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General introduction

Background

We live in a world where everything is designed around our ability to see the envi-
ronment. Our eyes are constantly scanning what is in front of us and transforming
the incoming light into electrical signals which our brain then interprets as images.
In the past losing your vision had a much larger effect on individual’s life than nowa-
days but it is still considered to have the biggest negative impact on the quality of
life. According to recent surveys vision loss is ranked worse than the loss of hearing
or losing your ability to speak [1]. And as the population in many Western countries
is getting older, age-related diseases that affect vision are on the rise which can re-
sult in a shortage of ophthalmologists and availability of effective ophthalmic health
care. It is these two factors combined, that are fueling the ophthalmic research to
find cures for eye-related diseases. Furthermore, according to the World Health Or-
ganization (WHO), 80 % of all visual impairments can be prevented or cured, with
effective treatment.

It is therefore important to improve already established methods as well as de-
velop new devices to better visualize the posterior part of the eye. This helps oph-
thalmologists in diagnosing the patient, and further improves the specific treatment
plans for each individual patient. But it is not just the images of the eye that can
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be useful to a doctor but also the eye movement data, as it can reflect neurological
disorders and act as an early biomarker.

The work found in this thesis focuses on a) visualization of the posterior part of
the eye known as the retina and b) the detection of the natural eye movement that
is part of the vision process. To make these two goals possible, special microscopes
to image the interior of the eye called ophthalmoscopes were designed based on
two different imaging techniques, namely scanning light ophthalmoscopy (SLO) and
optical coherence tomography (OCT).

1.1 Human eye

The branch of medicine that deals with the anatomy, physiology and pathologies
of the eye is called ophthalmology. As the vision is a complex process, it overlaps
with many disciplines such as physics (optics) and neuroscience. In this chapter
we discuss the anatomy of the human eye (ophthalmology), as well as involuntary
movement of the eye (neuroscience) and finally introduce methods to see inside of
the eye (optics).

1.1.1 Anatomy of the human eye

The size of the human eye varies slightly from person to person but a typical diam-
eter in adults for this almost spherical organ is approximately 24 mm [2]. In order
for the light to reach the back of the eye, it has to go through several tissues that are
more or less transparent (shown in Fig. 1.1).

The anterior segment of the eye (first third of the eye ball) includes structures
such as the cornea, the iris and the lens. The cornea consists of six different micro-
scopic layers and it is responsible for 2/3 of the light refraction. The refracted light
continues to the anterior chamber (filled with aqueous humor) and passes through
the pupil. The role of the iris is to control the diameter of the pupil which in turn
regulates the amount of light sent to the eye. The light that is not blocked by the iris
then passes through the lens, which is responsible for the remaining one third of the
light refraction. The lens can change its curvature which gives it the ability to alter
its refractive power. This enables a person to focus at different distances (a process
known as accommodation).

Before the light is focused in the back of the eye, it travels through the gelatinous
mass called vitreous humor that fills the eye ball. The back of the eye can be roughly
divided into three parts: retina, choroid and sclera. The inner retina contains the
photosensitive cells (rods and cones) that detect the light and convert it to electrical
impulses. The choroid on the other hand is a dense mesh-like network of vasculature
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Figure 1.1: A schematic drawing of the cross-section of the human eye. Before the light reaches
the back of the eye, it travels through the cornea, the pupil, the lens and the vitreous gel. The
light from the point you are fixating is then focused on the fovea, where light sensitive cones are
the most densely packed to enable producing sharp images for the central vision. The illustration
is modified from [2].

that provides nutrients and oxygen to the outer retina. All these elements are sur-
rounded by a fibrous protective tissue layer named sclera, which contains collagen
and elastic fiber. These components together form the posterior part of the eye.

1.1.2 Retina

The retina is the part of the eye where visible light turns into electric impulses. When
measured at the central part of the retina, also known as the macula, it has a varying
thickness from 150 µm to 300 µm in a healthy person [3]. It contains several tissue
layers which all have their specific function in the vision process [4]. The macula has
a small depression at the retinal surface. This spot has the highest concentration of
cones and it is known as the fovea (as labelled in Fig. 1.1). This is the area where
the sharp central vision is located and it is used for tasks that require high visual
detail such as reading or driving. The typical diameter of a cone is about 3 µm but
in the fovea they are more densely packed for a higher visual acuity and have a
diameter of approx. 1.5 µm [5]. The density of cones drops drastically when moving
to the periphery of the retina but at the same time the rod density increases. This
distribution is shown in the Fig. 1.2. Whereas the outer retina gets its nutrients from
the choroid, the inner retina is supplied with the retinal blood vessels that originate
from the optic nerve head (ONH) also seen in Fig. 1.1. However, these vessels block
the incoming light as they are located on top of the photoreceptors. Therefore the
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vessels are not present in the fovea and this specific area is called avascular zone.
The lack of vessels in the area prevents light loss or distortions of sharp vision.

