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Super-resolution in vivo retinal imaging using structured illumination ophthalmoscopy
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Résumé en français

L'oeil est le seul organe du corps humain permettant d'accéder directement au système nerveux central et au système vasculaire. Sa transparence permet d'observer la rétine de manière non invasive par des moyens optiques. Plusieurs processus pathologiques affectent d'abord la rétine avant d'altérer les autres parties du corps. L'imagerie rétinienne constitue donc un atout précieux pour détecter les maladies rétiniennes (rétinopathie diabétique, dégénérescence maculaire liée à l'âge ou DMLA, glaucome. . . ), mais également neurodégénératives (Alzheimer, Parkinson...) à un stade précoce.

Parmi les premières méthodes d'imagerie rétinienne, l'ophtalmoscope plein champ ou «floodillumination ophtalmoscope» (FIO) détecte la lumière rétrodiffusée par la rétine et acquière à haute cadence des images grand champ. Récemment, le FIO a atteint la résolution cellulaire (micrométrique), grâce à la correction des aberrations oculaires par optique adaptative (AO). Ainsi, l'AO-FIO peut résoudre les photorécepteurs et autres structures hautement réfléchissantes. Cependant, la détection non sélective de l'ensemble du flux rétrodiffusé rend invisibles les structures faiblement réfléchissantes, qui se retrouvent masquées par le signal provenant de structures plus réfléchissantes. De plus, ces systèmes sont sensibles à la diffusion multiple. Les structures, même hautement réfléchissantes, sont difficiles à distinguer du fond diffus. L'ensemble de ces limites affecte ainsi la précision des diagnostics cliniques.

Le contraste de structures hautement réfléchissantes, obtenu en détectant les zones éclairées du champ de vue (champ clair), pourrait être amélioré avec un éclairage ponctuel et un trou de détection. Il s'agit effectivement de la technique utilisée par les ophtalmoscopes laser à balayage (SLO) pour filtrer spatialement les photons multidiffusés. Par ailleurs, il a été observé qu'en décalant le trou de détection par rapport à l'illumination, il est possible d'imager les structures moins réfléchissantes par contraste de phase. Cette modalité d'imagerie de l'AO-SLO par décalage d'ouverture exploite la différence d'indice optique entre le milieu rétinien et la structure observée pour l'imager en champ sombre (observation de régions du champ de vue non illuminées). Or, les systèmes AO-SLO reconstruisent les images par un balayage point par point de l'illumination et du trou de détection, ce qui entraîne des artefacts de distorsion induits par les mouvements involontaires de l'oeil.

Cette thèse porte sur l'imagerie haute résolution, haut contraste, haute cadence (sans distorsion) et grand champ de la rétine. Pour y parvenir, notre approche consiste à exploiter la haute cadence d'imagerie (sans artefacts de distorsion) et le champ de vue étendu de l'AO-FIO. Pour s'approcher du haut contraste d'imagerie de l'AO-SLO, nous avons cherché à implémenter des moyens de filtrage spatial à un AO-FIO développé par l'unité Haute résolution angulaire de l'ONERA, qui se trouve à l'Hôpital des Quinze-Vingts. La complexité optique du milieu rétinien nous a poussés à chercher à mieux comprendre le trajet de la lumière dans la rétine pour adapter les méthodes d'illumination et de filtrage spatial à la détection aux propriétés optiques des structures observées.

Ces travaux de thèse ont mené à la conception et au développement de modules d'imagerie, ainsi qu'au développement d'un simulateur de diffusion et de réfraction de la lumière dans la rétine (algorithme de Monte Carlo).

La Partie III (Chapitres 5 à 7), décrit les travaux qui ont permis d'améliorer le contraste v vi d'imagerie en champ clair. Une première approche décrite dans le Chapitre 5 a consisté à illuminer partiellement le champ de vue à l'aide de motifs d'illumination générés par une matrice de micro-miroirs (DMD) et à filtrer spatialement les photons multi-diffusés sur les images obtenues (filtrage numérique). Les développements techniques ayant permis de doter le système AO-FIO de la capacité à projeter des motifs haute résolution sur une couche spécifique et une région donnée de la rétine sont présentées dans le Chapitre 2 de la Partie II. Les résultats de cette étude ont permis de montrer que le rapport du champ de vue sur la zone illuminée N , détermine le contraste et le rapport signal sur bruit (RSB) des images. La valeur de N correspondant à l'AO-SLO est estimée à N ≈ 10 6 , mais des approches analytiques et numériques (simulations Monte Carlo) de la diffusion dans la rétine détaillées dans le Chapitre 6 ont permis de démontrer que le gain en contraste s'obtient majoritairement pour N ≈ 10 2 .

Afin d'atteindre N ≈ 10 2 , j'ai développé un nouveau module d'imagerie (« Minsky »), projetant sur la rétine un éclairage ligne dont le balayage est synchronisé avec le rolling shutter d'une caméra. En atteignant N ≈ 150, ce module a permis d'imager les couches des photorécepteurs (segments externes) et des fibres nerveuses avec un haut contraste, à plusieurs excentricités rétiniennes, à une fréquence d'imagerie de 200 Hz. Le principe du système Minsky et les images obtenues sont présentés dans le Chapitre 7.

Notons que les études mentionnées se basent sur de l'imagerie en champ clair, or dans ce mode, les structures faiblement réfléchissantes comme les parois de vaisseaux, les capillaires ou les érythrocytes sont invisibles. Si décaler le trou de détection par rapport à l'illumination permet de révéler ces structures à faible signal par contraste de phase avec les systèmes AO-SLO, nous avons montré en Partie IV (Chapitres 8 à 10) qu'il était possible d'accéder à un contraste similaire avec un AO-FIO.

Le Chapitre 8 présente une étude expérimentale sur l'influence de la forme d'illumination sur le contraste de phase observé dans les zones non illuminées. Le module de projection de motifs avec un DMD, qui avait servi à éclairer partiellement le champ pour améliorer le contraste d'imagerie en champ clair a été réexploité pour étudier le contraste de phase. Sa capacité à projeter une grande variété de motifs hautement résolus sur une couche spécifique de la rétine nous a permis de mettre en évidence l'effet de la distance à l'illumination et son orientation sur le contraste de phase des structures rétiniennes. Nous avons également montré qu'un éclairage par un motif symétrique permettait d'annuler le contraste de phase pour obtenir un contraste d'absorption.

Le processus optique générant le contraste de phase en imagerie rétinienne est complexe et encore peu modélisé. Nous avons donc cherché à associer à la démarche expérimentale des travaux de simulation de la diffusion et de la réfraction dans la rétine pour étudier davantage ce mécanisme optique. Ces travaux préliminaires sont détaillés dans le Chapitre 9.

Pour répondre à la problématique initiale à savoir, l'imagerie de la rétine haut contraste, haute cadence et grand champ, j'ai adapté le module Minsky pour l'imagerie champ sombre. Dans le Chapitre 10, je décris comment le décalage entre l'illumination et la détection, nécessaire à l'imagerie champ sombre a été introduite avec un délai entre le balayage de la source ligne et le rolling shutter de la caméra. La maîtrise de la synchronisation entre le balayage de l'illumination et le rolling shutter de la caméra permet ainsi d'alterner entre les modes champ clair et champ sombre (sans et avec un délai). Ces ajustements font donc du système Minsky un imageur multimodal (imagerie en mode champ clair, champ sombre), capable d'atteindre une cadence d'imagerie de 200 Hz pour un champ de vue de 1, 2 mm x 0, 7 mm. En complément des structures hautement réfléchissantes énoncées précédemment, le Minsky a permis d'obtenir des vues détaillées des parois de vaisseaux et de révéler des capillaires et les segments internes de photorécepteurs.

Des travaux connexes portant sur l'utilisation du module de projection de motifs haute résolution dans le cadre de deux applications sont présentés en Partie II (Chapitres 3 à 4). Plus particulièrement, le Chapitre 3 de la Partie II décrit comment le module de projection de motifs haute résolution s'est révélé essentiel dans une étude clinique sur le diagnostic précoce de la DMLA. Ce module a été utilisé pour projeter des tests psychophysiques sur les rétines des patients âgés, présentant des signes de DMLA, pendant que leurs mouvements oculaires ont été mesurés à l'échelle du micromètre. Ces mesures ont montré des corrélations avec la maladie et démontrent ainsi le potentiel clinique de l'AO-FIO.

En outre, la projection de motifs haute résolution a permis d'appliquer pour la première fois à l'oeil humain vivant, la technique de microscopie par illumination structurée. La mise en oeuvre de cette méthode de super-résolution présentée en le Chapitre 4, ouvre de nouvelles perspectives d'imagerie rétinienne. 10 

General introduction

From Galileo to phase contrast retinal imaging From Galileo's invention of the telescope and the microscope the same year of 1609 [1], [2], and

The "Helmholtz's Augenspiegel", the first Ophthalmoscope invented by Hermann Von Helmotz [3], to current high resolution systems, the conversation between ophthalmology, astronomy and microscopy has been never stopped. Breakthroughs in one field would spread to the two others with an increasing rapidity.

On striking example is the advent of adaptive optics (AO), a technique that corrects dynamic aberrations in real time : first demonstrated in astronomy in 1989 [4] to mitigate the effects of atmospheric turbulence, it was transferred to ophthalmology in 97 [5] to correct for ocular aberrations, and shortly after to microscopy [6]. As regards ophthalmology, the field to which belongs the work related in this manuscript, the first AO ophthalmoscope consisted simply in "flooding" the retina with light and recording the back-scattered light with a camera. The technique, called "Flood-Illumination Ophthalmoscope" (or FIO, in essence, a full-field ophthalmoscope), can be seen as a modern version of Helmholtz's augenspiegel with AO.

Although this AO-FIO method managed to image highly reflective structures such as cone photoreceptors external segment, it failed to image less reflective or translucent structures (e.g. ganglion cells) due to the strong multiply-scattered haze inherent to full-field imaging of thick biological samples. This limitation had long been known in microscopy, where it was solved using confocal illumination and detection pinholes to spatially filter out the multiply-scattered photons, associated with a scanning acquisition. This Confocal Scanning Microscope idea, patented by Marvin Minsky as early as 1957, was transferred to ophthalmology as a Scanning Laser Ophthalmoscope (SLO) in 1987 [7], to be equipped with AO later in 2002 [8]. Not only cone photoreceptors, but rod photoreceptors were now detectable.

Then, another step towards imaging low contrast translucent structures in the eye was made thanks to an alternative way to use the SLO : by slightly offsetting the detection pinhole, a technique called "offset aperture" [9], [10], [11], [12], [13] retinal images revealed what appeared to be phase contrast on structures that were otherwise invisible. These methods, inspired from phase-contrast microscopy, have created an momentum in retinal imaging, and triggered a new path of instrumental refinements from the offset aperture technique, such as Split detection, which led to the first images of human ganglion cells1 in-vivo [13] .

What is the place of flood illumination ophthalmoscopes in the future of retinal imaging?

With these outstanding capabilities, the AO-SLO quickly became the gold standard in high resolution retinal imaging. Its only flaw is probably the distortion induced by a rapid retinal motion of the eye during the scan. This led to image smaller field of view (because scanning over a small field of view is faster), or to correct for distortion when imaging a large field of view using a template image obtained with an AO-FIO. Conversely, AO-FIO has continued to be used when robust, undistorted, large field of view images were needed, such as for longitudinal clinical studies on a commercial system (such as the RTX1 [14], [15] an AO-FIO that remained for quite some time the only commercial AO ophthalmoscope available), or for large field-of view neurovascular coupling studies [16] [17]. Yet, the use of AO-FIO in AO retinal imaging research team has become marginal.

In the theses that preceded mine in the same laboratory, however, several pathways were identified that could tip the scales in the other direction (see section 2 for details):

• the capability to perform reliable retinal motion tracking with a sub-micron precision and to correctly measure even saccadic motion was established [18] ;

• the capability to modulate the illumination source with high resolution patterns (using a Digital Micromirror Device, or DMD) was established [19,20], paving the way towards psychophysics tests, or even Structured Illumination Microscopy in the eye ;

• using a checkerboard pattern, an increased contrast was witnessed in the bright squares;

• conversely, phase-contrast-like structures were visible at the edge of the illuminated field of view.

As regards the first two aspects, the first part (see Part II) of my thesis was devoted to improving our AO-FIO to its full potential (Chapter 2), and to exploiting it to observe retinal function (more precisely to the study of dynamics of micro eye movements as biomarkers of retinal diseases, see Chapter 3) and structure (performing super resolution with structured illumination microscopy, see Chapter 4).

Theoretical and empirical approach to understand and optimize bright field and phase-contrast full-field imaging

As regards the two last aspects, namely potential high contrast using partial field illumination and potential dark field full field, turning this serendipity into technical reliable imaging modalities has proven to be more difficult than expected. For instance, these contrast enhancements did not occur every time, everywhere in the field of view, with a reasonable hardware or software complexity. In addition to the technical improvements mentioned in the previous paragraph, some insight on the optical phenomena at stake was needed. In practice, these phenomena involve diffraction, refraction, absorption and scattering. A few attempts have been made to model phase contrast in the eye, including recent publications [21]. This work has opened the way to a significant field of study in the modelization of contrast for both bright field and phase contrast imaging.

Our approach for bright field contrast (Part III) was first to take advantage of the high resolution illumination patterns made accessible thanks to the improvements described in Part II to conduct an empirical study on the effect of such patterns on the imaging contrast and the background noise (Chapter 5). Then our goal consisted in finding a model that could explain our experimental observations (Chapter 6), and using this model to design a better instrument (Chapter 7).

As regards phase contrast (cf. Part IV), the same approach was followed, with an empirical study (Chapter 8) exploring phase contrast encountered in full-field imaging with sharp illumination patterns, followed by a discussion on existing phase contrast models and a preliminary Monte-Carlo simulation (Chapter 9). This work then resulted in an attempt to use the bright field optimized instrument of Chapter 7 to reveal phase-contrast structures at high rate on a large field of view (Chapter 10).

We are aware that our approach combining simulations and experimental study lead to concepts that were probably already addressed in microscopy. But, as mentioned at the beginning of the introduction, this seems to me to be part of the dialogue that has established between microscopy and ophthalmology since the "Helmholtz's Augenspiegel".

Size units used in this manuscript

Throughtout this manuscript, we will use two units to quantify retinal structure sizes:

Degrees We use degrees corresponding to the visual angle. If the size of your retina was 1 deg, you would see a 1 deg field of view (around twice the size of the sun). Most images presented aquired with ECUROeil have a size around 5 deg;

mm or µm It is sometimes more natural to use length measurement. However, the conversion between the visual angle and the size at the retina depends on the eye length (wich is not the same for myopic, hypermetropic or emmetropic eyes). Let us consider a normal eye.

Then one degree of visual angle is equal to 288 µm on the retina without correction for shrinkage [22].

Pixel

In our system, the camera pixel size is 6.5µm, with an 8.8 magnification (once again, this depends on the focal length of the eye, which depends on the subject), so that the pixel size at the retina is 0.73µm. Eyes are the only organs in the human body where the central nervous system and vascularization can be directly visualized. Transparency of the eye allows for observing retina noninvasively with optical devices.

As several pathological processes primary affect the retina before altering other part of the body, retinal imaging can be valuable for assessing the integrity of the human body and detecting potential disorders at early stage.

For instance, diabetic retinopathy is usually asymptomatic at early stages. However, it causes microvascular abnormalities and changes in the capillary network that may be identified through imaging [23], [24].

Observing the retina is therefore of valuable clinical interest as millions of diabetic people are at risk of developing the diabetic retinopathy and it was estimated by the World Health Organization that in 2002, 5 million people worldwide with diabetic retinopathy suffer from blindness [25].

Another example is glaucoma. Most patients with this condition are also asymptotic at its early stages. Glaucoma causes progressive degeneration of ganglion cells, damage of the optic nerve and affects the retinal visual field [26]. The ability to image ganglion cells would therefore bring detrimental improvement in its early diagnosis.

Another main interest is the early diagnosis of age-related macular disease that can cause severe vision impairment and can lead to blindness. In fact, diabetic retinopathy, age-related macular disease [27] and glaucoma are among the leading causes of vision impairment globally according to the World Health Organization [28]. Therefore they are a global public health challenge.

From the earliest stages of human embrio development, nerve connections are established between the retina and the brain through the optics nerve. This connection makes the retina an extension to the brain. Biomarkers of neurodegenerative diseases such as Alzheimer and Parkinson have been found in the retina.

More particularly, Alzheimer's disease, that causes memory, thinking and behavioral disorders that could lead to dementia in the elderly corresponds to the most common chronic, neurodegenerative disease. It has been reported that 131 million of people could suffer from it by 2050 [29]. Recent studies have highlighted correlations between changes in the retina and changes in the brain and cognitive function impairment related to Alzheimer's disease. [30]. These correlations make non-invasive retinal imaging a potentially interesting tool for the disease diagnostic [31]. For instance, Schizophrenia affects the visual function and the retina.

Signs of this disease may appear in the precortical visual signal processing pathway, including the retina before it affects the brain. [32].

Given these few examples, developments of imaging devices would be promising to provide qualitative and quantitative information about early signs of retinal and general health diseases that are still currently challenging to access. Early diagnosed diseases can be also treated earlier leading to a better patient outcome [START_REF] Weinreb | Ophthalmic Diagnostic Imaging: Glaucoma[END_REF].

Anatomy of the human eye and clinical interest 1.2.1 Optical system of the eye

For humans, the primary means of perceiving their external environment is vision. The organ which ensures this function is the eye. Eye can be described in a schematic way as being composed of the two lenses (cornea and crystalline lens), an aperture pupil (the iris) and photodetector (the retina).

Cornea is the first surface that is encountered by the light beam being incident on the eye. This transparent tissue, that is composed of collagen fibers has the highest optical power of approximatively 40 dioptres, due to its curvature and interface with air. After propagating through the entire corneal thickness of 500 to 600µm, light reaches the aqueous humor that has a smaller refractive index than the cornea. Then the aperture of the iris defines the quantity of light that reaches the crystalline lens through the pupil. The pupil diameter ranges from 2mm to 8mm. In the pupil plane the lens is located, the lens is flexible, can change its shape and therefore adapts its optical power to focus light on the retina. This principle of accomodation is performed by the adjustment of the ciliary muscle that holds the lens. At the punctum remotum which corresponds to the farthest point the eye can see clearly, there is no accomodation and the refractive power of the eye is about 60 dioptres. The punctum proximum, which corresponds to the closest point the eye can see, clearly implies the highest level of accomodation resulting in the increase of the optical power of the eye up to 15 dioptres.

Structure of the eye with its inherent optical imperfections make it subject to aberrations [START_REF] Bille | Optics of the eye and its impact in vision: a tutorial[END_REF]. More precisely, the two effective lenses of the eye, the cornea and the crystalline lens are indeed main sources of aberrations. The pupil diameter, that varies to maintain a constant level of light on the retina, affects the image quality. Large pupil diameters deteriorate resolution of images.

In this thesis work, we will consider the simplified optical eye model presented by Emsley in 1952, shown in the Figure 1.1.

Figure 1.1: (A) Schematic drawing of the human eye [START_REF] Atchison | Optics of the human eye[END_REF] (B) Simplified model of the eye presented by Emsley. In this model, the eye corresponds to a single refractive surface separating the air from the ocular medium that has an optical index of 1.333.

1.2.1.a The human retina

The retina is the neurosensory membrane, located at the back of the eye. It comprises several layers of neuronal cells that are responsible for vision function (see Figure 1.2). The thickness of the retina varies from 0.56mm to 0.1mm axially, with the thinnest region being located at its central part, the fovea. The photosensitive area of the retina covers about 56% of the back surface of the eyeball. The macula which is responsible for central vision and measures 4.5mm in diameter and comprises at its center the fovea that measures 1.5mm in diameter [START_REF] Bye | Ocular physiology[END_REF]. Figure adapted from Simon H. Tran et al. [START_REF] Tran | A Review of the Emerging Role of Silk for the Treatment of the Eye[END_REF] Photoreceptor mosaïc

The light, that is focused on the retina by both the cornea and the crystalline lens, goes through the transparent layers of the retina before being absorbed by the photosensitive cells, the photoreceptors. This is the first step of the phototransduction process that converts light into an electrical signal which is sent to the brain via the optic nerve.

The retina contains about 100 million photoreceptors that are measured a few microns and are concentrated in a central area of about 1cm 2 . There are two photoreceptor types: the cones for daylight, color and high spatial acuity vision and the rods for vision at low light level. Their distribution and size change with eccentricity relatively to the fovea. The fovea corresponds to the area with the highest concentration of cones. It is also rod-free. As the eccentricity increases, the density of cones falls rapidly into a constant level at about 10 deg to 15 deg. It is around the region that the density of rods is the highest. The blind spot where the retina contains no photoreceptors corresponds to the area where the optic nerve connects to the retina. It is located the temporal visual field between roughly 10 and 20 retinal degrees. The mosaic arrangement of the photoreceptors ensures spatial acuity or the ability for resolving fine detail. These images are from Curcio et al, 1990 [START_REF] Curcio | Human photoreceptor topography[END_REF].

The shapes of an individual cone and a rod are shown in Figure 1.4. Light enters the photoreceptor in its inner segment and gets absorbed in its outer segment. [START_REF] Baylor | Spectral sensitivity of cones of the monkey Macaca fascicularis[END_REF] estimated the percentage of absorbed light by photopigments inside the outer segment to be less than 10% [START_REF] Baylor | Spectral sensitivity of cones of the monkey Macaca fascicularis[END_REF]. Light that has not been absorbed would pass through the photoreceptors and reach deeper layers or pass between the photoreceptors. Figure 1.4: Schematic drawing of rod and cone photoreceptors. Light enters the photoreceptors through the inner segment and reaches the outer segment that contains the photopigment. After Baylor, 1987 [START_REF] Baylor | Spectral sensitivity of cones of the monkey Macaca fascicularis[END_REF] It has been observed that cones' response to light depends on the incident angle of the light beam. This phenomenon is called the Stiles Crawford effect and is explained as a consequence of the wave-guide properties of the photoreceptors [START_REF]The luminous efficiency of rays entering the eye pupil at different points[END_REF], [START_REF] Bye | Ocular physiology[END_REF].

Retina, Choroid, Sclera Before reaching the reflective photoreceptor cells, light passes through layers of transparent structures that form with the photoreceptor layer the neural retina. Among them, the ganglion cell layer are composed of the final output neurons that collect and transmit the electrical messages through their axons, which form the optic nerve.

The light that enters the eye can be subject to specular reflection at surfaces of structures such as vessels. Another part is scattered inside the retinal layers. Light can also be absorbed.

For example, the inner limiting membrane causes specular reflection. The neural retina is roughly 200µm thick [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF].

The retinal pigment epithelium (RPE) highly absorbs light as part of its functions. Absorbing light improves the imaging quality of the optical system of the eye and protects the outer retina from excessive high energy light and oxidative damage [START_REF] Boulton | The role of the retinal pigment epithelium: Topographical variation and ageing changes[END_REF], [START_REF] Strauss | The Retinal Pigment Epithelium (University of Utah Health Sciences Center)[END_REF]. The thickness of this layer is about 10µm [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF].

The choroid is a thin layer of about 100µm [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF] which primary consists of blood vessels. This layer is responsible for providing nutrients to the outer layers of the retina, it strongly absorbs short wavelengths and scatters longer ones.

The sclera is the thick and dense white tissue that wraps around the eyeball. This layer that is composed of collagen fibers strongly scatters light. Its thickness is about 700µm [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF], [START_REF] Atchison | Optics of the human eye[END_REF].

Light is mainly absorbed by visual pigment of photoreceptors, melanin pigments in the RPE and hemoglobin in the choroid [START_REF] Atchison | Optics of the human eye[END_REF].

Vessels networks

Of all the tissues in the body, the retina requires the most oxygen per unit of mass [START_REF] Masters | Fractal analysis of the vascular tree in the human retina[END_REF]. The retina is supplied by two main blood vessel systems. The retinal circulation system supplies the inner layers including the nerve fiber layer and the glial cells. The choroidal circulation system which corresponds to 65 -85% of the blood flow in the retina feeds the outer layer of the neural retinal cells (photoreceptors) and the retinal pigment epithelium [START_REF] Masters | Fractal analysis of the vascular tree in the human retina[END_REF], [START_REF] Henkind | Ocular circulation[END_REF]. Two recent studies have shown that the central retinal artery supplies four retinal vascular networks [START_REF] Fouquet | The 3D Retinal Capillary Circulation in Pigs Reveals a Predominant Serial Organization[END_REF], [START_REF] Campbell | Detailed Vascular Anatomy of the Human Retina by Projection-Resolved Optical Coherence Tomography Angiography[END_REF] :

• In the inner part of the nerve fiber layer hosts the most superficial layer of capillaries.

These are the Radial Peripapillary Capillaries (RPCs).

• Within the ganglion cell layer, the Superficial Vascular Plexus (SVP) includes large arteries, arterioles, capillaries, venous vessels and venules.

• Above the inner nuclear layer, the Intermediate Vascular Plexus (IVP) is fed by longitudinal capillaries from the SVP.

• Beneath the inner nuclear layer, the Deep Vascular Plexus (DVP) is also supplied by longitudinal capillaries from the SVP.

Figure 1.5 shows the diagram of the retinal vascular netwworks proposed by Fouquet et al [START_REF] Fouquet | The 3D Retinal Capillary Circulation in Pigs Reveals a Predominant Serial Organization[END_REF].

Vessels and capillaries exhibit complex optical behaviors characterized by a strong backscattered signal under direct illumination [9]. A wider central light streak is observed on arteries 

Ocular movements

When an eye fixates at a target it is subjected to involuntary movements which affects retinal imaging. In this context, we can consider three types of retinal eye motions. Periodic movements of high frequency (40 to 100 Hz) but low amplitude (5µm) named tremors. Slow (approximately 150µm/s) and random movements of the retina. These drifts have amplitudes of 5 to 40µm. Finally, the third type, called microsaccades, is characterized by relatively fast (approximately 40 Hz) and jerky movements with an amplitude of about 150µm [START_REF] Lu | High-speed adaptive optics line scan confocal retinal imaging for human eye[END_REF], [START_REF] Mecê | Fixational eye movement: a negligible source of dynamic aberration[END_REF], [START_REF] Martinez-Conde | The role of fixational eye movements in visual perception[END_REF].

These rapid and frequent eye movements are an obstacle to high resolution retinal imaging. Even with recent imaging techniques such as adaptive optics scanning laser ophthalmoscopy (AO-SLO), eye movements can generate intra-frame distortions in retinal imaging [START_REF] Lu | High-speed adaptive optics line scan confocal retinal imaging for human eye[END_REF]. Thus, these small movements can limit the visualization of retinal structures such as vessels or capillaries [14]. Theoretically, to avoid eye movements that are likely to reach a frequency of 100 Hz, it would be necessary to acquire images of the retina with a frequency of at least 200 Hz [START_REF] Lu | High-speed adaptive optics line scan confocal retinal imaging for human eye[END_REF].

Optical model

We have briefly mentioned the components of the retina and their optical properties which allow us to glimpse into the complexity of this tissue. It is of clinical interest to visualize with precision the elements constituting this sensitive organ of vision. For example, photoreceptors (shape, density, reflectivity), vascular network, glanglion cells, ... However, imaging the retina in-vivo leads to illuminate it and collect the reflected and backscattered light. We will now focus on the optical properties of the retina.

Aberrations

As mentioned earlier, the eye is a complex optical instrument that has imperfections. Even in an emmetropic person (normal healthy vision), the eye generates aberrations. These aberrations deteriorate the resolution of retinal images, obscuring its microscopic structures. From Pritchard 1961 [52] Therefore, the image of a spot by the eye does not give the typical airy disc as for nonaberrated optical instruments which have a resolution limited by the diffraction of light by their pupil. The spot would rather spread over a larger area. The point spread function (PSF) evaluates the effect of the aberrations on the images (see Figure 1.7).

Figure 1.7 Comparison of the point spread function of a perfect eye, without aberrations (first row) and a real eye with typical aberrations (second row) as a function of the pupil diameter of the eye. In the case of the perfect eye, the phase is constant over the pupil and the impulse response of the eye is an Airy disc. In the case of the real eye, at small pupil sizes, eye diffraction is the main factor that affects the PSF. On the opposite, at large pupil sizes PSF is highly affected by the aberations. From Roorda et al. 2006 [START_REF] Roorda | What can adaptive optics do for a scanning laser ophthalmoscope ?[END_REF] Briefly, the ocular aberrations can be considered in three categories :

• static aberrations, including the most common causes of vision issues such as astigmatism, positive defocus (myopia), and negative defocus (hyperopia). These examples can be corrected with glasses [START_REF] Porter | Monochromatic aberrations of the human eye in a large population[END_REF].

• dynamic aberrations, corresponding to variations of the aberration with time. They can be due to the tear film and the accommodation process by the crystalline lens [START_REF] Doble | The Human Eye and Adaptive Optics[END_REF].

• chromatic aberrations, which can originate from the crystalline lens [START_REF] Glasser | Presbyopia and the optical changes in the human crystalline lens with age[END_REF]. They are due to the refractive indices of the objects of the eye being wavelength dependant. The most common are longitudinal chromatic aberrations (LCA), which manifest in existance of several focus planes for different light wavelengths.

In the case of eye imaging, the PSF are commonly expressed in terms of Zernike polynomials [START_REF] Noll | Zernike polynomials and atmospheric turbulence*[END_REF] (see Figure 1.8). 

Scattering

When illuminating the retina, the photons that have travelled through the eye enter a medium that is optically complex. Understanding the path of photons in the retinal tissues is essential for imaging the diversity of its cells. More particularly, the scattering of light is a dominant optical effect that should be taken into account.

1.3.2.a Macroscopic optical parameters

Distribution of photons in the retina can be obtained from the radiative transport equation [START_REF] Chandrasekhar | Radiative Transfer[END_REF]. This equation can only be solved with numerical techniques because of the system's complexity. Instead, one can use a statistical approach using Monte Carlo simulations.

The retina (comprising neural retina and the RPE), as well as the choroid and sclera underneath, can be modelled as a multilayered object. Each of the layer of the object is described with macroscopic optical properties including the absorption coefficient µ a , the scattering coefficient µ s and the phase function p(⃗ u • ⃗ u ′ ), from which the anisotropy factor g can be derived. Each layer is considered to have a slab geometry, no limits were defined to their lateral extension.

The phase function describes the directions over which the scattering process distributes the incident energy. It can be understood as the probability of a photon with an incident direction ⃗ u ′ to scatter into the direction ⃗ u 1 .

The absorption and scattering coefficients are the inverse of their respective mean-free-paths. The absorption mean-free-path is average distance the photon travels in the medium before part of its energy is being absorbed. Similarly, the scattering mean-free-path is an average distance the photon travels in the medium before its direction changes.The anisotropy factor represents the degree of anisotropy of the scattering pattern. The greater this parameter is, the more the scattering is directed towards a preferred direction.

Hammer et al. determined these parameters by performing the inverse Monte Carlo method using experimental measurements of diffuse reflectance and transmittance [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF] [START_REF] Hammer | Scattering properties of the retina and the choroids determined from OCT-A-scans[END_REF]. Given the complexity of the environment, the data obtained are averaged per layer. His findings are summarized in ℓ * : Transport mean free path. These values were taken from [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF], [START_REF] Hammer | Scattering properties of the retina and the choroids determined from OCT-A-scans[END_REF].

Carlo method, one needs to model the transport of photons.

1.3.2.b Transport regime of photons inside the model

The transport regime of photons in the retina is given by the ratio between the thickness of the layer, L, and its scattering mean-free-path, ℓ s , namely, the optical thickness, B. It is also characterized by the transport mean free path, ℓ * = ℓs (1-g) that links the anisotropy factor and the scattering mean free path.

The thicknesses of the retina layers, as well as orders of magnitude of the obtained for ℓ s and g in Hammer et al. are consistent with an intermediate regime, combining both simple and multiple scattering [START_REF] Hammer | Scattering properties of the retina and the choroids determined from OCT-A-scans[END_REF].

In order to describe these two effects with the Monte Carlo algorithm, one can consider first a 2D model with all lengths being normalized by the scattering mean-free path. N p photons are sent in the system and travel in the retina. s 0 is defined as the distance traveled by an incoming photon, with a normal incident angle before its first scattering event, as shown in Figure 1.9, s 0 verifies the following probability density function: f s (s) = µ s (ω)exp[-µ s (ω)s] Figure 1.9: Schematic drawing of the photon trajectory during its random walk When the photon encounters the scatterer, its trajectory is deviated. As in Figure 1.9, Θ 1 , the angle between the incident direction of the photon and the scattering direction. This angle verifies the following probability density function:

f ′ s (θ) = ( 1 4π ) * p(⃗ u • ⃗ u ′ , ω) , with p(⃗ u • ⃗ u ′ , ω) the phase function.
Then, the photon travels over a distance s 1 towards its new direction before experiencing a new scattering event and so on until the photon gets out of the retina. The photon's propagating trajectory is updated at each iteration taking into account the optical properties of the retinal layer therein. For biological tissues phenomenological models are used to define the phase function. For our study, we selected the Henyey-Greenstein phase function [START_REF] Henyey | Diffuse radiation in the Galaxy[END_REF], which has been commonly used, especially for studies on the retina [START_REF] Yust | Optical absorption and scattering of bovine cornea, lens, and retina in the near-infrared region[END_REF].

The Henyey-Greenstein phase function is expressed in equation 1.1, and plotted in Figure 1.10. In the Figure, the forward direction along the original photon trajectory is 0 deg and scattering in the backward direction is 180 deg. For values of g close to 1, as it is the case for retinal layers, these plots show the high probability of forward scattering.

P (θ) = 1 4π * 1 -g 2 (1 + g 2 -2 * g * cos(θ)) 3 4 (1.1)
This function is normalized such that the integral over 4π steradians is equal to unity. We can also write:

P (µ) = 1 4π * 1 -g 2 (1 + g 2 -2gµ) 3 4 (1.2) With µ = cos(θ) µ = 1 2g * (1 + g 2 -( 1 -g 2 1 + g -2gs ) 2 ) (1.3)
With s chosen randomly, according to the uniform law between 0 and 1.

The principle of the Monte Carlo algorithm applied to retina that I used in my thesis work is described in Chapter 6. 

Imaging techniques 1.4.1 Fundus camera

Retinal fundus imaging can be defined as the process of acquiring 2D images built on the detection of light that has been reflected from the tissues of the volumetric retinal object. The standard fundus cameras typically found in ophthalmology clinics provide large field images (around 30 to 50 degree field of view) of the retina, including the macula and optic nerve. As shown in Figure 1.11 they show large scale retinal features which are used for diagnosing and for documenting diseases.

It is easy to get lost among the various acronyms for fundus imaging techniques. In addition to the standard fundus cameras, we can mention fluorescein fundus angiography (FFA) used since 1960, indocyanine green angiography (ICGA) and fundus autofluorescence (FAF) used since the 1970s. Other imaging techniques allow to observe the retina at cell resolution, such as AO flood illumination ophthalmoscopy (AO-FIO) since the 1990s, and AO scanning laser ophthalmoscopy (AO-SLO) since 2002.

We will mostly focus on these two techniques below. We will also include a description of optical coherence tomography OCT, which is now part of the standard diagnostic imaging techniques.

Adaptive Optics

Adaptive optics was first developed by astronomers for correcting optical aberrations in real time with a deformable mirror. The optimal shape of this mirror is derived from wavefront measurements via a real time calculator in closed loop. In 1997, this technology made it possible to reach a resolution of the order of a micron in the retina with a fundus camera [5].

Figure 1.12 illustrates schematically the principle of adaptive optics applied to retinal imaging. A beacon light source dedicated to wavefront correction delivers a beam which is focused on the retina. The light backscattered by the retina has a distorted wavefront that is directed towards the deformable mirror (DM). The beam reflected by the DM is directed towards the wavefront sensor (WFS). Note that the WFS and DM are optically conjugated to the pupil of the eye. Deformation of the wavefront is measured by the WFS. The most common one used in retinal imaging is the Shack-Hartmann WFS. It is composed of an array of micro-lenses that are conjugated with the pupil of the eye and a sensor (CMOS or CCD) located at the focal plane of the micro-lenses [14]. A control computer drives the DM in real time to correct the wavefront from the aberrations detected by the WFS [START_REF] Doble | The Human Eye and Adaptive Optics[END_REF]. 

AO-FIO

Flood illuminaion opthalmoscope (FIO) relies on simple full-field opthalmoscope geometry simular to the fundus camera above but with higher magnification. Indeed, it uses the geometry of a conventional full field microscope, where the cornea and the crystalline lens are used as objective. Flood illumination ophtlamoscope can be combined with adaptive optics providing good quality images of the retina in a short time of a few milliseconds with a high transverse resolution [START_REF]Adaptive optics scanning laser ophthalmoscopy in fundus imaging, a review and update[END_REF] (2µm) and on a relatively large field of view [START_REF] Viard | Imaging microscopic structures in pathological retinas using a flood-illumination adaptive optics retinal camera[END_REF]. With a commercial AO-FIO device such as the rtx1 from Imagine Eyes (Imagine Eyes, Orsay, France) [START_REF] Ra | Regeneration of Photoreceptor Outer Segments After Scleral Buckling Surgery for Rhegmatogenous Retinal Detachment[END_REF], it is possible to image retinal structures such as its vasculature, capillaries, the outer segment of cones [START_REF]Adaptive optics scanning laser ophthalmoscopy in fundus imaging, a review and update[END_REF], [15]. Dark field imaging with an AO-FIO has been demonstrated recently. Images of structures with a weak back-scattering signal such as small capillaries, large vessel wall substructure (pericytes, smooth muscle cells) could be obtained by monitoring the illumination geometry of the system [START_REF] Meimon | Manipulation of the illumination geometry on Adaptive Optics (AO) Flood Illumination Ophthalmoscope (FIO) for Dark Field imaging of the Retina[END_REF].

Laforest, Künzi et al. also manipulated the illumination to image in-vivo RPE cells and the nerve fiber layer. The images were acquired with an oblique illumination called transcleral coupled with a flood illumination camera. Thus, the retina was illuminated obliquely and uniformly by its back side, which made it possible to highlight transparent objects that are typically masked in bright field mode. [START_REF] Laforest | Transscleral optical phase imaging of the human retina[END_REF].

Among the limitations of the AO-FIO one can mention, the limited axial sectioning (axial resolution about 100 microns) [START_REF]Adaptive optics scanning laser ophthalmoscopy in fundus imaging, a review and update[END_REF]. Thus, the camera also detects photons backscattered from out of focus layers which deteriorates the contrast of the image. The lack optical sectioning can make the observation microscopic structures inside this volumetric object challenging.

AO-SLO

At the beginning of the 1980's, Webb et al. proposed the scanning laser ophthalmoscopy -a new way of imaging the retina -which consists in scanning the field with a focused laser beam and collecting point by point the backscattered light [START_REF] Webb | Scanning Laser Ophthalmoscope[END_REF]. This system was quickly improved by adding a pinhole in front of the detector which allows to reject photons coming from planes other than the focusing plane located on the retina [7], [START_REF] Williams | Imaging single cells in the living retina[END_REF] and then with the implementation of adaptive optics (AO) in the 2000s. This system derived from confocal scanning microscopy allows to obtain images with a lateral resolution at the micron scale. In practice, in order to detect enough signal, larger pinholes are used to improve the throughput at the expanse of the resolution enhancement provided by a confocal hole. As a result, the lateral resolution of AO-SLOs is rather set by the AO correction. For this reason, one can consider that AO-SLO and AO-FIO have similar lateral resolutions.

