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1.1 RETINAL IMAGING 
 
Many inherited and acquired diseases or disorders show up in the posterior part of 
the eye, the retina. Eye diseases like age related macular degeneration (AMD) (1) 
and glaucoma (2), the two major causes of blindness in the western world, but also 
systemic diseases like diabetes mellitus, manifest in the retina, the latter one as 
diabetic retinopathy (3, 4). The ability to image through the windows to the soul and 
the development of techniques to visualize the retina has always been of great 
interest. However, ophthalmologists could not view the retina, until the invention of 
the ophthalmoscope by Jan Evangelista Purkinje in 1823 (5) and Hermann von 
Helmholtz in 1851 (6).  
 
In the following decades many optical techniques were developed to visualize the 
retina. This thesis evaluates various optical diagnostic techniques that are used in 
ophthalmology to describe the functional and physiological state of the retina in 
relation to the detection and monitoring of the most common retinal diseases. The 
outcome will aid physicians in diagnosing eye diseases. The imaging modality 
optical coherence tomography is evaluated as a diagnostic tool but is also used to 
investigate motion artifacts in imaging caused by involuntary movements of the 
eye. Two techniques that are used in clinical practice to test the functional condition 
of the retina are evaluated as well. One of these techniques determines the amount 
of macular pigment in the retina (heterochromatic flicker photometry) and another 
device (Macubit) describes the functional state of the neural matrix of the central 
part of the retina.  
 
Before optical techniques are reviewed and described, the anatomy of the eye will 
be explained briefly in the next paragraph.  

 

Figure 1-1: A fundus 
photograph of the 
retina of a healthy 
male subject. The 
optic nerve head, 
where the nerve 
fibers and blood 
vessels enter and exit 
the eye, is visible as a 
bright spot on the 
right side and the 
location with the 
highest density 
photoreceptors (the 
macula) is visible in 
the center. 
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1.2 EYE ANATOMY 
 
The eye, schematically displayed in Figure 1-2, is one of the most complex organs in 
the human body. The eye can be separated into three sections, the anterior and 
posterior segment and the vitreous in between. This thesis will focus on diagnostic 
techniques applied to the posterior part of the eye but the anatomy of the anterior 
segment will be briefly discussed as well. 

Light entering the eye first passes the cornea that causes the light to refract before 
entering the anterior chamber. The pupil is surrounded by a colored iris that 
controls the amount of light going into the eye. The lens further focuses the light 
onto the posterior part of the eye, the retina, after traveling through the vitreous. 
The central part of the retina, the macula (or yellow spot), contains the fovea. The 
fovea contains the largest concentration of photoreceptors in the eye and is 
responsible for central, high resolution vision. The retina’s blood supply is mainly 
through the choroid, the vascular network behind the retina. Retinal vasculature in 
the superficial layers of the retina is responsible for one third of the blood supply. 
The optic nerve transmits the visual information from the retina to the brain. 

 

 

Figure 1-2: Schematic 
cross-section of the human 
eye. The anterior segment 
comprises the cornea, the 
lens and the iris. The 
posterior segment, the 
photosensitive part, is the 
retina. 

 
The retina is schematically displayed in Figure 1-3 and shows the layered structure 
and can roughly be divided into the following layers:  

- The inner limiting membrane (ILM) is the boundary between the vitreous 
body and the retina. The retina is separated from the vitreous humor by a 
basal lamina. 

- The retinal nerve fiber layer (RNFL) houses the axons of the ganglion cells 
and forms the final pathway connecting the photoreceptors with the visual 
cortex of the brain. The RNFL converges to the optic nerve and it is thickest 
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near the optic nerve. The thickness of this layer is important in diagnosing 
glaucoma. 

- The ganglion cell complex (GCC) contains two layers: the ganglion cell 
layer (GCL), with the ganglion cells, neural cells that receive information 
from the bipolar cells, through connecting fibers in the inner plexiform 
layer (IPL), the second layer of the GCC.  

- The inner nuclear layer (INL) consists of the cell bodies of the bipolar, 
horizontal cells and amacrine cells.  

