can be difficult to know from where the signal is coming from. Nowadays, more advance signal processing tools called source localization, allow researchers to gain insight on where the measured EEG signal is generated. These techniques usually combines high density EEG systems, information about the brain anatomy (MRI), and complex algorithms to identify from which part of the brain the EEG signal is coming from. Furthermore, the quality of the recorded data can be negatively affected by different types of noise and artifacts, for example, due to muscle activation, or the heart beating. To overcome these difficulties, and in accordance with his needs, the experimenter can vary the number of electrodes used (from 1 to more than 200), as well as the number of trial repetitions, which allows to alleviate the effect of noise and artifacts by averaging out across repetitions. It can thus can be quite time consuming to acquire enough data to have access to the relevant information.

In all our experiments we used the Ant-Neuro system showed in Figure 3.4. As other common EEG systems, the Ant-Neuro is made up of different elements, which allow signal amplification, analog-to-digital conversion of signals, and synchronization with external events (for example, the start of the experiment, the presentation of a visual stimulus, etc.). A laptop or tablet is used for visualising the real-time EEG signal and recording the data.

More precisely, we used the eego sports EEG acquisition system which includes 32 electrodes (see figure 3.5), and allows the recording of the EEG signal with a sampling frequency up to 2048 Hz. The system has active electri-cal isolation technology, allowing a significant reduction in environmental noise and artefacts due to the physical movements of participants. The eego sports system requires a wired connection with the amplifier and the tablet dedicated to recording signals. often associated with drowsiness, light sleep, and certain meditative states. In some situations, they might be associated with creativity and insight. Theta waves are also prominent during tasks requiring memory and learning. Alpha waves: These waves have a frequency range of 8 to 13 Hz. Alpha waves are typically associated with relaxed, calm, and quiet alert states, such as when a person is quietly resting with their eyes closed, but awake. Suppression of alpha waves occurs when the brain shifts to a more active processing state, like during complex problem-solving tasks. Beta waves: Beta waves range from 13 to 30 Hz. They are often associated with active thinking, active attention, focus on the outside world, or anxiety. The higher range of beta frequencies (often called "gamma" by EEG researchers, not to be confused with the traditional gamma band) is also associated with motor behavior and is thought to be related to the "binding" of different populations of neurons together into a unified perception and thought. Gamma waves: Traditionally, gamma waves refer to waves that are faster than 30 Hz, usually 30-100 Hz or more. They are associated with high-level cognitive functions like memory retrieval, sensory perception, and problemsolving tasks. High-frequency gamma activity is thought to reflect the formation of networks of neurons that span different parts of the brain, tying together different aspects of sensory information into a coherent whole. It's important to remember that the ranges for these bands can vary somewhat depending on the source, and that the brain usually generates a mix of all these frequencies at the same time, with one or another predominating depending on the individual's state of conscious-ness, cognitive activity, or even individual differences.

Each EEG electrode will record a mixture of all the electrical activity that occurs in the brain at each instant.

Most of this activity will not be relevant in answering a specific research question. It is thus vitally important to implement an experimental protocol meticulously, ensuring the retrieval of meaningful signals amidst the brain's normal activity. The purpose of the ERP is to measure the brain's response to a specific event, typically the onset of a stimulus, which can be visual, auditory or motor. By performing many repetitions and averaging them together, one can extract the brain response to a specific stimulus from the continuous brain activity. This process is referred to as Grand Averaging. The Grand Average can provide valuable insights into the neural processes underlying specific cognitive or sensory events. By combining data across participants or trials, researchers can obtain a more stable and reliable estimate of the EEG signal, which can help to reduce the effects of random noise and other sources of variability. Moreover, by computing the Grand Average, one can study how different feature of the stimuli affect the amplitude of the peaks or the latency at which they appear after stimulus onset. Figure 3.7 illustrates a typical grand averaged, cortical response to a visual stimulus presentation. In this case the stimulus was a cloud of black dot, which was presented for 3s.

The Grand Average combines a total of 500 waveforms (50 repetitions performed by 10 subjects).

The SSVEP refers to the brain response to a train of stimuli presented at a specific rate, i.e. to flickering stimuli. Such a response oscillates at the same or at a multiple frequency (harmonic) of the flickering frequency of the stimulus. Thus, the experimenter knows where to look in the signal to observe possible effects. SSVEPs, that are evoked by a visual stimulus that is presented at a fixed flickering frequency, have the characteristic of being fairly stable in phase and amplitude over time, hence their name. The main advantages to the SSVEP method over the ERP method is the significantly shorter time of data recording needed to obtain a meaningful signal, or to observe the hypothesised effect. This method was first introduced using a flickering light [START_REF] Adrian | The Berger rhythm: Potential changes from the occipital lobes in man[END_REF], but much more complex images are used nowadays (faces, stereoscopic objects...). For most visual stimuli, the strongest signal will be recorded at the electrodes located over the primary visual cortex, but can be located elsewhere depending on the stimulus used. For example, when using faces the strongest responses will be recorded from the electrodes placed over the right occipito-temporal cortex (Rossion and Boremanse 2011). Moreover, the flickering frequency needs to be chosen carefully, depending on the type of stimulus used, since it is going to influence at which frequency the highest response, with the best signal over noise ratio, is elicited [START_REF] Srinivasan | Steady-state visual evoked potentials: distributed local sources and wave-like dynamics are sensitive to flicker frequency[END_REF]. The general rule seems to be an inverse relationship between the flickering rate and the time needed to process the stimulus [START_REF] Norcia | The steady-state visual evoked potential in vision research: A review[END_REF]: the more complex a stimulus is, the lower need to be the flickering rate.

There are many variations in the type of SSVEP, each with its own objectives and interests for understanding the mechanisms of human cognition, mainly visual perception and attention, but not only. We can classify them into two distinct categories: responses to a single periodic visual stimulus and responses to multiple periodic visual stimuli. In our project we used exclusively the former.

The SSVEP recording technique

The main characteristic of periodic visual stimuli is that they produce a periodic response in the brain, as recorded by an EEG device (figure 3.8). In addition, this periodic response is at the same frequency as the visual stimulus. The analysis of the corresponding EEG signal is therefore naturally carried out in the frequency domain. Thus, in the frequency domain, the signal is characterized by a significant peak at the frequency of the stimulus. One can also observe frequency peaks at different harmonics (frequencies that are multiples of the frequency of the stimulus, known as the fundamental frequency f , 2f , 3f ...), due to the non-linear characteristics of neuronal population responses [START_REF] Labecki | Nonlinear origin of ssvep spectra-a combined experimental and modeling study[END_REF]. To discriminate these frequencies, the frequency resolution (the distance that separates two points on the x-axis in the frequency representation) is crucial. The frequency resolution is equal to the sampling frequency divided by the length of the EEG recording segment. Thus, to increase frequency resolution, it is necessary to increase either the recording time or the sampling frequency. Two other features are important to characterize the response: the phase and the amplitude. These two features are usually represented by a vector in polar coordinates; the norm represents the amplitude, and the angle represents the phase. The presentation frequency of the stimulus is generally between 3 and 20Hz but can go up to 100Hz [START_REF] Herrmann | Human eeg responses to 1-100 hz flicker: resonance phenomena in visual cortex and their potential correlation to cognitive phenomena[END_REF]). Two types of periodic stimuli are frequently used to generate SSVEPs: pattern onset/offset and pattern reversal.

In the onset/offset paradigm, a visual stimulus is presented for a fixed duration, followed by a period of blank screen, before the next stimulus is presented. The stimulus can be of various nature. For example, checkerboard, gabor patch, circular gratings, natural scene. When the stimulus appears, it is called the onset. When the stimulus disappears it is called the offset. This change occurs at frequency f , where the period t = 1/f corresponds to the time to return to an identical pattern (onset to onset). This type of presentation is said to be asymmet-rical because the onset and offset patterns are of different nature. This asymmetry is also visible in the cortical response. In fact, the offset-onset transition results in a response of greater amplitude than the onset-offset transition. Thus, all harmonics are present (1f , 2f , 3f , 4f ...) in the frequency domain of the EEG signal.

In the pattern reversal protocol, the stimulus alternates between a black and white pattern and the same inverted pattern (the black part becomes white and vice versa). By convention, the flashing frequency f is always the one corresponding to the period necessary to return to an identical pattern. This type of presentation is said to be symmetrical, and leads to a response with only even harmonics (2f , 4f ...). This is because the reversal of the pattern produces an identical response in both directions. This reversal takes place every half-period and therefore leads to a response at a frequency 2f , as well as at all even harmonics. These techniques have also been studied with more complex patterns such as faces [START_REF] Ales | An objective method for measuring face detection thresholds using the sweep steady-state visual evoked response[END_REF], in order to understand higher-level visual processes. Figure 3.9 and figure 3.10 show two examples of typical result when using SSVEP paradigm. The first plot shows the cortical activity for four occipital electrodes (POz, O1, Oz and O2). We can observe a significant response at 14Hz, corresponding to the second harmonics of the stimulus used in this example. The second plot shows the cortical activity for all electrodes. Again, we observe that several electrodes measured a significant activity at 14Hz. The color in the topographic map (view of the head from the top) indicates roughly from where the signal originates. As expected when using visual stim-ulation, the signal originates from the occipital region, where the primary visual cortex is located. These two examples showcase how powerful the SSVEP paradigm is, as it produces a very strong and distinctive cortical response. 
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Figure 3.9: Spectrograms of the activity recorded on 4 occipital channels for one single subject; the stimulus, a circular grating, had a flickering frequency of 7 Hz and a spatial frequency of 15 cpd. Each spectrogram has been calculated over a 24s duration. Note the peak of activity arise at the second harmonic (i.e. 14Hz), as expected with the pattern reversal paradigm.

Frequency-tagging

One of the most significant advantages of the SSVEP technique is its ability to simultaneously measure responses from various visual processes. This is achieved by presenting multiple stimuli, each flickering at a specific frequency, to the subject. The rationale is that the frequency of the brain responses is strictly determined by the stimulation frequency, making it possible to retrieve the brain responses linked to several stimuli presented simultaneously through the spectral analysis of the brain responses [START_REF] Norcia | The steady-state visual evoked potential in vision research: A review[END_REF]. This method requires each Figure 3.10: Spectrograms of the activity recorded on all 32 channels for one single subject. The stimulus, a circular grating, had a flickering frequency of 7Hz and a spatial frequency of 15cpd. Each spectrogram has been calculated over a 30s duration. Note that the peak of activity arises at the second harmonic (i.e. 14Hz), as expected with the pattern reversal paradigm. At this specific frequency, the cortical activity appears to be maximal over the occipital region, as expected, when using visual stimulation.

stimulus to flicker at a distinct frequency. This technique is used in a wide range of research topics, notably the study of vision and attention (Hébert-Lalonde, Carmant, Safi, Roy, Lassonde, and Saint-Amour 2014; [START_REF] Morgan | Selective attention to stimulus location modulates the steady-state visual evoked potential[END_REF][START_REF] Müller | Featureselective attention enhances color signals in early visual areas of the human brain[END_REF]. For example, researchers presented overlapping fields of randomly moving red and blue colored dots that were flickering at distinct frequencies to the participants. Participants were instructed to focus on one of the colored dot fields in order to observe the effect of attention. The study revealed that the cortical response increased at the flickering frequency corresponding to the attended colored dot field (see figure 3.11). In the context of employing frequency tagging to determine refraction, one straightforward use case could be in assessing astigmatism. Researchers could present several bar gratings oriented at different angles, each orientation flickering at a different frequency. This approach would allow us to simultaneously assess the visual response to each orientation and, potentially, determine the meridian of astigmatism. The frequency tagging technique will not be employed in the work presented in this thesis due to technical limitations. 

Strengths and limitations of SSVEP

One of the main strengths of SSVEPs is that they are an objective response, strictly determined by the frequency of the stimulus. The experimenter therefore can study how their choices of experimental parameters affects the brain response at the specific frequency used. In addition, this response is implicit: it does not require voluntary action on the part of the subject and can therefore be used in newborns or animals.

The major advantage of SSVEPs over other EEG signals is their excellent signal-to-noise ratio. Indeed, the SSVEP response is localized in an extremely narrow frequency band, so it is not necessary to perform several trials and average them together, to obtain a visible frequency peak that stands out from the noise. However, these advantages have their drawbacks. The response is indeed very localized, but the number of tested frequencies is limited, and increasing this number, significantly increases the time of the experiment. Moreover, the periodic nature of the stimulus makes it difficult to have access to the temporal features of the response. In addition, the ability to distinguish the exact source, on the cortex, of the responses is limited. In general, EEG is a low spatial resolution technique: one does not know the impact of pre-synaptic potentials on the surface activity. There are, however, other, more invasive methods, such as electrocorticography, which uses electrodes directly placed on the brain, i.e. under the skull, and which has better spatial resolution. It is also worth mentioning that the flickering nature of the stimulus makes it ill-advised to use it with very young subjects, or subjects suffering from photosensitive epilepsy.

SSVP data analysis

Even though SSVEPs are notable for their excellent signalto-noise ratio, it is essential to pre-process the signal to extract useful information from the data. This is due to countless sources of noise the EEG signal is subjected to. For example, body muscles contractions, eye blinking, heartbeat, head movements, spurious contacts with the EEG cap or cable, they will all create artifacts in the signal. A classical pre-processing pipeline, necessary to properly clean the data, will be comprised of the following steps. First, the filtering of the data. This part is very important to remove very low-and high-frequency noise, although it has the disadvantage of slightly distorting the signals. A band-pass filter is applied to remove frequencies lower than 0.1Hz and higher than 40Hz. Those frequencies typically do not contain a signal which is relevant to the hypothesis of the experiment. To do that, we use the pop eegfiltnew() function from the EEGLab library [START_REF] Delorme | Eeglab: an open source toolbox for analysis of single-trial eeg dynamics including independent component analysis[END_REF], dedicated to EEG data processing on Matlab. This function uses a sync filter with a Hamming window and a finite impulse response (FIR). Then, we proceeded to remove artifacts and signals from electrodes that are not usable, by using the clean artifacts() function of EEGLab (see figure 3.12 and figure 3.13). The pop interp() function allows us to interpolate the signals from electrodes that have been removed. As a final step, we re-reference the data to the mean of the electrodes with the pop reref() method.

Finally, we apply independent component analysis (ICA), a widely used method for pre-processing EEG data [START_REF] Lai | Artifacts and noise removal for electroencephalogram (eeg): A literature review[END_REF], that allows to separate different source components of the signal and to isolate those which are of interest, i.e. those labelled as brain activity. As usual, we use the EEGLab library for this, which has the advantage of providing a trained classifier to label the sources (see figure 3.14).

Data analysis is mainly conducted in the frequency do-
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Figure 3.12: An example of raw EEG data. main, given the fact that we used the SSVP technique.
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In particular, we use the fft() (Fast Fourier Transform) function of matlab. We use the result of this fft to calculate the power spectral density (PSD). The PSD can be calculated for the signal coming from all electrodes. However, we focus on the electrodes placed over the occipital area, where the visual area are located.

Technical validation of the flickering frequency

When using an SSVEP paradigm, it is of critical importance to ensure that the flickering frequencies of the stimuli used are the desired one. Indeed, the cortical response is supposed to be oscillating at the same frequency as the flickering of the stimulus (or at a multiple of such a frequency). We used the high-speed camera eosens mini2 from Mikroton (see figure 3.15) to control for the flickering frequency of the stimulus. The stimulus we used was a circular grating with a spatial frequency of 15 cpd. We recorded 11 stimulus repetitions of 5s duration at 1KHz. We loaded each image on Matlab as a gray-scale image; for each image, we retrieved the gray-scale value of the same pixel that corresponded to the middle of a white or black ring, depending on the phase of the stimulus (indicated by the red dot in figure 3.16). This allows us to track when the change of pattern occurs, and thus to measure objectively the flickering frequency of the stimulus.

Figure 3.17 shows the variation of the gray scale value of the pixel in time; one can see a constant drop in the light intensity of the pixel corresponding to the refresh rate of the screen. To better visualize what is of interest to us, i.e the variation of the gray-scale pixel value, we filtered We then computed the fast Fourier transform on the variation of the gray scale value of the pixel in time for the different repetitions. Figure 3.19 shows the power of the signal for the different repetitions. One can see that, for every repetition except for the sixth one, the power of the signal peaks at 7.04Hz, which is the frequency we expected to observe. For the sixth repetition, the dis-crepancy is due to one missing change in the phase of the pattern over the 5s. The pattern is accurately flickering at 7.04 Hz before and after this missing change (see figure 3.20). When doing an experiment with the SSVEP paradigm, it is of the utmost importance that the flickering frequency of the stimulus is properly handled. These results demonstrate the validity and the reliability of our experimental setup.

