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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 



CHAPTER 1 

 
20 

 

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:  
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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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CHAPTER TWO 
 

COMPARISON OF RETINAL NERVE FIBER LAYER THICKNESS 
MEASUREMENTS BY SPECTRAL-DOMAIN OPTICAL COHERENCE 
TOMOGRAPHY SYSTEMS USING A PHANTOM EYE MODEL 

 

Abstract 

To quantify differences in nerve fiber layer thickness measurements by various 
spectral-domain optical coherence tomography (SD-OCT) systems, we developed a 
phantom eye model. We tested twelve SD-OCT systems of four manufacturers. All 
systems combined overestimated the 49 µm thick phantom RNFL thickness on 
average by 18 µm. Within brands, thickness measurements differed statistically 
significant for one Topcon, one RTVue and one Cirrus. Between brands, thickness 
determined with RTVue and Topcon differed statistically significant from Cirrus 
and Spectralis. The maximum difference between mean thicknesses is 3.6 µm 
within brands and 7.7 µm between brands. 
 
 
 
 
 
 
 
 
 
 
 
This chapter is published in: 
 Journal of Biophotonics (2012) 
 
R. de Kinkelder, D.M. de Bruin, F.D. Verbraak, T.G. van Leeuwen, D.J. Faber 
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2.1 INTRODUCTION 
 
In ophthalmology, optical coherence tomography (OCT) (1) is mainly used for 
imaging the central retina, to monitor the retina-vitreous interface, sub- and intra-
macular edema (2) and for measuring the retinal thickness (3). Accurate 
determination of the thickness of the retinal nerve fiber layer (RNFL) around the 
optic nerve is important for diagnosis and follow-up of glaucoma patients (3, 4). 
Recently, several spectral domain OCT (SD-OCT) systems have become 
commercially available that allow calculation of thickness maps around the optic 
nerve and the macula within a couple of seconds. Although most systems provide a 
protocol to determine the RNFL thickness in a circular scan around the optic nerve 
with a fixed diameter of 3.4 mm, direct comparison of RNFL thickness 
measurements with different OCT devices measuring human eyes is complicated 
because the true RNFL thickness is unknown. Within one subject, spatial variations 
in thickness can induce differences in RNFL thickness measurements, e.g. when the 
position of the circular scan around the optic nerve is not the same or when the 
tested subject is fixating at another location. 

Various studies have addressed the challenge to determine the repeatability of 
RNFL thickness measurements of TD-OCT (5) and SD-OCT systems (6-11) using 
human subjects, requiring large populations and multiple measurements on each 
subject. A study by Leite et al. showed differences between various OCT systems 
when measuring the RNFL thickness up to 40 µm in one population (6), which 
exceeded the axial resolution of most systems (in the order of 5-10 µm). They 
conclude that the used protocol in that study, a circular scan around the optic nerve, 
caused large fluctuations in the calculated RNFL thickness due to the 
inhomogeneity of the tissue morphology, which hampered quantitative comparison 
between the devices. 

Therefore, comparison using device independent, reproducible samples that mimic 
the relevant tissue geometry is highly preferable. Moreover, using a phantom with 
known layer thickness easily allows re-evaluation of the responses, for example 
after servicing or manufacturer software updates.  

We developed a phantom eye model containing a silicone based phantom retina of 
five layers with various scattering properties (12). Using this eye model, we 
quantified the intra-brand and inter-brand variation of RNFL thickness 
measurements for four brands of SD-OCT devices. 
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2.2 MATERIALS AND METHODS 

2.2.1 PHANTOM EYE MODEL 
 

The phantom eye model (see Figure 2-1A) consisted of a container (I) that was 
filled with water to represent the vitreous. An achromatic lens (Edmund Optics; 
NT47-692; f = 20mm) was positioned at the front side of the container (II), 
mimicking the cornea and lens of the eye. A silicone based phantom retina was 
placed inside a concave, hemispherical holder (VI) that was positioned inside the 
container. The phantom retina was aligned in the focus of the lens using a 
translation stage (III). Changing this position mimics ametropia. To mimic cataract 
or other disturbances of the eye, a filter can be placed in front of the phantom retina 
using a filter mount (V). A transparent cover (IV) was positioned on top of the 
phantom eye. In figure 1B, the phantom eye was positioned on top of a variable 
friction arm (Manfrotto+Co., 244N, Italy) to ensure equal alignment between 
various OCT devices.  

2.2.2 THE PHANTOM RETINA 
 

The phantom retina was based on thin layered silicone tissue phantoms stacked on 
top of each other, which were previously reported by De Bruin [12] et al. In brief, 
silicone (Sylgard 184, silicone elastomer, DOW/Corning) is a hydrophobic, two-
component product (curing agent and silicone) with a refractive index of 1.41. 

 
Figure 2-1: A: The parts of the eye model are displayed separately. A container (I) in which the 
phantom retina (VI) is positioned contains water and an achromatic lens, f=20mm (II). The 
retina can be put in focus by a translation stage (III). The cover (IV) is used to close the eye 
model. For the use of filters a filter holder (V) can be positioned in front of the retina. 
B: To enable alignment of the phantom eye model, it was positioned on a variable friction arm. 
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The scattering properties of the silicone based phantom layers are determined by 
the refractive index mismatch between the silicone and curing agent matrix and 
suspended particles. To vary the scattering coefficients of the layers we used 
different concentrations of titanium dioxide (TiO2) powder. Optical properties of 
the elastomer can be varied using different concentration of particles and the 
optical properties were shown to be constant over a prolonged period of time (12). 
For each layer the desired concentration of scatterers was mixed with the curing 
agent of the silicone elastomer. Homogeneous mixture was obtained using a tissue 
homogenizer with a small spacing between tube and pillar. The mixture was mixed 
with silicone under careful stirring using a standard laboratory mixer. Air bubbles 
were then removed with a vacuum pump, which kept the mixture under low 
pressure conditions. A small amount of the mixture was placed between two flat, 
heavy glass plates separated by placing brass foil with uniform thickness (50 µm) at 
the edges of the glass plate. The mixture was cured at 60 °C for 6 hours. 

The phantom retina, displayed in Figure 2-2A, consisted of five non-light absorbing 
layers (10x10mm2) with alternating light scattering properties (13, 14). Table 2-1 
shows the scattering coefficients of the individual layers as measured previously 
with OCT at 830 nm (12) and average thickness of the layers as measured by a high 
precision caliper tool (5 separate measurements; also reported are the standard 
errors of the mean). Note that the contrast between layer I and II in our phantom 
retina is larger than the contrast between a real RNFL and the next-in-depth 
ganglion cell layer (GCL). We maximized contrast to ensure successful segmentation 
by the SD-OCT system.  

 
 
Figure 2-2: A cross-sectional image of the phantom retina made with Topcon 3DOCT-1000. 
The top layer (I thickness: 49 ± 1 µm, 0.5w% TiO2 µt=11mm-1) mimics the RNFL. Layers II to 
V had a thickness of 63 µm, 53 µm, 63 µm, and 55 µm, respectively. The gap in the middle is 
used as fixation or marker during imaging. Total thickness of 5 layers = 283 ± 5 µm. The 
bottom layer is adhesive tape (VI).  
B: 3D representation of the phantom retina acquired with Topcon 3DOCT-1000. The bottom 
and top layer (containing the hole in the middle) are clearly visible. The less scattering layer 
III is also visible in between the highly scattering layers. The dimensions of the phantom 
material are 6x6 mm. 
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Table 2-1: Optical properties of the layers in the phantom eye model and the geometrical 
thicknesses a measured with a high precision caliper 

Layer 
(see figure 2-2A) 

OCT attenuation 
coefficient 
(see(12)) 
µt [mm-1] 

Caliper thickness measurements 
 

Mean 
[µm] 

Stand. Error 
[µm] 

I 11 49 0.2 
II 0 63 0.5 
III 2.1 53 0.2 
IV 0 63 0.5 
V 17 55 0.4 

 
The five silicone layers were placed on top of each other and put in a vacuum 
chamber to remove air gaps between the layers. Electrostatic forces keep the layers 
together. The total geometrical thickness was 283±0.9 µm (layers I to V in Figure 
2-2A) after stacking of the silicone layers of the phantom retina. The compound 
phantom is attached to the holder with adhesive tape (Layer VI in Figure 2-2). The 
top layer has a small hole in the center, which is used as fixation target during 
alignment to prevent tilting of the phantom eye in the OCT image. 

2.2.3 OCT-SYSTEMS 
 
We evaluated SD-OCT systems of four manufacturers (RTVue by OptoVue, software 
version A4.0.5.100; 3DOCT-1000 by Topcon, software version v4.11; Cirrus by Zeiss 
Systems, software version 4.5.1.11; Spectralis by Heidelberg, software version 
5.2.4.0). Three systems of each manufacturer were used to measure our phantom 
eye model, 5 times per device (which includes removing and repositioning the 
phantom eye model). The specified axial resolution of the systems, determining the 
precision of thickness measurements was ~5-10 µm.  The lateral resolution, 
normally determined by the optics of the eye in case of human subjects, was 20 µm 
when imaging our phantom eye.  

An average RNFL thickness was determined by the software of each apparatus 
using a circular scan (Ø=3.4mm) around a fixed location in the phantom eye (small 
hole in the top layer, see Figure 2-2). Since this scanning protocol was not directly 
available in the Cirrus software, we used the Optic Disc cube 200x200 module to 
image an area of approximately 6 x 6 mm. The Cirrus software computed an RNFL 
thickness map from this data. Subsequently, RNFL thicknesses were calculated at 
every clock hour on a circle (Ø=3.4 mm, placed by the operator on the thickness 
map). Finally, we averaged these clock hour values to obtain a single RNFL 
thickness for comparison with the other instruments.    

All thickness measurements were corrected for the mismatch between the actual 
refractive index of silicone (n= 1.41) and the refractive index of tissue used by the 
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SD-OCT devices (n=1.35), i.e. which slightly reduced the values reported by the OCT 
system software. All segmented data was checked on segmentation artifacts e.g. due 
to small dust particles in the phantom construction process before the data was 
used for analysis. 

2.2.4 STATISTICS 
  

A SPSS statistical software package (Version 16.0, Release 16.0.1; SPSS Inc., Chicago, 
IL, USA) was used for data analysis. The variation in RNFL thickness measurements 
within each device was expressed as standard deviation of five measurements. 
Furthermore, a coefficient of variance (COV) was calculated as the percentual ratio 
between the standard deviation and the average thickness. To compare the mean 
thickness measurements of the devices from one manufacturer we used ANOVA 
tests. The Levene statistic was calculated first to verify equality of the variances. A 
post hoc test was used to determine which device was significantly different. The 
variability between the manufacturers was determined using a univariate ANOVA 
test and post hoc test.  

2.3 RESULTS 
 
An OCT image of the developed phantom retina, obtained with Topcon 3DOCT-1000 
is displayed in Figure 2-2A, and a three-dimensional representation is given in 
Figure 2-2B.  

Table 2-2: The average thickness, standard deviation and coefficient of variance are shown for 
three devices of 4 different SD-OCT manufacturers that were measured 5 times. 

OCT  
device (Brand) 

OCT  
device (#) 

Average 
thickness [µm] 

standard 
deviation [µm] 

COV  
[%] 

RTVue of 
Optovue (A) 

1 65.1 1.1 1.7 
2 66.1 1.5 2.7 
3 62.8 1.6 2.5 

 average 64.7 2.0 3.1 

3DOCT-1000 of 
Topcon (B) 

1 63.9 0.5 0.8 
2 66.8 1.0 1.5 
3 66.5 0.9 1.4 

 average 66.1 1.8 2.8 

Cirrus of 
Zeiss (C) 

1 67.7 0.4 0.6 
2 70.5 0.9 1.3 
3 66.9 1.2 1.8 

 average 68.4 1.7 2.4 

Spectralis of 
Heidelberg (D) 

1 69.0 0.6 0.9 
2 67.9 0.3 0.4 
3 68.3 2.0 2.9 

 average 68.4 1.3 1.8 
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The average thickness, standard deviation and coefficient of variance are given in 
Table 2-2.  We found low coefficients of variation for all systems ranging from 0.4% 
(for a Spectralis system) up to 2.9% (for a Spectralis system).  

In Figure 2-3 the results of the five measurements per device of the various 
manufacturers are shown in box plots. Calculation of the Levene statistic L prior to 
ANOVA analysis showed that the variance in thickness measurements was not 
statistically different within brands (RTVue L= 0.455, p = 0.645; Topcon L = 0.495, 
p = 0.621; Cirrus L = 0.862, p=0.447; Spectralis L = 3.545, p=0.062).  

 

Figure 2-3: Thickness 
measurements of 3 OCT 
systems per brand measured 
5 times using the phantom 
eye model. The bottom and 
top of the box plot (indicated 
with bars) display the 25th 
and 75th percentile of the 
data; the band around the 
median is the 50th percentile. 
The maximum and minimum 
thickness are indicated with ♦ 
A: RTVue of OptoVue  
B: 3DOCT-1000 of Topcon. 
C: Cirrus of Zeiss  
D: Spectralis of Heidelberg 

 
RTVue 3 shows a statistically significant lower average thickness (F(2,12)=6.17, 
p=0.014) with a maximum difference between the means of the other RTVue 
systems of 3.3 µm. The results of 3DOCT-1000 of Topcon are shown in Figure 2-3B. 
Topcon 1 differs statistically significant with the other two systems 
(F(2,12)=29.113, p<0.001), with a maximum difference between the means of 2.9 
µm.  
 
In Figure 2-3C, the results of Cirrus 2 differ statistically significant from the other 
two systems (F(2,12)=74.788, p<0.001), with a maximum difference between the 
means of 3.6 µm. In Figure 2-3D the results of the Spectralis measurements are 
shown. No statistically significant differences between the Spectralis devices are 
found (F(2,12)=1.11, p=0.361).  

In Figure 2-4 the results of all measurements are displayed, categorized by 
manufacturer. The mean thicknesses measured using Topcon and OptoVue 
machines differ significantly from those obtained by Cirrus and Spectralis machines. 
Spectralis’ intra-brand variability is smaller compared to the other manufacturers 
(p<0.001). 
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Figure 2-4: The results of ‘RNFL’ 
thickness measurements as 
calculated by the manufacturer’s 
software are organized by 
manufacturer. 
 