Figure 1.2: Topography of the layer of rods and cones in the human retina. In the fovea there is
a high density of cones and no rods to facilitate high visual acuity. In the periphery the amount
of cones is negligible whereas the rods are plentiful. This distribution difference can be observed
in the dark. When you want something to be in focus in the dark, you will look a bit to the side
of the object to see it more sharp and this is because there are no rods in the central part of your
vision. Image reproduced from [6].

The main vessels and arteries spread out from the ONH and form a large network
that covers the whole back of the eye. The ONH is located approximately 5 mm to
the nasal side from the fovea and it’s the location where the nerves and blood vessels
enter and exit the eye. The ONH is more commonly known as ”the blind spot” as
there are no photosensitive cells in that area.

1.1.3 Diseases of the eye

There are several different diseases and pathologies that can affect the posterior part
of the eye and cause visual impairment or even total vision loss if left untreated.
Currently there are two leading causes of blindness in the developed countries, glau-
coma and age-related macular degeneration (AMD) [7].

Glaucoma describes all those eye diseases that result in damage to the optic nerve
fibers and cause vision loss [8]. One of the most common risk factor for glaucoma is
increased eye pressure, also known as the intra-ocular pressure (IOP). When the IOP
reaches values higher than 21 mmHg, the patient is considered to be a glaucoma sus-
pect. However, some patients can have high pressures for several years and develop
no damage in their fundus. Conversely, people with normal eye pressure (between
12 – 21 mmHg) can develop ONH damage as well. Glaucoma is sometimes jokingly
referred as ”a silent thief of sight”. This comes from the fact that the glaucomatous
damage progresses slowly from the periphery, giving the brain time to compensate
for the vision loss in a way that the person does not notice it until it’s too late.
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Whereas glaucoma can manifest at any age, AMD is more common in older pop-
ulation. As the human body gets older, the cells don’t regenerate the same way as
they used to and they start to break down. Some waste products from cell divi-
sion are not cleared anymore and over time they start to accumulate in the retinal
structures. Obviously, when this degeneration occurs in the macula it is particularly
harmful as the person loses the central vision [9]. The late stages of the AMD are
categorized in to dry and wet AMD. In dry macular degeneration the tissues are
thinning in the macula and fatty proteins and lipids (called drusen) accumulate un-
der the retina as part of the natural aging process. In wet AMD abnormal blood
vessels begin to grow from the choroid and these can leak fluid or blood to the retina
once again distorting your central vision. Currently there is no cure for AMD but re-
searchers have shown a link between AMD and some lifestyle choices e.g. avoiding
smoking, exercising regularly accompanied with a healthy diet.

1.2 Fixational eye movement

Our eyes never stand still. Even when fixating on a target, the eyes are continuously
moving and sampling the focused object. This involuntary motion is known as fix-
ational eye motion and it was first noticed by Dr. Jurin in 1738 [10]. In his essay he
describes the trembling of the eye when it keeps fixating on an object. Nearly at the
same time William Porterfield wrote about rapid eye movements, which at that time
he called jerks [11]. The first actual measurement and precise description of (micro-
)saccades was done by Wells in 1792 with the afterimage technique [12]. In 1860s
Helmholtz published his well-known publication titled Handbuch der physiologischen
Optik where he wrote that the moment we do not let the eye wander involuntar-
ily and fixate our gaze to an object for an extended period of time, strong negative
afterimages appear which are an indication of a high degree of retinal fatigue [13].

For some reason it took nearly 50 years until fixation and eye movements as-
sociated with it became interesting again for the scientific community. Adler and
Fliegelman used a small mirror attached to a contact lens [14] and described three
types of motion from their experimental data: rapid shifts, waves and fine vibratory
movements. These findings were also confirmed by other scientists using slightly
different methods such as using the reflection of the cornea [15] or putting a droplet
of mercury in the cornea to enhance reflectivity of the light [16]. These three motions
are nowadays known as micro-saccades, drift and tremor, respectively, and they are
collective called fixational eye movements.