Chapter 4

The EEG refraction signal and its correlation with the retinal image quality

Introduction

It is mainly the technological progress on EEG devices that have revived the interest for applications in the ophthalmic field. Particularly fascinating is the idea of performing an eye exam by relying exclusively on real time analysis of cortical activity, instead of the participant's feedback, as it is currently the case for the classical subjective refraction. But before embarking in such a journey, there is the need to understand deeper what it is that one actually records when recording EEG activity while a subject is wearing corrective lenses.

Although it has already been established that the recorded cortical activity provides a proxy for the sharpness of the stimulus perception, it remains to be clarified which is the optical metric that modulates such an activity. In this first set of results, we recorded the EEG signal while simultaneously measuring the stimulus retinal defocus. We assumed that, when wearing the wrong cor-rective lens, the stimulus is out of focus on the subject's retina and such a defocus would modulate the cortical activity. Surprisingly, the amplitude of the cortical response does not seem to be a good indicator of how much the stimulus is in or out of focus on the retina. Simulations of the retinal image quality via an emmetropic eye model show that a combination of other factors, like optical aberrations and pupil diameter, have a larger impact on on the clearness of the visual perception and, eventually, on the modulation of the cortical activity.

State of the art

Since the discovery that visual stimulation induces specific cortical activation observable with electroencephalography (EEG), people have been interested in determining if specific patterns of cortical activity could provide a proxy for the quality of the visual perception and, eventually, could be used to prescribe the optimal correction to an individual.

In a clinical setting, the quality of the visual perception is defined by the visual acuity. When an individual subjectively reports poor visual perception and seeks medical advice, her/his visual acuity will be tested, and if the result is below normal capacity, her/his refraction will be measured and corrective lenses provided. Nonetheless, the refraction measurement is subjective in nature, relying solely on the patient's response; hence, its result can often be quite noisy and inaccurate. The patient himself is often unable to judge with certainty which correction gives the clearest image perception. In this context, EEG is well suited to provide a method for developing an objective refraction based on the record-ing of cortical activity (it is already well known that measuring the visual evoked potentials -VEP-of the brain with EEG can be used for detecting and monitoring visual abnormalities [START_REF] Tello | Repeatability of short-duration transient visual evoked potentials in normal subjects[END_REF][START_REF] Naismith | Optical coherence tomography is less sensitive than visual evoked potentials in optic neuritis[END_REF][START_REF] Simon | A new visual evoked potential system for vision screening in infants and young children[END_REF]. As early as 1968, Harter and White 1968 looked at how the amplitude of the cortical response was modulated to a flickering checkerboard when placing various spherical lenses in front of the eye of a participant. In more detail, they used an ERP paradigm where they repetitively flashed (10µs) a checkerboard to a subject. They used three different checkerboards (48, 20, and 12 minutes, corresponding to 0.5, 1.5, and 2.5 CPD) on four subjects (aged 22 to 42) while they wore several spherical lenses (-6, -3, -1, 0, +1, +3, +6). The participants looked at the stimulus, which was flashed on a screen at a distance of 60 cm, binocularly, in a darkened room. Simultaneously, they measured the cortical response to those flashing stimuli. Three repetitions, each comprising 100 flashes, were done for each level of lens value and for each checkerboard. Additionally, six repetitions were done for the "0" lens condition (no lens).Evoked cortical potentials were obtained from a single electrode placed over the occipital area. The study examined the variation of the amplitude of two components relative to a baseline measurement. The first, a negative component (labeled "A" in the figure), occurred on average 95ms after the onset of the stimulus. The second, a positive component (labeled "B" in the figure), occurred on average 190ms after the onset of the stimulus. Figure 4.1 displays the average percentage change, for both components, rela-tive to a baseline measurement, for all four subjects and all repetitions. This is depicted as a function of the lens type and the check size of the checkerboard. It can be observed that for all three check sizes, and both components, the cortical response is the highest for the no-lens condition. Placing a specific value of positive or negative lens in front of the subject results in a roughly symmetrical decrease in the cortical response. For component "B", the smaller the checks, the quicker the decrease occurs. Upon examining the individual data (Figure 4.2), it was found that the highest amplitude did not necessarily correspond to the no-lens condition. For one participant, this peak amplitude was found for a slightly negative lens, while for another, it was associated with a slightly positive lens. Interestingly, subsequent measures of visual acuity showed that the visual acuity was maximal for the lens that elicited the highest cortical response.

Unfortunately, the study did not provide details on how visual acuity was measured or its specific values. Following the initial results, the study expanded to include 12 additional participants who required glasses. The same recordings were performed with the subjects wearing either their corrective lenses in conjunction with the range of tested lenses, or only the tested lenses. Figure 4.3 displays the negative component "A" for two such participants. When the subjects wore their corrective lenses, similar results to the previous experiment were observed: the cortical response was highest for the 0 lens condition, that is, with the participant's usual correction. However, without their corrective lenses, the peak cortical response occurred for a lens value approximating their usual correction. Hence, the authors concluded that their method could potentially be used to determine an individual's refraction. Several questions remain to be addressed, however. First, the margin of error of the method. The minimum change in lens was 1D, which is quite large compared to the usual step of 0.25D used in traditional refraction procedures. The precision of this method in accurately measuring refraction remains uncertain. Secondly, the amplitude decrease around the reference condition was symmetrical. This could be explained if the subjects were able to accommodate to the screen. Given the age of the subjects, they should have been able to accommodate and compensate for the negative lens value introduced, resulting in a higher cortical response for low negative lens values than for low positive lens values. This inability to accommodate may be due to the extremely brief flashing time of the stimulus (10µs), which might not have allowed for the accommodation response to occur. The final point, which is more challenging to explain, pertains to the maximal response found for the no-lens condition when the participant did not require glasses, or for the lens corresponding to the participant's usual correction. These lenses optimize the visual acuity of the wearer at an infinite distance (>4m). However, during this experiment, the testing distance was 60cm. Without the ability to accommodate, the subjects' visual acuity should not have been optimal at 60cm with a lens correcting for an infinite distance. Nevertheless, the paper concluded that the maximal cortical response was elicited with the lens that provides the highest visual acuity, and that this lens value corresponded to the subject's refraction.

Since then, several studies have investigated the modulation of cortical activity using various paradigms. Millodot and Riggs [START_REF] Millodot | Refraction determined electrophysiologically: Responses to alternation of visual contours[END_REF]) employed an 4 and4.5 depict the modulation of the ERG and SSVEP response as a function of the lens value. They found that for both participants, the cortical response was highest for the 0 lens condition, where the subjective evaluation of vision was optimal. These results again show a symmetrical decrease around the lens that provides the best vision, suggesting no variation in the accommodation response. Subject 1 had an amplitude of accommodation of 1.25D, and thus should have been able to compensate for the slight value of the negative lens. Subject 2 had an amplitude of accommodation of 9D. The authors reported that for small negative lens values, an accommodation response was induced in Subject 2, thus maintaining the amplitude of the response as high as in the 0 lens condition. This, however, is not shown in Figure 4.5. Also, with an amplitude of accommodation of 9D, S2 should have been able to easily accommodate for the most negative lens tested in the SSVEP condition, which was -4D according to Figure 4.5. The conclusion drawn is that an objective method of measuring refraction can be implemented with this procedure. However, once again, finding a single maximum of cortical response seems to depend on the subject's inability to accommodate.

Duffy and Rengstorff [START_REF] Duffy | Ametropia measurements from the visual evoked response[END_REF], using an ERP paradigm, also investigated the modulation of cortical response as a function of lens value. They positioned the subject in a dark room and flashed a stimulus for 50ms on a screen placed at a distance of 6m. The stimuli were checkerboards with variable check sizes. A minimum of 100 flashes were recorded for each condition and compared to 100 flashes of a plain white light. EEG recordings were made by examining the differences in potentials between either Oz-Pz or Oz-M (mastoid). Initially, four young adults were tested using lenses ranging from -6D to +6D in 2D steps and a checkerboard at 6CPD. The subjects were then retested using lenses ranging from -2D to +2D in 0.25D steps and a checkerboard at 12CPD. Figure 4.6 illustrates the modulation of the Figure 4.5: ERG and SSVEP response amplitude as a function of lenses for subject 2. Amplitude of accommodation 9D. From [START_REF] Millodot | Refraction determined electrophysiologically: Responses to alternation of visual contours[END_REF] cortical response as a function of the lens for two different subjects during the retest with smaller lens steps. Notably, the Oz-Pz difference presented a more significant modulation as a function of lens value. For Subject 1, the cortical response peaked at +0.25D, and for Subject 2, the response peaked at -0.5D. The lens eliciting the highest cortical response was considered to be the refraction.

With the standard clinical method, the refraction for the four subjects was always 0.25 to 1D more convex than the value obtained by identifying the lens that elicited the highest cortical response. The authors explained this discrepancy as the result of differences in illumination between the EEG recording (conducted in a darkened room) and the clinical measure of refraction (under normal illumination), which led to a shift in correction due to night myopia. Moreover, the authors intentionally designed their experiment to prevent the subjects from accommodating to the target by presenting the stimulus for a short duration and providing a dark environment to obstruct focus on the screen. Ludlam and Meyers [START_REF] Ludlam | The use of visual evoked responses in objective refraction[END_REF] con-ducted an ERP experiment using a single recording electrode placed at the inion. They flashed a checkerboard for 25ms on a screen 6m away from the subject, which was viewed monocularly in a darkened room. Their data analysis approach mirrored that of Harter and White [START_REF] Harter | Effects of contour sharpness and check-size on visually evoked cortical potentials[END_REF], in which they examined the variation in the amplitude of two components relative to a baseline measurement. Nine participants, aged between 11 and 39 years old, were assessed for refraction under two conditions: a broad scan and a narrow scan, in which the lens values were adjusted in two distinct steps.

For the broad scan condition, the lenses were altered in 1D steps, and the flashed checkerboard had a spatial frequency of 3CPD (see figure 4.7 for an example). For the narrow scan condition, the lenses were adjusted in 0.25D steps, and the flashed checkerboard had a spatial frequency of 12CPD (see figure 4.8 for an example).

In the broad scan condition, no single local maximum value for the cortical response was found, a result they attributed to the substantial variation in dioptric power needed to modify the perception of a checkerboard with such a low spatial frequency. Conversely, for the narrow scan condition, a local maximum of cortical response was identified as being the refraction. When comparing this specific lens value to the monocular subjective refraction yielding the best acuity, they observed a systematic difference of 0.25D between the two, with the subjective refraction always being more hyperopic/less myopic. Moreover, they tested the effect of cycloplegia on the cortical response for one participant (see figure 4.9). A local maximum of cortical response can now be seen in the broad scan cycloplegic condition. This seems to suggest that the near-constant measured cortical re-sponse, over a range of negative lenses (1D to 2D), was due to an accommodation effort compensating for the lens. However, this explanation carries little weight due to the extremely short presentation time of the stimulus (25ms), which likely would not have been sufficient for an accommodation response to occur. However, the experiment was conducted in low-level illumination, making it possible for the subject to perceive environmental elements that would allow them to accommodate on the screen. In the narrow scan condition, the absolute amplitude is lower for the cycloplegic condition, likely due to a larger pupil size and an overall lower optical quality. Nevertheless, the modulation of cortical activity as a function of lens value seems to follow a similar trend in both the cycloplegic and non-cycloplegic conditions. The authors concluded that non-cycloplegic refraction (best visual acuity) can be achieved with EEG with a precision of 0.25D. Finally, Regan [START_REF] Regan | Rapid objective refraction using evoked brain potentials[END_REF]) tested a method of objective refraction using SSVEP on eight subjects. The method was aimed at determining both astigmatism and spherical error. The subjects viewed a checkered pattern that was flickering at 6 to 7Hz (pattern reversal) and was projected on a screen positioned 4.5m away. To test for the presence of uncorrected astigmatism, a stenopeic slit was placed in front of the subjects' eyes at various orientations. Figure 4.10 shows, for one subject, the modulation of the cortical response as a function of the orientation of the slit. A -2.5D lens was placed in front of the subject's eye. However, the method of determining the value of this lens is not mentioned in the text. Despite this, a clear peak in cortical response can be observed at an orientation of the slit of 45°, corresponding to one meridian of astigmatism. The other meridian is perpendicular, at 135°. Figure 4.11 shows the modulation of the cortical response as a function of the lens value when fixing the stenopeic slit at either 45°or 135°. During these measurements, the accommodation was pharmacologically blocked. A peak in cortical response can be observed for each orientation of the slit, indicating the necessary correction for both meridians and, therefore, the complete refraction of the subject. According to the author, this method allows for an estimation of the refraction with a precision of 0.5D for the sphere and 10°f or the astigmatism axis. However, it appears some prior knowledge is required during the estimation of the astigmatism axis. Some lenses were used, but the author did not describe how their values were determined. These studies have led to the conclusion that the lens eliciting the highest cortical activity corresponds to the subjectively determined refraction, with a precision rang- ing from 0.25 to 0.5 diopters. The amplitude of the cortical activity then decreases symmetrically for both positive and negative lens values, relative to the maximum.

However, it appears that the peak of activity may be due to the subject's inability to exert any accommodative effort. This could be either because accommodation was pharmacologically blocked, or the experimental conditions did not allow the subject to accommodate. Indeed, two papers investigated the influence of the accommodation response on the cortical response. In the first one, Sokol and Moskowitz [START_REF] Sokol | Effect of retinal blur on the peak latency of the pattern evoked potential[END_REF] examined the impact of lenses on the latency of the P1 peak in an ERP experiment. They tested one subject under cycloplegic and non-cycloplegic conditions; the subject had an amplitude of accommodation of 6.5D.

The subject was seated in a dark room, 1m away from a screen displaying a checkerboard pattern. The contrast of the checkerboard was reversed at a frequency of 2Hz, with several spatial frequencies used: 5, 2.5, 1.25, and 0.62CPD. The cortical response was measured from one electrode placed 1 cm anterior to the inion. Figure 4.12 shows the modulation of the P1 peak latency as a function of lens values for different spatial frequencies under non-cycloplegic conditions. For all four spatial frequencies, the latency shortens as the positive lens value decreases, corresponding to a reduction of spherical blur. A large range of negative lens values was tested for spatial frequencies of 2.5 and 0.62CPD, and we can observe that the latency remains almost constant across a dioptric range as large as the subject's amplitude of accommodation (6.5D). In the cycloplegic condition (figure 4.13), a local minimum appears for the P1 latency for the spatial frequencies of 2.5 and 0.62CPD. The la-tency then increases almost symmetrically around this local minimum. Sokol and Moskowitz concluded that the P1 peak latency was shortest when visual acuity was optimal, which also corresponds to the stimulus being focused onto the retina. As long as the subject is able to accommodate, the latency of the P1 peak remains constant. The second study was conducted by Millodot and Newton [START_REF] Millodot | Vep measurement of the amplitude of accommodation[END_REF]. They aimed to develop an objective method using EEG to measure a subject's amplitude of accommodation. In their SSVEP experiment, they tested 44 subjects aged between 13 and 65 years old. A 1.5CPD checkerboard flickering at 6Hz was displayed on a screen positioned 66cm from the subjects. The subjects viewed the screen monocularly and wore their distance correction (0 lens condition). The cortical response was recorded from a single electrode positioned 2cm above the inion. The subjective perception of sharpness or blurredness was also recorded for all lens values. In Group A, the cortical response was nearly constant across a wide range of dioptric values, corresponding to the subject's amplitude of accommodation. In Group B, the cortical response declined just after the initial maximum peak of cortical response before rising again. Interestingly, even though the cortical response was lower, the subject did not report blurred vision. In Group C, the cortical response diminished quickly from the peak with increased accommodation demand. In all groups, blurred vision was not reported as soon as the cortical response started to decrease. This might be due to the low spatial frequency of the stimulus, which could maintain acceptable perception despite a small amount of blur. However, the authors concluded that the lens eliciting the highest cortical response could still be considered indicative of the subject's refraction.

These papers collectively illustrate that the cortical response exhibits a clear modulation when varying the lens in front of the eye. The pattern of this modulation, however, appears to be highly dependent on the subject's ability to accommodate. If accommodation is not possible -due to either experimental conditions or pharmacological inhibition -the cortical activity peaks for a particular lens value, which corresponds to the subject's refraction. The cortical response then diminishes in a nearly symmetrical manner when deviating from this optimal lens value. On the other hand, if accommodation is possible, the cortical response remains high over a potentially large range of dioptric values, which corresponds to the subject's amplitude of accommodation.

In these situations, the refraction can still be identified, either by noting the first lens that elicits a high cortical response, or by finding the lens that prompts the highest response since small modulations are still observable.