A: RTVue of OptoVue 
B: 3DOCT-1000 of Topcon. 
C: Cirrus of Zeiss 
D: Spectralis of Heidelberg 

 

2.4 DISCUSSION 
 

We developed to our knowledge the first layered phantom eye model containing a 
silicone based phantom retina of five layers with various scattering properties for 
OCT thickness measurements. Scott Rowe et al. developed a retinal tissue phantom 
with uniform thickness of the layers down to 60 µm, however the model shows 
hardly any contrast between the layers and is therefore less suited for OCT 
thickness measurements (15). Other well calibrated eye models were designed for 
applications outside the field of OCT. For instance, Mordant et al. and Lemaillet et al. 
used an eye phantom for oximetry measurements in the retina (16, 17). Romero-
Borja et al. used a spectralon based eye model to calibrate their adaptive optics 
scanning laser ophthalmoscope(18). 

Introduction of new clinical (OCT) instruments requires demonstration of good 
repeatability and reproducibility as well as comparison of performance with 
respect to systems that are used in clinical practice. In this study we have compared 
RNFL thickness measurements between various clinically used SD-OCT devices and 
tested their repeatability using a phantom eye model representative of a healthy 
retina that contains thin silicone layers with controlled thickness and high 
scattering contrast between layers. We found minimal variation for the Spectralis 
systems (average COV: 1.8%) and highest for RTVue systems (average COV: 3.1%). 
The average COV of the Topcon and Cirrus systems are 2.8% and 2.4%, respectively. 
In three brands we observed one device that produced statistically significant 
different thickness values. The standard deviation of RTVue measurements is 
somewhat larger than those of other brands.  

In clinical practice, following patients on different OCT devices is sometimes 
inevitable (e.g. after software upgrade, device replacement, transition of the patient 
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to or from other hospitals, etc). Our study shows that despite the statistically 
significant differences these patients can be reliably followed because of the high 
inter-brand (maximum difference 7.7 µm) and intra-brand (maximum difference 
3.6 µm) reproducibility of the investigated systems.  Please note that it is more 
important that the inter-brand difference is known instead of small when patients 
are measured on a different device from another brand.  

None of the devices calculated the correct geometrical thickness of the top silicone 
layer of 49 µm. Averaged over all systems, 67 ± 4.0 µm was found (mean and 
standard deviation). This difference arises at least in part due to the unknown 
implementation of the segmentation algorithm(s) that is kept confidential by the 
manufacturers. To illustrate this, we show an averaged depth profile (64 A-scans) of 
our phantom retina in Figure 2-5.  

The data was obtained with the Topcon 3DOCT-1000, the only system that allowed 
us direct access to the measured data. Surprisingly, when the thickness is 
determined between the maximums of phantoms front and back surface, the 
thickness (289 ± 10 µm) nearly matches the geometrical thickness (283 µm ± 10 
µm). The 10 µm uncertainty estimates in the OCT data are based on the digital 
(pixel) resolution of the exported data.  

The individual layer thicknesses are accurately retrieved using manual 
segmentation as illustrated in the figure. It is conceivable that the OCT systems’ 
segmentation routines use more conservative estimates such as Full-Width at Half-
Maximum, or the position of the largest gradient to determine layer thicknesses 
leading to larger reported thickness values. However, this effect is likely less 
pronounced in samples with lower contrast than between the layers in our 
phantom.  

 

Figure 2-5: Average 
depth profile of the 
phantom retina 
measured with 
3DOCT-1000 of 
Topcon. The thickness 
between the 
maximums at the layer 
transition matches the 
geometrical thickness 
of the phantom retina. 
The data is corrected 
for refractive index 
mismatch and shows 
the real, geometrical 
thickness. 
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Many factors can contribute to erroneous thickness measurements such as 
inadequate dispersion compensation or faulty k-calibration of the spectrometer 
(directly translating into the scaling of the depth axis (19)), but also specular 
reflection at the vitreo-retinal interface or broadening of response peak due to a 
finite optical resolution can contribute to erroneous thickness measurements.  

To illustrate this we performed an OCT measurement on a glass slide (an averaged 
depth profile is given in Figure 2-6; averaged over 10 consecutive A-lines at the 
same location) with a thickness of 158 µm. The data is corrected for refractive index 
of glass (1.50).  

 

Figure 2-6: Average 
depth profile of a cover 
glass (158 µm) 
measured with 3DOCT-
1000 of Topcon. 
Depending on the used 
algorithm the thickness 
of the glass is 194 ± 10 
µm measured at full 
width, 180 ± 10 µm full 
widths half maximum 
and 161 ± 10 µm 
measured at the two 
maximums. 

 
The figure shows two peaks indicating the air-glass and glass-air interface. The 
maximum value of the resulting OCT image determines the position of the interface 
assuming that the interfaces are delta response functions. In this case, the width of 
the peak at the glass-air interfaces represents the finite resolving power of the used 
OCT system. With decreasing resolution a broadening of this peak occurs that 
results in a thicker glass slide in case of a full width at half maximum segmentation 
criterion. The signal is adequately described as the convolution of the reflectance 
profile (two delta functions) with the envelope of the coherence function.  

In the retina (and in the phantom), the interface between layers is better described 
by a step edge instead of a delta function. This reflectivity profile is convolved with 
the point spread function of the system, resulting in a degraded edge, e.g. 
resembling an error function. In this case, to accurately determine the position of 
the interface, one would look for the location of the largest gradient. 

To correctly interpret these positions in relation to the actual thickness, the 
coherent nature of the PSF, e.g. the band-pass filtering property of OCT in the 
spatial frequency domain (20) needs to be taken into account. The incoherent (i.e. 
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envelope, dashed line in figure 1-6) point spread function is centered around zero-
spatial frequencies (its width is the spectral bandwidth of the source). Such a 
measurement is thus sensitive to the lower frequency contributions of the samples’ 
spectrum; i.e. it has low-pass filter characteristics. The coherent point spread 
function is centered around the source’s central wave number and has band-pass 
filter characteristics. It is this latter point spread function that should be used when 
describing OCT signal formation.  

Consider an idealized single-layer sample with reflectivity R(z) = 1 within the layer, 
and R(z) = 0 elsewhere, with z being the position in depth and layer thickness 
exceeding the coherence length. Using the incoherent PSF, the lower spatial 
frequencies of the reflectivity profile can be recovered (whereas higher spatial 
frequencies cannot). In reality, when using the coherent point spread function, both 
the lower and higher spatial frequencies are not recovered, only a range of 
frequencies determined by the source spectrum. The OCT signal shows two peaks, 
located at the layer’s interfaces (analogous to the image obtained from a glass slide, 
dotted line in figure 2-7). The specific appearance of the peaks depends on the 
range of spatial frequencies that is sampled, e.g. on the spectral bandwidth of the 
OCT system.  

 

Figure 2-7: Convolution of the incoherent 
PSF with the simulated reflectivity profile 
shown as solid line and the coherent PSF 
as dotted line. The width of both PSF is 
16.6 µm for this particular simulation. 

 

Figure 2-8: The gradient of the 
reflectivity profile from Figure 2-7 is 
displayed as a solid line for the incoherent 
PSF and as dotted line for the coherent 
PSF. 

 



CHAPTER 2 

 
40 

 

To illustrate the argument, we performed a pilot simulation as follows. A reflectivity 
profile of a numerical phantom is constructed by randomly placing a large number 
of delta-function reflectors within the layer’s boundaries, with randomly chosen 
amplitude. We subsequently performed two analyses: we convolved the reflectivity 
profile with the incoherent and coherent PSF (see Figure 2-7, the width of both PSF 
is 16.6 µm to illustrate the difference). In the latter case, we calculated the OCT A-
line amplitude by taking the Hilbert transform of the simulated OCT signal and 
subsequently calculating the magnitude of the resulting complex signal. From both 
signals we determined the positions of the maximum signal gradients (the gradient 
of reflectivity profile is displayed in Figure 2-8) to localize the edges, and thus layer 
thickness. The results of are presented in Figure 2-9. Clearly, the incoherent point 
spread function recovers the correct layer thickness, i.e. 62.5 µm used in the 
simulation. However, it is the coherent PSF that is involved in OCT signal formation. 
Given the linear relation between recovered thickness and optical resolution found 
in this simulation, we propose that advanced segmentation algorithms may take 
this effect into account.  

 

Figure 2-9: Simulated 
sample thickness for the 
coherent and incoherent 
point spread function 
displayed versus 
simulated coherence 
length. Dashed line shows 
input thickness. 

 
In addition, speckle noise can in principle be a source of error, however, we used 
the average thickness of a circular A-scan around the fixation target and the 
influence of speckle noise cancels out. Moreover, in a previous study (21), using a 
Zeiss Stratus OCT system, it was shown that the signal strength or image quality 
influences the calculation of the RNFL thickness. Thickness was found to decrease 
when the signal strength was decreased. In our study we kept the image quality at a 
maximized level for all measurements. Likely the most important factory setting 
influencing thickness measurements is the refractive index (22). Throughout this 
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paper we assumed a constant n=1.35 for all systems, which was confirmed by 
private conversations with representatives of the different brands used in this 
study. 

To fully elucidate the different responses of these systems requires the construction 
of multiple retina phantoms with varying (top) layer thicknesses. Such a study is 
beyond the scope of our present work and will be undertaken in the future. We 
note, however, that variations in layer thickness measurements within a single 
device much larger than the optical resolution are unlikely to occur in normally 
functioning, certified devices.  

Leite et al (6)  assessed the agreement of RNFL measurements among single devices 
of three SD-OCT brands. Similar to our findings, they showed an equal average 
thickness between Cirrus and Spectralis but higher thickness measured with an 
RTVue system.  

2.5 CONCLUSION 
 

To quantitatively compare RNFL thickness measurements between four brands of 
commercially available OCT systems, we developed a phantom that mimics the 
layered anatomy of the retina and provides high scattering contrast. The top layer 
(49 µm thickness) provides a constant RNFL-like “stimulus” to all OCT systems.  

Statistically significant differences in thickness measurement between devices of 
one brand, and between brands were found. The clinical significance of these 
differences (maximum 3.6 µm within and maximum 7.7 µm between brands) is 
however difficult to determine. All systems overestimate the top layer thickness by 
13 – 23 µm. To adequately explain this difference, knowledge on the 
implementation of the manufacturers’ proprietary segmentation algorithm is 
needed. 

Comparison of thickness measurements by SD-OCT systems using device 
independent, reproducible samples that mimic the relevant tissue geometry and 
optical properties is highly preferable. The phantom eye model, described in this 
study, is a useful tool to quantitatively determine differences between devices. 
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CHAPTER THREE 
 

ANOMALOUS RELATION BETWEEN AXIAL LENGTH AND RETINAL 
THICKNESS IN AMBLYOPIC CHILDREN  
 

 

Abstract  

In healthy eyes, the retinal thickness (RT) is determined by several factors. Besides 
age and gender, one of these factors is axial length (AL) and it has been 
demonstrated that there is a significant correlation between a thin retina and a 
higher axial length in healthy subjects. Because amblyopic eyes tend to be 
hypermetropic (i.e. they have a shorter eye) axial length can be a confounder in 
studies measuring retinal thickness in these patients. In this study we investigate 
the relationship between the pericentral retinal thickness and the axial length, in 
amblyopic and fellow eyes and both eyes of healthy children. Thirty-six amblyopic 
patients and 30 healthy children were enrolled in this study. Amblyopic and healthy 
children underwent full ophthalmic and orthoptic examination, volume scanning of 
the macula with OCT and recording of axial length. Although the mean axial length 
of amblyopic and fellow eyes is shorter compared to healthy eyes, the retinal 
thickness is not larger. Furthermore, the linear correlation between axial length and 
retinal thickness found in healthy eyes seems to be lost in the eyes of amblyopic 
children. 
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3.1 INTRODUCTION 
 
Amblyopia 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 for which no optical or organic origin can be 
detected (1, 2).  Despite much research, the pathophysiology of amblyopia has still 
not been fully understood. Although the visual cortex is said to be the primary site 
of amblyopia, involvement of processes in the retina in amblyopia is increasingly 
being investigated. However, due to contradicting outcomes over the years, 
involvement of retinal processes remains a controversial subject (3-6). 

During the past decade optical coherence tomography (OCT) has been used to study 
macular retinal thickness (RT) in amblyopic eyes (7-16). OCT is a non-invasive, 
non-contact cross-sectional imaging technique and is found to be well tolerated and 
easy to undergo by children from the age of 3 (17). The OCT techniques currently 
used in clinical practice are time-domain OCT (TD-OCT) and spectral-domain OCT 
(SD-OCT) (18, 19), the latter being much faster, thus being in particular suited for 
the investigation of the retina of small children. OCT is often used to determine the 
retinal thickness (i.e. the thickness between the ILM and the RPE) and/or to 
determine the thickness of the RNFL. The retinal thickness is often mapped in three 
areas according to an ETDRS grid: the foveal area covers the central part of the 
retina with a diameter of approximately 1 mm. The pericentral area is outside the 
foveal area and has a diameter between 1 mm and 3 mm. The third and largest area 
is the peripheral area with a diameter between 3 mm and 6 mm.  

Studies that used OCT to study the retinal thickness in amblyopic eyes differed in 
design and outcome, yet in most studies amblyopic eyes tended to have a thicker 
retina and/or retinal nerve fiber layer (RNFL) (10, 13, 15, 16). A possible 
explanation is given by Yen et al. They postulated that amblyopic eyes have a 
thicker retina due to the arrest of the physiological postnatal ganglion cell reduction 
(15, 20). The ganglion cell layer is thickest in the pericentral area of the macula. 
Therefore a hypothetical arrest of the normal post natal ganglion cell reduction is 
expected to lead to an abnormally thick retinal thickness and especially the 
pericentral retinal thickness (21).  

In healthy eyes, the retinal thickness is determined by several factors. Besides age 
and gender, one of these factors is axial length (AL) and it has been demonstrated 
that there is a significant correlation between a thin retina and also the RNFL with 
greater axial length in healthy subjects (22-27). Because amblyopic eyes tend to be 
hypermetropic (i.e. they have a shorter eye) axial length can be a confounder in 
studies measuring retinal thickness in these patients.  
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In this study we investigate the relationship between the axial length and the 
retinal thickness, in amblyopic and fellow eyes and both eyes of healthy children.  
We measured the thickness of all three retinal areas, however, emphasis is put on 
the pericentral part of the retina since changes in the ganglion cells due to disease 
are most pronounced in this area of the retina.  

3.2 METHODS 

This observational, transversal study was approved by the ethics committee of the 
Academic Medical Center in Amsterdam. Informed consent was provided by all 
patients and their parents. Amblyopic patients that were seen at the orthoptic 
department of the Academic Medical Center (Amsterdam, the Netherlands) were 
asked to participate in this study. Children with a history of amblyopia but with a 
lesser difference than 2 lines in visual acuity between eyes at the time of testing 
were still assigned to the amblyopic group. Anisometropic amblyopic eyes needed 
to have at least a 2 diopter difference in refraction between both eyes present. 
Strabismic amblyopia was defined as a manifest ocular deviation or eccentric 
fixation with an acuity difference present or recorded in the past. If the amblyopia 
was caused by strabismus as well as by anisometropia these patients were included 
in a combination group. 
 
