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Overview

The eye is an organ which gives us the sense of sight and allows us to observe
the surrounding world. We use our eyes in almost every activity we perform and
hence a disease which affects vision has a negative impact on a person’s quality of
life. Age-related diseases are a significant public health concern, especially in the
western world where there is an increase in the median age of the population [1].
Particularly, retinal diseases can result in visual function impairment, which can
lead to reduced social interactions, loss of independence and disability. According
to the WHO, about 1.3 billion people live with some visual function impairment, of
which 270 million people have moderate to severe vision impairment [2]. About 80
% of all vision impairments globally are considered avoidable. Retinal pathologies
and injuries exhibit structural and functional changes in the retina and are assessed
using ocular imaging techniques. Retinal imaging is thus vital for our understand-
ing of retinal diseases, and effective clinical evaluation, follow-up and treatment.

Advancements in retinal imaging have drastically improved the quality of eye
care in the past two decades. Nevertheless, the current clinical evaluation of reti-
nal diseases relies considerably on subjective visualisation of the retinal anatomy.
In many pathological conditions, however, better and more objective imaging and
image analysis methods are required. New techniques that can establish a corre-
lation between retinal diseases and optical properties need to be developed. The
various optical properties of the retina can be correlated to diagnostic criteria to
provide new means for improving clinical care in ophthalmology. For example,
a quantitative in vivo characterisation of spectral properties of the retina helps in
understanding the pathophysiology of various diseases [3]. This thesis focuses on
two major approaches to retinal imaging which can improve clinical care in oph-
thalmology:

1. Structural imaging of the retina using a low-cost, compact, novel digital mi-

cromirror based ophthalmoscope

2. Quantitative, functional imaging of the retina using a multispectral scanning
laser ophthalmoscope.

1.1 Human eye: anatomy and physiology

Advancements in retinal imaging have drastically improved the quality of eye care
in the past two decades. However, the current clinical evaluation of retinal dis-
eases relies considerably on subjective visualisation of the retinal anatomy. In many
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pathological conditions, however, better and more objective imaging and image
analysis methods are required. New The eye is an essential sensory organ which
provides the ability to see in both bright and dim light, focusing on objects both
near and far. The eye can detect three primary colours and transmit the informa-
tion to the brain, which processes and perceives the image in millions of colours. A

schematic cross-section of the eye and the retina is shown in Fig.1.1.

Cornea

About one-sixth of the anterior layer of the eye bulges and forms the transparent
cornea, the aspherical bulge which serves as the outer transparent window of the
eye. The cornea is made up of connective tissue with a thin layer of epithelium on
the surface. The cornea contains hardly any cells and blood vessels and is transpar-
ent. Light enters the eye through the cornea, and the air-cornea interface does most
of the focusing of the light. The cornea transmits about 99 % of visible light [4]. The
cornea continues as sclera, the opaque portion of the eye. The sclera runs along
the circumference of the eye and makes up the remaining posterior five-sixths of
the eye’s outer layer. The sclera is responsible for the protection of the vital inner
layers of the eye and serves to attach the extra-ocular muscles, which aid in eye

motion.

Iris, lens and humor

After the cornea, the light passes the anterior part of the eye through the pupil. The
pupil is the central aperture in the iris and regulates the amount of light entering
the eye. The iris, a pigmented disc, is visible in most eyes due to the transparency
of the cornea. The iris is mostly made up of smooth muscle fibers and connective
tissue. As the flux of light entering the eye reduces, the smooth muscles of the iris
pull away from the centre, causing the pupil to dilate. On the other hand, if there
is a sudden influx of light, the sphincter muscles in the iris pull toward the centre,
causing the pupil to contract and allowing less light to reach the retina.

