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Titre: Étude du couplage neurovasculaire rétinien human à haute résolution par optique
adaptative

Mots clés: Rétine, Optique adaptative, Couplage neurovasculaire, Ophtalmologie, Imagerie,
Système vasculaire

Résumé: L’œil, grâce à sa transparence, per-
met d’observer la rétine de manière non invasive
via des méthodes optiques, en faisant un organe
privilégié pour l’étude du couplage neurovascu-
laire, un mécanisme clé qui régule l’apport san-
guin afin de satisfaire les besoins énergétiques
des neurones. Ce processus, essentiel au bon
fonctionnement cérébral, peut être altéré dans
certaines pathologies oculaires et systémiques.
Ainsi, le développement de systèmes d’imagerie
de la rétine permettant de caractériser finement
le couplage neurovasculaire grâce à une imagerie
à haute résolution spatiale et temporelle du
réseau vasculaire rétinien pourrait faciliter le di-
agnostic, la prévention et la compréhension de
ces maladies.
Les systèmes d’imagerie plein champ corrigés
par optique adaptative (AO), tels que le banc
ECUROeil développé par l’ONERA, offrent des
avantages considérables pour l’étude du cou-
plage neurovasculaire à haute résolution. Ils
permettent une imagerie à la limite de diffrac-
tion (2 µm) avec un large champ et une haute
cadence d’imagerie. Toutefois, la lumière dif-
fusée par les différentes couches de la rétine ré-
duit le contraste des images. Tout l’enjeu de
ma thèse est de trouver un moyen d’améliorer
ce contraste. Une piste pour cela est venue
de l’utilisation d’une matrice de micromiroirs
(DMD) pour projeter une illumination par mo-
tifs dans la rétine. Il a été démontré que cette
technique améliore le contraste dans les zones
éclairées et révèle, par contraste de phase dans
les zones non éclairées, les parois des vaisseaux
sanguins ainsi que les globules rouges.
En s’appuyant sur ce principe, tout en conser-
vant une imagerie à champ large et à haute
vitesse, essentielle pour l’étude du couplage neu-
rovasculaire, j’ai contribué à l’implémentation
d’un nouveau système d’imagerie haute résolu-
tion : l’AO-CRSO (Confocal Rolling Slit Oph-
thalmoscope). Ce système projette une fine

ligne d’illumination qui est balayée sur la ré-
tine et synchronisée avec l’obturateur (« rolling
shutter ») d’une caméra. En ajustant le dé-
calage entre l’illumination et la détection, nous
avons réussi à obtenir des images à contraste
de phase sans distorsion, permettant ainsi de
visualiser les vaisseaux sanguins et les globules
rouges à 200 Hz sur un champ de 2,5° x 4°.
Mon travail a ensuite consisté à adapter ce sys-
tème pour l’étude de la dilatation des vaisseaux
sanguins par couplage neurovasculaire au cours
d’une stimulation lumineuse. Une voie de stim-
ulation permettant de réaliser des tests « flicker
», où une lumière visible est projetée dans l’œil
pour stimuler les neurones de la rétine, a été
intégrée dans le système. Ensuite, en utilisant
des données empiriques acquises à la fois avec
les systèmes DMD et AO-CRSO, j’ai optimisé
les paramètres d’exposition et le décalage en-
tre l’illumination et la détection, afin de max-
imiser le contraste des parois des vaisseaux san-
guins. J’ai également développé un algorithme
me permettant de traiter les images acquises
pour mesurer automatiquement le diamètre des
vaisseaux imagés. Cette méthode m’a permis
de mesurer de manière robuste le diamètre des
vaisseaux avec une précision de 0,1 µm toutes
les 0,1 secondes sur des séquences d’imagerie de
plusieurs minutes.
Ce protocole a été mis en œuvre dans une étude
clinique réalisée sur huit sujets sains, visant
à étudier le couplage neurovasculaire avec une
haute résolution spatio-temporelle. Nous avons
observé une dilatation moyenne significative de
5,2 % des artères en réponse à la stimulation
lumineuse. De plus, pour la première fois, nous
avons pu visualiser la dynamique de dilatation
des artères sous l’action simultanée du rythme
cardiaque, de la vasomotion et du couplage neu-
rovasculaire. Ces résultats ouvrent ainsi de nou-
velles perspectives vers une caractérisation plus
fine du couplage neurovasculaire in vivo.
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Title: High resolution study of human retinal neurovascular coupling using adaptive optics

Keywords: Retina, Adaptive Optics, Neurovascular Coupling, Ophthalmology, Imaging, Vascu-
lar System

Abstract: The eye, due to its transparency, al-
lows for non-invasive observation of the retina
through optical methods, making it an ideal
site for studying neurovascular coupling, a key
mechanism that regulates blood flow to meet
the neurons’ energy demands. This process,
essential for proper brain function, can be im-
paired in some ocular and systemic pathologies.
Thus, the development of retinal imaging sys-
tems capable of finely characterizing neurovas-
cular coupling through high spatial and tem-
poral resolution imaging of the retinal vascular
network could greatly facilitate the diagnosis,
prevention, and understanding of these diseases.
Full-field adaptive optics (AO) imaging systems,
such as the ECUROeil bench developed by ON-
ERA, offer significant advantages for study-
ing neurovascular coupling at a high resolution.
They enable diffraction-limited imaging (2 µm)
on a wide field of view and at a high imaging
rate. However, light scattered by the differ-
ent retinal layers reduces image contrast. The
main challenge of my thesis was to find a way
to enhance this contrast. A solution to improve
the contrast came from the use of a digital mi-
cromirror device (DMD) to project patterned
illumination onto the retina. It has been shown
that this technique improves bright field con-
trast in illuminated areas and reveals translu-
cent structures such as the walls of blood ves-
sels and red blood cells in the non-illuminated
areas.
Building on this principle, while maintaining
a large field of view and high-speed imaging,
which is essential for studying neurovascular
coupling, I contributed to the implementation
of a new high-resolution imaging system: the
AO-CRSO (Confocal Rolling Slit Ophthalmo-

scope). This system projects a thin line of illu-
mination that is scanned across the retina and
synchronized with the rolling shutter of a 2D
camera. By adjusting the offset between illu-
mination and detection, we were able to obtain
phase contrast images without distortion, allow-
ing us to visualize blood vessels and red blood
cells at 200 Hz over a 2.5° x 4° field of view.
My work then focused on adapting this sys-
tem to study blood vessel dilation due to neu-
rovascular coupling during light stimulation. A
stimulation channel allowing for ’flicker’ stimu-
lation, where visible light is projected into the
eye to stimulate retinal neurons, was integrated
into the system. Then, using empirical data ac-
quired with both the DMD and AO-CRSO sys-
tems, I optimized the exposure parameters and
the offset between illumination and detection to
maximize the contrast of blood vessel walls. I
also developed an algorithm to process the ac-
quired images and automatically measure the
diameter of the imaged vessels. This method
allowed me to reliably measure vessel diameters
with a precision of 0.1 µm every 0.1 seconds in
imaging sequences lasting several minutes.
This protocol was implemented in a clinical
study conducted on eight healthy subjects, aim-
ing to study neurovascular coupling with high
spatial and temporal resolution. We observed
a significant average dilation of 5.2% in the ar-
teries in response to light stimulation. Further-
more, for the first time, we were able to visualize
the full dynamics of arterial dilation influenced
by heart rate, vasomotion, and neurovascular
coupling. These results open new perspectives
for a more detailed characterization of retinal
neurovascular coupling in the retina.
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Résumé en Français

La rétine est un tissu essentiel à la vision, chargé de capter les signaux lumineux et de les
transmettre au cerveau sous forme d’impulsions nerveuses. Pour accomplir cette fonction, elle
s’appuie sur un ensemble complexe de cellules photosensibles, de neurones, et sur un réseau vas-
culaire qui garantit son oxygénation et son bon fonctionnement. Unique par sa transparence,
l’œil offre un accès optique direct à la rétine, en faisant la seule partie du système nerveux
central pouvant être observée de manière non invasive. Un des mechanisme essentiel au bon
fonctionnement à la fois du cerveau et de la rétine est le couplage neurovasculaire (CNV), un
mécanisme clé qui régule l’apport sanguin afin de satisfaire les besoins en énergie et en oxygène
des neurones.

Des altérations du CNV peuvent survenir dans des pathologies oculaires telles que la rétinopathie
diabétique ou le glaucome, mais aussi dans des maladies systémiques comme Alzheimer. Ces
anomalies du CNV dans la rétine peuvent précéder l’apparition des premiers symptômes clin-
iques de ces maladies, en faisant un biomarqueur potentiel d’intérêt. Ainsi, développer des
systèmes d’imagerie rétinienne capables de caractériser finement le CNV pourrait ainsi faciliter
le diagnostic, la prévention et la compréhension de ces maladies.

Dans la rétine, le couplage neurovasculaire se traduit par une dilatation des vaisseaux san-
guins et une augmentation du flux sanguin en réponse à une stimulation lumineuse. Pour
caractériser ce phénomène, il est nécessaire de pouvoir mesurer ces variations avec une haute
résolution spatiale et temporelle. Une haute résolution spatiale est nécessaire pour détecter
des dilatations de l’ordre de quelques microns, tandis qu’une haute résolution temporelle est
indispensable pour suivre la dynamique du couplage neurovasculaire. Cela permet également
de distinguer ce phénomène d’autres variations naturelles, comme celles dues au cycle cardiaque
ou à la vasomotion, qui influencent le diamètre des vaisseaux même en l’absence de stimulation.
Mon objectif au cours de cette thèse à été de développer un tel système puis de l’exploiter pour
étudier le couplage neurovasculaire in vivo.

Mon travail a débuté par l’utilisation d’un système plein champ corrigé par optique adap-
tative (AO), le banc ECUROeil développé par l’ONERA. Ce dispositif offre une imagerie à la
limite de diffraction (résolution de 2 µm) sur un champ large (4° x 4°) et à une cadence élevée
(100 Hz). Cependant, avec ce type de système, la lumière est multidiffusée par les différentes
couches de la rétine, ce qui a pour conséquence une réduction du contraste des images, rendant
nécessaire le moyennage de plusieurs images pour mesurer le calibre des vaisseaux. Cette con-
trainte limite significativement la résolution temporelle du système, constituant ainsi un frein
à l’étude du couplage neurovasculaire.
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Dans le premier chapitre de cette thèse, j’ai exploré la piste consistant à utiliser une ma-
trice de micromiroirs (Digital Micromirror Device ou DMD) pour projeter une illumination par
motifs dans la rétine sur le banc ECUROeil. Il a été démontré dans des travaux précedents que
quand un motif est projeté dans la rétine à l’aide du DMD, on visualise, par contraste de phase,
des structures transparentes telles que les parois des vaisseaux sanguins ou les globules rouges.
Ce contraste de phase apparait dans les zones du champ qui ne sont pas éclairées directement
par le motif d’illumination. Ainsi, il est possible de projeter une ligne fine d’illumination puis
de sélectionner numériquement en post traitement, seulement les pixels en bordure de la ligne
d’illumination, contenant le contraste de phase. En scannant cette ligne sur l’ensemble du
champ, il a été mis en place une méthode permettant d’obtenir des images à contraste de phase
sur l’entièreté du champ de vue.

Dans le chapitre 2, en s’appuyant sur le même principe qu’avec le DMD, tout en conservant
une imagerie à haute vitesse, essentielle pour l’étude du couplage neurovasculaire, j’ai contribué
à l’implémentation d’un nouveau système d’imagerie haute résolution : l’AO-RSO (Rolling Slit
Ophthalmoscope). Ce système permet la projection d’une fine ligne d’illumination qui est bal-
ayée sur la rétine et synchronisée avec l’obturateur (« rolling shutter ») d’une caméra. En
ajustant le décalage entre l’illumination et la détection, nous avons réussi à obtenir des images
à contraste de phase sans distorsion, permettant ainsi de visualiser les vaisseaux sanguins et les
globules rouges à haute cadence (200 Hz) sur un grand champ (2,5° x 4°).

Dans le chapitre trois, mon travail a ensuite consisté à adapter ce système pour l’étude de
la dilatation des vaisseaux sanguins de la rétine par couplage neurovasculaire au cours d’une
stimulation lumineuse. Une voie de stimulation permettant de réaliser des tests « flicker »,
où une lumière visible est projetée dans l’œil pour stimuler les neurones de la rétine, a été
intégrée dans le système. Ensuite, en utilisant des données empiriques acquises à la fois avec
les systèmes DMD et AO-RSO, j’ai optimisé les paramètres d’exposition et le décalage entre
l’illumination et la détection, afin de maximiser le contraste des parois des vaisseaux sanguins.
Enfin, J’ai développé un algorithme me permettant de traiter les images acquises pour mesurer
automatiquement le diamètre des vaisseaux imagés. Cette méthode m’a permis de mesurer en
continu le diamètre des vaisseaux avec une précision de 0,1 µm toutes les 0,1 secondes sur des
séquences d’imagerie de plusieurs minutes.

Dans le quatrième chapitre, les méthodes développées au cours de cette thèse ont été ap-
pliquées dans le cadre d’une étude clinique menée sur huit sujets sains. Le diamètre de leurs
artères a été mesuré en continu lors d’acquisitions de 50 secondes, avec et sans stimulation.
Nous avons ainsi pu observer, avec une haute résolution spatiale et temporelle, l’effet d’une
stimulation lumineuse sur le diamètre des artères rétiniennes. Cette stimulation a entraîné une
dilatation significative des artères, en moyenne de 5%. De plus, pour la première fois, nous
avons réussi à visualiser l’évolution temporelle de ce diamètre sous l’influence conjointe du ry-
thme cardiaque, de la vasomotion et du couplage neurovasculaire. Enfin, l’analyse des données
collectées sous différentes conditions de stimulation a permis d’obtenir des résultats prélim-
inaires prometteurs, ouvrant des perspectives vers une meilleure compréhension du couplage
neurovasculaire, aussi bien chez des sujets sains que pathologiques.
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General introduction

The importance of neurovascular coupling in healthy brain
function

The human brain is widely regarded as one of the most complex structures in the animal
kingdom. It consists of approximately 86 billion neurons interconnected by trillions of synapses
[1]. The brain orchestrates an astonishing number of functions: from basic survival instincts
to the highest forms of human cognition and creativity. However, the workings of the human
brain remain an open question.

At the heart of the brain’s functionality lies a sophisticated network of neurons that com-
municate through electrical and chemical signals. However, the efficient operation of this neural
network is dependent on an efficient and dynamic supply of oxygen and nutrients, delivered
via the brain’s vascular system. This interdependence between neural activity and blood flow
is controlled by a process known as neurovascular coupling.

The work of Roy and Sherrington [2] in the late 19th century laid the foundation for the field
of neurovascular coupling, demonstrating that changes in neural activity are accompanied by
changes in blood flow in the brain. Over the following century, advancements in imaging tech-
nologies, particularly functional magnetic resonance imaging (fMRI)[3], have provided powerful
tools for studying neurovascular coupling in vivo, offering new insights into the dynamic pro-
cesses underlying brain function [4]. However, fMRI is a time-consuming and costly technology
with limited accessibility, restricting its widespread use. Moreover, its millimeter-scale spatial
resolution is much lower than the micrometer-scale of individual cells [5], making it insufficient
for measuring neurovascular coupling at the cellular level.

Deregulation of neurovascular coupling is observed in various neuropathological conditions,
including ischemic stroke [6], Alzheimer’s Disease [7], and cognitive impairments stemming from
hypertension [7]. This emphasizes the importance of understanding neurovascular coupling to
identify new biomarkers for disease progression monitoring and to design therapeutic strategies
targeting aberrant blood flow control mechanisms following these disorders [8].

Accessing neurovascular coupling through the eye at the mi-
crometer scale

Interestingly, the principles of neurovascular coupling are not confined to the brain. The retina
is an extension of the central nervous system and provides a unique and accessible window for
studying these dynamics [9]. Indeed, the neurons at the core of visual information processing
can be easily activated using light. Simultaneously, the effect of the stimulation on the vascular
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system of the retina can be assessed using optical imaging modalities.

There are two main advantages of using this approach as compared to classical brain imaging
techniques. First, optical modalities can achieve lateral resolutions at the micrometer scale, en-
abling the visualization of interactions between neuronal cells and the vascular network in vivo,
potentially down to the level of individual cells. This capability could provide valuable insights
into the cellular mechanisms underlying neurovascular coupling, enhancing our understanding
of brain function. Additionally, many vision-related and systemic degenerative diseases, such
as diabetic retinopathy and Alzheimer’s disease, exhibit early disruptions in neurovascular cou-
pling [10, 11]. As a result, the eye could serve as a source of biomarkers for these conditions,
potentially allowing for earlier detection than conventional neuroimaging or clinical examina-
tions [12]. This potential is further reinforced by the fact that in vivo imaging using optical
modalities is typically fast and non-invasive, making it a promising tool for disease screening.

In response to a flickering visible light, neurons of the inner retinal layers are activated. This
stimulus triggers the dilation of primary arterioles on the retinal surface, leading to enhanced
blood flow throughout arteriolar, capillary, and venular networks within the retina [9]. There-
fore, to study neurovascular coupling, one must be able to measure the dilation of blood vessels
or the changes in blood flow as a response to light stimulation. To date, numerous techniques
have been used to study neurovascular coupling, either by measuring changes caused by light
stimulation in blood vessels diameter, for instance with the retinal vessel analyzer [13, 14, 15]
or by measuring changes in blood flow with laser Doppler velocimetry [16, 17, 18].

Although these techniques have given precious information about the global and broad
working of neurovascular coupling, a system able to measure neurovascular coupling at a high
spatial and temporal resolution would be very beneficial to better understand this phenomenon:
the dilation of blood vessels in response to light stimulation is minimal, typically only a few
micrometers, requiring a system with high resolution and contrast for accurate measurement.
Additionally, neurovascular coupling is a dynamic process that demands continuous monitoring
and high temporal resolution to track changes in vessel diameter or blood flow over time.

Recent advancements in eye imaging technologies have addressed some of these challenges.
Notably, adaptive optics (AO), a technique that corrects dynamic eye aberrations in real-time,
first demonstrated in 1997 for retinal imaging, enables the visualization of individual retinal
cells [19]. Over the next decades, AO technology advanced further with the development of
the Adaptive Optics Scanning Laser Ophthalmoscope (AO-SLO) [20], which enhances image
contrast by spatially filtering out multiply-scattered photons. Additionally, "offset aperture"
techniques were introduced, slightly offsetting the detection pinhole to allow phase contrast
imaging of translucent retinal structures such as ganglion cells, red blood cells, and blood
vessel walls [21, 22, 23].

Although adaptive optics offers high spatial resolution, achieving both high spatial and
temporal resolution on a large field of view remains challenging. Indeed, AO-SLO systems
include a scanning element which results in a trade off between temporal resolution and field of
view with this technique. On the other hand, camera-based, full-field adaptive optics systems
have a large field of view and high temporal resolution but suffer from low contrast due to
multiply scattered photons in the different layers of the retina.
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Our approach: developing tools to study neurovascular cou-
pling in the human retina at a high spatial and temporal
resolution.
The environment of the Paris eye imaging group in which my PhD thesis was conducted is
composed of various innovative imaging instruments directly located at Paris’s 15-20 hospital,
in proximity with patients and ophthalmologists. The goal of my PhD thesis was to take
advantage of this environment to implement a system able to study neurovascular coupling at
a high spatial and temporal resolution and then to apply it in a clinical environment.

Before the beginning of my PhD, the group of Serge Meimon has developed a high loop
rate AO-Flood Illumination Ophthalmoscope which possesses many of the desirable qualities
for studying neurovascular coupling: large field of view, high frame rate, no distortion, and high
resolution. However, its primary limitation is the lack of contrast due to noise from multiply
scattered photons detected by the camera. To overcome this limitation and improve the system
contrast, previous PhD students [24, 25] have incorporated a Digital Micromirror Device (DMD)
into the system. With this addition, the illumination can be modulated with high-resolution
patterns. It has been demonstrated that using a checkerboard pattern can enhance contrast in
the bright areas [26]. Inversely, translucent, phase structures, such as vessel walls and red blood
cells, become visible in the non illuminated areas at the edges of the illuminated patterns.

Building on this observation, the concept of the Adaptive Optics-Confocal Rolling Slit Oph-
thalmoscope (AO-CRSO) was developed during the PhD thesis of Lea Krafft [25]. This system
scans the retina with a thin line and utilizes the rolling shutter of a 2D camera for detection,
enabling both bright-field and phase contrast imaging across the entire field of view. During
my thesis, I focused on implementing this new system with a particular emphasis on high-speed
phase contrast imaging to study neurovascular coupling.

The implementation of this system for studying neurovascular coupling involved several key
steps. Initially, the DMD-integrated AO-FIO system was employed as a pathfinder to determine
the optimal parameters for achieving phase contrast in a full-field camera-based imaging setup,
as detailed in chapter 2. Next, chapter 3 presents the implementation of the AO-CRSO
system, outlining the technical aspects of its development with an emphasis on phase contrast
imaging. chapter 4 focuses on the work that was conducted in order to use this system
to measure the size of blood vessels, including the specific settings of the AO-CRSO system
to achieve maximal phase contrast of blood vessel walls and the implementation of an image
processing algorithm to measure the caliber of blood vessels from the recorded images. Finally,
in chapter 5 this system was used to measure the effect of flickering light stimulation on the
blood vessel diameter of healthy subjects at a high spatial and temporal resolution.
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Chapter 1

Studying neurovascular coupling through
optical eye imaging

1.1 Clinical significance of studying retinal neurovascular
coupling in vivo

The retina is optically accessible unlike the rest of the central nervous system. This unique
window into both neuronal and vascular system allows for valuable insights into both ocular
and systemic diseases. Specifically, neurovascular coupling can be observed in vivo in the retina
using optical imaging devices. Monitoring retinal neurovascular coupling could potentially allow
for earlier diagnosis and intervention, therefore carrying significant clinical implications. As
neurovascular coupling is a key physiological mechanism in the healthy brain, alterations of
this mechanism perturb the delivery of nutrients to active brain cells and impair the removal of
potentially deleterious by-products of cerebral metabolism, which could accelerate or contribute
to brain dysfunction [7].

Many neurological pathologies have displayed evidence of alteration of neurovascular cou-
pling, for instance: Alzheimer’s disease [10], multiple sclerosis [27], ischemic stroke, [7] or
diabetic retinopathy [11]. Due to their age dependence and lack of effective treatments, neu-
rodegenerative diseases are predicted to grow to epidemic proportions over the next several
decades [28]. Alzheimer’s disease for instance is projected to affect 131 million people by 2050
according to Alzheimer’s disease international [29]. Biomarkers of Alzheimer’s disease can be
found in the retina [30] and some evidence of neurovascular coupling reduction can be found
in the early stages of the diseases [31]. Studying neurovascular coupling in the retina might
therefore provide new biomarkers for early diagnosis of Alzheimer’s disease and for monitoring
the progression of the disease.

A further example is glaucoma. Glaucoma is an age-related disease of the visual system
and a leading cause of irreversible blindness worldwide, responsible for the blindness of 7.7
million people according to the world health organization [32]. The disease is associated with
damages of the optic nerve and a progressive degeneration of ganglion cells. In glaucoma,
neurovascular coupling is reduced which can lead to insufficient blood supply to the optic
nerve head and retina, exacerbating neuronal damage and contributing to the progression of
the disease [33]. Understanding the mechanisms of neurovascular coupling in glaucoma could
guide the development of new therapies to preserve neurovascular coupling in order to slow the
progression of the disease.
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Another example is diabetic retinopathy, one of the leading global causes of irreversible
blindness and the main cause of blindness in adults of working age. This disease causes struc-
tural changes in the retinal microvasculature that can be used to monitor the disease. However,
some of studies indicate that alterations in flicker-induced vasodilatation can be observed at
early stages of diabetes with no or minimal diabetic retinopathy [11, 34, 35] making it a promis-
ing diagnosis method.

In summary, studying retina neurovascular coupling is motivated by the potential to improve
our understanding of brain function, enhance diagnostic and therapeutic strategies in a variety
of retinal and systemic conditions.

1.2 Anatomy of the human eye

1.2.1 Optics of the eye

The eye is a complex organ allowing visual perception, its role is to focus light on the retina
to form images. It is a complete optical system composed of refractive elements (the cornea
and the crystalline lens), an aperture pupil (the iris) and a photodetector (the retina). Figure
1.1 A) provides a schematic representation of the eye, while figure 1.1 B) illustrates the various
refractive elements of the eye and the distances between them.

When light first enters the eye, it passes through the cornea, a transparent, dome-shaped
surface that provides approximately two-thirds (40-45 diopters) of the eye’s total refractive
power. Then, light goes through the aqueous humor, a clear fluid filling the anterior chamber,
which helps maintain intraocular pressure and provides nutrients to the avascular cornea and
lens. The light then reaches the pupil, an adjustable aperture controlled by the iris. The
iris’s dilator and sphincter muscles modulate the pupil size between 2 and 7 mm in diameter,
adapting the amount of light entering the eye. Then, the light is further focused by the lens,
a flexible biconvex structure located posterior to the iris, provides the remaining third of the
refractive power of the eye (15 diopters) and refines the focus of light through accommodation.
This process involves the ciliary muscles altering the lens’s shape, increasing its curvature for
near vision and flattening it for distance vision [36]. Light then passes through the vitreous
humor a transparent, gel-like substance that fills the vitreous chamber before being focused on
the retina.

At the retina, the incident light is detected by photoreceptor cells: rods and cones. The
retina then performs initial image processing, converting light into electrical signals via a pho-
totransduction cascade. These electrical signals are then relayed to the brain through the optic
nerve where they are interpreted as visual perception.

1.2.2 Aberrations

For an imaging system, the resolution is set by the numerical aperture (NA) of the system.

NA = n sin(θ)

Where NA is the numerical aperture, n is the index of refraction of the medium, and θ is
half-angle of the maximum cone of light that can enter the system. In the case of the eye,
this angle is limited by the size of the pupil. The maximum value of NA for the eye is about
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Figure 1.1: A) Horizontal cross-section of the right eye as seen from above, adapted from [37] B)
Schematic representation of the eye with the main geometrical and optical information. Refractive
indices (blue), curvature radii (black), and distances (red) in mm. Adapted from Artal et al. [38].

0.23, for a pupil diameter of 8 mm. Then, the theoretical optical resolution according to the
Rayleigh criterion is given by the following equation:

r =
0.61λ

NA

For near-infrared wavelengths, this results in a theoretically achievable lateral resolution of 2 µm
with a fully dilated pupil. However, the human eye is not diffraction-limited due to aberrations
caused by imperfections in its refractive elements. The impact of these aberrations can be
visualized by examining the point spread function (PSF) of a typical emmetropic (normal) eye,
as shown in figure 1.2. As the pupil size increases, the PSF is significantly affected by ocular
aberrations, thereby limiting resolution. Typically, ocular aberrations limit the resolution of
imaging systems to about 10 µm [39].

Figure 1.2: The top row shows the point spread function (PSF) of an eye with no aberrations. As the
pupil size increases the PSF decreases in size, resulting in higher lateral resolution. The lower row

shows the point spread functions for an eye with typical aberrations. Aberrations, particularly for the
larger pupil sizes, cause the PSF to increase in size, limiting lateral resolution. Adapted from Roorda

et al. [40].

Eye aberrations, can be categorized into three main types: static, dynamic, and chromatic
aberrations.

• Static aberrations are constant over time and include common refractive errors such
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as myopia, hyperopia, and astigmatism. These aberrations are typically corrected with
spectacles or contact lenses. They result from permanent irregularities in the shape of
the cornea or lens [41] [42].

• Dynamic aberrations change over time due to variations of the tear film or the accom-
modation process by the crystalline lens [39] [43]. These dynamic changes are often more
pronounced with eye fatigue.

• Chromatic aberrations arise from the wavelength-dependent refraction properties of
the crystalline lens. The most common type is longitudinal chromatic aberration, where
different wavelengths of light are focused at different distances from the lens, leading to
multiple focal planes. This results in color fringing and can affect overall visual sharpness
and color perception. [44]

Ocular aberrations are typically represented using Zernike polynomials represented in figure
1.3, which are a series of orthogonal mathematical functions defined over a unit circle. Any
wavefront profile can thus be expressed as a weighted sum of these polynomials [45]. The
low order terms corresponding to a defocus (myopia or hyperopia) and astigmatism can be
translated into the common sphere and cylinder notations used in optometric fields. Higher-
order terms describe aberrations such as coma, trefoil, and spherical aberration and necessitate
more complicated methods such as adaptive optics to be corrected.

Figure 1.3: The first 21 zernike polynomials, ordered vertically by radial degree and horizontally by
azimuthal degree.

1.2.3 Fixational eye movements

Eye movements are critical for visual perception, enabling to track moving objects or shift our
gaze rapidly between two points, ensuring a smooth visual experience despite having only a
very small area of sharp vision at the fovea. These movements are ensured by 6 extraocular
muscles that are represented on figure 1.4.

Furthermore, even during fixation, small displacements of the eyeballs can be observed.
These fixational eye movement are essential to vision because they ensure that vision does not
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fade due to neural adaptation [46]. Three types of fixational movements can be observed and
are depicted on figure 1.4. Tremors are high frequency (40 to 100 Hz) but low amplitude (5
µm) periodic movements. Drift are slow and random movements that occur simultaneously
with tremors they are slow motions of the eye of the retina with large amplitudes (5 to 40 µm).
Finally, microsacades are fast (about 40 Hz) and jerky movements with a large amplitudes (150
µm) [47, 46].

Figure 1.4: A) schematics of the 6 extraocular muscles responsible for eye movements B) illustration
of the fixational eye movements, adapted from Pritchard 1961 [48].

Fixational eye movements negatively affect high-resolution retinal imaging. In full-field
imaging systems, these movements induce motion blur, whereas in scanning systems, such as
scanning laser ophthalmoscopes, they result in intra-frame distortion [49, 50]. A high framerate
imaging system (more than 100 Hz framerate) can mitigate motion artifacts, except for those
caused by microsaccades [49]."

1.2.4 The retina

1.2.4.1 General structure

The retina is a multi-layered, photosensitive tissue lining the inner surface of the eye, responsible
for converting light into neural signals. It is composed of several types of neuronal cells that
work together to detect and process visual information, as well as a network of blood vessels
that ensure adequate oxygen and nutrient supply to these cells. The visual information detected
by the retina are transmitted to the brain via the nerve fibers (axons of the ganglion cells),
which converge at the optic nerve head and form the optic nerve.

The anatomy of the retina can be appreciated in figure 1.5. The central region of the retina,
the macula, is an area 5-6 millimeters in diameter that is responsible for high-acuity central
vision and color perception. Within the macula, a smaller, vessel-free spot called the fovea,
measuring about 1.5 millimeters in diameter, contains the highest concentration of photore-
ceptors, making it the area responsible for the sharpest vision in the human retina. Located
approximately 4.5-5 mm from the fovea, the optic nerve head is a circular region measuring
about 2 x 2 mm. The visual signals detected by the retina are transmitted by nerve fibers
which converge at the optic nerve head, they then travel through the optic nerve, and reach
the brain. The major blood vessels of the retina also radiate from the optic nerve head [39]
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Figure 1.5: A) Fundus photography of a normal human retina B) Optical coherence tomography
(OCT) image showing a cross section of the area in the green box. The foveal pit is visible (arrow)
and the multiple layers of the retina can be seen. Blue cells are the photoreceptors, primarily cones,

packed above the foveal pit. From Helga Kolb at al. [51].

1.2.4.2 Cellular organisation

The neuronal retina is composed of neurons, interneurons, and ganglion cells (see figure 1.6).
It is a highly stratified tissue, organized into distinct layers of cells and neuronal synapses: the
Ganglion Cell Layer (GCL), Inner Plexiform Layer (IPL), Inner Nuclear Layer (INL), Outer
Plexiform Layer (OPL), Outer Nuclear Layer (ONL) and photoreceptor Outer Segments (OS).

The light-sensitive rod and cone photoreceptors convert incoming light into electrical signal
in the photoreceptor outer segments (OS) in contact with the retinal pigment epithelium (RPE)
cells. Subsequently, bipolar and amacrine cells transmit signals from the photoreceptors to the
ganglion cells, which convey visual information to the brain via the optic nerve [52].
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Figure 1.6: Schematics of the different layers and cells of the retina. The different layers of the retina
are represented: the Ganglion Cell Layer (GCL), Inner Plexiform Layer (IPL), Inner Nuclear Layer

(INL), Outer Plexiform Layer (OPL), Outer Nuclear Layer (ONL) and photoreceptors outer segment
(OS). Illustration adapted from Karali et al. [53].
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1.2.4.3 Photoreceptors: cones and rods

Photoreceptors are specialized cells in the retina that detect light. They contain photopigments,
which absorb photons and initiate a series of electrochemical reactions ending in the creation of
electrical signals sent by the ganglion cells towards the brain where it is interpreted as vision.
This process is known as phototransduction.