Healthy children were recruited during the same period; these children were 
referred with a suspicion of a visual acuity disorder which proved to be absent or 
caused by a refraction error which was equal in both eyes. The healthy participants 
needed to have a straight eye position; phorias were allowed as long as there was a 
quick recovery. The participants had to be at least three years old and cooperative 
enough to sit through all examinations.  
 
All included children underwent standard orthoptic examination and after signing 
informed consent, supplementary SD-OCT (3DOCT-1000, software version 3.01, 
TOPCON Corporation, Tokyo, Japan) examination and measurement of axial length 
with the IOL Master (Carl Zeiss Meditec). All patients also underwent additional 
ophthalmic examination, consisting of inspection of the ocular media and 
funduscopy to rule out intra ocular pathology. 
 
The orthoptic examination consisted of testing binocular single vision using the 
TNO or Titmus Fly binocular vision test, determining any ocular deviation by cover 
testing at near (30cm) and at distance (2.5 m and/or 5 m), testing best corrected 
visual acuity with Lea symbols or ETDRS chart (please note that an ETDRS chart is 
different from the ETDRS grid that is used to indicate the areas on the retina) and 
measurement of refractive error through cycloplegic retinoscopy. Best corrected 
visual acuity was converted into the logarithm of the minimum angle of resolution 
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(LogMAR) scale. After pupil dilatation, an experienced examiner performed volume 
scanning of the macula with SD-OCT. A fast volume scan of the macula with 32 b-
scans consisting of 512 a-scans was chosen to overcome motion (28) and blinking 
artifacts in this group of young children. Due to incapacity of the built-in OCT 
software to correct for eccentric fixation using this faster scan protocol, the foveal 
retinal thickness, pericentral retinal thickness and peripheral retinal thickness 
were calculated using a custom made program (Matlab, the Mathworks, Inc.) after 
exporting the acquired thickness data from the SD-OCT system. The Carl Zeiss 
Meditec IOL Master was used to measure axial length; it is a non-contact, very 
accurate method of measuring axial length to within ± 0.02 mm (29, 30). 
 
Statistical analysis was performed using SPSS 15.0 (SPSS Inc, Chicago, USA). An 
unpaired t-test was used to assess differences in mean age between the amblyopic 
group and healthy controls. Mean visual acuity and spherical equivalent were 
compared between amblyopic, fellow and control eyes using analysis of variance 
(ANOVA) followed by a Bonferroni post hoc analysis to correct for multiple 
comparisons and p-value <.01 considered as statistically significant. 
 
The axial length and retinal thickness for amblyopic and healthy subjects were 
tested for normal distribution using a Shapiro-Wilk test. To compare means of the 
axial length and the thickness parameters (foveal retinal thickness, pericentral 
retinal thickness and peripheral retinal thickness) between groups parametric and 
non-parametric (paired and unpaired) testing was done using a t-test, with p<0.05 
considered as statistically significant. The axial length and the pericentral retinal 
thickness of the amblyopic eye versus the fellow eye of the patient group, and of the 
right eye (OD) versus the left eye (OS) of the healthy group were fitted with a linear 
regression model and a correlation coefficient was calculated. To correlate retinal 
thickness with axial length a correlation coefficient was calculated for the healthy 
eyes, the fellow eyes and the amblyopic eyes. 

3.3 RESULTS 

Thirty-six children diagnosed with amblyopia caused by an anisometropia (n=17), 
strabismus (n=11) or a combination of these two (n=8) were enrolled in this study.  
Thirty healthy children were enrolled as a control group. There was no significant 
difference in age (p=0.12) and gender (p=0.35) between the amblyopic patients 
(mean age 7.7±1.8; gender M:F, 21:15) and controls (mean age 8.3±1.5; gender M:F, 
14:16), see Table 3-1. 
 
There was a significant difference in mean visual acuity between amblyopic eyes 
versus fellow eyes and control eyes (p-value<0.01 and p<0.001 respectively). Mean 
visual acuity (LogMAR ± SD) values were 0.20 ± 0.13 for amblyopic eyes, 0.04 ± 0.84 
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for fellow eyes and 0.09±0.12 for control eyes (Table 3-1). There was a significant 
difference in mean spherical equivalent between the amblyopic and the healthy 
control eyes (p<0.001), but no significant difference between the amblyopic and the 
fellow eye (p=0.14). Mean spherical equivalent values were respectively 3.1±3.2 in 
amblyopic eyes, 2.7±2.2 in fellow eyes, and -0.9± 2.5 in the control eyes. The axial 
length for the fellow eye and the axial length and retinal thickness for the control 
group are distributed normally (Shapiro-Wilk test, p>0.05). The axial length for the 
amblyopic group is not distributed normally (p=0.02). 
 
Table 3-1: Parameters of the patients and healthy subjects 
 
Parameters Amblyopic eyes 

(N=36) 
Fellow eyes 
(N=36) 

Control eyes 
(N=30) 

p-value 

Gender (M:F) 21:15 21:15 14:16 0.35 

Mean Age (yr) 7.6 (1.7) 7.7 (1.8) 8.3 (1.5) 0.12 

Visual Acuity 
(Logmar) 

0.20 (0.13) 0.04 (0.84) 0.09 (0.12) < 0.01* <0.001# 

Spherical 
Equivalent 

3.1 (3.2) 2.7 (2.2) -0.9 (2.5) 0.14* <0.001# 

*Amblyopic eyes versus fellow eyes 
#Amblyopic eyes versus healthy eyes 

3.3.1 AXIAL LENGTH AND RETINAL THICKNESS MEASUREMENTS  
 
Figure 3-1 shows the axial length of the subject’s right eye (OD) versus the axial 
length of the subject’s left eye (OS) of the normal control group (black dots). The 
linear regression model gives a slope of 0.99±0.03 and a vertical-axis intercept of 
0.18±0.79 mm. The axial length of OD is highly correlated with the axial length of OS 
(Pearson’s correlation coefficient R=0.98, p=0.0001). The mean axial length and the 
standard deviation of OD and OS are 23.28±1.38 mm and 23.29±1.40 mm, 
respectively.  
 
The axial length of the amblyopic eye versus the axial length of their fellow eyes is 
also displayed in Figure 3-1(triangles). The slope of the linear regression is 
0.79±0.15 and the vertical-axis intercept is 4.5±3.5 mm. The Spearman correlation 
coefficient of the linear regression model is R=0.77 (p=0.0001). The mean axial 
length and standard deviation of the amblyopic eye and the fellow eye are 
22.00±1.14 mm and 22.18±0.96 mm, respectively.  
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Figure 3-1: In dots the axial length of 
the right eyes of the healthy control 
group is displayed versus the axial 
length of the left eye. The slope of this 
linear regression model is 0.99 and a 
vertical-axis intercept of 0.18. The 
axial length of the amblyopic eye is 
displayed versus the axial length of 
the fellow eye for patients are 
displayed with triangles. The slope of 
the linear fit is 0.79 with a vertical-
axis intercept of 4.5. The arrows 
indicate the mean value of the axial 
length of the eye; amblyopic (dashed 
line) eyes are significantly smaller 
than healthy eyes (solid). 

 
 
Table 3-2: Comparison of axial length and retinal thickness (RT) parameters values between 
groups, displaying the mean value and the standard deviation between brackets. 
 
Parameters Amblyopic 

eyes 
(N=36) 

Fellow  
eyes  
(N=36) 

p-
value* 

Healthy 
OD 
(N=30) 

Healthy 
OS 
(N=30) 

p-
value* 

p-
value# 

p-
value& 

Axial Length 
[mm] 

22.00 
(1.14) 

22.18 
(0.96) 

0.23 
23.28 
(1.38) 

23.30 
(1.40) 

0.76 <0.01 <0.01 

Foveal RT 
[µm] 

229.7 
(22.6) 

231.0 
(21.3) 

0.41 
231.3 
(17.0) 

231.0 
(17.6) 

0.89 0.71 0.92 

Pericentral 
RT [µm] 

299.1 
(14.2) 

299.2 
(14.0) 0.96 

294.7 
(13.2) 

295.5 
(13.2) 0.38 0.19 0.18 

Peripheral 
RT [µm] 

261.8 
(13.3) 

260.2 
(12.6) 

0.35 
258.5 
(13.4) 

258.4 
(12.7) 

0.86 0.37 0.48 

*  parametric paired t-test of respectively amblyopic eyes versus fellow eyes and right control eyes versus 
left control eyes 
# parametric unpaired t-test amblyopic eyes versus right control eyes 
& parametric unpaired t-test fellow eyes versus right control eyes 

There is no significant difference in axial length of the amblyopic eyes and the 
fellow eyes and between the OS and OD of healthy subjects (p=0.23 and p=0.76, 
respectively), see Table 3-2. There is a statistically significant difference between 
the axial length of the amblyopic eyes compared to the axial length of healthy 
subjects (OD) and a statistically significant difference between the axial length of 
the fellow eyes and the axial length of healthy subjects (OD, p<0.01). 
 
Figure 3-2 shows the pericentral retinal thickness of the subject’s right eye (OD) 
versus the pericentral retinal thickness of the subject’s left eye (OS) for the normal 
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control group (displayed as dots). The slope of the linear fit is 0.92±0.07, with a 
vertical–axis intercept of 24.3±21.4 µm and a Pearson’s correlation coefficient of 
R=0.921 (p=0.0001). The mean retinal thickness of OD and OS are 294.6 and 
295.6 µm, respectively. The pericentral retinal thicknesses of the patient’s 
amblyopic eyes are displayed as triangles versus the retinal thickness of the fellow 
eyes. The slope of the linear fit is 0.83±0.1, the vertical-axis intercept is 50.1±29.1 
µm and the Pearson’s correlation coefficient is R=0.821 (p=0.0001). The mean 
pericentral retinal thickness for the amblyopic eye and the mean pericentral retinal 
thickness for the fellow eye (299.1 and 299.2 µm, respectively) are slightly thicker 
than the mean pericentral retinal thicknesses for the normal group, but not 
significantly different (p=0.19). The statistical analysis shows no difference in 
retinal thickness between the groups (Table 3-2). 
 

 

Figure 3-2: In dots the retinal 
thickness of the right eyes of the 
healthy control group is 
displayed versus the retinal 
thickness of the left eye. The 
slope of this linear regression 
model is 0.83 and a vertical-axis 
intercept of 50.1µm (standard 
error=29.1). The retinal 
thickness of the amblyopic eye 
displayed versus the retinal 
thickness of the fellow eye for 
patients are displayed with 
triangles. The slope of the linear 
fit is 0.92 with a vertical-axis 
intercept of 24.3 µm (standard 
error=21.4). The arrows indicate 
the mean value of the axial length 
of the eye, no difference between 
healthy (solid) and amblyopic 
(dashed). 

 
Lastly, we investigated the relation between retinal thickness and axial length for 
healthy, amblyopic, and fellow eyes. Figure 3-3 shows the retinal thickness versus 
axial length for normal controls (only OD is used in this analysis) in closed dots. A 
moderate linear correlation (R=0.41, p=0.02) can be observed.  
 
The slope of the linear fit describing the relationship between retinal thickness and 
axial length is -4.09±1.64 [µm/mm]. The negative sign indicates that eyes with a 
short axial length tend to have a thicker retina. However, this relationship is not 
found in the amblyopic or in the fellow eyes of amblyopic patients: for amblyopic 
eyes the correlation coefficient is -0.04 (p=0.82). 
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Figure 3-3: For normal eyes a 
correlation was found between 
thinning of the pericentral ring 
thickness with increasing axial 
length (R=0.41). This relation 
could not be found in amblyopic 
eyes and their fellow eyes 
(R=-0.04 and R=0.05, 
respectively). 

For fellow eyes a similar result is found: the correlation coefficient is 0.05 (p=0.78). 
After splitting the data of the amblyopic eyes based on their type of amblyopia, no 
differences could be demonstrated comparing the same parameters between the 
amblyopic and the fellow eye, data not shown. 

3.4 DISCUSSION 

In this study we found no significant differences in foveal, peripheral, and most 
importantly pericentral retinal thickness between the amblyopic eye and the fellow 
eye of amblyopic children, although the axial length of the amblyopic eyes and 
fellow eyes are significantly shorter than the healthy eyes. We demonstrated that in 
amblyopic children, for the axial length and pericentral retinal thickness, a 
significant linear correlation exists between the amblyopic eye versus the fellow 
eye; comparable to the correlation between both eyes of healthy controls (Figure 
3-1 and Figure 3-2, respectively). 

The linear relation shown in Figure 3-1 between axial length OS and axial length OD 
indicates similar axial length development of the eyes of healthy subjects. The data 
for amblyopic eyes overlay the data for healthy subjects, albeit that the mean axial 
lengths are shifted to lower values indicating a reduced axial length; both for the 
amblyopic and the fellow eye. In contrast to the different distribution (i.e. the range 
of axial lengths are different) of axial length between the amblyopic group and 
healthy group a similar distribution (i.e. similar data range) is observed for the 
retinal thicknesses of amblyopic patients and healthy subjects, which is also 
expressed by the similar mean retinal thicknesses. Note that if a one-on-one 
relation would exist between axial length and retinal thickness as found in another 
study (27), Figure 3-2 would have shown the amblyopic eyes primarily at the 
extremes of the retinal thickness range. Figure 3-3 shows the relation between 
retinal thickness and axial length; where for healthy subjects a linear relation can 
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be found. However, as is also suggested by the data in Figure 3-2, no linear relation 
between retinal thickness and axial length is found for amblyopic patients. 
Consequently, the retinal thickness in amblyopic and fellow eyes cannot be 
predicted from the axial length.  

Five other studies (7, 9-11, 16)  described macular retinal thickness measurements 
in amblyopic eyes. Altintas et al. (7) reported no significant difference in macular 
thickness between the amblyopic and fellow eye in 14 unilateral strabismic 
amblyopic patients, similar to our results. Kee et al. (11) also did not find 
differences in foveal and RNFL thicknesses between normal children and children 
with amblyopia. However, strabismic amblyopic eyes showed a thicker foveal 
thickness but thinner RNFL thickness when compared to anisometropic children. 
The study by Yoon et al. (16) described a thicker RNFL thickness and, confirming 
our study results, also no differences in macular thickness when comparing 
amblyopic with their fellow eyes in 31 hyperopic anisometropic patients 
comparable to our results. Dickmann et al. (9) measured the foveal and mean 
macular thickness of strabismic amblyopic eyes and demonstrated that the foveal 
thickness and mean macular thickness are significantly higher than anisometropic 
children.  