The optical sectioning and spatial filtering provided by the configuration of the confocal AO-SLO allows to obtain images with an enhanced contrast and axial resolution [14], [15], [START_REF] Larocca | Optimization of confocal scanning laser ophthalmoscope design[END_REF] that allow the visualization of reflective objects such as waveguiding photoreceptor outer segments (OS) and the highly-reflective nerve fibers, lamina cribrosa and blood vessels [15].

However, scanning the entire raster on the retina (forming a 2D image) requires considerable time. Thus, the imaging frame rate of the AO-SLO is about 30 Hz for images on wide angles [14]. Acquisition frequencies higher than 120 Hz can be achieved on cropped fields [14]. The limited frame rate is important if one remembers that eye movements can reach frequencies of the order of 100 Hz. Those high speed shifts are likely to cause artifacts in the frame (intra-frame) or between successive frames (inter-frame), [14].

AO-OCT

Among the other non-invasive in-vivo imaging techniques of the retina, AO-optical coherence tomography (AO-OCT) uses time gating to produce cross-sectional images of the different inner layers of the retina from ballistic photons [START_REF] Fischer | Scanning Laser Ophthalmoscopy (SLO)[END_REF], [START_REF] Pircher | Review of adaptive optics OCT (AO-OCT): principles and applications for retinal imaging[END_REF].

OCT was invented in 1991 [START_REF] Huang | Optical Coherence Tomography[END_REF] and has become an essential tool for ocular imaging in clinics.

The principle of OCT is close to that of the Michelson interferometer. The light of a lowcoherence source is split by a beam splitter. The first beam is directed towards a mirror (the reference signal) and the second is directed towards the retina. The beam coming from the retina interferes with the reference beam which is modulated by oscillations of the reference mirror position (time domain OCT) or modulated in wavelength (Fourier or Spectral Domain OCT). The analysis of the interference patterns allows to define the difference of the time of propagation of the beams going through the reference channel and the sample channel. It is thus possible to determine the depths of the inner layers of the retina.

Technically, main advantage of OCT is that the lateral and axial resolutions are decoupled. Lateral resolution depends on the numerical aperture like in conventional microscopy (with addition of confocality). On another hand, axial resolution depends on temporal coherence (or in the other words spectral bandwidth) of the light source used. This means that OCT can achieve high axial resolution of order of µm even with moderate numerical apertures. This quality proved particularly valuable in retinal imaging, where the numerical aperture is limited by the pupil of the eye.

Conventional OCT instruments available in clinics rely on a particular type of OCT termed spectral-domain OCT (SD-OCT) [START_REF] Drexler | Optical Coherence Tomography[END_REF]. SD-OCT is an interferometer with a spectrometer as a detector. At each point in time the spectrometer analyzes the light coming from a single in-depth line from the sample (called A-line). The peaks in the spectrum, caused by the interference between the light from the scatterers in the sample and the reference mirror of SD-OCT, are Fourier-transformed to produce an in-depth view of the scatterers. By scanning line-by-line with a galvanometer mirror (and processing the spectrum of each line) the 2D in-depth image can be reconstructed.

One can extend imaging to 3rd dimension by scanning the two axes with galvo-mirrors. However, this type of scanning takes substantial time. Eye motion during the acquisition thus leads to artifacts in the final 3D images. These artifacts can be corrected to a limited extent in post-processing [START_REF] Ricco | Correcting Motion Artifacts in Retinal Spectral Domain Optical Coherence Tomography via Image Registration[END_REF].

Another improvement to the OCT speed came recently with the introduction of a sweptsource laser (SS). SS laser can rapidly change (sweep) through the range of wavelengths effectively producing the low-coherence light. Spectrometer (typically equipped with a line-scan camera) in the conventional SD-OCT is substituted by the SS laser and a simple detector, the latter having a very fast response for faster imaging [START_REF] Fujimoto | The Development, Commercialization, and Impact of Optical Coherence Tomography[END_REF]. Faster imaging can be used to increase the field of view (FOV) or improve signal-to-noise ratio by averaging more images.

Recently, a new OCT configuration named full-field swept-source OCT (FF-SS-OCT) was proposed as a solution to even faster 3D imaging ( [START_REF] Hillmann | In vivo optical imaging of physiological responses to photostimulation in human photoreceptors[END_REF], [START_REF] Auksorius | Crosstalk-free volumetric in vivo imaging of a human retina with Fourier-domain full-field optical coherence tomography[END_REF]). The idea is to use a 2D camera to record an entire 3D volume in a single sweep of the laser. In order to catch up with a fastsweeping rate (of about 1000 wavelengths per second) FF-SS-OCT uses the ultrafast cameras (60, 000 frames per second).

Speed is not a single parameter of concern for retinal imaging. Limited numerical aperture of the eye (determined by the pupil) as well as imperfections of the ocular optics (aberrations) reduce image resolution. The pupil of the eye can be dilated by applying mydriatic drugs, while the aberrations can be corrected with adaptive optics (AO) optical systems. The OCT instruments above differ in the AO methods that they use. SD-OCT combined with hardwarebased AO produced detailed views of the retinal structures [START_REF] Miller | Cellular-Scale Imaging of Transparent Retinal Structures and Processes Using Adaptive Optics Optical Coherence Tomography[END_REF], including challenging ones such as retinal pigment epithelium, ganglion cells, etc. FF-SS-OCT can be also used in combina-tion with hardware AO [START_REF] Valente | Kilohertz retinal FF-SS-OCT and flood imaging with hardware-based adaptive optics[END_REF], however most commonly the software-based correction is utilized [START_REF] Hillmann | In vivo optical imaging of physiological responses to photostimulation in human photoreceptors[END_REF]. More precisely, FF-SS-OCT records both the amplitude and phase of light allowing for numerical measurement and correction of aberrations directly from the acquired data.

Finally, a particular property of the insensitivity to aberrations was demonstrated by another OCT type called time-domain full-field OCT (TD-FF-OCT) [81] [82]. Thanks to a combination of spatially incoherent light source (such as light-emitting diode) with interferometry some optical aberrations (such as defocus) are automatically corrected. However, this implies signal reduction, that should be still recovered with AO.

Retinal imaging techniques, covered in this brief and non-exhaustive overview, provide the diversity of information to access the retinal structures and function, at both macroscopic and cellular levels. Combining these different imaging modalities is of high clinical interest for improving disease diagnostics and therapeutic guidance.

Multimodal imaging

In the literature, the concept of multimodal imaging in ophthalmology can have several practical meanings, but its purpose is generally to provide complementary information for a more precise diagnosis and follow up of retinal diseases. Sometimes, this approach also allows to combine a newly developed method with more established examination techniques.

Thus, a multimodal approach often consists in combining the results of several examination methods [START_REF] Jacob | Meaning of Visualizing Retinal Cone Mosaic on Adaptive Optics Images[END_REF], [START_REF] Lambert | Adaptive optics ophthalmoscopy, multifocal ERG and OCTA in unique case of suspected torpedo maculopathy presenting with vitelliform lesion[END_REF], [START_REF] Torm | Migration of an outer retinal element in a healthy child followed by longitudinal multimodal imaging[END_REF], [START_REF] Sampson | Enhanced Visualization of Subtle Outer Retinal Pathology by En Face Optical Coherence Tomography and Correlation with Multi-Modal Imaging[END_REF].

However, the concept of multimodal imaging sometimes covers the integration of two different imaging methods on the same device, such as integrating in the same device "photoacoustic ophthalmoscopy" with "scanning laser ophthalmoscopy" or a "Fundus Camera" [START_REF] Song | Integrating photoacoustic ophthalmoscopy with scanning laser ophthalmoscopy, optical coherence tomography, and fluorescein angiography for a multimodal retinal imaging platform[END_REF], [START_REF] Liu | Fundus Camera Guided Photoacoustic Ophthalmoscopy[END_REF]. The "multimodal AO retinal imaging platform " developed by Mujat et al., which allows the collection of "enhanced SLO and OCT images ", also illustrates this approach [START_REF] Mujat | Multimodal Retinal Imager[END_REF].

Clinical motivation for multimodal (bright field and phase contrast) retinal imager

Observing at the microscopic scale hypo-reflective structures that are invisible or masked by the diffuse background in bright field is essential for the study and the follow up of retinal diseases such as glaucoma, diabetes or AMD [14], [11], [12], [13].

Age-related Macular Degeneration (AMD) or glaucoma are related to disorders of the RGCs [13], [START_REF] Quigley | Glaucoma[END_REF], the RPE [11], [START_REF] Ambati | Mechanisms of Age-Related Macular Degeneration[END_REF] and the retinal vasculature [12], [START_REF] Kulkarni | Wet age-related macular degeneration[END_REF], [START_REF] Wolf | Retinal Hemodynamics Using Scanning Laser Ophthalmoscopy and Hemorheology in Chronic Open-angle Glaucoma[END_REF]. Diseases such as diabetes, which are a cause of blindness [9], [10], [START_REF]The Prevalence of Diabetic Retinopathy Among Adults in the United States[END_REF], [START_REF]Self-reported visual impairment among persons with diagnosed diabetes -United States, 1997-2010[END_REF], may also be related to changes of the retinal vasculature and blood flow [9], [10], [12], [START_REF] Kohner | The retinal blood flow in diabetes[END_REF].

Finally, accurate imaging of the cones inner segment with or without the strongly backscattering outer segment can be particularly useful in the follow-up of gene therapy [START_REF] Scoles | In Vivo Imaging of Human Cone Photoreceptor Inner Segments[END_REF], [START_REF] Alexander | Restoration of cone vision in a mouse model of achromatopsia[END_REF], [START_REF] Pang | AAV-Mediated Cone Rescue in a Naturally Occurring Mouse Model of CNGA3-Achromatopsia[END_REF], [START_REF] Mancuso | Gene therapy for red-green colour blindness in adult primates[END_REF], [START_REF] Komáromy | Gene therapy rescues cone function in congenital achromatopsia[END_REF] of blindness or diseases such as AMD and glaucoma [13], [START_REF] Jackson | Photoreceptor degeneration and dysfunction in aging and age-related maculopathy[END_REF], [START_REF] Holz | Pathogenesis of lesions in late age-related macular disease[END_REF].

In the past few years, the contrasts generated by multiply scattered light have been used to reveal non-invasively structures that are invisible with the conventional bright field mode. These developments have been essentially implemented in AO-SLO systems [14], [11], [START_REF] Scoles | In Vivo Imaging of Human Cone Photoreceptor Inner Segments[END_REF], [10], [9] [12], [13], [START_REF] Mecê | Spatialfrequency-based image reconstruction to improve image contrast in multi-offset adaptive optics ophthalmoscopy[END_REF].

Multimodal AO-SLO

Offset aperture AO-SLO AO-SLO systems have already demonstrated their ability to bring out phase contrast (revealing phase objects) and absorption contrast (revealing absorptive objects), by detecting the multiply scattered signal coming from the non-illuminated regions [9], [11], [12], [START_REF] Gofas-Salas | Design of a radial multioffset detection pattern for in vivo phase contrast imaging of the inner retina in humans[END_REF]. Instead of the confocal aperture, the inverse mask can be placed to block the light that has been directly backscattered from the illuminated region (see Figure 1.13). The signal detected therefore corresponds to the rest of the light backscattered towards the pupil, which falls within a range of angles lower than the numerical aperture of the detector. In this so called darkfield configuration is inspired from transmission microscopy techniques [START_REF] Gao | Dark-Field Microscopy: Recent Advances in Accurate Analysis and Emerging Applications[END_REF], [START_REF] Liu | Molecular and living cell dynamic assays with optical microscopy imaging techniques[END_REF]. Possibility of applying these modes to retinal imaging is enabled by the high thickness of the retina and the presence of the RPE, choroid and sclera layer that provide strong multiple backscattering towards the pupil. This particular imaging case allows to perform phase contrast imaging in a configuration similar to epi-illumination configuration in microscopy with a secondary light source at the sclera [START_REF] Gao | Dark-Field Microscopy: Recent Advances in Accurate Analysis and Emerging Applications[END_REF].

The images are thus built up from light that has been deviated in the retinal medium by scattering and refraction, arising from local changes of the optical index of tissues. Decrements of the intensity corresponding to absorption are also detected, as the imaginary part of the optical index is responsible for absorption.

In practice, implementation of these darkfield imaging techniques to AO-SLO is usually performed by adding an offset between the focused illumination beam and the detection, thus resulting in the contrast enhancement of structures that are scattering light in one direction.

With an offset detection configuration, Drew Scoles et al. have succeeded in applying darkfield imaging to visualize the retinal pigment epithelium cell mosaic, which is rather absorptive [11]. In this particular example, an annular detection mask allowed for blocking the confocal signal from the photoreceptor layer, which was in focus and for visualizing the RPE mosaic by detecting the surrounding multiply scattered light through the annulus. Offset aperture has also been implemented to image the walls of blood vessel [9] and mural cells [10].

These detection apertures can be generated by using a SLM (Spatial Light Modulator), as it has been demonstrated by Sapoznik et al.. In this study, the SLM allowed for adapting easily the design of the aperture configuration of an AO-SLO system which improved the imaging contrast on retinal vessels [START_REF] Sapoznik | Enhanced retinal vasculature imaging with a rapidly configurable aperture[END_REF] (see Figure 1 Aperture manipulations for contrast enhancement

In the above configuration, it is likely that the multiple scattering background dominates the refracted signals of structures within the depth of field. Hence, solutions to filter out such background should be found. In practice, both spatial and numerical filters can be used. Limiting the size of the aperture reduces the amount of the multiple scattering background. Then, the phase contrast is obtained by computing the difference between images corresponding to symmetrically opposite offsets. The background signal is homogeneous over the whole pupil, while the refractive phase-contrast signal varies with the offset angle and distance in the pupil plane. Normalizing this difference by the sum of the two images, one achieves the split-detection method, which for instance allows to visualize fine details of capillaries and vessel walls [12] (see Figure 1.13). The same method has been used by [START_REF] Scoles | In Vivo Imaging of Human Cone Photoreceptor Inner Segments[END_REF] to discriminate the photoreceptor inner segments from highly reflective outer segment.

They describe split detection as similar to oblique back-illumination microscopy [START_REF] Scoles | In Vivo Imaging of Human Cone Photoreceptor Inner Segments[END_REF], [START_REF] Ford | Phase-gradient microscopy in thick tissue with oblique back-illumination[END_REF].

Assuming a homogeneous illumination, both of the images obtained with the offsets would exhibit the same intensity decrement caused by absorption of light by the encountered retinal structures. Phase objects deflect the light towards a particular direction, leading to symmetrically opposed intensity gradients on the two images obtained with the opposite offsets. Summing these images up would therefore maximize the non-differential amplitude variation, corresponding to absorption and cancel out intensity gradients that contribute to phase contrast. On the contrary, the difference between the images would cancel out absorption contrast, while emphasizing the intensity gradients originating from phase objects. This method has been described by Hamilton et al. [START_REF] Hamilton | Differential phase contrast in scanning optical microscopy[END_REF].

A wide range of aperture manipulations has allowed for increasing the types of structures that could be visualized. A multi-offset approach optimized by Rossi et al. [13] could provide images of not only vessel walls and capillaries but also photoreceptor inner segments, ganglion cells, as well as microglia cells [START_REF] Mecê | Spatialfrequency-based image reconstruction to improve image contrast in multi-offset adaptive optics ophthalmoscopy[END_REF], [START_REF] Gofas-Salas | Design of a radial multioffset detection pattern for in vivo phase contrast imaging of the inner retina in humans[END_REF].

The inherent scanning feature of AO-SLO systems makes them relatively slow regarding the eye motion and therefore represents a decisive limitation. As regards the use of several offset aperture channels, the acquisition corresponding to each aperture is generally performed sequentially, which adds up to the total acquisition time. This restrains even more this technique from imaging moving cells. However, these developments demonstrate that the AO-SLO is a multimodal system, able to maximize the contrast of various kinds of retinal structures, reflective, refractive and absorptive.

Understanding phase and absorption contrasts for optimizing retinal imaging performances

It can be noted that the performances of these techniques rely on the ability to both maximize and discriminate the specific signal that has illuminated the object of interest. We can forecast that the deeper the knowledge of the trajectory of light in the retina, the scattering, refractive properties of the structures, the more adapted the spatial filtering strategy maximizing the imaging contrast could be made. The design and location of the spatial filter should in fact be closely adapted to the optical properties of the object to be imaged.

Different approaches have been proposed in order to describe phase contrast imaging [21]. For instance, Sulai et al. would consider symmetric and asymmetric masks that would reveal structures depending on the symmetric or asymmetric intensity distribution of light that they would produce [12]. This approach could be used to image capillaries and vessel walls, as shown in Figure 1.13. However, involvement of the different optical contributions has not been CHAPTER 1. IN-VIVO IMAGING OF THE HUMAN RETINA completely described yet. In addition, AO-SLO is yet not the most flexible configuration to experimentally investigate such question, in part due to its limitations described above.

Multimodal AO-FIO

Gaze-dependent imaging AO-FIO A recent method, gaze-dependent imaging, based on the use of an AO-FIO, takes advantage of light tissue interactions and presumably Stiles Crawford effect of photoreceptor cells (see subsection 1.2.1.a) to enhanced the contrast of drusen [START_REF] Rossi | A New Method for Visualizing Drusen and Their Progression in Flood-Illumination Adaptive Optics Ophthalmoscopy[END_REF]. It has shown its efficiency to reveal drusen that were not visible in clinical images. This technique which consists in acquiring for different gaze positions AO-FIO images corresponding to an overlapping illuminated area of the retina and combining the images of this common retinal area has allowed to detect the features of drusen and to distinguish the ones related to AMD to normal aging-related drusen. Nevertheless, the underlying process that generates gaze dependent contrast remains to be investigated.

ECUROEIL bench

In this section, I will describe more in details the AO-FIO setup that I used during my thesis. This experimental bench named ECUROeil (Etude et Conception de systèmes Ultra Résolus pour l'OEIL, Study and Design of High Resolution Systems for the Eye) performs in-vivo retinal imaging at the cell resolution. As the name suggests, this bench has been used as a tool to investigate ways to improve retinal imaging while benefiting from its high rate and wide field of view. More particularly, the thesis of Elena Gofas [20] resulted in the integration of two imaging modalities in the bench that are based on the manipulation of the illumination for broader applications of the AO-FIO bench towards darkfield imaging. This description corresponds to the version of the bench at the beginning of my thesis. Supplementary information about the history of this bench can be found in the Appendix A.

The most recent developments on ECUROeil bench were focused on manipulating the illumination for extracting biomarkers of retinal diseases [20]. More particularly, one can mention two applications :

• high contrast imaging of the fine structures of the retinal vasculature.

• detecting the difference in photoreceptor brightness when varying the angle (use of the Stiles Crawford effect presented in subsection 1.2.1.a)).

As discussed in the subsection 1.5.2, developments of darkfield imaging modalities on AO-SLO systems have enhanced the contrast of the vessel features. In the configuration of AO-FIO systems, it has been shown that darkfield imaging can be achieved by partially illuminating the retina with illumination patterns and detecting the signal from the non-illuminated regions. The patterned illumination modality developed in this context is described in subsection 1.6.2.

The second application mentioned above requires the system to be able to illuminate photoreceptor cells with different angles. The subsection 1.6.2 also describes the so-called retinal goniometer modality that enables to control the angle of incidence of the illumination on the retina.

A flood-illumination ophthalmoscope with an adaptive optics correction module:

The work described above relies on the high resolution imaging capabilities of ECUROeil bench, implying a robust adaptive optics correction module. The latter includes a Shack-Hartmann wavefront sensor2 as well as a deformable mirror. Its optical layout is presented in Figure 1.16-(A).

The superluminescent diode, which has been used as the wavefront beacon source of the AO module, was emitting at wavelength of 750nm and had with a spectral bandwidth of 20nm.

The imaging source, that was used for wide field illumination of the retina, was a LED (light-emitting diode), emitting at 860nm, with a spectral bandwidth of 60nm. The imaging system included a CMOS camera which was mounted on a motorized translation stage that was axially translating the camera to the retinal layer to be imaged.

A chin and forehead rest was integrated to the system, as well as a fixation module, to direct the gaze of the subject and to control the region of the retina to be imaged.

Management of the AO-correction is achieved with a Real Time Control module (RTC). It is composed of the PC that measures the slopes, computes the voltage commands and send them to the deformable mirror and the IHM PC (Human-machine interface), for the monitoring of the AO system and for recording the data. Two alignment arms have also been implemented. The alignment eye module sets the reference position of the wavefront sensor, from which the slopes are computed, and the diagnostic module sets the position of reference of the deformable mirror. Each alignment arm include a fibered input, which enable to inject the AO light source in them, by coupling the optical fibers. This especially facilitates the alignment of the WFS and the DM, before acquiring data on an eye. The primary tests on the AO correction and the first image of the retina with ECUROeil bench were obtained during the end of Jessica Jarosz's thesis [START_REF] Jarosz | Vers la conception d'un système d'optique adaptative pour la photocoagulation laser de la rétine[END_REF]. This work was then taken over during the thesis of Elena Gofas. The image processing techniques were upgraded, for instance, by implementing the correction of the inhomogeneous background highlighting the structures. Improvements on the adaptive optics loop have provided a robust and optimized correction of ocular aberrations [19].

Monitoring the illumination pattern :

As shown in Figure 1.16-(A), in the setup, the illumination source was placed upstream the deformable mirror, enabling the system to pre-compensate the ocular aberrations before the illumination beam reaches the eye. This feature brought possibilities of using patterned illuminations. The idea of using the patterned illumination to enhance the imaging contrast was inspired from microscopy, especially full field microscopy techniques such as Structured Illumination Microscopy (SIM) [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF], [START_REF] Gruppetta | Theoretical study of multispectral structured illumination for depth resolved imaging of non-stationary objects: focus on retinal imaging[END_REF]. AO-FIO devices acquire the field in a single shot of the camera thus do not suffer from eye movement artifacts of scanning SLO. The imaging speed can be very high, determined by the frame rate of the camera. Newly developed illumination control opens a plethora of possibilities for for phase-contrast and dark-field imaging with a full-field method. [19].

The pattern that have been used to illuminate the retina, with AO compensation, was in fact the spot generated by the AO beacon source. Soon after, the imaging light source could give off a patterned illumination thanks to a modified aperture stops. Subsequently, manipulation of the illumination was carried out with two different strategies, by modulating the illumination on the retina or, by controlling of the incident angle of the illumination beam. Both of them were integrated to the AO-FIO bench, in the same illumination path, as presented in Figure 1. 16

-(B).

First, controlling the shape of the illumination on the retina can be achieved by projecting patterns which are placed on a plane conjugated with the retina. Moreover, the system was designed so that its focal planes are conjugated with the retina. In order to project illumination patterns, a Spatial Light Modulator (SLM), working in a reflection configuration was therefore placed at a focal plane conjugated to the retina, as shown in Figure 1.17-(A). When the illumination is focused on the device, a binary mask can be applied to the SLM, that projects it to the retina. Another alternative is to place an aperture stop with the desired illumination pattern in the focal plane, on the way between the light source and the DM, before reaching the eye.

Secondly, in order to control the incident angle of illumination at the retinal plane, a transverse shift should in the aperture plane, that is the plane of the eye pupil. As shown in Figure 1.17-(B), this modulation at the pupil plane could be achieved by introducing an aperture stop at a plane conjugated to the eye pupil plane followed by the tip-tilt mirror at a focal plane conjugated to the retinal plane.

The stop aperture reduces the size of the illumination beam and a rotation of the tip-tilt mirror shifts its position at the pupil plane, inducing a variation of its angle of incidence on the retina.

Shaping the illumination beam at the retinal plane have expanded the imaging capabilities of the bench to the imaging of more transparent retinal features that are not visible with conventional flood illumination [START_REF] Meimon | Manipulation of the illumination geometry on Adaptive Optics (AO) Flood Illumination Ophthalmoscope (FIO) for Dark Field imaging of the Retina[END_REF]. The principle and the results of this work will be discussed in more details in Chapter 8. These results suggest that a clean and well contrasted illumination pattern is a key parameter for patterned illumination imaging. However, the device was facing several limitations that were affecting patterned illumination imaging.

Technical limitations:

Among the technical limitations, the SLM, which was a Digital Micromirror Device (DLP4500, Keynotes, USA), had a detrimental impact on the imaging performances. This device consists of an array of mirrors, in which each mirror could be set on binary positions 'ON' or 'OFF', by tilting them of a particular angle (±12 deg, in this case). For one position of the micromirror, the rays of the illumination beam can be reflected along the optical axis towards the eye, whereas for the other position, the rays are deflected away from the optical axis. That way, the non-illuminated regions of the retina are conjugated with the regions of micromirrors that were reflecting a the rays of illumination beam out of the system. This particular model of DMD was producing a high frequency noise, due to the refreshment of the positions of its mirrors. The latter causes in practice a few motions of the mirrors that are visible in the images. In practice, this change of micromirror position was inducing unwanted intensity fluctuations on the images that was hindering visualization of the projected patterns on the retina at about 100 or 200 Hz. Further characterization of the intensity fluctuations can be found in the thesis of Yann Lai Tim [START_REF] Lai-Tim | Imagerie haute résolution de la rétine humaine par illumination structurée assistée par optique adaptative[END_REF].

Moreover, the signal-to-noise ratio of the images was impaired by the notably low power of the illumination source (LEDMOD860, SLD, Omicron, Germany) that was reaching the eye. Even after setting the light source to its maximum output power, the total light energy entering Zoom on the illumination module, including both a spatial light modulator for shaping the illumination on the retina and an aperture stop followed by a tip-tilt mirror for controlling the incident angle of the illumination beam.

From the thesis of Elena Gofas [20] Figure 1.17: Schematic drawing of the two strategies implemented on ECUROeil to manipulate the illumination. (A) corresponds to the modulation of the illumination at the retinal plane, that is a focal plane, by using a SLM, at a conjugated plane. The shape of the illumination is defined by the position of the micromirrors of the SLM, which reflect the incident light towards the retina, for the micro mirrors in position "ON" or out of the optical path, for the ones in position "OFF". That way, the illumination pattern that was formed on the SLM, is projected on the retina. (B) corresponds to the modulation of the illumination at the pupil plane, which is the eye pupil. It consists in shifting the position of the illumination beam at the pupil plane to induce variations of its angle of incidence on the retina. As the illumination beam covers the eye pupil, its size should first be reduced with a stop aperture, placed at a pupil plane. It can then be shifted on the pupil plane, by placing a tip-tilt mirror at focal plane, downstream the aperture stop. The rotation of the mirror of an angle θ finally leads to the variation of the angle of incidence of the illumination beam on the retina. From the thesis of Elena Gofas [20] the eye was still below the ocular safety limits. The 400µW incident power could have been indeed 4 times higher while still respecting the ocular safety limits given by the norm ISO 15004-2 (2007), for the group 1.

The power restriction was even more troublesome when controlling the angle of incidence of the illumination beam. The size of the aperture stop that defines the size of the illumination pupil is indeed smaller than the pupil of the system (half its size or less), which reduces even more the power of the illumination beam that reaches the eye and consequently the signal-tonoise ratio of the images.

Increasing the exposure time cannot fully tackle the issue, as needs to stay limited to 5 to 10ms because of ocular movements. More particularly, in this configuration, ocular movements can also create uncertainty in the position of the illumination beam on the eye pupil and therefore on the incident angle of the illumination. This issue could be handled by implementing a pupil stabilization on the system.

Introduction to part II

The first images of the retina corrected from ocular aberrations with adaptive optics were obtained in 1997. Fifteen years after this breakthrough, the High Angular Resolution (HRA) team of ONERA have joined the efforts towards high resolution imaging of the retina. They developed a full-filed ophthalmoscope that have been in constant evolution, the Adaptive Optics Flood Illumination Ophthalmoscope (AO-FIO), named ECUROeil a (Etude et Conception de systèmes Ultra Résolus pour l'OEIL, Study and Design of High Resolution Systems for the Eye).

In Chapter 2, I describe the technical improvements I carried out in the beginning of my thesis in order to enhance the imaging capabilities of ECUROeil bench towards the implementation of microscopy inspired techniques. This work has led to two experimental applications :

• The first study deals with the the measurements of eye movements for the early diagnosis of retinal diseases and is presented in Chapter 3 ;

• The second one corresponds to the application of Structured Illumination Microscopy (SIM) to in-vivo retinal imaging and was conducted as part of the thesis of Yann Lai Tim. My contribution to this work is presented in Chapter 4.

a As my PhD program builds on these developments, I felt useful to recall briefly the main development steps that took place before I started my thesis project. A brief report on the history of the bench can be found in the Appendix A.

Chapter 2 IMPROVEMENTS ON THE AO-FIO FOR MICROSCOPY INSPIRED IMAGING

The AO-FIO bench, ECUROeil that has been presented in section 1.6 of Chapter 1, has already demonstrated its ability to perform in-vivo retinal imaging at a high resolution [19], [START_REF] Gofas-Salas | Near infrared adaptive optics flood illumination retinal angiography[END_REF]. However, the system is still facing several technical hurdles that could be detrimental to bring to bear its full potential. These limitations can essentially be summed up in two categories:

• low signal to noise ratio

• technical limitations on the projection of illumination patterns

To some extent, the ergonomic issues cannot be isolated when considering the constraints of the bench, as the technical developments are intrinsically tied to the clinical challenges. During my thesis, I contributed to addressing these limitations in order to get a high resolution patterned imaging system. Several of the technical arrangements were executed when implementing structured illumination microscopy technique (see Chapter 4).

The optical layout of the updated version of the AO-FIO is presented in Figure 2 

Improving the signal to noise ratio

Since the probability to detect a photon is given by the Poisson distribution, the photon shot noise is the square root of the number of detected photons. The signal-to-noise ratio (SNR) in the acquired images thus depends on the square root of the number of photons that are sent and camera noise. Therefore, the SNR was improved by updating two elements of the bench:

• the illumination module

• the imaging camera

The previous illumination module which comprised a Superluminescent Diode (SLD) (Led-mod860.800EM, Omicron, Germany) with a central wavelength of 860nm (±50nm) was replaced by a more powerful illumination system. The selected imaging source is a light emitting diode (LED) (M850LP1, Thorlabs, US) which emits at 850nm, and with a spectral bandwidth of 30nm. This small wavelength difference of 10nm did not affect the performance of the bench, as its optical elements are optimized for near infrared light and the dichroic beamsplitter, which is used to split the AO path towards the WFS, from the imaging path, has a cutoff wavelength that is still lower that the illumination wavelength. This new light source multiplies by 4 the incident power on the eye and expands the field of illumination from 3.6 deg to 4.2 deg on the retina, which is favorable for ocular safety. The ocular safety measurements confirm that when the light is set to the maximum emitted power of the source, the irradiance that reaches the eye is notably smaller than the values stipulated by the ocular safety limits (norm ISO15004-2 (2007)), for the group 1 1 . In order to integrate the new imaging source, the optical assembly had to be adapted. In the previous configuration, the tip of the illumination source was conjugated to the DMD after a "2F" system, that magnified the beam size on the DMD. The LED has yet a patterned grid feature. Knowing that the DMD is conjugated with the retina, it implied that with the same configuration, the grid structure of the LED was visible on the retina. This issue was addressed by conjugating the light source to the pupil plane instead. This was achieved by replacing the "2F" system with a single achromatic doublet, which completely removed the grid structures from the focus plane. the tip of the SLD is conjugated with the DMD and thus with the retina. (B) New configuration, the LED is placed at a pupil plane to ensure that its grid structure is not visible at the focal and thus on the retina.

Moreover, the CMOS camera, ORCA Flash4-V2 (Hamamatsu, Japan) was also updated with the CMOS camera, ORCA-Fusion (Hamamatsu, Japan), because of its lower readout noise (1.4 electrons instead of 1.6 electrons), bigger field of view for the same pixel rate (allowing an imaging field of 5.7 deg2 by 5.7 deg instead of 5.1 deg by 5.1 deg) and its 16 bit digital output, as described in the following table of comparison. Another advantage of the Fusion camera, Figure 2.3: Table of comparison of the main specifications of the previous imaging camera (ORCA Flash, Hamamatsu, Japan) and the most recently implemented one (Orca Fusion, Hamamatsu, Japan).

which will be recognized later in Chapter 7 and 10, is the diversity of its reading modes.

High resolution illumination pattern projection

To avoid the high frequency noise of the DMD (DLP4500, Keynotes, USA), the latter has been replaced with another model DLP650LNIR (VIALUX, Germany). The new DMD was selected not only because of its higher efficiency at the illumination wavelength, but also because of its ability to project an illumination pattern with an optimized modulation frequency for the purpose of implementing structured illumination microscopy.

A key specification for high resolution patterned imaging is to make sure that the AOcorrected illumination pattern is always projected on the layer that is imaged. In practice, when translating the camera to image another layer of the retina, the focal plane where the AO corrected pattern is projected, should be also translated to match the imaging plane. This can be done by translating conjointly the DMD and the imaging camera. Nevertheless, because of the space constrains of the setup, another strategy was chosen, implying the implementation of a defocus parameter on the AO correction, that operates at the same time as the aberration correction, when the loop is closed. It essentially corresponds to changing the operating point of the AO, in closed loop, so that the DM induces a defocus.

The camera is first translated, so that the image plane is conjugated with the DMD. One should keep in mind that the projected pattern encounters the DM before reaching the eye. For this reason, when adding a defocus to the AO correction, this command is sent to the DM, which projects the pattern on a different layer of the retina. This defocus is applied to both the illumination wavefront and the one which has been backscattered by the eye, towards the imaging camera. As a result, while the focal plane, where the illumination pattern is projected, stays conjugated with the imaging plane, the illumination pattern and thus the imaging plane can be moved axially over the retinal layers, thanks to this defocus parameter.

The defocus was achieved by changing the reference slopes of the Shack-Hartmann wavefront sensor. For this reason, the translation range of corrected planes is limited. For reference slopes which are far from their nominal value, correction dynamics of the aberrations are reduced. The AO loop is even less stable, when increasing the amplitude of defocus on subjects with small pupil or second order aberrations such as myopia. However, AO defocus was sufficient for travelling through the different layers of the retina, as shown in Figure 2 Scale bar: 100µm

Improving clinical usability

A proper setting of the focus plane of the AO-FIO is a decisive parameter for high contrast imaging. In the current system, this adjustment is achieved by axially translating the imaging camera while visualizing in real time the aspect of the retinal structures on the display.

As shown in the raw image of the photoreceptor layer in Figure 2.5-(A), the retinal features are lost in the background, which makes the it challenging to adjust both the imaging plane and the area to be imaged.

Applying a high pass filter as in Figure 2.5-(B) allows to partially remove the background noise and improve the contrast of the structures, would therefore highly facilitate the adjustments mentioned above. Filter large structures down to 40 pixels [START_REF] Schindelin | Fiji: an opensource platform for biological-image analysis[END_REF]). Scale bar: 100µm One can note that numerical techniques can adress the challenge of adjusting the imaging plane of a device that does not perform optical sectioning, [START_REF] Mecê | Optical Incoherence Tomography: a method to generate tomographic retinal cross-sections with non-interferometric adaptive optics ophthalmoscopes[END_REF].

In order to get a real-time data processing of the background noise, we chose to use Holovibes software [119]. This software, combined with graphics processing units (GPU) hardware, can perform real-time image rendering and high pass filtering, among several other processing features. In order to use Holovibes, we updated the imaging PC with a Nvidia GTX Titan Xp card using Cuda 9 and used a frame grabber Active Silicon Frame Grabber (FireBird BASEBOARD 2xCXP662). That way, we could harness its capability to record a high amount of raw images from the buffer to the disk at a high throughput, without any frame drops. This input highly contributed to minimize the duration of the acquisition procedure and consequently the time the subject is requested to sit in front of the bench.

To the same end and for ease of controlling laterally the area of the retina to be observed (over a wide range of eccentricity), the fixation target has been updated to reach eccentricities of ±7.5 deg by ±5 deg of visual angles with a more visible display. The previous LCD screen embedded on a Raspberry pi and controlled with a LabVIEW VI was replaced by a 5.5 inch HDMI AMOLED screen (WAVE-17605) of 1080(V)x1920(H) pixels and a pixel size of 63µm. We chose to use it as an extension of a PC screen that displays the fixation target. It is controlled from a PC via a Python graphical user interface (GUI) that enables us to move with a click the position of a cross that the subject is asked to stare at.

After several temporary versions of the code, which were partially developed as part of an internship, the fixation target has been finalized recently in the context of a new thesis on photo-stimulation. The optical setup of this module was designed in order to get the target image at the punctum remotum of the eye. This target is projected to the infinite via a condenser lens (#67 -191, Edmund Optics, USA) with a focal length of 150mm and a diameter of 150mm, followed by a pellicle beam splitter (#39-498, Edmund Optics, US) rotated at 45 deg, with a diameter of 165.1mm, that reflects 8% of the light coming from the screen to the eye of the subject. Even if the ametropy of the subject can be compensated by adding a defocus to the fixation target, this correction has not been fully optimized as it can be only achieved with manual intervention. This point can be addressed by setting the screen on a translation stage. In addition, the field of view that can be reached with the fixation target is still slightly limited to be able to observe the whole macula. To do so, it is necessary to adapt the current system to reach a field of view between 15 deg and 20 deg of visual angle.

The positioning and stability of the patient are also critical aspects to consider for the comfort of patients, but also for the quality of the images. For this reason, the chin and forehead rest has been modified progressively towards a motorized solution. The previous chin and forehead rest comprised a vertical, as well as a lateral manual translation. It also included an axial manual translation stage, which was hardly operable. The difficulty to adjust axially the position of the patient's eye with the chin rest particularly affected the size of the isoplanetic that is, the size of the retinal area where aberrations were corrected resulting in a resolution close to the diffraction limit. Aligning the subject to the system requires to turn the back to the screens. Yet, these adjustments can be required during the imaging sequence, which makes the setting and acquisition processes difficult to perform. A chin and forehead rest driven with motorized translation stages is thus essential. However, the space constrains make the integration of three motorized translation stages challenging. After several attempts, only the lateral axis has been adapted (NRT150/M, Thorlabs, US). The lateral setting is controlled with a joystick (MLJ150/M, Thorlabs, US). A new motorized custom-made chin and forehead rest, including the three axis, has been developed as part of an internship and will be implemented soon.

In addition to the positioning of the patient, the position of the eye during the acquisition process has also been considered. As detailed earlier in the bief history of the bench (see Appendix A), the intent to correct the ocular movements has been expressed since the development of the first AO correction system. However, it has not been fully implemented yet. The main goal is to get a fixed pupil on the WFS and the deformable mirror, not to miss any spots on the Shack Hartmann wavefront sensor. It could additionally be beneficial for understanding physiological questions that require a full control of stimuli at the pupil plane, such as the Stiles Crawford effect or phase contrast imaging with the modulation of the illumination at the pupil plane.