However, the question still lingers, what does the maximum of cortical activity signify? One could assume that it coincides with the best visual acuity, and hence with the sharpest perception at a given distance. On top of that, if the maximum of cortical activity indeed correlates with the subjective refraction, such a value would not necessarily coincide with the maximum of visual acuity. As a matter of fact, the subjective refraction mea- surement, if performed correctly, should limit visual acuity to minimize any symptoms of fatigue elicited by a sustained accommodation effort. Alternatively, one can assume that the maximum of cortical activity is achieved when the stimulus is perfectly focused on the retina, and that cortical activity correlates to retinal focus. But since the retinal focus is never measured objectively, it seems hard to conclude that the variation of the amplitude of the cortical activity measured, corresponds to a variation the retinal focus.

In this set of experiments, we simultaneously record the cortical activity -with EEG-and the retinal focus, while placing different spherical lenses in front of a participant. This would allow us to track, simultaneously, the dynamics of the cortical response and of the retinal focus of the stimulus, in the effort to explore if and how recording the cortical activity could provide an objective method to identify the optimal correction.

Materials and method

Participants

We tested 17 healthy volunteers, 10 females and 7 males, from 22 to 38 years old (mean age 26.06, std 4.44). Following the tenets of the Declaration of Helsinki, written informed consent was obtained from all participants after they were explained the goal of the study, as well as the test to be performed. None of the participants reported any known neurological or systemic disease, nor did take any medication that could influence the results of the test. All participants had normal or corrected to normal binocular visual acuity, determined, at 6m, through the subjective optimal refraction method described hereafter.

Stimuli

Stimuli were radial sine-wave gratings with blurred edges presented in a pattern-reversal mode, as typically done in SSVEP (steady state visual evoked potential) protocols. The SSVEP refers to the brain response, observed via EEG, to a train of stimuli presented at a specific rate. This brain response oscillates at the same or a multiple frequency (harmonic) of the flickering frequency of the stimulus. Thus, the experimenter knows where to look in the signal to observe the hypothesised effect. The main advantages to the SSVEP method over the ERP (event related potential) method is the significantly shorter time of data recording needed to obtain a meaningful signal or observe the desired effect (i.e. a high signal to noise ratio). This method was first introduced using a flickering light [START_REF] Adrian | The Berger rhythm: Potential changes from the occipital lobes in man[END_REF], but much more complex images are used nowadays (faces, stereoscopic objects...). For most visual stimuli, the strongest signal is recorded from the electrodes located over the primary visual cortex, but it can be located elsewhere depending on the stimulus used. For example, when using faces the strongest responses will be recorded from the electrodes placed over the right occipitotemporal cortex [START_REF] Rossion | Robust sensitivity to facial identity in the right human occipitotemporal cortex as revealed by steady-state visualevoked potentials[END_REF]. Also, the flickering frequency needs to be chosen carefully depending on the type of stimulus used, as it is going to influence at which frequency the highest response is elicited with the best S/N [START_REF] Srinivasan | Steady-state visual evoked potentials: distributed local sources and wave-like dynamics are sensitive to flicker frequency[END_REF]. The general rule seems to be an inverse relationship between the flickering rate and the time needed to process the stimulus (Norcia, Appelbaum, Ales, Cottereau, and Rossion 2015), the more complex a stimulus is, the lower the flickering rate needs to be.

In the pattern-reversal presentation mode, our radial sinewave gratings alternated between two states where the white parts of the grating switched to the dark parts and vice-versa (see figure 4.15a for an example). The advantage of this method is that both phases of the stimuli supposedly trigger equivalent neural populations and result in an EEG spectrum that contains only even harmonics (multiple of the flickering frequency of the stimuli). The stimuli were generated using psychtoolbox via a Matlab script and displayed, on an Samsung OMH32 screen, at a rate of 7.04Hz (corresponding to a duration of 142 ms) and comprising 14.08 reversal per second. The screen had a resolution of 1920 by 1080 pixel, a refresh rate of 125Hz, and a mean luminance of 500 cd/m². At 6m, the stimulus patch subtended 3.8°of visual angle.

The grating had a contrasts of 100% and a spatial frequency of 15cpd. The luminance of the background was the average of the black and white part of the stimuli. Note that the stimulus parameters (flickering frequency and spatial frequency) were optimized in terms of signal to noise ratio through a pilot experiment.

Procedure

The experiment took place in a dimly lit room, with the participant seated 6m away from the display. Before starting the EEG recordings, the subjective optimal refraction (SOR), which corrects sphere and astigmatism, was determined as the maximum convex refraction that would allow the participant to have, binocularly, -0.1 log-MAR of visual acuity at 6m without any accommodation effort. In this experiment, we sought to investigate the relationship between the cortical response and the location of light focus relative to the retina, not the visual performance of our subjects. Thus, we chose to limit visual acuity to -0.1 logMAR, first because we hypothesized that this criterion would allow us to find the correction that, on average, minimizes the defocus for our subjects. Second, in an effort to reduce inter-subject variability in where the light focuses if we tried to maximize visual acuity. Indeed, not every individual achieves the same maximal visual acuity due to a variety of optical and neural factors. It's worth noting that our specific refraction may not necessarily correspond to a value that would be prescribed in a clinical setting. It would also be interesting for future work to explore the relationship between the cortical response and visual performance. If asked, an individual will most of the time subjectively prefer a slightly more myopic/less hyperopic refraction as it will increase her/his visual acuity.Depending on the amount of spherical power added, this correction can be less comfortable over time and elicit some accommodation effort, depending on the visual task, even at far distance. This will however also result in a higher accommodation response at near distance.

The SOR was measured using the Vision R-800 (Essilor-Luxotica, Paris, France), an automatic phoropter that offers continuous optical power changes by deforming a single liquid lens. This device allows for almost instantaneous lens power variation and it does not require to stack multiple lenses together to simulate various lens powers.

Participants were then equipped with the EEG cap; their visual perception was modulated by adding binocularly to the SOR a spherical lens power from +1 to -0.75 dioptries in 0.25 step (over-correction level). Note that the astigmatism was corrected for all participants. The cortical activity was recorded for 30s for each over-correction level, in binocular condition. The sequence of over-corrections was repeated in two consecutive trials. The EEG was synchronized with the Vision-R 800, each modification of lens by the Vision R-800 was marked in the EEG data at the precise time where the change occurred. Participants were asked to fixate a red dot placed at the center of the stimuli during the measurements and to move as little as possible, however they were allowed to blink as often as they wanted.

In the third trial, the retinal defocus (how much an image is out of focus from the retina) was measured using an open field autorefractor, the GrandSeiko WAM-5500 (Japan). EEG was recorded simultaneously. The sequence of over corrections tested was the same as before; however, lenses were placed on a trial frame and were changed manually each 30s. The sequence of overcorrections was tested in a single trial. Throughout the entire recording, we chose not to control the pupil size of our subjects using artificial pupils, as this is not common practice during traditional subjective refraction procedures. The WAM-5500 provided a measure of pupil size; however, this measure wasn't always reliable due to the multiple lenses placed in front of the subject's eye.

Data acquisition

EEG signals were recorded at a sampling rate of 500Hz with a 32 channel electrodes system (EEGO sports, ANTneuro).

The electrodes placement corresponds to the 10-20 standard system. The impedance of each electrodes were kept below 20 kOhm during the entire recording. The data were recorded using a custom Matlab program that was also retrieving the trigger sent by the Vision R-800 corresponding to the change of lenses. The retinal de-focus was recorded with a GrandSeiko WAM-5500 at a rate of 6Hz.

Data pre-processing

The retinal defocus data were cleaned by applying a moving window of 5s to the data. Data points that were more than three standard deviations off the median of the windows were defined as outliers and removed. Data for 3 participants were excluded, since the device was unable to acquire the data in a reliable way. EEG data were filtered between 1 and 40Hz and rereferenced to the average of the 32 electrodes. From the 30s recorded, the length of all epochs was set to be the highest multiple of 71 sample points (corresponding to 142ms at 500Hz and a frequency of 7.04Hz). This was done to precisely estimate the power of the signal at our frequency of interest when performing the Fourier transform. A Fast Fourier Transform was applied to each epoch. Only the real part of the output, i.e. the magnitude, was kept and squared to compute the power of the signal. The resulting EEG power at 14.08Hz, i.e. the second harmonics of the flickering frequency of the stimuli, was normalized between 0 and 1, for each participant, and taken as the index of the effect of spherical blur.

Fitting procedure of EEG data

We implemented a model that, given the cortical response to the flickering stimulus perceived through the tested sequence of over-corrections, identifies the lens that corresponds to the SOR. If the model is correct, we should be able to retrieve the SOR for each partici-pant from her/his EEG signal, with sufficiently high accuracy.

To do so, we extracted from the EEG signal an estimation of the spectrum using the Welch periodogram method. This method splits the entire signal into windows of specified durations, estimates the spectrum for each window, and averages them together. The Welch method has the advantage of reducing the noise in the signal by sacrificing frequency resolution. This loss of resolution is not damaging to us as we are only interested in very specific frequencies,i.e. the flickering frequency of the stimulus and its harmonics. We applied Welch on the following channels: O1, Oz, O2, Poz, P3, Pz, P4 and, for estimating the stimulus harmonics from the spectrum, between 0 and 40Hz. We ended up with a plot of the peaks of cortical activity as a function of the tested over-corrections. Next, we set out to fit a sigmoidal function to this data. Not all the over-correction values were considered at once for the fitting, but rather a subset of 5 or 7 consecutive values. This resulted in 6 sigmoids fitted for each channel and frequency. For all sigmoids, its RMSE was calculated. We kept the 5% for which the RMSE was the highest and made the prediction that the over-correction level corresponding to the inflection point of the fitted sigmoid was the subjective refraction (SOR).

The prediction for each sigmoid was then aggregated to create a probability distribution for which the overcorrection was the most susceptible to correspond to the SOR.

The final decision was then conducted either by considering the correction that had the highest probability or the center of mass of the probability distribution.

Eye model

An optical model [START_REF] Atchison | Optical models for human myopic eyes[END_REF]) was used to simulate the propagation of light through the different ocular surfaces, until the light hits the retina, with the aim to predict and quantify the retinal image quality of our stimuli [START_REF] Marcos | Image quality of the human eye[END_REF]. More in details, the model allows us to take into consideration the role of pupil size, diffraction and high order aberrations on the retinal image quality of the normal human eye. Importantly, the model features some anatomical characteristics of the eye such as aspherical optical surfaces and a gradient-index crystalline lens. This allows for a good representation of average higher order aberrations of the eye in an adult population. For instance, the primary spherical aberration (Zernike coefficient C 0 4 ) for the emmetropic version of the model is about 0.12µm for a 6mm pupil size, which is close to the population average Value (0.13µm as reported by Salmon and van de Pol [START_REF] Salmon | Normaleye zernike coefficients and root-mean-square wavefront errors[END_REF]).

Here, we used the model to calculate through-focus retinal image quality for various pupil sizes, in order to assess the impact of spherical aberration on the best-focus position. The modulation transfer function (MTF) is one common method to measure the optical performance of an imaging system and therefore the image quality [START_REF] Born | Principles of optics: electromagnetic theory of propagation, interference and diffraction of light[END_REF][START_REF] Goodman | Introduction to Fourier optics[END_REF]. Hence, the MTF can be applied to the human eye in order to assess the retinal image quality. More specifically, the MTF is the modulus of the normalized Fourier transform of the eye point spread function (PSF), i.e. the image of an object point through the eye. The MTF represents the decrease in sinusoidal grating contrast as a function of spatial frequency, and we can expect the MTF value at a frequency corresponding to the stimuli of interest (15 cpd grating in our case), to be a reasonable estimator of the retinal image quality. Note that, the MTF of the retinal image calculated from the model (for an emmetropic observer), is a fairly good estimator of that measured in human subjects with double pass methods [START_REF] Artal | Odd aberrations and double-pass measurements of retinal image quality[END_REF][START_REF] Berny | Etude de la formation des im-ages retiniennes et determination de l'aberration de sphericite de l'oeil humain[END_REF][START_REF] Charman | The optical quality of the monochromatic retinal image as a function of focus[END_REF][START_REF] Liang | Aberrations and retinal image quality of the normal human eye[END_REF][START_REF] Santamaría | Determination of the point-spread function of human eyes using a hybrid optical-digital method[END_REF][START_REF] Westheimer | Light distribution in the image formed by the living human eye[END_REF].) However, one obvious limitation is that the MTF does not take into consideration further cortical levels of visual information processing. Such limitation can be accounted for by using the contrast sensitivity function (CSF, the change of contrast perception as a function of spatial frequency) as a weighting function for the MTF. Therefore, an additional way of estimating the image quality of a grating objects while accounting for both optical aberrations and psychophysical specificities, is to compute the VSMTF (Thibos, Hong, Bradley, and Applegate 2004), i.e. the visual Strehl ratio computed in the frequency domain, where the MTF is weighted by the neural contrast sensitivity function CSF N :

V SM T F = R 2 CSF N (f x , f y )M T F (f x , f y )df x df y R 2 CSF N (f x , f y )M T F DL (f x , f y )df x df y (4.1)
where, M T F DL represents the MTF of a diffraction limited imaging system for the relevant pupil size. Various CSF N exist in the literature, and a common one, which we used, has been described in [START_REF] Campbell | Optical and retinal factors affecting visual resolution[END_REF]. Moreover, phase transformations contribute to the retinal image quality and may be assessed, along with the contrast modulation, by using a different metric, the VSOTF:

V SOT F = R 2 CSF N (f x , f y )OT F (f x , f y )df x df y R 2 CSF N (f x , f y )OT F DL (f x , f y )df x df y (4.2) where OT F (f x , f y ) = F{PSF(x, y)}(f x , f y ) F{PSF(x, y)}(0, 0) (4.3)
Note that the MTF is the modulus of the OTF, therefore the information about the phase is lost. The VSOTF provides a rigorous way to quantify the retinal image quality.

Results

First, via the EEG data analysis, we verified that the flickering gabors indeed elicited a significant cortical signal in the occipital cortex, with an acceptable signal to noise ratio. Figure 4.15b shows the power spectral density of the EEG signal recorded from electrodes Fz and O1 (for an exemplary over-correction level of -0.75D).

We observed an important peak of activity at 14.08Hz for O1, which is the second harmonics of the flickering frequency of our stimulus, in accordance with the pattern reversal nature of our stimuli [START_REF] Norcia | The steady-state visual evoked potential in vision research: A review[END_REF]. We had the highest response over the occipital region for the electrodes POz, O1, Oz, and O2. Note that in the frontal lobe, the activity at 14.08Hz was almost non-existent, as expected for this kind of visual stimulation. Figure 4.17a shows the cortical activity measured for the electrodes POz, O1, Oz, and O2 for a single participant, for different overcorrection levels. We can clearly observe a trend, for all 4 electrodes. The positive over-correction level elicits the lowest activity and the negative over-correction level elicits the highest activity (notably the "-0.5D" level) Next, we plot the normalized power of the cortical signal for all participants (N = 14) as a function of the lens power (figure 4.17b). We observed that both the mean and median cortical response increase from +1D to -0.75D. The maximum response occurs either at "-0.75D" or "-0.50D" depending on the electrodes. This is not in agreement with the literature, which rather states that the refraction of a participant, the "0D" condition, elicits the highest activity; in our case, an over myopic correction produces more power in the cortical response. Furthermore, we observed that the cortical activity as a function of the over correction levels had a sigmoidal rather than a bell-shaped behaviour, as previously reported in the literature. When fitting a sigmoidal function over the data (see figure 4.16 for some examples of individual data), with the procedure described in the Method section, we could indeed retrieve the SOR from the inflection point of the sigmoid. The accuracy of the model was close to 100% when we allowed 0.25D of tolerance on the SOR (see Appendix figure 7.1).

Figure 4.18 shows the correlation and the Bland-Altman plot of the relationship between subjective refraction and refraction estimated with the sigmoidal fit method. The correlation shows an R 2 of 1, and the Bland-Altman indicates no difference on average. Thus, our method accurately determines the lens which minimizes the defocus and by extension the most positive lenses that allow a subject to achieve a visual acuity of -0.1 LogMAR. However, this correction does not permit our participants to reach their potential maximal visual acuity. Nonetheless, one may only need to identify another point in the cortical response to find the lens that enables the subject to achieve their maximal visual acuity. According to the literature (see 4.2), the lens that elicits the highest cortical response also allows for maximal visual acuity. We measured the retinal defocus simultaneously to the EEG recordings, while changing lens power in front of the participant. The goal was to verify whether cortical activity peaked when the stimulus was perfectly on focus on the retina. Figure 4.19 shows the variation in time of the retinal defocus for one participant, as well as the mean for all participants (panels a, b). Figure 4.19 c shows the mean and median over the 30s of stimulus presentation of the retinal defocus for all participants as a function of over-correction level.