As it became evident that the eye does not remain still, a new line of questioning
followed: what happens to vision if you stabilize the image on retina? In 1952 two
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independent research groups presented their initial findings that the target lines they
are fixating at fade away when the image is stabilized [17, 18] and a year later both
groups published their elaborate journal articles on the matter [19, 20]. The fading of
the image in the periphery (Fig. 1.3) was already discovered by Troxxler in 1804 [21]
but these papers showed that the image fades because of the lack of eye movement
in the retina. This also explained why the blood vessels on top of the retina are not
seen in your field of view.

Figure 1.3: An illustration of the Troxler fading (or Troxler effect). If you focus your gaze on the
black dot in the center carefully and keep fixating on it for several seconds, the blue ring will
disappear from the field of view and only the black dot remains. The moment you stop fixating
on the dot in the center and move your eyes, the ring will reappear. This best example of this
fading is the blood vessels in the retina. Despite being in front of the cones, they remain invisible
to the brain.

Researchers agree on three types of fixational eye movements: micro-saccades,
drift and tremor [22, 23]. Figure 1.4 shows a plot where the eye motion is recorded
for over a period of 5 seconds and it clearly displays all three motions in vertical
and horizontal directions. In 1971 Findlay was the first to show that eye motion has
a 1/f dependency by plotting the eye motion amplitude as a function of frequency
(Fig. 1.5) [24]. What the figure clearly tells us is that large amplitude motion such as
micro-saccades happens much less frequently than tremor for example.
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Figure 1.4: Fixational eye movement in a healthy person. The blue curve represents horizontal
eye movement which is more prominent due to evolutionary reasons. The red curve shows the
vertical eye motion during a 5 second recording session using scanning laser ophthalmoscope.
During the measurement the subject is instructed to stare at the fixation dot. All three types of
motion can be identified from the plot: micro-saccades (at 2.1 and 3.8 seconds), drift (happens
throughout the measurement) and tremor (small amplitude, high frequency ”jitter” superim-
posed on top of the curve).

Drift

Drift is slow motion which occurs simultaneously with tremor. During this move-
ment the image of the object that the person is fixated on, literally drifts over dozen
of photoreceptors [25]. The role of the drift is to maintain accurate visual fixation
in the absence of micro-saccades or when the compensation by micro-saccades was
poor [26]. Drift has an average amplitude of 2-10 minutes of arc and it occurs about
95-97% of the fixation time [27].

Tremor

Tremor is an aperiodic high frequency motion that is superimposed on top of the
drift [19]. It has a relatively small amplitude (about the diameter of a cone) and the
frequency ranges typically between 30-80 Hz. It is difficult to record these values ac-
curately as they lie in the range of the system noise. Until 21st century, the only sys-
tem capable of recording tremor was the highly invasive search coil method where
anesthesia was needed [28, 29]. Now there are multiple imaging systems that can
detect tremor accurately with a high sampling rate [30, 31, 32]. Although even with
the accurate recording of tremor, scientists are still not sure what is the contribution
of tremor in the vision process and it is still highly debated.

Micro-saccades

The most noticeable fixational eye movements are fast, jerk-like motions called micro-
saccades. They are relative fast (up to 120 ◦/s) but occur less frequently than other
fixational motions. When trying to fixate on a target for a long period of time, the
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subject develops the urge to move the eye and this is when the saccade usually hap-
pens. During the micro-saccade the retinal image is moving across several dozen
to several hundred photoreceptors in a very short period. The working theory for
micro-saccades is to correct displacements in the eye position produced by drift [26].
When the eye has drifted too far away from the fovea, micro-saccades will snap it
back to the target. Micro-saccades have much larger amplitude than the other fixa-
tional movements but they occur less frequently as can be seen from Fig. 1.5.

Figure 1.5: Fixational eye movement as a function of frequency (reproduced from [24]). Saccadic
and tremor components are separated here and they contribute differently. It can be seen that
eye motion frequency components extend to over 100 Hz.