- The outer plexiform layer (OPL) is a layer of neuronal connecting fibers in 
the retina of the eye, between the photoreceptors and the cells of the inner 
nuclear layer. The axons in the central part of the eye in this layer are also 
known as Henle’s fiber layer.  

- The outer nuclear layer (ONL) contains the nuclei of the photoreceptors, 
the rods and cones and is the actual light detecting layer of the retina. 

- The external limiting membrane (ELM, not shown in figure) is situated at a 
tight connection between Müller cells endings and the photoreceptors (at 
the base of the outer nuclear layer). 

- The retinal pigment epithelium (RPE) is the pigmented outer most layer of 
the retina, together with the neuro-sensory part of the retina the RPE 
forms the complete retina. The RPE has a complex metabolic relation with 
the photoreceptors. The RPE is separated from the choroid, the vascular 
bed, by Bruch’s membrane. 

 

 
 

Figure 1-3: A 
schematic 
representation 
of the retina’s 
anatomy.  
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1.3 RETINAL DISEASES 
 
Many diseases manifest or originate in the retina. Three mayor diseases are 
particular important topic of research for this thesis and will be discussed briefly. 

1.3.1 GLAUCOMA 
 
Glaucoma is one of the leading causes of blindness in the world affecting millions of 
people worldwide (2). It is a progressive, asymptomatic and irreversible eye 
disease that affects the optic nerve and is strongly associated with an increased 
intraocular pressure because of impaired and reduced outflow of aqueous humor. 
In open-angle glaucoma, impaired outflow results from dysfunction of the drainage 
system. High intraocular pressure leads to a loss of ganglion cells, and loss of retinal 
nerve fibers. However, the order of these events is unclear. Consequently, the 
decrease of nerve fibers leads to a thinning of the neural rim through which the 
nerve fibers enter the optic nerve and a progressive enlargement of the optic nerve 
cup. The loss of cells and nerve fibers results in a permanent loss of the visual field 
(7). The thickness of the RNFL is an important parameter in the detection and 
diagnosis of glaucoma (8).  

Glaucoma is a bilateral eye disease; if untreated this disease leads to a permanent 
damage of the eyes, and loss of visual fields. Therefore, detection of early signs of 
this disease is very important for treatment and retinal imaging plays a significant 
role in the detection of glaucoma. 

1.3.2 (AGE-RELATED) MACULAR DEGENERATION 
 
Age-related macular degeneration (AMD) is, like glaucoma, one of the leading 
causes of blindness in the western world. It affects mainly older adults resulting in 
loss of vision in the center of the visual field, due to degeneration of the macula. 
There are basically two stages in the development of AMD: early and late stage 
AMD(1). Early stage AMD is characterized by drusen (yellow-white accumulations 
of extracellular material that build up in Bruch's membrane) and by 
hyperpigmentations and/or small hypopigmentations of the RPE. The drusen 
become visible by ophthalmoscopy when they are larger than 25 µm, see also 
Figure 1-4.  

The late stage of AMD has two forms; dry and wet AMD. Dry AMD develops as 
round or oval spots in the fovea, located in the central part of the macular region. 
Locally the RPE and the photoreceptors are lost and the larger choroidal vessels 
become visible through this defect. The first symptoms are gaps in the central visual 
field of the patient, leading to reading difficulties. 
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Figure 1-4: Fundus 
photograph of a patient 
with early signs of AMD. 
Drusen appear as bright 
spots in the retina. 

 
The main characteristic of the wet form of AMD is the development of a neovascular 
membrane in the central retinal area, which leaks fluid, and can cause local 
hemorrhages.  This leakage will lead to acute loss of visual acuity and/or a distorted 
image due to disarrangement of the photoreceptor layer and the RPE. 
Metamorphosia, distorted vision that is caused by abnormal vessel growth, is one of 
the first alarm symptoms of wet AMD. In contrast to dry AMD, wet AMD can be 
treated using intra ocular injections with agents blocking vascular endothelial 
growth factor (VEGF). VEGF is one of the most important stimulating factors in the 
process of neovascularisation The earlier this disease is detected the earlier 
treatment can be initiated to prevent further damage (9). 