The fact that the mean retinal defocus is almost 0 for the over correction level "0D" indicated that indeed our participants were properly corrected, and that the subjective correction we find is adequate. Of course, this assumes that the purpose of the WAM-5500 measurement is to provide the correction that minimizes defocus, not the one that maximizes visual acuity. It also suggests that our experimental conditions do not seem to inherently induce any accommodation response, whether due to the flickering stimulus or the red fixation point. Additionally, we observed a linear relationship between the lens added to the SOR and the retinal defocus (R-squared: 0.999), indicating an average accommodative effort almost null across all lens conditions. Therefore, given the lack of accommodation, we expected the same sigmoidal response trend observed in figure 4.17b when plotting the scatter plot of the power of the cortical response as a function of the retinal defocus (figure 4.20a).

Once we established the lack of correlation between the cortical activity and the retinal defocus, we set out to analyse if and how the cortical activity would rather correlate with the retinal image quality, than with the retinal defocus. If verified, this hypothesis would signify that the cortical activity is modulated by a combination of several optical parameters, like, for example, the pupil size (see Appendix figure 7.3), and the higher order aberrations of the eye. To validate our hypothesis, we used an emmetropic eye model to simulate and quantify the retinal image quality of our stimuli. Figure 4.20b shows the VSOTF of an average emmetropic eye, as a function of the defocus from the retina. The VSOTF represents a metric to quantify the retinal image quality, and it has the advantage of accounting for important psychophysical features; the lower the VSOTF value, the worse the image quality. We found a very good agreement between the VSOTF and the MTF at 15cpd. The MTF describes the stimulus contrast gain at the retina level; the lower the MTF value, the lower the stimulus contrast gain. Hence, one can interpret the behaviour of the curves in figure 4.20b, equivalently, in terms of retinal image qual- First of all, the image quality is not maximal when the stimulus is on focus onto the retina, illustrating that retinal defocus is indeed not equal to retinal image quality. Moreover, we can observe that the image quality increases with the decrease of the pupil diameter, which is a known effect. Like the defocus, optical aberrations blur the retinal image, reducing image contrast and limiting the range of spatial frequencies available to further stages of visual processing. The contribution of aberrations to optical degradation is typically smaller than is that of defocus or astigmatism. However, the blurring effect of aberrations becomes more noticeable for larger pupils. We can also observe a shift in the relative maximal contrast gain as the pupil size changes. The more the pupil size increases, the more the maximal contrast gain shifts toward positive defocus values (i.e the stimulus is focused behind the retina). Hence, the retinal image quality improves for negative over-correction values. These results could explain why we find that the cortical response is maximal for negative over-correction values, rather than for the SOR value, or analogously, rather than for an optimal retinal focus. In other words, the retinal image of the stimuli is more contrasted for negative over correction values, and thus elicits a higher cortical response. In accordance with our hypothesis, when looking at the correlation between the cortical activity and the VSOTF (see Appendix figure 7.2), we do find that the correlation increases with pupil size, and it is close to 1 for a 7mm pupil.

Discussion

We recorded cortical activity via EEG while modulating the sharpness of a flickering visual stimulus through negative and positive corrective lenses; simultaneously, we measured the retinal defocus of the stimulus via an open field autorefractor, under the hypothesis that the cortical activity might correlate with it. We found that the cortical activity correlates with the retinal image quality, rather than the defocus of the stimulus on the retina, and hence might potentially be affected by a combination of several other optical factors.

The idea to look at cortical activity to provide an objective measure of the optimal correction exists since a long time [START_REF] Harter | Effects of contour sharpness and check-size on visually evoked cortical potentials[END_REF][START_REF] Millodot | Refraction determined electrophysiologically: Responses to alternation of visual contours[END_REF][START_REF] Duffy | Ametropia measurements from the visual evoked response[END_REF][START_REF] Ludlam | The use of visual evoked responses in objective refraction[END_REF][START_REF] Regan | Rapid objective refraction using evoked brain potentials[END_REF]. Most of these studies, however, fail to clarify what is that one measures -in the brain-when modulating the sharpness of visual perception by means of corrective lenses. One potential source of confusion comes from the observation that the cortical activity peaks at the subjective optimal correction (SOR), i.e. at the lens value found via subjective refraction, but no detail is given on how such subjective refraction is measured. Hence, it remains unclear whether, in the process of determining the SOR, visual acuity was maximized or rather limited to minimize accommodation. In our case, the SOR was determined to privilege minimum accommodation effort over maximal visual acuity. This is likely the reason why we found that the highest amplitude of cortical activity did not correspond to the SOR, but rather to an over myopic correction (of approximately -0.5D). However, it should be noticed that this result can also be related to the tendency of subjects to more easily accept on the short term a slight under-hyperopic or over-myopic correction (e.g., 50% of population wearing glasses in India have a refractive error of 0.5D (Sheeladevi, Seelam, Nukella, Borah, Ali, and Keay 2019)). Moreover, importantly, instead of the typical bell-shape with a unique maximum and a symmetrical decrease around it (as reported in a large part of the classical literature cited above) the cortical response that we recorded follows a sigmoidal behaviour, with the maximum of activity spreading across a plateau of negative lens values. The easiest explanation of such an asymmetry could have been that our participants, contrary to those in the above-mentioned studies, do deploy an accommodative effort in order to keep the stimulus in focus when wearing negative lenses. Nonetheless, our range of tested lens values is too narrow to definitively conclude on the overall modulation of cortical activity as a function of spherical lens values. Despite being an interesting question, this is outside the scope of this research as our main focus is to be able to measure a subject's refraction. Subjects had high cortical responses for all the negative lens values tested, similar to previous studies where subjects were also able to freely accommodate the stimulus [START_REF] Sokol | Effect of retinal blur on the peak latency of the pattern evoked potential[END_REF][START_REF] Millodot | Vep measurement of the amplitude of accommodation[END_REF]. However, in those papers, subjects were in monocular viewing conditions. It is thus not clear that in our case (binocular viewing condition), the cortical response would have remained high over a broader range of negative lens values, as this would have increasingly disrupted the ecological binocular function (accommodation convergence conflict).

However, unexpectedly, we observed from the open field autorefractor data recorded simultaneously to the EEG signal, a linear relationship between the overcorrections and the retinal defocus, indicating the absence of an accommodative effort across all lens conditions. In a theoretical system, for negative lenses, the accommodation response would have nullified the defocus (green curve in figure 4.19c). However, in real life, the eye has a depth of field: a dioptric range in which the visual perception does not change appreciably. The visual system will, thus, minimize the accommodation response with respect to the theoretical demand, while still achieving acceptable visual acuity (Bernal-Molina, Montés-Micó, [START_REF] Bernal-Molina | Depth-of-field of the accommodating eye[END_REF]. This balance, between the accommodation response and the visual performance, will depend on the visual task and on the stimulus. The lower the spatial frequency content of the visual stimulus, the lower the accommodation response will be, since a greater defocus does not reduce visual performance. Thus in our case, the use of a fairly low spatial frequency of 15 cpd would explain the measured defocus for the negative lens. Moreover, the accommodation was probably hindered by the flickering of the stimulus and by the absence of an active task to be performed.

Even more surprisingly, we found that the amplitude of the EEG response does not correlate with the absolute value of the retinal defocus (figure 4.20a). Thus, cortical activity is not a good predictor of retinal defocus. If it was the case we would have had a maximum amplitude of the cortical activity for the "0D" condition, where the retinal defocus is minimal. Furthermore, the signal would have decreased symmetrically for positive and negative retinal defocus values. Instead, the behavior of the cortical activity rather correlates with the theoreti-cal retinal defocus, which would be null when the accommodative response compensates the defocus induced by the negative lenses (see green curve curve in figure 4.19c).

Then, how to reconciliate the behavior of the cortical activity knowing that our measurements did not show any compensating accommodation response for negative lens values? We put forward the hypothesis that the cortical activity correlates with the retinal image quality rather than with the retinal defocus. This implies that retinal image quality and retinal defocus do not coincide.

As a matter of fact, the former is defined by a significant amount of other factors such as optical aberrations, pupil diameter, light intensity, eye transparency etc. Notably, a symmetric defocus around the retina, in the presence of a certain amount of spherical aberrations, will correspond to dissimilar contrast transfers for specific spatial frequencies, hence yielding asymmetric retinal image quality. This has been shown by simulations run on an emmetropic eye model, which takes into consideration all the above mentioned optical factors. The simulation results show that at a spatial frequency of 15 cpd, i.e. the spatial frequency of the flickering stimulus we used, the contrast gain will be higher in the -0.5D condition compared to the +0.5D and will decrease more slowly for negative over-correction values, yielding a better image quality. As a result, we do find an analogous behaviour in the cortical activity, with higher peak amplitudes for negative lens values. Note that, in the model, the observed effect of contrast gain increases with the pupil diameter. We chose to study contrast gain as a function of the pupil diameter, while using a fixed, averaged value for the spherical aberrations. Although the two parameters are expected to be correlated, in the future it might be interesting to disentangle the two by measuring spherical aberrations individually for each participant, and use those values to run the model simulations.

It has been shown [START_REF] Webster | Neural adjustments to image blur[END_REF]Webster 2002, Webster 2015) that the perceptual judgement of blur is biased after blur adaptation. Hence, one could expect such an adaptation to be reflected on the cortical activity. However, we found that the amplitude of the EEG signal does not decrease significantly over the 30s of stimulus presentation, for any of the over-correction tested (see Appendix figure 7.4). Moreover, the confidence interval on the inflection point of the sigmoidal fit increases linearly form 1 to 5s of stimulus presentation and reaches a plateau at 30s. If the signal was affected by adaptation, its decrease over time would have entailed a decrease in the confidence level as well.

As stated before, contrary to most of the existing literature on the subject, we found that the lens condition corresponding to the SOR does not elicit the highest response and that an under-correction of the hyperopia or an over-correction of the myopia elicits a higher power. It seems that how the SOR as well as visual acuity are measured in those studies might be an issue and should be managed case by case. To this regard, it is important to stress that visual acuity, as measured classically in a refraction exam, is not a good metric to investigate the relationship between clearness of perception and cortical activity. In itself, visual acuity indicates the highest spatial frequency an individual is able to discriminate. The classical stimuli used to measure visual acuity, i.e. the optotypes, have varying spatial frequencies and sizes and, hence, each will potentially elicit a different modulation of cortical activity. Spatial frequency and size of the stimulus, simply put the stimulus changing parameters, will then become confounding variables when searching for the effect of the clearness of the perception on cortical activity. In our case, the stimulus used has a fixed size and a fixed spatial frequency, providing a way to work around this problem. In future works, it would be interesting to combine our stimulus with a gradation metric approach [START_REF] Legras | Measurement and prediction of subjective gradations of images in presence of monochromatic aberrations[END_REF] in which participants are asked to grade from 0 to 100 (0 being bad and 100 being excellent) the clearness of their visual perception while viewing a stimuli with fixed parameters through different lenses. This method would allow to assess if the gradation score, i.e a subjective proxy of the clearness of the visual perception, correlates with the amplitude of the cortical activity.

Chapter 5

Towards an objective refraction via EEG : the implementation of an offline BCI

EEG and refraction

Refraction is the key point of an ophthalmic examination when a visual correction is necessary, or as a diagnostic tool. Today, this refraction can be obtained with two different methods: optical refraction and subjective refraction.

Optical refraction, which does not rely on the patient's response, can be obtained with instruments that are currently widely available to prescribers (skiascope, automatic refractometers, aberrometers etc.). It is used by most prescribers as a starting point or information during a refraction examination. But, although it provides access to a measure of ametropia, optical refraction is often considered less reliable than a subjective refraction examination. Indeed, for many ametropic people, optical refraction alone does not allow to obtain an effective correction of the visual defect in glasses, bringing an insufficient visual acuity and visual comfort.

On the contrary, subjective refraction is considered as the reference by most prescribers. It is based on methods that involve the patient's response in order to determine the optical correction that gives the best possible visual acuity at distance with minimal accommodative effort. The "standard" method (mono, bio, bino) follows the principle of first correcting each eye independently (hiding the unexamined eye), from an objective starting point, in spherical and cylindrical correction, then balancing the vision of both eyes in a biocular equilibrium, and finally balancing the spherical refraction of the ocular couple in binocular condition to obtain the optimal subjective refraction. However, we can now identify two major factors that make subjective refraction not a completely optimal measure. First, due to the subjective nature of the measurement, which relies solely on the patient's response, the result can often be quite noisy and therefore not accurate. The patient himself is often unable to judge with certainty which correction gives the clearest image perception. Secondly, for many years, subjective refraction techniques have hardly changed, and are not perceived as easy and comfortable by wearers. Indeed, wearers are aware of the critical role that eye examination plays, and pay particular attention to those factors that can lead to erroneous results, sometimes involving a stressful experience.

The goal of this thesis is to set the basis for developing an objective refraction method based on the recording of cortical activity using an EEG (electroencephalography) device, in order to more comfortably and less noisily determine the optimal ophthalmic correction for the patient.

Why record cortical activity? First, because the vision process involves much more than the optics of the eyes.

In the context of neuro-ophthalmology, it is known that by measuring the visual evoked potentials of the brain (VEP) using EEG, we can obtain objective information on the functioning of the entire visual system, from the anterior segment of the eye to the visual cortex. Since the VEP test provides important diagnostic information about the functional integrity of the entire visual system, it can be useful for detecting and monitoring many types of visual abnormalities. It is often used to help doctors diagnose and/or locate neurovisual disorders in children, such as optic neuritis, amblyopia, and visual asymmetries caused by refractive errors [START_REF] Tello | Repeatability of short-duration transient visual evoked potentials in normal subjects[END_REF]Ritch 2010, Naismith, Tutlam, Xu, Shepherd, Klawiter, Song, and[START_REF] Naismith | Optical coherence tomography is less sensitive than visual evoked potentials in optic neuritis[END_REF]. Visual evoked potential tests provide objective data on often subtle and difficult-to-detect visual abnormalities, as no response is required from the patient. This also allows testing of preverbal children, infants, and patients with communication difficulties [START_REF] Simon | A new visual evoked potential system for vision screening in infants and young children[END_REF]. More specifically in the context of refraction, as early as 1973, Regan [START_REF] Regan | Rapid objective refraction using evoked brain potentials[END_REF] showed that it was possible to determine, via EEG, the spherical and cylindrical components of an objective refraction.

The feasibility of the project: A first pilot

The basic idea of this research is mainly based on the results of preliminary measurements carried out by com-bining the recording of cortical activity via EEG, with the automated refraction measurement made through the new Vision-R 800 continuous refractometer. The Vision-R 800 allows continuous control of lens power and generates instantaneous, simultaneous and unobscured changes of sphere, cylinder and axis. These changes can be synchronised with the EEG signal recording, so that the evolution of perceptual cortical activity can be studied in an automated way as a function of different ophthalmic lens correction values.

Our preliminary measurements have shown that the VEP recorded from the occipital lobe is significantly modulated by the sharpness level of the visual target. Specifically, correction errors can be discriminated from the cortical signal with a resolution of 0.25D (figure5.3). These results are in agreement with several studies that have shown that sharper images and higher visual acuity generate higher cortical activity in the primary visual areas [START_REF] Regan | Rapid objective refraction using evoked brain potentials[END_REF][START_REF] Burton | The effect of blur on cortical responses to global form and motion[END_REF][START_REF] Hemptinne | Rapid objective assessment of contrast sensitivity and visual acuity with sweep visual evoked potentials and an extended electrode array[END_REF]. However, as it will be discussed at length further on in the chapter, we did find some main differences between our results and the classical ones.

In this pilot, a total number of 8 subjects, with any ammetropy, have been tested with 11 correction values.

The measurement consisted of presenting a visual stimuli and modulating the visual perception using the Vision-R 800 refractor, asking the participant to make a simple judgment, i.e. did you perceive the stimulus to be blurry or sharp, and recording the cortical activity with EEG during the entire time. The level of blurring of the stimuli was controlled by manipulating the power of the sphere (from +2D to -1D) with fixed variation steps (e.g. 0.25D) using the Vision-R 800 refractor. The lens were changed in a random order.

Participants were seated on a chair at a distance of 6m from the stimuli displayed on the CSpola600 screen, and looked at the stimuli, binocularly, through the Vision-R 800 refractor (5.1). The stimuli were images like those used during a standard refraction examination, i.e. a cloud of black dots on a white background, and were presented statically on the screen for a few seconds, and on consecutively repeated trials. Stimulus parameters such as brightness, contrast, spatial frequency were kept constant. Note that we did not use the SSVP technique for the pilot, hence, we were compelled to record a much larger number of trials to observe significant VEPs.