Just recently Al-Haddad et al. (26) described macular and RNFL thickness in 
amblyopia. They found a significantly increased central macular thickness, e.g. 
foveal thickness, in 31 anisometropic amblyopic patients (anisometropia was 
defined as an interocular spherical equivalent of 1.0 diopter or more, aged 
≥6 years) compared to their fellow eyes using SD-OCT. No significant differences 
were noted between hyperopes and myopes. Anisometropia without amblyopia did 
not produce significant differences in central macular thickness. Huynh et al. (10) 
described retinal thickness differences resulting from the Sydney Childhood Eye 
Study in 53 amblyopic children compared to 3185 healthy controls. After adjusting 
for age, gender, ethnicity, height, axial length and cluster sampling, amblyopic eyes 
proved to have a statistically significant increased foveal retinal thickness and a 
thinner inner ring average thickness, e.g. pericentral retinal thickness. No 
explanation is given for the thinner inner ring average thickness (e.g. pericentral 
retinal thickness) found in amblyopic eyes. As an explanation for the increase in 
foveal retinal thickness, the authors of both studies mentioned that the 
physiological postnatal ganglion cell reduction could be inhibited in amblyopia, as 
hypothesized by Yen et al. (15). We could not demonstrate differences in foveal 
retinal thickness in the present study (see Table 3-2), which supports this 
hypothesis.  
 
There are a few limitations to our study. The number of patients in this study is 
limited, but nevertheless in line with the number of patients used in literature (9, 



CHAPTER 3 

 
54 

 

11, 26). The study included mostly patients with a relatively mild amblyopia. This 
may have affected our study results since the progression of the disease could 
influence the thickness; however, other studies have not shown significant 
differences in retinal thickness in amblyopic patients compared to healthy we think 
this influence is negligible. Finally this study focuses on pericentral retinal thickness 
measurements and did not include RNFL thickness measurements. In respect of the 
literature RNFL measurements can be of additional value when investigating 
amblyopia.  

In conclusion, the axial length and the pericentral retinal thickness show the same 
relationship between the amblyopic and the fellow eye as compared to the eyes of 
healthy controls. However, the axial length of amblyopic and their fellow eyes are 
significantly shorter, e.g. more hypermetropic compared to healthy eyes. Although 
there is a moderate correlation between axial length and pericentral retinal 
thickness in healthy eyes, this is not the case in amblyopic or in fellow eyes. This 
could be due to a disturbed development of both the amblyopic and fellow eye, 
something which should be further investigated.  
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CHAPTER FOUR 
 

HEARTBEAT INDUCED AXIAL MOTION ARTIFACTS IN OPTICAL 
COHERENCE TOMOGRAPHY MEASUREMENTS OF THE RETINA  
 

 

Abstract 

We investigated the cause of axial eye motion artifacts that occur in optical 
coherence tomography (OCT) imaging of the retina. Understanding the cause of 
these motions can lead to improved OCT image quality and therefore better 
diagnosis. Twenty-seven measurements were done on 5 subjects. We collected 
spectral-domain OCT images at the macula over periods up to 30 seconds. We 
calculated the axial shift of every average A-scan with respect to the previous 
average A-scan by calculating the cross-correlation. The frequency spectrum of the 
calculated shifts versus time was determined. The heart rate was determined from 
blood pressure measurements at the finger using an optical blood pressure 
detector. The fundamental frequency and higher order harmonics of the axial OCT 
shift were compared with the frequency spectrum of blood pressure data. In 
addition, simultaneous registration of the movement of the cornea and the retina 
was done using a dual reference arm OCT set-up and movements of the head were 
also analyzed. We found a correlation of 0.90 between the fundamental frequency 
in the axial OCT shift and the heart rate. Cornea and retina move simultaneously in 
the axial direction. The entire head moves with the same amplitude as the retina. 
Axial motion artifacts during OCT volume scanning of the retina are caused by 
movements of the whole head induced by the heartbeat 
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4.1 INTRODUCTION 
 
Motion artifacts in medical imaging have been a topic of great interest for many 
years. Motion artifacts during image acquisition of a patient can be caused by 
muscular, peristaltic, cardiovascular and/or respiratory activity(1). Degradation of 
image quality resulting from motion can lead to ambiguous clinical interpretation 
and even erroneous diagnoses(2). Investigating the causes of these involuntary 
motions can lead to a better understanding of the underlying physiology and 
improve clinical interpretation. Moreover, information of the origin of the motions 
can be used for image correction, during, or after imaging(3). Although motion 
artifacts are mostly considered as disturbing, they can also contain valuable 
functional information on the patients’ health state.  

In ophthalmology, OCT is mainly used for imaging the central retina, where the 
retina-vitreous interface, sub- and intra-macular edema(4) and the retinal 
thickness(5) 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 (5, 6). In addition to morphological imaging, OCT also can provide 
information about (retinal) blood flow using the Doppler shift of the backscattered 
light. Moving red blood cells, cause a Doppler frequency shift of the backscattered 
light from which the speed of the moving particle can be derived(7). 

For OCT imaging of the retina, motion artifacts can be easily removed by using 
image alignment in image post-processing. For Doppler OCT, bulk motions by the 
sample need to be corrected to accurately determine the absolute blood flow 
velocity(8). With the higher imaging speeds (of more than 100.000 A-lines per 
second)(9) that are reached in Fourier domain OCT(10-12), some of these motion 
artifacts have been ameliorated. However even in these systems movements by a 
patient can still cause significant image quality degradation(13, 14) and can be 
clearly visible in 3D OCT volume scans of the whole retina.  

When OCT is used to visualize the retina, movements towards and away from the 
laser beam (axial movements) are often visible during acquisition of subsequent 
cross-sectional images, B-scans, in the so-called slow scanning direction in a 3D or 
volume scan. A typical 3D scan of the macula (3DOCT-1000 Mark I of Topcon; 3.6 
seconds acquisition time) that is made in our clinic is shown in Figure 4-1. The slow 
scanning direction is indicated with x. The axial motion of the retina is clearly 
visible as an oscillation of the retina-vitreous interface.  
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Figure 4-1: A 3D OCT image 
of the foveal region of the 
retina. The motion artifact in 
the axial direction (z-axis, 
dashed arrow) is clearly 
visible during scanning in the 
slow scanning direction 
(indicated with x). The OCT 
beam is incoming in z 
direction. Image size is: x=6 
mm (containing 128 b-scans), 
y=6 mm (containing 512 
depth scans), and z=2.6 mm. 
Scan speed in this image was 
18,000 Hz and was measured 
with Topcon 3D-OCT 1000 
Mark-I 

 
In this study, we first investigate the relation between axial motions visible in OCT 
scans of the retina and the heart rate of the subject by simultaneous OCT 
measurements and non invasive optical blood pressure measurements on the finger 
from which the heart rate is derived. Secondly, simultaneous registration of the 
axial movement of the cornea and the retina is done using a dual reference arm OCT 
set-up. Thirdly, we investigate axial head movements with OCT scanning of the 
teeth. In addition, the axial position of the retina is recorded when a subject is lying 
down to decrease the influence of head movements. 

4.2 MATERIALS AND METHODS 

4.2.1 OCT IMAGING SETUP 
 
We used a spectral domain optical coherence tomography (SD-OCT, OCP840SR 
Thorlabs GmbH) set-up to image the human retina. The sample arm of the SD-OCT 
set-up was adjusted to an ophthalmic configuration, i.e., the entrance beam in the 
sample arm was first collimated. To create a telescopic entrance beam two objective 
lenses (L1 and L2 in Figure 4-2) were placed at a distance of two focal lengths of 
each other. With the scan mirror in the focal point of L1, the pivot point of the 
collimated beam was situated in the pupil plane, resulting in a large field of view of 
the retina (no mydriatic was needed to dilate the pupil). The SD-OCT set-up 
contained a super luminescent diode with a center wavelength of 848 nm and an 
optical bandwidth of 30 nm. The optical bandwidth limited axial resolution in air 
was 10.5 μm, the measured axial resolution in air was 11.5 μm. The scan rate of the 
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line scan camera system was 5000 lines per second. The sensitivity, defined as the 
ratio between the signal amplitude and the standard deviation of the noise, was 
104.9 dB at 200 μm from the zero path length difference location measured on a 
mirror placed in a model eye (15) and using an OD filter. The measured 3 dB 
sensitivity roll off was at 1.2 mm from the zero delay point. The maximal imaging 
depth was 3.5 mm. The output power measured at the position of the cornea was 
less than 700 μW.  We positioned the OCT setup on an optical table, with the chin 
rest mounted at the end of the sample arm onto the same optical table. The scanner 
is not directly attached to the chin rest and the setup is not able to move. 

 
Figure 4-2: Optical coherence tomography setup with three (I,II,III) sample arm 
configurations that are used for experiments on the retina, dual reference arm 
measurements and measurements at the teeth, respectively. λc = central wavelength of light 
source; 50:50BS = beam splitter; MR = mirror reference arm; MS = scanning mirror sample 
arm; L = spherical lens; CL = cylindrical lens. 

 
To investigate the simultaneous axial movement of the retina and the cornea, a dual 
reference arm was implemented in the OCT set-up (16) (see Figure 4-2). The light 
in the reference arm was split by a 50-50% beam splitter cube into a reference arm 
set to a distance for corneal imaging and a reference arm set to a distance for retinal 
imaging. The difference in optical path length between both reference arms was 
matched to the axial length of the examined eye.  Light in the sample arm was partly 
focused by a cylindrical lens (CL in Figure 4-2-II, f=2.3 mm) in order to create two 
focal points (astigmatic focusing). One plane of the sample arm light beam was 
focused by the cylindrical lens onto the cornea. The collimated light in the 
perpendicular plane was focused by the human eye onto the retina. Light of both 
focal points was combined with light of both reference arms and projected on the 
spectrometer resulting in a combined OCT image of the cornea and the retina. The 
scan mirror (MS1) was kept stationary to image at the same position. 
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For measurement on the teeth, the cylindrical lens in the sample arm that was used 
for the simultaneous registration of the cornea and the retina was replaced with a 
spherical lens (L3 in Figure 4-2-III, f=50 mm). Also the scan mirror (MS1) was kept 
stationary to measure on the same position at the teeth. 

4.2.2 HEARTBEAT MEASUREMENT 
 
To determine the heart rate, the blood pressure was measured simultaneously and 
continuously during OCT imaging using a Nexfin blood pressure monitor (Bmeye 
B.V.). This device used a volume clamp method with a pressurized cuff around the 
finger of the subject to obtain continuous non-invasive blood pressure. The blood 
pressure waveform (sample frequency 200 Hz) and derived parameters e.g. heart 
rate were stored to file after the measurement. At the start and at the end of the 
OCT scanning, an electric trigger signal was send to the Nexfin, and the trigger 
signal was stored in the blood pressure data set. In post-processing the data of 
these triggers were used to synchronize the blood pressure measurement with the 
OCT measurement.  

4.2.3 DATA ACQUISITION AND ANALYSIS 
 
Consecutive cross-sectional OCT B-scans of the macula with a lateral scan length of 
2.0 mm were collected in time. The time of acquisition of each B-scan was recorded. 
Each B-scan consisted of 40 axial depth scans (A-scans), which were summed to 
calculate an averaged A-scan. In this way structural differences between 
consecutive images were minimized, signal-to-noise ratio and sample rate were 
increased. The axial OCT shifts were determined by a cross correlation between the 
i-th and (i+1)-th averaged A-scan (17). The position of the (i+1)-th averaged A-scan 
was aligned with the difference in position relative to the 1st averaged A-scan. The 
calculated total shifts, relative to the 1st averaged A-scan, were displayed versus 
time. A frequency spectrum of the averaged A-scan shift in time, with a minimal 
frequency resolution of 0.05 Hz, was determined to analyze its frequency content.  

4.2.4 MEASUREMENTS 
 
To investigate the influence of the heartbeat on the axial motions a total of 27 
measurements were done on 5 healthy subjects. The mean age of the subjects was 
31 ± 8 years. All subjects were healthy without any known ocular pathology and 
with clear ocular media. The subjects were asked to fixate and relax while they 
placed their head on a chin rest. Furthermore, they were asked not to blink their 
eyes, and to avoid large head movements. In the frequency spectrum of the axial 
OCT shift, peaks that were clearly visible above noise level were located manually 
and were analyzed. Peaks with frequencies lower than 0.5 Hz were excluded from 
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analysis. The uncertainty in the central frequency of the peak is determined by the 
resolution of the frequency spectrum. From the blood pressure measurement the 
corresponding part was selected using the start and stop triggers as a reference. A 
frequency spectrum was made of the blood pressure signal, and the fundamental 
frequency, i.e. the heart rate, was selected and used in further analysis. 

Secondly, the movement of the retina and the cornea were measured 
simultaneously where the signal from the cornea was displayed in the upper part 
and the signal from the retina was displayed in the lower part of the B-scan image. 
Seventeen measurements were done on 2 subjects. During these measurements the 
scan mirror was not rotating. The average A-scan was segmented in a retinal image 
and a corneal image. The position analysis was performed on both images to 
determine the shift of the retina and the cornea.  

Thirdly, to register axial head motions 10 measurements were performed on the 
teeth of 1 subject. The same cross correlation method was used to calculate the 
axial OCT shift and to determine the frequency of the motion.  

Finally, the effect of the heart rate on head motions was further investigated on six 
subjects, who were asked to lie down, resting with the backside of the head on the 
floor during OCT imaging of the retina. In this way, head movements toward and 
away from the illuminating beam were restricted since gravity kept the head 
position constant. Five measurements per subject were done in this position and 
the same method was used in the analysis of the OCT images. 

All research adhered to the tenets of the Declaration of Helsinki. We certify that all 
applicable institutional and governmental regulations concerning the ethical use of 
human volunteers were followed during this research. 