The human retina contains about 125 million photoreceptors, including approximately 120
million rods and 5 million cones [54]. Photoreceptors are divided into rods and cones, each
tailored to specific aspects of light perception (represented in figure 1.7 A)). Rods are narrow
and primarily distributed in the peripheral retina, they are good at detecting low light levels,
thus facilitating night vision and peripheral vision. They are highly sensitive, making them
responsible for vision in very low light conditions (scotopic vision). In contrast, cones function
optimally in bright light and are responsible for color vision and high spatial acuity. There are
three types of cones: blue (S), green (M), and red (L) [55, 56] each sensitive to different parts
of the light spectrum, allowing for sharp and colorful vision in well-lit conditions (photopic
vision). As observed in figure 1.7 B), the distribution and size of rods and cones is dependent
on the eccentricity. Cones, with a diameter of 1-4 µm, are highly concentrated in the fovea
(hence the high visual acuity with central vision), and increase to over 4 µm outside the fovea.
Rods, on the other hand, have a diameter of approximately 1 µm. Their density peaks around
6 mm from the center of the retina and gradually decreases towards the periphery. [57]

Figure 1.7: A) Schematic of a rod and a cone photoreceptors. Adapted from Baylor et al. [58]. B)
Distribution of cones and rods in the human retina. From Mustafi et al. [57]
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1.2.4.4 Perfusion of the retina

The retina is the organ with the highest metabolic rate of the human body [59]. To satisfy these
elevated needs in oxygen and nutrients, the central retinal artery and the choroidal blood vessels
are the two sources of blood, supplying the human retina. The largest blood flow is provided
by the choroid (65-85%) [60] and maintain principally the outer retina, and photoreceptors in
particular. The central retinal artery provides the rest of the blood flow (20-30%) and enters
the optic disc through the lamina cribrosa, where it branches into four principal intra-retinal
arteries supplying the inner layers. These two systems are depicted in figure 1.8.

Figure 1.8: Anatomy of ocular circulation. Cut away drawing along the superior–inferior axis of the
human eye through the optic nerve, showing the vascular supply to the retina and choroid. Drawing

from Anand et al. [61].

These arteries bifurcate to form smaller arteriole branches and terminal arterioles, which
feed into capillary beds. Retinal capillaries are organized in an interconnecting three-layer
network, depicted in figure 1.9. A first superficial vascular plexus is located in the nerve fiber
and ganglion cell layers, a second plexus, the intermediary capillary plexus is located above the
inner nuclear layer, finally, the deep capillary plexus lies deeper, in the inner nuclear and outer
plexiform layers. The superficial plexus, contains arterioles, venules, and capillaries, while the
intermediary and deep vascular bed consists predominantly of capillary-sized vessels [62, 63].A
4th plexus, known as the radial peripapillary capillaries (RPCs), is located in the nerve fiber
layer in a small rim surrounding the optic nerve head. These RPCs are located superficially
around the optic nerve head, where the nerve fiber bundles are thickest, prior to exiting the
retina [64].
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Figure 1.9: A) Illustration of connectivity and configuration of the three retina plexuses. From
Sampson et al [65] and adapted from Nesper et al [66]. B) Visualization of three retinal capillary

plexuses in optical coherence tomography angiography. Top row: en face OCTA. Bottom row:
cross-sectional OCTA with red and green segmentation boundaries (A) Full retinal thickness, (B)

superficial capillary plexus, (C) middle capillary plexus, and (D) deep capillary plexus.[67].

1.2.4.5 Structure of retinal vessels

Figure 1.10 illustrates the structure of the arteries, veins, and capillaries in the retina. Blood
flows through the hollow interior of the vessels which is called the lumen. The vessel walls are
composed of three distinct layers:

• The adventitia or tunica externa which provides structural support and shape to the
vessel.

• The tunica media or a middle layer composed of elastic and muscular tissue which regu-
lates the internal diameter of the vessel.

• The tunic intima or an inner layer consisting of an endothelial lining which provides a
frictionless pathway for the movement of blood.



1.2. ANATOMY OF THE HUMAN EYE 33

There are several morphological differences between arteries, veins and capillaries: Arteries
have thick, muscular walls, their tunica media is particularly well-developed, consisting of
smooth muscle and elastic fibers, allowing arteries to withstand and regulate the high pressure
of blood being pumped from the heart. In the retina, the walls of the largest arterioles have
a tunica media with up to seven layers of smooth muscle cells, after several branchings of the
vascular network, the number of layers diminishes to just one or two in the retinal periphery
[59]. By contracting or relaxing their smooth muscle cells, they can change their tone and play
an active role in blood flow regulation.

Veins are responsible for returning oxygen pour blood to the heart, they have thin walls
and less developed tunica media than arteries because they don’t have to sustain high blood
pressure. Their lumen is also large in comparison to arteries which means that they are usually
wider and carry more blood volume (120-150 µm for the largest arteries of the retina vs 135-170
µm for the largest veins [68]).

Capillaries are thin-walled vessels consisting of a single endothelial layer. They are encased
by pericytes, which are contractile cells that contribute to capillary stability and regulate
microcirculatory blood flow [69]. The retinal microvasculature is notable for its uniquely high
density of pericytes with more than 90% pericytes coverage in human retina capillaries [70].

Figure 1.10: Schematic representation of the structure of arteries, veins and capillaries, from Jouda et
al [71].



34 CHAPTER 1. STUDYING NVC THROUGH EYE IMAGING

1.3 Retinal neurovascular coupling
When the brain is presented with a sensory stimulus or cognitive task (reading or problem
solving for example), the increase in neural activity across various regions are accompanied
by local dilation of arteries and veins, resulting in enhanced blood flow, blood volume, and
oxygenation in the activated regions. This increase in blood flow in response to heightened
neural activity is known as neurovascular coupling. It is a complex process, which involves a
dynamic interplay between neurons, glial cells, and the vasculature. It is mediated by multiple
signaling molecules. Interestingly, neurovascular coupling is also observable in the retina, where
it manifests as flicker-induced hyperemia: when the retina is exposed to a flickering light (a
stimulation turning on and off in rapid succession) an increase in blood flow can be observed.

1.3.1 Manifestation in the retina: flicker induced hyperemia

When a flickering visible light stimulus is presented into the eye of a subject, two effects can
be observed: blood vessels dilate and blood flow increases in the retina. After administrating
a flicker stimulation, usually defined by an approximately 10 Hz flickering visible light for 20
seconds , the primary arterioles on the retina surface dilate by 3-8% [13, 14, 15]. This dilation
is driven by the smooth muscle cells of arterioles and has a short latency (less than one second).
Veins also dilate by the same 3-8% range but the time course of dilation between arteries and
veins can be quite different, as can be observed in figure 1.11.

Figure 1.11: Time course of dilation for different flicker durations, from Heitmar et al [72]. The top
graph illustrates the response of an arteriole to stimulation, showing an initial dilation of 3%

following the onset of stimulation, followed by a brief contraction after the stimulation ends, and
finally a return to the baseline diameter. The bottom graph depicts the response of a venule,

demonstrating a dilation of 4% post-stimulation, then returns to baseline diameter.
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Regarding blood flow, an increase of around 50% in blood flow was also observed in large
arterioles of the human retina following a flicker stimulation [73, 74] and an increase in blood
flow of 30-50% in the optic nerve head was also measured by Riva et al [75, 17]. In capillaries,
an increase in blood flow due to a flicker test can also be observed in the three capillary plexuses
of the mouse, as demonstrated by OCT angiography by Liu et al. [76]. Duan et al. [77] has also
demonstrated significant dilation of capillaries in the perifoveal region in humans in response
to flicker stimulation.

One important aspect of the functional hyperemia response is its localized nature: Studies in
the brain have shown that activation of specific brain regions results in an increase in blood flow
restricted to that region [4]. In the same manner, the retinal vasculature is also able to control
blood flow locally in response to light stimulation. For instance Srienc et al [78] has shown
that, when the rat retina is stimulated focally with a flickering spot, blood velocity increases
are greatest near the stimulated region. In humans, Zhong et al [79] have demonstrated that
a local flicker stimulation increases blood velocity specifically in the arteries upstream of the
stimulated regions.

1.3.2 Mechanism of retinal neurovascular coupling

Neurovascular coupling in the retina is a complex and coordinated process. It involves a dy-
namic interplay between neurons, glial cells, and vascular cells. The cells involved in this process
are commonly called part of the neurovascular units, represented in figure 1.12.

Figure 1.12: The retinal neurovascular unit. The retinal neurovascular unit consists of three main cell
types: neurons (retinal ganglion cells and amacrine cells), glial cells (astrocytes and microglia), and
vascular cells (endothelial cells, vascular smooth muscle cells, and pericytes) adapted from Haider et

al. [80].
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The process of neurovascular coupling in the retina involves various vasoactive agents that are
produced by neurons and glial cells in response to light stimulation. The mechanisms mediating
neurovascular coupling in the retina remain unclear [59]. However, it is believed that multiple
neurovascular coupling mechanisms operate concurrently to produce functional hyperemia [9].
Detailing all the proposed mechanisms is out of the scope of this manuscript. However, a
simplified mechanism of neurovascular coupling in the retina can be described as such:

1. Neuronal activation: When photoreceptors detect light, they generate electrical signals
that are transmitted to bipolar cells and then to ganglion cells. This increased neuronal
activity leads to an increased demand for oxygen and nutrients.

2. Release of neurotransmitters and signaling molecules by neurons: Active neu-
rons (amacrine and ganglion cells) release neurotransmitters and vasoactive substances.
This release is detected by neighboring glial cells. These glial cells (Astrocytes and muller
cells) also release vasoactive substances.

3. Vasodilation and blood flow regulation: Vasoactive substances released by neurons
and glial cells act on the smooth muscle cells of arterioles and pericytes around capillaries,
causing vasodilation.

4. Feedback mechanisms: Neuronal activity leads to a drop in energy reserves in active
neurons and to the generation of metabolic byproducts, for CO2, that can dilate nearby
blood vessels.

5. Retrograde propagation: The activated site generates a vascular response that prop-
agates to the upstream vascular segments supplying the activated region. This backward
transmission ensures a coordinated dilation of the vessels upstream of the stimulated
region.
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1.4 Imaging neurovascular coupling in the retina
To study neurovascular coupling in the human retina in vivo, it is necessary to either measure
blood vessel diameter to assess dilation in response to light stimulation or to detect changes in
blood flow triggered by such stimulation. Below is a non-exhaustive list of imaging techniques
available for measuring these effects:

1.4.1 The retinal vessel analyser (RVA)

The gold standard method to measure the effect of light stimulation on the caliber of vessels of
the retina is the Retinal Vessel Analyser (RVA) (Imedos Systems UG, Jena, Germany). This
system assesses retinal vessel diameter by analysing the brightness profile of the vessel using
video sequences obtained with a conventional fundus camera. This system can measure the
dilation of large blood vessels of the retina during a flicker test ([11, 14, 72]) where 3%-8%
dilation have been reported. However, because of its limited transverse resolution, the vessel
walls are not visible with this technique and measurement relies on light absorption by the
erythrocytes. Furthermore, its applicability is primarily restricted to large vessels (diameter>90
µm) [81].

Figure 1.13: Example of vessel diameter measured with the RVA. A) Ocular fundus observed on the
retinal vessel analyzer monitor. Retinal arteries (A) and veins (V) can be selected for measurement.
B) Typical reading from the retinal vessel analyzer software showing retinal vessel diameters over

time. The upper curve represents the diameter of a retinal vein, while the lower curve represents the
diameter of a retinal artery. Adapted from Garhofer et al. [81].
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1.4.2 OCT-angiography (OCT-A)

OCT was invented in 1991 [82] 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 low
coherence source is split by a beam splitter into two channels. The first beam is reflected on
a mirror (the reference channel) and the second is directed towards the retina (the sample
channel). The beam reflected from the retina is combined with the reference beam, creating
an interference pattern. This pattern is analyzed to detect path length differences between the
reference and sample beams, therefore determining the depth of the different layers of the retina.
To scan the depth of the retina, the axial position of the reference mirror can be modulated
(Time-Domain OCT) or the wavelength of the light source can be modulated (Spectral-Domain
OCT).

OCT-angiography (OCT-A) was introduced to produce images of the retinal vasculature
based on the fluctuations due to the circulation of erythrocytes in the retina. Repeated scans
of the retina are taken at the same location, while flowing red blood cells causes more variation
in the OCT signal between repeated scans than static tissue. Using this principle, OCT-A can
produce blood flow contrasted volumes revealing arteries, veins and capillaries on quite a large
field of view (≈ 10° x 10°). Some groups have used OCT-A to study neurovascular coupling.
For instance Liu et al. [76] have demonstrated an increase in capillary density in the three
capillary plexuses of the mouse retina when exposed to a flicker stimulation.

However, while OCT-A can provides binarized images of the vasculature, it lacks the ability
to offer quantitative information on blood velocity. Additionally, the method has a limited
temporal resolution, as capturing an angiographic volume requires several seconds [83].

1.4.3 Laser Doppler Flowmetry (LDF)

Laser Doppler flowmetry is a technique where blood flow is measured from the self interference of
the light backscattered by the eye on a photodiode [16, 17, 18]. A monochromatic laser is focused
on the retina, it is then considered that a part of the backscattered light is doppler shifted by
static diffuseurs while another part of the light has been scattered by moving erythrocytes
thus creating a Doppler frequency shift. The theoretical developments derive metrics from the
Doppler power spectrum density measurement, such as the local velocity and volume of blood
[18]. This method has been used extensively in conjunction with a flicker stimulation to measure
increase in blood flow in the optical nerve head [17, 84] and in retinal blood vessels [75, 73].
However, the main limitation of this technology is that blood flow can only be monitored at a
single point.
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1.4.4 Adaptive optics (AO)

Adaptive optics (AO), initially developed by astronomers, uses a deformable mirror to correct
optical aberrations caused by the Earth’s atmosphere, thereby increasing the resolution of
images captured by ground-based telescopes. This principle was first applied to eye imaging in
1997 [19], where dynamic eye aberrations were corrected in real time using a deformable mirror
within a fundus camera imaging system. This innovation led to the first cellular-resolution
images of the retina.

Figure 1.14 illustrates the principle of adaptive optics applied to retinal imaging. A beacon
light source used for wavefront correction is focused on the retina (Not represented on the
figure). The light backscattered by the retina now has a distorted wavefront. It is reflected
by the deformable mirror then detected by the wavefront sensor (WFS). Deformation of the
wavefront is measured by the WFS. In retinal imaging, the most commonly used 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, located at the focal plane of the micro-lenses. A control computer
drives the DM in real time to correct the wavefront from the aberrations detected by the WFS
[85]. The light from the imaging source, is reflected by the deformable mirror before being
collected by a detector, where a high-resolution image is formed.

Figure 1.14: Schematic representation of an adaptive optics system applied for the correction of
ocular aberrations.
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1.4.4.1 Adaptive optics - Flood Illumination Ophthalmoscope (AO-FIO)

In the first generation of adaptive optics retinal imaging system, the near infrared imaging
light was sent in a full field configuration, hence "Flood Illumination", in the same way as a
fundus camera. This type of system has the advantage of having a relatively large field of view
(typically 4°x4°) and a fast acquisition rate of a few milliseconds [86]. With adaptive optics, a
diffraction limited transverse resolution of 2 µm can be achieved when using near infrared light
[87].

Work using AO-FIO system have been carried out to study neurovascular coupling at a high
transverse resolution, notably using the rtx1 from Imagine Eyes (Imagine Eyes, Orsay, France)
a commercial AO-FIO device [88, 89, 90]. Work from Duan et al [77] have also shown dilation
of capillaries in the perifoveal regions in humans due to flicker stimulation by using a visible
light AO-SLO.

The limitations of this system include the lack of optical sectioning and the low contrast
of images caused by multiply scattered photons from out-of-focus retinal layers. This reduced
contrast requires image averaging to accurately measure blood vessel diameter, which in turn
compromises temporal resolution (For instance, the rtx1 need to average 1 sec of images to
measure the diameter of a blood vessel). This limitation may explain why no group has char-
acterized the temporal behavior of flicker induced vasodilation with AO-FIO, instead opting to
measure vessel diameter only before, during and after flicker stimulation.

1.4.4.2 Adaptive optics - Scanning Laser Ophthalmoscope (AO-SLO)

The adaptive optics - Scanning Laser Ophthalmoscope (AO-SLO) was proposed in the early
2000’s [20]. This systems, derived from confocal microscopy, consist of illuminating the retina
with a focused laser beam and collecting the backscattered light though a pinhole in front of a
detector thus filtering the out of focus photons. As a result, this system provides an enhanced
contrast and axial resolution as compared to AO-FIO [85, 91]

An alternative way of using the AO-SLO is by slightly offsetting the detection pinhole of
the system. By doing this, the light directly backscattered is blocked and the light coming
to the detector has been multiply scattered in the retina before coming back to the displaced
aperture, similarly to dark field microscopy. This technique called "offset aperture" enable the
visualization of phase objects that were otherwise invisible [22, 92, 23, 21].

This technique is particularly interesting for imaging the retinal vasculature as it provides
excellent contrast for blood vessels [22] and mural cells [92] as can be appreciated in figure
1.15. Moreover, offset aperture AO-SLO also provide a good contrast on erythrocytes making
it possible to resolve individual red blood cells moving in capillaries [21, 22]
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Figure 1.15: AO-SLO offset aperture images of blood vessels from Chui et al. [22]. A) Image of a 110
µm lumen diameter arteriole, the three layers of the arteriole wall can be observed 1: Tunica

adventitia; 2: Tunica media (smooth muscle); 3: Tunica intima. B) Image if a 40 µm lumen diameter
arteriole.

This imaging modality has been used in conjunction with a flicker stimulation to study
neurovascular coupling at a high resolution in the retina. For instance Zhong et al. [79] have
measured local blood velocity changes due to flicker stimulation in arteries of the retina and
demonstrated that the functional hyperemia response was spacially related to the location and
size of the flicker stimulus. Raymond L. Warner et al [93] have measured blood flow and
diameter for capillaries, venules and arterioles of the retina before, during and after a wide field
flicker stimulation.

Although this technique offers high resolution and contrast, the need to scan the entire field
of view in both vertical and horizontal directions creates a trade-off between field of view and
imaging speed. AO-SLO systems typically have a small field of view and a low frame rate (
1-3° at 20-30 Hz [39]). Furthermore, this system is susceptible to image distortion due to eye
movements happening during the scanning of the retina.
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1.4.5 Comparative overview of the different techniques

Figure 1.16: Summary of the performances of the ophthalmic instrument used to study neurovascular
coupling presented in this section, subjectively appreciated.

There is a wide range of ophthalmic instruments that can be used to study neurovascular
coupling either by measuring blood flow or by measuring blood vessel diameter. As we can see
from the overview of these systems (see table 2.11), each instrument offers unique capabilities,
but they also come with trade-offs. A new instrument that minimizes these compromises could
significantly benefit the field by providing more comprehensive data, thereby advancing our
understanding of neurovascular coupling.

Regarding high resolution techniques, AO-FIO and AO-SLO, present opposite challenges.
AO-FIO offers a high frame rate and a broad field of view, which are advantageous for capturing
rapid changes across large retinal areas, but it suffers from its low contrast. On the other hand,
AO-SLO provides highly contrasted images of the blood vessels but is limited by a slower frame
rate and a narrower field of view due to its scanning element. A system that could integrate
the strengths of both AO-FIO and AO-SLO, delivering both high spatial resolution and high
temporal resolution would be a great tool for monitoring flicker-induced vasodilation in the
retina.

Moreover, in the case of blood flow imaging, there is a lack of an instrument capable of
quantitatively measuring blood flow across a large field of view. Existing instruments either
focus on measurement of blood flow on a small area (such as LDF, or AO-SLO) or non quan-
titative measurement over a large field of view (OCT-A). Developing an instrument that can
assess blood flow quantitatively over a large field of view would fill this gap, offering new insight
into neurovascular coupling.



Part II

Instrumental development
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Introduction to part II

As discussed in Chapter 1, a variety of imaging systems are available to study neurovas-
cular coupling, each with their own strengths. However, there is a significant gap in the
availability of a high-resolution system that combines both high spatial and high temporal
resolution across a large field of view. The primary aim of my PhD thesis was to develop
such a system, capable of probing neurovascular coupling in the retina at the micrometer
and millisecond scales. To achieve this goal, I considered three imaging systems:

• The DMD-integrated AO-FIO, a system capable of projecting high-resolution pat-
terns onto the retina.

• The Adaptive Optics - Confocal Rolling Slit Ophthalmoscope (AO-CRSO), a high
resolution imaging system, using a scanning line illumination and the rolling shutter
of a 2D camera to achieve high speed phase contrast imaging.

• A Laser Doppler Holography (LDH) system, a promising solution for quantifying
blood flow in the retina, currently in extensive use with patients at Paris’s 15-20
hospital.

In this second part of the manuscript, I will present the instrumental developments I
carried out on both the DMD-integrated AO-FIO and the AO-CRSO to create an imaging
system capable of studying flicker-induced vasodilation in the retina with high spatial and
temporal resolution. Although I also explored the Laser Doppler Holography system, due
to time constraints, my focus remained on the first two systems. Preliminary work on
the Laser Doppler Holography system is included in Appendix A.
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Chapter 2

The DMD-integrated AO-FIO: a
pathfinder towards a clinical instrument
for studying neurovascular coupling

To investigate neurovascular coupling in the retina at a high spatial and temporal resolution, it
is essential to use an imaging system that can either track erythrocytes to measure blood flow or
resolve blood vessel walls to assess their dilation in response to light stimulation. Such a system
must combine high transverse resolution with a high frame rate and a large field of view, while
also providing sufficient contrast to clearly visualize the structures of interest. A system that
accomplishes many of these requirements is the Digital Micromirror Device (DMD)-integrated
Adaptive Optics (AO) Flood Illumination Ophthalmoscope (FIO), which is described in this
chapter.

The DMD-integrated AO-FIO is a subsystem of the ECRUROeil bench. Developed during
previous PhD theses with ONERA [24] [94] [25], this system allows for the projection of high
resolution patterns in the retina. Paired with the high frame rate, large field of view and
distortion-free imaging provided with AO-FIO, this system has been used for applications such
as visual psychophysics (see appendix A), super resolution imaging [94] and maximizing bright
field contrast using partial field imaging [26]. Owing to this high frame rate and resolution,
this imaging modality is a promising solution to study neurovascular coupling. Consequently,
at the beginning of my PhD, I first pursued the idea of using the DMD-integrated AO-FIO to
measure the dilation of blood vessel in response to light stimulation.

The first step towards that goal was to enhance the system’s usability. Stable imaging over
extended periods is crucial for accurately monitoring dynamic changes in blood vessel diameter
in response to light stimulation. Therefore, improvements were made to ensure the system’s
stability, reliability, and ease of use. These improvements are detailed in section 2.2.

Secondly, the development of a high-resolution, camera-based instrument for the study of
neurovascular coupling requires addressing the challenge of enhancing the contrast of blood
vessel walls and erythrocytes. The system’s ability to project various patterns allows for the
exploration and optimization of the different types of contrast techniques that can be achieved
in the retina on a camera-based system. Through this flexibility, we gain valuable insights into
the most effective methods for achieving a high contrast on blood vessel walls and erythrocytes.
This work is detailed in section 2.3.

Finally in section 2.4, we looked at the possibility of using this system to study neurovascular
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coupling in the retina.

2.1 Description of the ECUROeil Bench
The ECUROeil bench (Étude et Conception de systèmes Ultra Résolus pour l’OEIL, or Study
and Design of High-Resolution Systems for the Eye), was the primary system that I used
throughout my PhD. Originally implemented during Jessica Jarosz’s thesis in 2015 [95], this
system was initially conceived as a high loop rate AO-FIO system, providing in-vivo cellular
resolution imaging with a wide field of view (4°x4°) and a high frame rate (100 Hz). Since then,
the ECUROeil bench has evolved into a platform for enhancing full-field retinal imaging by
varying the system’s illumination geometry. Notable work include the retinal goniometer [24]
modality, which enables control over the angle of incidence of the illumination on the retina.
The introduction of a Digital Micromirror Device (DMD) for projecting patterned illumination
on the retina has also led to many applications. For instance, during Yann Lai Tim’s thesis, the
ability to project fringes on the retina was used to achieved Structured Illumination Microscopy
(SIM) imaging in the retina, which enhanced both contrast and resolution [94]. Additionally,
the capacity to project illumination patterns on the retina was used during the thesis of Elena
Gofas [24] and Léa Krafft [25] to increase bright-field contrast in partially illuminated regions
[26].

2.1.1 The DMD-integrated AO-Flood Illumination Ophthalmoscope:
optical setup

The optical setup of the DMD-integrated AO-Flood Illumination Ophthalmoscope is repre-
sented in figure 2.1. The adaptative optics correction module is composed of a Shack-Hartmann
wavefront sensor as well as a deformable mirror enabling a close loop correction at 30 Hz [50].
A superluminescent diode emitting at 750 nm and with a spectral bandwidth of 20 nm is used
for the beacon source and a 860 nm superluminescent diode with a bandwidth of 60 nm is used
for the imaging source. The image is formed on a CMOS camera (ORCA-Fusion, Hamamatsu)
which is mounted on a translation stage used to translate the camera on the right imaging
plane.

To project illumination patterns onto the retina, a Digital Micromirror Device is employed.
This device consists of an array of square mirrors, each mirror can be individually toggled
ON (reflecting light into the optical system) or OFF (deflecting light away from the system).
The DMD is positioned at a focal plane conjugate to the retina. Additionally, the imaging
light passes through the deformable mirror before reaching the retina. This ensures that the
patterns projected by the DMD are pre-compensated by the DM, allowing for the delivery of
high-resolution illumination patterns.
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Figure 2.1: Experimental set-up of the the DMD-integrated AO-FIO. The use of a digital mirror
device (DMD) enables the projection of high resolution illumination patterns in the retina.
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2.2 Improvement of the clinical usability of the ECUROeil
bench

To study neurovascular coupling, it is essential to have a system that not only produces high-
quality images but is also easy to use and reliable. Furthermore, the capability to perform pro-
longed imaging sessions is important for monitoring dynamic processes and long-term changes
in neurovascular coupling. This requires an easy to operate and robust system that can maintain
performance over extended periods of time. During my thesis, I first contributed to improve
this aspect of the system.

2.2.1 Implementation of a 3 axis motorized chinrest

One aspect of improving the usability of the system involved implementing a better chinrest.
In its initial implementation, the chinrest of the system could be moved along three axes, but
only the x-axis was motorized (see figure 2.2). While this setup was sufficient for imaging the
retinas of cooperative subjects which were familiar with the system, it proved inconvenient to
use with patients. Specifically, the manual control of the y-axis, which was located close to the
subject, made adjustments during acquisitions quite inconvenient. This posed a significant issue
as proper alignment of the subject with the system is crucial, requiring constant adjustments
of both the x and y axes.

Figure 2.2: Picture of the old chinrest of the ECUROeil bench.

To address this issue, a new chinrest with three motorized axes was designed during Antoine
Odobert’s master thesis internship at ONERA. Due to space constraints on the optical bench
and the need to leave room for the subjects being imaged, three sturdy motorized axes were
relocated to the left side of the table. A custom-made chinrest piece was then attached to the
y-axis using an aluminum piece (see figure 2.3).

2.2.2 Installation of a light-blocking cloth

To improve patient comfort and reduce external light interference during acquisitions, a light-
blocking cloth was installed around the chinrest (figure 2.3). This setup ensures that patients
are in a dark environment during imaging sessions, which minimizes distractions and helps
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maintain their focus, this is particularly important considering that we ultimately want to do
light stimulation on our subjects.

Figure 2.3: On the left, a representation of the new chinrest with 3 motorized axis installed on the
system. On the right, a picture of the light-blocking installed on the system.

2.2.3 Data Acquisition software

For image recording, the Holovibes software [96] was selected, originally designed for laser
Doppler holography applications. This software leverages the capabilities of graphics processing
units (GPU), (Nvidia GTX Titan Xp in our case), to enable real-time image visualization and
several image processing features such as band pass filtering or image averaging. Additionally,
Holovibes supports high-throughput imaging without any frame drops.

Using Holovibes instead of the camera manufacturer’s software (Hamamatsu, ORCA Fu-
sion) significantly enhances the system’s usability. With Holovibes, images can be visualized
in real-time, and the contrast or filtering can be adjusted on the rendered image, facilitating
the identification of retinal structures and the adjustment of imaging parameters. Moreover,
the only constraint on acquisition duration is the computer’s disk space, allowing for continu-
ous recording of several minutes of imaging without any frame drops. This capability ensures
extended and uninterrupted imaging sessions, which are very interesting for studying neurovas-
cular coupling.

After implementing these improvements, the clinical readiness of the system was improved
dramatically. A single operator can easily fully operate the system, simultaneously adjusting
the chinrest position to keep the right pupil alignment throughout data acquisition while also
controlling imaging and AO loop settings. These advancements in clinical usability have made
it possible to employ this system in a clinical trial aimed at studying the dynamics of micro-eye
movements to identify biomarkers of Age-Related Macular Degeneration (AMD).

2.2.4 Clinical application: studying the dynamics of micro-eye move-
ments to identify biomarkers of retinal diseases

A thorough description of this work can be found in an article published by Jimmy Murari
et al in Ophthalmology, which can be found in the first appendix A. Briefly, the goal of this
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work was to analyze ocular movements in both control populations and populations with early
AMD while the subjects performed psychophysical tests using patterns projected through the
DMD-integrated AO-FIO. An example of a pattern projected for a fixation task is represented
in figure 2.4.

These tests were conducted using patterns projected by the DMD, which allowed for tracking
ocular movements while imaging the photoreceptors of the retina at 800 Hz. To link alterations
in eye movements with structural changes in the retina, particularly the presence of drusen, the
central retina of the patients was also imaged using gaze-dependent imaging [97]. Participants
were recruited from the SilverSight Cohort [98] and divided into three groups: young controls,
older controls, and preclinical AMD subjects. Among these subjects, microsaccade amplitude,
drift diffusion coefficient, and ISOline Area (ISOA) were found to be significantly larger in
patients with foveal drusen compared to controls. This provides compelling evidence of both
functional and structural signs of early age-related changes in the retina.

The success of this clinical study, using the DMD-integrated AO-FIO, even in patients with
reduced visual acuity, eye opacity, or pupil dilation, highlights the system’s robustness and its
suitability for clinical investigations.

Figure 2.4: Example of pattern projected with the DMD-integrated AO-FIO used for a visual
psychophysics fixation task.
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2.3 Enhancing the contrast of blood vessels walls and ery-
throcytes on a camera-based system

When a pattern illumination is projected into the retina instead of a full field illumination,
the contrast of retinal structures varies significantly. Notably, phase contrast can be observed
in the non-illuminated regions surrounding the pattern. This effect has been documented in
previous work by Elena Gofas [24] and Lea Krafft [25]. My approach was to use empirical data
in which illumination patterns of various sizes and forms had been used, to understand how to
enhance the contrast of blood vessel walls and erythrocytes on a camera-based adaptive optics
system.

2.3.1 Full field illumination versus projection of patterns in the retina

Full field imaging:

When the micro mirrors of the DMD are all switched ON, the entire field of view is illumi-
nated, akin to a standard flood illumination ophthalmoscope. The full-field illumination of the
retina results in multiply scattered photons, contributing to significant background noise. Con-
sequently, hypo-reflective structures become invisible or obscured by the diffuse background.

A typical averaged image of the nerve fiber layer with this configuration can be observed on
figure 2.5 A). In this image, the blood vessels exhibit their characteristic appearance, including
a bright central strip attributed to strong specular reflection from their upper surface. However,
the vessel walls exhibit poor contrast, and distinguishing the different layers of these walls is
challenging. Additionally, to enhance the signal-to-noise ratio, image averaging is necessary,
complicating the imaging of dynamic features such as erythrocytes.

Pattern projection:

When a pattern is projected onto the retina, the structures located outside the projected
area exhibit a contrast that is reminiscent of phase contrast images that can be obtained with
offset aperture AO-SLO. [92] [22]. As can be observed in figure 2.5, the contrast of the vessel
walls is increased as compared to full field illumination (figure: 2.5 B1), Some capillaries also
become visible right outside of the projected pattern (figure:2.5 B2).

A similar effect is observed with erythrocytes. In videos of registered frames, the flow of
erythrocytes at the edges of projected static patterns can occasionally be detected. A frame
from one of these example is presented in figure 2.6 where individual red blood cells moving
within a capillary are visible (Orange arrow in figure 2.6).
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Figure 2.5: A) full field image B) image were a 100 µm x 500 µm rectangular pattern is projected in
the retina. B1) and B2) are magnified regions of the image showing respectively phase contrast of a

capillary and the vessel walls of a large vessel.