The main result of our measurements showed that the visual evoked potential recorded from the occipital lobe was modulated significantly by the level of blurriness of the visual target. More precisely, the correction errors could be discriminated exclusively from the analysis of the cortical signal, with a resolution of 0.25D via standard classification algorithms. Each curve identifies a different optical correction, as indicated in the legend (in diopters), added to the participant's optimal optical correction. The "zero" correction indicates that the subject was viewing the stimulus through its optimal correction. The + 2D correction is the one that makes the least power and it is also the correction by which observers perceive the stimulus as being the most fuzzy. The correction which gives the highest power is that which corresponds to the perception of the stimulus the most distinct. Using the amplitude of the peaks of the power spectrum as an input to a nonlinear classifier allows the different corrections to be distinguished with very good precision.

First step towards a BCI for refraction

The key principle of a BCI, as in brain-computer interface, is that electrophysiological measurements of brain activity provide a non-muscular channel for sending messages and commands to the external world [START_REF] Wolpaw | Brain-computer interfaces for communication and control[END_REF]Vaughan 2002, Chaudhary, Birbaumer, and[START_REF] Chaudhary | Brain-computer interfaces for communication and rehabilitation[END_REF].

BCIs determine the intent of the user from the decoding of a variety of different electrophysiological signals.

These signals include SSVP peaks, slow cortical potentials, P300 potentials, and mu or beta rhythms recorded from the scalp, as well as cortical neuronal activity recorded by implanted electrodes. They are translated in real-time into commands that operate a computer display or other devices. Successful operation requires that the user encode commands in these signals and that the BCI derive the commands from the signals (see 5.4). Today, a better understanding of brain functions, as well as the advent of powerful low-cost computer and EEG equipment, allow the development of new augmentative communication and control technology, which is especially critical for those with severe neuromuscular disorders, such as amyotrophic lateral sclerosis, brainstem stroke, and spinal cord injury. The immediate goal is to provide these users, who may be completely paralyzed, or 'locked in', with basic communication capabilities so that they can express their wishes to caregivers or even operate word processing programs or neuroprostheses.

In the context of ophthalmology, the idea of a BCI applied to a refraction exam aroused from the will to provide an objective measure of the clearness of visual per- ception. As of today, the prescription of corrective lenses is still relying heavily on both the wearer's subjective response and on the operator's experience level, as a result, it is often noisy and inaccurate. Furthermore, the progress on the portability and the resolution of EEG modern recording systems makes it much more accessible and efficient to design an automated machine to operate a refractor device. In order to perform a refraction exam via a BCI one should use the cortical signal recorded under the SSVP protocol to control the change of the lens power in the refractor. The flickering stimulus, displayed on a screen at 6m, is perceived through a correction lens whose value is set via the refractor. The EEG signal is recorded continuously and processed in real-time. The lens power is then automatically changed based on the amplitude of the cortical signal until the inferred optimal correction is reached. To be able to build such an automated machine, we set out to validate the previously observed sigmoidal model of cortical activity as a function of lens corrections by retrieving the optimal correction (from pre-recorded data) as the inflection point of the sigmoid. To do so, we relied on the procedure developed by our collaborators at Braincredible, based on the classical steps of features extraction, non-linear curve fitting and feature selection applied to our EEG data. Note that, among the pre-recorded data, we recorded the neural activity corresponding to the optimal correction defined as the subjective refraction measured beforehand. Having established the underlying sigmoidal model is crucial since it serves as a criterion to identify, via the real-time analysis of the EEG data, the optimal correction. As a matter of fact, Braincredible analysis confirmed that our assumption was correct:they were able to retrieve the optimal correction from the cortical activity for 60% of our participants, and almost 100% when allowing an uncertainty of 0.25D. To prove that the analysis of the EEG data was feasible in real-time, Braincredible developed an off-line demo of their algorithm in which they replayed the neural data of one of the subjects we previously recorded. From the demo, we confirmed that data were analyzable in real-time with an output provided after 30s of each stimulus-lens value pair presentation. Such an output is then supposed to provide the command to the autorefractor to change the lens value appropriately, up to the point at which the estimation of the optimal correction is achieved. In this first phase of the project we could validate the sigmoidal model because we assumed we knew before hand the optimal correction of the subject. As a matter of fact, this correction was measured with the classical method of the subjective refraction. This was a necessary step to be able to validate that such an optimal correction could be retrieved successfully. However, a non negligible source of complexity arises from the fact that in a purely clinical setting the optimal correction is not known a priori (and it is exactly this optimal correction that we try to estimate via EEG). A gross estimation can be obtained through the measurement of the optical refraction via an autorefractometer, which provides the closest objective measure to the wearer refraction. We assume, moreover, that the astigmatism value provided by the autorefractor is essentially correct and we set out to find the optimal sphere, again, via real-time analysis of cortical activity. The complexity of this new paradigm will be further discussed in the next sections.

The Implementation of an offline BCI for refraction

State of the art

Trying to determine if the cortical activity is linked to the quality of the visual perception of an individual is a relatively old endeavour [START_REF] Lifshitz | The averaged evoked cortical response to complex visual stimuli[END_REF][START_REF] Copenhaver | Factors affecting visually evoked cortical potentials such as impaired vision of varying etiology[END_REF][START_REF] Harter | Effects of contour sharpness and check-size on visually evoked cortical potentials[END_REF]). Harter, Russel, and White were among the first to try to characterize this phenomenon in a more rigorous way by looking at how the amplitude of the cortical response recorded via EEG was modulated when viewing binocularly a checkerboard stimulus through various spherical lenses. They concluded that the amplitude of the response was maximal when the sharpness of the stimulus viewed through the lens was maximal and that this specific lens would correspond to the necessary refraction the subject needs.

A deviation from that lens power would cause a reduction in neural activity. This reduction in amplitude was similar whether a concave or convex lens was added. For example, a lens of +1 D or -1 D relative to the maximum value would elicit the same cortical response (see figure4.1).

They also noted that the reduction in amplitude varied with the size of the checks used, smaller checks (2.5 cpd) were associated with a faster reduction in amplitude compared to larger checks (0.5 cpd).

Several studies have since examined the modulation of cortical activity with lens power using different paradigms [START_REF] Millodot | Refraction determined electrophysiologically: Responses to alternation of visual contours[END_REF][START_REF] Duffy | Ametropia measurements from the visual evoked response[END_REF][START_REF] Ludlam | The use of visual evoked responses in objective refraction[END_REF][START_REF] Regan | Rapid objective refraction using evoked brain potentials[END_REF]. They all assume that the lens for which the highest cortical activity is elicited corresponds to the clinical refraction determined subjectively (with a precision ranging from 0.25 to 0.5 dioptries). However, no detail is given on the method used to determine this clinical refraction, in particular whether it coincides with the maximum convex sphere, and whether it allows the subject to have 10/10 of visual acuity (or more).

Since the 70s the interest regarding these topics has faded and, due to technological limitations, the lack of user friendly systems and the time require to acquire enough data, the use of EEG to determine the refraction in clinical setting is still non-existent. Nonetheless, the mapping of other visual functions via EEG, like visual acuity [START_REF] Almoqbel | The technique, validity and clinical use of the sweep vep[END_REF][START_REF] Hamilton | Vep estimation of visual acuity: a systematic review[END_REF][START_REF] Mackay | Real-time rapid acuity assessment using veps: development and validation of the step vep technique[END_REF][START_REF] Katsumi | Spatial frequency sweep pattern reversal ver acuity vs snellen visual acuity: effect of optical defocus[END_REF], Here, given the recent advancement of the EEG technology, its relatively low cost and ease of use, we set out to explore whether the modulation of the cortical signal with the quality of visual perception can be evaluated more precisely and faster. Our final aim is to be able to determine the optimal refraction of a subject only by reading her/his EEG activity (without any subjective feedback from the subject) in a more reliable way. Besides the automated and accurate identification of a subject's optimal refraction (OR)/optimal correction (OC), we seek to devise methods able to discern if a specific tested lens is to negative or positive compare to the endpoint of the method. The could help reduce the overall duration of the method.

Methods

Participants

We recorded neural activity via EEG from a total of N=42 participants (31 young : 27.5 ± 4y, 11 elderly : 72 ± 10y). Some participants participated in several data acquisitions, for a total of 61 data sets. All subjects signed informed consent and the study was approved by the local ethical committee. All experimental pro-cedures complied with the mandates of the Declaration of Helsinki.

When needed, we determined the subjective refraction of the participants at 6m (SOR, as in subjective optimal refraction) via the methods described in 2.6.

Stimuli

All stimuli were circular sine wave gratings at 100% contrast with blurred edges presented in a pattern-reversal mode. In this presentation mode, the gratings alternate between two states in which the white parts of the grating switch to the black parts and vice versa. The stimuli were generated using psychtoolbox via a Matlab script and displayed, on an Samsung OMH32 screen. Different spatial frequencies and flickering frequencies were tested and will be describe in the corresponding experiment.

The screen had a resolution of 1920 by 1080 pixel, a refresh rate of 125 Hz and a mean luminance of 500 cd/m². At 6m the stimulus patch subtended 3.8°of visual angle. The luminance of the background was the average of the black and white part of the stimuli.

Data acquisition

EEG signals were recorded at a sampling rate of 500Hz with a 32 channel electrodes system (EEGO sports, ANTneuro). The electrodes placement corresponds to the 10-20 standard system. The impedance of each electrodes were kept below 20 kOhm during the entire recording.

Feature extraction

EEG signals are first cleaned, the signal is processed with filtering (between 0 and 40Hz), common average referencing and large Laplacian spatial filtering [START_REF] Mcfarland | Spatial filter selection for EEG-based communication[END_REF].

To identify the subjective optimal refraction (SOR) based on steady-state visually evoked potentials (SSVEP) responses we extracted from the electroencephalography (EEG) signal an estimation of power spectral density (PSD) using the Welch periodogram method [START_REF] Welch | The use of fast fourier transform for the estimation of power spectra: A method based on time averaging over short, modified periodograms[END_REF]. This method splits the signal segment whose spectrum is being estimated into smaller, internal windows of specified duration and overlapping, estimates the spectrum for each of these internal windows with regular fast Fourier transform (FFT), and averages them together. This method has the advantage of reducing the noise in power estimation by sacrificing frequency resolution. This loss of resolution is not damaging to our purpose, as we are only interested in very specific frequencies, i.e. the flickering frequency of our stimulus and its harmonics.

PSD is computed in sliding 1 s windows with 80% overlapping (i.e., 0.2 s shift between consecutive windows). Within each PSD window, the internal PSD windows used have 0.5 s duration and 80% overlapping (0.1 s shift).

Bandpower is obtained with 1 Hz resolution from 0 Hz (DC) to the Nyquist frequency (250 Hz, half of sampling rate). The PSD features are log-transformed so that their distributions are closer to a normal probability density (i.e., skewness is reduced).

For experiments 2 and 3 (see below) where a fixation epoch has been included preceding each stimulation epoch for all trials, PSD is standardized by extracting event-related spectral perturbation (ERSP) [START_REF] Vecchio | Timefrequency analysis of brain activity in response to directional and non-directional visual stimuli: an event related spectral perturbations (ersp) study[END_REF]. ERSPs are computed individually for each original PSD feature and each new trial as the z-score of the PSD window estimates during the stimulation epoch with respect to the PSD distribution during the fixation epoch of the same trial. ERSPs thus provide a relative increase/decrease of power over the most recent "restingstate" EEG (modeled by the fixation period), which enhances feature invariance across sessions and subjects. Such invariance is especially crucial for the hidden Markov model (HMM)-based approach to finding the OR (Section 5.5.7), where a subject-unspecific classifier model (i.e., a model that is trained on data from other subjects) produces subject-specific inferences (transfer learning).

Feature pre-selection

Irrespective of the use of PSD or ERSP and the inference method employed (see below), we reduce the candidate feature space to those features known to be physiologically relevant and likely to exhibit resonance with the stimulus in an SSVEP paradigm. Specifically, we submit to further processing towards inference only features representing 7 occipital channels O1, Oz, O2, POz, P3, Pz and P4 , and to bands corresponding to the stimulus frequency and the harmonics within the spectral range [0, 40] Hz. Further, inference method-specific feature selection takes place subsequently.

Sigmoidal curve fitting and inference

We developed an algorithm that identifies, given the cortical response to a stimulus perceived through various lenses, the lens that corresponds to the OC/OR. Our model is based on the observation that the grand average PSD and/or ERSP on the features (i.e., the available channel/band pairs) anticipated to be reactive to SSVEP stimulation (i.e., those corresponding to occipital channels and bands coinciding with the base frequency of a stimulus and its harmonics [START_REF] Labecki | Nonlinear origin of ssvep spectra-a combined experimental and modeling study[END_REF]). We expect the cortical activity to be modulated depending of the spherical lenses worn, and follows a sigmoidal curve, whose inflection point seems to correspond to the measured SOR.

figure 5.5 illustrates the grand average PSD and figure 5.6 the equivalent for ERSP features across all subjects in Experiment 2; in both cases, the sigmoidal modulation trend of SSVEP power by correction is evident. The underlying idea is to exploit this phenomenon by fitting a sigmoidal curve to the spectral distribution of SSVEP responses across lens corrections, and recover the OC as the inflection point of this curve. Of note, the sigmoidal model is a novel finding, contradicting and revising previous literature that suggested a "bell-shaped" curve linking lens-correction/acuity to EEG amplitude (and, thus, power), where the OC corresponds to the maximum amplitude [START_REF] Harter | Effects of contour sharpness and check-size on visually evoked cortical potentials[END_REF] 

(see fig- ure 4.1).
Further evidence of this phenomenon is offered by inspecting the dependence/correlation between power and correction for all spatio-spectral features, with both linear (coefficient of determination R 2 , figure 5.7) and nonlinear (mutual information M I, figure 5.8) metrics. It is clear that those features expected to show SSVEP re-sponses (occipital channels, harmonics of stimulus frequency) are those that also correlate with the various lenses. The fact that these feature maps are almost identical is due to the fact that the sigmoidal curve, despite being in principle non-linear, consists of a large, approximately linear segment in the region around the inflection of the sigmoid.

For each feature f in the reduced, physiologically-relevant PSD/ERSP feature space identified through feature preselection, the algorithm first normalizes the feature values x f i for all samples i in the following manner: First, the feature's grand average values across all available lens corrections is computed. The maximum M AX GA and minimum M IN GA values of the grand average are extracted and the feature's data x f i are then normalized to values xf i as:

xf i = 2 × x f i -M IN GA M AX GA -M IN GA -1 (5.1)
This type of normalization results in grand averages bounded in [-1, 1], which allows to explicitly identify a sigmoidal template to fit, described by the function f (c) over correction levels c:

f (c) = L + U -L 1 + exp ( -4 log 3 α (c -c o )) (5.2)
The correction levels c tested have a maximum range of [-1.75D, +1.5D] (or a subset of this, depending on the experimental paradigm, see below) always with a resolution of 0.25D.

Non-linear least squares curve fitting is employed with the popular Levenberg-Marquardt iterative optimization algorithm with termination and step tolerance of 10 -6 .

The estimated parameters are the sigmoid's lower and upper bounds L and U , respectively, the inflection point (i.e., the function's zero-crossing point) o c which signifies this feature's inferred optimal correction after fitting, and the parameter α which controls (along with the constants forming the factor -4 log 3/α the gradient of the sigmoid's "linear" segment. Constrained optimization is performed allowing the lower bound estimate L to be in [-1.0, -0.9], the upper bound U in [0.9, 1.0], the gradient factor α in [-5.6713, -0.1763] and the inflection point o c in [µ c -0.25, µ c + 0.25], where µ c the middle point of the correction levels currently been fitted. Constraining is critical for the purposes of the algorithm. The bounds L, U are not allowed to grow beyond the respective extremum, -1 and 1, but they are allowed some slack so as to better fit power distributions with fluctuations at the edges of the sigmoidal shape. The α bounds were specified with trial-and-error to specify a possible range of the sigmoid's linear segment gradient between [-20, -85]. We thus explicitly impose, first, that the sigmoid will have a negative linear-segment gradient and hence an inverse "s"-shape (high power is anticipated for negative over-correction, i.e., for correction levels on the left of the OC, and lower power values for positive over-correction, on the right of the OC, which is consistent with the observations made for the grand average power distribution obtained (figure 5.5). Second, we allow very abrupt transitions from the below-OC area of high SSVEP power to the above-OC area of low power, which would indicate an ideal situation of very clear-cut OC manifestation with this method; but, we do not allow sigmoids that are "too flat", which would erroneously permit good fits also for power distributions that are very close to random (i.e., that are not really modulated by the lens power). Finally, we also allow a slack of ±0.25D with respect to the o c so that curve fitting can "snap" to the real OC, however, the range of possible OC around the middle of the existing correction levels is kept rather small (0.5) to avoid degenerate curves that lack one of the two "tails". Instead of a large range in individual sigmoid curve fits, we account for the case that the real OC is far away from the current middle point by implementing curve fitting in several "windows" over correction ranges, with different sizes and middle points, as described below. Figure 5.9 illustrates the extremities of sigmoidal curves that may result from curve fitting of a single window on a single feature given the imposed constraints.