4.3  RESULTS 
 
Figure 4-3(a) shows a typical measurement of the axial shift of the retina versus 
time in one subject. A spiking axial motion with a period of ~ 1 s and average peak 
to peak amplitude of 81 µm ± 3.5 µm is observed. This spiking motion is observed in 
all subjects albeit with some variability in amplitude and period. The slowly varying 
shift with a period of ~5 s in Figure 4-3(a) is attributed to breathing of the subject. 
The simultaneously measured blood pressure is displayed in Figure 4-3(b). This 
graph shows a typical blood pressure waveform. The rise from diastolic pressure to 
the systolic blood pressure level (upstroke) is relatively sharp. During the decline to 
diastolic pressure often a local maximum can be seen which is due to a reflection of 
the systolic pulse in the arterial tree (mainly in the abdomen of the subject). It can 
be easily observed that the peaks in the shift of the retina occur simultaneously 
with the peaks in the blood pressure.  
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Figure 4-3: (A): The axial OCT 
shift of the retina, relative to t=0, 
measured with optical coherence 
tomography has an average 
peak-to-peak amplitude of 81µm 
± 3.5 µm. 
 
(B): Measured blood pressure at 
the index finger. The peak of the 
systole corresponds to the peak 
shift of the retina (indicated by 
dashed vertical lines). 

The frequency content of the OCT shift and blood pressure signals is shown in 
Figure 4-4(a) and 5-4(b). In Figure 4-4(a) the fundamental frequency of the OCT 
shift at 1 Hz and the higher harmonics of this fundamental frequency are clearly 
visible. The fundamental frequency of the motion artifact is 0.95 ± 0.02 Hz. The 
peak at 0.2 Hz in Figure 4-4(a) is the slowly varying shift that is caused by 
breathing. The fundamental frequency of the blood pressure is 0.95±0.05 Hz, which 
is the heart rate. The fundamental and higher harmonic frequencies of the OCT shift 
and the fundamental frequency of the heart rate are used in subsequent analysis of 
the frequency spectra. 

 

Figure 4-4: (A) 
 Frequency spectrum of 
the axial shift of OCT 
images of the retina.  
 
 
 
 
 
(B):Frequency spectrum 
of the blood pressure 
pulse. Note that the 
higher order harmonics 
are visible in both the 
axial position of the 
retina and in the blood 
pressure 

 
In Figure 4-5 all identified frequency components of the axial shift in the OCT image 
for 26 measurements (displayed in the figure with □) are plotted against the heart 
rate. 
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Figure 4-5: Frequency 
components of the axial 
OCT shift of the retina 
versus the fundamental 
frequency of the blood 
pressure, the heart rate. 
The fundamental 
frequency of the retinal 
[□] was identified in 26 
measurements (R=0.90). 
The 2nd order harmonic 
of the axial position of 
the retina [●] versus the 
real heart rate was 
found in 22 
measurements. The 3rd 
order harmonic of the 
axial position of the 
retina [ ○] versus the 
real heart rate was 
determined in 21 
measurements.  The 4th 
order harmonic of the 
axial position of the 
retina [Δ] versus the real 
heart rate was 
determined in 10 
measurements. 

 
The line trough the data is used as guide to the eye, with each line having a slope 
that is a multiple of the slope of the heart rate. The 2nd order harmonic is visible in 
21 measurements (displayed in the figure with ●), the 3rd order harmonic is visible 
in 20 measurements (displayed in the figure with  ○) and the 4th order harmonic of 
the axial shift of the retina (displayed in the figure with Δ) is visible in 10 
measurements. We find a clear correlation between the heart rate and the 
fundamental frequency of the axial motion (R=0.90) and also high correlations 
between the harmonics of the OCT shift and the heart rate (R=0.92, R=0.95, R=0.89 
for the 2nd order, 3rd order and 4th order harmonic, respectively). 

Next, we investigate in a series of experiments what movement is causing the axial 
retinal motion.  

Firstly, we measure the axial shift of the cornea and retina simultaneously; see 
Figure 4-6(a). This measurement indicates that the cornea moves simultaneously 
with the retina because the phase of the signals is similar. However, the amplitude 
of the motion of the retina is larger than the amplitude of the motion of the cornea, 
especially in large amplitude excursions.  

Secondly, the axial OCT shift measured on the teeth of one subject is displayed 
versus time in Figure 4-6(b). The fundamental frequency in the OCT motion is at 0.8 
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Hz corresponding to the fundamental frequency of the heart rate of the subject. The 
amplitude has a similar magnitude as the amplitude measured on the retina: 
89.0±7.1 µm. 

 
 

Figure 4-6(A): Shift in 
axial direction of the retina 
(black line) and cornea 
(grey line) measured with 
a double reference arm 
OCT.  
 
 
 
 
 
(B): Typical measurement 
of the shift in the axial 
direction measured on the 
teeth of one volunteer. The 
heartbeat-induced motion 
artifact is clearly visible; its 
amplitude is similar to that 
in the retina  
 
 
 
(C): Typical measurement 
of the axial Shift of the 
retina of one volunteer 
while the subject is lying 
down. Head movements 
are minimized and the 
heart rate is not visible. 

Thirdly, subjects were lying down while OCT imaging is performed on the retina. 
The result of one measurement is displayed in Figure 4-6(c). The motions have a 
mean peak-peak value of 21.3±8.0 µm. It is clear that the amplitude of the motion in 
the lying down position is much smaller than the amplitude shown in Figure 4-6(b). 
This was obtained for all subjects. 

4.4 DISCUSSION 
 
In this study we have shown that the fundamental frequency in the axial motion of 
the retina and the heart rate are highly correlated. Figure 4-3 and the frequency 
analysis in Figure 4-4 show a typical measurement of the OCT shift and the blood 
pressure. The similar fundamental frequencies in the OCT shift and the blood 
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pressure indicate that the heart rate causes the periodic axial shifts in the OCT 
images of the retina. The axial shift of the retina is clearly visible when the subject is 
situated quietly with their head positioned on the chin rest. Indicating that our 
home built OCT system is stable and sensitive enough to measure axial motions 
induced by the heartbeat, validation measurements were performed on a static 
phantom eye model, with no axial motions visible. 

In Figure 4-3 a low frequency movement is also visible which we observed to be 
due to whole body movement during breathing of the subject during acquisition of 
the OCT scan. Breathing causes a slow and small amplitude movement of the 
subject’s head, which is resting on the chin rest. The frequency spectrum of Figure 
4-4(a) shows that this movement has a frequency of 0.2 Hz, which is similar to 
typical breathing rates for humans in rest (around 12 times per minute). We 
therefore neglected the signals in the frequency analysis. 

In Figure 4-5 the frequency components in the OCT shift signal are plotted versus 
the heart rate (the frequency component due to breathing is not shown in Figure 
4-5). It is clear that all frequency components of 27 measurements are either the 
fundamental frequency or higher order harmonic frequencies of the heartbeat. The 
number of detected higher order harmonics decreases with increasing order, 
because they were either too weak or the noise was too high. Note that for a very 
spiky periodic axial motion in time, such as for the measured axial motion of the 
retina, the frequency spectrum consists of a large number of harmonics. The result 
of the frequency analysis is in agreement with this sharply peaked axial motion 
artifact. We conclude that the axial motions in OCT imaging of the retina are caused 
by the heartbeat.  

Axial motion artifacts during OCT measurements are often regarded as eye 
movements caused by micro-saccades or unstable fixation(18). We investigated the 
effect of lateral eye motions by rotating the eye several times from left to right over 
8 degrees during continuous OCT acquisition. No effect on the axial motion was 
observed which is in agreement with gaze stability measurement reported in a 
previous study(19) and it was also calculated(3) that the error of depth position for 
a rotation of ~1° for a healthy volunteer is smaller than 1.5 μm, which is lower than 
our resolution. 

Figure 4-6(a) shows that the corneal surface moves in phase with the retinal 
surface implying an entire head movement. However, the amplitude of the retinal 
movement is somewhat larger (especially at large movements). Note that for a 
whole head movement the shifts of both the retina and the cornea should be similar 
as only the path length in air changes for both interfaces. However, the sensitivity 
measured on the retina is 22.1 dB lower with this configuration due to the use of 
the cylindrical lens in the sample arm (measured using a phantom eye model(15) 
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with a mirror as retina). The observed difference between both amplitudes might 
therefore be due to the accuracy of the cross correlation. The cross correlation can 
be less accurate since the A-scan of the retina has multiple peaks with similar 
amplitude and lower signal to noise ratio. The A-scan of the cornea shows a strong 
single reflection at the air-cornea interface and therefore its autocorrelation is more 
accurate.  

Previous studies (20, 21) show that the axial length changes due to the heartbeat 
cycle. However, axial length changes during a heartbeat cycle that were measured 
with low coherence interferometry are in the order of 3.5 µm and are not in 
agreement with our results. Also, our axial resolution is limited by the optical 
bandwidth of the light source and we are not able to measure axial length difference 
smaller than the coherence length. Heartbeat related motions were furthermore 
confirmed in an animal study(22). They showed that motions in the retina during 
OCT scanning can be caused by the heart rate. However, the measurements in this 
study were done on rodents and the blood pressure was not synchronized with OCT 
scanning. Partially in agreement with our measurements, they found an identical 
movement of the cornea and retina both in phase but also in amplitude presumably 
caused by heartbeat, but the motions were not measured simultaneously. Also, they 
measure choroidal thickness changes during a heart beat cycle. This can be a very 
interesting topic for a successive study with a double reference arm OCT setup, 
because this can be an indicator for the progression of eye diseases that involve 
changes in perfusion of the retina. However, to do this we have to measure with 
larger wavelength for a larger penetration depth with OCT. 

The effect of whole head movement was further investigated by OCT imaging on the 
teeth (Figure 4-6(b)). The heartbeat-induced axial motion is clearly visible and the 
amplitude is similar to what we measure on the retina.  

Finally, we reduced the effect of the heart rate on head motions by performing OCT 
measurements on the retina when the subject was lying down. In this case the head 
does not easily move towards the illuminating beam during the measurement and 
heartbeat-induced motions of the head are therefore very much reduced during the 
measurement (Figure 4-6(c)). This indicates that axial motions are mainly caused 
by movements of the head and probably not causing a compression of the eye. The 
measured amplitude of the retina or entire eye motion has a lot smaller amplitude 
than the amplitude of the whole head movement measured on the teeth. In our 
view, these small motions in Figure 4-6(c) containing mainly 2.3 to 3.0 Hz motions 
are unlikely to be caused by the heartbeat and the motions are in disagreement 
with the amplitude and frequency of the shift in our earlier measurements (Figure 
4-6(b)). Our OCT setup provides the opportunity to investigate the origin of the 
remaining axial motions that are visible in Figure 4-6(c) (e.g. muscular contraction). 
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4.5 CONCLUSION 
 
Based on all our measurements we conclude that the retinal axial motions are 
largely caused by an entire head movement that is caused by the heart rate. Axial 
motions are not movements of the whole eye within the eye socket, nor movements 
of the retina relative to the cornea (involving a compression / expansion of the eye). 
Although we measured different amplitudes between cornea and retina, we 
hypothesize that the heartbeat causes an arterial blood pressure pulse in the arteria 
carotis that induces a head movement that is translated to the eye and visible 
during OCT scanning of the retina. In summary, we have elucidated a major cause of 
imaging artifacts in OCT of the retina. Our results can help in a better quantification 
of (Doppler) OCT data and improve medical diagnosis with OCT. 
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CHAPTER FIVE 
 

RETINAL MOTION TRACKING FOR HIGH RESOLUTION IMAGING 
 

 
 

Abstract 

High resolution imaging is of great importance for an accurate diagnosis of diseases 
that affect the retina. However, the image quality is degraded by involuntary lateral 
eye motions that occur in the same time scale as the scan rate of retinal imaging 
techniques. Increasing the imaging speed may reduce the influence of eye motions, 
but the amount of light that returns in the optical system is also reduced. Therefore 
these lateral and rotational eye motions need to be corrected actively and as 
accurate as possible. In this chapter a line scan scanning laser ophthalmoscope is 
presented for active motion tracking to correct for the involuntary lateral motions 
by the patient. The tracker is tested on a phantom eye and a healthy volunteer. The 
standard deviation of the residual eye motion is 43 µm (nasal – temporal) and 
79µm (superior – inferior) for a phantom eye and 240 µm (nasal – temporal) and 
87 µm (superior – inferior) for a real eye. The tracker can accurately correct eye 
motions before the next image is acquired (21 frames per second) and the residual 
motions are decreased when the frame rate is increased. 
 
 
 
 
 
 
 
 
The retinal motion tracker described in this chapter is patented in: 
Japan 
 
B. Cense and R. de Kinkelder 
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5.1 INTRODUCTION 
 
High resolution, scanning retinal imaging techniques, like optical coherence 
tomography (OCT) (1) and scanning laser ophthalmoscopy (SLO) (2) are crucial for 
an accurate diagnosis of eye diseases like age related macular degeneration (AMD) 
and glaucoma. Cells are damaged in these retinal disease processes, leading to 
progressive and irreversible loss of vision. The fundamental study of these diseases, 
i.e. the origin and progression of the disease and the response to treatment, could 
benefit from an imaging modality that can map the human retina in three 
dimensions at the level of a single living cell. These studies are to be performed in 
the clinic at the exact same retinal locations over long periods of time, to compare 
the reflections from cells over time. To increase lateral imaging resolution on the 
retina these techniques can be used in combination with adaptive optics to correct 
wavefront aberrations (3-5). All these scanning retinal imaging techniques can 
visualize morphological changes of the tissue, making them a powerful diagnostic 
tool for physicians 

The applicability of these high resolution imaging techniques is however limited 
mainly by lateral motions of the eye that occur on time scales which are comparable 
to the scan rate of the system (typically a B-scan for commercial OCT systems takes 
~20 25 ms). From the previous chapter we know that degradation of image quality 
resulting from eye motions can lead to ambiguous clinical interpretation and even 
erroneous diagnoses (6). Axial motions occur simultaneously with the heartbeat 
and are slow motions compared to the acquisition time of a B-scan in OCT. These 
motions can be corrected by post processing of the OCT data or by an actively 
moving reference arm (7). Lateral motions affect the lateral resolution of imaging 
systems and these motions need to be corrected during imaging. They can be 
divided in three groups that discriminate them in speed, duration and amplitude: 

- Tremor: the fastest and smallest motions are tremors or sometimes 
called physiological nystagmus. Tremor is an aperiodic, wave-like 
motion of the eyes (8, 9), with a frequency of ~90 Hz. Since its 
amplitude is on the order of a foveal cone (1µm or ~0.2’ of arc), visual 
tremor is difficult to record accurately.  
 

- Drifts: The slowest motions are drifts and occur simultaneously with 
tremor but the frequency is lower (1Hz) and the amplitude larger 
(100 µm or 20’ of arc (8)).  
 

- Micro saccades: the most disturbing motions for retinal imaging 
techniques are micro-saccades with a duration of approximately 25 
ms and an amplitude ranging from 25 to 100 µm (5’-20’ of arc). With 
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these amplitudes and speeds the micro saccades cause blurring in the 
high resolution image and therefore these motions need to be 
corrected during imaging. 