The macula, or yellow spot, contains a yellow pigment that is mainly located in the 
inner and outer plexiform layers (10, 11). Due to this pre-receptorial location, 
macular pigment is thought to shield the retina from deleterious effects of high 
energy blue light (λ ~ 320 - 450 nm), by partly absorbing it (12-14). Since it acts as 
an anti-oxidant, macular pigment may protect the retina by scavenging of free 
radicals formed by oxidative stress (15, 16). Consequently, macular pigment might 
protect against degenerative eye diseases, like age related macular degeneration. 
Accurate assessment of the amount of pigment is therefore necessary to investigate 
the role of the macular pigment and its assumed protective functions. 

1.3.3 AMBLYOPIA 
 
Amblyopia, or in laymen terms ‘lazy eye’, is defined as a unilateral or bilateral 
decrease of visual acuity caused by pattern vision deprivation or abnormal 
binocular interaction during the critical period of visual development. Amblyopia 
affects approximately 3% of the population (17, 18). It is a disorder of development 
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of the visual system that presents itself with varying levels of severity. The most 
common predisposing conditions for amblyopia are strabismus (causing disruption 
of binocular vision development), refractive error (particularly anisometropia or 
hyperopia) or, more rarely, media opacification causing reduction in image quality 
(such as congenital cataract).  

Despite much research, the pathophysiology of amblyopia still has not been fully 
understood. Although the visual cortex is said to be the primary site of amblyopia, 
retinal involvement in amblyopia is increasingly being investigated. Therefore, this 
disease is topic of interest in this thesis and will be discussed in chapter 3. 

1.4 DIAGNOSTIC IMAGING TECHNIQUES IN THIS THESIS 
 
During the last 160 years retinal imaging techniques have evolved rapidly and are 
now indispensible in clinical care and the management of patients with retinal 
diseases. 

The first valuable images that showed retinal blood vessels were taken in 1891 by 
the German ophthalmologist Gerloff and the first fundus camera (an example of a 
fundus photo is given in Figure 1-1) was developed by Gullstrand in 1910. This 
technique, although with many modifications, is still used today.  

The next major step in two dimensional (2D) retinal imaging was the use of 
fluorescent dyes (19), that can be visualized using narrow band optical filters in a 
fundus camera to image the retinal and choroidal vasculature (20). Despite the 
visualization of the blood vessels in the retina, no depth information was available 
in fundus photography. With the introduction of stereo fundus photography by 
Allen in 1964 (21) depth information could be obtained, but with limited resolution. 
With the confocal scanning laser ophthalmoscope images of the retina at different 
depths into the tissue could be made, with high lateral resolution, but again with 
limited depth resolution(22, 23). Only with the invention of the lasers and the 
super-luminescent diodes a full tomographic map of the retina could be  made using 
a interferometric technique called optical coherence tomography(24) . 

1.4.1 OPTICAL IMAGING TECHNIQUES USED TODAY 
 
Current retinal imaging techniques that are used in the clinic today are: 

- Fundus photography: This technique displays the retina usually in 2D and 
uses the light that is reflected from basically all depths from the retina. 
Stereo photography presents limited depth information. Besides the full 
color mode (RGB) wavebands, red-free fundus photography is also used.  
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- Scanning laser ophthalmoscope (SLO) (22, 25):  The SLO uses the principle 
of confocal microscopy in a scanning mode to image the retina at a single 
wavelength, normally in the near infrared region. This technique can be 
used to describe the optic nerve disk topography, and is used in glaucoma 
diagnosis and follow-up. 

- (Hyper) spectral imaging (26): Besides the intensity of the reflected light  
and the three color bands (RGB) the spectral content is recorded with 
much more and narrower optical bands typically ranging from the blue 
(wavelength λ=400 nm) light to the near infra red (λ = 700 nm). This 
technique is mainly used to image oxygen saturation levels in the retinal 
arteries and veins.  

- Fluorescein and Indocyanin green angiography: emitted photons by a 
fluorophore injected in the blood circulation of the patient can be detected 
with a camera to visualize the bloodstream. 