Figure 2.6: Image showing how red blood cells can be imaged at the edge of projected patterns.
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The mechanism underlying this contrast is complex, encompassing diffraction, refraction,
absorption and scattering. Some studies have tried to simulate phase contrast imaging in the
case of AO-SLO systems, notably Guevara-Torres et al. [99]. In our case, which is the case
of a full field imaging system, the observed contrast seems similar as what is described in the
oblique back-illumination model described in microscopy by Ford, Chu and Mertz [100]. In this
model, a lateral offset between the illumination and the object is imposed and a camera-based
detector is used. The light is first backscattered by the scattering medium then refracted by
the phase object, finally pupil filtering produces the phase gradient contrast.

Figure 2.7: Schematic description of the oblique back-illumination microscope system introduced by
Ford et al. for phase contrast imaging of thick scattering samples. From Ford et al. [100].

Simulation work in the form of a Monte Carlo simulation is underway in our group to better
understand how this phase contrast appears in the case of the retina. However, for the practical
purpose of developing a system capable of measuring neurovascular coupling in the retina, I
focused on empirical evidence to understand the behavior of this contrast and how it can be
optimized for imaging blood vessel walls and erythrocytes.
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2.3.2 Empirical characteristics of phase contrast

2.3.2.1 Aspect of the phase contrast

In figure 2.8 two images where patterns have been projected in the retina to elicit phase contrast
are presented. These examples highlight how phase contrast looks like for circular structures
such as photoreceptors or erythrocytes and for non-circular structures such as blood vessels.

Figure 2.8: Aspect of the phase contrast in the non illuminated regions of the field of view. A) a
circular illumination pattern was projected on the retina while the system was focused on the

photoreceptor layer. A circular mask was placed on the illumination region to highlight the phase
contrast aspect of the photoreceptor. A.1) Shows a magnified photoreceptor, showing its phase

gradient aspect. B) Concentric rings were projected on the retina while the system was focused on
the nerve fiber layer to show the aspect of blood vessels at the edge of the projected pattern. B.1)

shows a magnified view of a blood vessel at the edge of a projected pattern showing the highly
contrasted vessel wall. The orange and yellow arrows point respectively at the tunica adventitia and

the tunica intima of the blood vessel. B.2) is a magnified image of a blood vessel inside the
illuminated region, the vessel wall is not visible.
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2.3.2.2 Circular structures: photoreceptors and erythrocytes

Figure 2.8 A) shows a circular pattern projected while focusing on the photoreceptor layer.
The pattern was masked during post-processing to better visualize the photoreceptor inner seg-
ments revealed by phase contrast. These circular and translucent structures exhibit a contrast
gradient, with the side closest to the illumination appearing darker and the side furthest from
the illumination appearing brighter, as shown in the magnified image (figure 2.8 A.1). The
same appearance is observed for erythrocytes as shown in figure 2.6. This contrast gradient is
very similar to what was described by Ford et al. [100] (See figure 2.7).

2.3.2.3 Non-circular structures: blood vessels

Figure 2.8 B) depicts the projection of an illumination pattern near a blood vessel. The vessel
wall near the projected pattern exhibit a high contrast. The tunica externa appears as a thin
dark layer, indicated by the orange arrow in figure 2.8 B.1). Similarly, the tunica intima appears
as a thin dark layer, indicated by the yellow arrow. The tunica media, located between the
tunica intima and tunica externa, is visible as a white layer.

2.3.2.4 Direction of the pattern with respect to the structure

For non centro-symmetrical structures such as vessels, there is an important impact of the
orientation of the illumination pattern with respect to the vessel. Indeed when the vessel is in
the same direction as the pattern for instance in figure 2.8 B.1) ,the vessel wall exhibits strong
contrast. Conversely, when the vessel is perpendicular to the pattern, as illustrated in figure2.8
B.2), the vessel wall is not visible.

2.3.2.5 Size of the illuminated region

The further the structure is from the illumination patch, the less contrasted it is. Therefore for
a given amount of incident photons, the best strategy is to concentrate all the photons close to
the structure that we want to image. With the DMD-integrated AO-FIO however, this is not
possible as the size of the illuminated area is proportional to the number of incident photons.

2.3.2.6 Projection of a single pattern compared to multiple patterns

When multiple separated patterns are projected with the DMD-integrated AO-FIO, a signifi-
cant decrease in phase contrast at points which are surrounded by illuminated regions can be
observed. This effect can be seen for instance in figure 2.9 B) where the area at the center
of the projected four circles exhibit very low phase contrast. The remaining contrast at the
center of the four circles is interpreted as absorption contrast. In the same manner, projecting
multiple parallel lines as in figure 2.9 A) results in reduced phase contrast in regions with equal
distance to two illumination lines. This is due to cross talk effects between the phase contrast
caused the opposing projected pattern causing opposing contrast gradients on the structure.
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Figure 2.9: Effect of pattern symmetry on phase contrast. A) Thin periodic lines were projected onto
the retina while focusing on the nerve fiber layer. A loss of phase contrast is evident in the region

with approximately equal distances between two lines. A.1) A magnified view highlighting this loss of
phase contrast. B) Four small circles were projected onto the retina while focusing on the

photoreceptors. The contrast of the photoreceptors’ inner segments between the four circles is very
low, as shown in B.1).

2.3.2.7 Extension of phase contrast

When a pattern is projected near a structure of the retina, the phase contrast seems to be
the strongest near the projected pattern and to decay with the distance between the projected
pattern and the structure. The rate of this decay is different depending on the observed
structure of the retina. These differences can be explained by their differences in size, shape,
optical index and depth in the retina. In figure 2.10, illumination patterns were projected near
various retinal structures to determine the maximum distance with which good phase contrast
is conserved.
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Figure 2.10: Observed extension of phase contrast for different structures of the retina. The yellow
dashed area represents the area of good phase contrast for each structure A) A circular pattern was

projected with the system focused on the photoreceptor layer. Outside the pattern, the
photoreceptors’ inner segments are visible, extending approximately 150 µm. B) A rectangular shape
was projected with the system focused on the nerve fiber layer. Capillaries are visible, extending 50
µm around the projected rectangle. C) A rectangular pattern was projected near a blood vessel with
the system focused on the nerve fiber layer. Two orange arrows highlight a well-contrasted vessel wall

(left arrow) and a vessel wall outside the area of good phase contrast (right arrow). D) Image
captured from a video of the same area shown in C). Erythrocytes are visible at the edge of the

projected pattern, as indicated by the orange arrow.
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Photoreceptors
When the system is focusing on the photoreceptor layer and a pattern is projected, the pho-
toreceptor’s inner segment is visible outside of the pattern with an extension of approximatelly
150 µm as annotated in the yellow dashed circular area in figure 2.10 A).

Blood vessel walls
For large blood vessels, the vessel wall is visible quite far from the projected pattern as observed
in figure 2.5 where the vessels can be seen on almost the entire field of view of the image. How-
ever, the different layers of the wall are visible no more than 100 µm away from the illumination
pattern (figure 2.8 B.1)). For smaller blood vessel however, the extension of phase contrast is
around 50 µm as we can see in figure 2.5 where the area further than 50 µm from the edge of
the projected rectangular pattern exhibit significant reduction in the contrast of the vessel wall.

Capillaries
For capillaries, as exemplified in figure 2.10 the extension of good phase contrast seems to also
be 50 µm. It is however interesting to note that some capillaries are still visible further from
this distance, most of them are only visible in the rectangular dashed orange area.

Erythrocytes
For erythrocytes, the only time when we were able to see them using the DMD-integrated
AO-FIO was when they were right on the edge of a projected pattern in the way depicted in
figure 2.6.

Our observations regarding the extension of phase contrast can be summarized in the following
table:

Figure 2.11: Observed extension of phase contrast for different structures
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2.3.3 Application: Developing a strategy to optimize phase contrast
imaging of blood vessels and erythrocytes

To achieve full field phase contrast imaging, one can project complementary patterns in the
retina, select numerically the area outside of the projected pattern which exhibit phase contrast
and reconstruct the total field of view. The observed characteristics of phase contrast from the
previous section can help us find the best strategy to do so:

Choice of the pattern: As outlined in the previous section, the projection of multiple com-
plementary patterns leads to regions within the field of view exhibiting reduced phase contrast
due to cross-talk effects. Therefore, employing a single monoblock shape is a more effective
strategy than projecting multiple complementary patterns. Then to make a full field image,
this monoblock shape must be scanned across the entire field of view. A shape that meets
these requirements particularly well is a line. Ideally, this line should be thin and capable of
concentrating as much energy as possible within the eye safety limit.

Area of detection: As discussed in the previous section, the phase contrast extension for
vessel walls and capillaries is 50 µm, and for erythrocytes, it is 30 µm. This extension defines
the area surrounding the projected line to be selected for maximizing phase contrast on these
structures

Direction of the scan: Using a scanning line, the retina can either be scanned horizontally or
vertically. For blood vessels, given their non-centrosymmetric nature, the projected line must
be parallel to the vessels to achieve maximum phase contrast. Considering the vascular struc-
ture of the retina, a vertical scan would provide access to a greater number of vessels compared
to a horizontal scan.

Post processing: The entire retina can be scanned from top to bottom by projecting a
vertically moving line. Then, on each recorded image, the entirety of the image is masked
numerically except the non illuminated region just above the line. By combining all these im-
ages, a full field image is obtained, this image named "offset 1". By doing the same procedure
but this time by masking numerically the entirety of the images except the area beneath the
projected line we get the "offset 2" image. Given the observed phase contrast characteristics,
which exhibit a gradient from dark to bright, the offset 1 and offset 2 images display opposite
contrast gradients. A final phase contrast image can be obtained by subtracting the offset 1
and offset 2 images, effectively canceling out the background and enhancing the phase contrast.
The same principle, applied in AO-SLO systems through a technique known as split-detection,
has proven effective for imaging phase objects [21]
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2.3.4 Optics letter: Multimodal high-resolution retinal imaging using
a camera-based DMD-integrated adaptive optics flood-illumination
ophthalmoscope

This strategy was carried out in the following article published in Optics Letter to demonstrate
full field phase contrast high-resolution imaging using the DMD-integrated AO-FIO. My main
contributions to this work are the peripheral improvements presented in section 1, the collection
of the data for this article and analysing the empirical data taken from the DMD to find the
best strategy to improve phase contrast imaging of erythrocytes and blood vessels.
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We demonstrate the feasibility of a multimodal adaptive
optics flood-illumination ophthalmoscope, able to provide
both bright-field and dark-field images (such as phase con-
trast). The multimodality was made possible by integrating
a digital micromirror device (DMD) at the illumination path
to project a sequence of complementary high-resolution pat-
terns into the retina. Through a versatile post-processing
method that digitally selects backscattered or multiply scat-
tered photons, we were able: (1) to achieve up to four-fold
contrast increase of bright-field images when imaging the
photoreceptor mosaic and nerve fibers; and (2) to visualize
translucent retinal features such as capillaries, red blood
cells, vessel walls, ganglion cells, and photoreceptor inner
segments through phase contrast. © 2023 Optica Publishing
Group

https://doi.org/10.1364/OL.495515

The adaptive optics scanning laser ophthalmoscope (AO-SLO)
[1] has become the primary technique to achieve in vivo cellular
resolution retinal imaging. In bright-field mode, highly con-
trasted images from photoreceptors (PR) and nerve fiber layer
(NFL) can be obtained owing to the use of a confocal pinhole,
filtering out multiply scattered photons and detecting backscat-
tered photons [1]. Additionally, the lateral displacement of the
detection position compared with the illumination in AO-SLO
made possible off-axis detection schemes revealing translucent
retinal structures such as PR inner segment, red blood cell, ves-
sel walls, capillaries, and ganglion cells [2–4]. Such dark-field
techniques explore multiple scattering and forward scattering
photons to generate contrast from phase gradient [2,5].

Although AO-SLO has proven its value, it is prone to image
distortion due to its slow scanning speed relative to eye motion
[6]. Reducing the image field-of-view (FOV) is a common
strategy to mitigate intra-frame distortion. However, the typical
image rate is still slow to track dynamic processes in the retina
such as blood flow in capillaries. Conversely, camera-based
adaptive optics flood-illumination ophthalmoscope (AO-FIO)

systems have demonstrated immunity to motion-induced arti-
facts across the FOV owing to their high throughput [7].
Nevertheless, AO-FIO has not been favored over AO-SLO
because of its lack of confocal gating, deteriorating the image
contrast in bright-field mode. Moreover, dark-field techniques
have not been so far fully explored and demonstrated in AO-
FIO, apart from preliminary results restricted to obtaining such
contrast in a narrow portion of the FOV [8,9], consequently most
of the translucent retinal features seen in AO-SLO are still not
visible in AO-FIO.

Recent works have demonstrated that spatial filtering could
be implemented in AO-FIO to enhance the imaging contrast on
bright-field mode while still benefiting from the distortion-free
images [10,11]. Those works build on the use of programmable
pattern projections with a digital micromirror device (DMD).
The patterns generated by the DMD partially illuminate the
FOV, decreasing the total number of detected multiply scattered
photons [10]. Then, spatial filtering was possible by putting to
zero value the camera pixels corresponding to non-illuminated
areas. Finally, images acquired with complementary patterns
were recombined to form a full-field image with enhanced con-
trast. Lee et al. reported up to three-fold contrast improvement
compared with conventional AO-FIO images at a frame rate of
250 Hz [11]. However, all these works only focused on explor-
ing backscattered photons coming from illuminated areas to
generate bright-field photoreceptor mosaic imaging in a narrow
FOV. Here, we demonstrate the capability of a DMD-integrated
AO-FIO to not only generate large FOV contrast-enhanced
bright-field images but also to reveal translucent retinal fea-
tures, not yet visible in AO-FIO through phase and absorption
contrasts.

The DMD-integrated AO-FIO platform was previously
described in detail elsewhere [10]. High-resolution illumina-
tion patterns generated by the retina-conjugated DMD were
projected on the retina after being pre-compensated for ocular
aberrations by the deformable mirror (DM). Hence, the double
pass on the DM allowed for diffraction-limit resolution for both
illumination (for patterns projection) and imaging. Projected

0146-9592/23/143785-04 Journal © 2023 Optica Publishing Group
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Fig. 1. (a) Cropped phase contrast image of PRs after masking
the illumination area (black region). Note that the contrast starts to
decline for PRs located around 0.5◦ away from the illuminated area.
(b) Intensity profile across one photoreceptor (orange line) outlining
the diphasic aspect. Labels 1–3 refer to the contrast mechanism
described in (c)–(e), which is inspired by the model presented in
Ref. [14].

patterns consisted of binary images generated by custom-built
Python software. We used the manufacturer software EasyProj
to upload patterns and control the DMD, enabling us to project
static patterns or a sequence of patterns.

To demonstrate the multimodal ability of the system, we
designed two different sequences of patterns: one favoring
a higher contrast for bright-field imaging (named “Pattern
sequence 1”), and another to favor a better contrast in phase
contrast imaging (named “Pattern sequence 2”). Patterns spac-
ing was based on the observation described in Fig. 1(a), while
the width was empirically determined by experiment prior to
image acquisition. A schematic of the patterns can be found in
Figs. 2(a) and 3(a). Pattern sequence 1 consisted of periodic ver-
tical lines with a width of 28µm, and spaced by 252µm over 3.5◦

FOV. To illuminate different areas of the retina, the pattern was
successively shifted by 55µm at 30 Hz. For a full cycle of illumi-
nation, four patterns were needed. Pattern sequence 2 consisted

Fig. 2. (a) Pattern sequence 1 detection schemes. (b),(c) Full-field and partial-field images highlight the contrast gain, respectively. (d)
Power spectral density from (b) and (c). (e),(f) Full-field and partial-field images after applying a digital high-pass filter, respectively. (g),(h)
Absorption and phase contrast images of PRs, respectively. (i)–(l) Full-field, partial-field, absorption, and phase contrast for NFL imaging,
respectively. (1)–(5) are magnified images and their respective Fourier transforms. Yellow arrows indicate ganglion cells, and yellow box
delineates a single one. Scale bar: 100µm.

of a single horizontal line with a width of 100µm over 3.5◦ FOV.
Then, 24 patterns were generated, each one subsequently shifted
by 50µm.

Images were acquired on four healthy subjects. Written
informed consent was obtained from all participants in accor-
dance with institutional guidelines. The experimental proce-
dures adhered to the tenets of the Declaration of Helsinki. The
participants were seated in front of the system, while their head
was stabilized with a forehead and chin rest. A fixation target was
used to guide their line of sight during the imaging session. Eye
drops were used for pupil dilation. The total irradiance for the
imaging and AO light sources was, respectively, 1700µW and
2.8µW, which is below the ocular safety limits stipulated by the
International Organization for Standardization (ISO) standards
for group 1 devices.

Before image acquisition, a calibration step consisted of
matching the focal planes of the camera and the DMD by mov-
ing a translation stage where the camera was mounted. Then,
a final step before starting image acquisition consisted of using
the DM to place the camera/DMD focal plane at the retinal
layer of interest. The camera acquired images of 2048 × 2048
pixels at 100 Hz (10 ms exposure, which is sufficient to avoid
motion blur [12]), while the illumination field-of-view, with-
out any pattern projection, was as large as 3.5◦ × 3.5◦. Before
acquiring images with Pattern sequences 1 and 2, an image
sequence without any pattern (equivalent to a conventional AO-
FIO image, and named here full-field illumination) composed
of 100 frames was acquired and served as a reference for image
processing. The DMD projected the sequence of patterns at
30 Hz and was not synchronized with the camera acquisition
(see Visualization 1 for examples of image sequences using Pat-
terns 1 and 2). Because of the lack of synchronization, one-third
of raw images presented artifacts originated from the transient
states of the DMD micro-mirrors and needed to be discarded. To
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Fig. 3. (a) Pattern sequence 2 detection schemes. (b),(c) Conven-
tional AO-FIO images of (b) PRs and (c) NFL. (d),(e) Contrast-
enhanced bright-field images of PRs (d) and NFL (e). (f),(g) Phase
contrast images of (f) PRs and (g) NFL. Yellow arrow indicates
ganglion cells. Scale bar: 100µm.

illuminate the same retinal area at least 50 times, image acqui-
sition consisted of 500 and 3000 frames for Pattern sequences
1 and 2, respectively, enabling the reconstruction of full-field
images. Images were acquired using custom-made open-source
Holovibes software, allowing to apply a high-pass filter to elim-
inate multiply scattered haze in real-time [7]. This software was
particularly convenient for fine positioning of the imaging plane
and DMD patterns at the retinal layer of interest.

After the acquisition, each image sequence was processed as
follows. First, the reference sequence (without any pattern) was
averaged after registering them using a custom-built high-spatial
frequency-based phase correlation algorithm adapted to noisy
AO-FIO images [13]. Then, the reference averaged image was
used as a global reference to register (i.e., align) patterned images
using the same registration algorithm. To generate the different
image contrasts, by selecting photons detected in and out of illu-
mination zones, we converted the binary patterns generated for
the DMD into masks at the camera plane. Image shifts previ-
ously measured to correct eye motion were also applied to the
masks. Then, we used the masks to do digital filtering (putting
pixels outside the zone of interest to zero value), enabling us to
generate the following contrasts: (1) near-confocal bright-field
imaging (henceforth denominated as partial-field illumination
[10]); (2) absorption contrast; and (3) phase contrast. Partial-
field imaging consisted of putting to zero value all the pixels

outside the zone of illumination, favoring the detection of back-
scattered ballistic photons, in a similar manner as previous
DMD-integrated AO-FIO works [10,11] and confocal AO-SLO.
To generate absorption and phase contrasts, we summed and
subtracted two “offset” images [4,5] generated with the partial-
field masks shifted into two different directions, respectively.
For example, in the case of Pattern sequence 2, Offset images 1
and 2 were, respectively, generated by putting to zero all pixels
except those at the top (for Offset 1) or the bottom (for Offset
2) part just outside the illumination zone for a given number of
pixels, here 100 (see Fig. 3).

Figure 1 highlights the ability of DMD-integrated AO-FIO to
generate dark-field imaging. When projecting a static circular
pattern, while focusing at the photoreceptor layer, a gradient
contrast varying from dark to bright can be noticed in individ-
ual PRs located outside the illuminated zone. Such contrast
is the hallmark of phase-gradient images seen in AO-SLO
systems [5,15]. In the case of AO-FIO, the principle can be
explained as follows: multiply scattered photons, originating
from the illuminated area at a deeper layer, are refracted by
a retinal feature, and filtered out by the eye’s pupil. The part
of the retinal feature close to the illumination will refract light
out of the eye’s pupil [Fig. 1(c)] generating a dark contrast
[label 1 in Fig. 1(b)]. On the other hand, the part of the reti-
nal feature far from the illumination will refract light inside the
eye’s pupil [Fig. 1(e)], generating a bright contrast [label 3 in
Fig. 1(b)]. Such behavior has a strong similarity with oblique
back-illumination microscopy [14]. Another interesting obser-
vation in Fig. 1(a) is that the farther the photoreceptor is from
the illuminated area, the lower the phase contrast. By taking
advantage of these observations, we created two different pattern
sequences to demonstrate the capability of DMD-integrated AO-
FIO to achieve multimodal imaging, through post-processing
selection of ballistic and multiply scattered photons.

Figures 2(b) and 2(c) present a comparison of images gener-
ated with full-field and partial-field illumination [see Fig. 2(a)
for the detection schemes] at the same retinal eccentricity when
imaging the PR layer. Thanks to the spatial filtering in partial-
field image, the haze generated by the detection of multiply
scattered photons is decreased, hence the image presents a better
contrast. We measured an averaged Michelson contrast of 6.6%
and 26.6% for full-field and partial-field illumination, respec-
tively, for a four-fold improvement. Further image improvement
can be seen through the power spectral density of both images
[Fig. 2(d)]. Owing to the spatial filtering, not only the haze
low-spatial frequency energy decreases, but the spectral signal-
to-noise ratio increases from 17.1 to 37.6. These observations
are in accordance with previous publications using DMD-based
AO-FIO [10,11]. Nevertheless, here, with our designed pattern,
we were able to reconstruct an image with a larger field-of-
view (3.1◦ × 2.6◦ against 0.7◦ × 0.7◦), higher contrast gain (4
against 3) [11] and without any reconstruction artifacts [10].
In full-field illumination, it is common practice to filter out
the multiply scattered haze with digital filtering [7]. Even after
digital filtering, it is possible to notice an improvement in partial-
field images compared with full-field [Figs. 2(e), 2(f), 2(i), and
2(j)]. In both PRs and NFL imaging, better optical sectioning
can be noticed. In the case of PRs imaging, optical section-
ing leads to the disappearance of a medium-spatial frequency
probably coming from out-of-focus choriocapillaris, and make
vessel located posterior to PRs darker, as it is typically seen in
high optical sectioning imaging systems, e.g., in AO-SLO [3] or
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in full-field optical coherence tomography (OCT) [16]. These
changes also help to considerably increase photoreceptor mosaic
contrast even after digital filtering. The increase of contrast is
even more evident in the case of NFL imaging, where individual
nerve fiber bundles become much more visible and contrasted,
with the disappearance of capillary structures.

The same image sequence used to generate partial-field
images can be processed to generate absorption and phase con-
trast images. To do so, we used the masks designed for Offset 1
and 2 [Fig. 2(a)]. By summing Offset images 1 and 2, one can
generate absorption contrast images of PRs and NFL [Figs. 2(g)
and 2(k), respectively]. For PRs, putative retinal pigment epithe-
lium (RPE) [17] cells start to become visible, while PRs contrast
decreases. In a similar manner, for NFL, nerve fibers disappear
while previously rejected capillaries can be visualized. Finally,
by subtracting Offset 1 from Offset 2, one can generate phase
contrast images of PRs and NFL [Figs. 2(h) and 2(l), respec-
tively]. In this case, for PRs, photoreceptor mosaic is again
visible, but with phase gradient contrast similar to the one
obtained using split-detection AO-SLO [3,5], which has been
shown to correspond to the photoreceptor inner segment [3].
Now, for NFL, vessel and capillary walls have become highly
contrasted, and putative ganglion cells (size: 10–12µm) have
started to be visible, in a similar manner and consistent size as
it was previously shown for multi-offset AO-SLO [4,5].

The thinner lines composing Pattern sequence 1 favor partial-
field imaging to the detriment of phase-contrast one. Indeed,
with a thinner line fewer photons reach the retina, meaning
that fewer photons will be multiply scattered to contribute to
the phase contrast. Moreover, using a periodic multi-line pat-
tern with a short inter-line distance leads to a competition of
opposite phase gradient (or cross talk), decreasing or canceling
out phase contrast. To favor phase contrast image, we designed
and used Pattern sequence 2, composed of a single thicker line,
increasing the number of photons being multiply scattered, and
avoiding contrast cross talk. Figure 3 shows the results obtained
with full-field (conventional AO-FIO), partial-field, and phase
contrast imaging using Pattern sequence 2. For the partial-field
case, the contrast presents a lower improvement compared with
Pattern sequence 1 (2.9 against 4 for PRs case) and some PRs are
not completely visible. On the other hand, phase contrast images
of PRs and NFL are more contrasted. For PRs, we measured a
Michelson contrast of 47% against 19% for Pattern sequence
1. Such an increase of contrast helps us to better appreciate
the photoreceptor inner segment mosaic, where unseen PRs in
bright-field mode can now be seen, as well as vessel walls,
capillaries, individual fibers, and putative ganglion cells (size:
11µm). One interesting fact about phase-contrast images is their
directional dependence according to the illumination pattern.
Indeed, one can see that the contrast gradient is oriented orthog-
onally to the direction of the line illumination (see PRs insets in
Figs. 2 and 3).

One limitation of the presented system is the low effective
frame rate, which is shown to be suitable to image static retinal
features. However, to visualize retinal dynamic features, such
as red blood cells, also commonly visualized in phase-contrast
using AO-SLO [2], one can use static patterns and be again
limited by the camera frame rate (see Visualization 2 and Visual-
ization 3). Another very interesting asset of the DMD-integrated
AO-FIO is its versatility, as photons selection to generate all dif-
ferent contrasts can be done in post-processing. Such a tool
can be helpful to design the most suitable masks to visualize

a given retinal feature. Two examples of this versatility can be
found in Visualization 4 and Visualization 5. Visualization 4
shows that phase gradient contrast decreases as the detected
areas are located farther away from the illumination zone. This
observation is in accordance with Fig. 1(a). Finally, the strategy
presented here to generate multimodal images and enhance SNR
bright-field imaging can also be applied to flood-illumination
interferometric imaging techniques such as full-field OCT [16].

In this Letter, we proposed a DMD-integrated AO-FIO system
able to generate multimodal retinal imaging, such as bright-
field and dark-field (absorption and phase contrasts) images.
The multimodal configuration was made possible by projecting
a sequence of complementary patterns and by selecting in post-
processing the image area where image reconstruction should
take place. Owing to the given system, and the proposed acqui-
sition/processing pipeline, we were able, at the same time, to:
(1) obtain up to four-fold contrast improvement in bright-field
modality when imaging highly scattered structures such as PRs
and NFL; and (2) to visualize, through phase contrast images,
translucent retinal features such as capillaries, red blood cells,
vessel walls, ganglion cells, and PRs inner segment.
Funding. Office National d’études et de Recherches Aérospatiales (PRF
TELEMAC); Agence Nationale de la Recherche (ANR-18-IAHU-0001,
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2.4 Is the DMD-integrated AO-FIO suitable for studying
neurovascular coupling ?

In the following section, I evaluated whether of not the different possible configurations of the
DMD-integrated AO-FIO could be used to study neurovascular coupling at a high spatial and
temporal resolution by being capable of measuring the diameter of the blood vessels or for
imaging erythrocytes.

2.4.1 Full field illumination

The first possible configuration is simply to image the blood vessels using full field illumination.
In figure 2.12 a first attempt at measuring flicker induced vasodilation with this method is
presented. A simple wide field stimulation target was used to project a 10 Hz flickering light
into the retina of a healthy volunteer and the lumen diameter of an artery was measured
manually every 0.5 seconds.

The full-field illumination of the retina results in multiply scattered photons, contributing
to significant background noise. Consequently, hypo-reflective structures such as vessel walls
become invisible or obscured by the diffuse background. Due to this phenomenon 50 images
were averaged (hence a measurement every 0.5 sec) to try to increase the signal to noise ratio
for the measurement. Even with this averaging, the wall of the artery was not well contrasted
as can be seen in 2.12 with the red arrow pointing to a wall where the delimitation between
the lumen and the tunica media of the vessel is hard to interpret. This resulted in a very
imprecise measurement of the vessel wall that can be appreciated in the plotted diameter of
the vessel in 2.12. Moreover this imprecision of the measurement is greater than the expected
3-5% vasodilation due to a flicker stimulation. [9]

Figure 2.12: Attempt to measure the diameter of a retinal artery using the DMD-integrated AO-FIO,
The whole field of view was illuminated, and the lumen diameter of the artery was manually

measured on averaged images taken every 0.5 seconds. The measurements, taken at the section
indicated by the white line, are plotted in the graph on the right. The artery wall exhibits low

contrast: the three layers of the artery wall are barely visible on one side (indicated by the yellow
arrow) and are not visible on the other side (indicated by the red arrow).
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2.4.2 Static pattern projection

This method involves projecting a static pattern onto the retina and to position this pattern in
such a way that a blood vessel is located right outside of the projected pattern. To evaluate the
possibility of using this technique to measure NVC, a simple wide field stimulation target was
used to project a 10 Hz flickering light into the retina of a healthy volunteer. At the same time
images of the retina of the subject were recorded using the DMD-integrated AO-FIO which
was projecting a static rectangular pattern in the retina of the subject. Some images from this
initial experiment are presented in figure 2.13.

This method however quickly revealed impractical because eye movement would change the
relative position of the projected pattern with the blood vessel, thereby resulting in varying
contrast of the vessel. This can be observed in figure 2.13 by comparing the magnified regions
A.3 and B.3 or A.2 and B.2. In both cases the distance between the vessel and the illumination
pattern has changed between the two images, as a consequence the effect of the light stimula-
tion is hard to interpret. Consequently, for acquisitions of more than a few seconds where the
subject cannot maintain perfect fixation , this method does not work.

Figure 2.13: Flicker test using the DMD-integrated AO-FIO projecting a static rectangular pattern.
A) before stimulation B) After stimulation. The flaws of this method are clearly visible: the contrast

is changing between the two images because the position of the illuminated rectangle has changed
due to eye movements.
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2.4.3 Dynamic pattern projection

Alternatively, using the method presented in section 2.3.3 allows for full-field phase contrast
images. For instance, the images of the nerve fiber layer presented in the previous section
(Section 2.3.4) exhibit well-contrasted vessel walls, clearly separating the different layers of the
wall. This facilitates unambiguous measurement of the lumen and wall diameters of blood
vessels, as demonstrated in figure 2.14.

Figure 2.14: Phase contrast image of the nerve fiber layer using the DMD-integrated AO-FIO
(following the method described in 5.1, employing a scanning thick line). Two large blood vessels are

visible in the image, with the lower vessel being a vein and the upper vessel being an artery. A
magnified region of the artery highlights the clear visibility of the different layers of the vessel wall.
The lumen diameter (indicated by the yellow arrow) and the wall diameter (indicated by the orange

arrow) can be easily measured.

While this method is effective for imaging static retinal features by averaging multiple im-
ages, it is less suitable for capturing dynamic retinal structures such as red blood cells and
blood vessels. This limitation arises because the number of incident photons in the retina are
proportional to the area of the illuminated patch, making the DMD-integrated AO-FIO quite
photon-inefficient and resulting in a low effective frame rate. For instance, the effective frame
rate with the thick line method described in 5.1 is approximately one image per second (24
patterns projected at 30 Hz to scan the entire image). Due to this limitation, and with the
goal of achieving high-speed measurements of neurovascular coupling, a more efficient system
based on the same principle was developed in the next chapter.
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In many aspects, the work that was done on this system marks a significant step toward
developing a high-resolution clinical instrument for studying neurovascular coupling. First, it
represents a pivotal transition for the ECUROeil bench, evolving from an instrument usable
on cooperative subjects to a robust system ready for clinical studies on patients. Secondly,
it enhances our understanding of how phase contrast imaging can be achieved with a camera-
based system, allowing us to optimize this contrast for visualizing erythrocytes and blood vessel
walls.

Conclusion of the chapter: Reaching the end of this chapter, I demonstrated that:

• I improved the usability of the ECUROeil bench, making it possible to use it in the
context of data acquisition on patients.

• The DMD-integrated AO-FIO proves suboptimal for studying neurovascular coupling,
using both static pattern projection due to eye movements and using a scanning line
pattern due to the resulting low effective frame rate.

• The DMD-integrated AO-FIO was a pathfinder toward the development of a more
efficient system. By using the system’s ability to project various patterns, I gained
valuable empirical insights into optimizing phase contrast for blood vessel walls and
erythrocytes. In addition, an effective method for achieving high contrast across a wide
field of view was established: projecting a scanning line pattern and detecting only the
non-illuminated regions above or below the line.