Eye motion tracking has been a topic of interest for many years (6, 10) and some 
retinal imaging systems already have an active or passive motion correction device 
or algorithm. Heidelberg’s Spectralis OCT imaging system uses a separate SLO 
imaging system to monitor the position of the retina. In this system, the position of 
the retina is not compensated or corrected actively, but an OCT image is acquired 
only when the OCT scan is overlapping the first acquired scan on the retina. 
Hammer et al (11) developed a line scan SLO imaging system with high speed 
retinal tracker. In normal SLO imaging the light is focused on the retina in a ~20 μm 
large spot and scanned over the area of interest. Using a cylindrical lens, the spot 
can be focused into a thin line, so that only one scan mirror is needed to create an 
SLO image while the line is swept across the retina. Another eye tracking system 
has been described by Vogel et al (12) and Yang et al(13). Their system is an 
adaptive optics scanning laser ophthalmoscope (AO-SLO) based retinal tracking 
system. In that study they introduce a map-seeking circuit algorithm to do the cross 
correlation of retinal images. Although their results are impressive, both systems 
cannot be combined with OCT without a substantial redesign of sample arm optics 
(14). 

The importance of motion compensation is evident, especially with a new 
generation of retinal imaging modalities that is being developed. New imaging 
modalities probe the retina with non-invasive optical techniques to determine how 
healthy cells are (15-17). In this type of imaging modality, known as functional 
imaging, an optical system needs to scan a (small) region of interest for some 
period e.g. to visualize the response of photoreceptors or other retinal cells on a 
(light) stimulus. Also, to increase image quality (i.e. reduce speckle noise effects in 
the image by averaging the data) the region of interest has to be scanned over and 
over again. Higher imaging speeds reduce the influence of the eye motions on the 
image quality, however, the amount of light that returns in the optical system is also 
reduced. This results in a lower signal to noise ratio and lower image contrast.  
Therefore these lateral and rotational eye motions need to be corrected as 
accurately as possible.  

We propose a retinal tracker for scanning imaging techniques that uses a line 
scanning laser ophthalmoscope (18) that runs simultaneously with the relatively 
slow scanning galvanometer mirror of an adaptive optics assisted-OCT system 
(AOa-OCT). The addition of the line scanning SLO requires an integration of a few 
extra optical components, keeping the system low cost and small. In this chapter we 
present a proof-of-principle of this method. 
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5.2 MATERIALS AND METHODS 
 
The tracker optics (indicated by the dashed box in Figure 5-1) rely on light from a 
diode laser (wavelength = 780 nm), which is collimated by a lens (L1: f = 25 mm). 
This collimated beam is indicated by a solid line in Figure 5-1. Note that the 
integration of the tracker barely affects the original AOa-OCT design. 

 

Figure 5-1: Schematic design 
of the retinal tracker (in 
dashed box), integrated in 
the sample arm of an AOa-
OCT setup (full A0a-OCT 
setup not shown). Using 
dichroic beam splitters, the 
AOa-OCT channel and the 
tracking channel are 
combined before they reach 
the deformable mirror.  

 
After collimation, a line focus is created by using a cylindrical lens (CL: f = 200 mm). 
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 scanning mirror (SM). 
Both paths are indicated in the figure as solid and dotted lines, respectively. The 
scanning mirror is then conjugated to the pupil of the eye with a set of telescope 
mirrors (CM1, 2). This conjugation allows the beam to pivot in the eye’s pupil 
during scanning. The tracker is implemented in the sample arm of an AOa-OCT 
system using a dichroic beam splitter (DCM), which transmits the tracking beam 
(780 nm) and reflects the OCT beam (840 nm ± 25 nm). The design of the sample 
arm (the sample arm is displayed outside the dashed box) was done by Cense et al 
(19) and is used in this setup to direct the tracker beam to the eye. The beam 
diameter of the tracker is 4.45 mm directly after collimation with lens L1 and 3.4 
mm when it reaches the eye. The light of the tracker beam is directed using a flat 
mirror (FM) onto a deformable mirror (DM) of the AOa-OCT setup. The first focus of 
the tracker beam is on the dual axis scanning mirror (SM). The SM is a single 
surface mirror that scans the light over the retina both horizontally and vertically, 
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using two galvanometer scanners where one scanner is held by the other (designed 
by T.E.M., Japan). The tracker beam is then directed to the human eye using two 
concave mirrors (CM1: f = 200 mm, CM2: f = 150 mm). Light returning from the 
retina follows the same path back towards the laser diode; however, 90% of the 
returned tracker light is directed to the detector arm of the tracker using a 90:10 
beam splitter (BS). The focusing lens (L3: f = 200 mm) creates a line focus on the 
line scan CMOS camera (Basler Sprint, spL2048 140km, effective pixel size 
20x10µm (height x width), Basler AG, Germany) creating a line and a semi-confocal 
SLO system. The line length at the camera is 4.45 mm and 640 pixels are read out to 
create a retinal image. 

The beam size of this system in the pupil plane is 3.4 mm (compared to ~1.5 mm for 
a standard OCT system). A larger beam diameter should in theory give a higher 
lateral resolution; however, due to aberrations of the human eye a diffraction 
limited spot size is never achieved without adaptive optics. With the described 
setup the tracker beam is corrected with the DM of the AOa-OCT setup, so that it 
receives optimal correction for the sharpest possible line on the retina. The DM can 
improve the wavefront of the incoming light such that a diffraction limited spot is 
achieved (20). 

The theoretical resolution that can be achieved with this setup is 13 µm (1/e2) after 
correction by the DM. The length of the line on the retina is approximately 450 µm 
(or 1.5°). The effective field of view of the total setup in the retina is 10°x10° 
(meaning that a 3x3 mm retinal area can be covered at the same resolution). 

5.2.1 IMAGE ACQUISITION AND SCANNING PROTOCOL 
 
To create an image, the line is displaced in horizontal direction, i.e. from nasal (N) to 
temporal (T) or vice versa. In case of a 3D OCT image of the retina the beam is to be 
displaced in the vertical direction, superior (S) tot inferior (I) direction. The total 
field of view is displayed in Figure 5-2 on top of a fundus photo. Please note that the 
fundus photo was taken with a fundus camera for instructional purposes in this 
figure. 

 A horizontal scan by the tracker, let’s call this the i-th scan, is schematically 
displayed in Figure 5-3. The white overlay indicates the imaged area by the tracking 
system and corresponds to the 10° horizontal field of view in Figure 5-2. The 
tracker line on the retina is indicated by a black vertical line, which is swept over 
the retina in the horizontal direction creating a 2D SLO image. 
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Figure 5-2:  Image of the retina with 
the bright optic nerve on the right. In 
the dotted square the field of view 
(3x3 mm or ~10x10°) of the scanning 
imaging system and the tracker is 
displayed. The field of view is here 
displayed on the macula. The areas 
Superior, Nasal, Inferior and 
Temporal are displayed (S-N-I-T). 

 

 

Figure 5-3: For the second scan the 
beam is displaced only 6 µm in 
vertical direction for the (i+1)-th scan 
and cross correlates this image with 
the (i)-th recorded area. The retina 
displayed on the background is 
imaged with a fundus camera and is 
used to indicate the location of 
tracking. 

 
For OCT scanning at the same location on the retina the (i+1)-th scan overlaps the i 
th scan (2D-mode). For volume scanning of the retina with the OCT system, the OCT 
beam and tracker beam are displaced simultaneously 6 µm in inferior direction for 
the (i+1)-th scan, until a 3x3 mm area is scanned (3D-mode, Figure 5-4).  

In the eye tracking protocol, the position of the scanning mirror can be corrected 
for the eye motion that has occurred during the (i+1)-th horizontal scan enabling 
eye motion correction. One horizontal scan consists of 640x1024 pixels and a cross 
correlation is calculated between a reference image and the next image after down 
sampling both images to 64x512 pixels. The shift that has occurred between the 
images is calculated by a multiplication in the Fourier domain. The down sampling 
of the image is done to shorten the calculation time of the cross correlation, albeit at 
the cost of the resolution and accuracy of the motion correction. 
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Figure 5-4: The i-th scan and the 
(i+1)-th scan area displayed with a 6 
µm vertical separation in case of OCT 
volume scanning of the retina. When 
B-scans at the same location are 
acquired the i-th scan and i+1-th scan 
overlap. 

 

One horizontal scan will take approximately 3.57 ms in case of 500 A-lines per B-
scan. During the acquisition time of two images (7.14 ms) the maximal eye shift is 
approximately 30 µm, assuming an eye speed of 4 mm/s. With a resolution of 13 µm 
these motions can be well detected. To be able to correct motions of the retina that 
are on the scale of the lateral image resolution (13 µm) the tracker needs to scan 
the same area within 4 ms. 

5.2.2 PROOF-OF-PRINCIPLE SETTINGS 
 
The tracker was tested using the AOa-OCT sample arm. Please note that OCT 
imaging in combination with the tracker has not been performed yet. Moreover, 
while test measurements were performed with the AOa-OCT platform, the adaptive 
optics was not active yet either. However, in emmetropic eyes, the AOa-OCT 
platform routinely yields high quality images. 

The tracker was first used on a phantom eye that consisted of a lens (f=30 mm) and 
a piece of paper with print that acted as retina. The tracker was used in 2D-mode; 
i.e. the areas of the i-th scan and the (i+1)-th scan overlapped and scanning was 
done at the same location on the retina. The resulting shift from the cross 
correlation was converted to an offset voltage for the mirror. The frame rate of the 
tracker was 21 frames per second (47 ms per frame), which was limited by the 
software. The line was scanned over the retina in horizontal (nasal-temporal) 
direction. The scanned area on the phantom retina was 450 µm x 12 mm.  
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To determine the residual movement of the eye a cross correlation between the 
consecutive SLO frames (i-th and (i+1)-th scan) was calculated and multiplied with 
the pixel resolution (μm/pixel). 

After successful testing on a phantom eye, the tracker was tested in vivo on a 
healthy male subject with the same settings compared to the phantom eye 
measurements. The subject was measured without inducing dilation or 
accommodation paralysis. For tracking, an 840 nm broad band light source was 
used and the power on the cornea did not exceed 300 µW. Please note that this 
wavelength is different from the light source described in the design in paragraph 
5.2. The 840 broad band light source instead of the 780 nm was used because it 
provided speckle free images. 

5.3 RESULTS 
 
The phantom eye was measured for 14 seconds and rotated approximately 20° in 
horizontal direction (nasal – temporal) and simultaneously rotated approximately 
10° in vertical direction (superior-inferior). 

 
 t = 3.0 s t = 6.0 s t = 9.0 s t = 12.0 s 

 
Figure 5-5: Four images during tracking of the phantom retina are shown at 
t = 3, 6, 9 and 12 seconds. During imaging the retina is rotated (~20° 
horizontally and ~10° vertically), but the image remains at the same location. 
The frame rate of the tracker is 21 frames per second. 

 
In Figure 5-5 four frames are displayed, demonstrating that despite rotation of the 
phantom eye during tracking, the retina maintains the same location in the imaging 
window.  

In Figure 5-6 the position of the phantom retina during tracking is displayed in 
black. The residual movement in nasal-temporal direction is displayed as a solid 
black line and the residual movement in Superior-Inferior direction is indicated by 
a dotted black line. The standard deviation of the residual movement was 43µm in 
N-T direction and 79µm in S-I direction. The residual position of the retina is the 
position relative to a reference image that was acquired at t = 0 s. In grey, the offset 
voltage that was needed to correct the galvanometer raster scanners is displayed on 
the right vertical axis. A solid line was used for N-T direction and a dashed line for 
S-I direction. 
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Figure 5-6: In black 
the position of the 
phantom retina (left 
vertical axis) is 
displayed during 
tracking compared to 
a reference image 
that is acquired at 
t=0s. Nasal-Temporal 
motion is displayed in 
solid black line and 
the Superior-inferior 
motion is displayed in 
black dotted line for 
the Superior-Inferior 
movement. The  

mirror offset voltage (right vertical axis) that is applied to keep the image stable is displayed in 
gray. The solid gray line is the offset voltage to correct for the Nasal-Temporal movement and the 
dashed gray line is the offset voltage. 
 
In Figure 5-7 four images are displayed that were acquired during the tracking 
process of a real eye. Tracking was initiated at t = 6.6 s and approximately the same 
motion of the eye was made before and after initiation. Before tracking was started 
the eye moved approximately 15° (4.5 mm) horizontally and 1° (300 µm) vertically. 
The subject was asked to move the eye approximately the same way after tracking 
is started. 

 
t = 3.0 s t = 6.0 s t = 9.0 s t = 12.0 s 

    
Figure 5-7:  Four images during tracking of the retina are shown at t=3, 6, 9 and 
12 seconds. During imaging the retina is rotated (~20° horizontally and ~10° 
vertically), but the image remains at the same location. The frame rate of the 
tracker is 21 frames per second 

 
In Figure 5-8 the positions of the retina (relative to a reference image that was 
acquired at t = 0 s) are displayed in the N-T direction (solid black line) and the S-I 
direction (dotted black line). When tracking was started the eye’s position was 
maintained. Some sharp peaks are visible and are due to fast motions of the eye (i.e. 
faster than the frame rate). These motions are corrected in the following frame. The 
vertical position of the eye was maintained as well, however, the tracker seemed to 
be less sensitive to vertical movement. The residual motions (the standard 
deviation of the movement after tracking) in N-T and S-I direction were 240 µm and 
87 µm, respectively. The residual motion in N-T direction was due to the fast 
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motions of the eye. The mirror’s offset voltage for N-T and S-I direction are 
displayed in gray on the vertical axis as solid and dashed line, respectively. 

 

Figure 5-8: On the left 
vertical -axis the 
position of the retina, 
relative to a reference 
image acquired at t = 0 
s, is displayed versus 
imaging time. In solid 
black line the N-T 
movement is displayed 
and in dotted black 
line the S-I is 
displayed. Tracking is 
initiated at t = 6.6 s 
(vertical dashed-
dotted line).The mirror 
offset voltage that is 
used to correct for  

retinal movement is displayed on the right vertical-axis in gray. The solid line shows the correction 
voltage for the N-T direction and the dashed line shows the correction voltage for S-I direction. 