- Scanning laser polarimetry (27): SLP is capable of measuring the phase 
retardation induced by the retinal nerve fiber layer (RNFL) thickness. The 
RNFL induced phase retardation is an important parameter in glaucoma 
diagnosing, as both a thinning of the RNFL or a reduction in RNFL 
birefringence will lead to a decrease in RNFL phase retardation. 

A selection of diagnostic optical techniques will be discussed in more detail in the 
next paragraph. The main optical imaging technique used in this thesis is optical 
coherence tomography. Also, heterochromatic flicker photometry, macular pigment 
reflectometry, and rarebit testing will be discussed. For tracking of retinal motions 
we used a line scanning laser ophthalmoscope 

1.4.2 OPTICAL COHERENCE TOMOGRAPHY 
 
Optical coherence tomography (OCT) (24) is a non invasive, high resolution optical 
imaging technique that is increasingly used in clinical practice (28). OCT generates 
cross-sectional (B-scan) and three-dimensional (3D) images by measuring echo 
time delay of back scattered light using interferometery. Its main application is in 
ophthalmology; at the same time OCT is increasingly applied in fields such as 
cardiovascular imaging (29), dermatology (30), gastroenterology (31), and urology 
(32). In ophthalmology, OCT is mainly used for imaging the central retina, where 
the retina-vitreous interface, sub- and intra-macular edema (33) and the retinal 
thickness (34) can be monitored. Around the optic nerve the thickness of the nerve 
fiber layer (NFL) is especially important for diagnosis and follow-up of glaucoma 
patients (34, 35).  
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An OCT system is usually built around a Michelson-interferometer, as displayed in 
Figure 1-5. The most basic OCT setup consists of a broad band light source, a 
reference- and sample arm and a detector arm. A broad band light source, i.e. 
emitting light with different wavelengths, sends light into the interferometer, where 
the light is split in two arms; 50% of the light power is sent to the reference arm 
and 50% of the power is sent to a sample arm (other ratios are also being used).  

The reference arm consists of a collimator lens, focusing lens and a mirror. The 
latter two can be moved to change the optical path length of the reference arm.  
Light in the sample arm is guided with a scanning mirror and two lenses towards a 
sample, in this case a human eye. The scanning mirrors in the sample arm allow 2D 
or 3D raster scanning of the retina. Light that is reflected from a surface in the 
sample is recombined with light returning from the reference arm and will interfere 
at the photosensitive detector, but only when the optical path lengths of both the 
sample arm and the reference arm are matched within the coherence length of the 
light source. This type of OCT is also known as time domain OCT (TD-OCT).  

The coherence length (Lc) of the light source is determined by the central 
wavelength (λ0) and the bandwidth (Δλ). The latter is defined as the full spectral 
width at half the maximum intensity for a Gaussian spectrum. The coherence length 
determines the axial (depth) resolution of an OCT system. They are related using 
equation 1.1 

 
 
Figure 1-5: Schematic of a setup for TD-OCT. Light from a broad band light 
source is split in a reference arm and sample arm by using a beam splitter. The 
optical path length of the reference arm can be changed to match the optical path 
length in the sample arm. The reflected light of both arms is recombined and 
directed to a photodiode where the light interferes, i.e. when the optical paths of 
both arms match within one coherence length. 
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A monochromatic light source, with a large coherence length will give interference 
fringes over a large range of path length differences. In case of a broad band light 
source (i.e. a large value for Δλ), the coherence length is small: for commercial OCT 
systems typically in the order of 5µm measured in tissue.  

When interference occurs at the detector and the path length in the reference arm 
is known, the optical path length in the sample arm (and the position of the 
reflecting structure) can be determined within the accuracy of the coherence length. 
By increasing the path length of the reference arm, interference of light can be 
observed coming from structures that are deeper in the sample.  

A reflectivity pattern of the tissue as a function of optical path length can be created 
with one sweep of the reference arm at one position by calculating the envelope 
value of the interference signal (also known as A-scan, see Figure 1-6). A 2D image 
(B-scan, see Figure 1-8 for a 2D image of the retina) is created when a gray value is 
assigned to the amplitude of the interference pattern and the light beam is scanned 
over the tissue in one direction.  