Chapter 3

Implementation of an optimized
multimodal imaging platform with phase
contrast capabilities: the Adaptive Optics
- Confocal Rolling Slit Ophthalmoscope
(AO-CRSO)

In Chapter 2, we demonstrated that partial illumination of the field of view using a Digital
Micromirror Device (DMD) can achieve phase contrast in a camera-based flood illumination
imaging system. Furthermore, we established that it is possible to obtain full-field phase con-
trast images by projecting a scanning line onto the retina and to reconstruct the total image
with offline spatial filtering. The method presented in chapter 2 is effective for imaging static
features of the retina. However, because of its low effective temporal resolution, it falls short in
tracking erythrocytes and measuring the subtle changes in the lumen diameter of blood vessels
at a high temporal resolution.

Building on the insights gained from the DMD-integrated AO-FIO, a proof-of-concept for
a more efficient system was proposed. By projecting a scanning thin line into the retina and
spatially filtering directly using the rolling shutter of a 2D camera, enhanced bright field contrast
as well as high speed phase contrast imaging is possible, making it a promising solution to study
neurovascular coupling.

This chapter is dedicated to the presentation of this new system and is organized in the
following manner:

In section 3.1, the system is introduced, focusing on the practical aspects of its implemen-
tation, particularly the implementation and fine-tuning of phase contrast imaging.

In section 3.2, the finalized system is described in detail, as presented in an article currently
in preparation. This section includes the specifications of the various system components and
the different imaging modalities that can be achieved with the system.

71
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Concept of the system

The Adaptive Optics - Confocal Rolling Slit Ophthalmoscope (AO-CRSO) is the second sub-
system of the ECUROeil bench. The optical layout of this system is shown in figure 3.1. A
new illumination module was integrated into the ECUROeil bench, consisting of an 850 nm
SLED that projects a thin horizontal line onto the retina using a Powell lens. This line is then
scanned vertically across the retina using a galvanometer mirror. Detection is achieved with a
2D camera (ORCA-Fusion, Hamamatsu) operating in rolling shutter mode, where the camera’s
rolling shutter is synchronized with the galvanometer mirror’s scanning motion via a custom
MATLAB software. The camera’s rolling shutter functions as a horizontal physical slit, with
its width adjustable by modifying the pixel exposure time. By controlling the offset between
illumination and detection, it is possible to operate in either bright field mode, where the illumi-
nation and detection lines overlap, or in phase contrast mode by introducing an offset between
the illumination line and the camera’s rolling shutter. The use of a 2D camera’s rolling shutter
for retinal imaging was previously demonstrated by Muller et al. [101] for confocal imaging.
However, their approach employed a digital light projector for line-scan illumination, whereas
we use a Powell lens in our system. Furthermore, to the best of our knowledge, this is the first
demonstration of this principle on an adaptive optics system.

Figure 3.1: Optical layout of the AO-CRSO system.
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3.1 Practical implementation of phase contrast imaging on
the AO-CRSO

Implementing phase contrast imaging on the AO-CRSO required the application of principles
established for phase contrast in the DMD-integrated AO-FIO, as detailed in chapter 2. Specif-
ically, this involved introducing an offset between the illuminated line and the detection "slit"
of the camera’s rolling shutter. However, implementing phase contrast on this system first
required further optimization of the overall system which are first briefly described. Then a
fine tuning of the synchronization between the illumination and the detection was important
in achieving phase contrast imaging.

3.1.1 Optimization of the total transmitted optical power of the sys-
tem

Optimizing the total optical power of any imaging system was important to increase the signal
to noise ratio of the final images. One key element to achieve images of high quality when
implementing the AO-CRSO system was optimizing the total transmitted power of the system.

The ISO 15004-2:2007 standard, which sets illumination limits for ophthalmic instruments,
was used for the design of the system. For this system, this standard imposed a limit of
approximately 3 mW ([25]). According to this standard, remaining under this limit ensures
that the system can be safely used by anyone, including non-specialists, without any risk.
Despite the source having a maximum output power of 20 mW, in the first iteration of the
system, the maximum power that we could measure at the cornea was only 0.97 mW moreover
the output power was unstable and depended on the bending and coiling of the source fiber.

This was due to the polarization of the source used for the system. Indeed superluminescent
led (SLD) such as the one we are using are partially polarized with extinction ratios of around
8-9 db. Although this extinction ratio was not specified for our SLD (Thorlabs SLD850S-
A20W). Due to this phenomenon, some orientation of this polarization caused substantial loss
of power when passing through elements of the system with polarization dependent transmission
or reflection such as the beamsplitter separating the illumination beam and the collection of
the light by the camera.

As a result, substantial power loss was happening due to the varying polarization of the
source. Simply moving the fiber of the source could change the measured power at the cornea
from 0.3 mW to 0.9 mW and vibrations of the system would also cause the power to drift
due to this phenomenon. To solve this issue, a custom SLD source including a polarization
maintaining fiber was ordered. With this modification the output power was completely stable
and could be maximized at 1.4 mW.
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3.1.2 Improvement of the quality of the projected line

Ensuring the quality of the projected line is essential for achieving optimal system performance
both in bright field or with phase contrast modalities. This requires meeting several criteria:

• Thickness of the line: Because the gain in bright field contrast is inversely dependent
on the area of the projected pattern in the retina [26]. In order to effectively increase
bright field contrast, the line projected with the Powell lens needs to have a width of 10
pixels.

• Uniformity of the line: The intensity distribution of the line must be uniform to avoid
non-uniformity in the final image. This criterion was optimized by adjusting the injection
of the source into the Powell lens.

• Sharpness of the edges of the line: This is important to have the right contrast,
most importantly, it is important for phase contrast imaging. This criterion is largely
dependent on the adaptive optics pre-compensation of the projected line.

• Straightness of the line: If an angle between the projected line and the horizontal
rolling shutter "slit" remains, the contrast might vary over the field of view. For example
while trying to have a bright field image, the center of the image will be well contrasted,
but the corners of the images will not be contrasted due to mismatch between illumination
and detection. This criterion was optimized by adjusting the orientation of the powell
lens.

One more thing to take into consideration was stray reflections by the lenses of the system
which required adding some tilt to some lenses of the system. To visualize the aspect of the
projected line over the field of view and therefore adjusting the previously mentioned criteria,
an artificial eye was used, as demonstrated in figure 3.2.

Figure 3.2: Profile of the projected line on the whole field of view, visualized using an artificial eye.
An artificial eye was used to adjust the projected line. 10 accumulated images are superimposed thus

displaying the aspect of the illumination line at various points within the field of view.
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3.1.3 Setting up the synchronization for phase contrast imaging

Proper synchronization between the rolling shutter of the camera and the galvanometer mirror
is essential for the system to function correctly in both bright field and phase contrast config-
urations. This section details the methods used to establish synchronization, first for bright
field imaging and then for phase contrast imaging.

3.1.3.1 The user interface and its effect on the synchronization state of the system

The synchronization between the rolling shutter of the camera and the galvanometer mirror
is controlled by a custom matlab software: an analog sawtooth signal is generated via Matlab
and conditioned by a National Instrument DAQ-mx card to drive the galvanometer mirror.
While a TTL signal is sent to the the camera to begin the acquisition of a frame. The shape of
the sawtooth signal as well as the delay between the TTL signal and the sawtooth signal are
controlled via the Matlab software which provides a user interface for controlling the synchro-
nization state of the system. This software is depicted in figure 3.3. On the main window of
this user interface, the TTL and sawtooth signal are represented. On the right side of the user
interface, the three parameters that can be modified on this user interface are Vmin, Vmax and
the delay between the TTL and the sawtooth signals.

Figure 3.3: Matlab user interface controlling the synchronization between the galvanometer mirror
and the rolling shutter of the camera. The TTL signal sent to the camera is represented in blue and

the sawtooth signal sent to the galvanometer mirror is represented in red.
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Figure 3.4 illustrates the impact of these parameters on the synchronization state of the
system. The parameters Vmax and Vmin determine the maximum and minimum positions of
the galvanometer mirror, respectively. The "delay" parameter controls the interval between the
start of the TTL signal and the initiation of the sawtooth signal, which in turn determines the
offset between the detection "slit" and the illumination line. Finally, an important parameter
is the exposure time of each pixel line, which dictates the width of the detection "slit". 5 µs of
exposure time correspond to a detection "slit" of 1 pixel in retinal space. Finding the correct
synchronization state for the system means finding the value of these four parameters for bright
field and for phase contrast imaging.

Figure 3.4: Representation of the laser line projected in the retina and the effect of varying the
exposure time and the delay in the camera space.
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3.1.3.2 Finding the synchronization parameters for bright field imaging

The first step towards determining the right parameters for phase contrast imaging is to find
the right bright field synchronization. This is because in bright field configuration, the exposure
time is fixed which makes one less variable to determine. Indeed, for bright field, the exposure
time is fixed at 50 µs so that the detection slit in the retinal space matches the 10 pixel width
of the projected line.

At this stage, the remaining variables to determine are Vmin, Vmax, and the delay. Vmin

and Vmax respectively define the minimum and maximum positions of the galvanometer mirror
during the duration of a recorded frame. These two positions are connected linearly throughout
the recorded frame duration, meaning the difference between Vmin and Vmax sets the scan
speed of the galvanometer mirror. Therefore, the gap between Vmin and Vmax must be selected
to match the speed of the camera’s rolling shutter, which is determined by the frame rate
(typically 200 Hz for 1000 vertical pixels). The synchronization procedure for bright field is
done in three main steps. An artificial eye is imaged with the system to provide feedback on
the synchronizations step of the system.

1. Starting from an arbitrary set of Vmin, Vmax and delay values, the first step is to roughly
adjust Vmin and Vmax to appropriate values. To achieve this, the exposure time of the
system is set to the inverse of the frame rate (5 ms). This effectively means that the
detection "slit" of the system spans the entire field of view, eliminating confocality. By
doing so, the illuminated field of view can be directly visualized on the image of the
artificial eye, allowing Vmin and Vmax to be adjusted so that the entire field of view is
illuminated.

2. Next, the exposure time is set to 50 µs. Because the initial Vmin, Vmax , and delay values
are not precisely correct, only a partial overlap of the illumination line and the detection
slit is observed at this stage (see figure 3.5). On the camera, this results in a portion of
the field of view displaying high intensity while the rest remains dark. To address this
issue, the difference between Vmin and Vmax is incrementally adjusted to improve signal
uniformity. Once the correct difference between Vmin and Vmax is determined, the signal
is uniform over the entire field of view which means that the the galvanometer speed
matches the camera rolling shutter speed.

3. When the signal is uniform over the field of view, a delay between the illumination line
and the detection slit might still be present (For instance, as displayed in figure 3.5 D)
The next step is to maximize the bright field intensity of this signal by either adjusting
Vmin and Vmax by the same value or by changing the delay value.

When the signal is maximal and uniform over the field of view, the correct synchronization
parameters have been found.
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Figure 3.5: Example of images taken at different steps of the synchronization setting up process. The
system was focused on the photoreceptors layer. A) Starting from a random set of Vmin and Vmax

values, the speed of the galvanometer scan does not match the speed of the camera’s rolling shutter.
This mismatch results in only a partial overlap of the illumination line and the detection "slit" in
each image. B) The overlap is gradually increased by adjusting the difference between Vmin and

Vmax. C) The overlap reaches nearly the full extent of the field of view. The photoreceptors at the
top of the image are not visible, indicating that the overlap is still not perfect. The extent of the

overlap is indicated by the yellow arrow in images A, B, and C. For A,B and C, the extension of the
overlap has been represented with a yellow arrow. D) The image is uniform over the field of view,

however, a delay between the illumination and detection is present (as can be witnessed with the low
visibility of the photoreceptors).

3.1.3.3 Implementation of phase contrast imaging

Once Vmin, Vmax and delay values have been found for the bright field configuration. Phase
contrast imaging is obtained by increasing the size of the detection slit by changing the exposure
time value and putting an offset between illumination and detection. The optimal value of offset
and exposure time varies depending on the structure that we want to image. For blood vessels,
an empirical approach detailed in chapter 4 was employed to find the best set of offset and
exposure time.

As detailed in the following article 3.2, subtracting consecutive positive and negative offset
in the same way as with split detection AO-SLO, further increase phase contrast. To implement
this differential offset mode on the system, the Matlab user interface was modified (see figure
3.7). When the button ’DF sequence’ is pressed, the sawtooth signal sent to the galvanometer
mirror alternated between a signal where the "delay" value is increased by a specified "offset 1"
value and a signal where the "delay" value is decreased by a specified "offset 2" value. The effect
of these changed sawtooth signals on the synchronization of the system can be appreciated on
figure 3.6.
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Figure 3.6: Schematic representation of bright field mode, Offset 1, and Offset 2. In bright field
mode, the pixel exposure time is set so that the width of the rolling shutter matches the width of the

illumination line, and the "Delay" parameter is set to ensure overlap between illumination and
detection. In Offset 1 and Offset 2 modes, the pixel exposure time is extended, with the "Delay"

value either increased by a specified "Offset 1" or decreased by a specified "Offset 2" value.

Figure 3.7: New version of the Matlab user interface for the galvo-rolling shutter synchronization,
allowing to switch between bright field and phase contrast imaging mode. By clicking on "DF Seq",

the galvanometer mirror alternates between offset 1 and offset 2 every image.
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3.1.3.4 Fine tuning the synchronization for differential offset imaging

In practice, differential offset imaging requires very fine adjustments of the delay between the
illumination and detection otherwise the offset 1 and offset 2 images can be unbalanced (with
one offset being brighter than the other). To finely adjust this delay, the positive and negative
offset images are visualized using the button "Use off.1" and "Use off.2" in the new user interface
(figure: 3.7). The delay can then be finely tuned using the fine delay cursor to balance the two
offsets. For example raw images from offset 1 and 2 displaying a balanced aspect are presented
in figure 3.8. Once the synchronization parameters have been set, they can be saved for later
acquisitions.

Figure 3.8: Example of offset 1 and offset 2 images displaying a balanced aspect. The overall
brightness of the two images are the same
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3.2 Proceeding : High contrast and high speed multimodal
imaging platform: the adaptive optics-confocal rolling
slit ophthalmoscope (AO-CRSO)

The AO-CRSO system is described in detail in the following proceedings. A co-authored article,
in which I will be the first author alongside Léa Krafft (equal contribution), is currently under
preparation and will present the same content as this proceeding.

Contribution: The system was originally conceptualized by Léa Krafft during her PhD thesis
[25], and I contributed to its implementation. My main contribution involved integrating the
phase contrast modality into the system, as presented in the previous section.
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ABSTRACT

Adaptive optics imaging techniques are invaluable for cellular-level retina visualization. While AO Flood illu-
mination ophthalmoscopes provide distortion-free, high-speed images, they lack contrast. On the other hand,
AO scanning laser ophthalmoscopes offer highly contrasted images due to point by point illumination and spa-
tial filtering but suffer from low pixel throughput and distortion artifacts. Our recent advancements, using a
DMD integrated AO-FIO, show that we can illuminate and capture multiple spatially separated zones, achieving
contrast close to the one of a confocal microscope. Our theoretical framework emphasizes that each zone must
be smaller than 100 µm in both directions or smaller than 10 µm in only one direction to minimize the diffuse
light component. Building upon these results, we developed a cutting-edge confocal rolling slit ophthalmoscope,
able to achieve brightfield contrast similar to a confocal ophthalmoscope, along with phase contrast images. We
utilize a classical sCMOS camera with a rolling shutter synchronized with the line source scanning of the field of
view. The system makes use of all the incident photons that can be collected, whether singly, multiply scattered
or absorbed. Easy digital switching between the darkfield and brightfield, as well as modification of the size and
offset of the detection aperture, enhances the adaptability and versatility of this multimodal imaging system,
allowing for fine-tuning of imaging modalities and comprehensive exploration of the retina.

Keywords: Retinal imaging, scattering, microscopy, phase contrast, adaptive optics

1. INTRODUCTION

Adaptive optics breakthrough has allowed to reach the diffraction limited resolution and to observe the retinal
cells, in-vivo. Achieving detailed visualization of retinal features poses yet a challenge due to the optical com-
plexity of the retina, which is a multilayered organ, situated above the highly scattering choroidal and scleral
layers. Multiple scattering that drowns the structures in a diffuse background, making them scarcely notice-
able has indeed been a significant hurdle. This challenge prompted a transition from full-field illumination and
camera-based detection, as seen in adaptive optics flood illumination ophthalmoscopes (AO-FIO), to the point-
by-point scanning approach employed by adaptive optics confocal scanning laser ophthalmoscopes (AO-SLO).
The spatial filtering performed by its detection aperture that physically blocks the multiply scattered photons
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S.M.: E-mail: serge.meimon@onera.fr, Telephone: +33 1 46 73 47 83
L.K.: E-mail: lea.krafft@onera.fr, Telephone: +33 1 46 73 47 86



has demonstrated its ability to provide highly contrasted retinal images of the most reflective structures. How-
ever, the previously mentioned techniques lack the capability to visualize the weakly scattering retinal features
such as vessel walls or capillaries. The signal from neighbouring highly reflective structures indeed eclipses the
latter. In order to circumvent this issue and observe these otherwise imperceptible objects, AO-SLO devices
have incorporated an offset aperture configuration. Unlike conventional AO-SLO and AO-FIO, which utilize
reflectance contrast by collecting singly backscattered light from the illuminated regions in brightfield mode,
the offset aperture AO-SLO technique diverges by employing multiply scattered light. This approach provides
contrast originating from phase gradients in a complementary darkfield imaging mode, inspired by oblique back-
illumination microscopy.1–3 Usually performed by adding an offset between the focused illumination beam and
the detection aperture, this offset aperture AO-SLO successfully demonstrated high contrast visualization of
translucent cells, such as vessel walls, mural cells, photoreceptor inner segments, ganglion cells.2,4–7

Despite the complementary brightfield and darkfield imaging modes, the spatial filtering capability provided by
AO-SLO detection aperture, comes with a trade-off. As this method involves a point-by-point imaging approach,
2D scanning is required for comprehensive reconstruction of the field of view. The mechanical scanners imple-
mented in AO-SLO present speed limitations compared to fixational eye movements. Consequently, the resulting
images are susceptible to distortion artifacts. Limiting the reconstructed field of view is a common trade-off to
increase the pixel rate and thus mitigate motion-induced artifacts. For instance, acquisition rates higher than
120Hz can be achieved on cropped fields.8

Higher pixel throughput can also be achieved by sacrificing confocality in one direction by using a line instead
of a point to illuminate the retina with a Line Scanning Laser Ophthalmoscope (LSLO).9–11 Then, the illumi-
nation is scanned over one dimension and the back scattered light is commonly detected with a line camera
that spatially filters out the multiply scattered noise. The LSLO first introduced by Hammer et al.9 could
reach a frame rate of 30Hz. Despite a notable increase in imaging speed, further enhancements are necessary
to prevent the impact of eye motion on acquired images. With reported eye movement frequencies reaching up
to 100Hz,12,13 the Nyquist theorem suggests a minimum imaging rate of 200Hz to avoid motion artifacts. Lu
et al. achieved retinal imaging at 200Hz within a 1.2 deg by 1.2 deg field of view using a high-speed LSLO.10

Notably, increasing the imaging frame rate by constraining the field of view has shown effectiveness for imaging
blood flow in capillaries, as illustrated by Gu et al.11 They successfully conducted retinal imaging at a rate of
800Hz within a field of view measuring 1.2 deg by 0.3 deg using a high-speed LSLO.
Yet, ensuring both high imaging rate and wide field of view is necessary for detecting subtle changes or abnor-
malities across a larger area as well as for studying blood flow and thus contributing to effective diagnostics and
monitoring.
For this reason, developing an AO-FIO with spatial filtering to allow both high contrast brightfield imaging and
phase contrast capabilities as opposed to AO-SLO, would definitely be a valuable contribution in retinal imaging.
This approach has been initiated by using a digital micro-mirror device (DMD) for partially illuminating the
retina with projected patterns and digitally filtering out the detected signal with masks.14–16 Although this tech-
nique serves as a valuable pathfinding tool, the effective frame rate for generating full-field high-contrast images
is restricted. In Krafft et al., we reported an effective frame rate up to 25Hz.16 This limitation arises because
the technique requires multiple image acquisitions to reconstruct the field of view. Additionally, spatial filtering
is applied in post-processing to each image of the sequence. Moreover, the process of shaping the illumination
in reflection, as executed by the DMD, involves notable power loss.
In this work, we tackle these limitations to demonstrate how an adaptive optics camera-based ophthalmoscope is
capable of multimodal, high-speed retinal imaging. We opted for a line illumination, shaped in transmission by
line-generating lens for optimal power illumination. High throughput imaging was achieved by synchronizing the
scanning of the line with the exposed arrays of pixels of a sCMOS camera, operating in the rolling shutter mode.
The rolling shutter enables spatial filtering of the backscattered signal at the acquisition rate, resulting either re-
flectance contrast similar to that of an AO-SLO in brighfield mode, or phase-contrast images, in darkfield mode.
The resulting setup, named the adaptive optics confocal rolling slit ophthalmoscope (AO-CRSO), demonstrates
remarkable detection flexibility. It allows for real-time digital switching between darkfield and brightfield modes
and provides precise control over the temporal offset between the line and the exposed pixels, as well as pixel
exposure time. These capabilities are particularly valuable for enhancing phase contrast.



2. METHOD

2.1 General description of the method

Figure 1. Schematic description of multimodal imaging with the CRSO. Both brightfield and darkfield modes can be
generated by adjusting the aperture size of the rolling shutter and its offset relatively to the line illumination.

Figure 2 illustrates the acquisition modes enabled by the CRSO for achieving the multiple contrasts. It relies
on a fine monitoring of the detection aperture size and offset relative to the illuminated region during the scan.
In practice, the detection aperture corresponds to the electronic rolling shutter of the camera. In brightfield
mode, effective spatial filtering of multiply scattered light and out-of-focus light is accomplished by overlapping
the center of the backscattered line with the rows of camera pixels which are being exposed. In order to maximize
the signal to noise ratio, the size of the detection aperture is chosen to match the size of the line illumination. In
darkfield mode, which includes offset 1, offset 2 and differential imaging, the offset is fine-tuned to ensure that
the light collected by the pixel rows being exposed comes from non-illuminated regions. Both aperture size of
the rolling shutter and offset between the line illumination and the rolling shutter are meticulously adjusted to
maximize the contrast of the structures of interest.
The imaging mode as well as the detection parameters are monitored through a customized graphical user
interface (GUI) developed in Matlab. The GUI incorporates features to facilitate the configuration of optimal
detection parameters and acquisition methods for maximizing contrast. It allows manual adjustment of the
offset and aperture size while simultaneously visualizing the contrast of structures on the camera display in real-
time. Moreover, it allows to systematically change the delay between illumination and the detection aperture at
regular intervals. For high-speed differential imaging, consecutive images are acquired with alternating delays,
corresponding to one offset followed by its opposite. Lastly, incorporating brighfield acquisition into this sequence
enables to get reflectance and phase contrast information within a single acquisition. Further details on the
synchronization can be found in the section 2.3.

2.2 Optical setup

Figure 2-a describes the experimental setup of the system. The AO-FIO platform located at the Paris Quinze-
Vingts National Ophthalmology Hospital has been described in previous work.14,16,17 It was adapted to integrate
the CRSO module. The latter benefits from the adaptive optics subsystem to operate as a standalone imaging
module of the AO-FIO plateform. Briefly, the illumination systems consists of a fibered broadband Superlu-
minescent Diode (SLD) that emits at 850 nm with a spectral bandwidth of 55 nm and an output power of 20
mW (SLD850S − A20W , Thorlabs). The low temporal coherence length of the light source helps mitigating
speckles18 that can originate from interferences between the scattered wavefronts in a disordered medium. The
SLD output fiber is directly connected to a collimator. The resulting 0, 60mm diameter collimated beam is then
faned out in one dimension to generate a line source using a Powell lens with a fan angle of 30 deg (♯43 − 473,
Edmund Optics).19 Instead of the non uniform Gaussian laser beam that would be produced by cylindrical
lenses, Powell lenses provide an homogeneous illumination distribution in the direction of the line, as shown in
its intensity profile along the line, in Fig. 3-c. Its use yet requires to limit the illumination field in the direction
of the line in order to minimize power loss. For this reason, the beam is refocused in that direction with an



Figure 2. Schematic drawing of the CRSO module (orange rectangle). The length of the line is modelled in red, while its
width is depicted in blue. The setup is integrated to the Paris Eye Group AO-FIO plateform, with its adaptive optics
module represented in green.

achromatic doublet with a short focal lens. The focal planes of both the Powell and the following doublet were
superposed so that the object line is formed on the image focal plane of the lens. The image of the line on
the retina is shown in Figure 3-a. Its length covers 4 deg lateral field of view (1.2mm on the retina) of the
imaging system. In designing the system, careful consideration was given to set the appropriate thickness of the
line illumination to minimize multiple scattering for spatially filtered brightfield images. Guided by theoretical
studies20 and supported by experimental work,14 the thickness has been set at 10µm (7µm FWHM).
To scan the line across the retina, an achromatic doublet is used to relay the light beam to a galvanometer
mirror (6210H, Cambridge technology). The galvanometer mirror is optically conjugated with the pupil of the
eye. This ensures that the light beam remains stationary at the pupil plane and scans across the retinal plane.



Figure 3. Image (a) and intensity profile of the line illumination on the retina, along its length (b) and its width (c). The
width of the line is estimated at 7µm (FWHM) and its length 1200µm. Scalebar: 100µm.

Additionally, the galvanometer mirror is conjugated with the deformable mirror.
The illumination beam is relayed to the deformable mirror through a telescope setup composed of the two achro-
matic lenses. 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. Light is then delivered to the eye by additional relay optics. A beamsplitter located
between the two achromatic lenses of the telescope transmits fifty percent of the light power through the rest
of the optical system to the deformable mirror before reaching the eye. The backscattered light from the retina
propagates in the reverse direction along the incoming path until it reaches the beamsplitter. Half of the incident
light is reflected and directed onto the imaging camera (ORCA-Fusion Digital CMOS Camera, Hamamatsu).
The camera is monitored with Holovibes software.21

The amplitude of the scan can be adjusted to achieve a specified vertical field of view. The scanning speed
of the galvanometer mirror is suitable for capturing full-field images over the maximum field of view of 5 deg
(approximately 2000 by 2000 pixels) at a rate of 100Hz and over half of the field of view (2000 by 1000 pixels)
at 200Hz. The results presented in this work were obtained at 200Hz with a scan amplitude covering roughly
half of the total field of view.
The imaging camera is equipped with 2304 by 2304 pixels, with a pixel pitch of 6.5µm. It is operated in rolling
shutter mode to synchronize the electronic shutter of the camera with the scanning of the galvanometer mirror
when acquiring AO-CRSO images. The camera achieves an imaging rate of 200 frames per second (fps) for a
region of interest measuring 2048 by 1000 pixels.



2.3 Synchronisation

Figure 4. Chronogram of the synchronization between the galvanometer mirror and the sCMOS camera. ti corresponds to
the time between the exposure of two consecutive arrays of pixels. tarray 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. Toffset corresponds to
the delay between the scan of the galvanometric mirror and the array of pixels being exposed. The latter is thus set to
0µs for brightfield acquisitions.

The synchronization between the rolling shutter of the imaging camera and the galvanometric scanner is
achieved by transmitting an electronic transistor-transistor logic signal (TTL) to the camera, simultaneously
with the application of an analog sawtooth signal to the galvanometer mirror conditioned by the National
Instrument DAQ-mx card. The synchronization chronogram is depicted in Figure 4. The TTL signal generated
by the computer and sent to the camera thanks to a National Instrument DAQ card.The analog sawtooth signal
is generated using a custom-made Matlab code. The trigger signal sent to the camera defines the starting time
of the acquisition of a frame. The camera is configured in the ”Edge trigger” sub-mode of the External trigger
mode. This ensures that the acquisition of a new frame initiates on the rise of the TTL signal. Consequently,
the TTL signal defines the frame rate of the imaging sequence. A frame grabber, Active Silicon Frame Grabber
(FireBird BASEBOARD 2xCXP662) allows to transfer the images to the system memory.
As depicted in Fig.4, each pixel array is exposed during tarray. At a defined time, as multiple arrays are exposed
one can define the width of the camera rolling shutter as the number of pixel arrays exposed. The variable
ti represents the time between the exposure of two consecutive arrays. Therefore, it also indicate the period
during which the rolling shutter shifts down with a one-array step or its speed per pixel array. Drawing this
parallel between temporal considerations of synchronization and an equivalent spatial detection aperture, one
can observe the similarity between the offset aperture approach of AO-SLO and the AO-CRSO. Additionally,
the variable toffset, representing the delay between the scan of the galvanometric mirror and the exposure of
the pixel array, is equivalent to a spatial shift of the detection aperture relative to the line illumination. We
consider acquisitions of frames of 1000 arrays of pixels at a rate of 200Hz, corresponding to 5ms exposure time
per frame. In order to scan the entire field of view, the speed of the galvanometric mirror is 5µs per line.
In brightfield images, to maximize the signal-to-noise ratio, it is crucial to maintain the exposure of each pixel
array while the scanning line aligns with the array of pixels. Given that the thickness of the line illumination
corresponds to 10 pixel arrays, it also aligns with the width of the rolling shutter, resulting in an exposure time
of 50µs per pixel array.
For darkfield images, both the exposure time and the temporal offset (delay or advance) are set within a range



from typically 50µs to 400µs. In other words, both the aperture size of the rolling shutter and the offset between
the line illumination and the expose pixels are set from 7µm to 59µm.

2.4 Processing

Images of both photoreceptor layer and nerve fiber layer were acquired with the AO-CRSO module at different
eccentricities. To compensate for ocular motion, the image stacks went under a registration process before being
averaged. This involved adapting to full-field AO-CRSO images a custom-made high-spatial frequency-based
phase correlation algorithm, implemented in Matlab and detailed in.22 Image processing first consists in discard-
ing the blurred frames and those affected by eye blinking. Subsequently, a reference frame is selected from the
stack, and the vertical and horizontal shifts resulting from ocular movements are estimated by computing phase
correlation maps between each frame and the chosen reference frame. The images presented in the following
section were averaged across a stack comprising several hundreds of registered images. For figure 5, AO-SLO
images, corresponding to 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.23

2.5 Image acquisition

In-vivo retinal images were captured from a single healthy young participant.The participant followed institu-
tional guidelines and adhered to the tenets of the declaration of Helsinki. After an explanation of the study’s
nature and potential outcomes, the subject provided informed consent.
The participant underwent pupil dilation with a 1% tropicamide solution (Mydriaticum, tropicamide 0.5%).
Seated in front of the AO-full-field ophthalmoscope and securely stabilized using a chin and forehead rest, the
participant was fixating on a yellow crosshair. This target served only to guide the subject’s gaze, facilitating
exploration of the retina.
The powers of the AO beacon source was 3.7µW and the imaging source was 0.9mW . The irradiance of the
illumination remained lower than the maximum permissible radiant exposure set by ISO standards (ISO 15004-2
(2007)) for devices classified under group 2.

3. RESULTS

3.1 Brightfield comparison with conventional AO-FIO and AO-SLO

The distinctive attribute of the CRSO lies in its ability to effectively reject multiply scattered photons. To
evaluate its spatial filtering capabilities, we conducted a comparative analysis between brightfield CRSO images
and those obtained using AO-FIO and confocal AO-SLO, on the same region of the subject.
For a meticulous comparison, we opted to use the same CRSO imaging path for acquiring both AO-FIO and
brightfield AO-CRSO images. For AO-FIO images, all the camera pixels were exposed from the start of the
acquisition until the exposure time of a single frame of 5ms. The raw AO-FIO and AO-CRSO images then
underwent the same processing algorithm as detailed above. Similar illumination between these images highlights
the effect of the rolling shutter on the imaging contrast. The raw AO-FIO, AO-CRSO and AO-SLO images were
averaged in order to get similar light irradiance.

AO-FIO AO-CRSO AO-SLO
Michelson contrast 0,17 0,72 0,86
Photoreceptor SNR 5 35 45

Table 1. Comparative measurements of the Michelson contrast and photoreceptor signal-to-noise ratio, conducted among
AO-FIO, AO-CRSO, and AO-SLO. These measurements were performed on the data presented in Fig. 5.