The transparent and crystalline lens of the eye is located behind the iris, sus-
pended by ciliary muscles. When viewing an object at infinity, the ciliary muscles
pull on the suspension ligaments causing the entire lens to flatten, enabling the
lens to focus light from a far-away object. When the eye views an object at a near
distance, ciliary muscles contract causing the suspension ligaments to relax. This
action causes both lens surfaces to become more convex and enables the eye to
focus nearby.
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Figure 1.1: A: Cross-section of the human eye and its various constituents — The light enters the eye through the cornea and is focused on the
retina by the lens. The blood vessels supply oxygen and nutrients to the retina. B: Cross-section of the retina showing different layers of cells,
each performing a special function, [image adapted from Wikipedia]
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The vitreous humor is a clear, transparent jelly-like substance which occupies
the posterior part of the eye. It holds about 80% of the volume of the eyeball. The
vitreous keeps the eye structurally intact.

Retina

The retina is a thin multi-layered tissue (Fig.1.1B) with an average thickness of
300 pm, which is responsible for the critical task of receiving light from the external
world and transmitting visual stimuli to the brain. Various insults to this delicate
structure can thus generate pathological processes and lead to retinal disease(s).

The retina consists of two components: an innermost layer of retinal pigment
epithelium (RPE) which is composed of a single layer of melaninated cells, and the
neural retina which is a multi-layered structure containing photoreceptors as well
as neurons. These two components together are typically called the retina, and it
is subdivided into nine recognisable layers: nerve fiber layer (NFL), ganglion cell
layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexi-
form layer (OPL), outer nuclear layer (ONL), external limiting membrane (ELM),
photoreceptor layer (PL), and the retinal pigment epithelium (RPE). A histological
cross-section of the human retina is shown in Fig. 1.2. The structure and function of
each layer of the retina is a fascinating field in itself and is studied by many vision
scientists. A brief description of each layer might help the reader in appreciating
the complexity of the retina and the vital role it plays in vision.

The NFL is formed by the extension of the fibres of the optic nerve. It has the
highest thickness near the optic disc and is made up of the support cells of the
neural retina. NFL is a sensitive structure, and thus some process can start its spon-
taneous apoptosis. Any adverse situation can make some damage on NFL such as
high intraocular pressure, inflammation, vascular disease and hypoxia [6].

The IPL is a region of the retina that is built up of a compact reticulum of fibrils
arranged by interlaced dendrites of retinal ganglion cells. A retinal ganglion cell
is a variety of neuron found in the GCL of the retina of the eye. It collects visual
stimuli from photoreceptors through two intermediate cell types, namely bipolar
cells and retinal amacrine cells [7].

The INL or layer of inner granules of the retina, is made up of several closely
arranged cells, namely the bipolar cells, the horizontal cells, and the amacrine cells.
The OPL is a layer of neuronal synapses in the retina. It consists of a compact net-
work of synapses within dendrites of horizontal cells from the INL, and photore-
ceptor cell inner segments from the ONL. It is much thinner than the IPL, where
amacrine cells synapse with retinal ganglion cells. The ONL is typical for verte-
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Figure 1.2: Histological cross-section of the posterior eye: retinal layers, choroid and sclera

(5]

brate retina and is assumed to be the light-detecting portion of the eye. Like the
INL, the ONL contains several strata of oval nuclear bodies [7].

The PL consists of the rod and cone cells. The light must cut across many layers
before reaching the rods and cones. Rod cells are cylindrical, while the cone cells
have conical outer segments. The rod cells are more receptive to the light stim-
uli and thus are primarily used in low light levels. The resulting image from the
rod cells is monochromatic. The cone cells are sensitive to distinct wavelengths of
light and allow the perception of colours and complete visible information. The
photoreceptor layer is devoid of any blood capillaries [8].

The outermost layer closest to the choroid is the RPE which contains a single
sheet of cuboid pigmented cells, with perform the function of absorbing light and
thus preventing stray light from reflecting onto the rods and cones. Compact and
tight interfaces between the cells in this layer establish the so-called 'blood-retina
barrier’ to regulate and balance the exchange of molecules from the blood to the
retina and vice-versa. The RPE cells play an essential role in nourishing the overly-
ing outer retina. They facilitate the diffusion of nutrients from the choroid. Bruch’s
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Figure 1.3: Blood supply to the eye: The ophthalmic artery is a branch of the internal carotid
artery and divides into the central retinal artery and the posterior ciliary arteries. The former
supplies blood to the outer layers of the retina while the later supplies blood to the choroid.
Image adapted from Ichsan et al. [12].

membrane is the innermost layer of the choroid.