For more than a decade this scanning of the reference arm has been the main 
implementation since the invention of OCT. Imaging structures using a scanning 
reference arm to acquire depth information is relatively time consuming and the 
influence of motions, and especially in the retina in vivo is large. 
 
The implementation of spectral domain OCT (SD-OCT) (36, 37) with fast 
spectrometers (38-40) enabled faster scanning of the retina without compromising 
sensitivity. In SD-OCT systems a spectrometer replaces the photodiode in the 
interferometer and also the scanning reference mirror is fixed. 
 

 

Figure 1-6: Interference (solid 
line) occurs only at positions 
where the path length of the 
reference arm matches the path 
length of the sample arm within 
the coherence length Lc. The 
signal is a response to the 
sample displayed in the inset. To 
construct the image, the 
envelope of the interference 
signal (solid line) is calculated. 
The envelope amplitude 
(dashed line) of spatially 
separated A-scans is then 
plotted in a gray scale image. 
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The depth information is obtained by a Fourier transform of the spectrally resolved 
interference fringes detected by the spectrometer (see Figure 1-7). 

In SD-OCT, the depth range Zmax is inversely proportional to the spectral resolution 
δλ, or the spectral sampling of the interference pattern by the spectrometer 
(Nyquist theorem) and is given by: 

 
δλλ nZ 4/2

0max =   1-2 

To retrieve the depth information, the interference pattern needs to be converted to 
the wave number domain (k-domain) using the non-linear relation: k=2π\λ [m-1]. 
To correct for the nonlinear k-domain sampling interval the spectrum is resampled 
to be evenly spaced in k-domain for a fast Fourier transform. Incorrect mapping 
leads to a broadening of the peak of the OCT signal in the A-scan as a function of 
depth. 

The depth information can be retrieved by performing a fast Fourier 
transformation. A single frequency in the interference fringes that represents a 
certain path length difference between reference and sample arm is now converted 
into a certain depth in the A-scan. When the path length difference between the 
arms changes, the frequency of the interference fringes change; consequently the 
peak in the A-scan will shift in depth.  
 

 

Figure 1-7: A schematic representation of a SD-OCT setup. Here, in contrast to TD-
OCT, the reference mirror is fixed and the depth information is encoded in the 
spectrally resolved interferences fringes detected with a spectrometer. 
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1.4.2.1 Signal- to-noise ratio 
 
The signal-to-noise ratio (SNR) of OCT systems is dependent on the amount of 
power used in the reference arm, which should be adjusted to a level where the 
shot noise dominates all other noise sources, like thermal noise, relative-intensity-
noise and data acquisition-noise. 
 
If this is the case, the signal-to-noise ratio (SNR) of a shot-noise limited TD-OCT 
system is given by  

 fE
PSNR s

OCTTD ∆
=−

ν

η
 1-3 

Where η is the quantum efficiency of the detector, Ps the sample arm power 
measured on the detector (being much smaller than the reference arm power), Eν is 
the photon energy and Δf is defined as the electronic bandwidth of the detector. The 
electronic bandwidth depends on the center wavelength and bandwidth of the light 
source (i.e. the coherence length) and the scan velocity of the reference mirror V by 
Δf = 2·(Δλ\λ20)·V. Consequently, increasing the axial resolution (i.e. a smaller 
coherence length) by using a larger optical bandwidth will decrease the SNR value. 
 
In SD-OCT a reduction of shot noise is obtained by replacing the single-element 
detector with a multi-element array detector (38). By spectrally dispersing each 
wavelength to a separate detector, a reduction in bandwidth Δf can be achieved, e.g. 
1/τi for spectral domain detection. The signal to noise ratio in shot noise limited SD-
OCT systems is then given by (38): 

 ν

τη
E
P

SNR is
OCTSD =−  1-4 

where τi is the detector integration time. As has been shown, the sensitivity 
improves by a factor N, where N is the number of detection elements. Assuming a 
single reflector in the sample arm, there is no influence of the spectral width of the 
light source on the signal to noise ratio meaning that the axial resolution can be 
increased without loss of signal to noise provided that suitable spectrometers can 
be constructed.  
 