Figure 5 shows this comparison in the photoreceptor layer, on a region close to the fovea. 4 deg by 2.4 deg AO-
FIO (A) and AO-CRSO (B) images were successfully acquired at 200Hz. The comparative AO-SLO image (C)
was acquired at 30Hz over a field of view of 2.2 deg by 1.9 deg. The scattering haze, predominant in the AO-FIO



Figure 5. Images of photoreceptor cells near the fovea. 4 deg by 2.4 deg average images acquired with the AO-CRSO with
an exposure time of 5ms per array (equivalent to global shutter mode) (A), with an exposure time of 50µs per array (B).
2.2 deg by 1.9 deg confocal AO-SLO image acquired at the same region (C). The white star indicates the center of the
fovea. Scale bar: 100µm. Zoom of the same region of 0.6 deg by 0.6 deg (A1, B1 and C1) and their Fourier transform
images (A2, B2 and C2). Scale bar: 50µm.

image (A), has been significantly reduced in the AO-CRSO image, making the contrast of the photoreceptors
closer to the one in the AO-SLO image (C). This observation is further validated by images (A1, B1, and C1),
which represent zoomed-in views of the same retinal region measuring 0.6 deg by 0.6 deg.
The enhancement of contrast is further evident when analyzing the frequency content of the images. The power
density spectra depicted in (A2), (B2), and (C2) were obtained by computing the Fourier Transform of (A1),
(B1), and (C1). Our specific interest is driven towards how bright the Yellot’s ring, which represents the frequency
footprint of photoreceptors, gradually increases from the AO-FIO to the AO-SLO
To quantify this improvement, table 1 displays the photoreceptor SNR computed from power density spectra (A2),
(B2), and (C2) and the Michelson contrast measured directly on the images (A), (B), and (C). It highlights a 4 fold
improvement in Michelson contrast or a 7 fold increase in photoreceptor SNR achieved through the spatial filtering



Figure 6. Multimodal imaging with the AO-CRSO reveals images of the nerve fiber layer at the peripheral retina (at 9
temporal degrees). Average images of 4.1 deg by 2.0 deg were acquired with the AO-CRSO in both brightfield (a) and
darkfield modes, including offset 1 (c), offset 2 (e), and live differential (g) images. The average live phase contrast images
were obtained by sequentially acquiring offset 1 and offset 2 images and subtracting them in real-time. Magnified views
of 0.4 deg by 0.5 deg are shown for each acquisition mode (b), (d), (f), (h). In brightfield mode, the exposure time is set
to 50µs per array. In phase contrast mode, the exposure time is adjusted to 300µs with a delay of 100µs (approximately
15µm). The yellow arroheads in offset 1 and offset 2 images highlinght the typical inverted contrast between both offsets.
Scale bar: 100µm.



of the AO-CRSO (0.72 Michelson contrast and 35 photoreceptor SNR), compared to the AO-FIO (Michelson
contrast of 0.17 and photoreceptor SNR of 5). With such enhancements, the AO-CRSO reaches approximately
80% of both the Michelson contrast and photoreceptor SNR of the AO-SLO (0.86 and 45, respectively).

3.2 Multimodal imaging

To advance this proof-of-concept of AO-CRSO towards high-throughput multimodal imaging, we executed imag-
ing sequences that alternated between brightfield and offset 1 and 2 acquisitions, on the nerve fiber layer, at 9
temporal degrees. The resulting images from the same sequence, acquired at 200Hz after registration and aver-
aging for each imaging mode (brightfield (a), offset 1 (c), offset 2 (e), and differential (g) images), are presented
in Figure 6.

Similar to AO-SLO offset aperture images, the brightfield image (a), (b) favors the strong specular reflection
from nerve fibers and the upper external part of blood vessels.5 By shifting the detection aperture equivalent to
15µm from the illumination, we effectively filtered out the reflective signal, revealing capillaries, as depicted in
(c), (d), (e), and (f).
Magnified views of offset 1 and 2 images (d) and (j) particularly highlight their inverted contrasts, reminiscent
of observations in offset aperture AO-SLO,4,24,25 as indicated by the yellow arrowheads. The vessel contrast is
further improved in the differential image (g).
Expanding this study to another retinal eccentricity, Fig. 7 presents two distinct views of the same regions for
the photoreceptor layer and the nerve fiber layer.
Effects of spatial filtering clearly visible in the photoreceptor layer. The brightfield mode renders the photorecep-
tor cells highly contrasted and bright, while the vessels in neighboring layers are optically sectioned and appear
dark. The orange arrowheads in Fig. 7-(c) are pointing towards rods. This demonstrates that implementing
the CRSO module to the Paris Eye group AO-FIO has not affected the lateral resolution (of 2µm). In phase
contrast mode (see Fig 7-(b) and (d)), the differential image reveals the photoreceptor inner segments, akin to
the AO-SLO split detection technique.2 Their precise visualization, whether the outer segment exhibits strong
backscattering or not, has proven to be beneficial in the follow-up of gene therapy,26 blindness, AMD, and glau-
coma.27

The change in frequency content between the two acquisition modes (a) and (b) can be examined with the power
spectral density (PSD) of images (a) and (b) through their Fourier Transform computation. The resulting images
(e) and (f) display the frequency footprint of the photoreceptor cells, known as Yellot’s ring, in both images.
While the PSD of the brightfield image shows an isotropic distribution of the photoreceptor signal’s energy,
the PSD of the differential image reveals a preferential energy distribution towards a vertical direction. This
direction corresponds to the asymmetric axis, which matches the direction of the offset between the scanning
line illumination and the pixel arrays. This observation aligns with multi-offset aperture images, as detailed in
Mecê et al.28

In the images of the nerve fiber layer, the fiber bed, initially covering the entire field of view in Fig.7-(g),
vanishes in Fig.7-(h). This phenomenon resembles the results reported by Chui et al. when utilizing a large
aperture with an offset.4 In the differential image, the capillaries that are hardly visible in the brightfield image,
become notably discernible (blue arrowheads).



Figure 7. 1.5 deg by 2.0 deg brightfield (a), (g) and differential (b), (h) AO-CRSO images of the same region on both the
photoreceptor (a), (b) and the nerve fiber (g), (h) layers, at 9 temporal degrees. 1.0 deg by 1.0 deg magnified views of
photoreceptors are shown in brightfield (c) and differential imaging (d) modes, as well as the corresponding power density
spectra (g) and (h) computed from (a) and (b). The blue arrowheads in the differential image of the nerve fiber layer
(h) point towards capillaries. The orange arrowheads in the magnified view of the photoreceptors in brightfield (c) point
towards rods. Scale bar: 100µm.

4. DISCUSSION

This study demonstrates the flexibility and efficiency of the AO-CRSO in tailoring the imaging process to specific
contrast requirements. To evaluate this capacity even further, we conducted a parametric study to evaluate the
contrast evolution when varying the offset between the line illumination while keeping the same exposure time of
300µs per line (corresponding to an aperture size of 44µm). In Fig. 8, we observe a gradual change in contrast
of differential images in the the nerve fiber layer with increasing offsets. Smaller offsets enhance the contrast



Figure 8. 3.2 deg by 1.2 deg differential images of the nerve fiber layer, as the delay between the illumination and the
rolling shutter increases, at a constant exposure time of 300µs. The delays were set at 75µs (a), 150µs (b), 250µs (c),
and 400µs (d). The corresponding offsets are 11µm (a), 22µm (b), (c), (d). The green arrowheads highlight the same
large vessel for each offset. The blue arrowheads in the magnified views show the same vessel under different offsets. The
yellow arrowhead in (f) points towards putative ganglion cells. Scale bar: 100µm.

of capillaries and vessel walls. This contrast begins to dissipate at 250µm (equivalent to 37µm). The altering
appearance of the vessel wall indicated by the blue arrowhead illustrates this trend. Larger features, such as the
vessel pointed out by the green arrowhead, remain visible at larger offsets before fading at 400µs (equivalent to
60µm). Notably, putative ganglion cells (size: 10–12µm) become visible with a consistent size and in a manner
similar to images previously demonstrated in multi-offset AO-SLO,7 at an offset of 250µs (37µm), as indicated
by the yellow arrowhead in the magnified view. Achieving high precision in offset settings is crucial to observe
these cells, as they become obscured at the subsequent offset of 400µs.
In Fig. 8, we observe a gradual change in contrast as the offset increases. While the smallest offsets favor the
contrast of capillaries and vessel walls, their contrast beging to dissipate at 250µm (equivalent to 37µm). The
varying aspect of the vessel wall pointed by the blue arrowhead illustrates this tendency. Bigger features as



the vessel pointed by the green arrowhead are visible at bigger offsets before fading. Particularly interesting, at
offset 250µs, (37µm), displays putative ganglion cells (size: 10–12µm as pointed by the yellow arrowhead on the
magnified view.
Along with the system’s versatility, these results also highlight the ability of the AO-CRSO to perform imaging
with spatial filtering similarly to AO-SLO technique but with an asset of being at the camera pixel rate.
This marks a notable evolution from conventional camera-based pattern projection multimodal retinal imaging
approaches.16 Specifically, the AO-CRSO’s rolling shutter camera eliminates the need for additional digital fil-
tering in post-processing required with the pattern projection approach. What adds further value for clinical
practice is its capability for direct visualization of the retina in the desired mode and synchronization settings
during eye examinations.
Additionally, the ability to switch detection modes within a single acquisition, without affecting the frame rate
enables the system to perform rapid multimodal imaging. In comparison to offset aperture AO-SLO, the AO-
CRSO cannot achieve simultaneous bright and darkfield imaging. However, with the alternating acquisition
modes, the delay between consecutive raw brightfield and offset images can be reduced to one frame, that is 5ms
at 200Hz. Consequently, complementary data in brightfield and differential imaging modes can be obtained at
an effective rate of approximately 67Hz for a field of view of 4 deg by 2.4 deg.
More particularly, high throughput phase contrast imaging, represents a valuable asset of the AO-CRSO. Offset
aperture acquisitions alternating advanced and delayed detection with the same offset, allows to get direct vi-
sualization of the blood flow in the microvasculature. Giving access to a quantitative counting of erythrocytes
provides a distinctive benefit for the in-depth examination of vascular disease over time in humans.11

Narrowing the field of view to 1 deg by 4 deg, we successfully captured individual red blood cells within capillar-
ies at a rapid imaging rate of 400Hz. Figure 9 depicts the perfusion map of the area where red blood cell flow was
captured, computed from differential images. Reslicing the 400Hz video along the selected capillary’s direction
enabled to create the kymograph in (b). This technique, previously used on brightfield images,29 allowed us
to retrieve blood cell speed within vessels. Using the same method, blood flow in the capillary was estimated
from 0.68mm/s to 1.35mm/s, consistent with ranges presented in prior work. Additionally, by reslicing per-
pendicularly to the same capillary, blood flow was measured by counting individual red blood cells, employing
a technique demonstrated in mice.30–32 The corresponding kymograph in (c) indicates a blood flow of 40 to 100
red blood cells per second, aligning with in vivo measurements in human retinal capillaries presented in.32

Adapting the image processing method would help improve the imaging quality over the entire field of view
bringing a more accurate estimation of potential biomarkers such as blood flow. In fact, imaging fine dynamic
functional processes such as moving red blood cells over the full field and the entire imaging sequence makes
the imaging quality even more sensitive to registration performances at subpixel level. Implementing to our
processing scheme stripe-based image registration method seem particularly adapted to this challenge.33,34 In
fact, the precision of the registration relies on the reference frame, which must be carefully selected to be with
minimum distortion. High-speed imaging enabled by the AO-CRSO may facilitate better and easier generation
of a reference frame with minimal intra-frame distortion.

5. CONCLUSION

The AO-CRSO has demonstrated its ability to utilize both directly scattered and multiply scattered photons
to image various structures such as fibers, vessels, capillaries, or photoreceptors, employing both brightfield and
phase contrast modes. Successful image acquisition has been demonstrated across different regions of both the
foveal and peripheral retina.
Proof-of-concept images exhibit a notable contrast enhancement compared to AO-FIO images, approaching the
contrast levels of images obtained at lower rates with confocal systems. This enhancement has been achieved
while maintaining a resolution sufficient for observing the structures of the smallest cells, such as foveal center
cones and rods.
Notably, features observed in offset images closely resemble those seen in phase contrast images acquired with
offset aperture AO-SLO, suggesting significant potential for enhancing visibility and broadening the range of
structures revealed by this technique.



Figure 9. Red blood cell counting is performed on the motion contrast differential image. The 3.9 deg by 1.9 deg motion
contrast image (a) is generated from the same image sequence as in Fig. 7-(g). The kymograph of the red blood cell flow
is computed by reslicing the capillary section (in yellow) from the 400Hz image sequence in the direction of the capillary
((b) first row). Blood flow is measured using a kymograph of the red blood cell flow from the same capillary section
through perpendicular reslicing for counting individual red blood cells ((b) second row). Scalebar: 100µm.

Furthermore, the demonstrated flexibility to adjust the detection offset for optimizing imaging contrast on
specific structures underscores the versatility of the AO-CRSO. The capability to acquire images using the
alternating acquisition modes minimizes intra-frame motion-induced artifacts, opening new perspectives for
functional imaging such as blood flow measurements and the study of retinal diseases.
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Conclusion of the chapter: Reaching the end of this chapter, I demonstrated that:

• I implemented an imaging system capable of high speed, high resolution, distortion-free
imaging on a large field of view, both in bright field and with phase contrast modalities:
the Adaptive Optics - Confocal Rolling Slit Ophthalmoscope (AO-CRSO).

• By employing the differential offset phase contrast modality with this system, blood
vessels and capillaries are well contrasted, enabling the measurement of blood vessel
diameter.

• Owing to the high imaging speed, resolution and contrast, erythrocytes can be individ-
ually imaged within capillaries, making it possible to measure erythrocyte speed and
blood flow.



Part III

Clinical application
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Introduction to part III

In Chapter 3, we introduced the AO-CRSO, an imaging system that offers high spatial
and temporal resolution across a wide field of view in both bright field and phase contrast
modalities, enabling high contrast imaging of blood vessel walls and erythrocytes. This
third part of the manuscript focuses on the clinical application of this system for studying
neurovascular coupling. My goal was to specifically adapt this system for measuring the
effect of flicker stimulation on the diameter of retinal blood vessels at a high spatial and
temporal resolution. This work is detailed in Chapter 4. Subsequently, the system was
applied on a cohort of healthy patients. The results of this clinical investigation are
presented in Chapter 5.



102



Chapter 4

Adapting the AO-CRSO for measuring
flicker induced vasodilation at a high
spatial and temporal resolution

Adapting the AO-CRSO to measure the effect of flicker stimulation on blood vessel tone involves
focusing on three main aspects:

The first step is to integrate a stimulation channel into the system to activate retinal neurons.
This stimulation channel must be optimized to ensure effective triggering of neurovascular
coupling. This process is detailed in section 4.1.

In section 4.2, once the capability for light stimulation is established, the parameters of the
AO-CRSO must be tuned to measure blood vessel size, with particular emphasis on enhancing
the contrast of vessel walls. For this step, finding the appropriate offset and exposure time
settings of the system is crucial.

Finally, to analyze the images captured by the system, an image processing method capable
of precisely measuring changes in vessel diameter in response to light stimulation is required.
This method needs to be as automatic as possible. This work is presented in section 4.3
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4.1 Implementation of a stimulation channel to trigger neu-
rovascular coupling

Neurovascular coupling in the retina can be observed by administering a flickering light stimulus
to the eye, which describes an illumination alternating in brightness usually with a frequency
in the 5-20 Hz range. This type of stimulus increases the activity of amacrine cells and ganglion
cells in the inner retinal layers leading to the dilation of primary arterioles by the relaxation of
smooth muscle cells [59] and enhanced blood flow throughout arteriolar, capillary, and venular
networks of the retina. To provoke neurovascular coupling in the retina, a stimulation channel
was designed and implemented within the system. Designing this channel started with review-
ing literature to find the best light stimulation configuration to favor a strong NVC response.
In the following section, the different requirements in terms of intensity, frequency, wavelength,
and size of the stimulation are discussed.

4.1.1 Requirements of the stimulation channel to trigger neurovascu-
lar coupling.

Wavelength: Neurovascular coupling is driven in the retina by the increased activity of
amacrine and ganglion cells [59]. The role of ganglion cells is to transmit image-forming visual
information from the retina to the brain in the form of action potentials [102]. Therefore, any
visible light that can be detected by the retina has the potential to increase the activity of
ganglion cells and therefore to trigger functional hyperemia. Some evidence in cats from Riva
et al [17] have shown that blood flow increase in the optic nerve head in response to flicker
stimulation closely follow the scotopic luminous sensitivity curve when an area of the retina
presenting predominantly rods was stimulated. Following the same principle, to stimulate the
central human retina, monochromatic light with a wavelength close to the photopic peak sen-
sitivity of the eye should work the best.

In humans, different flicker wavelengths have successfully induced functional hyperemia.
Alternating yellow and green/blue light has been used on the RVA [13, 14, 73] as well as yellow
light (530-600 nm) [15, 31, 72].

Frequency: The effect of flicker stimulation frequency on blood flow at the optical nerve head
has been assessed using laser doppler flowmetry in both cats and humans [75]. For both studies,
a band-pass response was found with a significant increase in blood flow between 2 and 30 Hz.
The effect of flicker frequency on retinal blood vessel dilation has also been measured on humans
[14]. Vasodilation of retinal arteries was observed with flicker frequencies between 2 and 64 Hz.
However, flicker frequencies in the range 4 to 16 Hz provoked the strongest responses in both
arteries and veins.
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Stimulation intensity: A wide range of stimulation intensities has been used in the litera-
ture to elicit a functional hyperemia response in the eye. The RVA, commonly used to measure
flicker-induced hyperemia, employs a flicker stimulation intensity of approximately 260 lx [73].
Some studies have also utilized lower intensities; for instance, Zhong et al. [79] successfully
used an illuminance of 6.6 lx. Using a low illuminance might be interesting as it results in a
more comfortable stimulation for the patient.

Area of stimulation: It has been established in prior research both on animals [103],[104] and
in humans [79] that neurovascular coupling in the retina is a location-specific process. Meaning
that blood vessels dilate in order to bring more blood specifically to the regions where neurons
have been activated. Consequently, to get a maximum functional hyperemia response, the area
of stimulation should be as broad as possible, centered on the fovea and should encompass
photoreceptors downstream of the imaged blood vessel.

Final choice of flicker parameters: Considering the available amoled screen for delivering
the stimulation, the final flicker parameters are detailed in figure 4.1. A wide-field green light
with a wavelength centered at 530 nm and a FWHM (Full Width at Half Maximum) of 40 nm
was selected. The stimulation was delivered with an illuminance of 7 lx and a flicker frequency
of 10 Hz, using square wave modulation at a 50% duty cycle. The area of stimulation in the
retina was of 25° × 20°.

Figure 4.1: Parameters of the flicker stimulation. The stimulation region, is represented as a 20° x 25°
rectangle on a retinal fundus image. The temporal profile of the stimulation follows a square wave

modulation with a 50% duty cycle at 10 Hz.

4.1.2 Practical implementation of the fixation target

To deliver the stimulation, a 136x66 mm amoled screen (Waveshare, China) also used as a
fixation target was chosen. The screen was set on a translation stage (see figure: 4.2) so that
the distance from the lens to the screen could be adjusted to compensate for spherical refractive
error of the imaged eye. An image of the screen was formed on the retina using a 150 mm lens
and a pellicle beam splitter was used to separate the stimulation path and the imaging path
(see figure: 4.2). To ensure a wide field of stimulation and fixation, a large 4 inches lens and
a 4 inches beamsplitter had to be used in our setup. As a result, a final 25°x 20° rectangular
region of stimulation could be obtained.
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Figure 4.2: Practical implementation of the stimulation target.

4.1.3 Control of the fixation target

To control the fixation target and the stimulation channel, I developed a Python software. With
the custom developed software, the operator can select the position of the fixation target and
activate the stimulation sequence. Figure 4.3 shows the control window of this software.

Control over the flicker parameters, including the frequency, color, and timing of the flicker,
is possible through the use of this software. During the flicker sequence, a countdown is dis-
played for the operator to provide spoken indications to the subject. This is particularly useful
to prevent the subject from being surprised by the stimulation therefore ensuring that fixation
is maintained by the imaged subject.

The start of the stimulation sequence was also synchronized with the start of the recording
by the imaging system. This synchronization was achieved by implementing a double-click
algorithm: the click to start the flicker sequence automatically triggered the ’start recording’
button in the imaging system window. This method does not ensure perfect synchronization.
To verify the precision of the synchronization, the target was placed directly in front of the
imaging camera to determine the recorded image at which the flicker starts. With this method,
a 100 ms precision on the synchronization between the flicker stimulation and the imaging
system was measured.
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Figure 4.3: Control of the fixation/stimulation target. On the left, the window to control the fixation
target and start the flicker stimulation sequences is shown. On the right, a view of the target

projected onto the screen used for stimulation and fixation is depicted.

4.2 Choosing the best imaging parameters to image vessel
walls

As discussed in the previous chapter, the AO-CRSO system is capable of phase contrast imaging,
a modality particularly effective at revealing blood vessel walls. To investigate the effect of
flicker stimulation on the lumen diameter of retinal blood vessels, we must determine the
optimal system parameters, specifically in terms of exposure time and offset to reveal blood
vessel walls.

With the AO-CRSO system, phase contrast imaging is achieved by introducing an offset
between the illumination line and the detection rolling shutter of the camera. To optimize
phase contrast, two key variables can be adjusted: the exposure time of each line of pixels in
the camera’s rolling shutter (which effectively changes the width of the detection "slit") and
the offset between the illumination line and the detection "slit." Identifying the right values for
these parameters is essential to maximize phase contrast of the vessel walls.

4.2.1 Optimizing vessel walls contrast: empirical approach

To find, the best parameters for imaging blood vessels, I opted for an empirical approach. The
choice of the exposure time was first guided by the results of the work on the DMD-integrated
AO-FIO: As we have seen in chapter 2, when projecting an illumination pattern into the retina,
the extension of phase contrast was not the same for every structure. For blood vessel walls, the
approximate extension of good phase contrast was approximately 50 µm. With this information,
we have a good starting point of the exposure time that would optimize vessel walls contrast:
50 µm is equal to approximately 70 pixels in retinal plane (1 pixel = 0.73 micron in retinal
plane) which results in an exposure time of around 350 µs for each line of pixels (5 ms of total
exposure time for each total frame, with 1000 pixels in the vertical direction).

After setting the exposure time, the system was switched to ’sweep’ mode to determine the
appropriate offset parameter. In this mode, the delay between the sawtooth signal sent to the
galvanometer mirror and the TTL signal sent to the camera is incrementally increased with
each frame. This method allows the recorded video to display the varying contrasts achievable
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at different offset positions. An example of an image sequence recorded using this method is
shown in 4.4.

Figure 4.4: Demonstration of a sweep sequence. The system was focused on the nerve fiber layer,
with pixel exposure times set to 300 µs. The top row displays 8 images selected with incremental
offset values of 30 µs. At a 0 µs offset, we have bright field contrast and the vessel walls are not

visible. Good phase contrast for the vessel walls is observed at offset values between 30 µs and 150
µs. The optimal contrast is achieved at offset values of 60 µs, 90 µs, and 120 µs, as shown in the

magnified images in the bottom row.

This method was conducted with different exposure times to determine the optimal com-
bination of exposure time and offset. We found that an exposure time of 300 µs provided the
best contrast for the vessel walls. Regarding the offset, a wide range of offset values resulted in
good contrast, as shown in figure 4.4, where offsets between 30 µs and 150 µs yielded good con-
trast. I considered that increasing the offset causes high-frequency background features (such
as nerve fibers) to disappear. Therefore, I chose an offset value of 50 µs, since maintaining some
background features was important for accurately registering the recorded images which would
be an important step in the processing of the images.

The final exposure time was set to 300 µs, resulting in a detection ’slit’ of 43 µm. The chosen
offset parameter of 50 µs created a 7 µm gap between the illumination line and the detection
’slit.’ As discussed in previous chapters, subtracting consecutive positive and negative offsets
further enhances phase contrast. The final configuration of these positive and negative offsets
used for imaging blood vessels is presented in figure 4.5.
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Figure 4.5: Final imaging parameters chosen for phase contrast imaging of blood vessels. An
exposure time of 300 µs results in a 43 µm detection ’slit,’ and an offset of 50 µs creates a 7 µm gap

between the illumination line and the detection slit.

4.2.2 Choice of the field of view and framerate

As discussed in chapter 3 , with the AO-CRSO, the horizontal field of view is fixed by the length
of the illumination line which is around 2000 pixels (4.5°) wide. While the vertical field of view
depends on the scanning course of the galvanometer mirror which results in a trade-off between
the vertical field of view and the total framerate. The following field of view and framerates
are possible with the system:

• 4.5° x 4.5° at 100 Hz

• 4.5° x 2.5° at 200 Hz

• 4.5° x 1.25° at 400 Hz

It has been shown by Lu et al. [49] that eye motion artefacts are minimized for frame rates
above 200 Hz. For this reason, the 4.5° x 2.5° at 200 Hz configuration was chosen as the default
configuration.

4.2.3 Typical images of retinal arteries obtained with these parame-
ters

Figure 4.6 presents examples of phase contrast images (differential offset) of arterioles obtained
after optimization of the systems parameters for imaging vessel walls. These images are com-
parable to those of arterioles captured with split detection AO-SLO ([22], [92]) where the three
layers of the arteriole wall can be distinguished (see, for instance, figure 4.6 B).
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Figure 4.6: Example of phase contrast images taken with this configuration. A) For each example,
the system was focused on the nerve fiber layer, and 10 differential images were averaged. B)

Magnified image of one example from A, showing the three layers of the artery: 1) tunica intima, 2)
tunica media (composed of smooth muscle cells), and 3) tunica adventitia.

4.3 Image processing

As seen in the previous section, the AO-CRSO is capable of high framerate phase contrast
imaging. This offers the possibility for measuring neurovascular coupling at a high temporal
resolution. However, to measure the diameter of blood vessels with a high sampling rate (at
least every 0.1 seconds), measuring manually the size of vessels is not feasible. For instance, a
50 second recording results in approximately 10 000 images. To automatically extract the vessel
size at regular intervals from the recorded images, an algorithm was developed. This algorithm
consists of 4 main steps: image registration and averaging, manual selection of the zone where
vessel wall will be analyzed, detection of the vessel walls, vessel wall diameter computation over
time.

4.3.1 Image registration

To correctly measure the size of the vessel, a custom-made registration method was employed
using MATLAB. The basis for this method is an algorithm which was originally developed
by Pedro Mecê to register AO-FIO images and is detailed in the following paper: [105]. The
main steps of this methods are the following: The images are first bandpass filtered to remove
high spatial frequency noise (dominated by photon noise) and low spatial frequency (dominated
by photons collected from out-of-focus retinal layers and multiply scattering). Then, a phase
correlation between the two images is computed by multiplying the reference image FFT with
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the other image FFT and taking the real part of this multiplication a correlation map is
obtained. The 2D maximum of this correlation map gives the shift between the reference image
and the current image. At this step, the shift is only measured pixel wise. To improve the
precision of this method, a parabolic fit using the surrounding points vertically and horizontally
is employed. From the parabolic fit coefficients, a new maximum is found resulting in a sub-pixel
precision. This method is schematically represented in figure 4.7.

Figure 4.7: Representation of the registration method used. A correlation map is obtained by
computing the cross correlation of a reference image and the image to register. The resulting

correlation map is represented on the right: the image shift is measured by finding the maximum of
the correlation map.

Figure 4.8 is a schematic representation of how I applied this algorithm. To enhance the
performance of the registration process, a high signal-to-noise reference image was first gener-
ated by averaging the initial 100 images from the stack. These 100 images were registered using
the first image of the batch as the reference, after which they were averaged. Before proceeding
with the registration of the entire stack of 10,000 images, I visually inspected the resulting
reference image to ensure its sharpness. If the reference image was not sharp, for instance in
cases where a blink occurred early in the acquisition, a different set of 100 images was selected
to create the reference image. Once a high signal-to-noise reference image was obtained, the
full stack was registered.
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Figure 4.8: Schematic representation of the image registration pipeline

4.3.2 Averaging

The temporal evolution of the diameter of blood vessels is affected by three main mechanisms:
The cardiac cycle, vasomotion and neurovascular coupling. To measure the complete dynamics
of blood vessels, the fastest process that we have to sample is the cardiac cycle. With every
heartbeat, veins and arteries of the retina slightly dilate. This process happens with a frequency
of 1-1.7 Hz in healthy subjects (60-100 beats per minute). Therefore, to sample this process,
we need at least to measure the vessels size 3 times per seconds.

The AO-CRSO system can acquire differential offset images at 100 Hz on a 2.5°x4.5° field
of view. However, depending on the patient being imaged, a single split image can still be
noisy. To improve the signal to noise ratio, we chose to average images by groups of 10. The
improvement in quality with averaging can be appreciated in figure 4.9.

For most patients, averaging 2-3 images is enough to precisely measure the vessel diameter,
however by averaging 10 images we are assured that all patients would yield usable images.
Furthermore by averaging 10 images, a final sampling rate of 10 Hz is maintained, which is
sufficient for capturing the vessel dynamics down to the effect of the cardiac cycle.

Figure 4.9: Single differential offset image versus 10 differential offset images averaged.
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4.3.3 Creation of a "M scan"

Once the images are registered and averaged, a simple semi-automatic algorithm was developed
to measure the size of the vessel from each averaged frame of the recorded video. The first
step of this algorithm is to construct a “M scan” of the vessel. This M scan is a time-based
representation of the cross section of the blood vessel.

To make the M scan, the images are first rotated to make the vessel horizontal (see figure
4.10). This rotation is executed automatically by identifying the vessel’s dominant linear fea-
tures using a Hough transform. Manual fine-tuning of the rotation is also possible. Then, a 30
µm segment of the vessel is chosen (orange rectangle in figure 4.10 B)). This segment is chosen
at a location where the vessel walls are well-defined, and the vessel shows minimal tortuosity.

The columns from this 30 µm segment are averaged to produce a high signal-to-noise ratio
cross-section of the vessel at each frame of the recorded video. Using excessively long segments
(100 µm or more) can be problematic as it decreases the precision of the method. Conversely,
very short segments (less than 10 µm) do not sufficiently enhance the signal-to-noise ratio for
some subjects. We found that a segment length of 30 µm performed best.

Plotting these averaged cross-sections as a function of time generates the M scan of the
vessel, as illustrated in figure 4.10 C. This M scan clearly reveals the temporal evolution of the
vessel’s wall and changes in the vessel’s diameter can be appreciates. Some data loss, due to
blinks also appear as vertical grey lines in the M scan, indicating missing data. However, in
more than 90% of the recorded frames, the size of the blood vessel can be measured.

This algorithm can be applied to multiple acquisitions without having to adjust any param-
eters. As long as the fixation target is at the same location, all the frames can be registered with
the same reference image and the same rotation angle and vessel segment choice can be applied
to all the acquired images. This enables automatic processing of multiple flicker sequences and
analysis of the same region of interest among different acquisition at the same eccentricity.

4.3.4 Detection of the vessel walls

A Matlab script was developed to extract the lumen diameter of the vessel from its correspond-
ing recored M-scan. Each column of the M-scan represents the average cross-section of the
vessel at a given time. By plotting the pixel intensity of a column of the M-scan, a graph, as
shown in figure 4.11 B), is produced.

This profile exhibits two distinct sets of peaks: two positive peaks that we believe corre-
sponds to the tunica intima and adventitia on one side of the vessel, and two negative peaks
corresponding to the tunica intima and adventitia on the other side of the vessel.

I defined the lumen diameter of the vessel as the distance between the two internal peaks
which represent the tunica intima of the vessel. The position of these two peaks are indicated
by red arrows in figure 4.11.
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Figure 4.10: Generation of an M scan of a blood vessel from the recorded video. A) Example image
of a blood vessel after averaging of 10 recorded split images. B) The images is rotated so the vessel of
interest is horizontal, a 30 µm section of the vessel is chosen to make the M scan. C) Resulting M scan
of the vessel, each column of the M scan represents the average cross section of the vessel at a given
time of the 50 seconds acquisition. The vessel’s dilation is clearly visible by looking at this M scan.

Figure 4.11: Peaks detection from the M-scan. A) M-scan of the vessel. B) Pixel intensity along the
yellow line in A, showing two negative peaks and two positive peaks. The red arrows indicate the

peaks corresponding to the tunica intima of the vessel.
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To reliably detect the lumen diameter with this algorithm, some challenges had to be ad-
dressed:

• The patient have to blink during the acquisition, which will result in some data loss. As
a result, the M scan exhibits vertical lines where no image of the retina is detected.

• The image quality and global intensity can vary over time. This is due to several factors
including dynamic aberrations, head and eye movements.

To reliably measure the correct peaks corresponding to the tunica intima of the vessels and
avoid false detection due to noise and blinks, a two-step strategy was employed. First, a pixel
intensity threshold was set to detect only peaks above a certain pixel intensity value. Then,
the region around which to search for a peak was manually defined. Typically, the vessel’s
wall moves by only a few microns due to neurovascular coupling; therefore, any detected peaks
outside of this specified window were eliminated.

After detecting the position of both peaks, we initially achieve a pixel size precision on the
lumen diameter, which in our case is 0.7 µm. To improve precision, a parabolic fit was em-
ployed: after locating the pixel corresponding to the detected peak, a sub-pixel estimation was
performed by computing the parabolic fit of the pixels surrounding the detected peak. From
the parabolic fit coefficients, a new peak position was determined by identifying the location
of the parabola’s summit. In our case, the parabolic fit was performed using 3 pixels. By
examining the detected vessel walls in the M-scan in figure 4.12, the precision of this method
can be appreciated. For instance, the displacements of the tunica intima with each heartbeat
can be precisely observed.