It could thus be interesting to implement a pupil stabilization module to ECUROeil system. The bench already integrates a tip-tilt mirror (S330.40L, Physik Instrumente, Germany). By adding a pupil camera to the system, the same technique of characterization of the pupil motion and pupil diameter as in the previous device, SCRAT (Sensing and Correction of oculaR AberraTions, see Appendix A) can be implemented. More detailed information on the tracking method, based on the evaluation of center of gravity of the spots from the Shack-Hartman wavefront sensor images, can be found in the thesis of Jessica Jarosz [START_REF] Jarosz | Vers la conception d'un système d'optique adaptative pour la photocoagulation laser de la rétine[END_REF]. The system could not be operated yet on ECUROeil bench because the tip/tilt mirror was too small with its diameter of 25.4mm and induced a loss of the illuminated field. This loss has not been critical for imaging without pupil stabilization as the imaging field of view was sufficient for the studies carried out on the AO-FIO. A rotation of the mirror for pupil tracking would nevertheless limit even more the illuminated field. Replacing the mirror of the tip/tilt module with a bigger one would address this issue. In practice, space limitations make these adjustments complicated, as the mirror is close to another plane mirror. As shown in figure 2.6, the mirrors are placed in perpendicular "figure-4" configuration, in order to reflect the light with an angle of 90 deg. They are located near the focal plane of the last lens of the bench before the eye. Changing the stabilization mirror would imply further modifications of the optical setup, which have not been yet completely assessed.

One can also mention that real time field stabilization which has not been implemented yet, could be beneficial for pattern projected imaging application, as the illumination patterns that have been projected move with the eye's fixational movements. 

Supplementary changes

The AO beacon source (BrixX750-5, Omicron, Germany) has been replaced with another pigtailed SLD, also connected to a single mode fiber, with equivalent specifications. The selected SLD (EXS210025-01 SLED, Exalos, Switzerland) is a butterfly module, with an original equipment manufacturer (OEM) driver board (EBD270251-03, Exalos, Switzerland) for cooling control and current stabilization. Its central wavelength was measured at 755nm, the spectral bandwidth at 20nm and the output power at 5mW . The AO light source was supplied with neither packaging nor ready to use software for monitoring it. We could benefit from the help of an engineer of the HRA laboratory, Joseph Montri, who designed a custom-made module.

The AO source subsystem comprises the SLD with its driver board, a power supply unit that is connected to the mains power source, an Arduino card with a digital to analog converter, in order to control the SLD light source from a PC. The module is integrated in a box that is connected to the PC via USB. The interface to monitor the SLD and its the emitted power was developed in LabVIEW and uses LabVIEW Interface For Arduino (LIFA) extension to monitor the Arduino card from LabVIEW.

Conclusion

Benefiting from its technical and ergonomic improvements, the AO-FIO has demonstrated its performance to image the retina at the resolution of a single cell and without distortion, at a high pixel rate. The recent advances of the bench and particularly the capability to project aberration-free illumination patterns is a unique asset that has been harnessed for clinical and optical studies.

On one hand, it allows for projecting stimuli on the retina in order to perform psychophysical tests. In this context, I will describe in Chapter 3, a psychophysics study on the dynamics of micro eye movements to identify biomarkers of retinal disease. On the other hand, the pattern projection feature of ECUROeil can be used to illuminate the retina with fringes. I will describe in Chapter 4 how this feature enabled us to perform structured illumination microscopy imaging of the retina in-vivo with ECUROeil bench. 

Chapter 3 CLINICAL APPLICATION: STUDYING THE DYNAMICS OF MICRO-EYE MOVEMENTS TO IDENTIFY BIOMARKERS OF RETINAL DISEASES

In this chapter, I will present the main outlines of a psychophysical study on the dynamics of micro-eye movements to identify biomarkers of retinal diseases. The goal of this work is to assess structural, functional as well as oculomotor attributes, on an old population, which is more prone to retinal diseases related to aging.

The study focuses more particularly on the case of age-related macular degeneration (AMD), which has been reported to affect 200 million of people [27] and corresponds to 5.6% of people over 50 years old [START_REF] Steinmetz | Causes of blindness and vision impairment in 2020 and trends over 30 years, and prevalence of avoidable blindness in relation to VISION 2020: the Right to Sight: an analysis for the Global Burden of Disease Study[END_REF]. AMD causes progressive central vision loss associated with ageing. Its diagnosis at early stage is therefore crucial to identify patients who are at high risk of irreversible vision loss and who could benefit from preventive care.

The approach, which has been selected is inspired by the work of Kumar et al. on fixational eye movements in people with macular disease [START_REF] Kumar | Characteristics of Fixational Eye Movements in People With Macular Disease[END_REF]. It consists in analyzing ocular movements of both control population and population with early AMD, while the subjects are performing psychophysical tests. The goal is to identify biomarkers specific to the disease that could then be used for its early diagnosis. This novel study requires both the ability to project fine illumination patterns and a high imaging rate. In order to fulfill these requirements, we adapted ECUROeil bench to achieve psychophysical testing through pattern projection while imaging at 800 Hz for tracking ocular movements.

The clinical motivation, the population tested and the psychophysical tasks are described in sections 3.1,3.2 and 3.3. Methodological aspects regarding the adaptation of ECUROeil to this clinical study are presented in sections 3.4, 3.5 and 3.6. First results, discussion, conclusion and perspectives constitute sections 3.7 and 3.8.

Motivation of the study

Age-related Macular Degeneration (AMD) is the leading cause of severe vision loss for people over 50 years old in the developed world. A recent study predicts that by 2040, 288 million people will be affected by AMD worldwide [START_REF] Wong | Global prevalence of age-related macular degeneration and disease burden projection for 2020 and 2040: a systematic review and meta-analysis[END_REF]. Its early stage is often asymptomatic, while at more advanced stages it often causes distorted vision or central visual field defects that can be permanent. At a later stage, AMD can come in two main forms, the dry or atrophic form and the wet or exudative (neovascular) AMD. Dry AMD is explained by changes in the retinal pigment epithelium (RPE) in the macula, involving deposition of metabolic products called drusen and the degeneration of photoreceptors.

It results in blurry central vision. This form of AMD generally progresses through years and can lead to a complete loss of central vision.

One should note that there is no treatment for dry AMD, which corresponds to 90% of the people suffering from AMD [START_REF] Sjaarda | Macular Hole»; dans «Retina[END_REF].

Wet AMD corresponds to the development of abnormal blood vessels growing from the choroid, in the macula. While expanding in and under the retina, the new vessels can bleed and damage the macula [START_REF] Ng | Targeting angiogenesis, the underlying disorder in neovascular age-related macular degeneration[END_REF]. The progression of the wet form towards vision loss usually occurs faster than for the dry form. Because of the slower time scale progression of dry AMD, individuals who are affected can tend to adapt to changes of their vision progressively and remain asymptomatic until being affected by severe damages [START_REF] Ayoub | Age-related macular degeneration[END_REF]. Several methods of ophthalmologic examination can reveal the presence of AMD in patients. Among these methods we can mention imaging techniques such as funduscopic evaluation with dilated pupils, fundus autofluorescence (FAF), and infrared (IR) imaging. The most efficient techniques are more invasive and require dye injection, fluorescein angiography in case of suspected wet AMD [START_REF] Kanagasingam | Progress on retinal image analysis for age related macular degeneration[END_REF]. However advances in non-invasive imaging techniques such as optical coherence tomography (OCT) have made them become particularly valuable for the diagnosis of AMD [START_REF] Ayoub | Age-related macular degeneration[END_REF], [START_REF] Hussain | Classification of healthy and diseased retina using SD-OCT imaging and Random Forest algorithm[END_REF], [27]. Despite the quality of OCT, it is difficult to estimate the evolution of the disease. Algorithms have recently been developed to help clinicians interpret OCT images [START_REF] Schmidt-Erfurth | Prediction of Individual Disease Conversion in Early AMD Using Artificial Intelligence[END_REF] [START_REF] Yang | Weakly supervised lesion localization for age-related macular degeneration detection using optical coherence tomography images[END_REF].

In addition to these advanced techniques that focus on the physiological effects of AMD, the most common method of diagnosing AMD is to detect its effect on vision. Thus, demonstration of blurring of vision and distortion with with visual acuity measurements and visual field test with the Amsler grid are used to characterize AMD [27]. However, visual signs of AMD occur at a more advanced stage of the disease. Kumar et al. pointed out that people with macular disease exhibit specific characteristics of fixational movements. For instance, the amplitude of their microsaccades differs from the ones of healthy subjects [START_REF] Kumar | Characteristics of Fixational Eye Movements in People With Macular Disease[END_REF]. If patients with AMD share specific patterns in their ocular movements, one can wonder if precise measurements of these movements could be used for its early diagnosis.

Investigating such question requires not only high resolution images to be able to track ocular movements at cell scale, that is the micrometer scale, but also high temporal resolution, to be able to analyze saccades, on the participants' eye movements.

Developments of retinal eye tracking methods have been mostly implemented on AO-SLO, in order to benefit from their high contrast and optical sectioning [START_REF] Wornson | Fundus tracking with the scanning laser ophthalmoscope[END_REF], [START_REF] Vogel | Retinal motion estimation in adaptive optics scanning laser ophthalmoscopy[END_REF], [START_REF] Yang | Design of an integrated hardware interface for AOSLO image capture and cone-targeted stimulus delivery[END_REF] [START_REF] Sheehy | High-speed, image-based eye tracking with a scanning laser ophthalmoscope[END_REF].

However, one critical constraint of the AO-SLO, which is intrinsic to its scanning nature, is its poor sampling frequency, relatively to ocular movements. The typical imaging frame rate of the AO-SLO of 30 Hz is limiting for tracking all the types of eye movements. An imaging frequency of at least 200 Hz would rather be required to cover most of the ocular movements [START_REF] Lu | High-speed adaptive optics line scan confocal retinal imaging for human eye[END_REF] (see section 1.2.2 of Chapter 1). Additionally, we note that microsaccades that correspond to ocular movements of a frequency of 40 Hz with an amplitude of 150µm. Therefore, tracking such eye movements requires both sufficient frame rate and field of view.

Given the limits of the AO-SLO system and trading off its optical sectioning for speed, ECUROeil bench has found to be an interesting candidate for this study.

It can record images of the retina, especially on the photoreceptor layer, at a high rate, that is 800 frames per second (fps), on a subregion of the sensor of 1400 x 256 camera pixels, with a resolution approaching the diffraction limit, over a field of view that reaches 2 deg x 0.5 deg. The imaging capabilities of the bench enable us to reach a sufficient temporal resolution over a field of view which is big enough to track eye motion. One other specificity of the bench is its DMD-integrated illumination path to illuminate the area of the retina to be imaged while projecting the stimuli simultaneously. The recordings therefore include both the retinal structures and the stimuli.

These considerations have led to a collaboration between the Aging in Vision and Action (AVA) team, specialized in vision neuroscience at the Vision Institute and the Clinical Investigation Center (CIC), at the Quinze-Vingts hospital and our group. It is part of the Silversight cohort [START_REF] Lagrene | Healthy and pathological visual aging in a French follow-up cohort study[END_REF]. Under the supervision of Dr. Josselin Gautier, from the Quinze-Vingts hospital and Dr. Angelo Arleo, from Institut de la Vision, it has led to the internship of Joel Daout, followed by the thesis of Jimmy Murari, which is ongoing. ONERA has taken part in this project to provide its expertise in high resolution imaging and by putting the AO-FIO bench in the service of this study.

Participants

Three groups of participants, young control, older control and preclinical AMD were recruited from the SilverSight Cohort [START_REF] Lagrene | Healthy and pathological visual aging in a French follow-up cohort study[END_REF]. They were selected according to several criteria such as having a visual acuity of at least 5/10. The experimental procedures were in accordance with the tenets of the Declaration of Helsinki and were approved by the Ethical Committee "CPP Ile de France V" (ID_RCB 2015-A01094-45, n. CPP: 16122 MSB and ID_RCB 2019-A00942-55 CPP: Sud Est III 2019-021-B). The images were taken on their dominant eye. After signing a consent form, their pupil were dilated with drops of Tropicamide (Mydriaticum), to reach a sufficient size of at least 5mm diameter size, to collect enough flux and to get a sufficient resolution.

Description of the psychophysical tasks

Each participant was seated in front of the bench and was stabilized with the forehead and chin rest. Meanwhile, the alignment of the eye was performed thanks to the translations stages of the chin rest, until the pupil was centered on the Shack Hartmann wavefront sensor. An illumination pattern with high frequency details was projected to make it easier to set the camera on a plane conjugated with the DMD. That way, the contrast of both photoreceptor cells and pattern was optimized for psychophysical tests. Even if the DMD was conjugated with the retina, to make sure that both the pattern and camera were conjugated with the photoreceptor layer, a defocus was added to the deformable mirror, as described in the section 2.2 of Chapter 2. Each of the participants was then asked to complete the psychophysical visual The tests can be described as follows:

• Fixation: the subject is asked to fixate a small ring at the center of the illumination field.

• Tumbling letter E acuity: The same target is now moved over the illuminated field, while a tumbling letter E is presented with four different orientations of the bars of the letter "E". The position of the letter also changes over different eccentricities. The subject is asked to fixate the same ring while indicating the direction of the bars of the letter "E". In this discrimination task, the size of the letter "E" is decreased each time the subject answers correctly or increased otherwise.

• Hyperacuity : For this task, the stimuli is located below the field of view. Two consecutive rings are presented to the subject. One of them is radially distorted, while the other is not. The subject is asked to fixate the center of the rings and to indicate if the distorted one was the first or the second to appear. The deformation becomes more and more difficult to notice each time the subject answers correctly, and inversely, the deformation becomes easier to spot if the previous answer of the subject was wrong. This task provides thresholds to radial deformations. Applying this test on preclinical AMD subject could show a value of threshold significantly lower than the other groups, because of visual deficits caused by dysfunction or death of a portion of cones.

During the active tasks (acuity and hyperacuity tasks), the participants were asked to give a response with a numerical keypad. For the acuity test, four buttons, each of them corresponding to one orientation of the bars of the letter "E" and for the hyperacuity test, only two of them were left to answer "1" or "2". Before proceeding to the tasks, sequences of full field images were acquired at 100 Hz as reference images, while the subject was asked to fixate a target that appeared slightly higher, and then lower than the center of the illumination field. This process ensures that the retinal areas on the recorded strips at 800 fps could be recognized on the full field images, hence the shifts induced by ocular movements could be estimated.

Pattern projection

During the setting phase and fixation tasks, static stimuli were sent to the DMD which was set in 1 bit-depth mode. This mode allows maintaining the micro-mirrors in static position. During dynamic tasks, such as acuity, the DMD was set in the 8-bits mode, in which a pulsewidth modulation is applied to generate various red-level luminance intensities at 258 Hz. The DMD was monitored with the DMD library ALP4Lib developed for Vialux ALP 3.0 in Python environment, with PsychoPy toolbox [START_REF] Popoff | wavefrontshaping/ALP4lib: 1.0.1[END_REF].

Image acquisition

To summarize, 2048 by 2048 full field images, covering a field of view of 4 deg, were first acquired at 100 fps. Then, smaller frames of 1400 by 256 camera pixels, covering 2 deg x 0.5 deg, were acquired at 800 Hz, for motion tracking, during the psychophysics tasks. All the images were acquired using Holovibes software to avoid any frame drop at such a high frame rate. They were recorded as 16-bit images on a fast solid-state drive (SSD) and were then transferred to a hard drive disk after each participant.

Image registration for eye tracking

Preliminary processing should be performed on the images to ensure proper execution of the shift estimation for tracking ocular motion. The signal of interest, coming from the light singly backscattered by the photoreceptor layer is highly dominated by the low frequency background. The contrast of the structures are highly degraded which hinders shifts estimations. This issue is intrinsic to FIO images and originates from both the inhomogeneities of the illumination and the multiply scattered light. To tackle this problem, the image stacks were averaged, which completely blurs out the signal, because of eye motion, only leaving the low frequency background, as well as the illumination pattern. Each image of the stack was subtracted by this averaged image. Another alternative for a smaller number of images in the stack, a high pass filter could be applied to the images in order to minimize the background noise. After arbitrarily selecting the first frame of the stack as the reference frame (if it did not correspond to a miccrosaccade or a blink), all the other frames were aligned to it using a custom-made algorithm that derives the horizontal and vertical shifts from phase correlation maps. This sub-pixel registration technique, has been developed within ONERA team, as part of several theses and especially the thesis of Leonardo Blanco [START_REF] Blanco | Imagerie rétinienne in vivo plein champ : vers une restauration tridimensionnelle[END_REF] and Pedro Mece [START_REF] De Mece | 4D EXPLORATION OF THE RETINA FOR ADAPTIVE OPTICS-ASSISTED LASER PHOTOCOAGULATION[END_REF], [19], [START_REF] Gratadour | Sub-pixel image registration with a maximum likelihood estimator: Application to the first adaptive optics observations of Arp 220 in the L band[END_REF]. This technique provides shifts estimations with a micrometer scale precision.

First results and discussions

One can observe that the AO module was a critical feature to both conduct these psychophysical tests and track the eye movements. The image-based retinal tracking is aimed to be measure eye motion at the cell resolution. A robust AO correction that could adapt to each eye, at each moment of the imaging sequence was also vital to be able to project aberration-free stimuli to the photoreceptor layer of each subject. Moreover, it should be noted that possible fluctuations of the AO correction could result in a change of the geometry of the stimuli and consequently affect the ability of the participants to achieve the psychophysical tests. This maintains the importance of a robust AO correction for this study.

The preliminary analysis of the answers to these tests were consistent with the visual acuity of the participants which were evaluated before the study. These results validate the protocol of psychophysical stimuli projection with ECUROeil bench and encourages further analysis of the data.

The estimated shifts were utilized to compute eye traces, which correspond to the lateral and vertical positions of the retina over time, relatively to the reference. The figure 3.4 shows an example of one second of typical traces obtained on a young participant. Saccades, drifts and blinks could be identified from the traces, which allowed to extract metrics to quantify eye for instance the preferred retinal locus (PRL) [START_REF] Von Noorden | Phenomenology of eccentric fixation[END_REF], [START_REF] Li | An Overview of Preferred Retinal Locus and Its Application in Biofeedback Training for Low-Vision Rehabilitation[END_REF]. This region of the retina is used for achieving a visual task and its location can vary for patients with retinal conditions that cause central vision loss, such as AMD [START_REF] Li | An Overview of Preferred Retinal Locus and Its Application in Biofeedback Training for Low-Vision Rehabilitation[END_REF].

In each group of participants, these data can be associated with the analysis of the psychophysical tests and with structural information such as the cone density, the presence of drusen.

Statistics can be then extracted from these data and correlated, which would help assessing the development of early-stage retinal diseases and the overall functioning of the retina. The traces and psychophysical tests contain a lot of information that is still being analyzed. However, it has been already observed that the rejection rate, which corresponds to the amount of frames that could not be aligned with the reference image because of non-corresponding matches, was only reaching a few percent, even with the acuity task that could imply fast movements over higher eccentricities. On participants from the early AMD group for instance, in the latest phase of the clinical study, the rejection rate were found between 1.16% and 0.03%, except from an outlier at 4.88%. The latter value could come from ocular tiredness of the participant. This result points out the ability of the system to provide high rate, distortion-free, high resolution images of the foveal and parafoveal regions of the retina, to effectively track the eye movements.

From another standpoint, this study also emphasises perspectives of improvements for a more ergonomic use of the bench in response to the challenges that have been arising from this study.

Although special care was taken to limit the time of the acquisition sessions for the comfort of the participants, the monitoring the AO correction and especially the positioning of the subject could still be achieved faster and more easily with a fully motorized chin rest. The vertical and axial alignments of the eye of the participant with the imaging system were performed manually throughout the acquisitions. As mentioned in Chapter 2, a motorized solution adapted to the dimensions of the bench and the space available has been designed and will be implemented soon.

Another question raised by the clinical study deals with the manipulation and storage of heavy data. Using Holovibes software has secured the recording of at 800 Hz without frame drops. However, the amount of acquired data was very heavy compared to usual use of the AO-FIO bench, more than 300 Gb was acquired per subject, which results in several Terabytes in total. For this reason, additional storage space was added in advance with an SSD card and hard drives. In addition, recording the data on smaller strips also contributed to minimize the storage.

Conclusion and perspectives

Although data analyses are still to be finalized, one can already draw conclusions from the adaptation of the bench to the needs of the clinical study.

We have demonstrated the ability of ECUROeil bench to project high resolution stimuli on the photoreceptor layer of the participants, even under difficult optical conditions. It has indeed shown the robustness of the bench and especially of its AO correction. Even if the subjects were pre-selected to have a good visual acuity, subjects older than 70 years old a could successfully take part to the study. Given that the elderly are more prone to retinal conditions, the ability of the AO-FIO bench to both perform the psychophysical tests on them and track their eye movements with a low rejection rate stirs up a valuable clinical interest. In addition, the imaging speed provided by ECUROeil bench has proven its ability to the track ocular movements with a relatively low rejection rate on the acquired data. In regard of these encouraging primary results, I am convinced that this device will contribute to the success of this study. This work has been presented recently by Jimmy Murari and Josselin Gautier in the international Adaptive Optics Psychophysics Workshop (AOPW), that took place in June 2022.

a These participants can be challenging to image, mainly because some of them had early-stage cataract. This opacity of the crystalline lens that is recurrent in the elderly population. It induces diffusion of light and high order aberrations [START_REF] Wu | Wavefront aberrations and retinal image quality in different lenticular opacity types and densities[END_REF], [START_REF] Artal | Contribution of the cornea and internal surfaces to the change of ocular aberrations with age[END_REF] that not only impede visual function but also retinal imaging [START_REF] Bille | Optics of the eye and its impact in vision: a tutorial[END_REF], [START_REF]Image Formation in the Living Human Eye[END_REF]. In the context of the study, the cataract cases were still at a stage early enough for the participants to have the sufficient visual acuity to be selected. Even at that stage, this condition can be eliminatory for some imaging devices, even ones with a clinical purpose.

Chapter 4 STRUCTURED ILLUMINATION OPHTHALMOSCOPE

In this second application relying on our ability to project high resolution patterns in the retina, we aim at demonstrating for the first time that Structured Illumination Microscopy (SIM) can be performed on the human retina, in-vivo. With this proof of concept, we aim at investigating the potential of this super-resolution method to improve the resolution and optical sectioning of the AO-FIO. Despite the AO correction that provides a diffraction-limited imaging resolution of typically around 2µm for a pupil diameter of 7mm, some structures are still challenging to observe. It is the case for instance for foveal cones, responsible for central vision and rods, that allow peripheral vision. Imaging these structures are of high clinical interest. For instance, the ability to evaluate the density of foveal photoreceptors could be used in the diagnosis and follow up of central vision loss diseases, such as AMD.

Several studies on applying SIM to retinal imaging in-vivo have already been carried out [START_REF] Shroff | Lateral superresolution using a posteriori phase shift estimation for a moving object: experimental results[END_REF], [START_REF] Chetty | Structured illumination microscopy for in-vivo human retinal imaging: a theoretical assessment[END_REF]. However, the reconstruction processes developed could not provide both super-resolution and optical sectioning. They also did not take into consideration multiple scattering of light in the retina. Finally, the methods have not been applied experimentally to a real human eye. Performing SIM in the eye was the main goal of the thesis of Yann Lai-Tim [START_REF] Lai-Tim | Imagerie haute résolution de la rétine humaine par illumination structurée assistée par optique adaptative[END_REF]. More particularly, he developed a model and an image processing algorithm specifically adapted to the data provided by ECUROeil system. My contribution to this work focuses on the instrumental part and the acquisition of data.

The motivation of the study is presented in section 4.1. The submitted paper is reproduced in section 4.2. Additional comments in the context of the present thesis are stated in section 4.3.

Motivation of the study

Improving the imaging resolution to observe the smallest retinal structures

The intent to take inspiration from microscopy was initially driven towards enhancement of the resolution of retinal images.

The resolution provided by the AO correction, approaching the diffraction limit of 2µm for a pupil diameter of 7mm, may be limiting in some clinically interesting cases. We can note that the rods, which are responsible for peripheral and night vision, are indeed 2µm in diameter. Moreover, the foveal cones, that enable us to achieve high spatial acuity visual tasks are also challenging to observe [START_REF] Cava | Assessing Interocular Symmetry of the Foveal Cone Mosaic[END_REF]. There is a high clinical interest in extracting biomakers of the foveal structures, as such area can be impaired in a range of retinal diseases [START_REF] Elsner | Cone Photoreceptors in Diabetic Patients[END_REF], [START_REF] Bensinger | Loss of Foveal Cone Structure Precedes Loss of Visual Acuity in Patients With Rod-Cone Degeneration[END_REF]. Taking particularly the case of AMD, it has been showed that both rods and cones were affected [START_REF] Curcio | Spare the rods, save the cones in aging and age-related maculopathy[END_REF], [START_REF] Curcio | SUBRETINAL DRUSENOID DEPOSITS IN NON-NEOVASCULAR AGE-RELATED MACULAR DEGENERATION: Morphology, Prevalence, Topography, and Biogenesis Model[END_REF], [START_REF] Chen | SUBRETINAL DRUSENOID DEPOSIT IN AGE-RELATED MACULAR DE-GENERATION: Histologic Insights Into Initiation, Progression to Atrophy, and Imaging[END_REF]. For these reasons, providing wide-field images with a higher resolution would bring a significant contribution for the assessment of retinal diseases. Keeping in mind the encouraging results of the psychophysical study described in the Chapter 2, providing complementary structural information on the foveal area of the photoreceptor layer could bring the study further forward. Contrast enhancement can be achieved by applying structured illumination microscopy to retinal imaging. This idea, was proposed one decade ago by Shroff et al. [START_REF] Shroff | Lateral superresolution using a posteriori phase shift estimation for a moving object: experimental results[END_REF], [START_REF] Chetty | Structured illumination microscopy for in-vivo human retinal imaging: a theoretical assessment[END_REF]. Although previous work on applying SIM to human retinal imaging has been reported [START_REF] Shroff | Structured illumination imaging[END_REF], [START_REF] Gruppetta | Theoretical study of multispectral structured illumination for depth resolved imaging of non-stationary objects: focus on retinal imaging[END_REF], [START_REF] Chetty | Structured illumination microscopy for in-vivo human retinal imaging: a theoretical assessment[END_REF], they did not lead to experimental validation.

Considering the unique assets of ECUROeil bench in terms of projection of illumination patterns, we aim to investigate the feasibility of this experimental process.

Implementing SIM to ECUROeil bench

Implementing SIM on the AO-FIO bench requires to be able to project the fine sinusoidal fringes, with a high contrast, on the specific layer to be imaged, in our case. In this study, we focus on the photoreceptor layer. Indeed, the optical sectioning provided by SIM depends on the resolution and contrast of fringes projected by the DMD on the retina. Highly resolved and contrasted fringes combined with a high the signal-to-noise ratio (SNR) contribute to the gain in resolution.

As described in Chapter 2 and the Appendix A, the pattern projection feature of ECUROeil bench has been updated by changing the DMD and by implementing an additional setting on the interface of the AO loop, allowing to add a defocus on the DM to focus the illumination pattern on the layer to be imaged. These inputs contributed to improve the contrast of the projected patterns. The SNR has also been enhanced by changing the illumination module with a more powerful light source and the imaging camera with a smaller readout out noise. These technical developments thus provide favourable conditions for fully benefiting from the potential of SIM reconstructions.

Applying SIM to retinal imaging automatically requires to take into account ocular movements. In this particular context, the high imaging rate of the AO-FIO is more compatible with this wide-field imaging approach than scanning systems that would induce distortion effects on the images. In the case of AO-FIO images, ocular movements introduce shifts between the subsequent images. On one hand, this effect naturally induces shifts of the illumination pattern and therefore the phase diversity on the stack of images, without the need to induce translation movements to the object to be imaged, as it can be required for microscopy applications [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF], [START_REF] Gustafsson | Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy. SHORT COMMUNICATION[END_REF], [START_REF] Ma | Recent advances in structured illumination microscopy[END_REF]. On the other hand, an accurate estimation of the shifts induced by ocular movements should be retrieved in order to register the images. This step is necessary for the reconstruction process.

As briefly mentioned in the Appendix A, the outcome of past projects of the high angular resolution team on retinal imaging includes the development of registration methods. One of them is based on a Bayesian approach. It uses the Maximum a Posteriori (MAP) approach and takes into account the non-homogeneous illumination profile to provide a joint estimation of both the reference and the shifts [START_REF] Blanco | Imagerie rétinienne in vivo plein champ : vers une restauration tridimensionnelle[END_REF], [START_REF] Blanco | Registration and restoration of Adaptive-Optics corrected retinal images[END_REF]. Another method allows a faster registration of stacks of images, after selecting a reference image with a high contrast and estimating the shifts between the images and the reference, using a phase correlation method [START_REF] De Mece | 4D EXPLORATION OF THE RETINA FOR ADAPTIVE OPTICS-ASSISTED LASER PHOTOCOAGULATION[END_REF]. This second method was also used for measuring ocular movements, for the psychophysical study described in the Chapter 2. Both of these registration methods provide sub-pixel accuracy, however the correlation based technique is less accurate than the one based on MAP approach [START_REF] Lai-Tim | Imagerie haute résolution de la rétine humaine par illumination structurée assistée par optique adaptative[END_REF]. For these first SIM reconstructions with the SIO, accuracy has been prioritized over time with the MAP shift estimation.

The proof of concept of SIO have been summarized in a scientific paper which is about to be submitted. This paper is presented in the following section. It starts with an introduction on the principle of SIM and the motivation to apply this technique to retinal imaging, followed by a description of the imaging system, the acquisition process and method of reconstruction of SIM images. The results of the experiment that are then detailed point out the gain in resolution and optical sectioning provided by the AO-SIO in comparison to the conventional AO-FIO. The comparison of AO-SIO to conventional AO-FIO continues in the discussion section and follows with a comparison with the conventional AO-SLO. More particularly, the ability to extract accurate cone density maps from AO-SIO images is put forward, to show its clinical relevance for a better assessment and diagnosis of degenerative retinal pathologies.

Super-resolution in-vivo retinal imaging using structured illumination ophthalmoscopy: submitted paper

Introduction

The eye is the only organ that permits direct observation at sub-micron wavelength of the human neurovascular network, which is involved in the disease process for a variety of conditions including diabetes [1], hypertension [2] and stroke [3]. When observed with a sufficient numerical aperture, in vivo micron-scale imaging of retinal neurons can be achieved, provided that the optical defects of the eye are corrected. Adaptive optics (AO) has been used to that aim for more than 20 years [4] , allowing diffraction-limited retinal imaging and thus revolutionizing the understanding of the structure and function of the normal visual system [5], as well as retinal disease diagnosis and follow-up. However, the optical aperture of any ophthalmoscope is eventually limited by the eye itself, via the iris. Even with chemically induced mydriasis, the diffraction limit often hinders the resolution of the smallest retinal cells. Several imaging techniques have been developed in microscopy to go beyond the diffraction limit, but only few of them are compatible with in vivo retinal imaging: confocal scanning laser ophthalmoscopy (cSLO) [6], image scanning microscopy (ISM) [7] and structured illumination microscopy (SIM) [8].

As noted in 1984 by Wilson et al. [9], a resolution gain can be obtained with a cSLO only if the confocal pinhole diameter is smaller than one Airy disk diameter, at the expense of losing photons. It leads to a trade-off of signal-to-noise ratio (SNR) for resolution, a fundamental drawback that has led to the invention of more photon-efficient strategies, such as ISM [10]. This technique, also known as optical reassignment, is similar to a scanning laser ophthalmoscope where for each position of the illumination spot a wide-field image is acquired. The correct exploitation of these images leads to a potential factor √ 2 gain in resolution, with no photon loss.

However, ISM and cSLO are both scanning techniques, prone to distortion due to eye motion arXiv:2007.16028v2 [physics.med-ph] 15 Oct 2020 during the raster scanning of the field of view. In consequence, scanning systems may resort to non-scanning wide-field images as ground truth to dewarp their images [11]. Therefore, there exists an unmet need for a super-resolved retinal imager that would be both photon-efficient and distortion-free. An alternative to ISM and cSLO that achieves both super-resolution and optical sectioning without distortion is SIM [12,13]. This technique consists of illuminating the observed sample with fringe patterns. By acquiring images for different orientations and positions of the illumination patterns, a super-resolved and optically sectioned image can be reconstructed. Figure 1 illustrates the principle of the resolution enhancement and optical sectioning achieved by SIM. Recent Fig. 1. SIM principle. a, A high-frequency sinusoidal illumination pattern is projected onto the observed object. Due to the Moiré effect (seen here as the apparent horizontal coarser lines in the overlap area), this projection down-modulates high-frequency object details that are optically unseen into the optical accessible bandwidth. b, This enables the extraction of high-frequency details beyond the classical diffraction limit of optical imaging, which can be seen in Fourier space, as an extended frequency support (blue area) compared with the conventional wide-field bandwidth (red circle). It should be noted that SIM increases the conventional wide-field bandwidth by the value of the grid frequency 𝑓 𝑚 along its modulation direction. Several orientations of the grid pattern should be used for isotropic super-resolution. c, Additionally, as the contrast of the illumination pattern in the image focal plane decreases with defocus 𝑧, it is possible to discriminate the in-focus object content where the illumination grid is high contrast from the out-of-focus background where the grid is not visible due to blurring. Thus, the out-of-focus background can be computationally removed to reconstruct an optical section of the in-focus content. d, In the reciprocal space, this optical sectioning capability can be seen in the extended SIM frequency support, which covers spatial frequencies along the 𝑘 𝑧 axis that are missing in the conventional wide-field frequency support (yellow cone).

work [8,14,15] has aimed at applying SIM to human retinal imaging but no experimental validation was provided. We identify three main issues, discussed in the above-mentioned works, which may have so far prevented the successful application of SIM to in vivo retinal imaging. Firstly, eye-induced optical aberrations hinder the projection of contrasted high spatial frequency illumination patterns onto the retina and reduce the diffraction-limited passband of the instrument [16]. Secondly, the retinal motion stemming from uncontrolled eye movements [17] must be taken into account properly to avoid artefacts in reconstructions [18]. Lastly, the retina is a thick and scattering tissue. Consequently, wide-field retinal images have poor SNR due to a strong scattering background. Although some of these issues have been addressed in recent work by Turcotte et al. [19] in the case of in vivo imaging of mouse brain with submicron residual motion, there is no report of a successful implementation of super-resolution SIM for in vivo imaging of thick tissues with significant motion, let alone in in vivo human.

In this paper, we describe an implementation of SIM applied to a living human retina that addresses all of these three issues, enabling super-resolution retinal imaging. We have developed a structured illumination ophthalmoscope (SIO), combining a custom-made AO system [16] and a digital micromirror device (DMD) based illumination to project high spatial frequency fringe patterns onto the retina while mitigating the effects of ocular aberrations as described in the Methods. Our reconstruction technique takes the object motion and the scattering background into account so as to achieve both super-resolution and optical sectioning on a thick and moving tissue such as the living retina. Moreover, we propose a SIM acquisition strategy that turns the sample motion from an inconvenience to an asset.

Methods

Imaging system

To achieve super-resolution SIM imaging, coherent fringe projection techniques are usually preferred as they yield higher modulation contrast than incoherent projection techniques. However, it was shown that such projection techniques led to high speckle noise when applied to in vivo retinal imaging [14]. Thus, we developed a structured illumination ophthalmoscope (SIO) using an incoherent projection technique because it produces speckle-free SIM retinal images and it enables better optical sectioning than coherent illumination [20]. The layout of the SIO is shown in Figure 2. It is composed of two optical subsystems: the wavefront sensing and control (WFS) subsystem and the imaging subsystem.

The WFS subsystem enables AO correction of the illumination and detection beams and includes a fibered super luminescent diode (SLD) (LEDMOD, Omicron, Germany) centered at 750 nm, a custom-built Hartmann-Shack sensor and a deformable mirror (ALPAO, France). More details about the AO implementation can be found here [16].

The imaging subsystem consists of a DMD-based illumination path that projects fringe patterns onto the retina using an incoherent LED source with a central wavelength of 850 nm (M850LP1, Thorlabs, USA) and a detection path that directs the light backscattered by the retina toward an imaging camera (ORCA flash4-V2, Hamamatsu, Japan). In order to produce the illumination patterns, a DMD (V-650L, Vialux, Germany) is used as an amplitude-only spatial light modulator. It consists of an array of 1280 × 800 micromirrors that can be individually tilted along their diagonal to two angle positions: +12°tilt reflects the incident beam to the optical axis and -12°t ilt deflects it away from the optical axis. Since the DMD micromirrors tilt along their diagonal, the DMD chip was rotated 45°along the optical axis in order to keep both incident and reflected beams in one plane, parallel to the optical table. The DMD, illuminated by a collimated LED source, was set to reflect a binary fringe patterns of spatial frequency 34 cycles/degree oriented at ±45°toward the optical path. These illumination patterns are then demagnified and projected onto the retina through multiple relay optics (lenses L2+L3; L4+L5; L6+L7; L8 + eye lens), fold mirrors (M1-M5) and a deformable mirror, which accounts for ocular aberrations that affect the illumination beam on its way into the eye. Even though only binary fringe patterns are produced by the DMD, a sinusoidal intensity distribution is obtained in the retina due to the limited optical bandwidth that cuts off the higher order spatial frequencies (harmonics) of the binary patterns.

The imaging camera (ORCA flash4-V2, Hamamatsu, Japan), conjugate with the DMD, collects the light backscattered by the retina enabling 5°× 5°frame acquisition at 100 Hz. The backscattered beam is corrected for the ocular aberations by the deformable mirror to mitigate their effect on the acquired images. As the projected illumination pattern is focused on the retinal plane conjugate to the DMD, we can image various retinal layers by adding a defocus aberration with the deformable mirror on both the illumination and detection paths using the AO system. 

Image acquisition

Instead of accurately phase shifting the illumination patterns over the observed object as is usually done to obtain the phase diversity required for SIM reconstruction [12,13], the uncontrolled eye movements [17] introduce inter-frame retinal shifts that can be exploited to provide this phase diversity [15,21]. The SIO raw images are thus acquired using a static fringe pattern, sequentially oriented at +45°and -45°to enable two-dimensional super-resolution. To ensure that the inter-frame retinal shifts provide a sufficient phase diversity [15,21], at least 6 or 7 frames per orientation of the pattern are captured.

Before image acquisition, the onboard memory of the DMD was preloaded with our illumination patterns using the EasyProj application provided by VIALUX. Two fringe patterns were sequentially displayed by the DMD with a switching rate of 20 Hz. Those patterns were set to project fringes of 34 cycles/degree spatial frequency in the retina, alternatively oriented at +45°and -45°. We set the imaging camera to acquire 2048 × 2048 pixel 16-bit images with a frame rate of 100 Hz and an exposure time of 10 ms using the HCImage software (Hamamatsu, Japan). The images were acquired on a healthy subject, who signed an informed consent before participation. The experimental procedures adhered to the tenets of the declaration of Helsinki. The study was authorized by the appropriate ethics review boards (CPP and ANSM (IDRCB number: 2019-A00942-55)). The subject was seated in front of the SIO and stabilized with a chin and forehead rest. A fixation target was used to guide the subject's line of sight. The image acquisition was performed in standard conditions with neither pupil dilation nor cyclopegia, in a dark room. In these conditions, the imaging pupil size was limited by the deformable mirror to 7.5 mm diameter in the eye pupil plane, leading to a theoretical diffraction-limited cutoff frequency of 𝑓 𝑐,diff = 𝐷/𝜆 = 154 cycles/degree, with 𝐷 the pupil diameter at the eye and 𝜆 the imaging wavelength. The optical power at the entrance of the eye from the illumination source and the WFS source is, respectively, 850𝜇W and 1.8𝜇W, which are below the ocular safety limits established by the ISO standards for group 1 devices. Figure 3 shows examples of raw SIO frames acquired for both orientations of the illumination pattern. The fringe spatial frequency corresponds to 34 cycles/degree. A linear LUT with a saturation of the 0.3% of the brightest and darkest pixels was applied to the images.