Inference proceeds with a voting scheme where a sigmoid is fitted separately for each feature and window of corrections. Window lengths of 5, 7, 9 and 11 consecu- tive correction values are considered (for certain experiments, only up to 7 consecutive correction values exist). For each of these window lengths and each feature, all windows that can fit in the experiment's correction level support are used (i.e., a shift of 1 correction level for consecutive, same-length windows is used).

As an example, for a set C of existing correction levels C = -0.75D : 0.25D : 1.0D (as for Experiment 2, see below) yielding a support of 11 correction levels, we fit 1 11-corrections-long window, 3 9-corrections-long, 5 7corrections-long and 7 5-corrections-long windows, for a total of 21 windows per feature. Considering that from the feature pre-selection step we limit the feature space to 7 occipital channels and up to 5 harmonics in the interval [1,40] Hz for the usual stimulus frequency employed here at 7 Hz, in this example there would be 7 × 5 × 21 = 735 curve fitting problems solved, and the same amount of candidate "voters" for deriving the OC prediction. Figure 5.10 and figure 5.11 demonstrates the result of R 2 feature ranking for pre-selected features and compares it with the inverse root mean square error (RMSE) fits of the largest possible correction windows (11 corrections long) for subject M-989F69 in Experiment 2. It can be seen that the computationally inexpensive R 2 is a good indicator of which features respect the targeted sigmoid-shaped modulation. Figure 5.12, figure 5.13 and figure 5.14 show the curve-fitting outcome for all windows on the three best features for the exemplified subject, a case for whom the SOR indicates that the OC should be at 0.75D correction. The example confirms the aforementioned "snapping" ability of different windows in the region of corrections around the OC thanks to the smart constraining of the optimization problem. The area of very negative corrections on the left, far away from the OC is essentially "downvoted", as the smaller window fits in this area yield bad fitness. On the contrary, in the correct region, all smaller and larger windows snap to center themselves around the true OC, resulting in many local windows with good fitness.

As the order of magnitude of candiate features is still large, and many of these feature/window pairs are in fact, as also seen in the example above, uninformative (not all candidate channels and harmonics demonstrate SSVEP response, and many windows yield bad fits that should not partake in determining the OC). Further voting-feature selection takes place, where only the windowfeature combinations exhibiting good sigmoid fit are allowed to vote. Specifically, from all window-feature candidates i, only those with fitness g i (quantified as g i = 1/RM SE i , where RM SE i the corresponding sigmoid fit's RMSE, see figure 5.11) above the 95 th percentile of the fitness distribution of all window-feature combinations (i.e., the best 5% in terms of RMSE) are selected.

Each of the selected window-feature combinations j is associated with fitness g j and its own belief about the OC, OC j (the inflection point o c of the corresponding fit). We calculate the total vote count V c of each candidate correction level c ∈ C as the sum of the fitness of the selected window-features k so that their individual OC prediction OC j matches c:

V c = k g k OC k = c.
From the vote counts V c , we compute a discrete probability distribution over corrections P by normalizing V c with the sum over all corrections c: 

P c = V c / m∈C V m (
|OC com -C q |, q ∈ C.
In the following, all results are reported with OC com .

Extracting a probability distribution P over corrections allows to determine the overall confidence on an OC decision in a straightforward manner, through the distribution's entropy:

Conf idence = 1- c P c log 2 (P c )/log 2 (|C|).
This metric is nicely bounded in [0, 1] and takes on the minimum value 0 when P is the uniform distribution (i.e., when P indicates that all correction levels c have the same probability of being the OC), and maximum value 1 when P OC = 1 and P c = 0, ∀c = OC (i.e., when all window-features have voted for the same correction level c as the OC).

Since in a real eye exam lenses with new correction levels (i.e., new trials) are tried sequentially, an iterative version of the algorithm needs to be established. As already mentioned, the sigmoid-based method's major drawback is the it offers no inherent hints regarding the location of the OC with respect to the currently explored region of corrections. Reflecting this fact, for testing the iterative version of this algorithm, we follow a naïve, conservative approach where a search c -0.5D, c -0.25D, c, c + 0.25D, c + 0.5D around an initial correction level c is imposed. Thereafter, when an OC estimate has not yet been derived, the already visited correction levels are resampled with probability 0.9 (i.e., for 90% of the new trials). In the remaining 10% of trials, an expansion of the explored region is attempted on the left or right with equal probability. When an OC estimate does exist, exploration is completely switched off; at each new trial, the least frequently visited correction level on the (collectively) least visited side of the OC estimate is selected, targeting uniform sampling of all correction levels on the long run, so as to increase the reliability of curve fitting.

Classification and HMM inference

As shown below, inference based on sigmoidal curve fitting can be accurate, but it prerequisites a dataset of several trials with corrections around the true OC. In other words, on the one hand, it depends on a good auto-refractometer WAM-700 initialization which is not guaranteed. On the other hand, it provides no inherent way of determining the correct "direction" of the next lens (i.e., whether lower or higher correction than the current one should be tried next), which implies that a large range of corrections must be (repetitively and uniformly) sampled to increase confidence on the final inference. This in turn yields a long duration for the corresponding automated eye exam. We devise an alternative OC detection algorithm, capable of revealing the direction and converging faster to the OC estimate. The algorithm is based on transfer learning across subjects and HMM to reveal, from the observed SSVEP signals, the latent general state of correction, i.e., whether the current lens is below or above the OC.

HMMs are Bayesian networks (probabilistic graphical models, directed acyclic graphs) [START_REF] Rabiner | A tutorial on hidden markov models and selected applications in speech recognition[END_REF]) suitable for modelling dynamic processes where the system's state is not directly observable, but other variables, whose statistical relation with the latent state can be quantified, can be observed. HMM have profound applicability in many real-world problems, including biological/biomedical applications [START_REF] Mor | A systematic review of hidden markov models and their applications[END_REF]. The idea of HMM modeling to infer the OC relies on careful, further inspection of the sigmoidal modulation trend of SSVEP power with respect to spherical lens power, the basic neuroscientific finding transcending this work. As shown in figure 5.5 and 5.6, such sigmoidal modulation can be observed at the population level (i.e., it is similar for individual subjects and thus the trend generalizes when pulling different subjects' data together); second, it can be seen that the distribution of power across neighboring correction levels is not distinct enough to support direct multi-class classification or regression modeling predicting individual corrections (thus, also the OC); however, it seems to be distinct enough to successfully discriminate whether a particular trial belongs to under-or over-correction. This is substantiated by figure 5.16 and figure 5.17, showing the Gaussian kernel and univariate normal distribution fits, respectively, on the best (in terms of R 2 ) feature (Oz, 28 Hz) of the pulled subject data of Experiment 2, separately for under-correction U DC, over-correction OV C and optimal refraction/correction OR. It can be seen that the U DC and OV C states are adequately discriminated, and can be classified with a quadratic discriminant analysis (QDA) classifier successfully (well above chance) with leave-one-trial-out cross validation, figure 5.18.

Given these two essential observations, we define the hidden state-space as a set S of only two possible unobserved states S = U DC, OV C, where U DC represents the case of trying at trial t a lens that is below the OC (under-correction); conversely, OV C signifies a state of over-correction. The system finds itself at some state s t at each new trial, when a new lens is worn, implementing our HMM's Markov chain (see figure 5.19), i.e., the Markov assumption that each trial's state only depends on the previous one p(s t |s t-1 , s t-2 , . . . , s 0 ) = p(s t |s t-1 ) is preserved. Although in our modeling it is straightforward that transition to a new state (i.e., from U DC to OV C or vice versa) is supposed to happen only rarely, we impose uniform state transition matrix A and initial vector π, thus not biasing the model against transitions: The HMM intends to uncover the hidden state thanks to observed SSVEP feature vectors/samples x t i derived during each trial t. We extract observation/emission/output probabilities p(x t i |s t ) by training a subject-unspecific, generative (multivariate Gaussian) model on the data of all subjects in our experimental datasets (leave-one-subjectout cross-validation). Unlike conventional, continuousobservation HMMs, in our case each hidden state emits several (rather than a single) observations x t i in a trial t (figure 5.19). Given that we assume no structure for the transition matrix and in order to reduce computational complexity, we replace the forward-backward HMM algorithm with direct estimation of the posteriors p(s t |x t i ) from the aforementioned subject-unspecific model; a single posterior for state s t is derived by averaging the posteriors of all samples obtained in trial t, p(s t |x t ) = i p(s t |x t i ). To increase the confidence on these posteriors, we further implement a "rejection" mechanism where if the winning state/class has probability less than 0.7 (i.e., the posterior is close to uniform), the sample x t i is not used at all for inference.

The algorithm is iterative and keeps track of the correction level c t ∈ C of the lens used at trial t, so that we can derive (and update with each new trial) a probability distribution p(s|c) = t p(s t |x t , c t = c) given all trials executed so far. Final OC prediction at trial t is based on p(s|c). First, we extract the probability difference for all correction levels, P D = p(s = U DC|c) -p(s = OV C|c).

As can be seen in figure 5.20, this P D metric should theoretically be positive for under-correction regions, negative for over-correction, and 0 exactly at the OC. Hence, the zero-crossing point of the derived P D curve (i.e., its intersection with the x-axis of the P D vs C Cartesian coordinate system) is a natural indicator of the OC. However, the P D curve, particularly when constructed on few trials-which is desired, since the fewer the needed trials to converge to the OC, the faster the proposed automated exam will be-will tend to be unstable, potentially exhibiting more than one zero-crossings. Instead, we find that more reliable and stable OC estimates can be obtained by considering that the OC should coincide with the point of maximum "unbalance" in terms of P D on either side. We thus define an additional un- The subject-unspecific model providing the posterior p(s t |x t i ) is instrumental in this HMM-based method of identifying the OC. Without loss of generality, we implement this model by fitting multivariate normal distributions to the SSVEP PSD/ERSP data x N (µ s , |Σ s ), separately for each type of state s ∈ S = U DC, OV C, using covariance shrinkage [START_REF] Ledoit | Improved estimation of the covariance matrix of stock returns with an application to portfolio selection[END_REF], so that for each sample x t i we get the evidence p(x t i |s t ) and from this the required posteriors p(s t |x t i ) with Bayes rule. Effectively, this model is the generative dual of a QDA classifier; compared to the regular discriminative QDA, we are able to derive "soft" decisions p(s t |x t i ) for each data sample which are embedded in the HMM formulation. Prior to the model estimation, feature selection is performed in the exact same manner as for the sigmoid approach (see Section 5.5.5).

As mentioned, this methodology is designed to not only find the OC, but also provide a way to decide whether the next lens should regard lower or higher correction than the current one (thus offering the possibility for fast con-vergence to the OC). This is accomplished by inspecting the P D curve constructed so far to estimate whether the current correction level is in the under-or over-correction region and move accordingly to approach the OC. Nevertheless, this "exploitative" decision mechanism is in some cases overridden in favour of "exploratory" actions, so as to avoid the algorithm getting trapped in local minima. Specifically, the algorithm is assumed to start at a state corresponding to an educated guess about the OC; that could be for instance the correction corresponding to a subject's current glasses, the WAM-700 outcome, or other first approximation. The iterative algorithm always explores regions of corrections in triplets, i.e., a correction lens c is chosen and tried, and in the next 4 trials the lenses c-0.25D, c, c+0.25D, c are visited in this order. Multiple visits of the target correction improves the quality of the P D curve and thus the reliability of inference, at the expense of making the algorithm somewhat slower in convergence. Once a triplet-region has been explored, the algorithm decides on the next region to explore by either moving to correction c -0.5D or c + 0.5D. An -greedy policy is followed, where with probability 0.7 (i.e., in 70% of new trials) the side where the OC is estimated to be according to the current P D curve is selected; however, for a non-negligible 30% of trials, the system will instead explore the least visited correction of the least visited side of the current OC estimate. If no such estimate exists, the currently explored correction is used as the inflection point. This algorithm allows for fast, reliable determination of the OC without explicitly including an OC state into the HMM; we merely model two states, under-and overcorrection U DC, OV C. This may seem counterintuitive, since in the HMM formulation the existence of an "absorbing" OC state would offer a natural sign of convergence and thus a stopping criterion of the algorithm. Instead, in the version proposed here, the underlying idea is that convergence is signified by the algorithm's tendency to oscillate around the estimated OC. The possibility to avoid explicit OC modeling is critical for the success of the algorithm. For individual subjects, the SSVEP power at the OC will arbitrarily tend to group either with the under-or over-correction states, so that there is no easy way to discriminate it. The attempt to do so would add a third, highly overlapping class (figure 5.16 and 5.17), causing the accuracy of the QDA classifier to collapse: figure 5.22 shows the 3-class confusion matrix results when the OC class is implicitly added through sample rejection, i.e., a sample is identified as belonging to OC when it is rejected. Explicit modeling of the OC state in the QDA classifier performs even worse in terms of accuracy, which would render the overall HMM-based algorithm ineffective. 

Experiment 1

The goal of the first experiment was to use EEG, and in particular the SSVP technique, to study the modulation of cortical activity with the spherical power of the lens. We tested several stimulus parameters to find the combination that would allow us to observe such modulation in the fastest and most reliable way. We tested 3 different spatial frequencies (15, 30 and 50cpd) and 2 flickering frequencies (7Hz and 2Hz) for a total of 6 different combinations.

Eight levels of over-correction were tested, from +1D to -0.75D in steps of 0.25D. For each level of over-correction, the stimulus was presented for 3s. We expected the 7Hz flickering frequency condition to produce higher amplitudes [START_REF] Norcia | The steady-state visual evoked potential in vision research: A review[END_REF]. Figure 4.1 shows an example of the impact of the stimulus spatial frequencies on the modulation of cortical activity as a function of lens power. The maximum amplitude varied with the spatial frequency used and was the highest for 2.5cpd. We also observe that with higher spatial frequency, the decrease in amplitude was faster when the lens power was increased. Said differently, the higher the spatial frequency, the greater the impact of the power of the spherical lens on the cortical activity. More recently, Hemptinne et al. [START_REF] Hemptinne | Rapid objective assessment of contrast sensitivity and visual acuity with sweep visual evoked potentials and an extended electrode array[END_REF], studied the modulation of cortical activity as a function of a much larger range of spatial frequencies (from 2.7cpd to 40cpd) and found that the response peaks at around 7cpd and decreases beyond such value. Accordingly, we expect the maximum signal amplitude to decrease above 7cpd, but the change in amplitude between successive lens power should be more significant and thus easier to observe.

In this first experiment, we recorded data from N = 9 participants. Participants were wearing their SOR and the 8 levels of overcorrection were added binocularly from the most convex (+1D) to the most concave (-0.75D) in steps of 0.25D. One complete trial lasted ∼ 24s. Three trial repetitions were performed for each combination of parameters.

Results

The upper panel of figure 5.23 shows the spectrograms of one entire trial (∼ 24s) for a single participant. The four occipital channels POz, O1, Oz, O2 are shown. As expected given the pattern-reversal nature of the presentation method, we observe a peak of activity at 14Hz, the second harmonics of the flickering frequency of our stimulus (fig 5.24). When plotting the peak as a function of lens value for a single trial, we observe that the cortical activity vs the over-correction values follows a sigmoidal function rather than a bell function, as found in previous studies. Moreover, the SOR does not elicit the highest cortical activity, but rather coincides with the inflection point of the sigmoid. We observe that the cortical response is minimal for the +1D condition, which corresponds to the most blurred condition. An over myopic correction produces the maximum response. Thus, unlike what was previously reported ( [START_REF] Harter | Effects of contour sharpness and check-size on visually evoked cortical potentials[END_REF], [START_REF] Regan | Rapid objective refraction using evoked brain potentials[END_REF], [START_REF] Millodot | Refraction determined electrophysiologically: Responses to alternation of visual contours[END_REF],but see [START_REF] Millodot | Vep measurement of the amplitude of accommodation[END_REF])), we conclude that the max-imal amplitude does not correspond to the SOR of the participant, but to a more myopic/ less hyperopic refraction. On average, the highest amplitude was obtained for the -0.5D lens condition. We did found the same pattern of results in a previous experiment using the event-related potential (ERP) technique [START_REF] Tartaglia | Method and device for objectively determining the optimal correction of an ophthalmic refraction of a subject[END_REF]. The lower panel of figure 5.23 shows that the sigmoidal shape holds also when plotting the peak of cortical activity averaged across the three trial repetitions, with a relatively low associated standard deviation.