Figure 4.12: Detected position of the vessel’s tunica intima. The detected position of the two sides
of the tunica intima were represented as red crosses on the M-scan of the vessel. On the right,

magnified regions of the M-scan, highlighted by yellow rectangles, are displayed.
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Conclusion of the chapter: In this chapter, we have discussed how the AO-CRSO sys-
tem was adapted to measure flicker-induced vasodilation. Additionally, I presented the image
processing pipeline that I developed to extract submicrometer-precision lumen diameter mea-
surements from the captured AO-CROS images:

• I integrated a stimulation channel into the AO-CRSO, designed for wide field flicker
stimulation in the retina. I also developed a software to control this stimulation channel
therefore having complete freedom on the stimulation parameters.

• Using empirical data both from the DMD-integrated AO-FIO and the AO-CRSO, I
tuned the systems parameters, including offset and exposure time, to maximize vessel
walls contrast.

• I developed an image processing algorithm to semi-automatically measure vessel lumen
diameter at a 0.1 µm precision every 0.1 seconds for acquisitions of up to a few minutes.



Chapter 5

Measuring flicker induced vasodilation at
a high spatial and temporal resolution on
a healthy subject cohort

It was established in chapter 4 that we optimized the AO-CRSO system in order to make it
completely operational to measure how blood vessels of the retina dilate when the retina was
exposed to flickering light stimulation. In this chapter, we applied this system on a cohort
of healthy subjects. More than 50 flicker tests were done in 8 healthy subjects. Our goal
was twofold: First, in section 5.1 we aimed to demonstrate the system’s capability to reliably
measure flicker-induced vasodilation at high spatial and temporal resolution. Secondly, we
explored the effects of various parameters and stimulation, leveraging the system’s capabilities
to gain deeper insights into the flicker-induced response and the dynamics of blood vessels. The
most conclusive results from this part of the work are presented in section 5.1. However, some
aspects of this research require further investigation. These preliminary results, which suggest
promising directions for future study, are detailed in section 5.2.
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118 CHAPTER 5. MEASURING VASODILATION ON HEALTHY SUBJECTS

5.1 Article in preparation: measuring flicker induced va-
sodilation at a high spatial and temporal resolution in
the human retina

The following section is structured as an article in preparation which aims to demonstrate the
system’s capability to reliably measure flicker-induced vasodilation at high spatial and temporal
resolution.

5.1.1 Article
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Significance:  
 

Neurovascular coupling is a fundamental mechanism of the brain which locally regulates blood 

flow in response to changes in neuronal activity. Here, we show a method to measure in-vivo 

how blood vessels of the retina dilate in response to visible light stimulation of the neurons. By 

imaging the retina at a high speed and high resolution, this method provides new insight into 

the inner working of functional blood flow regulation in the retina. Clinically, this method holds 

promise for improved diagnosis of retina or systemic diseases where active blood perfusion 

becomes deficient.  

 

 

Abstract:  

Neurovascular coupling (NVC) is a crucial process in which blood flow is dynamically adjusted 

to meet the metabolic demands of active neurons. In this study, we introduce an innovative 

method for in-vivo imaging of retinal blood vessel dilation in response to visible light 

stimulation, offering insights into the functional regulation of retinal blood flow. Using high-

resolution, high-speed phase contrast imaging, we continuously monitored retinal vessel 

dynamics in eight healthy subjects, capturing precise temporal and spatial changes in vessel 

size under both stimulated and baseline conditions. The flexibility of our method also allowed 

for the exploration of various acquisition and stimulation settings, broadening possibilities for 

investigating neurovascular coupling in the retina. This work not only enhances our 

understanding of neurovascular coupling but also has the potential to identify new biomarkers 

for vision-impairing conditions and neurodegenerative diseases. 

 

 

 

 

 

 



Introduction:  
 

Upon activation of specific brain regions, a localized augmentation in cerebral blood flow 

ensues, facilitating the delivery of oxygen and essential nutrients to meet the increased 

metabolic demands due to neural activity. This physiological response is known as 

neurovascular coupling.  Neurovascular coupling was first reported more than 100 years ago 

by Roy and Sherrington [1] and led to a large body of brain research [2], [3] where it is the 

source of the BOLD signal detected with fMRI [4]. 

 

Dysregulation of neurovascular coupling is observed in vision affecting diseases such as 

Glaucoma [5] and diabetic retinopathy [6], [7] but also in various neuropathological conditions, 

including ischemic stroke [8], Alzheimer's Disease [9], and cognitive impairments stemming 

from hypertension [9]. This emphasizes the importance of understanding neurovascular 

coupling to identify new biomarkers for disease progression monitoring and to devise 

therapeutic strategies targeting aberrant blood flow control mechanisms following these 

disorders [10]. 

 

Since the retina is part of the central nervous system, neurovascular coupling can also be 

observed in the human retina. Administering a visible flickering light to the eye activates 

amacrine cells and ganglion cells in the inner retinal layers. This stimulus triggers the dilation 

of primary arterioles on the retinal surface, leading to enhanced blood flow throughout 

arteriolar, capillary, and venular networks within the retina [11]. 

 

 

The retina thereby provides a unique opportunity to study NVC. It shares the same 

embryological origin as the brain [12], [13] and as such, shares many similarities in term of 

structure and physiology with it. It is also the only portion of the central nervous system that is 

optically accessible for in-vivo micrometer cellular resolution imaging. Therefore, there exists 

the possibility that in-vivo retinal imaging of NVC can provide useful biomarkers of 

neurodegenerative disease much earlier in the disease process than conventional neuroimaging 

methods or clinical examination [14].  

 

However, investigating CNV in-vivo remains challenging and many aspects of it are still 

unknown. Indeed, the dilation of blood vessels in response to light stimulation is minimal, 

typically only a few micrometers, necessitating a system with high resolution and contrast for 

accurate measurement. Furthermore, NVC is a dynamic process that requires continuous 

monitoring to track temporal changes in vessel diameter. Additionally, even without external 

stimulation, the tone of retinal arterioles is modulated by spontaneous rhythmic fluctuations in 

blood vessel size due to the cardiac cycle and vasomotion [15], [16], [17]. An imaging system 

with both a high spatial and temporal resolution would be able to discriminate between the 

dilation provoked by flicker stimulation and the dilation attributable to intrinsic vasomotion and 

cardiac pulsations and therefore could be a great tool to gain a deeper understanding of 

neurovascular coupling.  

 

The Dynamic Vessel Analyser (DVA) (Imedos Systems UG, Jena, Germany) is the gold 

standard method for assessing the effect of light stimulation on retinal vessels. This system 

evaluates retinal vessel diameter by analyzing the brightness profile of the vessel through video 

sequences captured with a conventional fundus camera. It is particularly useful for measuring 

blood vessel dilation during a flicker test, where studies have reported a dilation of 3%-5% [18], 

[19], [20]. However, due to the system's limited transverse resolution, the vessel walls are not 



visible, and diameter measurements rely on light absorption by the column of erythrocytes. This 

limitation results in reduced measurement precision, with a reported measurement sensibility 

of 5-7% for artery diameter (Polak et al. [21]). Moreover, the DVA is only applicable to larger 

vessels of diameter bigger than 90 µm [22]. 

 

OCT techniques, a gold standard in retinal imaging, can also be used to measure the diameter 

of blood vessels, but they inevitably suffer from time-varying speckle noise, which significantly 

impact the precision of the measurement [23], [24]. 

 

By correcting for eye aberrations, adaptive optics (AO) methods can reach transverse resolution 

in the retina of up to 2 µm. Owing to this resolution, blood vessel walls can be resolved [25], 

[26] which makes them ideal to measure the slight widening of vessels when the retina is 

exposed to light stimulation. The first generation of AO system, AO-Flood Illumination 

Ophthalmoscopes (FIO) used a full field illumination and a 2D camera [27]. These systems 

benefit from a high temporal resolution and a large field of view. However, due to the multiply 

scattered photons being detected by the camera, the images yield a low contrast, which limits 

their ability to study NVC. Duan et al. [28] have bypassed this issue by using visible light FIO 

to increase erythrocytes contrast and have measured dilation of capillaries during flicker tests. 

However, measurement of vessel caliber was only done before and after flicker and the 

measurement was based on perfusion maps, which is not a direct measurement of the vessel 

diameter through vessel wall imaging.  

 

Another well established adaptive optics technique is the AO-Scanning Laser Ophthalmoscope 

(AO-SLO), an application of the confocal microscope in retinal imaging [29]. In the past 

decade, an alternative way of using this system, by displacing the confocal aperture has enabled 

the visualization of translucent structures of the retina such as blood vessel walls or erythrocytes 

with both high contrast and resolution [25], [26], [30]. Warner et al [31], have used such a 

system to measure the effect of a flicker stimulation on the retinal microvasculature, where both 

blood velocity and vessel diameter were measured. However, the measurements were done 

before, during and after the stimulus and not continuously over time.   

 

To address these shortcomings, we developed a method that enables direct visualization of 

vessel wall of different calibers, arteries, and veins, at a high spatial and temporal resolution. 

The proposed method is based on the utilization of a line scanning illumination and the use of 

the rolling shutter of a 2D camera for the detection. By imposing an offset between the 

illumination line and the rolling shutter of the camera, phase contrast images can be generated 

enabling the direct visualization of vessel walls.  

 

Using our proposed method, we were able to reliably measure flicker induced vasodilation over 

time (10 measurements per second) with a spatial precision of 100 nm and a temporal precision 

of 100 ms respectively. This method was applied to eight healthy subjects, allowing us to 

investigate various characteristics of the flicker-induced vasodilation response such as the 

influence of : arterial diameter, flicker stimulus duration, downstream retinal arterial areas, 

cumulative stimulation effects, and the uniformity of the response along the vessel. 

 

 

 

 

 

 



Results and discussion:   
 
Measuring the Dynamics of Retinal Arteries with and without Flicker 
Stimulation. 
 

To measure the dynamics of retinal arteries in healthy subjects, imaging was conducted under 

two conditions: first, during a 40-second period with no stimulation, and second, during a 

flicker test. The flicker test involved 10 seconds without stimulation, 20 seconds with flicker 

stimulation, and another 20 seconds without stimulation. The flicker stimulation was done 

inside a wide rectangular 25°x20° region centered on the fovea. A green light flickering at 10 

Hz and 50% duty cycle was used for all the presented studies (See material and method for 

more information).  

Figure 1 presents the results for one subject and shows the example of one acquisition with (Fig 

1.E,F)) and without (Fig 1.C,D) flicker. An artery perfusing the fovea was chosen for imaging 

(Fig. 1A)). This was done because the region near the fovea contains a high concentration of 

ganglion cells [32], therefore a strong response should be observed for an artery directly 

perfusing this region if exposed to flicker stimulation. 

 

From the recorded images a profile of a line perpendicular to the vessel over time (M scan), 

representing the evolution of the vessel in time of the vessel can be constructed (Fig. 1C,1E) 

and the vessel’s lumen diameter can be measured in time (Fig. 1D, 1F). The baseline diameter 

is defined in each acquisition as the average lumen diameter of the vessel during the first 10 

seconds without flicker. Without stimulation (Fig 1.D), the vessel’s diameter is modulated by 

two components. First the cardiac cycle, responsible for the rhythmic dilation at approximately 

1 Hz can be seen in blue in (Fig 1.D). Secondly, a slower oscillation at around 0.1 Hz can also 

be observed by looking at the moving average in red (Fig 1.D). We believe this second 

component to be vasomotion which is described as a spontaneous rhythmic change in the vessel 

diameter arising from alternating smooth muscle dilation and constriction and has been 

previously observed in-vivo [15], [16], [17]. From our study, we have seen large differences 

between subjects for both the frequency and the amplitude of vasomotion (see supplementary 

information).   

 

Fig. 1E,1F shows the evolution of the diameter of an artery during a flicker test. When the 

stimulation starts (Fig. 1F at t = 20 seconds) the diameter of the artery increases rapidly at 

around 0.5%-1% of dilation per second for approximately 5 seconds. Then the artery continues 

to dilate steadily at 0.1%-0.2% of dilation per second until a maximum dilation is reached 

around the end of the 20 seconds of flicker stimulation. After the end of the stimulation, the 

artery contracts back to its diameter pre-flicker. On some acquisition, this contraction 

undershoots under the baseline diameter before dilating back to the baseline diameter (see 

supplementary information). 

 

This general trend of the vessel’s diameter during a 20 second flicker test is consistent with 

what has been described with fundus camera imaging using the Dynamic Vessel Analyzer DVA 

[18], [20]. However,  owing to our high spatial resolution and high contrasted vessel wall 

visualization,  our approach is not limited to very large vessels and a single acquisition makes 

it possible for the first time to visualize the effect of the cardiac cycle, vasomotion and 

neurovascular coupling.  



 

 

 

 

 

 

 

 

 

 

 

 

Fig 1 : A.1) Fundus photography image of the imaged subject, the yellow rectangle represents the stimulated 

area during the wide field flicker test. The black rectangle represents the imaged area. A.2) 2.5°x4.5° region 

imaged by the system encompassing an artery upstream of the fovea. A.3) Magnified region of the image of 

the system, the section of the vessel where the lumen diameter is measured is represented in orange. B.1) M 

scan of the artery without flicker stimulation representing the profile of the vessel over time, white dashed 

lines represent the baseline position of the wall (tunica intima) of the vessel. B.2) Plot of the artery’s lumen 

diameter over time without flicker stimulation. B.3) Plot of the spectral power density of the lumen diameter 

data, two peaks at 0.1 Hz and 1 Hz can be observed. C.1) M scan of the artery with flicker stimulation, the 

stimulation is represented on the M scan as a yellow rectangle. C.2) Plot of the artery’s lumen diameter over 

time with flicker stimulation. 



Study of the Vascular Diameter response to Flicker Stimulus on 8 
Healthy Subjects. 
 
The same protocol as described in the previous section was conducted on 8 healthy subjects. 

For each subject, 3 acquisitions without stimulation and 3 acquisitions with a flicker stimulation 

were taken. For each acquisition, the maximum dilation and delay of the dilation was measured. 

(See fig. 2A) 

 

Fig. 2B and 2C respectively represent the relative and absolute maximum dilation on all the 

acquisitions on the 8 subjects.  For all the subjects, the maximum dilation was significantly 

higher with the flicker stimulation (red bars in Fig 2B and 2C) than without the flicker 

stimulation (blue bars in Fig 2B and 2C).  A 5.2 % ± 1.6 % (4.4 µm ± 1.3 µm) maximum dilation 

was recorded during the flicker acquisitions on the 8 subjects. The maximum dilation without 

flicker stimulation was of 2.5 % ± 1% (2.1 µm ± 0.9 µm). We believe this observed dilation 

without stimulation to be due to vasomotion. The average and variability of the latency was of 

20.4 ± 2.3 sec. On average, the maximum dilation was reached around the end of the 20 seconds 

of stimulation, which is consistent with work from Riva et al. [33]  showing a saturation in the 

increase in blood flow in the optical nerve head after 20 seconds of stimulation. 

 

By looking at Fig. 2B and 2C we can note for some cases a large variability among subjects as 

well as a large variability among different acquisitions for a single subject. This large variability 

can be attributed to two factors : first the effect of vasomotion which is an oscillation of the 

vessel walls which is not strictly periodic and displays large variability among different 

acquisitions both in terms of amplitude and frequency. Secondly, flicker induced vasodilatory 

response varies greatly from one subject to another with some subjects, displaying 8-9 % 

dilation while other only 2% as a response to flicker stimulation. To get a better understanding 

of the factors which can determine the strength of this response we investigated in later sections 

the effect of the size of the artery and the effect of the region perfused by the artery.  

 

 



 

 

 
Effect of Baseline Arterial lumen Diameter on Flicker Induced 
Vasodilation. 
 
We investigated the effect of the size of the artery on the response to flicker stimulation. In 

Fig. 3A are represented the maximum dilation as a function of baseline arterial diameter. A 

clear trend could be seen where the smaller the artery, the higher the dilation.  

 

To get more insight into the temporal aspect of the dilation depending on the size of the arteries, 

we separated the subjects into three groups depending on the baseline diameter of the imaged 

arteries.  In Fig. 3B the average curves from the three groups are plotted. Notably, the maximum 

dilation is most pronounced in the d  < 80 µm group and least pronounced in the d > 90 µm 

group. Moreover, directly after the onset of flicker, in the initial fast dilation phase, the three 

groups exhibit a drastically different dilation speed. As illustrated in Fig. 3B, the d < 80 µm 

group dilates at a rate of approximately 1% (0.7 µm) per second, the 80 < d < 90 µm group 

dilates at a rate of approximately 0.7% (0.55 µm) per second, and the 90 µm  < d group dilates 

at a rate of 0.4% (0.4 µm) per second. 

 

Fig 2 : Maximum dilation and latency for the 8 healthy subjects. 

 

A) For each acquisition, the maximum dilation is defined as the maximum relative dilation of the moving 

average of the lumen diameter. The delay is defined as the duration between the beginning of the flicker and 

the time at which maximum dilation is reached. B) Maximum relative (%) dilation for each acquisition without 

flicker stimulation in blue  and with flicker stimulation in red. C) Maximum absolute (µm) dilation for each 

acquisition without flicker stimulation in blue and with flicker stimulation in red. 
 

Fig. 3 :  Effect of baseline lumen diameter on flicker induced vasodilation. 

 

A) Maximum dilation for each flicker stimulation as a function of baseline lumen diameter B) Averaged graph 

of every flicker test grouped by baseline lumen diameter: blue represents diameters smaller than 80 µm, red 

represents diameters between 80 and 90 µm, and yellow represents diameters greater than 90 µm. 
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Studying the Effect of Flicker Duration on one Healthy Subject. 
 

We used our system to study the effect of the duration of the flicker stimulation on flicker 

induced vasodilation. On the same subject, we conducted flicker test of increasingly longer 

stimulation times (0,2,5,10,20,40 and 60 seconds).   

 

For each acquisition, the system imaged an artery upstream of the fovea for 10 seconds without 

stimulation followed by the flicker stimulation, followed by 20 seconds without stimulation. 

Three acquisitions were taken for each flicker stimulation duration and then averaged. The 

results from these acquisitions are presented in Fig. 4A. 

 

For very short stimulation durations, although a significant increase in the vessel’s diameter 

can be observed compared to without stimulation, the dilation is less pronounced than with the 

standard 20 seconds of flicker stimulation. As shown in Fig. 4A, a ~3% maximum dilation for 

2 seconds of stimulation was obtained. Moreover, the maximum dilation is reached a few 

seconds after the end of the stimulation, whereas for a 20-second stimulation, the maximum 

dilation typically occurs close to the end of the flicker period, with an average delay of 20.5 

seconds as shown in Fig. 2. 

 

For very long stimulations, the artery does not dilate more than the maximum dilation reached 

for 20 seconds of stimulation, as can be seen in Fig. 4B. For 40 and 60 seconds of stimulation, 

the vessel’s diameter reaches a plateau after ~20 seconds, which is reflected in the latency 

measured in Fig. 4C. For some of these long stimulations, the vessel’s diameter starts to slightly 

decrease even before the end of the stimulation. 

This study confirms that stimulation beyond 20 seconds is unnecessary, as this duration is 

sufficient to achieve maximum vasodilation. Interestingly, the study also found that very brief 

stimulations of just a few seconds can produce significant vasodilation. This could lead to more 

comfortable and faster flicker tests for patients. 

 



 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 4: Measurement of lumen diameter response to varying durations of flicker stimulation. 

(A) Average lumen diameter curves for different flicker durations, with flicker stimulation starting at t = 10 

seconds. The three curves for each condition were averaged. For clarity, only flicker durations of 0, 2, 20, and 

60 seconds are represented. (B) Plot showing the average maximum dilation across all flicker duration 

conditions. (C) Plot showing the average latency of dilation across all flicker duration conditions, the dashed 

line represents the x=y linear equation. 



 
 
Using our Large FOV to Simultaneously Measure the Response of One 
Vein and two Arteries on One Healthy Subject. 
 
 
We took advantage of our system’s large FOV to measure the effect of flicker stimulation on 

three vessels simultaneously. On one subject, we selected an area of interest where two arteries 

and one vein could be imaged within a 4.5°x4.5° FOV.  

 

This area was chosen because it contains two large arteries and one large vein. Additionally, 

the two arteries supply blood to distinct regions. As illustrated in Fig. 5A, artery 1 directly 

supplies the fovea, whereas artery 3 supplies the peripheral retina. The diameter of the three 

vessels was measured and the evolution in time of their lumen diameters are represented in Fig. 

5.  

 

We can observe that the vasomotion between the two arteries in Fig. 5.1 and 5.3 is mostly 

synchronized. This resemblance may come from their shared origin as daughter branches of the 

same artery.  However, artery 1, which perfuses directly the fovea, exhibits a notable dilation 

of 6.2%, while artery 3, supplying the periphery, dilates only up to a maximum of 4.2%. With 

the ganglion cell layer being thicker near the fovea than it is at the periphery of the retina, this 

observation is in line with the known phenomenon of neurovascular coupling enhancing blood 

flow specifically to the activated regions in response to flicker stimulation [34].  

 

However, artery 1 has also a smaller baseline diameter than artery 3. As we have seen in the 

previous section, small arteries tend to dilate more than larger ones. More investigation needs 

to be done to understand which effect is predominant.  

 

The temporal evolution of the vein lumen diameter differs significantly from that of the two 

arteries. The increase in diameter following stimulation appears more gradual and exhibits 

larger fluctuations compared to the arteries. Additionally, a slight delay in the dilation of veins 

compared to arteries is observed, which aligns with the arteries' more active role in blood flow 

regulation, in contrast to the veins' more passive role. 

 

 

 

 

 

 

 
 

 
 



 

 

 
 
 

Figure 5: Effect of flicker stimulation on lumen diameter of retinal vessels within a large  (4.5°x4.5°) 

field of view. 
 

(A) Fundus photograph of the subject with the yellow rectangle indicating the stimulation area and the 

black square showing the imaged area. (B) Averaged image of the 4.5°x4.5° imaged FOV, identifying vessels: 

arteries (1 and 3) and vein (2). The area where the lumen diameter was measured is represented with an 

orange rectangle. (C,D,E) Evolution in time of the lumen diameter of vessels 1,2 and 3 respectively. 
 



Material and Method:   
 
Subjects. 
 
Eight subjects, ranging in age from 24 to 33 y (S1 = 24, S2 = 25, S3 = 26, S4 = 25, S5 = 27, S6 

= 27, S7 = 28 and S8 = 33 years old) and free of ocular disease, participated in the experiments. 

All subjects had a spherical equivalent refraction between 0 and −4.5 diopters. All had normal 

intraocular pressure (IOP), and appearance of optic disk and fundus, as determined by the 15-

20 ophthalmology hospital (Paris, France). All procedures on the subjects adhered to the tenets 

of the Declaration of Helsinki.  

 

Delivery of Flicker Stimulation.  
 

A stimulation screen (Waveshare, China) was integrated into the imaging system. The screen 

provided a 25°x20° illumination region centered on the fovea. The screen was combined with 

the imaging system using a pellicle beam splitter. A programmable, stable fixation target was 

provided for the subject during all stimulus conditions.  The flicker stimulation was generated 

and delivered using a custom Python software allowing the simultaneous start of the recording 

with the imaging system and the beginning of the flicker test protocol. The full-field flicker 

stimulus used in this experiment was green (530 nm, 40 nm FWHM) with a square-wave 

modulation of the entire field at 50 % duty cycle with a maximum illuminance of 7.3 lx and a 

minimum illuminance of 0 lux. These illuminance intensities and modulation rates were chosen 

to be similar to previous literature studying neurovascular coupling in the retina in order to 

induce high metabolic activity [33], [35], [36]. 

 

Imaging System.  
 
The system named the Adaptive Optics – Confocal Rolling Slit Ophthalmoscope (AO-CRSO) 

was described previously by Krafft et al. [37]. It consists of a 2D camera based, non-confocal, 

split detection AO-line scanning ophthalmoscope.  The light emitted from a SLED (Thorlabs) 

is projected in the retina into a line pattern of 10 µm width using a powell lens. The light 

backscattered by the retina is then detected using the rolling shutter of the detection camera 

(ORCA-Fusion, Hamamatsu). The rolling shutter and the galvanometer mirror of the 

illumination scan are synchronized via a custom Matlab (Mathworks, Natick, MA) software. 

To achieve phase contrast imaging of the vessel walls, a 10 µm offset between the illumination 

laser line and the exposed pixels of the rolling shutter is imposed. The exposure time of each 

line of pixel of the rolling shutter is chosen at 300 µs, thus giving an effective width of the 

rolling shutter of 50 µm in retinal space. Consecutive positive and negative offset images are 

alternated and subtracted to achieve split detection imaging, further increasing the phase 

contrast of images. This system allows high resolution (2 µm), high speed (100 Hz), phase 

contrast imaging on a large field of view (2.5°x4.5°) without image distortion.  Because the line 

is scanned vertically with this technique. The scanning course of the galvanometric mirror can 

also be modified resulting in a tradeoff between frame rate and vertical field of view. Although 

the 2.5°x4.5° for 100 Hz is the configuration that we use the most 4.5°x4.5° for 50 Hz is also 

possible. 

 

 



Experimental Design. 

All imaging sequences were collected with the room lights off. The subject’s eye was 

cyclopleged and dilated using tropicamide 0.5%. The eye and head were aligned with the 

imaging system using a chinrest mounted to a motorized XYZ translation stage. Correct 

imaging focus was realized by optimizing vessel walls contrast using the real-time displayed 

images. For each subject, an artery upstream of the fovea in the nasal region was selected using 

fundus camera image of the subject. The imaging region was chosen along the selected artery 

and at ~8° eccentricity. Once the imaging region was selected, three acquisitions of 40 seconds 

without stimulation were taken. Then three flicker tests, each consisting of 10 seconds of 

recording without stimulation, 20 seconds of flicker stimulation and 20 seconds without 

stimulation were taken. Between each flicker test, a one-minute break was included. 

 

Recording by the imaging system was synchronized with the stimulation channel. The system 

acquired images continuously during the entirety of each 40-second baseline recording and 

during each 50-second flicker tests. The system provides phase contrast imaging at 100 Hz on 

a 2.5 x 4.5° FOV allowing visualization of 1.2 mm sections of horizontal blood vessels and 

making it possible to keep the vessel of interest inside the imaging field of view despite 

imperfect eye fixation which is unavoidable during 50 sec acquisitions. 

Post Processing. 

Images were first registered using a custom Matlab (Mathworks, Natick, MA) phase correlation 

algorithm [38]. Images were averaged in groups of 10 to enhance signal-to-noise ratio, thereby 

producing a sharp image of the blood vessels every 100 ms. This approach was employed to 

enhance signal-to-noise ratio while maintaining the capability to monitor blood vessel’s 

fluctuation in diameter due to the cardiac cycle in all subjects.  

Vessel Walls Detection.  

From the registered and averaged images, a 30 µm segment of the vessel was chosen. For each 

averaged image, pixel lines perpendicular to the vessel's direction within the selected segment 

were averaged. These averaged lines, each representing the cross-sectional average of the vessel 

in the 30 µm segment, were plotted over time to produce an M-scan of the vessel (Fig. 1C, 1E). 

From the M-scan, the positions of the vessel's inner and outer wall were measured on each side. 

A MATLAB peak detection algorithm was used to determine their positions by identifying the 

two maxima and two minima in each pixel line of the M-scan corresponding to the tunica intima 

and the tunica externa of both sides of the vessel. The lumen diameter was defined as the 

distance between the two inner walls of the vessel. A parabolic fit was implemented to achieve 

a subpixel measurement of the lumen diameter with a precision of 0.1 µm. 

Data Representation 

To represent the measured diameter, both the raw measurements taken every 0.1 seconds and 

the moving average were represented. The moving average was chosen on a 3 second window 

to filter out the effect of the cardiac cycle. For the measurement of the maximum dilation 

(represented in Fig 2A), the moving average was chosen instead of the raw measurement, this 

was done to filter out the effect of the cardiac cycle on the lumen diameter which variations 

don’t reflect the effect of neurovascular coupling on the vessel. 



Conclusion:   
 

 

We developed a high resolution, high frame rate, large field of view phase contrast imaging 

system and applied it to measure the effect of flicker light stimulation on large arteries and veins 

of healthy subjects. This system was employed to assess the effects of flicker stimulation on 

the diameter of large arteries and veins, in a cohort of eight subjects. The proposed method 

enabled reliable measurement of flicker-induced vasodilation with a spatial resolution of 100 

nm and a temporal resolution of 100 ms. Additionally, the large field of view and distortion-

free imaging provided by the system ensures high robustness, enabling continuous data 

acquisition for up to four minutes, with data loss occurring exclusively during subjects’ blinks. 

The complete temporal dynamics of retinal artery diameters were measured in eight healthy 

subjects, both with and without flicker stimulation. Our imaging system allowed simultaneous 

observation of the effects of the cardiac cycle, vasomotion, and flicker stimulation on the 

measured vessel diameter. During flicker stimulation, a significant maximum dilation of 5.2% 

± 1.6% (4.4 µm ± 1.3 µm) was observed across all subjects, compared to a maximum dilation 

of 2.5% ± 1% (2.1 µm ± 0.9 µm) without stimulation. Continuous high-speed measurements 

revealed the modulation of retinal vessel diameter by both the cardiac cycle and vasomotion, 

emphasizing the necessity of capturing the full temporal profile of dilation to study 

neurovascular coupling effectively, rather than relying solely on pre- and post-stimulation 

diameter measurements, as it is commonly done in retinal neurovascular studies. 

Furthermore, various characteristics of the flicker-induced vasodilation response were 

investigated. Across subjects, a correlation was observed between flicker-induced vasodilation 

and arterial size, with smaller arteries demonstrating greater maximum dilation compared to 

larger arteries. The effect of flicker stimulation duration was also evaluated in one subject. For 

short stimulation durations (<20 seconds), a significant increase in vessel’s diameter was noted, 

although the response was less pronounced compared to the standard 20-second stimulation. 

Conversely, for stimulation durations longer than 20 seconds, no further dilation was observed 

beyond the maximum achieved with 20 seconds of stimulation. 

The system's large field of view was also used to image two large arteries and one large vein in 

a single subject, allowing for the simultaneous assessment of vasomotion and flicker-induced 

vasodilation in vessels perfusing different retinal regions. Interestingly, of the two arteries 

examined, the one perfusing the fovea exhibited a greater maximum dilation compared to the 

artery supplying the retinal periphery, suggesting as expected that neurovascular coupling 

preferentially enhances blood flow to regions of the retina with a higher density of activated 

neurons. 

While additional acquisitions on multiple subjects would be required to establish these 

characteristics of the flicker induced response, these findings pave the way for further 

exploration and underscore the versatility of the proposed method. 
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5.2 Supplementary investigation of neurovascular coupling

5.2.1 Cumulative effect

We investigated if repeated exposure to flicker tests, would result in a different response com-
pared to a single exposure. To test this hypothesis, we conducted an experiment following the
same procedure detailed in the previous section (5.1). However, instead of a single 20 seconds
flicker test, we applied a sequence of five stimulations, each lasting 20 seconds, consecutively.
Due to the time-consuming nature, and the potential discomfort for the subjects of this ex-
tended protocol ,we limited this experiment to only two participants. The results from these
two acquisitions can be seen in figure 5.1 and figure 5.2.

For subject one in 5.1, no influence of consecutive flicker was noticed: the maximum dilation
reached at the fifth stimulation was identical to that observed at the first stimulation. For
subject 2 in 5.2, the amplitude of the modulation of the vessel diameter (due to vasomotion)
seemed to increase after the second stimulation but no cumulative effect was observed. These
preliminary results show no evidence of cumulative effect. However, we only collected data
on two subjects and more investigation would be required to further understand the effect of
repeated exposure to flicker tests.

Figure 5.1: Cumulative flicker effect study using five consecutive flickers of 20s and spaced by 30s
without flickering for subject 1.
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Figure 5.2: Cumulative flicker effect study using five consecutive flickers of 20s and spaced by 30s
without flickering for subject 2.

5.2.2 "Placebo" flicker

During each flicker stimulation, a vocal countdown is provided before the start of the stimu-
lation. This ensures that the subject is not startled by the onset of the stimulation and helps
maintain good fixation and a stable position on the chinrest, which is crucial for image quality.
We aimed to test whether the subject’s awareness of the incoming stimulation influenced the
vasodilatory response.

We called this test the "placebo flicker", the results on one subject are depicted in figure
5.3: In this experiment, five short flicker stimulations (only 5 seconds of flicker, with the
same flicker characteristics as described in section 5.1) were administered successively. A vocal
countdown was given before each stimulation. However, during the third and fifth stimulations,
a countdown was provided, but no actual stimulation was delivered. The subject was not aware
of which of the 5 stimulations were "fake". This approach aimed at assessing the impact of
anticipation and the effect of the countdown on the observed response.