SIO reconstruction

Before computing the SIO reconstruction, the SIO raw frames were pre-processed as follows. An average dark frame was subtracted from the raw SIO images in order to suppress the camera offset. Then the images were cropped to 1536 × 1536 pixels and apodized to avoid ringing artefacts and border effects when performing image registration and reconstruction. The reconstructed SIO image were then computed from the acquired images using the BOSSA-SIM algorithm [22], which allows unsupervised SIM super-resolved reconstruction for thick and moving objects. It consists of minimizing the following Maximum a Posteriori criterion, under positivity constraint:

𝐽 (o 0 , o 𝑑 ) = 1 2 𝑁 ∑︁ 𝑗=1 i 𝑗 -M 𝑗 (o 0 , o 𝑑 ) 𝝈 𝑗 2 2 + 𝜆 2       ∑︁ 𝑓 | õ0 ( 𝑓 )| 2 S o 0 ( 𝑓 ) + ∑︁ 𝑓 | õ𝑑 ( 𝑓 )| 2 S o 𝑑 ( 𝑓 )       (1) 
where:

• o = (o 0 , o 𝑑 )
is the 2-layer object to be reconstructed. It is composed of the in-focus object layer o 0 and the defocused object layer o 𝑑 into which the out-of-focus contributions are rejected so as to obtain a super-resolved and optically sectioned in-focus layer o 0 ;

• i 𝑗 is the SIO j-th pre-processed image;

• M 𝑗 (o 0 , o 𝑑 ) is the imaging model, which will be further described below;

• 𝝈 2 𝑗 is the noise variance, which we assume to be homogeneous here; • 𝜆 is the regularization parameter and is set to 0.3 as explained in [22];

• S o 0 and S o 𝑑 are the power spectral densities of each object layer;

• . refers to the 2D discrete Fourier transform of its argument and 𝑓 is the 2D spatial frequency.

The noise variances 𝝈 2 𝑗 and the object power spectral densities S o 0 and S o 𝑑 , are estimated from the data in an unsupervised way [22,23].

The imaging model corresponding to the j-th image reads:

M 𝑗 (o 0 , o 𝑑 ) = h 0 ★ (m 𝑗,0 .𝑡 𝑗 [o 0 ]) III (𝑘, 𝑙) + h 𝑑 ★ (m 𝑗,𝑑 .𝑡 𝑗 [o 𝑑 ]) III (𝑘, 𝑙) (2) 
where ★ depicts the discrete 2D convolution product and 𝑡 𝑗 [.] is a subpixel shift operator that computes the shifted discretized object.

[.] III is a downsampling operator that makes it explicit that the observed object (o 0 , o 𝑑 ) can be oversampled with respect to the SIM images i 𝑗 to ensure that the reconstructed super-resolved image satisfies the Shannon-Nyquist sampling theorem. The imaging model depends of 5 parameters: the in-focus and defocused point-spread functions (PSF) h 0 and h 𝑑 , the in-focus and defocused illumination patterns m 𝑗,0 and m 𝑗,𝑑 and the retinal shifts that determine the subpixel shift operator 𝑡 𝑗 [.]. The choice or estimation of these parameters, required for the reconstruction process, is described in Appendix A.

Results

In order to investigate the potential of SIO for super-resolved retinal imaging, we imaged the cone photoreceptors at the foveal center where their density is maximal [24], in a healthy subject. 79 SIO frames per orientation of the fringe patterns were processed to obtain the reconstructed SIO image. SIO raw frames are shown in Figure S1. To compare SIO with conventional wide-field ophthalmoscopy under the same imaging conditions (light flux, AO correction, eye movement), a wide-field image was constructed by averaging the registered SIO raw images. We checked that the illumination patterns are effectively removed by this averaging and registration process so as to produce a reliable conventional wide-field image. The comparison between the wide-field and SIO images is shown in Figure 4. In the wide-field image (Figure 4a), even after correction of the uneven background illumination (Figure S2), the contrast of the cone mosaic is dominated by the out-of-focus background, which comes from defocused layers and choroidal scattering [25]. In the SIO image (Figure 4b), this defocused contribution is rejected and the cones are more visible. Thus, SIO achieves optical sectioning, which greatly reduces the scattering light background and consequently improves the contrast of the in-focus retinal layer.

To evaluate the resolution of the wide-field and SIO images, we computed their image spectra (Figure 4c-d). In the wide-field image spectrum, the diffraction-limited cutoff frequency is not reached because of the noise. We thus defined the wide-field effective cutoff frequency as the radial frequency above which the object's contribution to the image power spectral density becomes smaller than the noise level. We have evaluated the effective cutoff spatial frequency of the conventional wide-field image 𝑓 𝑊 𝐹 𝑐,eff from the noise and object power spectral densities (PSD), which were estimated using the unsupervised method proposed in BOSSA-SIM [22]. The measurements of this effective cutoff frequency yields 𝑓 𝑊 𝐹 𝑐,eff = 98 cycles/degree. This value is symbolized by the yellow circle in Figure 4c-d. In the SIO image, the frequency bandwidth is extended by about the value of the pattern frequency 𝑓 𝑚 = 34 cycles/degree beyond the wide-field frequency bandwidth, thus leading to a SIO effective cutoff frequency of 𝑓 𝑆𝐼 𝑂 𝑐,eff = 132 cycles/degree. Hence, SIO achieves super-resolution with respect to the effective resolution of the conventional wide-field image.

Figure 5 provides further comparisons between the wide-field and the SIO images over enlarged views of 0.25°× 0.25°field-of-view. The radial power spectra plotted in Figure 5g-i, exhibits a peak at 65 cycles/degree (g), 69 cycles/degree (h) and 81 cycles/degree (i) related to the photoreceptor average density in each of the 0.25°× 0.25°regions of interest. These peaks reach higher values for the SIO, which shows that the cone mosaic is higher contrast in the SIO image. At 0.7°eccentricity (Figure 5c andf), the SIO is able to resolve cones that are indistinguishable in the wide-field image, as exemplified in the intensity plots (Figure 5j-k). In particular, the spacing of the last two cones resolved only in the SIO intensity plot corresponds to a spatial frequency of about 110 cycles/degree, which is higher than the wide-field effective cutoff frequency.

Discussion

The higher resolution and contrast achieved by SIO compared with conventional wide-field ophthalmoscopy makes SIO a highly valuable tool for imaging foveal cones and monitoring cone density, which is a key biomarker for detecting the early onset of common retinal degenerative diseases. To investigate this matter, we compared the cone density map computed from the SIO reconstructed image with the one computed from the conventional wide-field image, as shown in Figure 6. The computation of the cone density maps is detailed in Appendix C.

For both images, the measurements are consistent with histology up to a retinal eccentricity below which the estimated densities start to deviate as the cones are no longer resolved. We defined the retinal eccentricity below which the measurements are unreliable as that for which the ratio of the standard deviation over the mean value of the estimated cone density becomes greater than 10% (blue shaded region in Fig. 6(c-d)). Using this criterion, it clearly appears that the SIO image allows a much more accurate cone density measurement than the conventional wide-field image, increasing the range of eccentricities for which the estimated densities are reliable. Moreover, unlike scanning ophthalmoscopes, SIO images are distortion-free, which is of the utmost importance for longitudinal studies of cone density.

Figure 7 shows how the SIO image compares favourably with a typical AO-corrected cSLO image. Indeed, the cones appear more contrasted and sharper in the SIO image. It should be noted that the cone brightness is not the same from one imaging modality to the other due to the temporal variability of photoreceptor reflectance [26,27]. Additionally, SIO and cSLO qualitatively achieve a similar optical sectioning. This result was expected, as it was already 4a), d-f, Corresponding magnification from the SIO image (Figure 4b), g-i, Radial power spectra of the blue (g), green (h), respectively red (i) boxed regions, j-k, Plots of the image intensity along the 20 𝜇m lines drawn in c (j) and f (k). The blue, green and red boxed regions are centered at retinal eccentricities of 1.6°, 1.2°, and 0.7°respectively. A linear LUT with a saturation of the 0.3% of the brightest and darkest pixels is applied to the images displayed in a-f. demonstrated in microscopy that SIM and confocal imaging enable similar axial sectioning [20]. More information about the cSLO that we used are provided in Appendix D.

Conclusion

In conclusion, we have developed SIO, an adaptive optics-corrected wide-field ophthalmoscope using structured illumination that achieves super-resolution and optical sectioning in the living retina, without distortion over a large field-of-view. The SIO exploits the BOSSA-SIM reconstruction algorithm, which presents five main features that make it successful in reconstructing high resolution contrasted retinal images. Firstly, it is based on an imaging model that takes into account the retinal shifts. Secondly, its original 2-layer object model, which distinguishes the in-focus signal from the out-of-focus contribution, enables one to jointly achieve optical sectioning and super-resolution from two-dimensional data. Thirdly, thanks to the Bayesian framework, the method is robust to noise, which can be important in wide-field retinal images. Fourthly, its reconstruction hyper-parameters (object and noise power spectral densities) are adjusted in an unsupervised fashion (i.e., automatically) from the data. Lastly, the method imposes a positivity constraint on the reconstructed object, which is known to induce spectral extrapolation for objects on a dark background. Thus, this positivity constraint, combined with the optical sectioning, contributes to an extension of the reconstruction frequency bandwidth (additional to the super-resolution brought by SIM). By imaging the cone mosaic near the fovea, we have shown contrast and resolution enhancement in the SIO reconstructed image compared with a conventional wide-field image. It should be noted that the resolution improvement is currently limited by the poor signal-to-noise ratio (SNR) of the raw images, which do not reach the diffraction limit due to the noise. Ongoing developments are aiming at improving the SNR of the raw images in order to further increase the resolution enhancement enabled by SIO.

Combining super-resolution and distortion-free acquisition is highly desirable for imaging a neuro-vascular network such as the retina, which is why it has been attempted several times in the past [8,14]. We expect this breakthrough to change the balance between wide-field and scanning systems in retinal imaging, where scanning systems are more common. Indeed, we have used a wide-field ophthalmoscope and demonstrated super-resolution in the eye with neither photon loss, which occurs in small pinhole confocal scanning systems, nor distortion, which is inherent to any scanning system. This paves the way towards accurate photoreceptor mapping in challenging patients with strong retinal motion or with a small pupil. More generally, it provides a generic strategy to achieve super-resolution and optical sectioning in a wide variety of biomedical imaging applications, despite sample motion, scattering and aberrations.

OTF value at the modulation spatial frequency 𝑓 𝑚 is null.

As we project only two sinusoidal patterns, one oriented at 𝜃 1 = -45°and the other at 𝜃 2 = +45°, there are two sets of patterns {m 𝜃 ,0 , m 𝜃 ,𝑑 } 𝜃 to be estimated (See Equation ( 2)). The in-focus illumination pattern at a given orientation 𝜃, is given by:

m 𝜃 ,0 (ì 𝑟) = I 𝜃 (ì 𝑟) [1 + 𝜶 𝜃 (ì 𝑟) cos(2𝜋 ì 𝑓 𝜃 ,𝑚 .ì 𝑟 + 𝜙 𝜃 )] (3) 
with ì 𝑟 = (𝑘, 𝑙) the 2D spatial coordinates. The intensity map I 𝜃 takes into account the heterogeneous background due to inhomogeneities in the illumination beam and to multiple scattering effects inside the eye (see Figure 8). I 𝜃 was estimated by fitting a third-order polynomial on the average SIO frame for the given 𝜃. To account for variable modulation contrasts over the field of view, a contrast map 𝜶 𝜃 of values between 0.1 and 0.3 was set. Finally, the spatial frequency ì 𝑓 𝜃 ,𝑚 and the phase 𝜙 𝜃 of the illumination pattern were estimated using a least square fit of a sinusoidal fringe model over a filtered version of the average SIO frame for the given 𝜃. The purpose of the filtering is to filter out the object structures that may skew the pattern parameter fitting.

As we incoherently project a fringe pattern onto the retina, the fringe contrast decreases with defocus and thus, the illumination patterns are only contrasted at the in-focus object plane. Hence, we can consider that the defocused illumination pattern m 𝜃 ,𝑑 is not modulated:

m 𝜃 ,𝑑 (ì 𝑟) = I 𝜃 (ì 𝑟) (4) 
The retinal shifts were estimated in two steps: the SIO raw images were first filtered to cut off the spatial frequencies of the illumination patterns so as to obtain approximate wide-field images (without the fringe pattern), then used as inputs in a subpixel shift estimation method [29].

B. Correction of the heterogeneous background in the AOFIO image

Due to the illumination inhomogeneities and mostly to the scattering of the light when propagating inside the eye, retinal wide-field images contain a strong background which slightly decreases toward the edges of the field. As shown in Figure 8(a), this background significantly reduces the contrast of the retinal structures that are imaged (in our case, the foveal cones). As the background is composed of low spatial frequencies, we can filter it out by applying a highpass filter to the wide-field image. The resulting filtered image is displayed in Figure 8(b). One drawback of this correction is that it also suppresses the low spatial frequency of the observed retinal layer.

C. Computation of the cone density map

To generate a pointwise density map, we divided the cone mosaic image into an overlapping grid of 64 × 64 pixel (corresponding to 88 𝜇𝑚 × 88 𝜇𝑚) regions of interest (ROIs), where each ROI was displaced from the previous one by 10 pixels (corresponding to 15𝜇𝑚). These values were chosen empirically to provide a good trade-off between pointwise accuracy and map smoothness. Then, cone density was computed for each ROI using a fully automated algorithm based on modal spacing as described in [30]. Bicubic image interpolation was then used to increase the size of the cone density map in order to match the cone mosaic image.

D. Acquisition of the cSLO retinal images

In order to compare SIO with a confocal scanning laser ophthalmoscope, additional retinal images were acquired with a commercial AO-corrected cSLO system (MAORI, Physical Sciences Inc., Andover MA USA) [31]. Image acquisition was performed on the same subject as for the SIO and in the same conditions, i.e., with neither pupil dilation nor cyclopegia, in a dark room. The optical power entering the eye was set to 800𝜇𝑊 at 780 nm for the illumination source and 700𝜇𝑊 for the wavefront sensor source at 840 nm. 100 cSLO 2°× 2°individual frames centered on the fovea were acquired at 24 Hz. They were then processed using the MAORI image processing library for registration and distortion compensation [32]. Figure 6(a) of the primary document shows the processed cSLO image, which was manually registered with the SIO image.

Conclusion and perspectives

Structured illumination microscopy could be successfully applied to retinal imaging on a human, in-vivo, for the first time. In addition to the significant work carried out on the reconstruction process [START_REF] Lai-Tim | Imagerie haute résolution de la rétine humaine par illumination structurée assistée par optique adaptative[END_REF], the technical advances on ECUROeil bench reported in Chapter 2 have highly contributed to achieve this proof of concept. The development of the AO-SIO has indeed led to achieving super-resolved, distortion-free imaging of the retina, on a wide field of view, with an optical sectioning comparable to the AO-SLO systems. The improvement in optical sectioning has especially contributed to enhance the effective gain in resolution of the system. As a result, cone density maps of the foveal region could be effectively extracted from the SIO images and could highlight contrast and resolution enhancement brought by SIM, compared to the conventional AO-FIO.

However, the main limitation encountered using SIM in the eye was the reduced signal to noise ratio, which hindered the capacity to perform super-resolution. Indeed, the contrast of the high resolution fringe patterns used in SIM is strongly reduced by the multiply scattered component in the image. Next part of this thesis is dedicated to finding a way to reduce the multiply scattered component level using the pattern projection capabilities of ECUROeil system.

Transition

While investigating the most adapted fringe pattern for SIM (see Chapter 4), we obtained the image presented in Fig. 4.1(B). In this one image, we can witness two phenomena which will be the main focus of the rest of this manuscript: As previously mentioned, the DMD-modulated illumination makes ECUROeil a versatile tool allowing to investigate which pattern brings the highest contrast for each structure, and I did carry out such empirical studies, trying to narrow down the optimal parameters for the illumination patterns. Although it brought some insight and helped us discarding some ineffective strategies, these attempts to optimize one given parameter remained challenging. This is mainly due to the fact that many things can alter the quality of an image, from eye motion to aberration rapid change to pupil size evolution to blink, which makes it very difficult to finely tune the illumination pattern by comparing one image to the previous one.

Some of these uncertainties could be solved with the updates on ECUROeil bench (see Chapter 2). Still, the empirical approach was not satisfactory to understand and optimize the contrast gain yielded by a patterned illumination. Therefore, we chose to complement it with analytical and simulation models to model and explain the experimental observations, and possibly to derive an optimized imaging setup. This approach constitutes the structure of Part III for bright field contrast, and Part IV for phase contrast enhancement.

Chapter 5 BRIGHT FIELD EMPIRICAL STUDY : PLAYING WITH ILLUMINATION PATTERNS ON ECUROEIL

As previously mentioned, we have witnessed an increased contrast on illuminated areas, when using binary illumination patterns, such as stripes. This is similar to what is obtained in confocal imaging, where the detection pinhole spatially filters out the scattering haze surrounding the illuminated patch. Only, in our setup, spatial resolution and spatial filtering of the scattering haze are not provided by the same optical component : whereas resolution is linked to the size of the detection pixel (and diffraction limit), spatial filtering of the scattering haze is here dictated by the shape and size of the illumination pattern bright patches. If the illumination pattern was reduced to a diffraction limited spot, the signal would be identical to that of a confocal SLO. But we can increase the size of this illumination pattern bright patch, change its shape, multiplex it, etc... Therefore, we wonder what would be the optimal shape and size of the illumination pattern. In this chapter, we describe an empirical study showing:

• What the scattering haze looks like (see section 5.1);

• How the bright-field contrast evolves with the shape of the illumination pattern (see section 5.2);

• How the bright field contrast evolves with the size of the illumination pattern, that is the fraction of the field of view that is illuminated (see section 5.3).

This last section comprises a published article, accompanied by additional comments.

Revealing the scattering haze with projection patterns

The high scattering nature of the retina is a key optical feature that limits the signal-to-noise ratio (SNR) of flood illumination images. One can also mention that the low SNR has been identified in Chapter 4 as the main reason for the limited performances of super-resolution reconstructions with the Structured Illumination Ophthalmoscope (SIO). When imaging the photoreceptor layer with the flood illumination system, as shown in Figure 5.1, one can observe how the hazy background dominates the signal coming from these yet reflective structures and thus deteriorates the imaging contrast. The scattering haze can be easily visualized when In order to evaluate the contrast of photoreceptors, we compute the Michelson Contrast (MC), which correspond to the difference between the maximum and the minimum intensity over their sum. Imax-I min Imax+I min The Michelson Contrast (MC) was measured for each pattern, as well as for a full-field image (control image), under the same experimental conditions. The maximum and minimum intensities were measured along linear regions of interest of around 32µm, in the bright area, for ten different position, for each image. The values presented in Figure 5.1 correspond to the averaged measurements of the MC for each image over these ten measurements. The shape of the illumination seems to slightly affect the measurements. More precisely, the linear and the cross patterns result in higher MC than the more localized shapes such as a round or a square. Extended shapes seem therefore to be slightly more favorable in comparison to more localized patterns, but a first order conclusion is that the contrast is not related to the shape of the illumination pattern, but rather to the illuminated surface over the field of view.

M ean M C ST D M C M C pattern /M C F ull-F ield

In order to investigate this question experimentally, we decided to project different checkerboard patterns on the photoreceptor layer and to evaluate the MC. This study led to an article reproduced in next section. In order to provide a better understanding and early diagnosis of age-related macular degeneration (AMD), it is critical to be able to follow the retinal degeneration and, in particular, the loss of photoreceptor cells [1]. However, this task requires high resolution imaging systems, able to provide highly contrasted photoreceptor maps with a wide field of view. The need for distortion-free images is also essential, particularly for longitudinal studies, when distinguishing the morphological characteristics of the retinal structures [2], and their evolution through time should not be hindered by distortion artifacts coming from the imaging system and the ocular motion [3,4]. Therefore, there is a need for highly resolved, distortion-free images of the retina, with a high contrast and a wide field of view. To this end, ophthalmoscopes have to mitigate aberrations, ocular motion [5,6], and a high diffuse background originating from scattering effects in the multi-layered retina [7]. Regarding aberrations, adaptive optics (AO) has enabled high resolution images of the photoreceptor layer in both full-field ophthalmoscopes [8] and scanning laser ophthalmoscopes (SLO) [9], revealing structures that were hidden otherwise [7,10,11].

Partial

Regarding ocular motion and background concerns, a trade-off has been made either in favor of motion handling, with full-field ophthalmoscopes, or in favor of contrast [8,12], with the SLO. The full-field ophthalmoscope simultaneously acquires the signals coming from all of the positions of its wide illumination field (4 • typically), with exposure time below 10 ms, which prevents motion-induced distortions. On the other hand, the confocal pinhole of the SLO spatially filters out multiply scattered and out-of-focus light, hence improving the quality of the images. However, the full-field ophthalmoscopes remain limited in contrast, while the SLOs are prone to motioninduced distortion due to their low pixel rate, which clearly illustrates the complementarity in strengths and weaknesses of these techniques.

In this paper, we implemented the partial-field illumination ophthalmoscope (PFIO), a high pixel rate AO-full-field ophthalmoscope, in which the illumination field can be tuned in order to reduce the diffuse background and improve the contrast of photoreceptor cell images. We demonstrate that spatial filtering can be achieved in a full-field ophtalmoscope by partially illuminating the retina (by placing a programmable mask conjugated with the retina in front of the full-field illumination source). By setting the camera pixels associated with non-illuminated areas on the acquired frame to zero, a numerical spatial filtering is performed similarly to using a variable confocal pinhole in the SLO. We establish that the contrast can be improved proportionally to the square root of the surface of the illuminated area. The full-field image can then be obtained by this process (i.e., image acquisition and numerical spatial filtering) for all of the complementary patterns required to illuminate the entire field and by combining these successive images. The resulting image therefore has an increased contrast at the cost of reduced acquisition speed.

This PFIO can be positioned between full-field and confocal opthalmoscopes. The characteristic illumination patterns of these three ophthalmoscopes are shown in Fig. 1. For the sake of comparison, let us consider the same illumination power in the illuminated area, and the same amount of overall power to compute a complete full-field image. Thus, the acquisition time of the full-field image scales with the number of complementary patterns N used to recontruct the full-field image. The full-field ophthalmoscope only uses one pattern (N = 1) to illuminate the entire region of the retina to be imaged. Therefore, it is the fastest system. However, as no spatial filtering is performed, it provides images with the lowest contrast. In contrast, in the confocal system, the illumination beam diameter corresponds approximately to the Airy disk, so it requires scanning the region of interest (ROI) with about one million points (N 10 6 ) to illuminate the entire field of view for an image of 2000 × 2000 pixels sampled at the Nyquist frequency. The acquisition speed is thus the slowest. In the detection path, a physical confocal hole carries out spatial filtering that enables providing the images with the highest contrast. Between these systems, the PFIO illuminates the ROI partially with an intermediate number of complementary checkerboard patterns (e.g., N = 2 in Fig. 1). As a result, the three ophthalmoscopes in Fig. 1 feature an increasing contrast from left to right and an increasing speed from right to left.

Our goal here is to answer the following question: for a given field of view and a given number of incident photons, in how many patterns should we split them to get the best image? In other words, which is the optimal N value? We already know that the higher the N value, the higher the contrast. Nevertheless, a lower N means that more pixels are acquired at a time, which leads to a less time-consuming acquisition procedure and, hence, less motion-induced distortion. The study presented here investigates the possibility to use a lower N value than the confocal ophthalmoscope while keeping the same contrast.

METHOD A. Setup

The experimental setup has been implemented on the AO-fullfield ophthalmoscope, built at the Paris Quinze-Vingts National Ophthalmology Hospital, described in [12] and shown in Fig. 2. We included a new illumination path, which consists of a homogeneous incoherent illumination at 850 nm and a spatial light modulator that generates and switches the checkerboard patterns. To perform the various checkerboard patterns, we use an off-the-shelf digital micro-mirror device (DMD) (DLP650LNIR, Texas Instrument) for its high switching speed (up to 12.5 kHz) and its versatility in terms of pattern designs. The array of 1280 × 800 digital micro-mirrors is conjugated to the target layer of the retina, and each micro-mirror of 10.8 µm pitch is switched to position "ON" or "OFF" to shape the illumination into the selected pattern to be projected. The mirrors in the "ON" position reflect the incoming light towards the optical path, while the mirrors in the "OFF" position reflect the light out of it. Each pattern, leading to illuminated and non-illuminated areas on the retina, has been uploaded to the controller of the DMD and manipulated through a computer. In this configuration, the mirrors, which are used as switches that shape the illumination, are comparable to multiplexed pinholes. Therefore the DMD, which switches from one pattern to the other, behaves similarly to a Nipkow disk used in spinning disk microscopy [13,14].

In this setup, the DMD is optically conjugated with the camera. The camera image benefits from the AO correction to reach a diffraction-limited resolution [12], but the DMD patterns projected onto the imaged retinal plane also benefits from the AO correction, because the incident beam is pre-compensated for ocular aberrations as well. To navigate between the various layers of the retina, a static defocus offset is sent to the AO loop, which ensures that both the camera and DMD pattern remain conjugated.

B. Pattern Projection

Patterns were created with Interactive Data Language (Exelis, USA). We used four sets of complementary checkerboard designs, with the same dimension of squares. Each checkerboard design corresponds to N complementary patterns that illuminate a ratio of one out of N squares, with N = 2, 4, 9, 25. We aim at a real-time enhancement of the contrast of photoreceptors, namely, a minimal processing of the raw video frames. To do so, images with a field of view of 4 • × 4

• were acquired at 90 Hz, with an exposure time of 5 ms, while projecting sequentially the complementary patterns on the retinal layer. The checkerboard squares projected were chosen to be around Fig. 2. Experimental set-up: AO-full-field optical bench described in [12], to which an illumination path, composed with a DMD, has been implemented to project checkerboard patterns on the target layer of the retina.

44.1 µm wide on the retinal plane, which correspond to 60 camera pixels, as the pixel size of the camera is 6.5 µm, and the magnification between the retina and the imaging camera is 8.82. The patterns were switched every two frames.

C. Image Acquisition and Processing

In vivo retinal imaging was performed on a healthy young subject. The participant followed institutional guidelines and adhered to the tenets of the declaration of Helsinki. Informed consent was obtained from the subject after the nature and possible outcomes of the study were explained. The subject was seated in front of the AO-full-field ophthalmoscope, stabilized with a chin and forehead rest, and was asked to stare at the fixation target, which is an image of a blue crosshair with a moving dot. The fixation target is only used to guide the subject's sight, enabling us to explore the retina. Image acquisition sessions were performed in standard conditions with neither pupil dilation nor cycloplegia, in a dark room, leading to the largest accessible natural pupil dilation. As shown in [15], during the acquisitions, the subject's pupil size remains steady. Moreover, we made sure that the subject's pupil was centered and larger than the pupil of the system. As the pupil of the system is limited by the deformable mirror and corresponds to 7.2 mm at the pupil plane, the Airy disk diameter is thus about 2 µm. The size of one checkerboard square is about 22 Airy disks, that is 22 times bigger than the Airy disk of the illumination path of a confocal ophthalmoscope. The total light power entering the eye from the illumination source and the wavefront sensor source are, respectively, 200 µW and 2 µW, which is below the power values stipulated by the ocular safety limits, established by the International Organization for Standardization (ISO) standards for group 1 devices.

In the first experiment, raw images of the same region of the retina were acquired at an exposure time of 5 ms, with the PFIO, for values of N corresponding to 1 (full-field), 2, 4, 9, and 25, under the same experimental conditions. As a basis for comparison to typical AO-SLO images, corresponding to N 10 6 , acquisitions of the same region were also performed with the multimodal AO retinal imager (MAORI) (Physical Sciences, Inc., Andover, MA, USA) at the Quinze Vingts Hospital in Paris, described in [16]. Then, one raw image was selected for each of the PFIO and SLO images. For each raw image, ten 32 µm × 32 µm regions were selected inside bright areas to compute the Michelson contrast, which corresponds to the ratio

Imax-I min Imax+I min
, where I max and I min are the maximum and minimum intensities in each of these regions. We derived the mean and standard deviation of the contrast for each pattern from these values.

In the second experiment, a sequence of images corresponding to N = 4 was acquired, while projecting sequentially four complementary patterns with the DMD, similarly to what is presented in the Fig. 1 for N = 2. The images were still acquired with an exposure time of 5 ms. Only the sequences that include saccades needed to be discarded, that is less than 10% the sequence. As the DMD and the camera were not synchronized, we had to acquire two frames per pattern and to discard one frame over two. A subsequence of four raw images corresponding to the four consecutive patterns was selected. The images were cropped to get a ROI of 1024 × 1024 pixels, the consecutive frames of complementary projected patterns were manually registered. These frames were finally summed. As a result, one 2.54 • × 2.54 • image (0.75 mm × 0.75 mm) of the photoreceptor layer is reconstructed.

RESULTS AND DISCUSSION

The checkerboard designs described in the Method section were projected on the same area of the retina, under the same experimental conditions. From these data, we aim at evaluating the contrast of the photoreceptors with different ratios of illuminated areas over the field of view, namely when changing the parameter N. In Fig. 3, we show the acquired images for N ranging from 2 to 25, over a wide field of view (1024 × 1024 pixels) and over the same ROI of 256 × 256 pixels. We compare them to both the full-field image (N = 1), acquired with the same optical path, and with the confocal image (N ≈ 10 6 ). All images are obtained with the same amount of incident photons. The images are in accordance with our first assessment, as we observe a significant enhancement of the imaging contrast as N increases. The haze is a prominent feature of the full-field image, and it is also quite visible in the dark areas of the PFIO images. We can see that it is gradually reduced when increasing N. As a result, the photoreceptors appear more contrasted, and it becomes easier to distinguish them individually.

In Fig. 4, we aim at quantifying this tendency by plotting the average Michelson contrast, corresponding to each illumination pattern. The bright regions where the contrast was computed were selected at different locations in the field of view to mitigate The appearance of the photoreceptors in Fig. 3 and the plot of the Michelson contrast in Fig. 4 confirm the hypothesis in Fig. 1 that the contrast increases with N, more precisely as √ N. Following this trend, a confocal ophthalmoscope with, say, a ratio N ≈ 10 6 between the field of view and the size of the confocal spot (i.e., one Airy disc in this case), should yield a Michelson contrast √ N ≈ 1000 times higher than the contrast of the full-field ophalmoscope. Our finding is that the contrast gain of AO-SLO is less than 1000 times higher than the full-field. The experimental Michelson contrast of the confocal image is indeed only 15 to 30 times better, which corresponds to a value of N between 200 and 1000. This means that the contrast improvement with N saturates, or, conversely, that an image with the same contrast as a confocal image could be obtained with a PFIO requiring 5000 times less illumination patterns than what is currently needed in the confocal system. Therefore, this potential technical improvement could drastically reduce the acquisition time required for the highest imaging contrast and fosters further investigation towards contrast enhancement using the PFIO. Now that we have discussed the theoretical optimal value of N (supported by experimental measurements), let us investigate the practical implementation of PFIO to obtain a complete fullfield image with an improved contrast. For N = 4 for instance, we compare the images of the same region, acquired with the full-field ophthalmoscope, the PFIO, and the confocal ophthalmoscope, under the same experimental conditions, with an equivalent emitted photon flux over the resulting illuminated field. In Figs. 5(b) and 5(f ), we show the resulting image obtained with the PFIO (see Methods section). A residual grid coming from the projected patterns is still visible after reconstruction. Although it can be removed through processing or by using overlapping complementary patterns, the residual grid does not hinder the contrast assessment on the image and was kept for a fair comparison between the three systems. While in the full-field image, in Figs. 5(a) and 5(d), the photoreceptors are barely visible in a hazy background, and the latter is filtered out in the reconstructed image obtained with the PFIO, making photoreceptors appear more defined, brighter, and even individually distinguishable. The spatial filtering performance of our technique can also be witnessed in Fourier space, as Figs. 5(e), 5(g), and 5(i) particularly show the computed Fourier transform of the three images. The photoreceptor frequency footprint, or Yellot's ring [17] appearing gradually brighter from left to right, clearly demonstrates the contrast enhancement of the photoreceptor mosaic. It is important to point out that the numerical spatial filtering of the multiply scattered light (i.e., putting to zero the pixels in the dark patches) performed to get the PFIO image proves to be a fundamental step in the process. Skipping the latter and keeping the scattering hazes on the images would indeed result in reconstructing an image equivalent to N = 1, that is the full-field image.

Each of the four partial-field images used to compute the Fig. 5(b) image was obtained with a τ exp = 5 ms exposition (corresponding to the fastest frame rate achievable with our current camera), so that the total exposure time amounts to N × τ = 20 ms. For higher values of N, such an exposure time would be unpractical to efficiently observe the retina, which is why we did not attempt to produce PFIO complete images for values of N higher than four. In order to accelerate the PFIO image delivery rate and get closer to an optimal value of N, which we estimate to be between 200 and 1000, a more powerful source and a faster camera could be used (this is indeed the case in confocal imaging, for which the illumination power per surface unit is much higher while the exposure time corresponding to each surface unit is much lower than in our apparatus). In addition, such a N value suggests that using a strip-shaped geometry, which covers one over N of the field of view for both the illumination and the detection, could be a more practical implementation than the pattern projection proposed in this study.

Taking it one step further, the PFIO could spread across an even larger range of imaging techniques. One straightforward application is the use of the PFIO approach to carry out darkfield imaging on a camera-based retinal imager [18][19][20][21]. Indeed, by setting the pixels corresponding to the illuminated regions to zero, instead of non-illuminated regions, dark-field images could be obtained in a post-processing manner. Although such an idea seems simple to put into practice, an important illumination power is necessary, so images from complementary areas can be registered and summed to achieve an entire field of view montage. Another interesting application is to couple the PFIO with the recently demonstrated structured illumination ophthalmoscope [22,23]. Indeed, as in the structured illumination ophthalmoscope, the super-resolution is limited by the contrast, so using the PFIO would allow one to achieve even higher super-resolution, since the achievable super-resolution directly depends on the SNR [24]. Finally, the PFIO approach could also be a valuable concept to full-field optical coherence tomography (FF-OCT) imaging systems applied for retinal imaging [25][26][27]. The use of the PFIO, in fact, could reduce cross talk (in coherent illumination) [28] and/or incoherent light level detected by the 2D camera, contributing to an improvement of SNR and contrast of FF-OCT images [27].

CONCLUSION

With the PFIO, we propose a new modality that lies between the full-field ophthalmoscope and the confocal ophthalmoscope. By sequentially projecting N complementary checkerboard patterns over the entire field of view and digitally cancelling the non-illuminated pixels, the PFIO yields a contrast improvement Research Article that scales with √ N. The calculation of the Michelson contrast pointed out how the contrast of the confocal system (N ≈ 10 6 ) could be achieved with a value of N several orders of magnitude lower, in other words, at a significantly higher speed. In this way, the PFIO holds promise for widening the range of possibility of existing systems. 

Additional comments

In accordance with our primary experimental observations, we have demonstrated that when limiting the illuminated area over the field of view, we could improve the contrast in the illuminated regions. The parameter N introduced in this work, corresponding to the ratio of the field of view over the illuminated area, allows for bringing in intermediate contrasts and imaging speed between the conventional flood illumination and confocal scanning systems. These results highlight a contrast improvement proportional to √ N for small values of N . The contrast then seems to follow an asymptotic behaviour, converging towards the optimal contrast of the confocal system.

The Michelson Contrast used in this section and the previous one can be expressed as the ratio of the peak-to-valley variation of the detected image over its average. Although it seemed a practical choice at the time of publication of the article, this contrast has the disadvantage to mix signal and noise. Indeed, the peak-to-valley variation of the detected image contains both the signal spatial variation, but also the standard deviation of the noise on the image, which makes the Michelson Contrast an unsuitable figure of merit.

Instead, we will use directly the SNR as a figure of merit. We calculated the SNR associated to the data presented in the published article instead of the MC, and we found an SNR increase with a √ N trend (as with MC) with a plateau for high values of N .

Conclusion

We have carried out an experimental study on the impact of the size and shape of the illumination pattern on the bright field contrast. We showed that :

• The scattering haze is almost uniform over a 5 deg field of view;

• A key parameter is the ratio N of the field of view over the illuminated area of a pattern (this value is equal to 1 for a full field ophthalmoscope, typically 10 6 for a confocal system and 4 if one fourth of the field of view is illuminated);

• The contrast does not vary when changing the shape of the illumination for a given N ;

• For a given shape (a checkerboard pattern), the SNR scales with √ N for small values of N , then increases slowly towards the SNR of a confocal image after reaching a threshold, corresponding to a N value between 200 and 1000 a . This last item suggests that a contrast equivalent to that of a confocal system could be obtained with N = 1000, that is by acquiring a fraction 1/1000 of the field of view, at each frame.

In the next chapter, we will confront these findings to theoretical predictions, as well as Monte-Carlo simulations.

a We also demonstrated that with 4 images corresponding to 4 complementary checkerboard patterns, we could reconstruct the whole field of view with an improved contrast compared to a classical full field image (acquired with the same amount of incident photons).

Chapter 6 BRIGHT FIELD ANALYTICAL AND NUMERICAL STUDY

Here we wish to investigate two key aspects by means of analytical developments and Monte-Carlo simulations:

• What is the scattering haze shape and size?

• Can we estimate the balance between the singly and multiply backscattered signals?

To do so, we will use classical light in complex media properties (when possible) and confront it with more precise Monte Carlo simulations. The chapter is organized as follows:

• We first describe the inner retina by a layered model (see Sect.6.1);

• Then, in Sect.6.2, we will use this layered model to compute the shape and size of the scattering haze generated by focusing a point source onto the neural retina, and derive a simple model of the scattering haze. We will then provide the ratio of the singly and multiply scattered photons that have been collected at the exit of the pupil, after being backscattered by the retina;

• In Sect.6.3 we will extrapolate this model to an extended source;

• We will use this extended source haze model in Sect.6.4 to derive the relationship between the SNR and the parameter N introduced in Chapter 5;

• Last, in Sect.6.5 we will derive a theoretical value for an optimal N value and confront it to Chapter 5 experimental findings.

Layered model of the retina

Retina is a disordered medium, it contains scatterers that have the sizes on the order of the wavelength, for near infrared, or are even larger. Given the fact that retina is a complex object that comprises numerous features with detailed micro-structures, we opt for a statistical approach to describe how light is scattered in the retina. Moreover, the retina is a dilute system for near infrared light, which means that the distance between two scatterers in the retina is much longer than the wavelength. Last, the anatomy of the retina leads to liken it to a superposition of slabs of complex media, with uniform scattering parameters within each layer (we neglect the eye curvature here). This configuration is adapted to a multi-layer Monte-Carlo simulation. The practical implementation I performed in collaboration with Romain Pierrat (Institut Langevin) is presented in the next paragraph.

Description of the multi-layer Monte Carlo algorithm

The principle of the multi-layer Monte Carlo algorithm in the context of light scattering in the retina is presented in the Figure 6.1 and summed up the following way:

• Initialization of the optical properties to the ones corresponding to the first layer, the neural retina.