The axons from all the retinal ganglion cells converge and leave the eye through
the optic nerve. The point where it exits is the optic disc or optic nerve head
(ONH). This area is incapable of detecting light, as this point is by definition, a
break in the retina. Therefore the ONH creates a blind spot in the lateral visual
field. The fovea is a small depression in the central portion of the retina. The inner
layers of the retina are drastically reduced (or absent) in the fovea. The dominant
layer of the fovea is the photoreceptor layer composed exclusively of cone cells.
These cells are also slender than they are elsewhere in the retina to accommodate
their dense packing. There is a 1:1 ratio of ganglion cells to photoreceptors in the
fovea to facilitate excellent discrimination of colours and details. Blood vessels are
also absent in the foveal region to allow light to pass unimpeded to the photorecep-
tors. The fovea is an avascular zone.

1.1.1 Blood supply to the retina

One of the main objectives of the thesis is measuring the blood oxygenation in the
retinal vessels. Therefore it is important to understand how the blood is supplied
to the retina. The blood supply of the entire eye comes from the ophthalmic artery,
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Figure 1.4: Retinal layers and blood vessels: The top layers are supplied oxygen through the
retinal vasculature while choroidal vasculture supplies oxygen to the bottom layers (image
courtesy of Novartis)

which is a branch of the internal carotid artery, as shown in Fig. 1.3. The retinal
circulation originates from the central retinal artery (CRA), which is a branch of the
ophthalmic artery [9]. The CRA travels inside the optic nerve and reaches the retina
to branch from arteries to arterioles and capillaries into deeper layers, as shown in
Fig. 1.4. The capillaries are organised mainly in two different layers, one in the NFL
and another in the inner nuclear layer. The retinal capillaries continue to venules,
which merge to form the central retinal vein (CRV) and leave the eye through the
optic nerve [10, 11].

The choroidal circulation originates from the posterior ciliary arteries. The choroidal
vessels can be divided (from outside to inside) into a layer of large arteries; a layer
of medium-sized arteries and arterioles ; an innermost layer of choriocapillaris. In
healthy eyes, the choroid does not penetrate the retina and does therefore not ob-
scure vision. Oxygen diffuses from the choriocapillaris, through the retinal pigment
epithelium to reach the photoreceptors which have high oxygen demand and high
metabolic rate. The concentration gradient drives the diffusion of oxygen from the
choriocapillaris to the photoreceptors [13].

The retinal and choroidal vasculatures are different in many ways. The retinal
vasculature is sparse as a dense network can obscure vision. On the other hand,
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Figure 1.5: Common retinal pathologies and functional changes — Retinal pathology affects
vision and reduces the quality of life. The simulated images show the effect of visual impair-
ments [20]

the choroidal vasculature is dense as there is no scope to obscure vision. The retinal
circulation penetrates the retinal tissue, and this decreases diffusion distances from
capillaries to retinal cells.

1.1.2 Common retinal pathologies

As explained in the previous section, the retina is an incredibly intricate structure,
hence is prone to many retinal pathologies due to impairment or injury to one or
some of its components. The capacity of the retinal tissue to respond to such dam-
ages depends mainly on: the specific cells and tissue involved, type, duration and
severity of the injury. The broad range of retinal conditions that may exist is too ex-
tensive to review in this brief chapter. Instead, we discuss a few important retinal
diseases.

Age related macular degeneration (AMD) is a disease that causes blindness,
and is the most common disease that causes blindness in industrialised countries
[14]. AMD is also the most common condition whose incidence increases with age-
ing. The dry form of AMD is identified by drusen and extracellular deposits which
accumulate beneath the RPE, and a loss of photoreceptors. In wet AMD, abnormal
blood vessels grow under the retina and macula due to a process called choroidal
neovascularization. These blood vessels may then leak and bleed, causing the mac-
ular region of the retina to bulge, destroying vision in the process. Vision loss due
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to AMD may be rapid and severe.