Although there is an increase in SNR in SD-OCT over TD-OCT at similar acquisition 
speed, the sensitivity of the signal (i.e. the minimum magnitude of input signal 
required to produce a specified output) depends on the position of the reflector in 
the A-scan. This dependence is due to the finite pixel width of the spectrometer and 
leads to a theoretical ~4dB decay of the OCT signal at maximum depth (41). Here a 
part of the bandwidth of the spectrum is averaged over the pixel width. Also the 
spectrometer resolution reduces the sensitivity at larger depths resulting in a lower  
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Figure 1-8: 
2D SD-OCT 
image (B-
scan) of the 
central part 
(macula) of a 
healthy retina 
made with 
Topcon 3D-
OCT1000, 
Mark II. 

 
fringe visibility at higher fringe frequencies. Both factors lead to a sensitivity 
decrease that can be described by a convolution of a rectangular function (pixels) 
with the Gaussian spectral resolution in the k- domain, resulting in a sinc function 
multiplied by Gaussian function in the depth domain as described in (42). 
 
The sensitivity improvement of SD-OCT over TD-OCT allows for increased 
acquisition speeds without decreased image quality. Three-dimensional data sets 
can therefore be rapidly acquired, while the increased imaging speed also 
dramatically reduces motion artifacts (e.g. by fixation difficulties or heart beat 
induced motions). An example of a SD-OCT image of the central part of the retina is 
displayed in Figure 1-8.  
 
Due to the higher imaging speeds and increased sensitivity SD-OCT has become the 
standard cross-sectional imaging modality in ophthalmic clinics. The research in 
this thesis that involves OCT imaging is done with SD-OCT systems. 
 
Another frequency domain approach is swept-source OCT (SS-OCT). Here, the 
spectral components are not separated using a spectrometer, but the spectrum is 
generated in small bandwidth frequencies at the light source and the interferogram 
is recorded using a photodiode. The spectral resolution and the sample rate of the 
frequencies are much higher than in SD-OCT resulting in a larger imaging depth and 
a lower sensitivity decay in depth. Although this type of OCT shows better 
performance compared to SD-OCT, it is not widely used in ophthalmology at the 
moment due to the unavailability of swept sources in the 800 nm regime. SS-OCT 
systems have been developed that use 1060 nm and 1300 nm light, which in tissue 
would give a larger penetration of the light, at the penalty of loss in contrast. 

1.4.3 SCANNING LASER OPHTHALMOSCOPE (SLO) 
 
The (confocal) scanning laser ophthalmoscope (SLO) (23) is based on the principle 
of confocal microscopy. A SLO system consists of a high coherent laser source in the 
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near infrared part of the spectrum, a scanning mirror to guide the illumination 
beam over the retina in the X-Y- direction and a photosensitive detector that is 
situated behind a pinhole. Light returning from the retina out of the focal plane is 
rejected at the detector by the pinhole. This creates an ability to section the retina 
in depth with an axial resolution of 200 µm(25). To increase imaging speed and 
reduce costs, a line scanning SLO has been developed (43). After collimation, a line 
focus is created by using a cylindrical lens. The cylindrical lens focuses the light in 
one plane but the light in de perpendicular plane remains collimated, resulting in a 
line focus on the retina. The pinhole detector is now replaced by a line array CCD 
camera creating a quasi-confocal configuration. Instead of scanning the retina point 
wise, the retina can now be imaged in one single sweep of the galvo mirror. 

In this thesis the described imaging techniques (OCT and SLO) are used to provide 
structural information about the retina. In the next paragraphs the principles of two 
psychophysical tests are explained. These psychophysical tests are used in clinical 
practice to assess the amount of macular pigment in the retina (heterochromatic 
flicker photometry) and to describe the functional state of the central retina 
(Macubit). 