• Shooting of a photon j, from a packet of N photons . The photon j is initialized with its initial position (pos ini : x, y, z) and its initial vector (dir vect :u x , u y , u z ).

• Execution of the Monte-Carlo algorithm (trajectory-based approach) on the 3D system for each photon using the Henyey-Greenstein phase function (see sect. scattering in Chapter 1).

• Update of the optical parameters at each layer change.

• For each photon, we record: the initial position; the final position and direction; the maximum depth reached, the number of scattering events and whether the photon was backscattered out of the eye through the pupil. 

Optical parameters

We recall in Tab. ℓ * : Transport mean free path. These values were taken from [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF], [START_REF] Hammer | Scattering properties of the retina and the choroids determined from OCT-A-scans[END_REF].

We can see that for the three first layers, we are in the intermediate regime (the thickness is between ℓ s and ℓ * ), combining both simple and multiple scattering. The sclera is an opaque layer with a thickness worth several ℓ * .

Results : transmittance of the retinal layers

One primary test of the Monte Carlo algorithm is to confirm these qualitative assessments of the optical behavior of each layer independently. To do so, for each layer, a packet of 50000 photons is emitted from the same initial position (x 0 = 0, y 0 = 0), on the surface of the considered layer, with a normal incident angle. Each photon ends its random walk when it leaves the layer, either by being transmitted through the layer or by being backscattered out of the layer (z ≤ L).

We then count which proportion of the initial 50000 photons are transmitted or backscattered. For the backscattered ones, we calculate how many of them were scattered only once (singly backscattered) or several times (multiply backscattered). The obtained results are summarized in Table 6 According to the table for the neural retina, the RPE and the choroid, the signal is almost completely transmitted, as the transmission coefficient for these layers are greater than 90%. On the contrary, for the sclera, the ratio of backscattered photons is higher than the transmitted one, more than 60% of the photons have been backscattered out of the layer. More particularly, the RPE, which is often compared to a wall that backscatters the incident light, is shown to be more transmissive than the sclera, in the presented results [START_REF] Carpentras | Effect of backscattering in phase contrast imaging of the retina[END_REF], [21]. However, one can also note that in the RPE 8.3% of the photons that have been backscattered have experienced only one scattering event. That makes the RPE layer the most likely to backscatter photons out of it with only one scattering event, while for the other layers this ratio does not exceed 1.5%. This confirms our qualitative assessment in previous paragraph : neural retina, RPE and choroïd mainly transmit light towards the sclera, an opaque layer which backscatters 2/3 of the incoming photons.

Scattering haze for a point source 6.2.1 Purpose

In previous section, we have characterized each retinal layer per se, independently of the others and without any aperture consideration. Let us now put back this layers together in the eye, i.e. at the focal plane of a lens with a pupil diaphragm (see. Fig. 6.2): In a first step, we aim to Figure 6.2: Simplified model of the eye comprising the pupil, the eye lens, the vitreous humour (treated as a transparent uniform layer) and the retina as well as the sclera. An homogeneous monochromatic illumination light source, that emits at 860nm, is focused on the neural retina.

predict the size and shape of the backscattered haze induced by a point source focused on the surface of the neural retina. We also intend to characterize the number of scattering events of the photons contributing to such haze, as well as the effect of the layers of the model on the photons' paths.

Approximated prediction using complex media theory

A first approximation would be to consider the neural retina to be an homogeneous semi-infinite medium. Then the backscattered haze typical size would be ℓ * , that is around 1.5mm if we consider neural retina optical parameters.

However, as previously mentioned, this semi-infinite medium assumption is far from valid, because the three first layers together (neural retina, RPE and choroïd) have an overall optical thickness around 10, and an overall transport optical thickness below 1. This means that the probability that a photon reaches the sclera is strong.

Let us now consider that the three first layers only forward scatter light (a valid assumption considering the associated g values). The forward scattered haze at the surface of the sclera has a typical size ∅ haze worth the total thickness of these three layers

∅ haze = L tot = L N R + L RP E + L choroïd ≃ 300µm.
Each point of this haze is then backscattered by the sclera, giving rise to a ℓ * sclera size haze. The total haze backscattered by the sclera has now a size

∅ haze = L tot + ℓ * sclera ≃ 480µm.
This haze is now forward scattered through the first retinal layers back to the top of the neural retina, adding another L tot :

∅ haze = 2L tot + ℓ * sclera ≃ 780µm. (6.1)
Additionally, we can venture that this scleral diffuse component corresponds to trajectories with more than ∼ 25 scattering events1 .

In next paragraphs, we will use the multi-layer Monte-Carlo to confirm and further quantify these predictions.

Scattering haze shape and number of scattering events

We use the multi-layer Monte Carlo algorithm with a packet of 500000 photons. As previously, the photons have the same initial position (x 0 = 0, y 0 = 0), however, their angles of incidence were computed so that they correspond to a uniform density of photons over the 7mm diameter eye pupil. Moreover, the photons that have been backscattered out of the neural retina are detected if and only if they are passing through the pupil aperture. Such photons are called "collected photons" or "detected photons". Now let us examine the number scattering events that each collected backscattered photon has experienced as well as its final position in the imaged layer (that is the upper surface of the neural retina). Figure 6.3 shows both the statistics of the number of scattering events and the spatial distribution of photons on the imaged layer.

The histogram of the distribution of scattering events for the photons that have been collected, in Figure 6.3-(A) shows that despite the maximum number of scattering events being 760, nearly 80% of the collected photons have been scattered less than 100 times in the retina and half of them have been scattered less than 47 times. The highest density of photons corresponds to a number of scattering events of 10, for 7% of the collected photons.

The spatial distribution of photons in Figure 6.3-(B) illustrates how the detected photons spread over a circular area of a radius of roughly 2mm, however the highest concentration of photons are localized in a 1mm radius disc. The number of scattering events seem to increase radially from the photons at center of the image, where the photons have been scattered less than 200 times, to higher eccentricities, where the number of scattering events seems to vary in a wider range, from 150 to 600, on average. These results are consistent with the fact that photons that have been scattered multiple times have travelled further before being detected. According to this map, one can notice that the 80% of collected photons that have not been scattered more than 100 times, mainly give the extension of the most concentrated part of the scattering haze. However, we wonder if the paths of the photons among this population are equivalent.

Scattering haze shape and deepest layer reached by photons

From the same Monte-Carlo simulation, let us investigate the deepest layer reached by the photons. The results are summarized in Fig. 6.4.

Figure 6.4: Histograms of the deepest layer reached among the collected photons (A), that have been scattered only once (B) and the collected snake photons (that have been scattered more than once and 5 times or less in the system) (C). These results were obtained after computing the Monte Carlo algorithm for a packet of 500000 photons.

Complementary analysis of the deepest layer reached by the photons in Figure 6.4-(A) and Table 6.3, has shown that most of the photons that have been collected have reached the last layer of the system (sclera) before being backscattered. They correspond to more than 70% of the collected photons. The singly scattered photons (corresponding to 0.2% of the collected photons) have naturally only travelled inside the neural retina as this layer has an optical thickness of 4 (see Table 6.1).

We arbitrary considered the snake photons being the ones scattered more than once and less than 5 times (i.e. half the most probable number of scattering events given by the maximum value in histogram 6. 3-(A)). This group thus corresponds to 1.4% of the collected photons. One can observe that although most of the snake photons could only reach the upper layers of the system, namely, the neural retina and the RPE, a small number photons could also reach the One can yet highlight that these snake photons correspond to a very small ratio of the photons that have reached the RPE or the choroïd. Most of them (that is more than 26% of the detected photons) have been scattered more than 5 times before being detected.

For a number of scattering events higher than 25, a large majority of the photons has reached the sclera. Because of its high optical thickness, these photons tend to be even more scattered. The probability of such photons to get directed towards the upper part of the system therefore increases. After being backscattered towards the choroid, the photons are more likely to be scattered forwards by the choroid, the RPE and the neural retina, before passing through the eye pupil. These results are in consistent with sect.6.2.2 predictions.

In next paragraph, we propose a simple model of the scattering haze.

A simple model of the scattering haze

Given the rotational invariance of the system around the optical axis, the intensity distribution of the detected signal can be retrieved by plotting intensity profile along the x axis. We will now propose a model made of the sum of a Gaussian and a Lorentzian curves, both centered on the illumination spot, which are fitted onto the x axis intensity profile (see Fig. 6.5).

We can see in Figure 6.5-(A) that the Lorentzian+Gaussian model accurately fits the haze histogram. Figs. 6.5-(B) and(C) show that the two components can be identified as photons that have been scattered more or less than 25 times. Fig. 6.5-(D) shows that we the distribution of photons scattered more than 25 times and the distribution of photons that have reached the sclera are similar, and fitted by a 700µm-FWHM Gaussian function.

We recall that in sect.6.2.2, simple complex media theoretical arguments led us to hypothesize a 780µm-FWHM scleral diffuse haze with photons scattered more than 25 times. The Monte-Carlo simulation thus confirms these predictions, refine the value of the scattering haze FWHM, and complement this scleral diffuse haze with a supplementary upper layers Lorentzian peak. 

Results : transmittance of the whole retina taking into account the eye pupil.

As for the previous study in sect.6.1.3, where each retinal layer was evaluated independently, we computed the transmittance of the eye model using the results of the multi-layer Monte Carlo algorithm. As reported in Figure 6.6, among the overall packet of 500000 incident photons, 18% have not been backscattered out of the retinal layers towards the eye pupil. A significant ratio of the backscattered ones could not be detected as they have been filtered out by the eye pupil. This corresponds to almost 80% of the incident photons. The photons that have been collected after passing through the pupil aperture (2% of the incident photons) are mainly multiply scattered ones. In fact, the collected photons that have been singly backscattered correspond to only 0.2% of the collected photons. These simulation results are consistent with our hypothesis detailed in sect.6.2.2 and 6.2.3 on the paths of the photons detected by the camera when focusing light of the neural retina. Most of these photons may have been scattered forward through the neural retina, the RPE and the choroïd, backscattered by the sclera before being finally scattered forward through the upper layers (choroïd, RPE and neural retina) towards the eye pupil (see Figure 6.4 and Figure 6.6). The photons that could pass through the aperture of the highly filtering eye pupil have been detected by the camera. This scenario may apply to more than 70% of the collected photons (see Table 6.3). The remaining 20% of collected photons have either been singly backscattered by the neural retina (0.2% of the collected photons) or multiply scattered by the neural retina, the RPE and the choroïd. Figure 6.6: Schematic drawing describing the ratios of the incident photons that are collected by a camera when focusing a near infra-red light source on the neural retina. These results were obtained after computing the Monte Carlo simulator for a packet of N p = 500000 photons.

Conclusion

Scattering haze for a point source

We have established that:

• Most of the collected photons (more than 70%) are first forward-scattered through the neural retina, the RPE and the choroïd, then multiply-backscattered by the sclera and finally forward-scattered through the choroïd, RPE and neural retina;

• This scleral diffuse component can be fitted by a 700µm-FWHM Gaussian function;

• The remaining 30% of collected photons are backscattered by the neural retina, the RPE and the choroïd :

-More than 90% of them come from the choroïd and the RPE and most of this ratio have been scattered more than 5 times.

-Approximately 5% of them are snake-like photons (with 5 or less scattering events) coming from the neural retina and the RPE;

-A tiny fraction of them (typically 0.8%, that is 0.2% of the overall collected photons) are singly-backscattered a .

• This upper layers complementary component (containing photons scattered less than 25 times) can be fitted by a 90µm-FWHM Lorentzian function.

a Because we have focused the incident beam on the top of the neural retina, almost all singly backscattered photons come from this layer 6.3. SCATTERING HAZE AND SIGNAL TO NOISE RATIO FOR AN EXTENDED SOURCE103

Scattering haze and signal to noise ratio for an extended source

Let us now investigate how this point source haze becomes in the case of an extended source.

Schematic approach

Let us consider now a uniform illumination I(r) over a field of view F. Each point source in F will give rise to an element scattering haze dH(r) following the structure described in previous section (see sect. In that case, we can intuit that the resulting scattering haze H(r) is almost homogeneous over the area corresponding to the field of view F, and that its level is proportional to the number of illumination points, that is the surface S F of F:

H(r) ∝ S F

Mathematical formulation

This can be formulated mathematically with an integral expression:

H(r) = r ′ ∈F dH(r -r ′ ) • I(r ′ ) = I * dH(r)
With the uniform illumination I(r) = 1, ∀r ∈ F, we get: H(r) = r ′ ∈F dH(rr ′ ). This expression can be further simplified in two cases :

• if the field of view F is much smaller than the element scattering haze dH(r), then dH(rr ′ ) ≃ dH(r) and we get:

H(r) = r ′ ∈F dH(r) = S F • dH(r)
• if the field of view F is much larger than the size of the element scattering haze dH(r), then with a variable change we get:

H(r) = r dH(r) = I H
where I H is the total flux of the element scattering haze.

From these two regimes, we can extrapolate that the resulting scattering haze level scales linearly with the illumination field of view surface, until it saturates to the total flux of the element scattering haze.

Numerical application in the case of the retina

Let us examine how these results apply to the retina :

Size of the element scattering haze dH(r) We have established in Sect.6.2 that 75% of the scattering haze is a 700µm FWHM gaussian diffuse component;

Size of the field of view F If we assume a Shannon sampling of a diffraction limited resolution element worth 1µm, and a 2000x2000 pixel camera, the maximum field of view is 1mmx1mm, i.e. it approximately matches the size of the element scattering haze dH(r).

, Therefore, the level of multiply-scattered light in full field imaging is given by the integral of one element scattering haze (i.e. the haze generated by a point source). Then if we divide this field of view surface by a factor N , the level of multiply scattered light is also divided by N .

Expression of the Signal to noise ratio

As mentioned earlier, the signal corresponds to the singly backscattered photons that have been detected by the camera, while the noise comprises essentially the photon shot noise (single and multiple scattering). In practice, the measurements with the flood illumination system are indeed shot-noise limited because the dark current, readout noise and quantization noise are negligible compared to the photon shot-noise2 .

If we liken the scattering haze to its Gaussian multiply scattered component (which is a reasonable assumption as shown in sect.6.2), the total flux is the sum of the singly backscattered photons S and the multiply scattered photons M , so that the photon noise standard deviation is equal to √ S + M , and the signal is equal to S, so that the SNR of a full-field imaging system writes:

SN R = S √ S + M (6.2)
This expression can be extended to the case of a partial field illumination or a scanning confocal system by introducing the ratio N of the field of view over the illuminated area of a pattern (this value is equal to 1 for a full field, typically 10 6 for a confocal system, and 4 if a fourth of the field of view is illuminated):

SN R(N ) = S S + M N = √ S 1 + M SR N with M SR = M S (6.
3)

The MSR is the Multiple to Single scattering Ratio (MSR) introduced by Badon et al. [START_REF] Badon | Multiple scattering limit in optical microscopy[END_REF].

Conclusion

The SNR in full-field, partial field or confocal retinal imaging can be expressed as:

SN R(N ) = S S + M N = √ S 1 + M SR N with M SR = M S
The MSR is the Multiple to Single scattering Ratio (MSR). In our case, we have established that the level of multiply-scattered light M in full field imaging is given by the integral of one element scattering haze. Furthermore, we have evaluated in Sect.6.2 (by means of a multi-layer Monte-Carlo simulation) that 0.2% of the collected photons are singly backscattered. This means that the MSR is approximately equal to

M SR ≃ 1 0.2% = 500.
We propose in AppendixB an analytical expression of the MSR in the case of a semiinfinite medium. This expression depends only in g (the anisotropy factor). An MSR worth 500 corresponds to g = 0.94, which is in line with the characteristic of the retinal layers.

As illustrated in Fig. 6.8, we can identify two regimes:

• If N ≫ M SR, SN R(N ) ≈ √ S.
This is the case of a confocal SLO, where N is worth typically 10 6 ;

• If N ≪ M SR, SN R(N ) ≈ S M SR × √
N . This is the case of a full-field system (FIO), where N = 1, and for a partial-field system (PFIO).

This analysis provides a theoretical ground for all the conclusions of Chapter 5 derived from the experimental measurements carried out with the PFIO. Chapter 7

DESIGN, INTEGRATION AND TEST OF THE MINSKY MODULE FOR HIGH CONTRAST RETINAL IMAGING AT A HIGH PIXEL RATE

We have introduced the parameter N that corresponds to the ratio of the field of view over the illuminated area in Chapter 5. In Chapters 5 and 6, we have shown that using an illumination pattern corresponding to a value of N of typically 500 would be enough to reach a contrast similar to that of a confocal SLO (N ≈ 10 6 ), while still allowing retinal imaging at a frame rate of 200 Hz. In this chapter, we aim to demonstrate this experimentally.

However, although the DMD modulated source developed in Chapter 5 is a valuable pathfinder tool, the way it was used in Sect.5.3 required processing of each of the N partial field images needed to cover the whole field of view, which it is not compatible with real-time imaging and display.

In this chapter, we will present an alternative illumination and detection module design compatible with this goal. To do so, we know that we can choose the most convenient illumination pattern shape for our purpose with a minor performance evolution (see Sect.5.4).

We first present this new module, that has been named Minsky, in reference to Marvin Minsky, the inventor of the confocal system [START_REF] Minsky | Memoir on inventing the confocal scanning microscope: Memoir on Inventing the confocal scanning microscope[END_REF] (see Sect.7.1). The optomechanical design and integration of the Minsky module is presented in Sect.7.2. Then, the first proof of concept images obtained with it are presented in Sect.7.3.

Using a line illumination for distortion-free, high contrast retinal imaging

Opting for a line illumination has been beneficial to increase the image acquisition speed of confocal scanning systems. The mentioned confocal systems illuminate the retina with a line and detect the signal on the array of pixels of a camera (in most cases line camera). In order to keep confocality in one dimension, the line made to be thin so that the resulting Airy disk diameter matches the confocal pinhole at the detection. The Line Scanning Laser Ophthalmoscope (LSLO) which was introduced by Hammer et al. for this purpose, could reach a frame rate of 30 Hz [START_REF] Hammer | Line-scanning laser ophthalmoscope[END_REF]. That way, the illumination is scanned over one dimension. Although the imaging speed is notably increased, such improvement still requires to be pushed further for the acquired images not to be affected by eye motion. The eye movement frequency has been reported to be up to 100 Hz [START_REF] Ezenman | Power spectra for ocular drift and tremor[END_REF], [START_REF] Riggs | Motions of the Retinal Image during Fixation*[END_REF]. So, according to the Nyquist theorem, the imaging rate should be at least set to 200 Hz to avoid motion artifacts. If the results previously discussed are of undeniable interest, maintaining a wide field of view is a primary concern in the development of the Minsky module. Our main goal is to filter out the multiply scattered light for high contrast imaging, while maintaining a high imaging rate and a wide field of view.

In order to adapt this concept in full field (without reducing the field of view), we have substituted the camera operating mode from global shutter to the rolling shutter and synchronized detection with a scanning line illumination. Simlar design was previously used by Mei et al. in the context of fluorescence microscopy, the rolling shutter would allow to perform spatial filtering of the backscattered signal [START_REF] Mei | A line scanning confocal fluorescent microscope using a CMOS rolling shutter as an adjustable aperture: A LINE SCANNING CONFOCAL FLUORESCENT MICROSCOPE[END_REF].

The multiply scattered light that expends as a haze around the illuminated area could be filtered out by the shutter of the camera that only allows the pixels corresponding to illuminated area to be exposed. As a result, the process of sequentially acquiring images of complementary illuminated area and performing spatial filtering on each images off-line as with the PFIO in Chapter 5 is not necessary anymore. The synchronization of the line illumination and the rolling shutter of the camera allow for high contrast imaging at the camera frame rate.

Thickness of the illumination/detection lines (imaging contrast) can be adjusted to increase the frame rate. By scanning a broad line illumination with a thickness a few percents of the field of view instead, we can acquire images with a frame rate of typically 200 Hz by dividing by roughly two the field of view of commercialized CMOS cameras.

That way, we aim to achieve high-throughput imaging while performing real-time spatial filtering.

Design and integration of the Minsky module

In this section, we discuss the development of the Minsky module, from its specifications to its integration.

Specifications of the optical setup

Before being integrated with the main optical bench, special care has been taken during the design step to ensure that it would fulfill its specification:

• Taking into account the optical magnification and power loss, the light source should concentrate its power along a line with a width that should be close to the width corresponding to the optimal value of N. A slightly wider width is still convenient, as a slit with a width corresponding to the optimal N parameter would ensure a clean illumination line.

• The width of the line should be easily adjustable by adding a defocus to the line source. For this reason, the line illumination module should be mounted separately, on a translation stage.

• The line source should be scanned on the retina, over the field of view of the imaging system, that is 5 retinal degrees.

• The incoming flux and the size of the beam on the cornea and the retina should not be limiting for ocular safety, according to the standards.

• To limit the complexity of the new module, the magnification between the retina and the imaging camera is chosen to remain the same as for the DMD-integrated imaging path.

• The main system imposes space constraints on integration of the new module. After integrating the new module with the main bench, the DMD-integrated mode should still be operable easily.

• Lastly, special concern should be given not to degrade the imaging performances in terms of resolution, field of view and acquisition rate.

Design and implementation of the optical setup

The layout of the Minsky module is detailed in the following figure:

We present in Figure 7.1 the resulting magnification factors. Gy corresponds to the lateral magnification and G α to the angular magnification. The figure also include the expected dimension of the beam on the pupil and focal planes of the system. Dimensions are given in millimeters.

Source module

The illumination systems consists of a broadband Superluminescent Diode (SLD) that emits at 850 nm with a spectral bandwidth of 55nm and an output power of 20mW (SLD850S-A20W). SLDs have the advantage of being relatively powerful (a few milliwatts) with a high directionality. Their low temporal coherence length helps mitigating speckles [START_REF] Halpaap | Speckle reduction in double-pass retinal images[END_REF]. These speckles (granular intensity distributions) can originate from interferences between the scattered wavefronts in a disordered medium.

The output of the light source is coupled with a single mode fiber, which is connected to a collimator. A Powell lens is then used to convert the collimated beam into a line source [START_REF] Powell | Linear deiverging lens[END_REF]. Because of its singularity, an adapted custom mount system is designed to hold it (see in the Appendix E). This lens provides an homogeneous illumination distribution in the direction of the line, contrary to cylindrical lenses. It transforms the collimated beam into a divergent beam characterized by the span angle in one direction while the other direction remains collimated.

Contrary to plano-convex cylindrical lenses, the light beam that passes through the Powell lens requires a supplementary step to create the object line that will be optically conjugated to the retina by the imaging system.

As the light beam is divergent in one direction, limiting the illumination field in this direction is indeed important in order to minimize power loss. This can be done by refocusing the beam in that direction. We chose an achromatic doublet with a short focal lens to do so. We superposed the focal planes of both the Powell and the following doublet so that the object line is formed on the image focal plane of the lens. Other configurations that use a cylindrical lens after a Powell lens can be applied in such as light-sheet fluorescence microscopy to generate a sheet of light that only excites fluorophores from a thin slice of a fluorescent sample to provide optical sectioning [START_REF] Olarte | Light-sheet microscopy: a tutorial[END_REF], [START_REF] Stelzer | Light sheet fluorescence microscopy[END_REF].

To ensure an homogeneous illumination on the border and edge of the line illumination, a slit can be placed at the imaging focal plane of the achromatic lens, conjugated with the retinal plane.

The length of the line covers 4 deg, which corresponds to 1.2mm, on the retina. Its width was experimentally measured and corresponds to 5µm full width at half maximum, on the retina. The image of the line at the focal plane F1 is shown in Figure 7.3. As its length is longer than the length of the sensor of the camera, two images were taken and stitched together to image the entire line.

To fulfill the specifications, the line illumination module was mounted on a cage system and fixed to the bench thanks to a custom made translatable platform, as shown in figure 7.2.

Illumination scanning

In order to scan the line over the retina, the light beam is relayed by another achromatic doublet to a galvanometer mirror (6210H, Cambridge technology with MicroMax Series 671 servo driver). The galvanometer mirror should be optically conjugated the entrance pupil of the eye, so that the light beam remains static at the pupil plane and scanned over the retinal plane.

It is thereby be conjugated to the deformable mirror. The line is focused on the DM along the direction of its length, while the its thickness remains collimated. The incident power is thus distributed over an elongated spot towards the vertical direction.

The incoming flux and the size of the beam on the cornea and the retina is be measured to ensure ocular safety, according to the standards. The results that will be presented in this chapter, were acquired at 200 Hz, with an amplitude of the scan over half the total field of view, corresponding to 5.24V .

Integration to the main system

The main system imposes space constraints on integration of the new module. To make sure that the DMD-integrated mode is still easily operable, a mirror and a beamsplitter, were mounted on a sliding rail to redirect the illumination beam towards the optical path of the main system.

That way, the line illumination relayed to the galvanometer mirror by an achromatic doublet followed by a dielectric mirror is then relayed via an achromatic doublet to the dielectric mirror and the beamsplitter on the sliding rail. Fifty percent of the light power is transmitted to the main system. The line illumination encounters the DM on its way before being delivered to the eye by the multiple relay optics.

Then, the backscattered light coming from the eye transmits inversely along the ingoing path before reaching beamsplitter of the sliding rail system. Fifty percent of the incident light is reflected to be focused by the lens D6 on the imaging camera. Upstream the rail, the components of Minsky module were fitted on an 450mm by 450mm by 12.7mm aluminum breadboard (MB4545/M, Thorlabs Inc., USA), on a motorized linear translation stage (M-ILS200CC, Newport, USA), for the same purpose. 

Detection

Considering the detector, the same CMOS camera (ORCA-Fusion Digital CMOS Camera, Hamamatsu, Japan) as for the DMD-integrated imaging path was selected. With its 2304 by 2304 pixels, 6.5µm pixel pitch, the camera was located at the focal plane of the same doublet lens, as for the DMD-integrated imaging path. The CMOS camera can be operated either in global shutter mode or in rolling shutter mode. The external trigger mode of the camera was selected to synchronize the electrical rolling shutter of the camera with the scanning of the illumination.

Such mode provides an imaging rate of 200 frames per second (fps), for a region of interest of 2048x1000 pixels, which is nearly equivalent to the parameters usually set in the flood illumination configuration. A more detailed description of the synchronization of the line illumination with the rolling shutter of the camera is described in a later section.

Resolution

The Adaptive Optics (AO) module of the bench ensures a diffraction-limited resolution. This subsystem has been described in more details in a previous paper [19]. Briefly, to measure and correct the wavefront aberrated, the AO module consists of a fibered super luminescent diode (EXS210025-01, EXALOS, Switzerland) beacon source, centered at 750nm, with a spectrall bandwidth of 19.5nm, a custom-built Hartmann-Shack wavefront sensor and a deformable mirror (ALPAO, France).

The AO loop operates at 30 Hz. The wavefront is corrected for both the ingoing and the outgoing paths. The pupil size of the system is limited by the deformable mirror at a value of 7.5mm, at the pupil plane.

To conform with the specified imaging performances, we use a broadband superluminescent diode with the same emitting wavelength as the LED source used on the DMD imaging path.

The SLD therefore emits at 850nm with a spectral bandwidth of 55nm (SLD850S-A20W). As the line illumination source is placed upstream of the deformable mirror, the AO-correction can be performed on the way into the retina.

Assuming that the AO module frees the system from optical aberrations, the Airy disk diameter on the retina sets the resolution of the system. The pupil that limits the resolution of the system is the eye pupil, as in practice, without pupil dilatation does not exceed the 7.5mm corresponding to the pupil of the DM. For an eye with a pupil diameter of 7.0mm, the imaging resolution is 2.1µm. r dif f = λf Φ = 2.1µm, with λ = 850nm, f = 17mm (eye focal length), Φ = 7.0mm (pupil diameter).

Such resolution should be sufficient to resolve most cones in the foveal center and the rod photoreceptors, whose size is about 2 to 3µm [START_REF] Curcio | Human photoreceptor topography[END_REF]. The sampling of the detector should be fine enough to render the resolution. This condition was met as the camera was sampled at the Nyquist frequency at the wavelength of the light source.

Acquisition process: Synchronization between the galvanometer mirror and the rolling shutter

For properly filtering of the multiply scattered light and out of focus light, the center of the backscattered line should overlap the row of camera pixels which are being exposed. This area of the detector (more specifically, the area between the reading pointer of the camera and the shutter pointer) is defined by an electronically controlled shutter, the rolling shutter of the camera, with which the galvanometer mirror should be synchronized.

To do so, we use an electronic transistor-transistor logic signal (TTL), as shown in chronogram in Figure 7.5. An analog sawtooth signal is generated via Matlab and conditioned by the National Instrument DAQ-mx card to drive the galvanometer mirror. While the TTL signal is sent to the the camera, the sawtooth wave is sent simultaneously to the galvanometer mirror.

The camera is set on External trigger mode and more particularly on Edge trigger mode. In this mode, the acquisition of a new frame starts on the rise of the TTL signal, that is the frame trigger signal. Therefore, the TTL signal defines the frame rate of the imaging sequence.

The exposure time per line is constant and sets the width of the rolling shutter, while the frame rate defines its speed.

For instance, we consider acquisitions of frames of 1000 arrays of pixels at a rate of 200 Hz, that is 5ms per frame. The rolling shutter scans the arrays of pixels with a speed of 5µs per line. We consider the width of the line illumination corresponding to 10 pixels on the camera. In order to maximize the signal that reaches the camera, 10 arrays of pixels corresponding to the illuminated area should be exposed simultaneously. The width of the line illumination thus defines the width the rolling shutter. Figure 7.6 illustrates the principle of the rolling shutter in the case of an line illumination with a width of 3 camera pixels and a speed of the rolling shutter of t i per line.

The 5ms corresponding to the acquisition of a frame, include both the exposure and readout time. As a result, for each array, 50µs, corresponds to the sum of their exposure time and readout time.

The exposure of the first row of pixels begins on the rise of the TTL signal. The exposure of the following line begins after t i = 5µs after and so on until the last pixel row of the image. The mirror gets back to its initial position during its fly back time and waits for the next TTL pulse, which starts the acquisition of a new image.

A frame grabber, Active Silicon Frame Grabber (FireBird BASEBOARD 2xCXP662) allows to transfer the images to the system memory. A National Instrument DAQ card allows to send the TTL signal (transistor-transistor logic) generated by the computer.

The camera is monitored with Holovibes software [119] and the parameters of the scanning and the synchronization are controlled via a custom Matlab graphical user interface shown in Figure 7.7. The trigger signal sent to the camera defines the starting time of the acquisition of a frame.

The exposure time per line is defined on the configuration file of the camera which is loaded on Holovibes. 

Eye safety

Eye safety was taken into account while designing the system. Such change of the illumination technique, from a flood to a line scanning illumination requires to give special attention to eye safety. We use the ISO 15004-2:2007 standard, that sets illumination limits for ophthalmic instruments. Detailed description of safety measurements can be found in the Appendix C.

Proof of concept : imaging photoreceptors and vessels with the Minsky module

Acquisition and Processing

Images of photoreceptor cells were acquired with the Minsky module. The results also include a comparison of Minsky data images acquired under the same experimental conditions (same retinal regions of the same subject, with the same amount of incident photons) with conventional AO-FIO mode of the bench, as well as with a commercial AO-corrected confocal SLO (cSLO) system, the Multimodal AO Retinal Imager (MAORI) (Physical Sciences, Inc., Andover, MA, USA). This system, which is at the Quinze Vingts Hospital in Paris is described in [START_REF] Hammer | Multimodal adaptive optics retinal imager: design and performance[END_REF].

Both AO-FIO and Minsky images were acquired at 200 Hz, leading to a delay of 5ms between the start of two consecutive frames of the sequence. As the width of the line corresponds roughly to 10 pixels, the exposure time per pixel array was set to 50µs for maximizing the collected signal from the illuminated area.

To compensate for ocular motion, the image sequences were first aligned, before being averaged. Registration of the images could be achieved with a custom-made Matlab algorithm, based on phase correlation, that has been developed as part of previous studies on ECUROeil bench.

Image processing first consists in discarding from the image sequence blurred images and the ones corresponding to the eye blinking. After selecting a reference frame from the stack, the shifts induced by ocular movements are estimated by computing correlation maps between each frame and the reference frame. The shifts which are in both horizontal and vertical directions are found using a Bayesian inverse problem framework [START_REF] Gratadour | Sub-pixel image registration with a maximum likelihood estimator: Application to the first adaptive optics observations of Arp 220 in the L band[END_REF]. The Minsky image was averaged over a stack of 100 registered frames.

Results

Image acquisition was performed on a healthy subject, without pupil dilatation. The power entering the eye from the illumination source and the AO beacon source was respectively 0.7mW and 3.7µW . The light levels were below ocular safety limits established by ISO standards ((ISO 15004-2 (2007)) for group 2 devices.

The primary feature of the Minsky lies in its capability to reject multiply scattered photons. To demonstrate its ability to perform high degree of spatial filtering, the Minsky image is compared to images acquired with AO-FIO and confocal AO-SLO.

For a fine comparison, we have chosen to use the Minsky imaging path to be able to compare on the same area, a flood illumination image and a Minsky image under the same experimental conditions. Namely, the images were acquired with similar light flux, on the same region of the same subject. In addition, we compared the image acquired with the Minsky to an image acquired with a confocal system on a common region.

In that respect, the Figure 7.8 presents averaged images of the near the photoreceptor layer, near the fovea. The images were acquired without synchronization, in AO-FIO condition (A), with the Minsky module (B) and with the cSLO (C).

In fact, image (A) was acquired on the AO-FIO bench, with the imaging path of the Minsky module, without synchronization of the rolling shutter with the line illumination. For each acquired frame of the image sequence, all the camera pixels were exposed from the start of the acquisition until the exposure time of a single frame. Image (A) is therefore considered to acquired in conditions close to the conventional flood illumination images. Similar illumination between images (A) and (B) highlights the effect of the rolling shutter on the imaging contrast.

We were able to image the retina over a field of view of 4 by 2.4 retinal degrees, while maintaining the frame rate at 200 Hz, with the Minsky module. A quick observation of the three images suggests that scattering haze typically dominating the flood illumination image, has been markedly minimized on the Minsky image (B). This point is confirmed with images (A 1 , B 1 and C 1 ) that correspond to a zoom of the same retinal region of 0.6 by 0.6 retinal degrees, on images (A, B and C). Despite the photoreceptors being visible on the flood illumination image, cancelling the hazy background with the Minsky module has made the photoreceptors appear more contrasted. One can add that the contrast of photoreceptors with the Minsky module seems close to the contrast in the confocal image (C). Such contrast enhancement can also be appreciated by analysing the frequency content of the images. After computing the Fourier Transform of (A 1 ), (B 1 ) and (C 1 ), we could get power density spectra of the corresponding images, as shown in (A 2 ), (B 2 ) and (C 2 ). More particularly, our interest is driven towards the bright ring at the center of the images. This signal which corresponds to the frequency footprint of photoreceptors is the Yellot's ring. The brighter the Yellot's ring the higher the signal corresponding to photoreceptors over background noise and thus the more contrasted are these structures on the images. One can especially note that the Yellot's ring corresponding to the Minsky image has a brightness noticeably higher than the one corresponding to the flood illumination image. The brightness observed in B 2 seems very close to C 2 , which supports the contrast improvement with the Minsky module towards the optimal confocal imaging contrast.

The Minsky module also enable us to acquire first images of vessels on different peripheral regions of the retina. These preliminary results can be found in the Appendix D. 

Limitations and potential improvements 7.3.3.a Spatial filtering

The images presented in the previous section are part of the first sets of experimental results obtained after implementing the Minsky module. These images point out that the synchronization of the line illumination and detection, which is basis of the Minsky module allows for high contrast imaging at 200 Hz, over a field of view of 4 by 2 retinal degrees. In these attempts, the thickness of the line illumination corresponds to a value of N of roughly 150. This allows for a significant increase in selectivity of spatial filtering (and thus in contrast) in comparison to the capabilities of the pattern projection module at a similar imaging rate.

Despite the remaining difference in spatial filtering between the Minsky module and the cSLO, the imaging contrast provided by the Minsky could get closer to the optimal cSLO contrast, while keeping a frame rate of 200 Hz. The value of N could indeed be increased by making the line illumination thinner with a slit. With a 10µm width slit, the value N can be tripled getting closer to the optimum defined in Chapter 6 around 500. The design of the Minsky module includes a space to place the slit. The design of the custom slit holder has also been provided.

7.3.3.b Optical sectioning

In reviewing the results, one can also notice in Figure 7.8 that the shadow of vessels located in the neighbouring layers are almost invisible in the flood illumination image. However, they become clearly apparent in the Minsky image and almost as dark as out of focus vessels in the confocal image. Similarly, the foveal depression comes out darker in the Minsky image in comparison to the flood illumination image. These elements highlight the optical sectioning provided by Minsky. Further analysis should be made to experimentally quantify how the Minsky discriminates the layers of the retina. This could be done by performing Optical Incoherence Tomography (OIT) [START_REF] Mecê | Optical Incoherence Tomography: a method to generate tomographic retinal cross-sections with non-interferometric adaptive optics ophthalmoscopes[END_REF].

7.3.3.c Image rate

These first encouraging results highlight the potential to perform high contrast imaging at a high imaging rate with a camera-based system. With a sufficient emission power, the same results could be obtained within even shorter acquisition sessions. This encourages us to consider the Minsky module as a potential candidate for imaging photoreceptors on patients with high ocular movements, such as patients with nystagmus [START_REF] Dell'osso | Foveation dynamics in congenital nystagmus I: Fixation[END_REF] or patients with unsteady fixation.

While such imaging rate is sufficient to minimize distortion effects, the maximum imaging rate of the Minsky module is for now too low to access the flow of erythrocytes in vessels. This limit is set by the pixel rate of the camera in trigger mode, that compels us to an imaging rate of 200 Hz, for a field of view of roughly 2 deg by 2 deg. According to literature, a 800 Hz frame rate is required for red blood cell counting in capillaries [START_REF] Gu | In vivo measurement of the lineal density of red blood cells in human retinal capillaries using high-speed adaptive optics ophthalmoscopy[END_REF], and an order of magnitude of tens of kilohertz may be required for bigger vessels.

In future work, one can consider limiting the field of view of the Minsky to reach such imaging rates as it was reported in Gu et al. with a LSLO [START_REF] Gu | In vivo measurement of the lineal density of red blood cells in human retinal capillaries using high-speed adaptive optics ophthalmoscopy[END_REF]. Given their frame rate of 200 Hz to scan a field of view of 1.2 deg x 1.2 deg, they were able to image the retina at a frame rate of 800 Hz by dividing by 4 the number of lines of the scan, resulting in a field of view of 1.2 deg x 0.3 deg. Given the imaging rate and the field of view of the Minsky module, 800 fps could potentially be reached with a field of view of 4 deg by 0.5 deg. However, our initial interest comprises wide field imaging. We could consider other alternatives such as replacing the scanning mirror with a faster one or limiting the field of view and thus increasing the scanning rate of the galvanometer mirror. Another alternative would consist in bidirectional scanning of the line synchronized with the rolling shutter. This would prevent the galvanometer mirror from returning to its initial position before acquiring the following frame. This implies the use a camera that comprises a rolling shutter that could be scanned in two directions.

7.3.3.d Image quality and illumination power

In addition to the limiting scanning speed of the line illumination, the imaging quality of the module is affected by a low signal to noise ratio, due to the limited power of the light source.