Diabetic retinopathy (DR) occurs as small aneurysms or haemorrhages in the
retinal tissue. When diabetes is uncontrolled, it damages blood vessels throughout
the body. Diabetes results in reduced maintenance of the blood sugar levels, and in
the long run, it affects the capillaries throughout the body. A particular example of
the location in the body where tiny capillaries are affected is in the retina, resulting
in DR.

Retinal vessel occlusions (RVO) is a retinal pathology which disturbs retinal
blood flow and oxygenation. Occlusions can be broadly divided into vein occlu-
sions and artery occlusions. Occlusions can be further divided into central occlu-
sions, affecting the central retinal vein or artery, and branch occlusions, affecting
branches of the central vessels. The primary symptom of retinal vascular occlu-
sion is a sudden change in vision. This could include blurry vision or a partial or
complete loss of sight.

Glaucoma is characterised by degeneration of the NFL and the optic nerve. In
cases it is accompanied by loss of vision. Glaucoma has been traditionally linked
to high intraocular pressure, although it is not necessarily associate with high pres-
sure and several glaucoma patients have normal or low intraocular pressure [15].
But elevated intraocular pressure is a risk factor for glaucoma and lowering of the
intraocular pressure is a widely accepted treatment for glaucoma. Reducing the
intraocular pressure generally slows the progression of glaucoma, even in patients
with low pressure. However, retinal blood flow does not follow changes in intraoc-
ular pressure linearly.
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Figure 1.6: Common retinal pathologies and structural changes—A: Fundus image of a nor-
mal healthy human retina showing the optic nerve head and the fovea. B: Image of an eye
with AMD. The arrow indicates drusen in the fundus [16]. C: Image of an eye with DR [17].
The arrow indicates the abnormal growth of blood vessels. D: image of an eye with RVO
with the arrow showing blocked blood vessels in the retina [18]. E: an image of an eye with
Glaucoma with the arrow showing the abnormal size of the ONH [19].
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Figure 1.7: Reflection spectrum of the human retina in perifoveal and foveal region observed
from 30 different human subjects. Data taken from Delori et al.[22].

1.2 Retinal imaging techniques

Non-invasive imaging of the retina presents some unique challenges because of its
location in the posterior eye. The retina must be illuminated and imaged at the
same time, a method which requires illumination and detection modules to share a
common optical path. The retina is a low reflective [21, 22] (Fig. 1.7) and moderately
scattering [23] surface. These attributes result in only a small fraction of the light
illuminating the retina to reach the detector. Imaging the retina requires the optics
of the eye to be used as a part of the imaging system. The optics of the cornea and

the crystalline lens introduce aberrations in an imaging system.

Historical perspective

The invention of the ophthalmoscope by Helmholtz in 1851 [24] was the first break-
through in modern imaging techniques (1.8A), especially towards the goal of imag-
ing the retina. Helmholtz’s design consisted of a partially reflecting mirror that di-

rected light from a source onto the retina. In 1886, Jackman and Webster recorded
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the first in-vivo human retinal photograph, showing the optic disc and larger blood
vessels [25]. In the century that followed, fundus photography to document oph-
thalmoscopic findings progressed and became a necessary method for the exam-
ination and assessment of retinal disease. In 1961, the first successful fluorescein
angiography was recorded in humans [26]. Fluorescein angiography has become
the main diagnostic tool for the study of retinal flow.

The invention of the scanning laser ophthalmoscope (SLO) in the early 1980s
[27-29] thrust the field of fundus imaging into a new era. Instead of capturing
the image as a whole, SLO samples the retina point by point in a raster-like fash-
ion with its laser beam. The SLO was combined with confocal optics in 1987 [30].
Despite fundus imaging and fluorescein angiography [31] being gold standards in
ophthalmic clinical care, there are limitations of these techniques. These techniques
give a macroscopic view of the retina and have a restricted ability for analysing
the three-dimensional composition of the tissue. The retina is a three-dimensional
structure, and microscopic visualisation of retinal features is possible only with
good axial and transverse resolution. With this in mind, various new retinal imag-
ing techniques have emerged to investigate the structure and function of the retina
in great detail. For example, ultrasound has been used for eye diagnosis. The op-
tical analogue, called Optical coherence tomography (OCT) was found in 1991 by
Huang et al. [32] and transformed ophthalmic imaging. OCT uses low-coherence
light with interferometry. Low coherence interferometry had been used previously
to measure axial distances in the eye [33, 34]. The retina is virtually transparent
with extremely low optical backscattering, but the great sensitivity of OCT allows
detection of such weak signals. In contrast to conventional microscopy. A brief
description of various retinal imaging modalities is given in this chapter, with in-
depth working principles described in the next chapter.