5.4 DISCUSSION 
 
In this chapter a line scanning laser ophthalmoscope has been proposed as a retinal 
tracker to correct for micro-saccades. The design requires an integration of a few 
extra optical components instead of a separate SLO imaging system, keeping the 
system low cost and small. The tracker runs simultaneously with the scanning 
mirror of the retinal imaging system, in our design an AOa-OCT system. Although 
the tracking speed needs to be increased, we proved that it is capable of 
maintaining the position of the retina with a maximum residual motion of 79 µm on 
a phantom eye. To correct for a shift of the retina the tracker first detects a shift 
relative to the reference image. A residual motion will therefore always be present 
in between frames. With a frame rate of 21 frames per second residual motions due 
to micro saccades of approximately 100 µm can be expected. This low frame rate 
was partly due to a slow interface between the software and the scanning mirror. 
When the tracker speed can be increased a lower residual movement (in the order 
of the lateral resolution) can be expected. The tracker is designed so that it can 
handle high speed imaging with a frame rate of at least 280 frames per second to 
correct for micro-saccades. The duration of micro saccades ranges from 4-25 ms 
and induces a rotation of the eye up to 0.3°. The presented tracker used a frame rate 
of 21 frames per second.  

The light from the light source has a Gaussian distribution. To improve the accuracy 
of the tracker in Superior-Inferior direction the distribution of the light should be 
uniform. With a Gaussian distribution of the light, structures in the inferior and 



MOTION TRACKING FOR HIGH RESOLUTION IMAGING 

 
81 

 

superior part of the retina are not as clearly visible as to those in the center, which 
in combination with the lower pixel resolution in vertical direction could decrease 
the sensitivity to small motions in this direction. The use of a multi-mode fiber 
provides a homogeneous light distribution over the retina. Furthermore, with the 
use of a multi mode fiber the influence of speckle on the tracker performance will 
also be reduced. To add, the pixel resolution in vertical direction is limited by the 
pixel size of the camera and the beam diameter of the SLO system. Increasing the 
beam width enables illumination of more pixels on the camera; however, this 
increases the influence of wavefront aberrations by the eye’s optics. Systems that 
do not use adaptive optics cannot correct for the wavefront aberrations.  

Other groups have designed tracking systems. For instance, the Spectralis spectral 
domain OCT system by Heidelberg (Heidelberg Engineering, Germany) uses a SLO 
imaging system to monitor the positions of the OCT image and thereby track 
motions of the retina. Using an image alignment software algorithm, the SLO image 
is compared to a reference image. As the images can only be corrected for eye 
motions after image acquisition, the tracker in the Spectralis is not an active retinal 
tracking system. The SLO image needs to overlap on 500 points with the reference 
SLO image otherwise the OCT image is deleted and not used for averaging. This 
imaging system has proven that it is capable of recording motion free images, 
however, there are some pitfalls: if a patient suffers from eye diseases like AMD and 
DR or has difficulties fixating because of high age, the image data depends greatly 
on the patient’s coordination. Consequently, the imaging time increases, since it 
takes more time to gather the required amount of OCT images for averaging. This 
can be very stressful for patient and physician. 

Hammer et al. (11) developed a line scan SLO imaging system with a high speed 
retinal tracker. In normal SLO imaging the light is focused on the retina in a ~20 μm 
large spot and scanned over the area of interest. Using a cylindrical lens, the spot 
can be focused into a thin line, so that only one scan mirror is needed to create an 
SLO image. The tracking system requires one extra pair of scanning mirrors, making 
it optically complicated and expensive. The first pair is used to trace out the 
tracking beam in a circular motion on the fundus and then lock the tracking beam 
onto a retinal feature, while the second pair of galvo scanners is used to correct the 
SLO imaging beam and the tracking beam while the eye moves. Eye motion 
stabilization is done by locking the tracking beam using the first pair or scanners 
onto a retinal feature and processing the back reflected light from this beam. The 
lock is only successful when the tracking beam is aimed at a structure with high 
contrast, like blood vessel junctions, hypo pigmentation, and the bright lamina 
cribrosa. An additional disadvantage of this tracking system is that the tracking is 
done at another location in the eye compared to the imaging system. Due to 
rotations of the eye, eye motion of 1° at the optic nerve does not necessarily imply 
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an eye motion of 1° at the fovea, where the imaging is done. Consequently, this can 
result in inaccurately corrected motion. Tracking at the location where imaging is 
done prevents this discrepancy between the tracked motion and the motion that is 
present at the imaged location. 

Another eye tracking system has been described by Vogel et al. (12) and Yang et al 
(13). Their system is an adaptive optics scanning laser ophthalmoscope (AO-SLO) 
based retinal tracking system. In this study they introduce a map-seeking circuit 
algorithm to do the cross correlation of the retinal images. In this way they are able 
to estimate the within frame motion compared to a reference image, i.e. only 
relative motion is measured.  Since it takes time to acquire a reference image, this 
image can already be distorted by the eye motion. Although its performance is 
impressive, the AO-SLO scans at a much faster rate than the AO-OCT system, so for 
implementation of the Vogel/Yang technique, a separate set of galvanometer 
scanners is required, making the system considerably more complicated and 
expensive. 

5.5 CONCLUSION 
 
We proposed a low cost retinal tracker that compensates for image degrading 
micro-saccades using a line SLO system that is easy to implement in existing 
scanning retinal imaging techniques. Measurements on a model eye and human eye 
demonstrated that a prototype retinal tracker is able to maintain a stable imaging 
platform. Over a measurement time of approximately 7s, residual motions (the 
standard deviation of the movement after tracking) in N-T and S-I direction were 
240 µm and 87 µm in a human eye, respectively. Residual eye motions are expected 
to decline if the acquisition speed of the prototype system is increased. Retinal 
imaging techniques with a tracking system will improve the image quality and 
therefore diagnosis of eye diseases. Retinal position tracking enables extended scan 
periods and averaging of multiple scans. The latter will diminish speckle in OCT 
images with minimal effect on imaging resolution. Furthermore, the retinal tracker 
that compensates for lateral motions uses physical landmarks and therefore 
precisely aligned scans can be compared months apart. 
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CHAPTER SIX 
 

MACULAR PIGMENT OPTICAL DENSITY MEASUREMENTS: 
EVALUATION OF A DEVICE USING HETEROCHROMATIC FLICKER 
PHOTOMETRY 

 

Abstract 

Accurate assessment of the amount of macular pigment (MPOD) is necessary to 
investigate the role of carotenoids and their assumed protective functions. We 
evaluated the Macuscope, a recently introduced device for measuring MPOD 
employing the technique of heterochromatic flicker photometry (HFP). We 
determined agreement with another HFP device (QuantifEye) and a fundus 
reflectance method. The repeatability of Macuscope measurements was low (i.e. 
wide limits of agreement) and MPOD values correlated poorly with the fundus 
reflectance method, and agreed poorly with QuantifEye, the tested Macuscope 
protocol seems less suitable for studying MPOD.  
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6.1 INTRODUCTION 
 
The role of retinal carotenoids lutein and (meso-)zeaxanthin, together forming the 
macular pigment (MP) in the human retina, has been a topic of interest in 
ophthalmologic research for many years (1-4). The yellow MP is mainly located in 
the ganglion cell layers and inner plexiform layers of the retina (5). Typically, the 
concentration of the MP is maximal at, or near, the fovea and rapidly decreases with 
eccentricity (6-8). Due to its pre-receptorial location, MP is thought to shield the 
retina from deleterious effects of high energy blue light (λ ~ 320 - 450 nm), by 
partly absorbing it (9-11). Since it acts as an anti-oxidant, MP may protect the retina 
by scavenging of free radicals formed by oxidative stress (12-14). Consequently, MP 
might protect against degenerative eye diseases, like age related macular 
degeneration. Carotenoids cannot be synthesized by the human body and are only 
available through diet (15). Hence, the amount of MP depends on the amount of 
lutein and (meso)zeaxanthin rich foods we ingest and can be further influenced by 
the intake of nutritional supplements containing lutein and (meso)zeaxanthin (2, 
16, 17). 
 
Accurate assessment of the amount of MP, expressed as macular pigment optical 
density (MPOD), is therefore necessary to investigate the role of carotenoids and 
their assumed protective functions. High repeatability and reliability are especially 
important to monitor patients in studies investigating the influence of diet and/ or 
nutritional (lutein and (meso)zeaxanthin) supplements or disease processes on 
MPOD. Methods to determine MPOD should yield reproducible results accompanied 
by reliable uncertainty estimates, even when operated by non-professional or 
untrained staff. Reproducibility is hampered when the method is applied in older 
patients, who may suffer from hazy ocular media, compromised physical skills and 
early degeneration of the retina. 
 
The most frequently used technique to asses MPOD is heterochromatic flicker 
photometry (HFP). Different devices employing this technique have been validated 
to produce reproducible and reliable results in healthy research populations of 
different ages and patients with signs of early AMD (18-20). HFP setups are 
relatively inexpensive and easy to use, even for untrained staff. Furthermore, 
measurements can be performed through an undilated pupil and are generally not 
influenced by changes in the ocular media, such as cataracts. 
 
The current study was performed to evaluate the repeatability and reliability of a 
recently introduced device employing HFP; Macuscope. To this end we tested the 
Macuscope against a second device based on HFP (Quantifeye) and fundus 
reflectometry (Macular Pigment Reflectometer, MPR), two established techniques 
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for measuring MPOD. Special emphasis was put on the agreement between 
measurements using the Macuscope and the two established devices and on 
repeatability between Macuscope measurements within our population. Separate 
studies showed weak repeatability, however, Macuscope was never tested against 
other HFP devices or methods (21, 22) 

6.2 MATERIALS AND METHODS 
 
We investigated the right eyes of 23 healthy subjects without ocular pathology, 
clear ocular media and a BCVA of at least 1.0. Mean age of the subjects was 34 ± 15 
years. In order to evaluate the ability of Macuscope (Macuvision Europe Ltd., 
Lapworth, Solihull, UK) to determine the MPOD, we compared the results with 
another commercially available device that uses psychophysical testing based on 
HFP, i.e. QuantifEye (MPS 9000 series: Tinsley Precision Instruments Ltd, Croydon, 
Essex, UK) (18, 23). The third method used to determine MPOD was a fundus 
reflectance technique employed in the macular pigment reflectometer (MPR)(24).  
 
MPOD was measured in healthy subjects without any ocular pathology, recruited 
from the University of Maastricht and the University Eye Clinic Maastricht. Study 
participants underwent all measurements consecutively on one day following the 
same protocol, i.e. first measurement on the Macuscope, followed by the 
QuantifEye, followed by the Macuscope (repeatability measurement). The MPR 
method was the final measurement, because the high intensity of the used light 
could cause a temporal saturation of the photoreceptors that could influence the 
result of the other tests. The measurements were scheduled on one day between 
9:00 and 15:00 hours and were always performed by the same trained operator. 
When a subject was done with the first Macuscope test, another subject started his 
Macuscope measurement. Test series did not take longer than 30 minutes per 
subject to avoid loss of concentration due to fatigue. The test results were only 
taken into account after a subset of successful pre-test measurements and were 
performed conform the manual. Repeatability measurements for QuantifEye were 
done on another day at the Academic Medical Center on 20 healthy subjects. Mean 
age of these subjects was 32±7 years. Repeatability data for MPR have already been 
published by van de Kraats et al. (24) and are used in this study. All successful 
measurements were included for statistical analysis. All research adhered to the 
tenets of the Declaration of Helsinki. We certify that all applicable institutional and 
governmental regulations concerning the ethical use of human volunteers were 
followed during this research. 

A description of HFP and MPR can be found in paragraph 1.4.4 and 1.4.5 
respectively of this thesis. 
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6.2.1 MACUSCOPE 
 
Macuscope uses a conventional HFP approach where an operator adjusts a (green-) 
blue luminance ratio until no or minimal flicker is observed by the subject. Minimal 
flicker represents a matching of the brightness of both wavelengths. During a 
measurement, as also described by Hagen et al. (21), firstly the subject has to fixate 
at a disc-shaped stimulus of 1.5 mm in order to measure foveally. A crosshair 
centered on the stimulus should facilitate central fixation. The presented stimulus 
alternates between the blue (λ ~ 465 nm) and the green (λ ~ 530 nm) light, at a 
fixed frequency of 20Hz. After that, the subject has to fixate one of the crosshairs 
placed 8 degrees on either side of the central stimulus. Flicker frequency here is 
changed to 30 Hz, and is also fixed. Since the crosshair in the centre needs to be in 
focus, the operator is able to adjust for spherical corrections. The operator then 
adjusts the luminance of the blue light and the subject has to verbally indicate when 
minimal flicker is observed at the centre of the blue disc. The luminescence ratio is 
then stored. For parafoveal testing of the right eye, the right crosshair is fixated. 
Prior to testing, subjects received verbal instructions on how to perform the test 
and are given time to make themselves familiar with the task and the machine. 
When the point of minimal flicker could not be clearly indicated, foveal and 
parafoveal measurements were repeated. Subjects were reminded of the task’s 
instructions throughout the test. 

6.2.2 QUANTIFEYE 
 
QuantifEye uses a method, where the user indicates when flicker is first observed. 
The test consists of two stages. The user’s overall sensitivity to flicker is determined 
first and the luminance contrast of the two lights (green and blue) is normalized for 
that particular subject. Subsequently, during the actual measurement, the subject 
starts by fixating the central stimulus. The frequency of the blue (λ ~ 465nm) and 
green (λ ~ 530nm) light of the stimulus is ramped down from above the critical 
flicker fusion frequency (CFF), for a series of different luminance ratios of the two 
lights. The subject views the stimulus and presses a button when flicker appears. 
Each luminance ratio therefore generates a certain temporal frequency at which 
flicker is detected and directly creates a point on the graph in the software of 
QuantifEye, as measurements go on. During this sequence the trained operator can 
immediately determine if the measurement has been performed well. Each 
individual will show a luminance ratio for which they are least perceptive, at the 
lowest detectable flicker frequency. This represents the minimum in the distinct V-
shaped curve created and easily allows the operator to determine what the 
luminance ratio is at the minimum flicker frequency. The same sequence is then 
repeated for eccentric fixation (6 degrees eccentricity). The difference between the 
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minima of determined luminance ratios obtained from central and peripheral 
viewing determines the MPOD, equation (1-1). For a more detailed description of 
this technique see van der Veen et al. (18). 

6.2.3 MACULAR PIGMENT REFLECTOMETER 
 
The essentials of Macular Pigment Reflectometer (MPR) (24) are summarized as 
follows. The image of the filament of a 30 W halogen lamp is relayed to the pupil 
plane of the eye. The intensity of the light entering the eye is 1.04 x 107 Cd/m2 (for a 
pupil of 1mm2). 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. The fiber is the receiving part of a 
spectrometer with a range of 400 - 800 nm and an optical resolution of 5.8 nm 
(FWHM). To keep instrument stray-light to a minimum, the detection channel does 
not overlap with the illumination system. Chin rest and temple pads are used to 
help maintain head position. MPOD is determined by a full spectral analysis of the 
reflected light. 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, blood), the densities of the pigments and percent reflectance at the 
interfaces are optimized to fit the measured data at all wavelengths (25, 26). For a 
detailed discussion of this analysis see Berendschot et al. (27, 28).  