The system is in fact affected by instabilities of the imaging light source. According to transmittance of the bench, a value of 1.3mW was expected at the entrance of the eye, while the power that has been measured at the same plane before acquiring the Minsky images, shown previously in this chapter, corresponds to a little more than half of it (0.7mW ).

We have identified several factors that seem to be responsible for such effect. First, the SLD of the source module is not realized with polarization-maintaining (PM) fibers. Fluctuations of the polarization of the emitted light beam induce variations of the light power that reaches the eye. In fact, as the light beam is transmitted towards the eye, it encounters several unpolarized beamsplitters which still have transmission and reflection ratios that are slightly different depending on the polarization state of the incoming light beam. This serie of beamsplitters are responsible for the fluctuation in time of the power that reaches the eye.

Moreover, during the very first acquisitions, we observed that the imaging quality was highly fluctuating, giving sometimes a speckle-like pattern, as shown in Figure 7.9. Such features seemed indeed similar to the images obtained with a laser source [START_REF] Rha | Adaptive optics flood-illumination camera for high speed retinal imaging[END_REF]. Further analysis showed that the AO correction was not continuously operating and was perturbed by stray light. This effect originated from the shortpass dichroic mirror (DMSP805L, Thorlabs Inc., USA) LD 1 (see Figure 7.1, which was supposed to reflect the illumination beam to the eye while transmitting the AO beam on its way back to the wavefront sensor. However, its wavelength cutoff of 805nm was not selective enough to avoid stray light coming from the line illumination to be transmitted to the wavefront sensor. Although relatively small, a portion of the imaging source is emitted at 800nm and above, which is sufficient to dominate the signal of the AO light source, on its way back from the eye to the wavefront sensor.

To handle the issue, we plan to place two low pass filters (#86-112, Edmund Optics, USA), with a wavelength cutoff of 790nm at the exit of the AO light source and right after the shortpass dichroic mirror, LD 1 , before the wavefront sensor. As a temporary solution, a high pass filter with a wavelength cutoff of 800nm (FELH0800, Thorlabs Inc., USA) was placed in the path of the imaging sources, before the beamsplitter.

Once stabilized, the power of the illumination light source can be increased with respect to the ocular safety limits. Instead of using one single SLD, we consider combining several SLD in a bundle of fibers to enhance the emission power of the module. According to ocular safety standards (ISO 15004-2 (2007)), the irradiance of the illumination would still be 20% lower than the Maximum Permissible radiant Exposure (MPE) after multiplying the number of SLD in the source module by 3. The detailed description of the evaluates ocular safety can be found in the Appendix C.

Conclusion

We have proposed a novel design for a camera-based Adaptive-Optics ophthalmoscope, able to provide images with the contrast of a confocal SLO, at the frame rate of a flood illumination ophthalmoscope.

The design relies on a line-scan illumination synchronized with the rolling shutter of the detection camera. Compared to a line-scan SLO, this system is more versatile as it allows to use N values from 1 to 1000 without speed loss, whereas line-scan SLO has a fixed N value, which is worth 1000. Furthermore, scanning non-linearities in our system only affect illumination uniformity (whereas it produces distorsion in line-scan SLO), which makes it a very reliable tool to map retinal structures.

Although several technical improvements are in progress, proof of concept images demonstrate a sharp contrast enhancement in comparison to flood illumination images, which gets close to the contrast of images acquired at lower rates with confocal systems.

With this practical proof of concept, we are convinced that we have demonstrated that the Minsky retinal imager is an optimum solution, combining the advantages of the flood illumination and confocal systems.

Transition The advent of SLO-based phase contrast imaging

Apart from bright field imaging, performing dark field or phase contrast imaging has become a major interest in the retinal imaging community, because it gives access to otherwise invisible structures, such as ganglion cells, cysts, red blood cells, blood flow, RPE, . . . (see Chapter 1, section 1.5.1). A variety of techniques have emerged, all based on various modifications of the detection pinhole of AO-SLO. They represent the most active field of research in incoherent retinal imaging (see sect.1.5.2).

As these techniques stem from SLO, they suffer from the same weaknesses, namely a limited pixel rate and the presence of distortion in wide field-of-view images. In Part III we have shown that we could modify a full field FIO system to get its bright field contrast to the level of that of a confocal SLO. In the present part, we wish to do the same with phase contrast. A FIO with phase contrast capabilities would definitely be a game changer in retinal imaging. Some preliminary results that have been obtained in a work that preceded mine can make us cautiously optimistic such possibilities of FIO systems.

Previous work in AO-FIO with pattern projection illumination

Vessels Indeed, during the previous thesis of Elena Gofas [20], a contrast similar to the one obtained in offset aperture AO-SLO was observed on the edge of the illuminated areas (Figure 7.10). Whereas vessels have their usual appearance (with the typical central bright strip along their lengths, usually attributed to the strong specular reflection of light on their upper surface) on illuminated regions, as in 7.10-(B), cross sections of vessels could also be observed on edge of the illuminated area, as in 7.10-(C). Same large caliber vessels were also visible with phase contrast structure in the vicinity of the lacrima cribrosa, a very bright structure near optic nerve head, probably behaving as a strong diffuse secondary source at the back of the eye. The layered structure of the vessel wall was visible with an AO-FIO [START_REF] Salas | Enhanced retinal vascular microstructure in flood illuminated adaptive optics ophthalmoscopy[END_REF], with a striking resemblance to images obtained by Chui et al. [9] with an AO-SLO.

The idea was then to produce illumination edges throughout the whole field of view, for instance with vertical stripes, in order to produce such phase contrast over the entire field of view (see Fig. 7.11), which worked fine for large caliber vessels. Capillaries and red blood cells As regards 10µm scale capillaries, they were visible at the edge of the illuminated zones as well as the flux of erythrocytes (i.e. red blood cells)1 , but at the moment (before technical improvements described in Chapter 2) it was hard to determine whether the visible capillaries were standing on the bright side or the dark side of the illuminated patch, probably because the edges were actually not sharp enough.

Photoreceptors One of the disappointments in these early full-field phase contrast imaging attempts was that phase contrast on photoreceptors, similar to [11] for instance, was not obtained. This shortcomming was maybe due to technical limitations of the pattern projection module described in Chapter 2 and that have been solved since then.

Outline of part IV

Given the technical improvements on the pattern projection module detailed in Chapter 2, we thought it was worth it to "play" with the illumination patterns of ECUROeil system in search for phase contrast. This empirical study is presented in Chapter 8, with images displaying structure contrasts not easy to model or explain. Some of the attempts made to do so are reported and discussed in Chapter 9. In particular, we build on one of these models (described in Ford et. al. [START_REF] Ford | Phase-gradient microscopy in thick tissue with oblique back-illumination[END_REF]) to propose a Monte Carlo scattering simulation including a refractive inclusion in the scattering medium, such as a cell. We use it to predict the impact of the distance illumination-detection (i.e. the equivalent in full field (FIO) of the aperture offset in the so-called offset aperture technique). One conclusion is that a line-offset illumination would yield a contrast similar to the one obtained with offset aperture.

Last, in Chapter 10 we present preliminary full-field phase contrast images obtained with a line-offset illumination performed by the same Minsky module described in Chapter 7.

Chapter 8 PHASE CONTRAST EMPIRICAL STUDY 8.1 Introduction

Here, our goal is to obtain phase contrast images using illumination patterns on various structures of the retina. We hope to benefit from experimental improvements on ECUROeil system, described in Chapter 2. This short chapter follows a classical outline, Methods (Sect.8.2), Results (Sect.8.3) and Discussion (Sect.8.4).

Methods

In Part III, we have described that the pattern projection feature of the AO-FIO bench was relevant for studying the effect of the illumination on bright field contrast. Here, we want to further benefit from its versatility to perform phase contrast imaging on the camera-based ophthalmoscope. The diversity of the retinal structures, their sizes, refractive indexes, absorption and scattering properties raise the need for more flexibility in the way the backscattered photons can be harvested. Adapting the detection process to the structures of interest could drastically improve their contrast 1 .

The image sequences were acquired with the pattern projection module of ECUROeil bench (see Chapter 2). They correspond to stacks of typically 500 frames (2048x2048 pixels), which were acquired at 100 Hz, with an exposure time of 10ms. The incident power of the imaging source and AO beacon source measured at the entrance of the eye did not exceed 1700µW and 2.8µW .

The irradiances of the operating light sources were below the maximum values established by the ocular safety limits, according to ISO 15004-2:2007 standards for group 1 devices.

The regions of interest include the fovea and the peripheral retina. Both the illumination and detection planes are conjugated together with the photoreceptor layer, the nerve fiber layer and specific layers that would contain vessels.

The image sequences were first low pass filtered, registered using custom-made algorithms that estimate the shifts which are in both horizontal and vertical directions using a Bayesian inverse problem framework [START_REF] Gratadour | Sub-pixel image registration with a maximum likelihood estimator: Application to the first adaptive optics observations of Arp 220 in the L band[END_REF]. Once aligned, the averaged image were computed over the full time sequences. .1 shows an image of the peripheral retina with a conventional bright field full-field mode (A), the same region illuminated with a periodic 278µm-large line pattern (B) and with a periodic 28µm-large line pattern (C). On each image, the same region marked in white has been magnified and displayed in insets to assess the effect of the illumination pattern on the detected signal. The illumination power per mm 2 is the same for the bright patches of all three images. Bright areas of image (C) were saturated. This allows us to examine more easily the dark regions. These details do not hamper the comparison between the bright field image and the ones acquired after projecting stripes illumination patterns.

One can first notice how the fiber bed that covers the entire field of view of image (A) has disappeared in the dark areas of images (B) and (C), as in images presented by Chui et al. when using a large aperture with an offset [9]. This effect can also be assessed by analyzing the Power Spectral Density (PSD) of the detected signal. Images (D), (E) and (F) correspond to the Fourier Transform (FT) of the same region, framed in white in images (A), (B) and (C). The nerve fibers are oriented in the same oblique direction, which corresponds to a specific linear frequency signal, observable in (D). As fibers are not visible in dark areas of images (B) and (C), one can notice that the oblique frequency signal is no longer visible in the PSD (E) and (F).

Without the signal of the fibers, the capillaries can be observed more easily on images (B) and (C). One can follow the same capillaries (orange arrowheads) in the three images, as well as in each inset. In the dark areas of images (B) and (C), the most contrasted capillaries are the ones closer to the illuminated stripes. One can spot the black dots (red arrowheads) that are clearly visible in the bright field image (A). They correspond to longitudinal capillaries going deep into the retina. They are barely identifiable in image (C).

The direction of the illumination stripes are mainly orthogonal to the direction of the capillaries. As the contrast seems to be the highest at the edge of the illuminated area, horizontal patterns could have maximized the contrast, if the structures were close to the illumination. This implies that either the pattern should comprise numerous stripes or that many complementary patterns would be required to reconstruct the field of view with dark areas. Because of the low signal in these areas, thicker stripes could be more adapted.

8.3.1.b Impact of the stripes orientation

In order to test the effect of the illumination on the contrast, we chose to add diversity in the shape and orientation of the projected patterns. Thus, in Figure 8.2, we imaged the same region of the nerve fiber layer of the same subject with different illumination patterns, concentric annuli (A), two vertical stripes (B) and two horizontal ones (C). The full frame images were acquired with at 100 fps, with an exposure time of 5ms, before being registered and averaged. The resulting images that are presented in this figure are centered on vessels and display several bifurcations. The vessels do not seem to have a preferred direction in the imaged region, therefore, using concentric annuli, as shown in (A), allows a higher probability of getting a parts of the vessels on the edge of the illuminated area. This same image gathers a wide range of vessel contrasts.

One can note that in image (A), in the center of the annuli the contrast decreases rapidly. On both images (E) and (F), even if the vessel section is located at the center between two bright stripes, the signal of the vessel is less attenuated. The main difference between (D) and the two other images is the shape of the illumination, and especially the rotational symmetry provided by the annuli. One can assume that such illumination design cancels out the phase signal at the center of the annuli, only leaving the absorption signal resulting in a darkfield contrast. In the case of a striped illumination as in images (E) and (F), the vessel is displayed with the opposed contrasts.

Imaging erythrocytes

When running the movies of registered frames, we could sometimes notice the flow of erythrocytes inside of the vessels on the edge of the illumination, as shown in Figure 8.3. This crop of a single frame was extracted from a stack of aligned images of the nerve fiber layer with a static illumination pattern. Because of eye movements the illuminated region of the retina was slightly varying during the acquisition session. This particular example of a 1.1 deg by 0.9 deg region of interest shows individual red blood cells inside of a capillary (yellow arrowheads). Red blood cells remain elusive, however, and it is hard to predict where and how they will be the most visible.

Imaging photoreceptor cells

Photoreceptor cells are the structures for which improvements made in Chapter 2 have been a game changer. In Figure 8.4, images of 4 degx4 deg (1600 x 1600 pixels), were acquired on the photoreceptor layer after projecting two different patterns. As for the previous acquisition sequences, the images were acquired at 100 fps, with an exposure time of 5ms. The images were then registered and averaged. The Figure 8.4 shows the resulting images after putting to 0 value the regions of the field of view corresponding to the illuminated areas. This step allows for adapting the dynamic range of the image to visualize the weaker signal from the nonilluminated region. The contrast remains high enough to distinguish individual photoreceptor cells over 0.5 deg from the edge of the illumination.

The photoreceptor cells appear highly contrasted around the illuminated region. They individually exhibit an asymmetric contrast with a dark and a bright side (see Figure 8.4-(A 1 ), (A 2 ), (B 1 ), (B 2 )), the dark side being the one closest to the illumination. At the center of the four squares illumination pattern, the contrast is lost (see Figure 8.4-(B 3 )). 

Discussion

In this section, we mean to draw from these results a few general comments that will guide us for newt chapter analytical and numerical study.

Distance from the illuminated region

On photoreceptors (see Figure 8.4, the contrast remains high enough to distinguish individual photoreceptor cells over 0.5 deg (144mum) from the edge of the illumination and fades for regions further from the illuminated region. In Figure 8.1-(B) and (C) insets, the capillaries are not visible beyond 100µ m away from the illumination edge. As regards erythrocytes, as said before they are quite elusive and hard to catch, but our impression is that the range in which they are visible does not exceed 50µ m. As regards large vessels, they seem to feature phase contrast even several hundreds of microns away from the illumination edge.

The conclusion we can draw is that the maximum distance from the illumination edge where structures are visible highly depends on the structure itself, in particular on its size : the bigger the structure, the larger the distance. It may be also linked to the structure shape or structure, depth, optical index. This is similar to AO-SLO, for which several authors have pointed out that they got a higher signal and a better contrast for the smallest displacement of the detection pinhole relatively to the illumination, beyond the area corresponding to bright field [9], [START_REF] Gofas-Salas | Design of a radial multioffset detection pattern for in vivo phase contrast imaging of the inner retina in humans[END_REF].

Directional effects

The effect of the direction of the illumination on the contrast of cells is clearly visible in images of vessels and capillaries (see Figure 8.1). For instance, in Figure 8.2, the images (E) and (F) are cropped images of the same section of a vessel. The only difference between (E) and (F) is the orientation of the illumination stripes. It was pointed out with multi-offset aperture system with the opposite pinholes in a direction orthogonal to the direction of the vessel provide a higher contrast [START_REF] Mecê | Spatialfrequency-based image reconstruction to improve image contrast in multi-offset adaptive optics ophthalmoscopy[END_REF], [START_REF] Gofas-Salas | Design of a radial multioffset detection pattern for in vivo phase contrast imaging of the inner retina in humans[END_REF], [9].

When all orientation are combined such as in the center of the annulus in images (A) and (D), one can assume that such illumination design cancels out the phase signal, only leaving the absorption signal (also called darkfield contrast) and not phase contrast.

A similar observation can be made from images of photoreceptors (B) and (B 3 ), in Figure 8.4. In this center area between four illuminated squares, the photoreceptor cells are hardly visible.

These two examples therefore show how it could be possible to perform absorption contrast imaging with the bench.

Asymmetric contrast

The directional feature of the contrast in the dark regions of the field of view also result in a particular asymmetrical appearance of the imaged structures. In Figure 8.2-(A 2 ), the darker side of the vessel is the closest to the illumination edge. The erythrocytes exhibit the same asymmetric contrast in Figure 8.3, which is comparable to offset aperture images of individual RBC in retinal capillaries of mouses recently presented by Dholakia et al. [START_REF] Dholakia | In Vivo Capillary Structure and Blood Cell Flux in the Normal and Diabetic Mouse Eye[END_REF]. The same phenomenon can be observed on photoreceptor cells in the magnified views of areas at the egde of the illumination (A 1 , A 2 , B 1 and B 2 ) in Figure 8.4. The photoreceptors exhibit a bipolar aspect with their darkest the side being closer to the illumination and their brightest one on the opposite side from the illumination.

Size of the illuminated region

The further the structure from the illumination patch, the less contrasted it ii, so that for a given amount of incident photons, the best strategy would be to concentrate all the photons close to the structure. In the tests we performed however, we put a binary mask in front of a uniform source, so that when we increase the width of a stripe, we also increase the amount of photons, which probably makes the interpretation mre complicated.

Conclusion

Finally, our experimental study on the effect of the illumination pattern on the contrast of structures in the dark areas of the imaging field has highlighted similarities with phase contrast imaging in AO-SLO. We intend to summarize our observations here:

• Similarly to offset aperture AO-SLO, we could observe highly contrasted vessel walls, capillaries, photoreceptors and erythrocytes. Most structures exhibit a bipolar aspect with their darkest side being the one closer to the illumination and their brightest one being the opposite side from the illumination.

• The contrast in the dark regions appears to be higher near the illuminated areas and attenuates when moving away from it, at shorter range for small structures.

• For non centro-symmetrical objects such as vessels, there is an important impact of the orientation of the illumination pattern.

• In the middle of symmetrical illumination patterns (between four spots, at the centre of an annulus, . . . ) we observe that phase contrast cancels out. When some contrast remains, it is usually interpreted as an absorption contrast.

To explain these observations, one must consider diffraction, refraction, absorption and scattering, which makes it hard to come up with a simple theoretical model. There were however some valuable attemps to do so, which we discuss in next the chapter.

Chapter 9

PHASE CONTRAST ANALYTICAL AND NUMERICAL STUDY 9.1 Introduction

Phase contrast is often associated with coherent imaging, such as OCT [START_REF] Huang | Optical Coherence Tomography[END_REF], [START_REF] Pircher | Review of adaptive optics OCT (AO-OCT): principles and applications for retinal imaging[END_REF], [START_REF] Auksorius | Crosstalk-free volumetric in vivo imaging of a human retina with Fourier-domain full-field optical coherence tomography[END_REF] or Digital Holography [START_REF] Hong | Overview of techniques applicable to self-interference incoherent digital holography[END_REF], [START_REF] Takaki | Flexible retinal image formation by holographic Maxwellian-view display[END_REF], [START_REF] Puyo | Spatio-temporal filtering in laser Doppler holography for retinal blood flow imaging[END_REF] and or with a transmissive optical scheme (such as in DIC methods [START_REF] Hamilton | Differential phase contrast in scanning optical microscopy[END_REF], [START_REF] Cogswell | Confocal differential interference contrast (DIC) microscopy: including a theoretical analysis of conventional and confocal DIC imaging[END_REF], [START_REF] Amos | Re-evaluation of differential phase contrast (DPC) in a scanning laser microscope using a split detector as an alternative to differential interference contrast (DIC) optics[END_REF]). However, in our case (or in the case of offset aperture SLO techniques), we are witnessing phase contrast looking structures using incoherent light sources, associated with a non-interferometric detection of backscattered light. Finding a reliable model that explains such observations is not straightforward.

We selected two descriptive approaches that can bring useful arguments in this endeavor. Both consider geometric optics to explain phase contrast. In the following section, we focus on describing these two studies (see Sect.9.2) and we discuss how they can apply to the experimental results presented in Chapter 8.

Then, in Sect.9.3, we show the results of a first Monte Carlo simulation of the retina including a refractive inclusion.

Description of phase contrast in a thick scattering object: study of two approaches 9.2.1 Modeling phase contrast for SLO phase contrast

One of these two studies is proposed by Guevara-Torres et al. [21] and was then used and discussed in studies on multi-offset adaptive optics ophthalmoscopy [START_REF] Mecê | Spatialfrequency-based image reconstruction to improve image contrast in multi-offset adaptive optics ophthalmoscopy[END_REF], [13], [START_REF] Gofas-Salas | Design of a radial multioffset detection pattern for in vivo phase contrast imaging of the inner retina in humans[END_REF].

9.2.1.a Presentation of the model

The authors proposed an optical model to describe the underlying mechanism that produces phase contrast, in the case of an offset aperture AO-SLO [21]. The model involves the cell to image and a deeper backscattering layer, allegedly the retinal pigment epithelium (RPE) and choroid. The cell is modeled as a spherical medium with an optical index mismatch with the host medium, behaving mostly as a convergent spherical lens (if the index of the cell is higher than the host medium). The illumination beam is focused on the cell, which refracts the incident light in opposite directions wether it is focused on one edge of the lens or the other one (see Fig. 9.1). In this model, the light being deviated by the cell and then reaches the deeper backscattering layer at a position which is laterally shifted from the optical axis of the incident light source. In offset aperture techniques, a detection pinhole conjugated to the retina is slightly displaced from the optical axis. If this pinhole is defocused and conjugated to the deeper backscattering layer, the power collected by the pinhole will not be the same for both sides of the cell, which constitutes phase contrast.

9.2.1.b Discussion

This paper proposes a clever proposition to explain how offset aperture may work. It predicts a contrast improvement with the depth of the detection pinhole, and manages to experimentally confirm the predicted improvement.

However, one aspect of the demonstration is problematic to us. The RPE and the choroïd, which are alleged to behave as a diffuser layer, are actually rather forward scattering, as shown in Tab. 6.2 (page94). This error is also present in some other publications, as in [9], where the otherwise nice figure reproduced in Fig. 9.2 also considers the RPE and the choroïd as an opaque layer whereas they transmit more than 90% of the flux.

This error might come from the fact that Guevara-Torres et al. take an OCT cross section as a ground truth to quantify backscattering, whereas the OCT only shows coherent backscattering, that is mainly singly backscattering. As shown in the Tab.6.2 (by multiplying line "backscattered" by line "Singly backscattered"), the main source of singly backscattered photons is the RPE, yielding a strong OCT signal. It would be interesting that the authors test what the contrast becomes when conjugating the detector aperture to the sclera.

Besides this reservation, the idea of a geometrical optics refraction effect by a cell followed by a diffuse reflexion onto a deeper layer is extremely valuable to understand what happens in our setup.

Modeling phase contrast for full-field reflection microscopy phase contrast

The other which is proposed by Ford et al. [START_REF] Ford | Phase-gradient microscopy in thick tissue with oblique back-illumination[END_REF] was not only mentioned in Scoles D et al. to describe their split detection AO-SLO system [START_REF] Scoles | In Vivo Imaging of Human Cone Photoreceptor Inner Segments[END_REF] but it was also used as basis for developing strategies to enhance capabilities to perform phase contrast imaging in thick samples [START_REF] Xiao | High-speed multifocus phase imaging in thick tissue[END_REF], [START_REF] Weber | Non-mydriatic chorioretinal imaging in a transmission geometry and application to retinal oximetry[END_REF].

9.2.2.a Presentation of the model

The model introduced by Ford, Chu and Mertz [START_REF] Ford | Phase-gradient microscopy in thick tissue with oblique back-illumination[END_REF], describes how phase contrast can be achieved in the case of a thick sample with oblique back-illumination microscopy (OBM), which uses a camera-based detection. As illustrated in Figure 9.3, the model comprises a refractive object embedded in a thick uniform scattering medium (no strongly backscattering layer here).

Unlike the system described by Guevara-Torres et al., the illumination is laterally offset from the object and does not illuminate it directly. The light is first backscattered by the medium, then refracted by the phase object into a micro-objective. Another difference is that it is the pupil filtering that produces phase contrast. 

9.2.2.b Discussion

This model is extremely useful to our purpose. It is, to our knowledge, the only model of a phase contrast in incoherent full field imaging. Three main discrepancies with our case should make use cautious about a direct transposition to retina :

• the numerical aperture considered here is large (which is relevant in microscopy), and cannot be achieved with a normal eye (it would correspond to a 13mm large eye pupil);

• the size of the illumination patch and its distance to the imaged features is one or two orders of magnitude greater than what is performed in the retina;

• the host medium is a semi-infinite scattering medium, with uniform statistical behavior. The retina, on the contrary, is made of heterogeneous layers. One simple argument leads us to discard Guevara-Torres model : we observe phase contrast in the non-illuminated patches. This means that the beam in Fig. 9.1-1A does not reach the cell before it is scattered.

Origin of phase contrast in full-field retinal imaging

On the contrary, despite the reservations stated in paragraph 9.2.2.b, Ford et al. model accurately predicts the bipolar aspect of a cell illuminated on the side. In particular, it predicts that the side closest to the illumination edge appears the darkest, which is in line with our experimental findings.

We therefore adopt the model by Ford, Chu and Mertz, which can be summarized as in Fig. 9.4. The light is then refracted by the object towards the eye pupil. As the eccentricity of the incident light rays that hits the object relatively to its center increases, the angle of refraction at the exit of the object gets bigger. For each angle, corresponding to a specific region of the object, a certain ratio of refracted light is detected through the pupil, which results in phase contrast. This illustration is inspired from the work of Ford et al. 2012 [START_REF] Ford | Phase-gradient microscopy in thick tissue with oblique back-illumination[END_REF] 9.3 Investigating phase contrast with a Monte Carlo approach

Purpose

Three motivations prompted us to build and use a Monte Carlo algorithm to model numerically the hypothesis of Ford, Chu and Mertz:

• we wanted to check whether such a mechanism could occur also with a much reduced numerical aperture, and with a spherical inclusion with a size much smaller than ℓ s ;

• we wanted to investigate the impact of the shape of the illumination, and in particular check whether a line illumination as used in the Minsky module (see Chapter 7) would still produce the expected phase contrast;

• we wanted to use this code to test various illumination-structure distance values, in the hope to reproduce our experimental findings.

Methods

We have adapted Chapter 6.1.1 Monte Carlo code to add a refractive inclusion in the host medium. In the initial code, each layer is a region in the medium, defined by its optical parameters and the equations defining its boundaries. Here, the inclusion is just another region in the simulation. When one trajectory of the Monte Carlo process crosses this specific region, the boundary is an optical diopter for which classical optical laws apply : reflection and transmission coefficients are computed following Fresnel formulae, and the direction of the refracted beam is computed following Snell-Descartes laws.

For these simulations, getting a 2D image of the phase contrasted structures was highly desirable. However, the multilayered Python Monte Carlo code developed in Chapter 6.1.1 was not fast enough to process the number of incident photons necessary to produce an interpretable image. We therefore opted for recoding it in Fortran, and to run it on Institut Langevin fast PC cluster. We managed to run more than 10 11 packets whithin less than 10mn.

Validation on the Ford et al. case

In order to validate this approach, we first try to simulate the experiment described in Ford et al. of the imaging of a "polystyrene bead embedded in a scattering tissue phantom consisting of 2µm beads mixed in agarose" [START_REF] Ford | Phase-gradient microscopy in thick tissue with oblique back-illumination[END_REF]. Therefore, we consider a semi-infinite slab, with an effective optical index n tissue = 1.37. The scattering mean free path was set at ℓ s = 100µm and the anisotropy factor at g = 0.95. Inside the scattering medium, the polystyrene bead which is located at a 100µm depth, has an optical index of n particle = 1.6.

The photons are sent at a lateral distance of 2.0mm from the particle, they are collected through a lens with a focal length of 17.0mm, at a distance of 16.9mm from the surface of the scattering medium and pupil of 6.66mm radius (in order to match the experimental numerical aperture stated in Ford et. al paper methods section). We compute the intensity distribution at the exit of the pupil for an illumination at each lateral side of the object (see Figure 9.5 (A) and (B)). The difference between both images is shown in image (C). The intensity profile on the differential image (Figure 9.5-(D)) matches the experimental curve presented in Figure 9.5 right (B) . Now that the experimental results underlying Ford, Chu and Mertz model was successfully reproduced with the Monte Carlo simulation tool, we wanted to test a case closer to the retina: a 7.5mm pupil (leading to half the numerical aperture considered in previous paragraph), a 10micron diameter cell, and a thin line illumination at varius distances from the cell. We consider the system illustrated in Figure 9.4. The retina is modelled with a semi-infinite slab, with an effective optical index n retina = 1.33, an effective scattering mean free path l s-retina = 100µm, and an effective anisotropy factor g retina = 0.9. The spherical object that has a radius of 5.0µm, is located at a depth of 100µm. Its optical index was set at n cell = 1.5.

We chose to simulate the scanning of a line illumination (infinitely thin in one direction, 500micron long in the other direction) focused at the plane of the object. In this regard, we vary the offset of the line illumination relatively to the object from 20µm to 180µm.

A packet of 1024 * 10 7 photons was sent along the line illumination which is 100µm thick. The backscattered photons are detected after passing through the modelled eye lens, which has a focal length of 17mm and the eye pupil, that has a radius of 3.5mm. As in the previous study, we compute the intensity distribution at the exit of the pupil, at the camera plane. We compute the intensity distribution for each offset of the line illumination. The results are presented in Figure 9.6. 

Discussion

I have to mention here that this part of the work I conducted in my PhD was actually carried out very recently, and has still to be finalized. For instance, the retina here is assimilated to a semi-infinite uniform medium, whereas we have established that the sclera behaves very differently from the other layers of the retina.

However, although these results should be refined, they already constitute an excellent starting point for more tests:

• We find the same diphasic form than observed experimentally on a cell which is much smaller than the order of magnitude of the scattering mean free path of the retina (around 49µm for the neural retina [START_REF] Hammer | Optical properties of ocular fundus tissues-an in vitro study using the double-integrating-sphere technique and inverse Monte Carlo simulation[END_REF].

• The contrast varies with the offset between the illumination and the detected object, as shown in the plot of the intensity distribution in Figure 9.6

• The phase contrast is lost when the lateral offset exceeds 2 times the effective scattering mean free path of the retina. This distance is comparable to the expansion of the phase contrast observed on images of photoreceptors acquired with the DMD. In these images which are shown in Figure 8.4, the phase contrast fades away around 150µm away from the illumination.

Next steps in terms of modeling will be to add the multilayer structure of the retina. For instance, if the sclera does behave as a diffuse screen behind the neural retina, illuminating it on both sides of a structure would reproduce the differential phase contrast optical scheme explained by Tian and Waller [START_REF] Tian | Quantitative differential phase contrast imaging in an LED array microscope[END_REF] (this work, as well as Ford, Chu and Merz paper, was referenced by Laforest et al. to explain the concept behin transcleral retinal imaging [START_REF] Laforest | Transscleral optical phase imaging of the human retina[END_REF]). Testing this hypothesis both numerically and experimentally represents an exciting prospect.

Another complementary step will be to simulate vessels, erythrocytes and photoreceptors. The ultimate goal is to build a complete model of the retina for Monte Carlo simulations.

Conclusion

The Monte Carlo simulations on the use of a line illumination to perform phase contrast imaging of a retinal particle have successfully reproduced experimental results obtained with the pattern projection module. The simulations thus represent a valuable tool to estimate the imaging parameters (illumination and detection) that would optimize the contrast of the particle to be imaged.

The experimental results and the simulations both tend to show that the highest phase contrast signal could be detected on an area that does not exceed two or three times the transport mean free path.

Last, these simulations tend to show that a line illumination is a good trade-off because it warrants a strong and uniform contrast over a large part of the field of view. In next chapter, we will show how we can use the line illumination geometry of the Minsky module to produce full field phase contrast maps at 200Hz.

Chapter 10

FULL-FIELD MULTI-MODAL IMAGING WITH THE AO-FIO

We have demonstrated previously the ability to perform high contrast imaging in bright field mode, at a high rate, by projecting a thin scanning line with the Minsky module of the AO-FIO bench, ECUROeil (see Chapter 7). We were also able to explore phase contrast and absorption contrast with the DMD integrated module, by projecting patterns that partially illuminates the field of view (see Chapter 8). Last, preliminary Monte Carlo simulations indicate that a thin illumination line as close as possible to the phase structures should yield a substantial phase contrast.

Our goal in the following chapter is therefore to modify the Minsky module in order to generate phase contrast maps to visualize both hyper-reflective and hypo-reflective structures of the retina, on the whole field of view, at a high rate and without distortion.

We first test this concept using the DMD pattern projection module of ECUROeil system (see section 10.1). In a second section (see sect.10.2), we demonstrate how we can take advantage of the high imaging rate of the Minsky module and adapt this system in order to perform multiple contrast imaging. The images were registered with a custom-made algorithm developed in Matlab as part of the previous studies on ECUROeil bench. First, blurred images and the ones corresponding to the eye blinking are discarded from the stack. After selecting a reference frame from the latter stack, the shifts induced by ocular movements are estimated by computing correlation maps between each frame and the reference frame. The shifts which are in both horizontal and vertical directions are found using a Bayesian inverse problem framework [START_REF] Gratadour | Sub-pixel image registration with a maximum likelihood estimator: Application to the first adaptive optics observations of Arp 220 in the L band[END_REF].

After registering the entire stack, masks were applied to the images that would cover either illuminated or dark areas of the field of view, depending on the imaging mode. Finally, the images were reconstructed from the resulting stack. For instance, for bright field imaging, each frame would be covered by a mask that puts to 0 value the pixels corresponding to nonilluminated regions. Summing the images would then reconstruct the wide field image. As it was introduced with the Partial filed illumination ophthalmoscope, in Chapter 5, this method allows to enhance the contrast of the resulting partial field images.

For sequences generated using the pattern projector, each frame was divided by an average of the non aligned image sequence before applying registration. This ensures that the alignment is based on the retinal structures and not the shapes of the patterns. Averaged images were computed from all aligned image sequences.

Multimodal imaging proof of concept with the DMD pattern projection module

We chose to illuminate the retina with pattern sequences of parallel lines, in order to minimize the amount of complementary patterns required to reconstruct the field of view for faster imaging. Figure 10.1 shows the resulting raw image obtained on the photoreceptor layer. As depicted in images (B) and (C), the bright and dark regions of the field of view can then be selected. Images will be shown in more details in the following discussion. After applying this process for all complementary illumination pattern, we get the images shown in Figure 10.2-(B) and (C). We compare the reconstructed images from the same imaging sequence, from the bright regions (B) and the dark ones (C) to the conventional flood illumination image (A). Although one could notice vertical line artifacts on the reconstructed images that are due to the illumination pattern, they do not hinder the following analysis. Moreover, these artifacts could be removed numerically, by cancelling out the frequency corresponding to the illumination pattern. Another option consists of using sequences of patterns which feature overlapping regions of illumination between two subsequent complementary patterns. From images (A 1 ) and (B 1 ), which are zooms of the same region of the same retinal region of image (A), respectively (B) (white frame), one can note how photoreceptors appear more contrasted in the partial field image than on the conventional flood illumination image. The number of frames used to get the flood illumination image is approximately 300 raw images. Reconstructing the field of view requires to 12 raw partial field images. The reconstructed partial field image (B) was thus averaged over roughly twelve times less full-field frames than for the average flood illumination image (25 frames). This explains that the partial field image seems noisier (image B 1 ) than the conventional flood illumination one (image A 1 ). However, one can assess that individual photoreceptors are more easily distinguishable on the partial field image.

In addition, the darker aspect of vessels in image (B) suggests that the partial field imaging seem to provide some degrees of optical sectioning, similarly to structured illumination microscopy (Chapter 4, [START_REF] Lai-Tim | Imagerie haute résolution de la rétine humaine par illumination structurée assistée par optique adaptative[END_REF]). The signal coming from the vessels lying on the neighboring upper planes seems to have been cancelled out on image (B), leaving on the reconstructed partial field image the dark shadow of the out of focus vessels. The same imaging process was also performed on the nerve fiber layer, on the same retinal region, as shown in Figure 10. In order to show the capabilities of the bench of image combination for contrast enhancement, we have first opted for imaging a limited field of view. We will now extend the process to the entire imaging field allowed by ECUROeil bench.

In order to achieved full-field reconstructions, we use a sequence of patterns which comprises the same 100µm thick line illumination as in the previous example. The sequence was designed so that the two subsequent illumination patterns overlap over a region corresponding to half of the thickness of the line in order to minimize artifacts generated by a possible inhomogeneity of illumination of the retinal area to be imaged. In fact, eye motion during the sequential projection of the line illumination could generate some disparities of illuminance of the retinal area to be imaged. We chose to evaluate the imaging contrast on the photoreceptor layer and the nerve fiber layer. We begin by imaging the photoreceptors as shown in Figure 10.5. Five reconstructed images were obtained from a single sequence of acquisition on the photoreceptor layer, with the patterns described earlier. Each 2.4 deg by 1.4 deg (972x568 pixels) image corresponds to one type of the following imaging modes: partial field (A), offset aperture (B) and (C), differential (D) and absorption contrast (E) imaging. The offset aperture images were reconstructed from the stripes of the same width as that of the line illumination. For each frame of the imaging sequence, the only the strip correspond to the areas of field of view above (image (B)) or below (image (C)) the line illumination is kept, while the values of the other pixels are cancelled.

Subtracting image (C) to (B) allows to enhance the phase contrast in a differential image displayed in (D). We can hypothesize that the structures on the differential image may correspond to the inner segment of the photoreceptor cells, as such result was already achieved with AO-SLO split-detection [START_REF] Scoles | In Vivo Imaging of Human Cone Photoreceptor Inner Segments[END_REF]. The size of the photoreceptor cells in the image is also consistent with the diameter of the cone inner segments of about 6µm in the peripheral retina [182]. As the size and spacing of the photoreceptor inner segments vary with the eccentricity, it could be interesting to confirm these assumptions with more measurements at different eccentricities.

The sum of images (B) and (C) yields dominant absorption contrast in image (E). In this image, one can distinguish hexagonal structures that may correspond to RPE cells (orange arrowheads).

We also conducted the same experiment on the nerve fiber layer, on another area of the retina. The reconstructed images in Figure 10.6 comprise partial field (A), offset aperture (B and (C), differential (D) and absorption contrast (E) images.

On images (B) and (C), we observe again an inverted contrast, which is particularly clear on the vessel shown by the white arrowheads. On these offset images, one can recognize capillaries that are hardly visible in the partial field image. Their contrast is improved even more in the differential image (D). In the same image, one can also notice structures that have shapes and sizes compatible with ganglion cells (orange arrowheads). As an intermidiate summary, the results obtained with the pattern projection system show that it is possible to perform bright field, phase and absorption contrast imaging on the same AO-FIO system. One main result of this study is the ability to render these contrasts over the entire field of view. This makes the latter a multimodal system. The switching speed of the DMD is yet not sufficient to render full-field images at a highenough rate not to be affected by the ocular movements. Reconstruction of the field of view still requires to register the acquired images. For this reason, we chose to implement multiple contrast imaging feature to the Minsky module.

Real-time phase contrast images using the Minsky module 10.2.1 Description of the technique

As described in Chapter 7, the Minsky module consists of the synchronization of a line illumination that scans the field of view with the array of pixels of the camera. In the previous paragraph, we could reconstruct full-field images in darkfield mode, including phase contrast and absorption contrast by selecting dark stripes of specific offset relatively to the illumination on the acquired images. In the Minsky module, selecting the offset corresponds to reading of the camera pixels in advance or with a delay relatively to the bright field synchronization mode. The reading mode of the current camera allows for changing the width of the rolling shutter which corresponds to the size of a pixel, which makes it possible to monitor the aperture size at the detection. Thicker line illumination can also be achieved by adding a defocus to the light source, with the translation stages set below. Moreover, thinner illumination can also be achieved by positioning a slit at the focal plane F1, where the line illumination is formed, before the scanning module (see the system diagram of Minsky module in Figure 7.1 of Chapter 7). More details on the implementation of the Minsky module can be found in Chapter 7.