1.3 Visualizing the retina

Today it is common practice for doctors to take photos from the back of the eye.
However, observing the fundus hasn’t always been this easy. The first record of a
human observing the fundus in vivo was in 1704 when physician Jean Mary stated
to have seen a cat’s retina when submerging it underwater [33]. The revolution of
ophthalmology started when the ophthalmoscope was invented. The principles of
the ophthalmoscope were first described by Purkyne in 1819 and he was also the
first one to produce drawings of the retinal vessels (Fig. 1.6A) [34]. Hermann von
Helmholtz is often regarded as the inventor of the ophthalmoscope [35], but as it
turns out Charles Baggage crafted a similar device four years prior to Helmholtz
[36] but didn’t see the value in his device the same way as Helmholtz. It took only a
few years from the (re-)invention of the ophthalmoscope before the Dutch ophthal-
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mologist Van Trigt published the first drawings of the fundus in his doctoral thesis
(Fig. 1.6B) [37].

Figure 1.6: The first drawings of the fundus and the retinal vessels. (A) Drawing of the retinal
vessels from Purkyne’s right eye published in 1819. As the ophthalmoscope wasn’t invented yet,
the sketch was done by observing afterimages [34]. (B) The impact of the ophthalmoscope can
be clearly seen in the drawing of the fundus as it bears more resemblance to the modern fundus
photos [37].

From this point onward the technical developments of the ophthalmoscope went
hand in hand with other technical advancements such as the rapid progress in elec-
trical engineering in the late 19th century. The ophthalmoscope branched into dif-
ferent methods of observing the fundus oculi, which are discussed in greater detail in
the following sections.

1.3.1 Fundus photography

Photography had only been around for 30 years or so when the ophthalmoscope was
invented. Several attempts were made to photograph the fundus but as the emulsion
for photographic paper wasn’t sensitive enough and the illumination levels were
not sufficient (as people feared that it would damage the retina), no photos were
produced [38, 39]. The first ones to succeed in taking a photograph of the human
fundus were Jackman & Webster in 1886 [40], followed by Howe & Starr in 1887
[41]. The first ”high quality” photo was taken by Gerloff in 1891 [42]. These early
fundus photos are seen in Fig 1.7.

Fundus photography is still considered the golden standard for retinal imaging
in ophthalmology and it is used daily in the clinics for routine screening as the pro-
cedure is simple and robust, and the image acquisition takes only a fraction of a
second. To acquire an image, flood-illumination is used. This will cause a bright
flash in your field of view and the reflected light from the retina is then captured
on a sensor, in a very similar manner to modern consumer digital cameras with the
exception of some of the optical components. In addition, intravenous dyes can be
injected to the blood stream to enhance the contrast of blood vessels and perform
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Figure 1.7: (A) First fundus photo ever taken [40]. (B) Second fundus photo ever taken [41]. At the time the
first two photos were taken, the printing technology required a carving of the produced photo in a wooden
template, which was then used to produce the image on the paper whereas (C) is the actual photograph of
the fundus [42].

fluorescein angiography as well as detect leakages in the veins. A modern fundus
photo is shown further on in Fig. 1.8A.

1.3.2 Slit lamp

After the hand-held ophthalmoscope was invented, the development quickly turned
into more elaborate instruments where patient used a chin rest for stabilization and
optical components were fixed in position. In 1910 Gullstrand invented his new oph-
thalmoscope were the fundus was illuminated with a narrow bundle of converging
light (or a slit) [43]. This ophthalmoscope design was later on commercialized by
Zeiss.

Today his ophthalmoscope design is better known as the slit lamp and it is one
of the standard instruments in hospitals alongside with the fundus camera. Op-
tometrists and ophthalmologists can quickly observe the health of the fundus with
the slit lamp and typically it has also the Goldmann tonometer [44] implemented
to measure the intra-ocular pressure. However, the slit lamp only gives qualitative
information on retinal health.

1.3.3 Scanning laser ophthalmoscope (SLO)

After Marvin Minsky invented the confocal microscope in 1957 [45], it was only a
matter of time before the same technique would be translated into ophthalmic imag-
ing. In the beginning of the 1980s Webb et al. did their first experiments to raster
scan the retina with a laser spot [46] and six years later they perfected their system,
giving birth to the confocal scanning laser ophthalmoscope (cSLO) [47], where a fo-
cused laser spot was scanned over an area of interest in the retina and back-scattered
light was de-scanned and collected with a photomultiplier tube (PMT). The out-of-
focus light, which diminishes the image quality in fundus photography was not an
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Figure 1.8: Two fundus photos from a healthy volunteer visualizing the retinal structures. (A) is taken with
a traditional fundus camera and (B) with a confocal scanning laser ophthalmoscope (explained in section
1.3.3). It is seen that both imaging modalities show similar structures but obviously the picture on the right
provides better contrast.

issue with the cSLO as the pinhole placed in front of the detector only allowed the
light originating from the focal plane to reach the PMT. An example cSLO fundus
image can be seen in Fig. 1.8B. The advantages of the cSLO where noticed early on
as it allowed the imaging of the retina in video-rate. In addition to just reflectance
imaging, modern cSLOs can also measure autofluorescence originating from lipo-
fuscin in retinal pigment epithelium (RPE) cells [48] and if polarizing optics are used
in the system, polarization properties of the retina can be also observed [49]. Finally,
as the imaging is happening at 30 Hz, retinal motion can be also recorded [50].