As expected, the subject’s artery dilates during each of the three real stimulations. A
hint of a very small dilation is observed during the first fake stimulation, which could easily be
attributed to vasomotion. No dilation is observed during the second fake stimulation. Although
this test was conducted on only one subject, it confirms that the observed dilation was indeed
caused by the flicker stimulation and was not influenced by the subject’s awareness of the
incoming stimulation.

Another interesting takeaway from this experiment which was also highlighted in the article
5.1 is the fact that short flicker stimulation much shorter than 20 seconds, can result in an
already significant dilation of arteries. In this case, stimulating with a flicker duration of 5
seconds resulted in a maximum dilation of 3.3%.
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Figure 5.3: "Placebo" flicker test. The yellow bars represent real exposure to flicker stimulation while
the grey bars represent "fake" ones where no stimulation is delivered but the subject expected a

flicker stimulation. A vocal countdown was given before each real or fake stimulation.

5.2.3 Effect of flicker frequency

We investigated the effect of varying the frequency of flicker stimulation on arterial response.
One subject underwent three acquisitions for each flicker frequency condition, with the frequen-
cies tested being 30, 12.5, 5, 2, and 0.5 Hz. For each condition, the three acquisitions were
averaged. These averaged curves are presented in Figure 5.4.

Unfortunately, the quality of the data from this session was compromised. The AO spot
was positioned directly on the artery which caused inconsistent system focus and significant
data loss. Despite these limitations, we were able to observe the overall effect of varying flicker
frequencies on arterial response.

Interestingly, flicker stimulation induced significant vasodilation in the patient’s artery at
all tested frequencies. This was expected to some extent from the literature, where Polak [14]
has shown the vasodilation of retinal arteries was observed in response to short wavelength
flicker with frequencies between 2 and 64 Hz. However, even with a flicker frequency as low as
0.5 Hz, a smaller but significant vasodilation was observed. (see 5.4 )
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Figure 5.4: Flicker test of varying flicker frequency on one subject.

5.2.4 Variability in vessel dilation observed at different locations

The method I developed during my PhD thesis allows for the generation of phase contrast
images over a large field of view and at a high framerate. This capability enables precise
measurement of blood vessel diameters at multiple locations within the same vessel on a single
image. Leveraging this technique, we investigated whether the propagation of flicker-induced
vasodilation could be tracked by measuring the vessel diameter of the same artery at three
different locations inside the field of view of the system.

In a typical acquisition of a flicker test from one of the subjects from the healthy subjects
cohort, the same method as described in the previous section 5.1 was used to measure the lumen
diameter of an artery at three distinct locations of the vessel. These locations were chosen to be
as far apart from each other as possible (while keeping a well contrasted wall), as illustrated in
figures 5.5. The distance between each location was approximately 2° (600 µm). The data used
for this investigation was one of the flicker test from the previous section 5.1. However, the
post processing pipeline was slightly modified in a way that instead of averaging the recorded
images by groups of 10, the images were averaged by groups of 4 to increase temporal resolution.
This was done to increase the temporal resolution in order to increase our chance of seeing a
propagation of the response.

In figure 5.6, the three curves corresponding to the three locations are represented and
on figure 5.7 the three moving average plots were superposed on the same figure. The first
observation that can be made is that the amplitude of the dilation is not the same on the three
locations.

The measured dilation at three distinct locations along the vessel exhibits significant differ-
ences, as illustrated in figure 5.7. A 7% maximum dilation can be measured for the two sections
of the vessel in the middle of the image and on the temporal side of the image whereas only a
5% maximum dilation can be measured for the section on the nasal side of the imaged vessel.
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These findings suggest that flicker-induced dilation of the vessel is non-uniform, with some
sections of the vessel exhibiting greater dilation than others. One possible explanation for this
phenomenon is the baseline size of the artery, as discussed in the previously presented article
5.1. Indeed, the nasal side of the imaged artery is wider than the other two sections which may
explain why it shows lower dilation.

Regarding the propagation of neurovascular coupling, no obvious delay between the three
curves can be observed on figure 5.7. The lumen diameter of the imaged artery measured
on the temporal side (represented in blue in figure 5.7) seems to rise before the nasal side
(represented in green in figure 5.7) which would indicate a propagation of the vasodilation from
the fovea towards the optic disk. However if we look at the maximum dilation (at t=32 seconds
approximately) we notice that no delay between the three curves can be observed. Overall,
these results are quite inconclusive and more investigation is required. One issue with this
experiment is the fact that we are using a wide field flicker, this means that the region around
the imaged artery is stimulated, therefore the observed dilation might be due to local effect and
not to a backward propagation of the vessel dilation. An improved protocol for investigating
the propagation of flicker induced vasodilation would be to only stimulate near the fovea.

Figure 5.5: Image of the artery that was used to study the dilation of the vessels at three different
locations. The three yellow rectangles indicate the three locations where the lumen diameter was

measured.
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Figure 5.6: Measured lumen diameter of the artery at each location. The three locations are
represented with yellow rectangles on figure 5.5.

Figure 5.7: Moving average of lumen diameter for each location, represented on the same figure.



5.2. SUPPLEMENTARY INVESTIGATION OF NEUROVASCULAR COUPLING 145

5.2.5 Symmetry of dilation of retinal vessel during a flicker test

Given our system’s ability to resolve the vessel walls, the individual movements of both sides
of the vessel could be observed. Figure 5.8 presents an example of a flicker test where the
movements of the two inner walls of the vessel were measured.

By examining the moving average of the measured positions of the right and left walls,
shown in red in figure 5.8, we can see that the dilation in response to flicker stimulation is
relatively symmetrical in this case. However, we noted some differences in the dynamics of
the two walls during light stimulation. Specifically, the right wall reached its final position 7
seconds after the onset of stimulation, whereas the left wall continued to expand throughout
the entire stimulation period.

Interestingly, the blue curve in figure 5.8 suggests that the cardiac cycle affects the right
side of the vessel more than the left side in this specific case. One possible explanation for this
observation could be the curvature of the vessel. Each pulse of the cardiac cycle exerts pressure
on the artery, and in the case of a curved artery, the outer side of the curve experiences greater
force with each pulse. This differential pressure could explain the observed asymmetry in wall
movements with each heartbeat.

Figure 5.8: Measurement of the movements of the right wall and the left wall during a flicker test.
The first and second graphs depict the displacement of the right and left walls of the artery, the 3 rd
graph represent the overall movement of the vessel and the last graph represents the measured lumen

diameter of the vessel.
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5.2.6 Discussion

5.2.6.1 The importance of continuously assessing the vessel’s diameter

Employing high spatial and temporal resolution methods to measure blood vessel diameter,
both with and without flicker stimulation, reveals the limitations of relying on single-image
measurements taken before, during, or after stimulation. Such single-point measurements can
introduce errors due to the influence of the cardiac cycle and vasomotion. The influence of the
cardiac cycle can be accounted for relatively easily by synchronizing image acquisition with a
heart rate monitor. However, accounting for vasomotion presents a greater challenge. We have
observed considerable variability in both the amplitude and frequency of vasomotion across
different subjects.

This issue is illustrated in figure 5.9, which presents an example with and without stimu-
lation in a subject exhibiting pronounced vasomotion. For instance, attempting to determine
the baseline diameter by measuring only once at t=23 s or t=27 s would yield a 3.5% variation
in diameter. When assessing blood flow, such discrepancies can lead to significant inaccura-
cies. A similar issue arises when measuring vessel diameter during stimulation. The observed
dilation results from both flicker-induced hyperemia and the slow modulation caused by vaso-
motion. As demonstrated in figure 5.9, taking a single measurement at t=25 s would result in
an underestimation of the true effect of the flicker stimulation on vessel dilation.

Figure 5.9: Example of one acquisition without stimulation and a flicker test on a subject exhibiting
a high amplitude of vasomotion. In the absence of stimulation, the vasomotion amplitude is

approximately 3.5% (≈ 2.5µm). This vasomotion is also present during the flicker test acquisition,
where it modulates the vessel diameter both during and after the stimulation.
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5.2.6.2 Limitations of the method

The first limitation of this method arises from the vertical scanning of the retina using a
horizontal thin illumination line with the AO-CRSO imaging system. This means that the
phase contrast of blood vessels is better on horizontal vessels than it is on vertical vessels. Due
to the layout of vessels in the retina, this is was not much of an issue for imaging large arteries
in the 60-100 µm diameter range because it was easy to find horizontal sections of these vessels.
However, this could be a limitation when attempting to image larger vessels located above or
below the optic disk or smaller venules, arterioles, and capillaries in the parafoveal region.

Another limitation comes from the simplicity of the image processing method to measure
the lumen diameter from an image of the vessel. The method averages the vessel cross-section
over a 30 µm length, which requires the selected portion of the vessel to be straight. This
limitation could be an issue if we tried to apply this method on some pathologies characterized
by high vessel tortuosity. A better processing method, using vessel segmentation would be
beneficial in addressing this limitation.

Finally, due to the high frame rate of the system, each acquisition generates a substantial
amount of data (32 GB for a 50 sec video). As a result, extensive data processing is required for
each acquisition, which can be time-consuming. Developing more efficient processing workflows
could help mitigate this issue.

Conclusion of the chapter:

We demonstrated our method’s capability to measure flicker-induced vasodilation at high
spatial and temporal resolution in a cohort of healthy subjects. With our approach, we were
able to visualize the full dynamics of retinal blood vessels, providing a comprehensive view
of how the heartbeat, vasomotion and the flicker stimulation impact the diameter of blood
vessels in the retina.

We measured a maximum vessel dilation of 5.2% ± 1.6% (4.4 µm ± 1.3 µm) when the subjects
were exposed to flicker stimulation and 2.5% ± 1% (2.1 µm ± 0.9 µm) without stimulation.
This dilation without stimulation was attributed to vasomotion. Additionally, within our
cohort, we identified a correlation between artery size and maximum flicker induced dilation,
with smaller arteries exhibiting greater maximum dilation than larger arteries.

We also employed the system in an exploratory manner, investigating the effects of varying
stimulation durations, consecutive stimulation sessions, and the impact of subject anticipa-
tion on the vascular response. By modifying system parameters, stimulation settings, and
image processing pipelines, we demonstrated the flexibility of this system and its potential
for advancing our understanding of both vascular dynamics and neurovascular coupling.
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General conclusion and future work

Conclusion
The eye offers a unique opportunity to investigate neurovascular coupling. As such, developing
specialized imaging systems for studying neurovascular coupling in the eye, could significantly
advance the diagnosis, prevention, and understanding of both ocular and systemic diseases.
Throughout this thesis, my goal was to study neurovascular coupling in the human retina at
a high spatial and temporal resolution. Achieving this goal required substantial instrumental
development, which is detailed in Part I of this manuscript.

To both achieve high spatial and temporal resolution on a camera-based adaptive optics
system, the main challenge is to increase image contrast. To address this challenge, the DMD-
integrated AO-FIO, a system able to project illumination patterns onto the retina, was used
as a pathfinder to understand how to elicit and maximize phase contrast specifically for blood
vessels and red blood cells on a camera-based system. We developed a strategy to achieve phase
contrast imaging by scanning the field of view with a thick line illumination and by numerically
stitching the neighboring non illuminated area of the illumination to reconstruct the entire field
of view. Using this method, we demonstrated full-field phase contrast imaging of vessel walls,
capillaries, and red blood cells. However, achieving full-field imaging came at the expense of
imaging speed.

To improve the speed of this method, a more efficient system based on the same principle was
implemented: the AO-CRSO. By projecting a thin illumination line concentrating all the power
of the source into the retina and using a 2D camera in rolling shutter mode for the detection,
we demonstrated that high speed enhanced bright field contrast and phase contrast imaging
on a wide field of view. A differential offset mode was also implemented, further increasing the
contrast translucent structures with a final imaging speed of 100 Hz for a 2.5°x4.5° field of view.
Additionally, we demonstrated its capability to image blood vessel walls and resolve individual
red blood cells within capillaries, enabling blood flow measurement.

The AO-CRSO system offers new possibilities for studying neurovascular coupling at a high
spatial and temporal resolution. Therefore in part II of this manuscript, I presented the work
that I carried out in order to use this system to study the effect of a flicker stimulation on the
diameter of blood vessels of the retina in healthy subjects.

To apply this system on human subjects for investigating neurovascular coupling, a stim-
ulation channel designed to project flicker test into the retina was first implemented into the
system. Then, building on the empirical insights gained from the DMD-integrated AO-FIO
system, we optimized the exposure time and offset parameters of the AO-CRSO system to
maximize vessel walls contrast. Furthermore, we developed an image processing pipeline to
semi automatically process recorded images of blood vessels to measure their lumen diameter.
With this method, we demonstrated the ability to measure vessel lumen diameters in large
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vessels (60–100 µm) with a precision of 0.1 µm, every 0.1 seconds, over continuous acquisitions
of up to four minutes.

Finally, using the previously proposed method, we studied flicker induced vasodilation on
8 healthy subjects by continuously imaging blood vessels, either without stimulation or while
exposing the retina to a wide field flicker stimulation. For the first time, the dynamics of retinal
blood vessels was measured at a high spatial and temporal resolution, offering a view of how
the heartbeat, vasomotion, and flicker stimulation influence the size of blood vessels in the
retina. By varying the settings of the flicker stimulus, we further demonstrated the flexibility of
this method, highlighting its potential for advancing our understanding of retinal neurovascular
coupling in both healthy and pathological conditions.

Perspectives
Given the AO-CRSO capabilities to provide phase contrast images at a high spatial and tem-
poral resolution, there are many different paths for further research into neurovascular coupling
with this system. During this first clinical investigation of neurovascular coupling, I chose to
focus on quite large arteries (60-100 µm in diameter). An interesting follow up study would
be to study neurovascular coupling in smaller vessels down to capillaries. This would provide
additional insights into microvascular dynamics and their role in neurovascular coupling.

Another possible area of exploration is the impact of diseases on the flicker-induced re-
sponse. Studying subjects with retinal or systemic vascular conditions could reveal alterations
in vascular reactivity and contribute to early diagnosis and monitoring of disease progression.

To fully use the system’s wide field of view and high frame rate, another exciting direction
would be to try measuring the propagation of neurovascular coupling. A possible experimental
protocol would involve local flicker stimulation around the fovea while imaging a horizontal
artery perfusing the fovea at the system’s maximum frame rate (800 Hz). This could help
determine if backward propagation of dilation can be detected, shedding light on the spatial
dynamics of neurovascular coupling.

Another area of exploration would be to measure blood flow, this could be done with the
AO-CRSO in small vessels where red blood cells can be resolved. In addition, a promising
system to measure blood flow is the Laser Doppler Holography system that I worked on during
my thesis. The team of Michael Atlan is now able to provide quantitative measurements of
blood flow from LDH images which could offer new applications for studying neurovascular
coupling in both healthy and pathological retinas.

The AO-CRSO system’s ability to image vascular dynamics in-vivo also opens opportunities
to explore vasomotion, its role in retinal blood flow, and its potential as a biomarker for disease.
Furthermore, the system’s high spatio-temporal resolution offers a unique opportunity to study
the effects of the cardiac cycle on retinal blood vessels. By imaging the effect of the heartbeat
on blood vessels in high-resolution videos, we may be able to infer mechanistic properties of the
broader vascular system, potentially leading to new biomarkers for assessing vascular health.

Finally, as part of Ines Loukili’s thesis work, the AO-CRSO system is being adapted for
optoretinography (ORG), a technique with which the photoreceptor’s response is probed with
short intense flashes of visible light. Pairing neurovascular coupling with optoretinography to
link photoreceptor activity with neurovascular mechanisms could be a very interesting path for
further research with this system.
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PURPOSE. This study aims at linking subtle changes of fixational eye movements (FEM)
in controls and in patients with foveal drusen using adaptive optics retinal imaging
in order to find anatomo-functional markers for pre-symptomatic age-related macular
degeneration (AMD).

METHODS. We recruited 7 young controls, 4 older controls, and 16 patients with
presymptomatic AMD with foveal drusen from the Silversight Cohort. A high-speed
research-grade adaptive optics flood illumination ophthalmoscope (AO-FIO) was used
for monocular retinal tracking of fixational eye movements. The system allows for
sub-arcminute resolution, and high-speed and distortion-free imaging of the foveal area.
Foveal drusen position and size were documented using gaze-dependent imaging on a
clinical-grade AO-FIO.

RESULTS. FEM were measured with high precision (RMS-S2S = 0.0015 degrees on human
eyes) and small foveal drusen (median diameter = 60 μm) were detected with high
contrast imaging. Microsaccade amplitude, drift diffusion coefficient, and ISOline area
(ISOA) were significantly larger for patients with foveal drusen compared with controls.
Among the drusen participants, microsaccade amplitude was correlated to drusen eccen-
tricity from the center of the fovea.

CONCLUSIONS. A novel high-speed high-precision retinal tracking technique allowed for
the characterization of FEM at the microscopic level. Foveal drusen altered fixation
stability, resulting in compensatory FEM changes. Particularly, drusen at the foveolar
level seemed to have a stronger impact on microsaccade amplitudes and ISOA. The
unexpected anatomo-functional link between small foveal drusen and fixation stability
opens up a new perspective of detecting oculomotor signatures of eye diseases at the
presymptomatic stage.

Keywords: age-related macular degeneration (AMD), drusen, fixational eye movements,
fovea

Age-related macular degeneration (AMD) is the main
cause of vision loss in developed countries, affecting

180 million people in 2020 with an expected prevalence
of 288 million by 2040.1 AMD starts with the accumula-
tion of extracellular deposits, called drusen, in between
the Bruch’s membrane and the retinal pigment epithelium
(RPE). Multiplication and expansion of drusen is associated
with late stages of AMD, which are classified into exuda-
tive (wet-AMD) and/or atrophic (dry-AMD).2 Wet-AMD is
caused by irregular blood vessel growth (i.e. neovascular-
ization) at the macular level, and it affects approximately 10
to 20% of patients with AMD.3 Although macular neovascu-
larization can be successfully treated using anti-VEGF thera-

pies, these treatments do not prevent the development of
atrophy, which causes sight loss in the long term.4

Geographic atrophy or dry-AMD is the irreversible loss of
photoreceptors caused either by drusen development or
neovascular growth, and it accounts for about 80% to 90%
of the cases.2 No effective treatment currently exists for this
form of AMD. The absence of efficient treatment strategies
for the late-stage AMD is exacerbated by the fact that patients
frequently remain unaware of their AMD condition,5 so that
they typically receive a diagnosis only upon the emergence
of clinical indications, often at a stage too advanced for effec-
tive implementation of preventive strategies. There is there-
fore an urgent need to characterize anatomo-functional rela-
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tionships associated with the earliest asymptomatic AMD
stages aiming at complementing existing medical imaging
techniques with functional measures of retinal anomalies
that can serve as biomarkers of future disease onset. If
indeed the presymptomatic structural anomalies are associ-
ated with functional, for example, oculomotor, changes, their
timely detection may also incite the individuals with a risk
of developing AMD to engage in risk mitigation strategies to
delay AMD onset and progression.6–8

The objective of the present study is to test the novel
hypothesis that the appearance of drusen, an early struc-
tural anomaly in presymptomatic AMD, is associated with
detectable changes in microscopic eye movements during
ocular fixation. Even though the development of early-
to-late stages of confirmed AMD has already been asso-
ciated with changes in fixation stability, decreased visual
acuity, reduced visual field, slower reading speed, lower
contrast sensitivity, and an overall deterioration of func-
tional vision useful for daily activities,9–11 these previ-
ous studies did not explore fixational eye movements in
presymptomatic stages, nor did they characterize the link
between retinal structure changes and fixational eye move-
ments. In patients with central scotomas, fixation stabil-
ity as assessed by retinal motion compensation strate-
gies has been shown to worsen with AMD progression.12

Moreover, advanced geographic atrophies were reported to
affect different components of fixational eye movements,
such as microsaccades (small saccades of amplitude below
1 degree) and ocular drift13,14 (random Brownian-walk-like
eye movements between microsaccades). More specifically,
these studies report higher microsaccade amplitudes asso-
ciated with macular lesions13 and lower spectral whitening
of natural scenes by ocular drift in patients with long-lasting
macular disease, compared to age-matched controls.14 Given
the significant changes in fixational stability in advanced
forms of AMD, it is important to test whether even the first
signs of potential future disease can induce changes in eye
movement statistics.

The hypothesis was tested by simultaneously perform-
ing (i) high-resolution retina imaging to visualize and char-
acterize small asymptomatic alterations of the foveal struc-
ture, and (ii) high-speed retina tracking to detect fixational
eye movements. We studied the relationship between subtle
structural retinal anomalies and fixational eye movement
characteristics by examining healthy controls and partici-
pants with foveal drusen, but no scotoma or atrophy accord-
ing to conventional measures. If the appearance of first
drusen indeed leads to fixation instability, as the current
study shows, such a structure-function relationship provides
the possibility to use fine oculomotor measurements to
predict the appearance of retinal anomalies and therefore
contribute to the development of early anatomo-functional
biomarkers for urgently needed screening approaches in
presymptomatic AMD.

METHODS

Participants

A cohort of 39 participants were recruited for the study as
part of 1 of 3 groups: young controls (n = 7, [2 women],
age = 31 ± 7 years old), older controls (n = 20, [14 women],
age = 75 ± 4 years old), and drusen participants (n = 12, [8
women], age = 79 ± 3 years old). The initial assignment of
participants to the groups relied on the detection of drusen
by standard spectral-domain optical coherence tomography
(SD-OCT) imaging (Spectralis OCT, Heidelberg Engineering,
Heidelberg, Germany). All participants were recruited from
the SilverSight cohort,15 and they were fully screened and
ascertained not to suffer from any age-related sensory, cogni-
tive, or motor pathology.

Prior to the beginning of the experiment, older controls
and drusen participants were screened using a novel imag-
ing method, developed previously in our laboratory using
Adaptive Optics Flood Illumination Ophthalmoscope (AO-
FIO, rtx1; Imagine Eyes), which is capable of detecting foveal

TABLE. Age, Visual Acuity and Drusen Properties of Study Participants

Participant ID
Age, Years

Old
Tested
Eye

Visual
Acuity

Number of
Drusen

Mean Drusen Area
± SD (Arcmin2)

Total Drusen
Area (Arcmin2)

Mean Drusen
Eccentricity ±
SD (Arcmin)

DI1 79 OD 1.2 7 79 ± 14 556 27 ± 22
DI2 78 OD 1 7 169 ± 66 1182 28 ± 23
DI3 80 OD 1 5 75 ± 18 376 30 ± 25
DI4 84 OS 1.2 7 143 ± 32 998 37 ± 29
DI5 80 OD 1.2 32 339 ± 147 10861 42 ± 31
DI6 83 OS 1 12 176 ± 50 2121 42 ± 26
DI7 76 OS 1 9 131 ± 72 1184 45 ± 27
DI8 74 OD 1 2 106 ± 29 212 45 ± 14
DI9 75 OD 1.2 6 178 ± 40 1069 56 ± 32
DO1 73 OD 0.8 5 148 ± 78 741 62 ± 22
DO2 84 OS 1 13 177 ± 48 2313 63 ± 25
DO3 70 OS 1 15 180 ± 70 2710 62 ± 32
DO4 80 OD 0.7 6 128 ± 49 766 68 ± 19
DO5 81 OD 1.2 20 139 ± 39 2791 69 ± 42
DO6 74 OS 0.8 14 59 ± 15 826 76 ± 25
DO7 76 OD 1.2 28 189 ± 75 5311 92 ± 34
Mean ± SD for drusen
group (n = 16)

78 ± 4 / 1 ± 0.2 11 ± 8 133 ± 59 2126 ± 2000 53 ± 27

Mean for older controls
(n = 4)

72 ± 2 / >1 / / / /

Mean for young controls
(n = 7)

31 ± 7 / >1 / / / /
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drusen not visible in standard SD-OCT or fundus imaging16

(see the next section). As a consequence, nine participants
that had initially been recruited as older controls were actu-
ally found to have drusen in the foveal region, and they were
thus moved into the drusen group. In addition, a total of 12
participants had to be excluded from study: 3 because of
too blurry retina images on the rtx1; 3 due to poor signal-
to-noise ratio during the fixation task; 2 because they were
not fixating the right target; 3 because of excessive tiredness
and discomfort during the experiment; and 1 because she
exhibited fixation patterns typical of another disease. As a
result, a total of 27 participants were kept for the analyses:
7 young controls ([2 women], age = 31 ± 7 years old), 4
older controls ([1 woman], age = 72 ± 2 years old), and 16
drusen patients ([10 women], age = 78 ± 4 years old). Their
demographic and ophthalmological characteristics are given
in the Table.

All clinical, experiment, and data management proce-
dures were approved by the Ethical Committee “CPP Ile de
France V” (ID RCB 2015-A01094-45, n. CPP: 16122 MSB), and

they adhered to the tenets of the Declaration of Helsinki.
A signed consent was obtained by each participant to be
included in the study as well as for the inclusion in the
Multimodal Ophthalmologic Imaging protocol (IMA-MODE,
ID\_RCB 2019-A00942-55 CPP: Sud Est III 2019-021-B) of
the Quinze-Vingts National Ophthalmology Hospital.

Drusen Detection by Gaze-Dependent Imaging

In order to reliably detect the presence of even the smallest
drusen, gaze-dependent fundus imaging of all older partic-
ipants’ central retina was performed using a commercial
clinical-grade AO-FIO (rtx1; Imagine Eyes) following the
method and protocol described by Rossi et al.16 Compared
to direct single-shot retinal flood imaging, gaze dependent
imaging computes the local contrast maxima across a stack
of 5 images whose gaze direction has been sequentially
shifted: one 4 degrees × 4 degrees fovea-centered image of
the retina, focused on the photoreceptors, and four horizon-
tally and vertically displaced images (±1 degree with respect

FIGURE 1. Drusen visualization and identification. (A) SD-OCT image of a patient. A 2 times zoom on the 4 degrees center area is shown
in blue. The red and orange lines are the same size as the circle diameters in (C). (B) Fundus image with the OCT cut of (A) in green and
the blue dotted area showing the 4 degrees zone where gaze-dependent imaging is performed. (C) Gaze-dependent image of the 4 degrees
× 4 degrees zone around the fovea of the same patient. The pink arrows indicate the drusen: the white ring is the slope of the bump caused
by the druse, and the black center part is the tip. The red and orange circles are, respectively, of 0.5 degrees and 1 degree of the radius.
The green line is the ISOA 86%. On the bottom left corner, is the fixation target to scale. (D, E) Distribution of drusen eccentricities (C) and
diameters (D) across all participants.
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FIGURE 2. Principle of the AOFIO retinal tracking. (A) The 4 degrees of full field obtained after initial phase of the fixation task (5 seconds
at 100 Hz, in red). Only the rectangular sub-part (in blue) was used as a reference image for subsequent eye movement analysis, as it is
enough to track and monitor eye movements during central fixation (typically less than 2 degrees in amplitude). During the experimental
phase of the task, the 2 × 0.5 degrees subregion (in green) is tracked at very high speed (800 Hz, 16 bits). (B) An actual frame recorded at
this frequency. (C) Eye displacement is obtained by phase-correlation over the reference image. (D) Custom eye tracking software processes
large sequences of up to 5 Mbits/frame. (E) A 3 times zoom on an area 1 degree away from the fovea with clearly visible photoreceptor
mosaic.

to the center image). After image registration, the maximum
of the standard deviation for each x and y pixel of the five-
image stack is computed to make the gaze-varying struc-
ture visible. In the resulting contrast image, drusen and their
delineation are clearly visible (Fig. 1C). This gaze-dependent
retina imaging method allows for the detection of foveal
drusen less than 25 μm in diameter that are not detected
by standard imaging methods and it also visualizes much
more reliably drusen 25 to 60 μm in diameter, providing
more precise information about their size and position.16

In a final step, drusen were manually annotated as ellipses
by two experts in medical images, followed by a valida-
tion by two ophthalmologists (including author M.P.). All the
image filtering, registration, and processing were performed
using custom software written in MATLAB (Mathworks, USA,
2023).

Ocular Fixation Task

Following drusen assessment, all participants were tested
in an ocular fixation experiment in order to see whether
the presence of drusen affects fixational eye movements.
In order to precisely detect even the smallest eye move-
ments, video recordings of the fovea during fixation were
performed using the PARIS AO-FIO (ONERA)17 located at the
Quinze-Vingts National Ophthalmology Hospital in Paris,
France. Both the PARIS AO-FIO retinal imaging setup and
retinal motion tracking process are described in the follow-
ing sections. Before the ocular fixation task, the dominant
eye was dilated with a drop of 1% tropicamide (mydri-
aticum, tropicamide 0.5%). The recordings were performed
in a dark room with minimal stray light and with the partici-
pant’s head fixed on a chinrest. The fixation task consisted of
two phases. In the initial phase, participants were required
to fixate a central cross for 5 seconds. This phase served
to initialize the retinal motion tracking procedure. In the

experimental phase, the participants were asked to fixate
on a circle (outer diameter = 17 arcmin [0.28 degrees],
inner diameter = 11 arcmin [0.18 degrees]) for 30 seconds,
across 5 trials. The instructions were “Please, fixate on the
circle for 30 seconds. Do not speak and try not moving
your head. Do not hesitate to blink if you need to.,” and a
vocal indication about time progression was provided after
15 seconds.

Retina Imaging Setup

High-resolution structural imaging of the fovea was
performed using the PARIS AO-FIO,17 through video record-
ings focused on the photoreceptor layer. Concurrently with
retina imaging, the Paris AO-FIO allowed for the projection
of NIR illumination patterns (i.e. stimuli) onto the retina via
a deformable digital micromirror device (DMD)18 as well
as for partial-field illumination.19 The stimulus projection
with the DMD was controlled using a custom-made Python
code and the ALP4Lib python library wrapper. The PARIS
AO-FIO system consists of two optical channels: the Wave-
front correction channel, and the illumination and imag-
ing channel, combined with the stimulation channel. A
fibered SuperLuminescent Diode (Exalos, Switzerland) with
nominal center wavelength of 750 nm measures optical
aberrations, and an 850 nm LED source (Thorlabs, USA)
coupled with a liquid fiber homogeneously illuminate the
retina over a 4 degrees diameter field of view (Fig. 2A).
The adaptive optics compensated for the spherical, cylin-
drical, and some higher order aberrations of the eye’s optics
before the stimulus reached the retina. The backscattered
light from the eye was reflected back on the deformable
mirror before reaching the imaging camera. The adap-
tive optics loop was controlled with a LabVIEW program
and image acquisition was monitored via the Holovibes
software.20
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Retina Motion Tracking

During the initial phase of the ocular fixation task (5
seconds), a full field sequence of images covering a
4 degrees diameter field of participants’ retina was recorded
at 100 Hz (2048 × 2048 pixel frames). The recorded full field
retinal images were first stabilized and then averaged into
a unique squared full field reference image of the center
of the retina (see Fig. 2A). Then, during the experimental
phase of the task, only a sub-band (2 degrees × 0.5 degrees,
1400 × 256 pixel, with the black circle target at the center)
was recorded at 800 Hz to be used for retina motion track-
ing (Fig. 2B). Retinal motion was tracked using a phase-
correlation registration method21,22 (Fig. 2C) after bandpass
filtering the image sequences. The algorithm consisted in
finding the position that best fitted each frame of the high-
speed video onto the reference image. The best fit was
considered as the peak value coordinates of the correlation
map computed in the Fourier domain (see Clip 1).

Even if the maximum sampling frequency of the camera
was only limited by vertical pixel resolution, we found that
1400 pixels horizontally offered a good tradeoff between
field coverage and video bandwidth. The resulting 0.684
MB/frame (16 bits) led to a very large 547 MB/s video band-
width that could only be recorded with solid state hard
drives and ad hoc recording software (Holovibes). Videos
were recorded on a separate computer than the one used
for stimulus presentation.

Detection of Retina Motion Related Events

Processing of the raw pixel displacement of each frame
relative to the reference images to ocular movement in
arcminutes with annotated events was made with a MATLAB
custom program (based on the work of Bowers and
Gautier23). Microsaccades were detected using an accelera-
tion threshold inspired by Engbert.24 An acceleration, rather
than velocity, threshold (factor N = 3 standard deviation of
the median) was used in order to differentiate fast ocular
drift epochs from small and slower microsaccades, which
can have similar velocities but distinct accelerations. The
acceleration was computed for the 30 seconds fixation, and
smoothed using running average with an approximately
70 ms window. This adaptive algorithm allowed for thresh-
olds that fitted the participants who had relatively small
microsaccades and stable ocular drift, as well as the partici-
pants with larger microsaccade and drift amplitudes. In addi-
tion, to ensure that microsaccades were all entirely detected
and that some parts of ocular drift were not mislabeled as
microsaccades, all traces were manually verified after the
automatic annotation. Blinks were detected automatically as
sudden drops in mean frame pixel intensity, which corre-
sponded to the closed eye reflecting less light back to the
camera. Rejected data were epochs of ocular coordinates
marked by the user as false data due to failures in the
imaging or the tracking (to the exclusion of blinks). They
accounted for 0% to 3% of the fixation data for each partic-
ipant. Everything in between the three types of events –
microsaccades, blinks, or rejected data – was automatically
marked as drift.