Because of the limiting pixel rate of the camera when it is set in the trigger mode, the maximum field of view that can be achieved in the direction of the scan while acquiring full frames at 200 Hz corresponds to 1000 pixels. The resulting images cover a field of view of 4.2 deg x 2.4 deg at the retinal plane (1700 x 1000 camera pixels).

Acquisition modes and data processing

We use a custom-made Matlab code with a GUI interface to set the scanning parameters and to build the trigger signal that is sent to the camera. Image acquisition is achieved using Holovibes software [119].

The CMOS camera (ORCA-Fusion Digital CMOS Camera, Hamamatsu, Japan) operates under the external trigger mode. That way, an external trigger signal defines the exposure and readout timing of the camera. As the external trigger is set on edge trigger mode, the acquisition of a new frame starts on the rise of the TTL signal. In order to keep the imaging rate at 200 Hz, as for bright field imaging, the scanning parameters of the line illumination, as well as the acquisition time of a single frame of 5ms (exposure and readout time) have not been modified. Therefore, the rolling shutter scans the arrays of pixels with a speed of 5µs per line. The exposure time was set to 50µs giving an equivalent line aperture of 10 pixels. The Minsky module incorporates several acquisition modes detailed in the following Figure 10.7. In addition to the bright field mode introduced in Chapter 7, it also includes manual offset aperture mode, sweep mode and an alternating mode that allows for applying different delays on the detection between two consecutive frames. The offset sweep mode takes consecutive images by changing each time the delay between the illumination and the rolling shutter at a regular pitch. The alternating mode consists in acquiring images with a succession of a period of successive advances and delays. In order to perform differential imaging at a high rate, consecutive images could be acquired with alternating delays corresponding to one offset followed by its opposite.

Another pattern that has been implemented corresponds to introducing one bright field image after each offset image, to anticipate potential difficulties for registering offset images. As spatial filtering is performed in real time with the rolling shutter of the camera, the additional digital filtering in post processing that was needed for the pattern projection module with the DMD is avoided with the Minsky module. The acquired stacks of images went under registration before being averaged. Two registration algorithms were used: the Matlab custom-made cross-correlation based algorithm described in Chapter 2 as well as the template matching and slice alignment plugin in Fiji [START_REF] Schindelin | Fiji: an opensource platform for biological-image analysis[END_REF]. The images presented in the following section were averaged over a stack of roughly a few hundreds of registered images. For stacks of offset images, the SNR was not always sufficient to perform registration on them directly, depending on the imaged retinal location. The alternating acquisition mode that incorporates bright field images was then used. In this case, the eye motion shifts could be estimated with the bright field images that followed each offset image and were then used to register the offset images.

Images of the nerve fiber layer and the photoreceptor layer were obtained from the peripheral retina, on a young subject without pupil dilatation. The observed regions correspond to peripheral areas of the retina. The powers of the AO beacon source was 3.7µW and the imaging source was 0.7mW .

Multimodal imaging proof of concept with the Minsky module

Images from both the nerve fiber layer (Figure 10.8) and the photoreceptor layer (Figure 10.9) were acquired in bright field mode and after adding a delay between the illumination and the rolling shutter of the camera.

The visibility of structures imaged with the offset detection technique is impinged by the background noise. Therefore, a high pass filter (Fiji, Bandpass Filter: Filter large structures down to 40 pixels) was applied to the images in Figure 10.8. Examples of averaged Minsky images before and after filtering can be found in the Appendix D. In Figure 10.8, we present 4.1 deg by 2.1 deg averaged images centered on a vessel bifurcation, on the nerve fiber layer. In comparison to a synchronized bright field detection (image (A)), using an advance of 100µs, which approximately corresponds to an horizontal offset of 3 ADD (Airy Disk Diameter) below the illuminated area (image (B)), have cancelled out specular reflection of the upper part of the vessels typical to bright field mode, making the micro-vasculature markedly visible. The aspect of the vessel in phase contrast is similar to results obtained with offset aperture AO-SLO, [9], [12]. The offset detection improves visibility of the inner and outer lining of vessel walls (white arrowhead in image (B) and image (C)). More particularly on the zoom of the vessel presented in image (C), vascular mural cells are more visible on the lower vessel wall. The upper vessel side is on the contrary darker and less contrasted, making the vessel linings harder to visualize. This asymmetry in contrast may be due to the advance of the camera pixels being acquired relatively to the illumination. This configuration corresponds to having a detection aperture orthogonal to the vessel side and below the illuminated region. This configuration also leads to the shadowing effect on the lower side of the vessel (blue arrowhead). Similarly to previous results on phase contrast imaging with the DMD in this chapter, the symmetrical effect could be obtained by exposing pixels corresponding to areas above the illumination region. In addition to the fine capillaries as it can be observed in images (B) and the zoomed view in image (D), one can notice vessel bifurcations (orange arrowhead) and inner vascular features at on the bifurcation, at the center of the averaged image (E). Exploring the photoreceptor layer with the offset detection feature of the Minsky module is also possible. Figure 10.9, shows averaged bright field (A) and (B) offset images on another retinal region in the peripheral retina. Image (B) was obtained with a corresponding offset of 3ADD below the illumination. For each averaged image, the background noise was mitigated by applying a low pass filter to it (Fiji, Gaussian blur: kernel of 50 pixels) and by subtracting from the original averaged image the filtered one. One can notice a remaining low spatial frequency background noise in the offset image. This signal seem similar to intensity variation detected on offset aperture AO-SLO images, which are attributed to scattering and absorption of the underlying choroid [START_REF] Gofas-Salas | Design of a radial multioffset detection pattern for in vivo phase contrast imaging of the inner retina in humans[END_REF]. Similarly to acquisitions on vessels on the nerve fiber layer, the signal from the photoreceptors on the offset image considerably dropped in comparison to the bright field image. However, cones are discernible individually. They show a similar intensity gradient as in previous images acquired with static DMD patterns in Chapter 8, which makes them bright on one side and dark on the opposite one. Their characteristic appearance is also close to offset aperture images from AO-SLO systems, except for the direction of the intensity gradient of photoreceptors which seem to match. It should be noted that the detection offset was below the illumination during the acquisition. While it was observed that the brighter sides of the photoreceptors were the closest to the illumination in the offset aperture AO-SLO, in Minsky images as in the results shown in Chapter 8, the darker side was the closest to the illumination [13].

Discussion and potential improvements

With these primary results, the Minsky module has demonstrated its ability to image different structures (i.e. fibers, vessels, capillaries or photoreceptors) with bright field and offset aperture modes. The images were successfully acquired at different regions of the peripheral retina (without the need for an additional strong scattering source below the imaged layer such as the Lamina Cribrosa). The offset images display similar features as phase contrast images obtained in offset aperture AO-SLO, which suggests that there is significant potential to enhance visibility and expand the diversity of structures which can be revealed with such technique.

Additionally, the flexibility to adapt the detection offset to maximize the imaging contrast on hyper-reflective or hypo-reflective structures has been highlighted by this proof of concept.

Since images could be obtained with the alternating acquisition mode, it allows to avoid intra-frame motion-induced artifacts. Such capability of the device opens new perspectives for functional imaging and study of retinal diseases.

However, the limitations of the Minsky module which are detailed in Chapter 7 should be handled to bring the system to its full potential.

More at precisely, the emitting power of the light source limits the SNR of the acquired images, although the light irradiance is more than 70% below the MPE on the cornea according to ISO 15004-2 :2007 standard, for group 2 devices (see Appendix C). It is also 95% below the MPE on the retina according to the norm.

To our knowledge, there is no ready to use commercial light source with significantly higher emitting light power that is also compatible with the specifications of the bench in terms of wavelength, spectral bandwidth, size and aperture of the light beam. In order to tackle this issue, the illumination source is about to be replaced with a customized module that gathers several single mode fiber cores into one cladding, thus allowing to multiplex several sources. This way, the emitting power can be multiplied by 3 (while being still below the safety limits).

In addition, defects on the surface of the scanning mirror induce artifacts that deteriorate the sharpness of the edge of the line illumination. However, it was observed in Chapter 8 that the highest contrast on vessels and capillaries was achieved at the edge of the illumination. This is why a sharper defined line seems decisive to maximize the imaging contrast in such mode. The galvanometer mirror will therefore be replaced for future imaging sessions. At that stage, fine control of the synchronization parameters is still required to be able to perform differential imaging as well as dark field imaging. It should be noted that the bright field synchronization was not optimal, which means it is probably perfectible on the phase contrast data as well. In particular, we could not yet find the exact opposite delay that is needed to render absorption or differential maps. Both of these techniques rely on the fact that the two symmetrically opposed offsets (relatively to the illumination) result in opposite phase contrast and the same absorption signal. If the advance and delay are not exactly the opposite of one another relatively to the scanning of the illumination, absorption cannot be discarded by subtracting the corresponding images to enhance phase contrast. Similarly, phase contrast cannot be removed to render absorption map by summing the corresponding images.

Owing to the limited number of subjects that have been imaged, documenting reproductibility of the results on broader range of subjects would also be required before imaging subjects with retinal conditions.

Conclusion and perspectives

We have demonstrated the possibility to perform multimodal imaging of the retina with an AO-FIO. The ability to retrieve full field bright field and phase contrast images from a single stack of frames was shown first with the DMD pattern projection module. It was then demonstrated in real time with the Minsky module. The current limitations of the latter have been identified and should be overcome in a near future.

These encouraging preliminary results open several clinical perspectives. The speed and flexibility of the Minsky module could allow for gathering, on limited data sets complementary structural and functional information about both hyper-reflective and hypo-reflective features of the retina.

Its ability to image at a high rate makes it an interesting candidate for red blood cells counting in in capillaries, and in small vessels, where the blood flow is estimated around 1mm/s [14]. Such measurements are especially of high clinical interest as they have not been achieved yet in a large field of view with scanning systems.

Currently, the Minsky module is used for phase contrast imaging as part of a new thesis project carried out by Pierre Senee on neurovascular coupling. It should allow precise measurement of vessel dilation at a high imaging rate before, during and after stimulation.

Improved retinal images (with reduced distortion) obtained with the Minsky module has the potential to facilitate the work of automated segmentation algorithms, for instance in the case of segmentation of the retinal vasculature that can be used for the study and diagnosis of a wide range of retinal pathology, including age-related macular degeneration (AMD), hypertension, diabetic retinopathy (DR) and glaucoma [START_REF] Abdulsahib | Comprehensive review of retinal blood vessel segmentation and classification techniques: intelligent solutions for green computing in medical images, current challenges, open issues, and knowledge gaps in fundus medical images[END_REF].

General conclusion and future works

Pushing the limits of the Adaptive optics flood illumination ophthalmoscope

Given its initially simple concept, the flood illumination ophthalmoscope has been the first system allowing to study optically the properties of the retina in vivo. Today, AO-FIO allow to acquire images in a few milliseconds and to analyze elements of the retina such as cone photoreceptors and vessels.

However, in comparison to the other ophthalmologic imaging techniques (AO-SLO, AO-OCT, ...), the AO-FIO are impaired by the low contrast of their images, in which the signal of interest is obscured by the multiply scattered light coming from the retina, the choroid and the sclera.

The aim of the work carried out in this thesis is to gain a better understanding of the light scattering effects in the retina and the underlying layers which are at the origin of the low contrast of the AO-FIO images. In addition, by expanding the concept of partial-field illumination previously discussed in the High Angular Resolution (HRA) team of ONERA, the goal is also to conduct improvements and technical developments of an AO-FIO bench (ECUROeil) to image the retina with an optimized contrast, while maintaining a fast acquisition rate.

Preliminary work has shown the ability of the AO-FIO bench, ECUROeil to image the retina with a high resolution in areas illuminated by projected patterns [20]. In order to improve the capabilities of this imaging system, we conducted technical modifications such as changes in the illumination source, the camera and the pattern projection mirror (DMD). These upgrades have allowed to optimize the SNR of the retinal images and to project aberration-free patterns with a high resolution. These improvements have shown their relevance in multiple studies.

First, a clinical study that adresses the dynamics of eye micromovements as biomarkers of retinal diseases could be achieved using the new capabilities of ECUROeil imaging system. Indeed, this study required to project high resolution stimuli on the photoreceptor layer while imaging the retina at high rate (800 Hz) in order to track eye movements. Two out of the three groups of participants involved in the study were elderly, sometimes with early-stage cataract, which results in particularly difficult imaging conditions. However, the upgraded version of ECUROeil system, including its unique pattern projection capabilities and high pixel rate have allowed for both performing psychophysical tests under real conditions and tracking of ocular movements with a relatively low rejection rate on the acquired data. Therefore, the configuration of the AO-FIO bench has shown relevance for this study, making ECUROeil system a potential tool for early stage identification of biomarkers of retinal diseases such as AMD.

Secondly, the updated version of ECUROeil bench was used to demonstrate that Structured Illumination Microscopy (SIM) can be applied to retinal imaging of human eye in-vivo. The technical evolutions of the bench contributed to this result since implementing SIM requires to be able to project fine sinusoidal fringes, with a high contrast, on the specific layer to be imaged. In addition, SIM reconstructions requires a sufficient signal to noise ratio and a high imaging rate.

A model and a module for bright field imaging

These developments of the AO-FIO system that allow to finely control the size and shape of the retinal illumination, combined with an analytical and numerical approach of light scattering, have enabled us to determine essential parameters that control the contrast and signal-to-noise ratio (SNR) in retinal bright field imaging with the partial-field module of the AO-FIO. Thus, we have shown that the parameter N (or the ratio of the field of view over the illuminated area) of a pattern is key in the evolution of the contrast and the SNR of bright field images.

Our analytical and numerical developments based on Monte Carlo simulations of light scattering gave results consistent with experimental measurements. They highlight the relations between the multiple to single scattering ratio (MSR) and the SNR as well as, the MSR and the parameter N . We have thus determined the order of magnitude of the MSR which leads to the smallest value of the parameter N (N optimal of a few hundreds) which allows the partial-field illumination ophthalmoscope (PFIO, partial-field module of the AO-FIO) to provide bright field images with a SNR close to that of bright field AO-SLO images (N ≈ 10 6 ).

In order reach such value of N with a partial-field illumination while keeping a high frame rate, I have implemented in ECUROeil system a new imaging module named Minsky. The latter allows to project a scanning line illumination of adjustable thickness. Its scanning is synchronized with the line by line acquisition of a camera that is set on rolling shutter mode. This configuration, which can still be optimized, has allowed to increase significantly the value of N (to N ≈ 150). The first measurements showed that this module provides high pixel throughput while performing a high degree of spatial filtering. Both the photoreceptor and the nerve fiber layers could be imaged with a high contrast, at several retinal eccentricities, at a frame rate of 200 Hz. These first results, although preliminary, show that it is possible to obtain high contrast bright field images with a high frame rate by optimizing the spatial filtering in AO-FIO.

A model and a module for phase contrast imaging

In Parts II and III of this thesis, I have analysed and used the signal coming from the illuminated parts of the projected patterns. In the last part of my thesis, I focused on the signal coming from the non-illuminated areas, which by analogy with the phase contrast images obtained in offset aperture AO-SLO can reveal retinal structures invisible or difficult to image in bright field. The versatility of the optimized ECUROeil bench has allowed to test several patterns and to obtain phase contrast images of weakly scattering structures, such as vessel walls, capillaries, photoreceptors and erythrocytes. It appears clearly that the phase contrast attenuates rapidly with the distance from the illuminated area. Finally, I have shown that in the center of a symmetrical pattern distribution, the conditions were favorable for obtaining absorption contrast. These observations reveal the capabilities of an AO-FIO featuring projection of illumination pattern to provide images in phase and absorption contrasts. Modeling and Monte Carlo simulations of refraction and scattering were carried out to explain how we could generate phase contrast with an AO-FIO system. We can note that the simulations of phase contrast imaging of a single cell in the retina with a line illumination have shown similar behavior as the experimental acquisition.

Based on this potential of the AO-FIO bench, to perform phase contrast imaging, I have worked on expanding the capabilities of the Minsky module. This development is based on the control of the synchronization of the line illumination and the rolling shutter of the camera during the image acquisition. More precisely, by making a time delay between the line illumination and line acquisition on the camera, one can obtain the light from indirectly illuminated areas (phase contrast). A single stack of frames could be used to retrieve either the phase contrast image or bright field image as before. Thus, various retinal structures such as photoreceptors, vessels and capillaries could be imaged both in bright field and in phase contrast modes, with a contrast close to that obtained with AO-SLO. These results have demonstrated the possibility to perform multimodal imaging of the retina with an AO-FIO bench.

The model of phase contrast based on the simulations of light scattering and refraction in the retina combined with experimental testing with the DMD are of great interest for further investigation of the illumination parameters. Additional studies would allow for enriching the model. For instance, a parametric study on the size and the optical index of the cell can be used to adapt the experimental parameters more specifically to the nature of object to be imaged.

Future works

The preliminary results obtained in bright field and phase contrast imaging with the Minsky module of ECUROeil bench constitute a proof of concept that AO-FIO has multimodal capabilities. Still, the experimental Minsky module has potential for further improvements.

Among them, one can note that the SNR needs to be enhanced. Several technical improvements are in fact in progress, including increasing the illumination power (while satisfying to ocular safety standards), increasing spatial filtering (doubling or tripling current N parameter to reach its optimal value) and improving illumination and acquisition synchronicity.

Beyond these technical improvements, the work I presented in this manuscript will be carried on in the framework of several other PhD students. The Minsky module with phase contrast is going to be used as part of a new thesis carried out by Pierre Senee on neurovascular coupling, as it provides highly contrasted images of vessel walls. The clinical study on the dynamics of eye micromovements for early AMD diagnosis will be pushed further in the framework of Jimmy Murari's PhD program. As regards the Monte Carlo refractive and scattering model of the retina, it will be expanded by Ines Loukili to add some other retinal structures (sclera, vessels, erythrocytes, photoreceptors,. . . ).

Two exciting prospects of this work are the potential applicability of Tian and Waller's techniques [START_REF] Tian | Quantitative differential phase contrast imaging in an LED array microscope[END_REF] (including dark field, phase contrast and Fourier Ptychography) to the retina in vivo, as well as a transfer onto a full-field OCT of some of the concepts developed here. 

A.2 SCRAT, exploration of the effects of fixational eye movements on ocular aberrations

The system SCRAT is a laboratory bench that consists of a highly resolved Shack-Hartmann wavefront sensor, with a sampling frequency of 236Hz.

In order to characterize the effects of ocular movements on the dynamics of ocular aberrations, the wavefront sensor was synchronized with a pupil camera. The diagram of the system is presented in figure A.2. In comparison with ARTS system, the AO source module has been changed. The former SLD and the optical setup of the module has been changed. The updated version of the source module comprises a SLD, emitting at 833nm, with a spectral bandwidth of 50nm. Another significant change has been made on the human-machine interface system (HMI) and the wavefront sensing part, which is partially due to the integration of a new camera (PCO camera), for a fine wavefront sensing. In order to characterize the relationship between the ocular movements and aberrations, the wavefront sensing part and the pupil camera were synchronized. A chin and forehead rest and fixation target were also implemented, in order to stabilize and to direct the gaze of the subject. The technical developments on SCRAT were used for a clinical trial on a high spatial and temporal resolution measurement of ocular aberrations with pupil tracking, over a large population of emmetropic subjects (subjects with with a spectral bandwidth of 50nm. From the PhD thesis of Jessica Jarosz [START_REF] Jarosz | Vers la conception d'un système d'optique adaptative pour la photocoagulation laser de la rétine[END_REF] eyes that allow an excellent vision, without optical correction) [START_REF] Jarosz | Vers la conception d'un système d'optique adaptative pour la photocoagulation laser de la rétine[END_REF]. This study has given valuable information for designing an adaptive optics system for retinal imaging, especially in terms of loop frequency of the AO correction module.

Using these assessments to develop an experimental bench that performs in-vivo retinal imaging at a high resolution was the following goal. That is what has driven the development of the AO-FIO, that I have been using during my thesis. The latter has been named ECUROeil (Etude et Conception de systèmes Ultra Résolus pour l'OEIL, Study and Design of High Resolution Systems for the Eye). Figure B.1: Schematic drawing of an example of single scattering of light in the the semi-infinite retinal system. n is the effective optical index of the retnal medium, the scattering particle is at a depth z 0 from the surface of the medium, the light propagates with an incident angle of θ 0 through a distance s 0 , in the retina before being scattered by the particle. It then propagates along its new direction, defined by the angle θ 1 through a distance s 1 , to reach the exit of the eye, that is the pupil plane, at a height of z 1 from the particle. p u (u, u') corresponds to the phase function, that gives the direction after scattering u, of a photon with an incident angle u'. As we assume that the system is statistically isotropic (spherical particles), the phase function only depends on the scalar product between the vectors defining the scattering direction u and the incident direction of light u', which is also the relative angle between these vectors. So,

u • u' = µµ ′ + 1 -µ 2 1 -µ ′2 cos(ϕ -ϕ ′ ) (B.5)
As for the Monte Carlo algorithm, we use the Henyey-Greenstein function.

H is the Heaviside function, which equals 1 if the photon is backscattered out of the system and 0 otherwise. For the photons that have been scattered out of the system, z 1 -z 0 ≥ 0 and as illustrated in Figure B.1, z i = s i µ i so, -s 1 µ 1 -s 0 µ 0 ≥ 0, and µ 1 ≤ 0 i.e., s 1 ≥ -s 0 µ 0 µ 1 Finally, µ N A = 1 -N A 2 /n 2 After replacing the functions by their expression, as angular and propagation probabilities are independent, we get 

B.2 Multiple scattering

Since the system is considered semi-infinite, all the incident photons are backscattered by the system. Among them, the singly backscattered part is negligible. One can demonstrate so by estimating the maximum value of this contribution, which corresponds to the case of an isotropic phase function (g = 0). p(u, u', w) = 1 If P s corresponds to the singly backscattered signal, then the equation B.9 can be solved for the case of the isotropic phase function,

P s,g=0 = 2n 2 3N A 2 P 0 [1 -µ N A -µ 2 N A + µ 3 N A + µ 2 N A ln 1 + µ N A 2µ N A + ln 1 + µ N A 2 ] (B. 10 
)
As P s reaches its maximum value for the maximum value of the numerical aperture N A n = 1 then, max(P s ) = max(P s,g=0 ) = 2P 0 3 [1 -ln 2] ≈ 0.2P 0 (B.11)

Since the singly backscattered contribution is neglected, the backscattered signal, that corresponds to the incident signal for this semi-infinite system, also corresponds to the multiply scattered signal. Because of the high degree of scattering, the luminance induced by the multiply scattered signal, P ms is almost isotropic,

P ms = A -µ N A µ 1 =-1 µ 1 dµ 1 ≈ P 0 (B.12)
i.e., A ≈ -2P 0 Only a part of this signal that corresponds to photons that have been backscattered within the numerical aperture is detected. We can express this quantity P ms,det as According to the formula in table C.1, if the first impulse occurs at t = 0, the unweighted radiant exposure H V IR-R and its limit H V IR-R-Lim after a duration t can be expressed as: With E IM -M es , the irradiance of the imaging source measured on the retina, k the number of pulses on sub-area of the retina within the duration of the scanning t.

P ms,det = A -µ N A µ 1 =-1
H V IR-R = E IM -M es * t (C.
For the AO beacon source and imaging light sources, the thermal hazard weighting factor, which are specified in Annex A of the ISO standards, are respectively: R AO (λ AO = 750) = 0.79 and R IM (λ IM = 850) = 0.50 .

Then, the illuminance that is sent out on each of the surfaces of the eye (cornea, eye lens and retina) should be set by considering the limits of each operated light source, according to this formula:

E Line Limit Line + E AO Limit AO ≤ 1 (C.6)
Where E Line (respectively E AO ) is the measured irradiance for the line illumination, (respectively the AO beacon light source) and Limit Line (respectively Limit AO ) is the maximum safe irradiance (respectively the AO beacon light source).

For each light source, irradiance measurements were performed according to the ISO rules. A powermeter (Nova ii, Ophir, Israel) was located in laterally and axially at the positions of the highest irradiance, at the pupil plane, corresponding to the plane of the cornea and eye lens and the focal plane, corresponding to the retina. In order to measure the irradiance at the anterior segment of the eye, an aperture diameter of 1mm was used to detect the hotspot. For measuring irradiance in the retina, an aperture diameter of 30µm was considered. On the retina, each linear region of 30µm width and length of 1.2mm are exposed to the illumination pulse during T pulse = 14.85µs. The duration between two consecutive pulses is given by the scanning speed of 200 Hz over the whole region and the width of the sub-area of 30µm width, that is 4.99ms. According to the recommendations of ISO (ISO 15004-2:2007, table 6, Note 1) pulsed exposure should be checked to be below the safety limit for every moment within a time window, T exp of 20 seconds. The following table shows the power measurements under the previously described conditions. The power of the OA light source was empirically set to minimal value for which the wavefront sensor detects a sufficient amount of power for AO correction. The power of the imaging source was set to its maximum value, as shown in table C.2.

Irradiance values on the retina over time were computed for the case of the imaging source on the retina. Evaluation of ocular safety was achieved by means of a code developed in Matlab, using measured values in table C.2 and the limit values in table C.1. The estimated values of irradiance were examined relatively to safety limit (see table C.1) . As presented in the Figure C.3, the exposure limit is given by the restrictions on the cornea. On this layer, the imaging light source is indeed permanently concentrated on a limited area, during the imaging process. Even with an imaging source set at its maximal emission power, the computed exposures are around 70% lower than the limit. Ocular safety in the case of a continuous line illumination source was evaluated to ensure the safety of the system, in case of malfunctioning of the scanning system. The results are presented cases where pupil dilation was necessary, the administration of drops to dilate the pupil was carried out after the agreement and under the supervision of a medical doctor, in compliance with the indications and precautions for use of this medication.

During each imaging session, the comfort of the participant was a priority. For this reason, we made sure to inform or remind the subject that the imaging session could be suspended at any time, in case of discomfort or fatigue. We also ensured that the subject was properly positioned and held on the chin rest throughout the sessions.

The examination procedure and experimental conditions were documented in a laboratory notebook (physical or digital). In particular, the date of the acquisitions, the name of the investigators who took the data, the imaging modality used (the pattern projection module with the DMD or the Minsky module), the power of each illumination source, the layer and the area of the retina imaged, the illumination and detection conditions (position of the imaging camera, exposure time...) were specified. Each experiment was performed at least twice to ensure the consistency of the results. We have established a protocol for saving the data acquired. Depending on the study, the data were saved in a specific directory. The name of each file made it possible to trace the experimental conditions during the acquisition, specified in the laboratory notebook. Additional backups of selected data were made on a NAS accessible by all investigators. Images were acquired from HCImage or Holovibes software and saved in .tiff or .holo formats, which can be read via open source software such as ImageJ. The data can be read and processed with Matlab, IDL or Python (open source). La transparence de l'oeil permet d'observer la rétine de manière non-invasive par des moyens optiques, dans le but d'établir un diagnostic précoce de maladies rétiniennes et neurodégénératives.

Malgré leur capacité à atteindre la résolution cellulaire (µm) avec l'optique adaptative (AO), les ophtalmoscopes actuels sont soumis à de multiples contraintes. Les mouvements oculaires imposent une imagerie haute cadence et la diffusion multiple altère la visibilité des structures rétiniennes.

Cette thèse porte sur l'imagerie haute résolution, haut contraste, haute cadence (sans distorsion) de la rétine. La stratégie adoptée consiste à exploiter la haute cadence d'imagerie des ophtalmoscopes plein champ («flood illumination ophtalmoscopes», FIO), qui détectent la lumière rétrodiffusée par la rétine sur l'ensemble du champ de vue. Pour minimiser la diffusion multiple, nous nous inspirons du filtrage spatial du signal multidiffusé, réalisé par le trou confocal de détection des microscopes confocaux à balayage. Notons que la vitesse de reconstruction du champ de vue par balayage est limitée et rend ces systèmes sensibles aux artefacts de distorsion dus aux mouvements oculaires.

Ainsi, nous avons choisi d'intégrer des degrés intermédiaires de filtrage spatial à un AO-FIO en implémentant un module de projection de motifs d'illumination, qui utilise une matrice de micromiroirs (DMD). Ce module exploite l'optique adaptative de l'AO-FIO pour assurer la projection de motifs haute résolution (à la limite de diffraction) sur une région donnée d'une couche spécifique de la rétine. Projeter séquentiellement des motifs d'illumination complémentaires, couvrant chacun une partie du champ, nous a permis de réaliser un filtrage spatial digital pour imager les structures réfléchissantes (imagerie en champ clair) ou pour révéler (par contraste de phase) les structures faiblement réfléchissantes (imagerie en champ sombre).

Associer à cette démarche des travaux de sim-ulation de la diffusion et de la réfraction de la lumière dans la rétine (Monte Carlo), m'a permis de définir des conditions de filtrage offrant un contraste d'imagerie champ clair, proche de celui des systèmes confocaux, pour une cadence d'imagerie au moins 1000 fois plus rapide que ces derniers.

J'ai pu concevoir et intégrer à l'AO-FIO un module d'imagerie qui applique ces conditions de filtrage, en utilisant une illumination ligne dont le balayage est synchronisé au rolling shutter d'une caméra. Ce système permet d'imager la rétine à une cadence de 200 Hz (vitesse d'imagerie du système plein champ), sur un champ de 1, 2 mm x 0, 7 mm. Nous avons pu obtenir des images hautement contrastées des photorécepteurs (PR), vaisseaux et fibres, en imagerie champ clair. Un mode d'imagerie champ sombre nous a aussi permis de révéler des structures faiblement réfléchissantes, habituellement invisibles avec les systèmes plein champ comme les parois des vaisseaux, les capillaires et les globules rouges.

La capacité à projeter des motifs haute résolution avec le DMD s'est révélée essentielle dans le cadre de deux collaborations. La première porte sur le diagnostic précoce de la dégénérescence maculaire liée à l'âge (DMLA). Dans le cadre de cette collaboration avec l'Institut de la Vision, des tests d'acuité visuelle ont été projetés sur la rétine des participants pendant que leurs mouvements oculaires ont été mesurés à une cadence de 800 Hz. Les premiers résultats de cette étude ont mis en évidence l'existence de biomarqueurs de la DMLA chez les sujets montrant des signes précoces de cette maladie. Le deuxième projet concerne l'utilisation de la technique de microscopie par illumination structurée (SIM) à l'imagerie de la rétine in-vivo. Des motifs de franges à la fréquence de modulation proche de la limite de diffraction ont été projetés sur la couche des PR. Les images reconstruites ont mis en évidence le gain en sectionnement optique et résolution apportés par la SIM.

Title: Spatial filtering for flood illumination ophthalmoscope Keywords: Optical microscopy, Imaging, Scattering media, Ophthalmology, Retina, Adaptive Optics

Abstract:

Eye transparency allows non-invasive observation of the retina by optical means, with the aim of establishing an early diagnosis of retinal and neurodegenerative diseases.

Despite their ability to achieve cellular (µm) resolution with adaptive optics (AO), current ophthalmoscopes are subject to multiple constraints. Ocular movements impose high rate imaging and multiple scattering deteriorates the visibility of retinal structures.

This thesis focuses on high-resolution, highcontrast, high-rate (undistorted) imaging of retinal structures. The strategy adopted consists in exploiting the high imaging rate of full field ophthalmoscopes or "flood illumination ophthalmoscopes" (FIO), which detect the light backscattered by the retina over the whole field of view. In order to minimize multiple scattering, we take inspiration from the spatial filtering of the multiply scattered signal performed by the confocal detection hole of scanning confocal microscopy. One should note that the speed at which the scanning device reconstructs the field-of-view is limited, which makes these systems sensitive to distortion artifacts induced by eye movements.

Therefore, we have chosen to bring some degree of spatial filtering by implementing in the AO-FIO a module that projects illumination patterns with a digital micro-mirror device (DMD). This module uses the aberration correction capabilities of the retinal imaging system to ensure the projection of high resolution patterns (at the diffraction limit) on a given region of a specific layer of the retina. Sequentially projecting complementary illumination patterns, each covering a part of the field, has allowed to perform digital spatial filtering, in order to observe the reflective structures (in bright field imaging) and to reveal (with phase contrast) the weakly reflective structures (dark field imaging) and then to reconstruct the field of view.

Combining this experimental approach with simulations of light scattering and refraction in the retina (using Monte Carlo algorithm), has allowed to define the filtering conditions that could provide a bright field imaging contrast close to that of a confocal system, at a speed of image reconstruction of at least 1000 times faster than the latter.

From these results, I was able to design an imaging module that applies these filtering conditions at the imaging speed of the AO-FIO. This module relies on a line-field illumination whose scan is synchronized with the rolling shutter of a camera. The resulting device can image the retina at a rate of 200 Hz, over a field of 1.2 mm x 0.7 mm. We were able to obtain high contrast images of highly reflective structures (bright field imaging) such as photoreceptors, vessels and fibers. A dark field mode has also allowed to reveal weakly scattering structures, usually "invisible" with full field systems (phase contrast imaging), such as vessel walls, capillaries and red blood cells.

The ability to project high-resolution patterns onto the retina with a DMD has proven to be essential in two collaborations. The first is a clinical application on the early diagnosis of agerelated macular degeneration (AMD), in collaboration with the Institut de la Vision. In this context, visual acuity tests were projected on the retina of participants while their retinal movements were measured at a rate of 800 Hz. The first results of this study showed the existence of biomarkers of AMD in subjects affected early by this disease. The second project is about the use of the structured illumination microscopy (SIM) technique for imaging the retina in vivo. Fringe patterns at the modulation frequency close to the diffraction limit could be projected onto the photoreceptor layer. The reconstructed SIM images have demonstrated the gain in optical sectioning and resolution brought by the SIM.
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 12 Figure 1.2: Diagram of a human eye showing the retinal cell organization.Figure adapted from Simon H. Tran et al.[START_REF] Tran | A Review of the Emerging Role of Silk for the Treatment of the Eye[END_REF] 
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 13 Figure 1.3: (a) Visual angle in degrees relative to the position of the fovea for the left eye. (b) Spatial distribution of rods and cones across the retina. No photoreceptors are present in the blindspot. (c) and (d) Mosaic of the photoreceptors in the fovea and the peripheral retina. These images are from Curcio et al, 1990 [38].
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 15 Figure 1.5: "Proposed 2D and 3D models of the retinal microcirculation in the pig retina close to the optic disc." (8) Fouquet et al. 2017
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 16 Figure 1.6: Schematic illustration of the fixational eye movements.FromPritchard 1961 [52] 

Figure 1 .

 1 Figure 1.8 (A)The ocular aberrations can be represented as a weighted sum of Zernike polynomials, each representing a specific aberration. (B) By Fourier transforming and multiplying by the complex conjugate the PSF for each mode can be calculated. Defocus and astigmatism are termed low order modes and are corrected by conventional refractive methods. The higher order modes generally have lower amplitudes but require more elaborated correction technologies. From Vera-Díaz et al. 2012[START_REF] Doble | The Human Eye and Adaptive Optics[END_REF] 
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 110 Figure 1.10: Plot of the Henyey-Greenstein phase function, for different values of the anisotropy factor, g, between 0 and 1. The forward direction along the original photon trajectory is 0 deg. Scattering in the backward direction is 180 deg. (A) Henyey-Greenstein phase function, on a log scale, versus the angle in degree, (B) Polar plot of the Henyey-Greenstein phase function.
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 111 Figure 1.11: Example of retinal fundus images of a healthy human eye with colour fundus photography [62].
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 112 Figure 1.12: Schematic diagram of an adaptive optic applied to the correction of ocular aberrations
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 113 Figure 1.13: Control of detection aperture shape to generate different contrasts and reveal vessel microstructures. The images in the last row were obtained with the split detection technique. Scale bar: 50µm. From Sulai et al. 2014 [12].

  .14).

Figure 1 . 14 :

 114 Figure 1.14: Vascular imaging with different detection apertures generated with a SLM. Split detection images (C, D, G and H). Scale bar = 50µm. From Sapoznik et al. 2014 [108]
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 115 Figure 1.15: Imaging of the photoreceptors' inner and outer segment with split detection apertures. Scale bar: 25µm. From Scoles et al. 2014 [97]
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 116 Figure 1.16: Optical layout of the system ECUROeil. (A) General outline of the bench. (B) Zoom on the illumination module, including both a spatial light modulator for shaping the illumination on the retina and an aperture stop followed by a tip-tilt mirror for controlling the incident angle of the illumination beam.From the thesis of Elena Gofas[20] 
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 21 Figure 2.1: Schematic drawing of ECUROeil bench, with its current version of the DMD-integrated illumination path. WFS: wavefront sensor; SLD: superluminescent diode; LED: light-emitting diode; DBS1-DBS2: dichroic beamsplitter. The light beam plotted in red respectively green are related to the imaging path, respectively the AO correction path.
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 22 Figure 2.2: Implementation of the new imaging source. (A) Previous "2F" (*) configuration, the tip of the SLD is conjugated with the DMD and thus with the retina. (B) New configuration, the LED is placed at a pupil plane to ensure that its grid structure is not visible at the focal and thus on the retina.
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 4 More generally, Figure2.4 demonstrates the capability of the updated module to project a various range of highly resolved illumination patterns on specific layers of the retina.
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 24 Figure 2.4: Raw images of patterns projected on different layers of the retina. Scale bar: 100µm
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 25 Figure 2.5: (A) Typical raw AO-FIO image acquired on the photoreceptor layer with ECUROeil bench. (B) Same image after applying a high pass filter (Fiji Bandpass Filter:Filter large structures down to 40 pixels[START_REF] Schindelin | Fiji: an opensource platform for biological-image analysis[END_REF]). Scale bar: 100µm
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 26 Figure 2.6: Schematic drawing of (A) the tip-tilt mirror integrated in the AO-FIO for pupil stabilization, (B) "Figure-4" configuration formed by the tip-tilt mirror and the following plane mirror.
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 27 Figure 2.7: Schematic drawing of the pattern projection module of ECUROeil setup.
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 31 Figure 3.1: Groups of participants and typical full-field images, covering a 4 degx4 deg field, for each group. Zoom in on a 1.1 degx1.1 deg field of view (A) young, (B) old control, (C) early AMD. Credit: Josselin Gautier
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 32 Figure 3.2: Perceived stimuli for each task. (a) Fixation, (b) Tumbling letter E acuity, (c) hyperacuity Credit: Josselin Gautier
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 3334 Figure 3.3: Principle of the study, on AO-FIO. (A) data acquisition, orange arrowhead follows a single receptor (B) Shift estimation, (C) Traces

Fig. 2 .

 2 Fig. 2. SIO schematic. All optical components are labelled: SLD, superluminescent diode; LED, light-emitting diode; DMD, digital micromirror device; L1-L15, lenses; M1-M5, plano-mirrors; BS1-BS2, beamsplitters; DBS1-DBS2, dichroic beamsplitters.The beams illustrated in red, green and brown depict respectively the illumination and detection path, the wavefront sensing path and the common (red + green) path.

Fig. 3 .