1.4.4 HETEROCHROMATIC FLICKER PHOTOMETRY (HFP) 
 
Accurate assessment of the amount of macular pigment (MP), expressed as macular 
pigment optical density (MPOD), is necessary to investigate the role of carotenoids 
and their assumed protective functions especially in diseases like AMD, see 
paragraph 1.3.2. The most frequently used technique to asses MPOD is 
heterochromatic flicker photometry (HFP) (10, 44, 45). Both the QuantifEye and 
Macuscope, two commercially available devices that are evaluated in this thesis, are 
based on the principle of HFP for measuring MPOD. These systems use 
psychophysical testing to assess MPOD; therefore input by the subject is important. 

The tested subject has to indicate changes in the flicker frequency of the light 
source that is projected in the eye. Flicker is generated by alternating light of two 
different wavelengths, blue light which is absorbed by MP and green light which is 
not absorbed by the MP. Due to the pre-receptorial location of the MP in the retina, 
incident light first passes through and is attenuated by the MP (peak absorption at 
λ=~460 nm) before reaching the photoreceptors. MP has its peak concentration 
foveally or just parafoveally and decreases rapidly with eccentricity. Therefore, 
these setups always use a central (peak MPOD) and peripheral (low or zero MPOD) 
measurement point, to subtract these values and obtain an individual MPOD value 
for each subject. The peripheral measurement is hereby used as a reference point 
for the central measurement, to correct for the “baseline” flicker sensitivity of each 
individual. Using HFP, subjects have to be instructed to fixate at a stimulus and 
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indicate when flicker is minimized (Macuscope) or when flicker is first observed 
(QuantifEye). 

The MPOD value is derived by taking the logarithm of the ratio between blue and 
green luminance measured centrally and peripherally, as is given in equation 1-5:  

 








−








=

Lgp
Lbp

Lgc
Lbc

MPOD loglog  1-5 

Here Lbc and Lgc are the luminances of the blue and green light, respectively, 
during the central measurement and Lbp and Lgp the luminances of blue and green 
light, respectively, during the peripheral measurements. 

The measuring protocol of both systems is further described in chapter 6. 

1.4.5 MACULAR PIGMENT REFLECTOMETRY 
 
The amount of MP in the retina can also be assessed using an optical technique that 
is based on reflectance spectroscopy. The essentials of this Macular Pigment 
Reflectometer (MPR) (46) are summarized as follows. The image of the filament of a 
30 W halogen lamp is relayed to the pupil plane of the eye. A spot with a diameter of 
one degree centered on the fovea is illuminated and the light that reflects from this 
spot is measured. An image of the retinal spot is focused on an optical fiber that has 
a mask on its tip to define a diameter spot of one degree at the retinal plane. MPOD 
is determined by a full spectral analysis of the reflected light.  

 

Figure 1-9: Typical reflectance 
spectrum of macular pigment 
adapted from (46) shown with a 
solid line. At long wavelengths 
absorption of blood and melanin 
cause a gradual decrease and at 
550 nm MP causes a sharp decline 
followed by a plateau between 450 
and 500 nm. The decrease in 
reflectance before 450 nm is 
caused by absorption by the eye 
lens. The reflectance spectrum 
where absorption of MP is set to 0 
is shown with a dashed line. The 
absorption curve used in the 
model is shown at the bottom 
(dashed line - right vertical scale).  

In brief, the incoming light is assumed to reflect at the inner limiting membrane, at 
the infoldings/disks in cone/rod outer segments and at the sclera. Using known 
spectral characteristics of the different absorbers within the eye (lens, MP, melanin, 
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blood), the densities of the pigments and percent reflectance at the interfaces are 
optimized to fit the measured data at all wavelengths (47, 48). For a detailed 
discussion of this analysis see Berendschot et al and van der Kraats et al. (46, 49, 
50).  

A typical reflectance spectrum is given in Figure 1-9, where the reflectance 
spectrum including MP is shown in solid line. The lens, MP, blood, and melanin have 
minimal absorption in the long wavelength range resulting in a high reflection. 
Below 600 nm absorption by blood and melanin dominates causing a decrease in 
reflectance. Around 560 nm light is reflected at the pigment epithelium, causing a 
plateau in the spectrum. Below 510 nm, MP absorption sets in (see dashed line), 
and below 450 nm, the lens absorbs the incoming light (46). 