1.3.4 Optical coherence tomography (OCT)

In 1991 optical coherence tomography (OCT) was introduced by Huang et al. [51].
Bearing resemblance to SLO, it was based on low coherence interferometry and it
was able to provide depth information similar to what ultrasound does, with the ex-
ception that instead of a sound echo, the ”echo” of the reflected light was measured
to obtain depth localization of the signal. From early on the OCT system for retinal
imaging adapted the design of cSLO and a focused laser spot was raster-scanned
over the retinal area with the added benefit of depth information. Figure 1.9 shows
an in vivo cross-section from the retina imaged with OCT. Different tissue structures
have different optical properties and the amount of reflected light changes, which is
then encoded as different gray value difference in the image. OCT’s strengths were
quickly recognized and it rapidly spread to other fields rapidly such as dermatology
[52] and cardiology [53].
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Figure 1.9: A cross-sectional structural image taken from the back of the
eye using optical coherence tomography. The structures previously seen
in fundus image, namely optic nerve head and fovea, are marked with
arrows and are easily recognized. The strong point of the OCT can be
seen as the depth information extends to the choroid with a high resolu-
tion.

1.4 Thesis aim and outline

Modern ophthalmic imaging systems are well established and provide information
on the retina at the cellular level. However, these systems are still vulnerable to
the natural eye motion which causes artifacts in the imaging data that is used by
clinicians to diagnose the patient or researchers who analyze the data. These eye
movements are more frequent in the patients with diseases as their central vision
might be damaged making the fixation to a target rather difficult. By eliminating
motion artifacts already in the acquisition process, image quality can be improved.
The aim of the work presented in this thesis was to develop and quantify different
methods to reliably detect the fixational eye motion and use this information to a)
gain knowledge about the eye motion and b) correct other imaging modalities such
as OCT for eye motion.

In order to develop new methods, it’s important to know how the image data is
acquired and how the motion can be extracted from the data. Chapter 2 in this thesis
deals with principles of cSLO, OCT and digital micro-mirror device (DMD). It also
gives a short description on the mathematics behind the motion detection. Finally
the chapter ends with a discussion on laser safety of the developed systems. All the
knowledge contained in this chapter forms the basis for the scientific work presented
in this thesis.

In chapter 3 an experimental swept-source OCT system is combined with a track-
ing SLO (TSLO). The OCT illuminates the retina with 1050 nm light, which gives
access deeper to the tissue while the 840 nm light from the TSLO images the surface
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of the retina. As the TSLO images the retina in real-time (30 Hz) it is able to monitor
the eye motion and correct the much slower OCT (2 Hz) for it. The same eye motion
correction was later on applied to OCT angiography (OCTA) and a healthy volun-
teer was measured. From both cases high quality artifact free datasets of the retina
are presented.

Chapter 4 describes the construction and calibration of an experimental SLO
based on a digital micro-mirror device (DMD), which has the potential to image
the retina much faster and simpler than current SLOs. The DMD replaced the tra-
ditional galvanometric scanning mirrors and different patterns were projected onto
the retina. Additionally the scanning pattern was optimized to minimize eye motion
and an annulus was implemented to increase the signal-to-noise ratio (SNR) even
further.

The feasibility of motion detection with the new SLO is discussed in chapter 5.
A model eye was constructed using a scanning mirror to induce controlled move-
ment such as a sine wave. This allowed the determination of how well the motion
detection algorithm can perform. Parameters such as the motion detection band-
width and accuracy were defined to characterize the algorithm and the capabilities
of the DMD-based ophthalmoscope. Then in vivo data was collected from a healthy
volunteer and the fixational eye motion was extracted from the dataset.

Finally in chapter 6, the key development areas of the image-based motion de-
tection is discussed in detail. Furthermore, the future of the eye tracking is discussed
in the context of new technologies that could be brought to ophthalmology with the
help of eye-tracking. Finally, the concluding remarks of the thesis are given.
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