1.2.1 Fundus photography

A fundus camera is used to take a snapshot image of the retina and typically has a
wide field of view. A simple version of the fundus camera consists of an imaging
system, illumination system, and usually also a fixation target. All of these systems
must share common optics. Broadband flood illumination is used to illuminate the
retina after enlarging the pupil of the eye using mydriating eye drops. The reflected
and scattered light is captured by an area sensor such as a CCD camera. Almost
every ophthalmic clinic in the world uses a fundus camera for retinal imaging. Flu-
orescein angiography can also be achieved using fundus camera-based techniques
but with an intravenous injection of a fluorescent dye.
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Figure 1.8: A: Early model of the Helmholtz ophthalmoscope (1851). B: John Coupers first
ophthalmoscope, with a slide-in Rekoss disc behind a tilting mirror (left), Right: second
model. C: Lindsay Johnson ophthalmoscope with two mirrors for direct and indirect oph-
thalmoscopy.

Fundus photography gives the necessary information to diagnose some retinal
disease. The cost of fundus photography continues to be significantly lower than
the newer techniques based on retinal scanning. Its main advantages are the easy

interpretation, full colour, better detection of haemorrhages etc. Disadvantages in-
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clude lack of quantitative description and hence inter-observer variability, the need
of high photographic quality, and difficult serial comparison because of limited
ability to detect subtle changes with a photograph. Another drawback of fundus
photography is the need for high light intensity for illumination of the retina, on
the order of 10-100 % of the maximum permissible levels [31], typically delivered
by a flash.

1.2.2 Scanning Laser Ophthalmoscope

A scanning laser ophthalmoscope (SLO) produces retinal images by scanning a
laser spot (line) and detecting backscattered light using a point (line) detector. High
contrast images are achieved if a confocal pinhole [30] is used as it enables suppres-
sion of the scattered light, and thereby minimising the optical cross-talk outside a
volume surrounding the focal point on the retina. SLO systems are used in clinics
throughout the world and have been modified for different clinical applications.
The diagnostic applications of SLO include detection of the structural biomarkers
of AMD, Glaucoma, RVO and DR [35, 36]. SLOs have been combined with op-
tical coherence tomography-based techniques (which are explained below) for eye
motion tracking [37-40] as well as for optimal classification of diseases [41-44]. Fur-
thermore, adaptive optics has been implemented in an SLO system with the help
of a wavefront detection sensor, and this has enabled visualisation of rod and cone
cells in the photoreceptor layer of the retina [45-47]. A detailed description of the
working of an SLO is given in chapter 2.

1.2.3 Optical Coherence Tomography

As explained in section 1.1, the complicated structure of the retina demands precise
visualization of pathology. OCT enables non-invasive, high-resolution imaging of
the retina in vivo. OCT’s axial resolution surpasses that of ultrasound or confocal
SLO and resembles that of conventional histology[48, 49]. In OCT, the axial resolu-
tion is mainly determined by the bandwidth and wavelength of the optical source
and therefore, the retina of the human eye can be imaged with at least 100 times
better axial resolution [50]. Advancements in the field of OCT have led to the de-
velopment of spectral-domain OCT [51-53]. In principle, an OCT operates as a
low coherence Michelson interferometer. Interference occurs when the optical path
difference between the sample and reference arms is within the coherence length
of the source. As the source becomes less coherent, the coherence length shrinks,
making the maximum optical path difference between reference and sample arms
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needed for the interference to occur smaller.