Root mean square sample to sample (RMS-S2S) devia-
tion was calculated to measure the precision of the retina
tracking method. A given RMS-S2S of an eye-tracker quan-
tifies the average movement due to noise between succes-
sive data is its squared value.25,26 Filtering ocular traces can

have a strong effect on RMS-S2S and skews the results.27

However, in this tracking method, ocular traces were used
raw, and RMS-S2S appeared to be the right metric to measure
precision.

Estimation of Fixation Stability

The Bivariate Contour Ellipse Area (BCEA) and, more
recently, the ISOline Area (ISOA) metrics have been used to
clinically measure fixation stability of patients with central
vision loss, including AMD.28 ISOA is more robust than BCEA
as it can delineate non-ellipsoidal fixation patterns29 and it
can be used to detect possible multiple retinal fixation loci
(PRLs), such as in patients with AMD. The choice of the
bandwidth and the extent (i.e. number of standard devia-
tions) to compute the ISOA is relatively arbitrary and open
to criticism.29–31 The choice of a 1 degree window for kernel
density estimation, which subtends ISOA calculation, has
been shown to be robust and appropriate with respect to
the classical definition of the 1 degree foveola.30,31 Concern-
ing the ISOA contour extent, we used both the standard 68%
ISOA (i.e. encompassing 68% of the data points) and the 86%
ISOA (i.e. computed over 2 standard deviations in the 2D
space defined from the center of the fixation distribution).32

The rationale was that the 86% ISOA contour would provide
complementary insights on the global fixation pattern that
might better differentiate healthy controls from participants
with foveal drusen.

Drift Diffusion Coefficient and Amplitude
Spectrum Computation

In the framework of the Brownian motion,33,34 the eye move-
ment during drift epochs can be modeled by a random walk,
and motion statistics can be measured by the diffusion coef-
ficient D. We computed the diffusion coefficient D by least
square best fit to the measurements of the empirical standard
deviation of the eye displacement as a function of time.35

The motion amplitude spectra of the ocular drift segments
were analyzed by using a multitaper spectral analysis. This
analysis was carried separately on the horizontal and verti-
cal components of eye motion,36,37 on overlapping segments
of 1 second. The time half-bandwidth product was fixed at
2.5, and the last taper was dropped to maximize the spectral
concentration ratios in the Slepian sequences.

Statistical Analysis

Linear mixed-effect model fit by maximum likelihood (fitlme
function on MATLAB) was used to compare FEM compo-
nents between groups with the Formula (1). FEMcomponent

were microsaccade amplitudes, ISOAs, or drift coefficients.

FEMcomponent ∼ groups + (1|trial ) (1)

RESULTS

Detection and Characterization of Foveal Drusen

Figure 1 shows foveal drusen detected in one participant
by using gaze-dependent retinal fundus imaging protocol16

(see Fig. 1C), as well as the corresponding region in an SD-
OCT cut across the fovea (Figs. 1A, 1B). Overall, in 9 out
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FIGURE 3. Retina motion traces of a healthy young subject (A, B) versus a subject with drusen (C, D) with the corresponding movement in
the visual field. The eye traces are shown for 3 seconds. Microsaccades are annotated in pink and drift in light blue. Eye position is shown
in degrees. The green line is the ISOA 86%.

of 20 participants (45%), initially deemed to have no drusen
and therefore assigned to the control group based on SD-
OCT images, the presence of foveal drusen was detected
using the gaze-dependent detection procedure. These partic-
ipants were therefore re-assigned to the drusen group (see
Methods). Across all participants of the drusen group, we
quantified the number of foveal drusen, their eccentricity
with respect to the center of the fovea, their areas, their
diameters (i.e. computed as the average diameter of the
ellipses), and the total area covered by all drusen (see
the Table). The median drusen diameter in the study was
60 μm (0.2 degrees; see Fig. 1E).

Precision and Robustness of Retinal Motion
Tracking

Retinal tracking during ocular fixation was performed
using the Paris AO-FIO,17 as described in the Methods
section. Figure 3 shows the example traces recorded during
4 seconds of the ocular fixation task in one control partic-
ipant and one participant with ocular drusen. Our retinal
tracking method allowed both microsaccades (shown in
magenta) and ocular drift (shown in blue) to be easily visu-
alized and detected in both control and drusen participants.

The precision of the tracking procedure was quanti-
fied by the average RMS-S2S and achieved 0.0015 degrees,
as measured on unfiltered data across all participants.
This value is an order of magnitude lower than what is
deemed sufficient to detect microsaccades25 (0.03 degrees).
The method allowed for the detection of numerous small
microsaccades down a few arcminutes (see microsaccadic

amplitude distribution in Fig. 4). A low standard deviation
of the tracking error (σ = 0.0006 degrees) suggests that the
method is very robust from participant to participant. Finally,
in order to assess possible noise sources stemming from
either mechanical vibration of the Paris AO-FIO setup or
defects of the tracking algorithm, as well as to get a standard
RMS-S2S value, we quantified the precision of the tracking
method on a non-moving artificial eye (OEMI-7 Ocular Imag-
ing Eye Model). We found an RMS-S2S of 0.00019 degrees
(σ = 0.00009 degrees over 4 recordings). The precision
found on human eyes and the artificial eye is equal or
better than any reported values in literature (0.0069 degrees
on a DPI Gen5.5 with an non-moving artificial eye38 and
0.012 degrees on a human eye39; 0.0012 to 0.0045 on the
EWET1 prototypes on human eyes39) without being affected
by lens-wobble artifacts, such as in a DPI or distortion arti-
facts, such as in an AO-SLO system (no RMS-S2S values
found for AO-SLO in literature).

The sensitivity to noise was additionally assessed by
power spectrum analysis. Power spectra were only weakly
affected by noise across all subject groups, even at higher
frequencies (above 100 Hertz [Hz]; Figs. 5C, 5D). The power
spectrum of the still model eye was one to two orders
of magnitude below human participants (Supplementary
Fig. S1), suggesting negligible setup-related noise.

An addition to be very precise, the method was also found
to be resistant to variations in lens transparency (Supple-
mentary Fig. S2). More specifically, in 11 participants (41%),
classified by orthoptists as having corticonuclear lens opac-
ities, the mean RMS-S2S was 0.0018 degrees, only slightly
superior to the mean RMS-S2S of all other participants
(0.0014 degrees).
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FIGURE 4. Microsaccade characteristics across individuals and groups. (A) Violin plots of individual distributions of microsaccade
amplitudes across all participants, color-coded by group and sorted with respect to the mean microsaccade amplitudes. Each dot is one
microsaccade during the fixation task. (B) Microsaccade mean amplitude with respect to drusen eccentricity from the center of the fovea.
Standard errors are shown in blue bars. (C) Microsaccade amplitudes across all four groups. Each dot is the average microsaccade amplitude
for 30 seconds (one trial).

Effect of Eccentricity of Foveal Drusen on
Microsaccades

To see whether the presence of foveal drusen is associ-
ated with changes in eye movements, we plotted individ-
ual distributions of microsaccade amplitudes sorted from
lowest to highest mean amplitude (Fig. 4A). The distribu-
tions of young and older participants from the control group
were shifted toward the lowest amplitudes, whereas those
from the drusen group toward the highest ones, suggest-
ing a link between drusen properties and FEM characteris-
tics. Strikingly, we also noted that the highest microsaccade
amplitudes were associated with the presence of drusen
mainly inside the foveola (the 0.4-0.6 degrees foveal pit),40

suggesting that drusen eccentricities may play an impor-
tant role in oculomotor changes induced by the presence of
drusen.

To quantify this effect, we computed Pearson’s corre-
lation coefficients between the measured drusen charac-

teristics (i.e. their number, area, and eccentricity) and
microsaccade sizes. We found a significant negative corre-
lation between the participants’ drusen eccentricities and
their microsaccade amplitudes (r = −0.74, P = 0.001).
Hence, the closer drusen were to the center of the
fovea, the larger were microsaccades. Conversely, the more
eccentric were the drusen in a particular participant, the
more similar this participant was to the control subjects
in terms of the microsaccade amplitude. No significant
correlation was found among the number of drusen, the
mean drusen area, or the total drusen area and microsac-
cade amplitude (r = −0.003, P = 0.99; r = 0.16, P =
0.53; and r = 0.13, P = 0.61, respectively. The results
in Figure 4B show that microsaccade amplitudes start
increasing exponentially when drusen are located closer
than 0.8 degrees to 1 degree with respect to the center of the
fovea.

To further characterize the role of drusen eccentric-
ity, participants from the drusen group were subsequently
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FIGURE 5. Drift dynamics and motion spectra across groups – horizontal motion. (A) Drift diffusion coefficient distribution across
all participants, sorted from lowest to highest. Each dot is one trial. (B) Drift diffusion coefficient across groups. (C) Motion spec-
trum of drifts only across the four groups. (D) Whole motion spectrum (drifts + microsaccades) across the four groups. An increase in
dynamics across most frequencies is visible with age, and even further with the presence of foveal or foveolar drusen. This progres-
sive increase is particularly visible in the mid-frequency (10–40 Hz, top left inset) and very-high frequency range (100–400 Hz, top-right
inset).

classified into two subgroups. The classification took
into account the approximate diameter of the foveola
(0.4–0.6 degrees40), of the stimulus (0.28 degrees), and of
the median foveal druse (0.2 degrees). The first subgroup
(named DIF, for “drusen inside the foveola”) included the
participants with drusen mainly located in the foveola (i.e.
mean drusen eccentricity less than 1 degree with respect
to the center of the fovea, n = 8). The other subgroup
(named DOF, for “drusen outside the foveola”) consisted of
participants with drusen located mainly outside their foveola
(n = 8).

Statistical analysis using linear mixed effects model
revealed significant differences between the microsaccade
amplitude in the DIF group and the three other groups
(Fig. 4C; DIF versus young controls: |t| = 6.5, P = 10−9; DIF
versus older controls: |t| = 6, P = 10−9; DIF versus DOF:
|t| = 5, P = 10−7). The group with drusen outside the fove-
ola (DOF) tended to have larger microsaccades than young
controls (|t| = 1.7, P = 0.09) and older controls (|t| = 1.8,
P = 0.06). There was no difference between young and older
controls (|t| = 0.4, P = 0.66).

Although no significant differences were found between
groups in terms of the average drusen area, we hypothesized
that large drusen closer to the center of the fovea should
have an even stronger effect on microsaccade amplitude. The
rapid drop-off of both cone density and acuity in the fovea
suggest that both the drusen area and eccentricity can have
tremendous effect on foveal vision. We therefore computed
the correlation between the drusen area divided by eccen-
tricity (that we called drusen density) and measured FEM
characteristics. This newmeasure was indeed stronger corre-
lated with microsaccade amplitude (r = 0.82, P = 0.0001)
than the eccentricity alone. There were no statistical differ-
ences in the rate of microsaccades between groups and all
participants produced approximately 1 to 3 microsaccades
per second.

The above results show that drusen eccentricity, a simple
property of retinal structure associated with the presymp-
tomatic stage of AMD, is a crucial factor explaining the
difference in microsaccade size between control participants
and subjects with a relatively elevated risk of developing
the disease. The quality of this simple structural measure in
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FIGURE 6. Impact of drusen on fixation stability. The top row shows sample data respectively from a young adult (A), an older adult (B),
a participant with foveal drusen (C), and a participant with foveolar drusen (D). The bottom row show the probability density of the young
adult participant of (A) on the left (E) and the foveolar participant of (D) on the right (F). ISOA contours encompassing 68% (purple) and
86% (green) of the eye position data.

explaining functional changes can be further improved by
taking into account the drusen area.

Impact of Foveal Drusen on Ocular Drift and Eye
Motion Spectrum

Apart from microsaccades, the ocular drift component of
FEM (see Fig. 3) was also affected by the presence of foveal
drusen, but to a lesser extent. Indeed, the analysis of ocular
drift in the four participant groups defined in the previ-
ous section revealed significant differences in drift diffusion
coefficients between participants with drusen in the foveola
and control subjects (Figs. 5A, 5B; DIF versus young controls:
|t| = 2.5, P = 0.01; DIF versus older controls: |t| = 2, P
= 0.04). Statistical pairwise comparisons between all other
groups have shown that the DOF group was significantly
different from young controls (|t| = 2, P = 0.04), but not
from older controls (|t| = 1.7, P = 0.1). No differences were
found between young and older controls (|t| = 0.1, P =
0.93, the absence of statistical differences here should be
taken with caution considering the low sample size of older
controls). Individual diffusion coefficient revealed larger
variability within groups but less between groups (see Figs.
5A, 5B) when compared to the mean microsaccade ampli-
tude (see Fig. 4A). No significant correlations were found
between drift diffusion coefficient and drusen properties
across all subjects (eccentricity: r = 0.09, P = 0.72; drusen
number: r = −0.003, P = 0.99; mean drusen area: r = −0.1,
P = 0.69; and total drusen area: r = −0.05, P = 0.85).

A different way to analyze FEM changes induced by
drusen presence is to look at the motion spectrum across

the subject groups. The spectral analysis of ocular drift
revealed a progressive increase in motion amplitude both
with age and drusen centrality (see Fig. 5C), marked in
the middle frequency range (10–40 Hz). No difference in
motion amplitude was observed at high frequencies (100–
400 Hz) between the two drusen groups, in contrast to an
age-related difference in control subjects (see Fig. 5C). When
accounting for the spectral changes caused by microsac-
cades (see Fig. 5D), the foveolar drusen group clearly stood
out across all motion frequencies, potentially impeding later-
stage neural processing of the visual input.35 The differ-
ences between the two motion spectra (see Figs. 5C, 5D)
reflect the statistical differences in drift diffusion coefficient
between subjects groups presented above and highlight the
more important role of microsaccades, compared to ocular
drift, in FEM changes induced by the presence of the central
drusen.

Foveolar Drusen Impair Fixation Stability

Fixational movements of the eye, including microsaccades
and drift, are the primary determinants of fixational stabil-
ity, a functional measure of ocular stability at the macro-
scopic level usually evaluated by such measures as the
ISOline area28,29 (see the Methods section). The discovered
relationship between central drusen and microsaccade size,
described in the previous section, suggests that a similar
relationship should exist between drusen eccentricity and
ocular stability in the fixation task. Indeed,we found a strong
and significant negative correlation between ISOA (at 86%
level) and drusen eccentricity (r = −0.72, P = 0.001) as well
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FIGURE 7. Contribution of microsaccade amplitude and drift coefficient to fixation stability. (A) Microsaccade amplitude versus 86%
ISOA. (B) Drift coefficient versus ISOA on the right. One symbol represents one trial of a participant from its colored group.

as highly significant positive correlation between ISOA and
drusen density (r = 0.72, P = 0.0004 across all subjects. We
checked that there were no significant differences between
participants in terms of microsaccade frequencies that could
explain changes in fixation stability. In order to better under-
stand the effect of drusen on fixation stability and its topo-
logical characteristics, we quantitatively compared average
ISOA values across the four groups of subjects using the
linear mixed modeling approach and visualized average
ISOA contours (Fig. 6). The participants with drusen mainly
in the foveola had the largest ISOA as compared to the other
three groups (DIF versus young controls: |t| = 5.5, P =
10−7; DIF versus older controls: |t| = 4.9, P = 10−6; and DIF
versus DOF: |t| = 5.4, P = 10−7). ISOAs remained similar
between the DOF group and young controls (|t| = 0.24, P =
0.81) or older controls (|t| = 0.24, P = 0.67), and between
young and older controls (|t| = 0.2, P = 0.83). These results
extend our conclusion from the previous section by show-
ing that impaired fixation stability in subjects with drusen
in foveola is primarily mediated by the increase in microsac-
cade size and not by other FEM properties, such as ocular
drift.

Given the consistent and strong effect of foveal drusen
on both fixation stability and microsaccade amplitude, it is
not surprising that there was a strong correlation between
the ISOA 86% values and microsaccade amplitudes across
the entire study population (Fig. 7A; r2 = 0.85, P = 0.001).
Interestingly, when looking at Figure 7, in all groups except
DIF, higher values for ISOA seemed to come with both
proportional increases in microsaccade amplitude and drift
diffusion coefficient at the same time. However, for the DIF

group, drift diffusion coefficient appeared to lose its correla-
tion with ISOA compared to the rest of the study population.

DISCUSSION

The objective of the present study was to see whether
structural retinal changes in presymptomatic AMD can have
detectable consequences on functional aspects of vision.
More specifically, we tested the hypothesis that FEM abnor-
malities are associated with early structural retinal anoma-
lies, such as the appearance of small central drusen.

The primary finding of this study is that participants
with foveal drusen exhibit significantly larger microsac-
cades and higher fixation instability (measured by ISOA) as
compared with healthy controls, while maintaining equiva-
lent microsaccade rates. Strikingly, drusen eccentricity with
respect to the center of the fovea appears to be the main
determinant factor associated with larger microsaccades and
ISOAs. Indeed, we found that the more central the drusen
were, the more unstable the fixation was; conversely, the
further from the center of the fovea the drusen were, the
more the participants tended to behave like controls, with
minimal to no changes in fixation stability. We propose the
following quantification criterion to assess the point after
which drusen eccentricity strongly affect fixation charac-
teristics: microsaccade amplitude starts increasing exponen-
tially when average drusen eccentricity is less than 1 degree
with respect to the center of the fovea. Considering the
size of the typical drusen and of the fixation target, the
threshold point approximately corresponds to the size of
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the foveola, that is, the 350 μm foveal pit, as defined by
Kolb.40 Our results further suggest that quantification of
microsaccade amplitude and ISOA in a simple ocular fixation
test could in principle be sufficient to discriminate healthy
participants from those with retinal anomalies in the fove-
ola, such as drusen. Previous studies in patients with central
scotomas suggest that these patients may develop one or
more eccentric areas of fixation (referred to as preferred
retinal locus or PRL),41 giving rise to an extended overall
fixation area. We therefore checked in our presymptomatic
subjects from the DIF group whether they express increased
and possibly multipeaked fixation densities (as opposed to
Gaussian-like distributions expected for the other groups).
This was indeed the case, as only in the DIF group the ISOA
contours exhibited multiple islands of fixation (see Fig. 6).
In this study, we also evaluated the impact of foveal drusen
density and eccentricity on the ocular diffusion drift coef-
ficient, which provides a displacement estimator reflecting
the randomness and stability of visual fixation.35 The motion
spectrum of drift epochs without microsaccades appeared,
however, impacted by the presence of drusen and their
centrality, especially in the middle frequency range. The
dynamics of the complete eye movements (i.e. microsac-
cades included) during fixation appears successively altered
with age, with the presence of foveal and further with foveo-
lar drusen. This confirms the impact of drusen on microsac-
cade dynamics, and the importance to finely characterize
them. Further research is needed to understand the role and
implication of drusen on visual sampling and perception.

Another interesting observation stemming from this study
concerns the definition of healthy older adults from an
ophthalmological point of view. Twenty participants of this
study were initially recruited as healthy controls based on
the fact that (i) no visible foveal drusen were found using
standard SD-OCT imaging analyzed by ophthalmologists,
and (ii) no visual symptoms (in terms of visual acuity,
contrast sensitivity, and so on) were observed during inclu-
sion to the Silversight cohort. Subsequently, using AO-FIO-
based gaze-dependent retina imaging, 45% of these partic-
ipants were found to actually have small drusen in their
fovea. This experimental observation, made with the use of
more advanced imaging technique, aligns with early studies
suggesting that drusen are more prevalent than previously
assumed.42,43 It also emphasizes the utmost importance
of the development of sensitive measurement techniques
that can be applied at presymptomatic stages to detect the
presence of small drusen. Whereas recent progress in reti-
nal imaging resulted in retromode44 or gaze-dependent16

methods, which can both detect drusen invisible in stan-
dard SD-OCT images, this study opens up a new avenue
in drusen detection research by showing that the appear-
ance of small drusen can be detected based on simple func-
tional measures, that is, by looking at the FEM. Moreover,
the discovered link between central drusen and fixation
stability can explain the discrepancy present in the litera-
ture regarding the differences in fixation stability between
young and healthy older adults, with some studies report-
ing an age-related decrease in stability45–47 and other stud-
ies, including ours, reporting no effect of age.48–50 If the
presence of foveal drusen is a common trait among older
participants and these drusen do affect fixation stability, as
we observe in our experiment, then the putative effect of
age on fixation stability in the above studies can in fact be
explained by the presence of participants with undetected
central drusen in the sample of older adults (because virtu-

ally all previous studies used standard retina fundus imaging
or SD-OCT). In conclusion, a combination of imaging meth-
ods and functional oculomotor measures, with a potential
addition of subjective patient-reported measures of retinal
health50 can be part of the general strategy for multifactor
screening for retinal diseases, including AMD, in the general
population. DIF participants were clearly clustered together
around higher values of both ISOA and microsaccade ampli-
tudes, suggesting the possibility of an automatic detection
procedure for the existence of foveolar drusen that could, for
instance, use both ISOA and microsaccade amplitude values.
Although it is currently impossible to know whether or not
existing drusen will develop into severe forms of AMD,51

detection of drusen at the earliest possible stage will allow
to monitor their progression and take the necessary precau-
tions (e.g. apply anti-VEGF treatment4) before critical and
irreversible damage occurs. Health style changes might help
slow down their growth, and new drugs are currently being
clinically tested to prevent the formation and evolution of
drusen.7

To the best of our knowledge, alterations of fine oculo-
motor control in relation to small, asymptomatic changes
of retinal structure have never been previously reported,
whereas the assessment of eye movements to identify nonin-
vasive biomarkers of a number of diseases is not new.52

Research on eye movements has indeed existed for more
than a century, and infrared video eye trackers capabilities,
accuracy, and accessibility have renewed the interest on eye
movements to clinicians and psychologists. FEMs have been
explored in neurological disorders, such as amblyopia,53,54

schizophrenia,55 Parkinson’s disease,56 and others.57 There
have also been attempts to reveal new FEM-based biomark-
ers to predict multiple sclerosis and follow its progression.58

However, when it comes to detecting subtle retinal struc-
tural anomalies by means of FEM analysis, it is key to be
able to record the whole spectrum of microsaccade ampli-
tudes, down to 1 arcminute. The recent use of adaptive
optics retinal imaging instruments has made it possible to
reach this resolution. The AO-FIO used in this study allowed
us to observe an average healthy microsaccade amplitude
of 6.3 arcminutes, whereas participants with drusen had
an average microsaccade amplitude of 13.8 arcminutes. In
the past 20 years, FEM studies using pupil-based eye track-
ers have defined a microsaccade with amplitudes up to 1
to 2 degrees,25,59–61 and basic fixation tasks often showed
average microsaccade amplitudes of 20 to 60 arcminutes. It
is thus possible that the differences between controls and
drusen participants found in our study would not have been
detected using these less precise eye trackers and/or a fixa-
tion target larger than ours, because microsaccade ampli-
tude is known to be target-dependent.23 Further studies are
being conducted in our team to confirm such hypotheses.
This study, like many in the past decade, shows that FEMs
reveal a lot of unique information about patients. The system
we use is probably too advanced and complex for immediate
clinical use but the study is paving the road toward future
FEM analysis in ophthalmologic testing with future accessi-
ble tracking methods that are starting to become available
in the market.

Whereas general functional significance of microsaccades
is still a matter of debate, many researchers agree that
microsaccades play an important functional role in the
presence of foveolar stimuli, and the foveola size is even
considered as a reference to define microsaccades.59,62 As
discussed in Poletti’s review on attention and eye move-
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ments at the foveal scale,59 any stimuli in the foveola can
be attention-grabbing and whether it is voluntary or not,
it is possible to have microsaccade directed toward differ-
ent stimuli as close as 20 arcminutes from each other.
It would not be correct to consider foveal drusen as
inputs to the visual system, but our data suggest that they
might change retinal processing in specific retinal locations.
Drusen appears to distort foveal vision but the exact role
of or consequence on the oculomotor system remains to
be determined. Fixation instability could be the result of
the oculomotor system adaptation to avoid drusen locally
(as can be seen in Clip 2). The second hypothesis consists
in a more widespread RPE/photoreceptor dysfunction and
degraded foveal sensory integration which would in turn
impair motor control. The local compensatory versus global
oculomotor deficiency hypotheses require further investiga-
tion. The relative impact of each eye’s drusen on binocular
vision is another open subject of research to supplement
these findings.

In conclusion, by combining state-of-the-art retinal imag-
ing techniques and a novel retinal motion tracking approach,
we report an association between the presence of foveal
drusen and fixation instability, hence linking structural
and functional changes during aging. By demonstrating a
strong association between foveal drusen properties and
oculomotor behavior in a simple ocular fixation task our
results suggest that FEM can be considered as a functional
biomarker for innovative AMD screening approaches. More
generally, our results suggest a possibility that the pres-
ence of even small drusen may affect visual perception.
Thus, further studies are required to test potential effects of
drusen on performance in tasks requiring high visual acuity,
contrast sensitivity, and photoreceptor function.
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Appendix B

Implementation of a Laser Doppler
Holography setup to study neurovascular
coupling

B.0.1 Motivation

At the beginning of my thesis, three systems showed significant potential for studying neurovas-
cular coupling. The DMD-integrated AO-FIO, the AO-CRSO and a Laser Doppler Holography
(LDH) setup. My interest in LDH for studying neurovascular coupling was motivated by the
work of Michael Atlan’s group, which demonstrated the capability of Laser Doppler Holography
for blood flow imaging in the retina [106, 107]. The ability of this system to generate blood
flow contrasted images with a wide field of view and high temporal resolution is particularly
promising for studying neurovascular coupling, as it could provide a detailed view of blood flow
changes in the retina in response to flicker stimulation.

My goal was to replicate the LDH setup, adapt it for studying neurovascular coupling and
investigate how to improve the transverse resolution and sensitivity of this system as capillaries,
small venules and arterioles are not currently visible with the system used by Michael Atlan’s
team. The initial goal was the development of a computational adaptive optics correction to
improve the transverse resolution of the system.

During my PhD thesis, I worked concurrently on both the AO-CRSO system and the LDH.
However, the AO-CRSO system showed promising results early on, particularly in observing
blood vessel dilation during flicker tests. Given that arterial dilation is a key driver of functional
hyperemia, I decided to prioritize my efforts on the AO-CRSO system as my research progressed.
While I did replicate an LDH setup at ONERA and took initial steps to adapt it for studying
neurovascular coupling, I did not pursue improvements to the system’s transverse resolution,
choosing instead to focus on the AO-CRSO system. The preliminary work that I have done
with this system is presented in this appendix.

B.0.2 System description

Laser Doppler Holography (LDH) operates on the principle of digital holography, where an
interference pattern is created between a wave scattered by an object and a reference wave.
This pattern is imaged by a 2D camera. By numerically reconstructing the recorded hologram
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using wave propagation formulas derived from Fourier optics theory, the object wave field can
be retrieved [108].

In Doppler holography, the optical field backscattered by the retina is frequency shifted
due to the movement of red blood cells. When this Doppler-shifted light interferes with the
non-Doppler-shifted reference wave on the camera, the resulting interferogram is temporally
modulated at a frequency corresponding to the Doppler shift caused by the moving red blood
cells [106]. By recording these interferograms with a high-speed camera and applying a short-
time Fourier transform analysis, the Doppler frequency shift can be measured, allowing for the
reconstruction of motion contrast images that reveal the blood vessels of the retina. (More
details in image processing section).

B.0.3 Optical setup

The optical setup of the system is represented in figure B.1 A), it similar to an interferometer
in a Mach-Zehnder configuration. The light from a 785 nm single-mode fiber laser diode is
split into two beams, one going to the eye (object arm) and one going directly to the camera
(reference arm). A Polarizing Beam Splitter (PBS) cube is used in the object arm to illuminate
the eye and collect the light backscattered by the retina. The light sent to the eye is linearly
polarized, but only the cross-polarized component of the light backscattered by the retina is
transmitted by the polarizing beam splitter. This is done to reduce stray light and to favor
multiply scattered photons which have lost their initial polarization but also carry the Doppler
broadened signal [106]. The object and reference waves are combined using a non-polarizing
beam splitter cube and interfere on the sensor of the camera. The recorded interferogram are
then processed to give the final angiographic images.

A picture of the optical setup that I used during my PhD thesis is shown in figure B.1 B).
The optical elements are the same as the ones described in figure B.1 A) with two exceptions:
instead of a converging lens at L1, a diffuser is used. This modification prevents the illumination
beam from being focused on the cornea, thereby improving ocular safety. Furthermore instead
of using two cameras, I am only using one fast camera. The camera used in my setup is the
Phantom S710 (Ametek), which is capable of recording 512x512 pixel images at a rate of 20
kHz. A high frame rate is crucial for LDH, as the largest Doppler frequency shifts caused by the
movement of red blood cells can reach 30-40 kHz at the central retinal artery [109]. According
to the Nyquist theorem, a camera with a frame rate of around 70 kHz would be required to
sample these frequencies. However, except for large arteries close the the central retinal artery,
blood flow is slow enough in most vessels of the retina to be sampled with our camera.

In terms of ocular safety, the system conformed to the ISO 15004-2:2007 standard, which
sets illumination limits for ophthalmic instruments. A total optical power of 1.5 mW was
directed toward the eye while ensuring that the illuminance remained within the permissible
limit across the entire cornea.
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Figure B.1: A) Schematics of the Laser Doppler Holography setup, from Leo Puyo et al. [106] B)
Image of my LDH setup at ONERA

B.0.4 Image processing

In Laser Doppler Holography, the optical setup is rather simple, all the complexity relies in
the image processing to get from the recorded interferogram to a final angiographic image. To
process the images, I used the software Holovibes [96] developed by Michael Atlan. It is an
open source software enabling high speed image rendering of laser doppler holography images.
The different steps of the image processing pipeline are detailed in Leo Puyo’s thesis [110] and
can be roughly described in the following few steps schematically described in the diagram
represented in figure B.2.

• Hologram rendering: The camera records interferograms between the object wave and
the reference wave in the sensor plane. To achieve a final image of the retina, the object
wave is first numerically propagated in the plane of the retina. To achieve this numerical
propagation, different methods can be used. In Holovibes two methods are available:
The Fresnel method, relying on the Fresnel-Huygens principle and the angular spectrum
method, relying on the Fourier decomposition of the electrical field [108].

• Hologram to power spectral density: In LDH, the Doppler frequency shift is mea-
sured from the hologram beat frequency [106]. Therefore, the power spectral density of
the recorded hologram stream is measured. This is done either by Short Time Fourier
Transform (STFT) or by Principal Component Analysis (PCA) [111].

• Spectral density to final image: To get the final angiographic image, the measured
power spectral density is integrated over the frequency corresponding to the red blood
cells’ Doppler frequency shift. By eliminating low frequencies, static features and slow
moving features can be removed, with only the blood vessels remaining on the final images.

In addition, because the wave field is numerically propagated, all sorts of numerical ma-
nipulation of the wave field are possible, for instance the use of computational adaptive optics
[112].
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Figure B.2: Schematic Representation of a Power Doppler Image Formation from a Hologram stream.
Adapted from Puyo et al. [106]

B.0.5 First image with my setup

The optical setup illustrated in figure B.1 B) was assembled, and preliminary images were
acquired from a healthy subject. An example of an image captured using this setup is shown
in figure B.3. The image, centered on the optic disc, reveals the largest veins and arteries
of the retina. Additionally, some pulsativity (variations in contrast of the arteries with each
heartbeat) could be observed in the recorded videos. The field of view is relatively wide (≈
20° x 20°) and vessels with diameters of 10-15 µm or larger can be resolved, smaller vessels and
capillaries are not visible on our setup.

B.0.6 Future work

Preliminary steps were taken in order to explore neurovascular coupling using laser Doppler
holography. A stimulation channel to make flicker tests was implemented into the system by
positioning a screen in front of the second beam splitter cube (See figure B.4 below). Given the
large field of view of the system, it presents a compelling opportunity to investigate variations
in retinal blood flow in response to flicker stimulation. Such changes should be visible in LDH
images as thickening and increased intensity of the retinal vessels. Furthermore, work is in
progress in Michael Atlan’s team to derive quantitative measurements in terms of blood velocity
and blood flow from LDH images. This improvement would provide quantitative assessment
of the increase in blood flow during a flicker test, allowing for instance, the identification of
specific arteries responsible for localized changes in blood flow when a region of the retina is
exposed to flicker stimulation.
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Figure B.3: Average image, centered on the optical disc, taken with my Laser Doppler Holography
setup

Figure B.4: A stimulation screen was placed in front of the second beam splitter cube to enable
flicker stimulation with the LDH setup
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