Next, we need to establish which of the 6 different combinations of stimulus parameters, i.e. the three spatial frequencies (15, 30 and 50cpd) and the two flickering frequencies (7Hz and 2Hz), provides the most accurate SOR prediction. In order to do so, we implemented a sigmoidal curve fit (as described in the Method section) and used a RMSE as a performance metric. We found that the best parameter combination is the 7Hz, 15cpd. However, in terms of cortical signal amplitude we found no significant modulation of such amplitude with the spatial frequency, contrary to what has been previously reported [START_REF] Hemptinne | Rapid objective assessment of contrast sensitivity and visual acuity with sweep visual evoked potentials and an extended electrode array[END_REF], probably because we used a much smaller stimulus size which elicits mainly central retinal cells activation disregarding the stimulus spatial frequency. When using a larger stimulus size, peripheral retinal cells, which are mostly activated by lower spatial frequencies, would also be solicited. Hence, when increasing the spatial frequency, those cells would progressively stop firing yielding the decrease of signal amplitude observed in (Hemptinne, Liu-Shuang, Yuksel, and Ros-sion 2018). We concluded that a a flickering frequency of 7Hz and a spatial frequency of 15cpd were the best stimulus features to use for further experiments.

To avoid any bias due to the short presentation time for each lens, or to the difference in fixation's quality or in the frequency of blinking between lenses, we performed an additional measurement with the optimal stimulus parameters on N = 17 participants, all N = 9 subjects of the previous data acquisition participate in this new recording. We increased the stimulation time to 30s for each over-correction level to make sure that the stimulus was properly looked at for long enough. We also added a red point (size) in the center of the stimulus to stabilize and help fixation. figure 5.25 shows the peak of cortical activity as a function of lens value, averaged across all trials and all participants, when each lens presentation lasted 30s.

We observed, as expected, that the modulation of cortical activity still follows a sigmoidal function with minimal responses for high positive lens values and maximal for negative values. When considering the 51 trials we had (17 participants * 3 repetitions), we were able to properly determine that the 0D correction corresponded to the SOR in 43% of the case without allowing for any error and in 92% with an error of 0.25D using the highest probability and in 65% with no error and 96% with an error of 0.25 D when using the center of mass (see 5.5.6). Furthermore, for most positive lenses, the response is consistently fairly low, while the variability of the response increases as the lens value decreases. This is probably because high positive lens values elicit very small cortical activity, due to the high level of blur.

Moreover, when applying the sigmoidal fit, as described in 5.5.6, and evaluating the RMSE, we found that a presentation time of 5s per over-correction level was optimal to minimize the recording time while maintaining a quite good performance.

Experiment 2

The results of the first experiment showed that our method is quite accurate in retrieving the SOR from the EEG signal. In that case, the SOR (which was measured ahead of the recordings with the method described in 2.6) served as our reference value, or "ground truth" in the subsequent EEG analysis. But what if the SOR is unknow(e.g a patient who has never undergoe an eye exam) and we want to use EEG to measure his/her refraction? In a clinical setting, the clinician will use either the current glasses prescription or an auto-refractometer measurement as a first approximation of the patient's SOR. An auto-refractometer is commonly found in clinical practice and is often used during classical eye examination to determine the objective refraction of an individual. The basic working principle of this machine is that it projects light into the eye, this light is reflected by the ocular fundus back to the machine which can then determine the refractive power of the eye. We assumed that it is more common to have access to an auto-refractometer than to potential glasses. Thus, we decided to use the measurement of an auto-refractometer, the WAM-700, as the reference value for our EEG analysis, instead of the SOR. Note that we still measured the SOR ahead of the EEG recordings. We did that, first, to verify that the WAM provides a refraction value not that far from the SOR ; second, to use the SOR value to calculate the accuracy of our model. As a matter of fact, we do imply that the SOR is the closest measure (available today) to the optimal refraction. The WAM-700 measures the spherical and astigmatism defect of both eyes monocularly. Theoretically, if a healthy individual wears corrective glasses with the defect measured with the WAM-700, he/she should attain normal visual acuity at a far distance without having to make any accommodative effort. To achieve that, the spherical and astigmatism defect need to be accurately measured. Furthermore, the accommodative effort needs to be null during the measurement, which is typically not the case, especially in young individuals. Since the measurement on both eyes is not performed simultaneously, it can also occur that the accommodative effort is not equal during the measurements of the right and left eye. The participant will then have an improper binocular balance while wearing the corrections (i.e a different visual perception with both eyes simultaneously). With an auto-refractometer, the accommodative effort is usually non-null during the measurement, resulting in prescription glasses that are more myopic/less hyperopic than necessary forcing the wearer to continuously accommodate to see clearly even at far distance. Our method and model will then determine the level of overcorrection necessary to be added to the WAM-700 measurement to properly correct an individual. However, we have to make two assumptions. First, we assume that the astigmatism value given by the WAM-700 is accurate (we verified the accuracy of such an assumption by calculating two independent 2-tails t-tests on the power of the cylinder obtained with the WAM (W AM Cy ) and that measured with the subjective refraction (SOR Cy ). The result of the t-test shows that the two measurements are not significantly different). Second, the accommodative effort during the measurement of both eyes was the same, so that the visual perception is equivalent on both eyes. In that case, when presenting the different over-correction levels to the participant, one of the tested lenses will correspond to the optimal correction of the participant, and will be then identifiable as the inflection point of the sigmoid when using our model.

We recorded data for N = 15 participants and we used the WAM-700 measurement as our reference value. The visual acuity with this refraction was at least 10/10 for all participants. We added additional positive lens corrections to the WAM-700 measure, to compensate for the possible more myopic/less hyperopic value due to the accomodation. Hence, in a single trial, 11 lenses were added binocularly ranging from +1.75D to -0.75D (in steps of 0.25D). For each lens, we recorded 10s of cortical activity, 5s with only a red fixation point on the screen serving as a baseline, and 5s with the red fixation point and the stimuli flickering at 7Hz (with a spatial frequency of 15cpd). Two trial repetitions were performed for each participant.

Results

Once again we plotted the amplitude of the cortical activity as a function of the lens value tested and proceeded to fit the data with several sigmoids (see 5.5.6). Since we tested more levels of over-correction with respect to Experiment 1, we had 17 fits per channel/frequency. For each fit, we obtained the estimation of the inflection point, which corresponds to one over-correction level, and the associated RMSE. The over-correction level voted the most corresponds to the lens which needs to be added to the WAM-700 measurement to find what, according to our hypothesis, should give the SOR. Hence, the estimated optimal refraction is given by:

ESOR Sp = W AM Sp + OC Sp
where W AM Sp is the spherical lens value determined by the WAM-700 and OC Sp the over-correction level at which the inflexion point occurs.

In terms of spherical equivalent,

ESOR SpEq = (W AM Sp + OC Sp ) + W AM Cy /2
where W AM Cy is the cylindrical value determined by the WAM-700. This allows us to define the accuracy of the model as

ESOR SpEq -SOR SpEq (5.5)
where SOR SpEq is the spherical equivalent of the measured SOR.

Therefore, if our model works correctly, adding the resulting over-correction lens to the WAM-700 spherical equivalent should give us the SOR spherical equivalent.

In other words, we expect the ESOR to be as close as possible to the SOR.

Table 5.1 shows the values of eq.5.5 for the right and left eye separately. When averaging the values of the first column, we find that the difference between ESOR and the measured SOR is 0.375D for the right eye and 0.291 for the left eye (average of the values of the second column).

Note that since we have two trial repetitions, we do end up with an ESOR value for each trial. This allows us to verify that the repeatability of our measure is quite acceptable (the average difference for the ESOR value between the first and second trial is 0.18D ± 0.11D).

The final column indicates a difference in binocular balance, calculated as

BB = |(SOR SpEqR -SOR SpEqL )-(W AM SpEqR -W AM SpEqL )|
(5.6) if not null this indicates a difference in visual perception quality when wearing the WAM-700 lenses. The most likely explanation for those differences in binocular balance is a difference in accommodation effort during the monocular measurement of the WAM-700. Therefore, with our method we cannot disentangle the right and left eye and consistently estimate the optimal SOR for both eyes simultaneously. Note that, however, the model estimation still brings us closer to the theoretical optimal refraction: the WAM as a reference value is farther away from the SOR than the ESOR. using the sigmoidal curve fitting method. The accuracy for the HMM are not shown as it was not pertinent due to the optimal correction with these data. However, figure 5.26 indicates how many iterations are needed for both method. We tested different initial correction (the data were not feed to the model in the other of which they were recorded), to simulate multiple potential real life situation the first approximation of the correction can be more positive and more negative than the optimal correction. We can see that the HMM is consistently faster than Sigmoidal fitting method in converging to a final decision.

Experiment 3

Given the results of Experiment 2, we hypothesized that the difference of visual perception between the two eyes could have an impact on the performance of our model and we set out to refine our experimental protocol. We kept the hypothesis that the astigmatism value provided by the WAM-700 was accurate enough, as the majority of our participants had relatively low astigmatism values that are hard to unambiguously correct and minimally affect the visual acuity.

Having different visual perception between both eyes means that we would need to test different over-correction levels on each eye. The difficulty resides in the fact that this difference is unknown. Testing blindly multiple differences of over-correction level would multiply the amount of testing necessary. Given the measurements of Experiment 2, we know that the difference of over-correction levels required to balance the visual perception between the two eyes had a mean of 0.275D and a standard deviation of 0.35D error (from the last column of Table 5.1). Therefore, to limit the amount of testing, we set a limit of 0.5D on the difference of over-correction between right and left eye. However, we do not know in advance which eye could have deployed the highest accommodative effort during the WAM-700 measurement and, thus, which eye should have the more myopic/less hyperopic correction.

We recorded five trials for N=20 subjects (10 young and 10 elderly), for whom the five reference values will be the WAM-700 measurements, as before, plus a lens added to the right and left eye to modulate the binocular balance between the two eyes :

- A subjective binocular balance test (see section 2.6) was performed to ensure that the condition which allowed the subject to have equivalent visual perception between both eyes was included in the testing. Likewise, the max convex lenses that allows the participant to have 10-12/10 visual acuity was also determined. These two measurements (together with the above-mentioned assumption that the astigmatism was properly measured with the WAM-700) provide the SOR to be used for the validation of the model. For each reference value, 7 levels of over-correction were tested, +1D to -0.5D (in steps of 0.25D). For each of these 35 values, 10s of cortical activity were recorded, 5s with a red fixation point only, which served as a baseline, and 5s with the red fixation point plus the stimulus flickering at 7Hz (and a spatial frequency of 15cpd).

When considered together, the 35 lenses values tested could be represented in a bi-dimensional way, each dimension showing the variation of the spherical lens power for one eye only.

Results

We were, for now, unable to apply both methods when looking at the data in a bi-dimensional way. Meaning that when all the data are considered together, we cannot identify whether or not the binocular balance is adequate and which lenses correspond to the optimal correction of both eyes. As this approach did not work, we wondered if we could somehow go back to uni-dimensional problem. We decided to simulate monocular conditions by fixing the spherical lens value of one eye far away from its OC (at least 0.75D), while all lens powers were tested for the other eye. We hoped, in this scenario, that the modulation of the cortical activity would be mostly driven by the eye for which the lens power is not fixed far away from the OC. Figure 5.27 and figure 5.28 show a sigmoidal modulation of the cortical activity when changing the lens power either of the right eye or the left eye. This seems to indicate that this approach is suitable in estimating the OC for each eye individually. Figure 5.29 and figure 5.30 show Gaussian kernel density fits for both eyes. Again, the distribution for more negative corrections or more positive corrections compare to the optimal correction seems to be distinct enough to be able to be classified correctly. This is supported by the confusion matrix shown in figure 5.31 and figure 5.32. Importantly, we are above chance level in determining if a more positive lens value is actually more positive. Note that these are only preliminary results. More work is currently been done on the data analysis. We are however confident in the relevancy of our analytical approach in determining the optimal correction. 

Discussion

We performed several experiments in order to develop a BCI method that would estimate the optimal refraction of an individual. Using prior knowledge, we knew that the modulation of cortical activity with respect to spherical lenses followed a sigmoidal curve shape and that the inflexion point of said sigmoid corresponded to the optimal refraction of our participant. We first tried to optimise our stimulus. We tested 6 stimuli with different combinations of spatial frequency and flickering frequency. Using our curve fitting approach, we were able to determine that the stimulus for which the fitting approach worked the best had a spatial frequency of 15cpd and a flickering frequency of 7Hz. We had, in this first experiment, an accuracy of almost 100% when estimating the optimal refraction allowing an error of ± 0.25. However in this case, the optimal correction was knew in advance and served as reference value. This will ultimately not be the case.

In the second experiment, we wanted to assess if the same method would work when using as our reference value the measurement of an autorefractometer, a device commonly found in the visual heath practitioner office. Even though the curve fitting approach was properly working, we wanted to explore if other methods could be faster in determining the OC. We thus devised an alternative OC detection algorithm, capable of revealing, from a single measure, if the lens tested is more negative or more positive compared to the OC, thus, in which direction the lens needs to be changed. The algorithm is based on transfer learning across subjects and HMM to reveal, from the observed SSVEP signals, the latent general state of correction, i.e., whether the current lens is below or above the OC. We found that the HMM method was able to identify with an accuracy of 76.4% if a specific lens was more positive than the optimal correction and in 62.1% if it was more negative. This method was also faster in converging to an estimate value compared to the curve fitting method. However, these set data was ultimately flawed, as we had no guaranty that the binocular balance was adequate during the experiment. It was, thus, possible that the optimal correction of each eyes was not tested simultaneously. Nonetheless, both these approaches produced encouraging results. We then conducted the third experiment, where we changed the binocular balance, to see if we would be able to identify the adequate one. Unfortunately, we were not able to identify, using a bi-dimensional approach (where the lens of each eye were changed independently), the correct state of binocular balance. Consequently, we were also unable to determine the optimal correction for both eyes. We were however able to find meaningful results, when looking at the modulation of the cortical activity with respect to only one eye. The lens value of the other was constrained to be at least ± 0.75D away from its optimal correction. At this stage, the analysis of the final data is still incomplete. However, these preliminary results suggest that we could determine the optimal correction of the two eyes in a sequential manner by either placing a lens that we know is far away from the optimal correction on one eye, or by possibly occluding it.

Chapter 6

Conclusion

Being able to determine the optimal refraction in a reliable way is an essential point to ensure good living conditions in the general population. However, the current, and most widespread methods to measure the refraction have some drawbacks. On one hand, the objective method, optically based, is fast, but is often an approximation of the optimal refraction. On the other hand, the subjective method is the gold standard, but relies heavily on the feedback of the participant, and the competence of the practitioner. In this project, we aimed to propose a new, alternative, approach to determine the optimal refraction based on the measure of the brain activity via EEG. In order to do so, the first step was to gain more insight on how the brain response is affected when the vision is modulated by various corrective lenses. In the literature, it was hypothesized that the brain response was linked to either visual acuity, retinal defocus, or retinal image quality. However these metrics were never systematically measured. Also, retinal defocus and retinal image quality were never properly defined. The consensus was that the cortical response followed a bell shape curve when placing various spherical lens powers in front of the participant. The maximal amplitude of the cortical response was attained when the acuity/retinal image quality was the best, or when the retinal defocus was minimal. This relationship could thus be used to measure the optical refraction by finding the lens that yields the highest cortical response. However, this is not what we found. We simultaneously measured the brain response with EEG, and the retinal defocus of our stimulus with an open filed refractometer. We modulated the retinal defocus of the stimulus by changing the spherical power of the lenses worn by our participants. Unlike what was hypothesized in the literature, we found that the cortical activity was not maximal when the retinal defocus was minimal. Rather, we found that the cortical response followed a sigmoidal curve. The cortical activity was maximal for negative lenses, and a defocus of the stimulus behind the retina, while it was minimal for positive lenses, and a defocus in front of the retina. The retinal defocus was minimal at the inflexion point of the sigmoid and corresponded to the refraction measured subjectively. Those results suggest that the retinal defocus is not a good predictor of the retinal defocus. However, retinal defocus does not equate retinal image quality. indeed, retinal defocus does not take into account optical factors like the pupil size or higher order aberrations (notably spherical aberrations). We used an eye model to simulate the retinal image quality using the contrast gain of a stimulus through the different ocular surfaces. Using normative data of the spherical aberrations of the eye, we modelled the contrast gain of our stimulus through an emmetropic eye while varying the pupil size. Our results suggest that the retinal image quality correlates strongly with the cortical response. Further measurements will allow us to corroborate this result. In the following, we outline two possible approaches. A first one, purely objective, which consists in measuring, for each participant, the amount of higher order aberrations as well as, throughout the experiment, the pupil size and defocus of the stimulus; we can then compute more precisely, and for all lens conditions, the contrast gain, to determine its level of correlation with the cortical response. A second approach should rely on the participant subjective assessment of the visual perception. It has been shown that the scoring of visual perception when viewing letters can serve as a proxy of the retinal image quality. We could then assess the correlation between the score and the amplitude of the cortical response.