1.3 Thesis aim and outline

Ophthalmic imaging has been an active area of clinical investigation that has been
expanding steadily, providing scientists and doctors with valuable information.
New diagnostic and therapeutic methods have been established in this field, driven
by an overall need to advance clinical care in ophthalmology. New scanning and
imaging technologies have had a significant impact on ophthalmology. Structural
imaging techniques help in visualising the retina in great detail and helps in assess-
ing retinal health. However, the structure does not always provide information on
the tissue health, and thus techniques which can provide a quantitative, functional
aspect of living tissue is required in many cases. The work presented in this the-
sis aims to develop new devices and techniques which can perform imaging of the
retina and to apply them for non-invasive imaging of structure and function in the
in vivo human retina.

In order to extract structural and functional information from the retina using
an SLO, it is essential to understand it’s design, construction, and working. For
this purpose, chapter 2 of this thesis discusses the principle of scanning based oph-
thalmic imaging systems, gives a brief explanation of various design considerations
for constructing an SLO, and introduces the retinal oximetry and its importance in
diagnosing various retinal diseases. Laser safety considerations for intentional ex-
posure of the retina to the laser light is also described in detail. The knowledge
from this chapter forms the basis of the scientific work presented in chapters 3 to 6.

In Chapter 3, a novel digital micromirror device (DMD) based SLO is presented.
Concentric circle patterns were implemented as a scanning scheme to image the
retina and provide fixation at the same time. The DMD was used in lieu of tra-
ditional scanning mirrors and offered flexibility in terms of speed and confocality.
The concentric circles improved the fixation and reduced motion artefacts com-
pared to previously implemented parallel line scanning design. An annulus was
used to reduce the corneal reflections from the retina and thereby to increase the sig-
nal to noise ratio. in vivo imaging was demonstrated by performing non-mydriatic
imaging on two subjects at a speed of 7 frames per second with a maximum 20° (di-
ameter) field of view. The images were shot noise limited and clearly show various
anatomical features of the retina with high contrast. The images were comparable
to images from a commercial SLOs but at a fraction of the cost.

Chapter 4 describes a detailed analysis of the error propagation of measure-
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ment noise in retinal oximetry, to identify optimal wavelengths which will yield the
lowest uncertainty in saturation estimation for a given measurement noise level.
The effect of haemoglobin packing in discrete blood vessels (pigment packing) is
also introduced in this chapter. Pigment packing may result in a non-negligible
bias in saturation estimation if unaccounted for under specific geometrical condi-
tions, such as sub-diffuse sampling of smaller blood vessels located deeper within
the retina. To validate the analysis, an SLO was developed to produce high con-
trast images. Confocal reflectance measurements were then conducted on a tissue-
mimicking scattering phantom with optical properties similar to retinal tissue, in-
cluding narrow channels filled with absorbing dyes to mimic blood vessels. By
imaging at three optimal wavelengths, the “saturation” of the dye combination was
calculated.

In Chapter 5, construction of an SLO based on a double-clad fibre coupler and a
supercontinuum source is described in detail. Implementation of a balanced detec-
tion scheme to suppress the relative intensity noise of the supercontinuum source is
also described with experiments validating the improvements in the signal to noise
ratio with the use of balanced detection. The optimum wavelengths for accurate
in vivo oximetry estimation using two wavelengths are established with an in silico
analysis. The SLO produced dual-wavelength, high-quality images at 10 frames /
second with a 20° imaging field of view. The blood oxygen saturation in retinal
blood vessels was mapped from the images.

The eye provides a unique location in the human body with visual access to
blood vessels. The blood vessels in the eye are regarded as highly superficial and
thus is a desirable access point for Hb concentration estimation due to the lack of
thick overlying tissues present elsewhere in the body. In Chapter 6, a non-invasive
spectrophotometric method to image the retina simultaneously at two isosbestic
wavelength to extract the haemoglobin concentration values from the two images
is described.

Finally, in Chapter 7, the discussion on the results obtained from the scientific
work in chapters 3-6 is presented with an outlook for future research. The conclud-
ing remarks of the thesis are also given in this chapter. This chapter marks the end
of the scientific content of the thesis.
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