1.4.6 RAREBIT TESTING - MACUBIT 
 
The MacuBit vision test (51) belongs to the family of rarebit tests and was 
specifically designed for quick and easy detection and grading of damaged receptive 
fields in the retinal macula, close by the line of sight. A rarebit test presents small 
dots (test dot size approximates that of the macular cones, about 0.4’ (minutes of 
arc)) on the retina and the patient has to indicate how many dots are observed. The 
primary target disorder is early-stage AMD. 

The Macubit is provided with an internal mask that limits the subject’s field of view 
to 5.3°. The stimuli (zero, one or two with each measurement) are generated by 
switching on one or two pixels for 200 ms. The dot location is different for every 
measurement and is controlled by a semi-random algorithm that provides a 
spatially uniform distribution across the test area, without overlap.  

Each measurement (i.e. dot presentation) is accompanied by a beep sound. Subjects 
are told that each presentation involved one or two bright dots, or sometimes none 
at all, and the patient has to indicate the number of dots seen by clicking the 
computer mouse. The interval between the measurements is automatically adapted 
to the current reaction time of the subject. The percentage of seen dots versus 
shown dots (or hit rate) expresses the test results.  

An unusual feature of the MacuBit test is the lack of a fixation mark: the subject is 
free to let his or her gaze roam within the 3-degree test field. Because the MacuBit 
probes vision at random locations within this area and produces an overall index of 
function rather than a detailed map, there is little point in using a fixation mark. 
This makes for a very simple test for the subject and for very simple evaluations of 
results. 
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1.5 OUTLINE OF THIS THESIS 
 
This thesis describes and evaluates various optical diagnostic techniques that are 
used in ophthalmology to describe the functional and physiological state of the 
retina in relation to the detection and monitoring of the most important retinal 
diseases. The focus will be on providing structural information of the retinal layers 
using commercially available OCT devices. These OCT systems will be evaluated on 
accuracy and precision when measuring thickness of retinal layers. Motion artifacts 
by the tested subject cause degradation of OCT images. These motions (axial and 
lateral) will be analyzed and a retinal motion tracker is proposed. Besides 
structural information using OCT, information of the functional state of the retina is 
important for an early diagnosis of eye diseases (52, 53). Commercially available 
systems that are used to measure the amount of MPOD and its protective function 
are evaluated as well as the Macubit device that is used to test the function of the 
neural matrix of the retina. 

Before OCT system can be used in clinical practice they need to be calibrated on 
device independent, reproducible samples that mimic the relevant tissue geometry 
and optical properties. We developed a phantom eye to determine the accuracy and 
precision RNFL thickness measurements of commercial SD-OCT systems. The 
results are presented in chapter 2. 

One of the in chapter 2 evaluated SD-OCT systems is used to measure the thickness 
of the entire retina in amblyopic and healthy children. In chapter 3 we present the 
results of the thickness measurements using this SD-OCT system. The correlation 
between the axial length of the eye and the retinal thickness between the two 
groups are compared. 

Structural information is important for an accurate diagnosis of eye diseases but 
axial and lateral motions create imaging artifacts and degrade the resolution of 
scanning optical imaging techniques. In chapter 4 the cause of axial motions during 
OCT scanning of the retina is investigated and in chapter 5 the lateral motions are 
described and compensated using a retinal motion tracker.  

Besides structural information the functional state of the retina is an important 
parameter to diagnose eye diseases that affect this retinal function. To evaluate the 
protective function of macular pigment, the MPOD value needs to be assessed 
accurately. Macular pigment is assumed to protect the eye from ultra violet light 
and could cause development of AMD. In chapter 6 we evaluate a new commercially 
available device that measures the amount of MPOD using HFP against another 
well-established device using HFP and the MPR. 
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Detecting AMD in an early stage is important to start treatment of this disease 
preventing loss of vision. In chapter 7 we show the results of measurements on the 
detection of early-AMD using a Macubit probing test. 

Discussion of the systems used in this thesis is presented in chapter 8. 
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