In the light of this newly acquired knowledge, we started to implement the brain-computer interface (BCI) loop that would measure, without any operator, the cortical activity with a specific lens, would choose the next lens to be presented to the participant and repeat this process until finding the desired refraction. Using a simple sigmoidal curve fitting approach, we were able to implement a method that could determined, among a set of lens, precisely the desired refraction with an accuracy of 60%, and an accuracy of almost 100% when allowing an error of 0.25D. This method also allowed to know if the power of the lens tested was more positive or more negative compared to the desired refraction. Since the spherical lenses were changed on both eyes at the same time, further analysis need to be performed to ensure that the state of proper binocular balance can be attained, meaning that the visual acuity of both eyes is the same in binocular conditions. During all this works, we only looked at how the cortical response was mod-ulated with respect to optical factors (i.e the spherical lens power), without exploring further higher levels of processing, like attention or adaptation. We made that choice because SSVEP paradigms are known not to require a high level of attention to yield a significant response and the short presentation time needed would mostly prevent significant adaptation process to occur. All these encouraging results clearly indicate that this work is worth pursuing.

Future perspectives

The implementation of a real time version of a BCI loop and the use of dry electrodes are the short term perspective of this work. This would allow, in time, to record data on a larger population to validate the actual implementation. Additionally, these new data could lead to a more refined way of determining the desired refraction using deep learning. As of today, we are able to determine the proper spherical lens for each individual. However our method rely on another machine, an autorefractometer, to determine the astigmatism value to correct. One long term goal could be to tend toward a stand alone method using exclusively an EEG to determine the refraction. The eye of people with uncorrected astigmatism have a rotational asymmetry, meaning that the objects in their environment are perceived differently based on their orientation. From the literature, some papers report a certain degree of success, although for a quite low number of subjects, in determining a comparable astigmatism value between an EEG based method and the subjective refraction. There are however some questions that still need to be addressed. It is still un-clear, for an eye without astigmatism or corrected astigmatism, if the cortical response is constant for different orientation of the stimulus. Regardless, a stand alone version of the refraction with EEG would greatly reduce the cost to implement it, make the process easier and thus help its implementation in a clinical setting. 
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 21 Figure 2.1: First row. An emmetropic eye, the light focuses on the retina; Second row. Myopic and hyperopic eye; Third row. Corrected myopic and hyperopic eye; Forth row. Example of astigmatism, depending on the meridian of the eye, the light is focused at different distances. The letter A B C D E represent different example of how a light spot is distorted.
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 22 Figure 2.2: Wave analyser Medica. side view and front view
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 2 Figure 2.3: VisionR-800 refractometer, front view, side view, back view.
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 2 Figure 2.4: CS Pola 600 screen used to display the stimuli used for refraction procedure.
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 3 Figure 3.1: Representation of the visual pathway from the retina to the primary visual cortex.
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 32 Figure 3.2: Representation of the different layers below the scalp. The neural activity coming from the electrical dipole formed by pyramidal cells is the one recorded by the EEG electrodes.
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 33 Figure 3.3: Schematic representation of the poor spatial resolution of the EEG recording system: the electrodes do not only record the neural activity coming from the dipole just underneath them. On both panels, electrodes A and B will record the activity coming from the dipole labelled by the arrow.
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 3 Figure 3.4: AntNeuro system, amplifier, cap and tablet.
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 35 Figure 3.5: Schematic view of the electrodes placement on a 32 channels cap.
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 36 Figure 3.6: Visual representations of the most common EEG frequency bands

  Figure3.7: Example of a typical grand averaged ERP response to a visual stimulus. In this example the stimulus was a cloud of black dot presented for 3s. The signal, coming from 500 individual presentations (50 repetitions performed by 10 subjects) has been pre-processed for cleaning purposes, and then grand averaged.
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 38 Figure 3.8: Example of a SSVEP response in time (the signal is filtered between 10Hz and 20Hz). Here the stimulus was flickering at 7Hz
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 3 Figure 3.11: Effect of Selective Attention on SSVEP. Participants were instructed to focus their attention on one of the colored dot fields. The SSVEP response increased for the flickering frequency corresponding to the attended colored dot field. From Muller et al., 2006
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 3 Figure 3.13: An example of cleaned EEG data.
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 3 Figure 3.14: Result of the independent component analysis run on the EEG data.
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 3 Figure 3.15: High-speed camera eosens mini2 from Mikroton used to verify the flickering frequency of our stimuli.
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 3 Figure 3.16: Example for two different images of the stimulus; we retrieved the gray scale value of the pixel indicated in red.
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 3 Figure3.17: Variation of the pixel gray scale value in time.
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 3 Figure 3.18: Variation of the pixel gray scale value in time, when the high frequency have been filtered out.
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 3 Figure 3.19: Power of the variation of a pixel gray scale value for the different repetitions.
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 3 Figure 3.20: Variation of the pixel gray scale value in time, the high frequency have been filtered out. One reversal of the pattern did not occur.
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 4 Figure 4.1: Average percentage change of the evoked potentials as a function of the lenses used in viewing stimulus patterns and the check size within those patterns. Each plotted point is an average based on 12 evoked potentials (derived from 4 subjects with 3 repetitions each).The check sizes of 48, 20, and 12 minutes correspond to 0.5, 1.5, and 2.5 cycles per degree, respectively. From[START_REF] Harter | Effects of contour sharpness and check-size on visually evoked cortical potentials[END_REF] 
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 4 Figure 4.4: ERG and SSVEP response amplitude as a function of lenses for subject 1. Amplitude of accommodation 1.25D. From[START_REF] Millodot | Refraction determined electrophysiologically: Responses to alternation of visual contours[END_REF] 
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 4 Figure 4.6: Amplitude of the cortical response to the checkerboard (12CPD) relative to plain light. From[START_REF] Duffy | Ametropia measurements from the visual evoked response[END_REF] 
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 4 Figure 4.7: Amplitude of the cortical response as a function of the lens values for the broad scan condition. Each data point represents, for a single subject, the averaged difference of the evoked response to 20 checkerboard stimulation and 20 plain light stimulation (from Ludlam and Meyers 1971)
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 4 Figure 4.8: Amplitude of the cortical response as a function of the lens values for the narrow scan condition. Each data point represents, for a single subject, the averaged difference of the evoked response to 20 checkerboard stimulation and 20 plain light stimulation (from Ludlam and Meyers 1971)
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 49 Figure 4.9: Comparison of broad scan (A) and narrow scan (B) of the cortical response as a function of the lens value, for both the cycloplegic condition and the non-cycloplegic condition. Each data point represents, for a single subject, the averaged difference of the evoked response to 20 checkerboard stimulation and 20 plain light stimulation (from Ludlam and Meyers 1971)
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 4 Figure 4.10: Cortical response as a function of the orientation of the stenopeic slit (from Regan 1973)
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 4 Figure 4.11: Cortical response as a function of the lens for two different orientations of the stenopeic slit corresponding to the two meridians of astigmatism of the subject (from Regan 1973).
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 4 Figure4.12: Modulation of the P1 latency as a function of the lens value for 5, 2.5, 1.25, and 0.62CPD (6, 12, 24, and 48 min respectively) in the noncycloplegic condition. (from[START_REF] Sokol | Effect of retinal blur on the peak latency of the pattern evoked potential[END_REF] 

Figure 4 .

 4 Figure 4.13: Modulation of the P1 latency as a function of the lens value for 2.5, and 0.62CPD (12, and 48 min respectively) in the cycloplegic condition. (from[START_REF] Sokol | Effect of retinal blur on the peak latency of the pattern evoked potential[END_REF] 
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 4 Figure 4.14: Cortical response as the function of the lens for three different subjects.For each subject, the right arrow corresponds to the lens for which the vision was reported to be the best. The left arrow, corresponds to the first lens for which the vision was blurry (from[START_REF] Millodot | Vep measurement of the amplitude of accommodation[END_REF].
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 4 Figure 4.15: A : Pattern reversal radial grating/ B : Example of the power spectral density for the signal recorded during the over-correction level "-0.75D" for two electrodes.
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 4 Figure 4.16: Example of single subject data used during the sigmoidal fit method. Each plot corresponds to a specific subject and a combination of channel and frequency. For each plot, the black curve corresponds to the experimental data of the normalized cortical response as a function of the lens. The various red curves correspond to the different sigmoidal fits, each curve using a different set of successive data points.
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 4 Figure 4.17: A : Spectrograms of the activity recorded on 4 occipital channels for one single subject./ B : Boxplot of the normalized power for each lens condition of all trials for all participants N = 17; The red cross represents the mean of the data, the red line the median, the blue box the first and third quartile, and the grey bar the min and max value.
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 4 Figure 4.18: Correlation and Bland-Altman plot of the comparison between the subjective refraction and neural refraction estimated with the sigmoidal fit method.
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 4 Figure 4.19: A : retinal defocus in time for a participant/ B : Mean retinal defocus in time for all participant N=14/ C : boxplot of the mean retinal defocus for each lens condition N=14; The red line is the median, the red cross is the mean, the box indicate the first and third quartile and the bar the min and max value. The green line represent the defocus in a theoretical system where the accommodation response focus the stimuli onto the retina.
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 4 Figure 4.20: A : Scatter plot of the cortical response as a function of the retinal defocus / B : Contrast gain through a simulated eye, for a spatial frequency of 15 cpd, as a function of defocus. Each curves correspond to a different pupil size, 3 mm = red, 5 mm = green, 7 mm = blue
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 51 Figure 5.1: Example of the experimental setup

Figure 5 . 2 :

 52 Figure 5.2: Left panel : the subject is equipped with electrodes and looks through various lenses; middle panel : the chair in which the subject is sitting; electrodes are embedded in the head rest and will record the occipital region of the brain; right panel : the front rest with electrodes embedded in it

Figure 5

 5 Figure 5.4: Represent the brain computer interface loop, EEG data recorded while looking at a flickering stimuli are translated in real-time into commands that operate the VisionR-800

  contrast sensitivity[START_REF] Hemptinne | Rapid objective assessment of contrast sensitivity and visual acuity with sweep visual evoked potentials and an extended electrode array[END_REF], motion sensitivity[START_REF] Zheng | Objective and quantitative assessment of visual acuity and contrast sensitivity based on steady-state motion visual evoked potentials using concentric-ring paradigm[END_REF], depth perception[START_REF] Kang | A wellness platform for stereoscopic 3d video systems using eeg-based visual discomfort evaluation technology[END_REF][START_REF] Mun | Ssvep and erp measurement of cognitive fatigue caused by stereoscopic 3d[END_REF][START_REF] Frey | Classifying eeg signals during stereoscopic visualization to estimate visual comfort[END_REF], face recognition[START_REF] Ales | An objective method for measuring face detection thresholds using the sweep steady-state visual evoked response[END_REF], visual attention(Müller and Hübner 2002, Müller, Malinowski, Gruber, and[START_REF] Müller | Sustained division of the attentional spotlight[END_REF] has significantly improved.
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 55 Figure 5.5: Grand average PSD with boxplots per correction for the best feature in Experiment 2.
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 56 Figure 5.6: Grand average ERSP with boxplots per correction for best feature in Experiment 2.
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 5 Figure 5.7: Coefficient of determination R 2 in Experiment 2.
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 58 Figure 5.8: Mutual information M I in Experiment 2.
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 59 Figure5.9: Theoretical sigmoidal curve templates for all possible combinations of parameter constraint extremities. The estimated sigmoid curve fitted for some feature will be bounded within the extremities defined by the templates in dashed lines. The sigmoid curve in solid black line corresponds to an ideal curve with parameters L = -1, U = 1, α = -1 and o c = 0.
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 5 Figure 5.10: Coefficient of determination for subject M-989F69 in Experiment 2.
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 5 Figure 5.11: Inverse RMSE for subject M-989F69 in Experiment 2.
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  Figure 5.12: Fitting Oz, 28 Hz

  see example in figure 5.15). Given distribution P , a final prediction for the OC is derived either through the max-imum element of P , OC max = arg max c P c , or through the distribution's centre of mass (COM) OC com = c cP c . As the OC com may inherently not coincide with any of the existing corrections c ∈ C, OC com is "snapped" to the closest existing c, OC com = arg min q
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 5 Figure 5.16: Gaussian Kernel fit, Experiment 2.
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 5 Figure 5.17: Normal distribution fit, Experiment 2.
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 5 Figure 5.18: Confusion matrix under-correction U DC (-1) vs over-correction OV C (+1).

Figure

  Figure 5.19: Bayesian network

  and derive our final OC estimate as the maximum of the U B curve OC = arg max c U B c (see example of figure 5.21).
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 5 Figure 5.20: Probability difference P D curve.
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 5 Figure 5.21: Unbalance U B curve.
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 5 Figure 5.22: Confusion matrix U DC (-1) vs OV C (+1) vs OR/OR (0).
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 5 Figure5.23: Upper panel: Spectrograms of the activity recorded on 4 occipital channels for one single subject; the stimulus had a flickering frequency of 7 Hz and a spatial frequency of 15 cpd. Each spectrogram has been calculated from the entire length of one trial (∼ 24s). Note the peak of activity arise at the second harmonic (i.e. 14Hz), as expected with the pattern reversal paradigm. Lower panel: average across three trials of the peak of cortical activity as a function of over-corrections for the same single subject and the same stimulus parameters shown in the upper panel. The zero lens value represents the SOR. The cortical activity as a function of lens values follows a sigmoidal shape.
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 55 Figure5.24: Spectrograms of the activity recorded on all 32 channels for one single subject. The stimulus had a flickering frequency of 7Hz and a spatial frequency of 15cpd. Each spectrogram has been calculated from the entire length of one lens presentation (-0.75D for 30s). Note that the peak of activity arise at the second harmonic (i.e. 14Hz), as expected with the pattern reversal paradigm. Cortical activity appears to be maximal over the occipital region, as expected, when using visual stimulation.
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 5 Figure5.26: Speed of convergence (in number of iterations needed so that the algorithm remains for 10 consecutive trials at the OC estimate in Experiment 2. The OC estimate is taken as the correction derived in the majority of iterations across 100 iteration episodes.
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 5 Figure 5.27: Sigmoid for the right eye, the lenses value on the left eye are chosen to be far away from its OC

Figure 7

 7 Figure7.1: A: Accuracy in the final decision of the refraction with the model, signal length indicates the length in seconds of the signal with which the analysis was performed. HV indicates that the decision was done considering the correction that had the highest probability (red dot: the final decision corresponds exactly to the SOR, red cross: the final decision corresponds to the SOR ± 0.25). CoM indicates that the decision was done considering the center of mass of the probability distribution (blue star dot: the final decision corresponds exactly to the SOR, blue plus sign: the final decision corresponds to the SOR ± 0.25)/ B: Accuracy in the final decision of the refraction with the model depending on the luminance profile of the stimulus, either squarewave or sinwave. HV indicates that the decision was done considering the correction that had the highest probability (red dot: the final decision corresponds exactly to the SOR, red cross: the final decision corresponds to the SOR ± 0.25). CoM indicates that the decision was done considering the center of mass of the probability distribution (blue star dot: the final decision corresponds exactly to the SOR, blue plus sign: the final decision corresponds to the SOR ± 0.25)
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 74 Figure 7.4: Example for a single subject of the cortical activity at the frequency of interest depending on the overcorrection level and a sliding windows of 3s over the 30s presentation. Each point corresponds to the FFT at 14Hz computed over 3s of the signal.
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Since, as already mentioned, our method does not dif- ferentiate between both eyes, the accuracy will be given separately on the right and on the left in Table 5.2 : we find a sharp decrease in the accuracy compared to that of the previous experiment, unless we increase the margin of error to 0.5 D or 0.75D; this is probably due to the not null binocular balance.

All the accuracy presented until now, where computed

Chapter 7

Appendix

Additional results

To investigate a possible neural adaptation to blur over the 30s of each overcorrection level, we split, for each participants, the signal into 10 segments of 3s and computed the FFT to retrieve for each segment and each overcorrection level the cortical activity at 14Hz (see figure 7.4 for an example). We then calculated the linear regression, for a given subject/overcorrection, of the cortical activity as a function of the time segment. If a neural adaptation occurred, and that for example, the cortical activity was consistently lower at the end of the 30s of presentation time, we would find on average a negative coefficient for the linear regression. In our case, when averaging all participants, occipital channel, and overcorrection levels, we find a coefficient of 0.0002 with a standard deviation of 0.08. This seems to indicate that no neural adaptation occurs during our recordings.