 3 Fig. 3. 1.24°× 1.24°cropped individual SIO frames. a, SIO frame with a -45°oriented fringe pattern, b, SIO frame with a +45°oriented fringe pattern. Scale bars, 0.25°.The fringe spatial frequency corresponds to 34 cycles/degree. A linear LUT with a saturation of the 0.3% of the brightest and darkest pixels was applied to the images.

Fig. 4 .

 4 Fig. 4. Conventional wide-field versus SIO 2.54°× 2.54°retinal images, computed from the same raw data. a-d, Conventional wide-field image (a) and SIO image (b) together with their corresponding image spectra (c) and (d) respectively. Insets (a-b), magnified views of the magenta boxed 0.1°× 0.1°region. Scale bars, 0.25°(a-b), 100 cycles/degree (c-d). The displayed images are focused on the photoreceptor layer and centered at 0.9°eccentricity. To correct for the uneven background illumination that falls off toward the edge of the field of view, a bandpass filter was applied to the wide-field image (see Appendix B). In a-b, the white asterisk marks the location of the foveal center. A linear lookup table (LUT) with a saturation of the 0.3% of the brightest and darkest pixels is applied to a-b. In c-d, the yellow circle indicates the effective cutoff frequency of the wide-field image (98 cycles/degree), above which the corresponding spectrum is dominated by the noise. The image spectra are displayed in logarithmic scale. The blue, green and red boxed regions in a-b are magnified on Figure5.

Fig. 5 .

 5 Fig. 5. Comparisons of the wide-field and SIO retinal images over 0.25°× 0.25°e nlarged views. a-c, Magnification of the blue (a), green (b) and red (c) boxed regions in the wide-field image (Figure 4a), d-f, Corresponding magnification from the SIO image (Figure4b), g-i, Radial power spectra of the blue (g), green (h), respectively red (i) boxed regions, j-k, Plots of the image intensity along the 20 𝜇m lines drawn in c (j) and f (k). The blue, green and red boxed regions are centered at retinal eccentricities of 1.6°, 1.2°, and 0.7°respectively. A linear LUT with a saturation of the 0.3% of the brightest and darkest pixels is applied to the images displayed in a-f.

Fig. 6 .

 6 Fig. 6. Measurement of the cone density. a-b, Cone density distribution color maps obtained from the wide-field image (a) and from the SIO image (b). c-d, The estimated cone density mean (squares) and standard deviation (blue lines) values as a function of the retinal eccentricity respectively computed from a and b. The white asterisk in a,b, indicates the foveal center. The red dashed line corresponds to histological measurement from an average retina[24]. The blue shaded region in c,d, indicates the eccentricities for which the cone density estimated from each image is unreliable (ie., when the ratio of standard deviation over the mean value is greater than 0.1).

Fig. 7 .

 7 Fig. 7. cSLO versus SIO 1.74°× 1.74°retinal images. a, cSLO image, b, SIO image. Scale bars, 0.25°. The insets display a magnification of the yellow boxed 0.2°× 0.2°r egions. In boths insets, the red hexagone and square shapes highlighting common cones were drawn to facilitate the image comparison. The white asterisk indicates the foveal center. A linear LUT with a saturation of the 0.3% of the brightest and darkest pixels was applied to both images.

Fig. 8 .

 8 Fig.8. Correction of the heterogeneous background in the conventional wide-field image. a, 2.54°× 2.54°wide-field image, b, Wide-field image after background illumination correction. Scale bars, 0.25°. The corrected image was obtained by filtering the wide-field image (a) using ImageJ's "bandpass filter" function. The parameters were set to filter large structures down to 100 pixels and small structures up to 0 pixels. A linear LUT with a saturation of the 0.3% of the brightest and darkest pixels was applied to both images.

BrightField:

  Compared to a standard full field illumination image (see Fig.4.1(A)), illuminated zones (bright field) have an increased contrast, as emphasized in subfigs.(A2) and (B2); Phase contrast: Compared to a standard full field illumination image (see Fig.4.1(A)), nonilluminated zones (dark field) have an appearance similar to phase-contrast images, as emphasized in subfigs.(A1) and (B1).
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 41 Figure 4.1: Average image on the photoreceptor layer after projecting periodic vertical stripes. Scale bar: 100µm
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 51 Figure 5.1: Typical raw image of a 2.5 deg by 2.5 deg (1024x1024 pixels) field of view of the photoreceptor layer, acquired with ECUROeil bench. The inset corresponds to a magnified image of 150 × 150 pixels. Scale bar: 100 µm
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 52 Figure 5.2: Projection of a circular pattern on the photoreceptor cells with ECUROeil bench, (A) Raw image of 5 degx5 deg in the retina (2048x2048 pixels). (B) Same image as (A) with a mask on the illuminated area to reveal the scattering haze spreading around it. (C) Intensity profile of the image (A) along the dashed blue line. The green arrow in (A) indicates the AO beacon source. Scale bar: 100µm
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 53 Figure 5.3: Raw full-field images acquired on the photoreceptor layer, with four patterns corresponding to the same illuminated surface. Full frames of 5.1 deg by 5.1 deg (2048x2048 pixels) were cropped to select a region of interest of 3.9 deg by 2.5 deg (1584x1024 pixels) (A), (B), (C) and (D). Scale bar: 100µm

Figure 5 .

 5 Figure 5.1 reports the mean values obtained for each raw image shown in Figure 5.3. According to the measurements in Figure 5.1, the mean values of the MC contrast ranging from 0.23 to 0.26 are 7 to 8 times higher than the MC measured on the full-field image.
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 531 -field illumination ophthalmoscope: improving the contrast of a camera-based retinal imager Published article Partial-field illumination ophthalmoscope: improving the contrast of a camera-based retinal imager

Fig. 1 .

 1 Fig. 1. Comparing the full-field ophthalmoscope, the PFIO and the confocal ophthalmoscope. Schematic drawing of the characteristic patterns utilized in each technique, similar for the illumination and the detection.

Fig. 3 .

 3 Fig. 3. First row: single raw wide-field images acquired with the full-field ophthalmoscope (N = 1), PFIO: N = 2, 4, 9, 25, and the confocal ophthalmoscope (N ≈ 10 6 ), with N indicating the number of complementary frames necessary for reconstruction of the complete field of view. Second row: magnified images of 256 × 256 pixels from the first row.

Fig. 4 .

 4 Fig. 4. Plot of the average and the standard deviation of the Michelson contrast values for each illumination configuration and its fit following a power law proportional to √ N. For the confocal image (N ≈ 10 6 ), the Michelson contrast was measured at 0.8, which would be obtained with our setup for a value of N between 200 and 1000, according to the fit.

Fig. 5 .

 5 Fig. 5. Acquired data on AO-full-field ophthalmoscope, PFIO, and AO-SLO. First row: (a) raw image acquired on the AO-full-field setup with the conventional full-field illumination, (b) reconstructed image obtained with the PFIO for N = 4 (see in Visualization 1, the movie of the raw images, zoomed in on the same ROI, after discarding blurred images, as described in the Section 2.C, on average 1.5 frames have been removed between two consecutive images, and the movie has been slowed down to display each image during 2 s, so that one could distinguish each of the frames that have been used to reconstruct the full-field image). (c) Registered AO-SLO image of the same region. Second row: (d), (f ), (h) a magnified image of 200 × 200 pixels ROI of each raw image and (e), (g), (i) their corresponding Fourier transform images, both obtained from an identically located ROI on each image.
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 61 Figure 6.1: Diagram of the general principle of the Monte Carlo algorithm.

Figure 6 . 3 :

 63 Figure 6.3: Statistics of the scattering events. (A) Histogram of the scattering events on the population of photons that have been collected. (B) and (C) Spatial distribution of photons on the imaged plane (neural retina), the colorbar describes the number of scattering events. These results were obtained after computing the Monte Carlo simulator for a packet of 500000 photons.
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 65 Figure 6.5: Histograms of the intensity distribution along x axis, over the field of view of the system. (A) Collected photons and fitted function in orange, corresponding to the sum of a Lorentzian function (in green, F W HM = 90µm) and a Gaussian function (in yellow, F W HM = 700µm). The Lorentzian and Gaussian fit are reproduced in (B), (C) and (D). (B) Histogram of the intensity distribution of the collected photons that have reached the sclera (C) Histogram of the intensity distribution of the collected photons that have experienced 25 or less scattering events. (D) Histogram of the intensity distribution of the collected photons that have experienced 25 or more scattering events.

  6.2). If the illumination source is spatially incoherent, the element scattering hazes sum up. If the size of the element scattering haze dH(r) is much larger than the field of view F, the situation can be depicted as in Figure6.7.
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 67 Figure 6.7: Model of the scattering haze as the number of illumination spots increases. The green frame defines the field of view of the imaging system.

Figure 6 . 8 :

 68 Figure 6.8: Simplified description of the SNR as a function of N. The diagram exhibits two trends of the SNR. For small values of N (in green) the SNR is proportional to √ N . For high values of N (in blue) it saturates at √ S. The intersection of the two curves is obtained for N opt = M SR.
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 71 Figure 7.1: Schematic drawing of the Minsky module integrated in the AO-FIO bench and expected dimensions of the illumination beam at focal and pupil planes of the AO-FIO setup.Dimensions are given in millimeters.
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 7273 Figure 7.2: Source module
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 74 Figure 7.4: Layout of the Minsky module
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 75 Figure 7.5: Chronogram of the synchronization between the galvanometer mirror and the CMOS camera. t i corresponds to the time between the exposure of two consecutive arrays of pixels. t array is the exposure time of a pixel array. T image is the period of the TTL signal, namely the time between the start of two consecutive frames.
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 76 Figure 7.6: Schematic drawing of the principle of the rolling shutter. In this example, the line illumination has a width corresponding to 3 camera pixels. t i corresponds to the time between the exposure of two consecutive arrays of pixels. The speed of the rolling shutter thus corresponds to t i per line.
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 77 Figure 7.7: Synchronization interface
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 78 Figure 7.8: Images of photoreceptor cells near the fovea. 4 deg by 2.4 deg average images acquired with the Minsky module with an exposure of 5ms per array (equivalent to global shutter mode) (A), with an exposure time of 50µs per array (B). Confocal SLO image acquired on the same region (C). Zoom of the same region of 0.6 deg by 0.6 deg (A 1 , B 1 and C 1 ) and their Fourier transform images (A 2 , B 2 and C 2 ). Scale bar: 100µm.

Figure 7 . 9 :

 79 Figure 7.9: Raw Minsky image of the granular structure that could be observed in the first acquisitions. The image was acquired on a field of view of 2 deg by 2 deg on the photoreceptor layer. Scale bar: 100µm
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 710 Figure 7.10: Average image of vessels, acquired at the nerve fiber layer with the conventional bright field configuration of the AO-FIO. (A) Wide field image, (B) and (C) Zoom of two regions, (B) illuminated area, (C) dark area. Scale bar: 50 µm.From Gofas 2019[20].
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 711 Figure 7.11: First attempts to visualize vessels after projecting an illumination pattern with a SLM. Average image of the nerve fiber layer (A) in bright field configuration, (B) after projecting stripes illumination pattern with the SLM. (A 1 ) and (B 1 ) Zoom of the same vessel in bright field, respectively with the stripes illumination [20].

Figure 8

 8 Figure 8.1 shows an image of the peripheral retina with a conventional bright field full-field mode (A), the same region illuminated with a periodic 278µm-large line pattern (B) and with a periodic 28µm-large line pattern (C). On each image, the same region marked in white has been magnified and displayed in insets to assess the effect of the illumination pattern on the detected signal. The illumination power per mm 2 is the same for the bright patches of all three images. Bright areas of image (C) were saturated. This allows us to examine more easily the dark regions. These details do not hamper the comparison between the bright field image and the ones acquired after projecting stripes illumination patterns.One can first notice how the fiber bed that covers the entire field of view of image (A) has disappeared in the dark areas of images (B) and (C), as in images presented by Chui et al. when using a large aperture with an offset[9]. This effect can also be assessed by analyzing the Power Spectral Density (PSD) of the detected signal. Images (D), (E) and (F) correspond to the Fourier Transform (FT) of the same region, framed in white in images (A), (B) and (C). The nerve fibers are oriented in the same oblique direction, which corresponds to a specific linear frequency signal, observable in (D). As fibers are not visible in dark areas of images (B) and (C), one can notice that the oblique frequency signal is no longer visible in the PSD (E) and (F).

Figure 8 .

 8 Figure 8.1: 4.2 deg by 2.5 deg average images of the nerve fiber layer in bright field mode (A), after projecting periodic lines with a width of respectively 278µm (B), 28µm (C). On each image, the same region marked in white has been cropped and magnified to show the details. Their corresponding Fourier Transform signals are shown in images (D), (E) and (F). The blue dashed line in image (A) show a region of saturated pixels. Scale bar: 100 µm

Figure 8 . 2 :

 82 Figure 8.2: Average images of the nerve fiber layer after projecting concentric illumination patterns (A), two vertical stripes of 240µm width (B), and two horizontal stripes of 100µm width. Images (A), (B) and (C) correspond to a field of view of 3.6 deg by 3.2 deg on the retina. On each image, the same region marked in white and blue has been zoomed to show the details (D), (E) and (F). Magnified views from image (A) on parts of vessels exhibiting phase contrast are shown in (A 1 ), (A 2 ) and (A 3 ) Scale bar: 100 µm

Figure 8 .

 8 Figure 8.3: 1.1 deg by 0.9 deg region of interest centered on red blood cells flowing in a capillary (yellow arrowheads). This image corresponds to a cropped full field image extracted from a registered image sequence on the nerve fiber layer after projecting a static illumination pattern. The imaged area also include a bigger vessel shown with a blue arrowhead. Scale bar: 50µm.

Figure 8 . 4 :

 84 Figure 8.4: 4 deg by 4 deg (1600 x 1600 pixels) average images of the photoreceptor layer, after projecting different illumination patterns. (A) line, (B) four squares illumination pattern. Each image was obtained after averaging a few hundreds of frames. Scale bar 100µm.

Figure 9 . 1 :

 91 Figure 9.1: Schematic model proposed by Guevara-Torres et al. for phase contrast imaging with an offset aperture AO-SLO. The original caption from [21] is reproduced. (1) (a) Geometrical model for offset aperture. When the beam is focused into the edge of a cell, the beam will be deviated into a direction that can match the detector offset detector. (b) Wave optics model of the light distribution at the detection plane is deviated to either the right or the left as the beam is scanned across the cell. (c) Simulated lens profile of a spherical cell as detected with a simulated offset aperture detector with a 20 Airy disc diameter (ADD) displacement and a pinhole diameter of 8.6 ADD. The vertical lines show the boundary of the cell. (2) Polarity change between (a) horizontal cell and (b) photoreceptor soma. (c) Intensity profile plot of the horizontal cell (HC) in (a) and the photoreceptor soma (PR) in (b)

Figure 9 .

 9 Figure 9.2: " Schematic diagram depicting the effect of offsetting the confocal aperture on the visibility of the capillaries." From Chui et al. 2012 [9]

Figure 9 . 3 :

 93 Figure 9.3: Schematic description of the oblique back-illumination microscope system introduced in Ford et al. for phase contrast imaging of thick scattering samples. From Ford et al. 2012 [109]

Figure 9 . 4 :

 94 Figure 9.4: Schematic drawing describing phase contrast in the case of retinal imaging with a camera-based detection. The illumination is focused on the plane of the phase object being imaged with the camera. The illumination is shifted laterally from the object. The emitted light which is first multiply scattered in the retina illuminates the phase object from the back.The light is then refracted by the object towards the eye pupil. As the eccentricity of the incident light rays that hits the object relatively to its center increases, the angle of refraction at the exit of the object gets bigger. For each angle, corresponding to a specific region of the object, a certain ratio of refracted light is detected through the pupil, which results in phase contrast. This illustration is inspired from the work of Ford et al. 2012[START_REF] Ford | Phase-gradient microscopy in thick tissue with oblique back-illumination[END_REF] 

Figure 9 . 5 : 9 . 3 . 4

 95934 Figure 9.5: Simulated image of "polystyrene bead embedded in a scattering tissue phantom consisting of 2 µm beads mixed in agarose" ([109]) Number of incident photons: 576 * 10 9 radius of the polystyrene bead: 45µm

Figure 9 .

 9 Figure 9.6: (A) Simulated intensity distribution at the plane of a phase object, similar to a red blood cell for different offsets x of the line illumination. (B) Plot of the evolution of the contrast of the phase object as a function of x.
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 11011 Testing the concept with the DMD pattern projection module Acquisition and ProcessingImages were acquired at several regions of the peripheral retina while projecting sequences of illumination patterns with the DMD. The switching frequency between the two consecutive patterns was set at the maximum switching speed of the DMD, that is 50 Hz. Stacks of 2048 by 2048 frames (corresponding to a 5 deg by 5 deg field of view) were acquired with the imaging camera of the AO-FIO (ORCA-Fusion Digital CMOS Camera, Hamamatsu, Japan) at 100 Hz, with an exposure time of 10ms, with Holovibes software[119].

Figure 10 . 1 :

 101 Figure 10.1: Raw images of photoreceptors after applying a striped illumination pattern. The stripes are 30µm thick and spaced by 340µm (and thus correspond to N ≈ 12). On each raw image of the stack (A), a mask is applied to select only the illuminated region (B) or the non-illuminated ones (C). Scale bar: 100 µm

Figure 10 . 2 :

 102 Figure 10.2: Averaged image of the photoreceptor layer with the pattern projection module of ECUROeil. Conventional bright field (A), partial field (B) and offset aperture (C) images. Zoom of same area (white square) of the field of view (A 1 ), (B 1 ) and (C 1 ). The partial field and offset aperture images were both obtained from the same image sequence as the raw image presented in Figure 10.1. Scale bar: 100 µm

3 .Figure 10 . 3 :

 3103 Figure 10.3: Averaged image of the nerve fiber layer acquired on the same region and with the same pattern as in Figure 10.3, with the pattern projection module of the ECUROeil. Conventional bright field (A), partial field (B) and offset aperture (C) images. Zoom of same area (white square) of the field of view (A 1 ), (B 1 ) and (C 1 ). Scale bar: 100 µm

Figure 10 . 4 :

 104 Figure 10.4: Averaged images of the nerve fiber layer in bright field mode (A), after projecting a 100µm thick line illumination on the upper part of the field of view (B) and its lower part (C). The difference between images (B) and (C) is shown in image (D), as well as their sum in image (E). The absorption contrast can be rendered over the entire field of view by applying a mask on the illuminated region of each image before summing them (E). Scale bar: 100 µm

Figure 10 . 5 :

 105 Figure 10.5: Reconstructed full-field images of the photoreceptor layer after projecting a sequence of 100µm thick line illumination patterns. The same sequence of images could be used to get a partial field (A), offset aperture (B) and (C) images, as well as differential (D) and absorption (E) contrasts. Scale bar: 100 µm

Figure 10 . 6 :

 106 Figure 10.6: Reconstructed full-field images of the nerve fiber layer after projecting a sequence of 100µm thick line illumination patterns. The same sequence of images could be used to get a partial field (A), offset aperture (B) and (C) images, as well as differential (D) and absorption (E) contrasts. Scale bar: 100 µm

Figure 10 . 7 :

 107 Figure 10.7: Principle of the acquisition modes incorporated in the Minsky module

Figure 10 . 8 :

 108 Figure 10.8: Averaged images of vessels, acquired on the nerve fiber with the Minsky module of the AO-FIO. (A) Bright field image, (B) offset image, (A 1 ) and (B 1 ) Zoom of two same section of a vessel. Scale bar: 100 µm

Figure 10 . 9 :

 109 Figure 10.9: Averaged image of photoreceptors, acquired with the Minsky module of the AO-FIO. (A) Bright field image, (B) offset image. Scale bar: 100 µm

Figure A. 1 :

 1 Figure A.1: Schematic drawing of ARTS setup. WFS: wavefront sensor; SLED: superluminescent diode. The AO source of the injection module is a SLD emitting at 845nm,with a spectral bandwidth of 30nm. From the PhD thesis of Jessica Jarosz[START_REF] Jarosz | Vers la conception d'un système d'optique adaptative pour la photocoagulation laser de la rétine[END_REF].

Figure A. 2 :

 2 Figure A.2: Schematic drawing of SCRAT setup. WFS: wavefront sensor; SLED: superluminescent diode. The AO source of the injection module is a SLD emitting at 833nm,with a spectral bandwidth of 50nm. From the PhD thesis of Jessica Jarosz[START_REF] Jarosz | Vers la conception d'un système d'optique adaptative pour la photocoagulation laser de la rétine[END_REF] 

  p u (µ) corresponds to the angular probability of illumination. We note µ = cos θ We consider an isotropic incident luminance and express p i (µ) asp i (µ) = 2n 2 N A 2 µ (B.3) Also, p u (µ, µ ′ ) = p u (u • u') dϕ (B.4)
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 06 After solving the integral over s 1 ,
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Figure C. 1 :

 1 Figure C.1: Table of MPE established by ISO 15004-2:2007 for group 2 instruments. α corresponds to the apparent angular diameter of the source and δ ASO RET the diameter of the source image size.

Figure C. 2 :

 2 Figure C.2: Light power measurements at the entrance of the eye and at a plane equivalent to the retinal plane.

Figure C. 4 :

 4 Figure C.4: Light power measurements at the entrance of the eye and at a plane equivalent to the retinal plane,in the case of a static line illumination on the retina.

Figure C. 5 :

 5 Figure C.5: Light power measurements at the entrance of the eye and at a plane equivalent to the retinal plane, in the case of a proper scanning of the line illumination over the retina. The power of the line illumination is considered 3 times bigger than the one of the current source module.

Figure C. 6 :

 6 Figure C.6: Light power measurements at the entrance of the eye and at a plane equivalent to the retinal plane, in the case of a static line illumination on the retina. The calculations were made for 3 fold more powerful line illumination.

Figure D. 1

 1 Figure D.1 shows bright field images of vessels at different peripheral regions of the retina.

Figure D. 1 :

 1 Figure D.1: Average images of vessels acquired on the nerve fiber layer with the Minsky module over 3.9 deg by 2.2 deg, at different locations of the peripheral retina. Scale bar: 100µm.

Figure E. 2 :

 2 Figure E.2: Design of the mount of the galvanometer mirror, technical drawing (A), 3D design (B) and 3D printed mount (C).

Figure E. 3 :

 3 Figure E.3: Design of the mechanical support of the source module (A), implementation on the system (B).
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Table 1 :

 1 Table of the retinal size units used in this manuscript.

	visual angle [deg] retina [µm] camera pixel
	1	288	393
	3.47	1000	1363
	2.54	730	1000

These values are recalled in the following table that may prove useful to the reader.

table 1 .

 1 1 To be able to describe the distribution of photons using the Monte

	Layer	L[µm]	g	ℓ s [µm]
	Neural retina	200	0.97	49.4
	RPE	10	0.84	6.3
	Choroïd	100	0.94	20
	Sclera	700	0.9	18.2

Table 1 . 1 :

 11 Table of the optical properties for each layers of the model, for a wavelength of 860nm. L: thickness. g: anistropy factor. ℓ s : scattering mean free path. B: optical thickness.

Table 5 .

 5 1: Averaged Michelson Contrast measurements from the images acquired with the four illumination patterns corresponding to the same illuminated surface shown in Fig.5.3.

	Square	6100	5030	8072	0.232	0.04	7.0
	Round	6532	5322	8595	0.236	0.03	7.1
	Line	3251	2610	4514	0.264	0.05	8.0
	Cross	3866	3150	5383	0.260	0.05	7.8
	Full-field 37481	36431	38934	0.033	0.01	1.0

Table 6 .

 6 6.1 the optical parameters of each layers of the model stated in Chapter 1, Tab.1.1, augmented with the optical thickness, B = L/ℓ s , the transport mean free path, ℓ * and what could be called a transport optical thickness B 1: Table of the optical properties for each layers of the model, for a wavelength of 860nm. L:thickness. g:anistropy factor. ℓ s : scattering mean free path. B: optical thickness.

	Layer ℓ Neural retina L[µm] g 200 0.97	49.4	4.1	1646.1	0.12
	RPE	10	0.84	6.3	1.6	39.1	0.26
	Choroïd	100	0.94	20	5	333.3	0.30
	Sclera	700	0.9	18.2	38.5	181.1	3.86

* = L/ℓ * . s [µm] B = L/ℓ s ℓ * [µm] B t = L/ℓ *

Table 6 .

 6 .2. 2: Overview panel of the transmission and backscattering ratio computed for each layer of the system, considered independently. The values of the table are in percentage and were obtained after computing the Monte Carlo algorithm on a packet of 50000 photons.

	Layer	N eural retina RP E Choroid Sclera
	Transmitted	97.88	97.79	93.79	34.09
	Backscattered	2.12	2.21	6.21	65.91
	Singly backscattered	1.51	8.34	0.87	0.16
	Multiply backscattered	98.49	91.66	99.13	99.84

  Lu et al. could achieve retinal imaging at 200 Hz on a field of view of 1.2 deg by 1.2 deg, with a high speed LSLO[START_REF] Lu | High-speed adaptive optics line scan confocal retinal imaging for human eye[END_REF]. Increasing even more the imaging frame rate by limiting the field of view has proven to be efficient for imaging blood flow in capillaries[START_REF] Gu | Noninvasive in vivo characterization of erythrocyte motion in human retinal capillaries using highspeed adaptive optics near-confocal imaging[END_REF]. Gu et al. have indeed reported the ability to perform retinal imaging at 800 Hz over a field of view of 1.2 deg × 0.3 deg, with the high speed LSLO.

  Ford et al. and Guevara-Torres et al. models share many common features (which is natural since the first one is one of the references and source of inspiration for the first one): both include geometrical optics refraction associated with multiple scattering to explain how phase contrast can appear when imaging a refractive object in a thick scattering medium in a reflection configuration. Both consider a spherical medium with an index mismatch as a canonical structure. The however differ on two fundamental aspects: • In Ford et al. model, light is back-scattered and then refracted. It is the other way around in Guevara-Torres et al. model; • In Ford et al. model, it is the pupil filtering that creates phase contrast, whereas it is the pinhole filtering in a plane conjugated to the retina that produces it in Guevara-Torres et al. model.

a key structure in vision mechanism, (seeChapter 1) 

However, it cannot rigorously be defined as a law of probability because it is not normalized, as 4π p(⃗ u • ⃗ u ′ ) dΩ = 4π., in 3D space.

The same wavefront sensor as in SCRAT wavefront sensor of SCRAT (Sensing and Correction of oculaR AberraTions) (see Appendix A)

Devices that do not present any potential of radiation hazard and can be handled by non-specialist users

in visual angles, 1 deg corresponds approximately to 297µm in the retinal plane.

4.2. SIO: SUBMITTED PAPER

† These authors contributed equally to this paper.

with g over 0.85, the scattering events in the first three layers do not change much the direction of propagation, so that the trajectories are almost vertical. Hence, the typical number of scattering events in each layer is almost equal to the optical thickness (that is the thickness divided by the scattering mean free path). For the three first layers, we obtain 11 scattering events, which

means 22 scattering events back and forth.

For instance, on ECUROeil, measurements of the detection noise have been performed on the imaging camera and gave a value of 1.46 electrons rms for the readout noise, roughly 100 ADU for the dark current and 1/12 ≈ 0.08 for the quantization noise[START_REF] Lai-Tim | Imagerie haute résolution de la rétine humaine par illumination structurée assistée par optique adaptative[END_REF]. The number of counts per frame per pixels corresponding to photons hitting the detector is at least 1000.

Surprisingly enough, capillaries and erythrocyte flow in it could be observed in a wider area close to the Lacrima Cribrosa, allowing to build convincing perfusion maps[START_REF] Gofas-Salas | Near infrared adaptive optics flood illumination retinal angiography[END_REF].

In this regard, Sapoznik et al. have previously introduced a detection layout, including a SLM, to adapt the design of the aperture configuration of an AO-SLO system for improving the imaging contrast on retinal vessels[START_REF] Sapoznik | Enhanced retinal vasculature imaging with a rapidly configurable aperture[END_REF]. It should be noted that our approach differs from the strategy depicted in Sapoznik et al. since the images are built up from different processes. With the AO-SLO system, the PSF resulting in a point-like illumination on the structure of interest, is split into two part at a conjugated retinal plane, where the SLM is placed. The backscattered light is indeed reflected by the SLM towards one or the other of two detection channels depending on the position of the mirror either 'ON' or 'OFF'. On each channel, the light is then focused on avalanche photodiodes. That way, the SLM allows simultaneous detection of the confocal signal and the multiply scattered light.

This work is part of a collaboration with Dr. Pierrat, from Institut Langevin.
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Appendix

A. Choice of the parameters for the SIO reconstruction

The parameters' choice of the imaging model (Equation ( 2)), required for the SIO reconstruction, is described below.

The PSFs are derived from the corresponding optical transfer functions (OTF) in the reciprocal space. The in-focus OTF h0 is modeled by a diffraction-limited OTF attenuated by an exponential term with a dampening parameter of 0.1 as in FairSIM [28] to account for residual optical aberrations. The out-of-focus OTF h𝑑 is obtained by applying the same exponential attenuation to an OTF with defocus aberration. The defocus value was chosen in such a way that the defocused

Disclosures

The authors declare that there are no conflicts of interest related to this article.

Part III BRIGHT FIELD IMAGING

Part IV PHASE CONTRAST IMAGING

We have seen in section ?? that in AO-SLO by combining several images obtained with the same system on the same region, it is possible to emphasize one specific type of contrast among bright-field, phase and absorption contrasts. We intend to get equivalent images with the updated pattern projection module of ECUROeil.

In Figure 10.4, we have projected similar alternatively striped illumination patterns but illuminating a region slightly shifted up and down from the center of the field of view. The registered images corresponding to the same offset could be averaged (see images (B) and (C) of Figure 10.4) and combined with the averaged image corresponding to the opposite offset. The differential image in Figure 10.4-(D) is the result of the difference between the two averaged images, and should amplify the phase contrast (See Chapter 8). Summing the two images results in image (E) and should give an absorption contrast. Parts of the vessels which are not located between the two stripes (light orange arrows) seem to exhibit a phase contrast. Therefore the combination of the multiple scattering contribution resulting from the illumination stripes appear to have an effect only in the region between them. When observing the cross section of the vessel in this region, one can note that the contrast of its walls is enhanced in the differential image, while in image (E) it is the dark line inside the vessel which is emphasized. Assuming the images corresponding to opposite offsets favors absorption contrast (see Chapter 8), this dark line inside the vessel suggests that it originates from light absorption by the red blood cells. As we demonstrated the capability of the pattern projection module to be used to provide differential imaging (Figure 10.4-(D)) and absorption contrast (Figure 10.4-(E)), by combining images from the same set of images, we aim to reconstruct the full field images with the same method. One first attempt is shown in Figure 10.4-(F), where a mask has been applied on the illuminated region of each image before summing them. This technique yet generates inhomogeneities of the intensity spatial distribution. The reconstruction protocol should therefore be adjusted so that each region of the reconstructed image corresponds to the same irradiance. One should note that image (F) was obtained after averaging more images for each offset that the absorption image (E), which explains why the vessel in the center of the field of view seems more contrasted in (F) than in (E).

Appendix A

Brief history of the flood illumination retinal imager research bench, from ARTS to ECUROEIL

In this appendix, I present a brief history of ECUROeil bench from its premises with the measurements of ocular aberrations to retinal imaging at high resolution with the flood illumination ophthalmoscopes.

A.1 Measuring the ocular aberrations with ARTS system

The project of retinal imaging with an AO-flood illumination ophthalmoscope in ONERA, started with the measurements of ocular aberrations with the optical bench ARTS (Aberrometre hautement Résolu Temporellement et Spatialement, High spatial and temporal resolution aberrometer). This setup was performing pupil imaging at a high rate and high resolution and measurements of the wavefront aberrations, at a low rate, on a real eye [START_REF] Emica | Caractérisation des perturbations oculaires pour l'optimisation d'un système d'optique adaptative[END_REF]. As shown in figure A.1, it consisted of an AO source module, including a superluminescent diode (SLD), emitting at 845nm, with a spectral bandwidth of 30nm, a pupillary imaging module for high spatial and temporal resolution measurements of the position of the eye pupil and the Shack-Hartmann wavefront sensor for measuring the aberrations. A human-machine interface system (HMI) was governing the pupil imaging module and the wavefront sensor. The system also comprised a reference eye module, including an artificial eye and a reference source, that would mimic the illumination of the retina by a point like source. During a measurement session, on a real eye, the subject was placed in front of the bench and stabilized with a chin and forehead rest. A part of the spectrum of the AO light source was reaching the visible range and was used as a fixation target.

The system ARTS provided a basis for the development of the following system, SCRAT (Sensing and Correction of oculaR AberraTions), which carried out studies on fine evolution in space and time of ocular aberrations, on a large population and the effect of fixational eye movements on the dynamics of ocular aberrations.

Appendix B Analytical expression of the multiple to single scattering ratio

The MSR is an intrinsic property of the medium that characterizes its degree of scattering. According to this last analysis on the SNR, this feature seems to also correspond to an optimal value of N that would provide a SNR close to its optimal value of √ S. While taking into account the optical properties of the retinal layer, we aim to further our understanding of scattering haze with quantitative results on the reflectivity of the eye and the characteristics of the scattering haze and an estimation of the MSR. It would consequently suggest ways of enhancing the bright field contrast. We opted for developing a modeling of scattering in the retina for doing so.

We previously observed with the Monte Carlo model that the majority of the incident photons would be backscattered out of the retina, mainly after reaching the sclera. Considering the same system as for the Monte Carlo simulation, we can assume that it corresponds to a semi-infinite system in reflection. The numerical aperture at the illumination and detection are considered to be the same and defined by the aperture of the eye pupil. As for the previous study, light absorption has not been taken into account in the following development. The same Henyey-Greenstein phase function characterize the scattering of photons inside the system. The travel of photons is consequently only depend on the anisotropy factor, g, of the retinal medium. The difference between the effective optical index of the retinal medium, the vitreous humor, the eye lens and the air, where lies the light source and the detector, is assumed to be close enough to neglect the specular reflection on the interfaces between these media, for the sake of simplicity of the model. We call P 0 , the incident power. In order to determine a formula of the MSR, we first focus on expressing both the numerator and denominator independently.

B.1 Single scattering

The singly backscattered signal corresponds to the part of the incident photons that have been sent into the system with an initial direction u, which have experienced one single scattering event that has deviated their trajectory into the direction u', before travelling through the eye pupil towards the detector. If we name P s,det the corresponding power, then:

with p s (s) the density of probability for the photon to travel through a distance s between two scattering events. It can be expressed as:

B.3 Expression of the MSR

Now that we have the expression of both the single and multiple scattering, let's determine the MSR.

As seen before, the Henyey-Greenstein function is,

(B.15)

We assume that the numerical aperture of the eye is small, so that 1 -µ N A ≪ g that way, µ 0 ≈ 1 and µ 1 ≈ -1, so the scalar product of u • u' from B.5, can be simplified as u • u' ≈ -1 and from equation B.15,

The ratio between the multiply scattered signal and the singly scattered one finally gives,

For instance, M SR(g = 0.94) = 500.

Appendix C Eye safety Minsky module

Eye safety was taken into account while designing the system. Such change of the illumination technique, from a flood to a line scanning illumination requires to give special attention to eye safety.

We use the ISO 15004-2:2007 standard, that sets illumination limits for ophthalmic instruments in group 2. They correspond to instruments which present "a potential radiation hazard" and can therefore only be handled by specialized personnel.

Given the wavelengths and the size of the illumination beams of the setup, the maximum illumination power for each operating light source can be determined by evaluating the Maximum Permissible Exposure (MPE) on the cornea or on the retina. These tabulated values are found in the ISO 15004-2 (2007) standards. During the imaging sequence, the eye of the subject is exposed to both the AO beacon light source at 750nm and the line illumination at 850nm. Firstly, the AO light source continuously illuminates both the cornea and the retina. Secondly, the line illumination, remains static on the cornea while on the retina, it should be considered as a pulsed source for each illuminated sub-areas of the retina when evaluating the maximal incident power on the retina. According to ISO 15004-2 (2007), given the MPE, the irradiance that is sent out should not exceed the following limit:

with E(λ)and R(λ) the spectral illuminance and the thermal hazard weighting factor. Considering monochromatic sources, the limit can be expressed as

which results in the following relation:

The MPE factors can be retrieved from the ISO 15004-2:2007 standards, for both AO and line illumination, on the different eye locations, as shown in table C.1.

dr is the diameter of the exposure spot on the retina. Following rules of ISO 15004-2:2007, a value of 1.7mm should be used, when it was above 1.7mm and value of 0.03mm, when it was below 0.03mm. H V IR-R is the weighted radiant exposure at the retina. It is calculated as cumulated irradiance over time, based on the measured irradiance and the pulsation pattern of the imaging source. For the repetitive impulses on the retina, ISO 15004-2:2007 introduces a correction factor N -1 4 where N is the number of pulses. All the times are measured in seconds.

Appendix D Supplementary Minsky images of the retinal vasculature

This appendix includes supplementary images acquired with the Minsky module on the nerve fiber layer, in both bright field and phase contrasts. 

Ethical considerations in the research carried out

Due to the applied dimension of this thesis work on retinal imaging, we find it is necessary to insist on the procedures that have been put in place to ensure that the research have been conducted in line with good clinical practice. The use of the ECUROeil imaging system is regulated within the framework of the IMA-MODE (High resolution and high speed Multimodal Ophthalmic Imaging) clinical trial protocol (Registered in clinicaltrials.gov under the references NCT04128150 and NCT04129021), whose principal investigator is Pr. Michel Paques. As required by french law, this protocol has been submitted to The National Agency for the Safety of Medicines and Health Products (ANSM) and to the Committee for Personal Protection (CPP), which have given their authorization for the clinical trial. The promoter of the study was the Quinze-Vingts hospital. All participants signed an informed consent form. In order to protect the personal data of the participants, the data shared or presented were anonymized. In accordance with the General Regulation for Data protection, data management was overseen by our data protection officer (DPO), and the French Commission Nationale Informatique et Libertés (CNIL) was informed.

We made sure that each volunteer met the inclusion criteria, which includes being over 18 years old. For example, one can also mention that interns were not allowed to take part to the study, in order to avoid any potential hierarchical pressure. If the inclusion criteria were met, the participant was asked to sign a free and informed consent form. In other words, prior to taking any decision, the participant is explained the objectives and methodology of the study, as well as any information about the possible consequences thereof. All the volunteers went then under a standard ophthalmological examination before being imaged with ECUROeil imaging system.

To ensure the consistency and quality of the data collected, a calibration protocol for the imaging system has been estabished and performed daily before starting the acquisitions. It includes the alignment of the reference channel (alignment of the camera of the adaptive optics module) and the diagnostic channel (alignment of the deformable mirror) of the imaging system. The quality of the alignment is evaluated from the value of the slopes of the wavefront error on the Shack-Hartmann wavefront sensor and by the value of the Strehl ratio obtained after closing the adaptive optics loop on the diagnostic channel. A last step consists in imaging an artificial eye, placed at the output of the ECUROeil system, in a closed loop and evaluating the corresponding Strehl ratio. Before each imaging session, the illumination power of each light source used is measured with a power meter. The investigators check that these power values are in conformity with the standards of ocular safety (ISO 15004-2:2007 standard, see appendix C). At each imaging session, the participant is asked to rest his or her chin on a chinrest and stare at a target. In most cases, the data were taken without pupil dilation. For the particular