6.2.4 STATISTICS 
 
The SPSS statistical software package (Version 15.0.1.1) was used for data analysis. 
To evaluate the repeatability, we generated a Bland-Altman plot in which the 
difference between two measurements in one individual is plotted versus the 
average of these two measurements, for all individuals. The same analysis was used 
to evaluate the measurements between the two HFP methods. We also determined 
relative differences, i.e. the differences of two values divided by their mean value. 
Pearson correlation tests were used to quantify the linear association of 
determining MPOD between HFP methods and MPR measurement. MPR determines 
an MPOD averaged over a 1 degree field using the reflectance method, whereas 
with HFP the MPOD is assessed using psycho-physical testing. Consequently, as 
these methods use different analysis methods, a Bland-Altman graph is not suitable, 
and it is more appropriate to use Pearson’s correlation tests. 

6.3 RESULTS 
 
Mean MPOD and standard deviation obtained by the first Macuscope measurements 
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was 0.38 ± 0.16. The mean MPOD value and standard deviation determined with the 
QuantifEye was 0.39 ± 0.17. The mean MPOD value and standard deviation obtained 
by the MPR was 0.58 ± 0.17.  
Figure 6-1 shows test-retest data for the Macuscope. Low agreement was found 
between the test-retest measurements done with Macuscope. Using Bland-Altman 
graphs we determined the average difference between two measurements with 
Macuscope to be -0.041. The limits of agreement, defined as the average difference 
plus or minus two times the standard deviation of the differences, were -0.041± 
0.32. Mean relative difference was 32.2%.  
 
Test-retest data for Quantifeye are shown in Figure 6-2. The limits of agreement for 
QuantifEye were -0.02± 0.18. The mean relative difference was 18.1%. 
 

 
 

Figure 6-1: 
Repeatability of Macuscope 
displayed in Bland-Altman 
graph. The difference 
between the 1st 
measurement and the 2nd 
measurement was plotted 
versus the average of both 
measurements. Mean of all 
differences and limits of 
agreement are displayed. 

 

 
 

Figure 6-2: 
Repeatability of Quantifeye 
displayed in Bland-Altman 
graph. 
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Figure 6-3: 
Repeatability of MPR 
displayed in Bland-
Altman graph 

 

 
Test-retest data for MPR are shown in Figure 6-3. The limits of agreement for MPR 
were -0.04± 0.18 (24) The mean relative difference of MPR was 11.3%.   
 
The agreement between MPOD data obtained by the first Macuscope measurement 
and the QuantifEye measurement are displayed in Figure 6-4. MPOD data obtained 
by the first Macuscope measurement and the QuantifEye showed a poor agreement 
with limits of agreement of -0.017±0.44. Second Macuscope measurement, not 
shown in figure, agreed also poorly with QuantifEye with limits of agreement of -
0.004±0.39.  
 

 
 

Figure 6-4: Agreement 
of macular pigment 
optical density (MPOD) 
data obtained by 
QuantifEye and 
Macuscope, using Bland-
Altman graphs 

 
The correlation coefficients between Macuscope and MPR measurements and 
between QuantifEye and MPR measurements are displayed in Figure 6-5(A) and 
Figure 6-5(B), respectively. For first Macuscope measurements and MPR 
measurements the correlation coefficient was r=0.05 (p=0.83), displayed in the 
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upper panel. A significant correlation of r=0.87 (p<0.001) was found between the 
QuantifEye and the MPR, displayed in the lower panel. 
 

 
 

 
 

Figure 6-5(A): Correlation of MPOD data 
obtained by Macular Pigment Reflectometer 
(MPR) (horizontal axis) and Macuscope 
(vertical axis). 

 

(B): Correlation of MPOD data obtained by 
Macular Pigment Reflectometer (MPR) 
(horizontal axis) and QuantifEye (vertical axis). 
Linear fit and 95% confidence intervals are 
displayed. 

6.4 DISCUSSION 
 
Repeatability measurements performed with the Macuscope showed poor results. 
We found low agreement between test-retest measurements. Using Bland-Altman 
graphs we determined an average difference between the two measurements with 
the Macuscope of -0.041. This indicates that there is negligible offset between the 
measurements, as expected. However, the calculated limits of agreement were 
-0.041 ± 0.32. Concerning a device that determines values between 0 and 1, the 
limits of agreement are relatively wide. The Macuscope has been designed for 
middle-aged and elderly people, and uses a fixed flicker frequency designed for 
users of this age class. Other HFP techniques for MPOD determination enable 
adjustment of the flicker frequency for each subject (4, 19, 29). Customizing of 
flicker frequency for each subject can be crucial, because of inter-individual 
differences in flicker sensitivity. Without adjusting for individual flicker 
sensitivities, subjects could encounter either of two problems. When the set flicker 
frequency is too high for the subject, he will have a large null flicker range, or, when 
set flicker frequency is too low for the subject, he will be unable to stop the flicker 
in the target completely. It may be argued that our sampling population imposes a 
limitation on the interpretation of the results because it may not be representative 
in terms of age. Early studies have shown that CFF decreases with increasing age 
(30, 31). This means that the fixed flicker frequency of the Macuscope is probably 
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too low for the subject when measuring in relatively young subjects. In this case, as 
explained, flickering will never disappear entirely. However, this does not influence 
the accuracy of the measurements since the subject had to indicate the point of 
minimal flickering.  Also, It has been shown that MPOD does not alter with age (32, 
33). Furthermore, devices described in above mentioned studies allowed subjects 
to adjust luminance themselves. In the current study however, for the Macuscope, 
the minimum flicker point had to be verbally indicated to the operator, which could 
introduce a larger margin of error.  

We believe another major issue in the current protocol of the Macuscope was 
Troxler’s fading. Subjects had to fixate at the stimulus for a couple of minutes, which 
may have caused fading of the stimulus in some subjects (34). This hampers the 
determination of the minimal flicker frequency, which leads to repeated 
measurements. Even after repeated measurements it remained difficult to 
determine the point of minimal flicker during a Macuscope measurement. 
Concentration problems are less likely to have caused variation in determination of 
MPOD, because a measurement with Macuscope does not take longer than a couple 
of minutes for each measurement. Recognizing the mentioned problems, we only 
used the MPOD value when the experienced operator, after carefully instructing the 
subject, considered that the subject fully understood the principle of the test.  

The other HFP device (QuantifEye) used in the current study has a higher 
repeatability (limits of agreement: -0.02±0.18). Repeatability of QuantifEye is 
determined on a comparable group of healthy subjects. A previous study showed 
that QuantifEye has a correlation coefficient between test and retest of r=0.97 
(p<0.001) and a mean test-retest variability of 11.7% (18). QuantifEye employs a 
different technique to determine a point of minimal flicker sensitivity. It approaches 
the minimum flicker point from above the critical flicker threshold, with 
equiluminant stimuli for each part of the measurement. Subjects are therefore not 
exposed to flicker for more than approximately 0.5 s when they press the button to 
indicate flicker has been detected, which will avoid Troxler’s fading.  

The fundus reflectance device (MPR) used in current study has also been tested for 
repeatability in an earlier study and showed limits of agreement of -0.04± 0.18 
between test and retest measurements (24). Here, test and retest showed a 
correlation coefficient of r=0.94 (p<0.001) and a mean within subjects variation of 
7%. Since MPR is a well established technique to determine the MPOD value and 
frequently used in the clinic we used repeatability values from an earlier study(24).  

Mean MPOD values obtained by Macuscope (0.38 ± 0.16) were similar to those 
obtained by the QuantifEye (0.39± 0.17). These findings corroborate with other 
studies using HFP for MPOD determination, finding MPOD values of 0.21-0.49 (35-
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38). Although both Macuscope and QuantifEye did not differ in the measured mean 
value of MPOD, agreement between the two was poor (see Figure 6-4).  

The Macuscope measurements did not correlate well with MPR measurements 
either, as shown in Figure 6-5(A). In contrast, data obtained by the QuantifEye did 
correlate significantly with MPR results (r=0.87, p<0.001), see Figure 6-5(B), as was 
also found in a previous study (18). In another study, the MPR and a different HFP 
device also showed a correlation coefficient of r=0.56 (p=0.012) (24). Delori et al. 
showed an inter-method correlation coefficient of r=0.61 (p<0.001) between a 
reflectance based method and an HFP method in their study as well (39). The MPOD 
value with MPR is determined using a fundus reflectance method where known 
spectral characteristics of the different absorbers within the eye (lens, MP, melanin, 
blood), the densities of the pigments and percent reflectance at the interfaces are 
optimized to fit the measured data at all wavelengths. HFP on the other hand 
determines the MPOD value using psychophysical testing. These different analysis 
methods can introduce an offset between the determined MPOD values. 

In line with previous studies, we observed an offset when comparing MPOD values 
obtained by HFP and fundus reflectance, as can be seen by the values shown in 
figure 6-5B (18, 32, 39). This offset was probably due to subjects setting flicker 
frequencies using the edge of the stimulus (40, 41). Although absolute values differ, 
it does not influence the strength of the correlation. The inclusion of a correction 
factor for this phenomenon by Hammond et. al. did not affect their data (16). 
Therefore current data sets were not corrected for this discrepancy.  

Different prospective studies have shown manipulation of MPOD levels with 
respect to dietary and environmental factors, such as green leafy vegetables, lutein 
supplementation and smoking (2, 4, 42). These MPOD augmentations could go up to 
almost 20% (16). Given our study results, the MPOD alterations are still within 
current mean relative difference, and will therefore not be picked up using the 
current Macuscope protocol. Please, take note that mean relative difference is 
discussed here and individual differences could have to be even larger to be picked 
up by the current device. 

To summarize, this study showed low repeatability of the Macuscope. Comparison 
with an established HFP method, Quantifeye, and with a fundus reflectance 
technique, MPR, yielded low agreement and correlation. This leads to the 
conclusion that this device creates unreliable data and does not meet the 
requirements of high repeatability and reliability, needed for studying MPOD. 
 

  



MPOD MEASUREMENTS WITH HFP 

 
95 

 

6.5 REFERENCES 
 
1. S. Beatty, J. Nolan, H. Kavanagh and O. O'Donovan, "Macular pigment optical 

density and its relationship with serum and dietary levels of lutein and 
zeaxanthin," Archives of Biochemistry and Biophysics 430(1), 70-76 (2004) 

2. T. Berendschot, R. A. Goldbohm, W. A. A. Klopping, J. van de Kraats, J. van Norel 
and D. van Norren, "Influence of lutein supplementation on macular pigment, 
assessed with two objective techniques," Investigative Ophthalmology & Visual 
Science 41(11), 3322-3326 (2000) 

3. J. T. Landrum and R. A. Bone, "Lutein, zeaxanthin, and the macular pigment," 
Archives of Biochemistry and Biophysics 385(1), 28-40 (2001) 

4. J. M. Nolan, J. Stack, O. O. Donovan, E. Loane and S. Beatty, "Risk factors for age-
related maculopathy are associated with a relative lack of macular pigment," 
Experimental Eye Research 84(1), 61-74 (2007) 

5. D. M. Snodderly, P. K. Brown, F. C. Delori and J. D. Auran, "The Macular Pigment 
.1. Absorbance Spectra, Localization, and Discrimination from Other Yellow 
Pigments in Primate Retinas," Investigative Ophthalmology & Visual Science 
25(6), 660-673 (1984) 

6. T. Berendschot and D. van Norren, "Macular pigment shows ringlike 
structures," Investigative Ophthalmology & Visual Science 47(2), 709-714 
(2006) 

7. F. C. Delori, D. G. Goger, C. Keilhauer, P. Salvetti and G. Staurenghi, "Bimodal 
spatial distribution of macular pigment: eidence of a gender relationship," 
Journal of the Optical Society of America a-Optics Image Science and Vision 
23(3), 521-538 (2006) 

8. D. M. Snodderly, J. D. Auran and F. C. Delori, "The Macular Pigment .2. Spatial-
Distribution in Primate Retinas," Investigative Ophthalmology & Visual Science 
25(6), 674-685 (1984) 

9. P. V. Algvere, J. Marshall and S. Seregard, "Age-related maculopathy and the 
impact of blue light hazard," Acta Ophthalmologica Scandinavica 84(1), 4-15 
(2006) 

10. L. T. Sharpe, A. Stockman, H. Knau and H. Jagle, "Macular pigment densities 
derived from central and peripheral spectral sensitivity differences," Vision 
Research 38(21), 3233-3239 (1998) 

11. J. M. Wu, S. Seregard and P. V. Algvere, "Photochemical damage of the retina," 
Survey of Ophthalmology 51(5), 461-481 (2006) 

12. F. Khachik, P. S. Bernstein and D. L. Garland, "Identification of lutein and 
zeaxanthin oxidation products in human and monkey retinas," Investigative 
Ophthalmology & Visual Science 38(9), 1802-1811 (1997) 

13. S. Beatty, H. H. Koh, D. Henson and M. Boulton, "The role of oxidative stress in 
the pathogenesis of age-related macular degeneration," Survey of 
Ophthalmology 45(2), 115-134 (2000) 

14. S. R. Kim, K. Nakanishi, Y. Itagaki and J. R. Sparrow, "Photooxidation of A2-PE, a 
photoreceptor outer segment fluorophore, and protection by lutein and 
zeaxanthin," Experimental Eye Research 82(5), 828-839 (2006) 

15. R. A. Bone, J. T. Landrum and S. L. Tarsis, "Preliminary Identification of the 
Human Macular Pigment," Vision Research 25(11), 1531-1535 (1985) 

16. B. R. Hammond, E. J. Johnson, R. M. Russell, N. I. Krinsky, K. J. Yeum, R. B. 
Edwards and D. M. Snodderly, "Dietary modification of human macular 



CHAPTER 6 

 
96 

 

pigment density," Investigative Ophthalmology & Visual Science 38(9), 1795-
1801 (1997) 

17. J. T. Landrum, R. A. Bone, H. Joa, M. D. Kilburn, L. L. Moore and K. E. Sprague, "A 
one year study of the macular pigment: The effect of 140 days of a lutein 
supplement," Experimental Eye Research 65(1), 57-62 (1997) 

18. R. L. P. van der Veen, T. Berendschot, F. Hendrikse, D. Carden, M. Makridaki and 
I. J. Murray, "A new desktop instrument for measuring macular pigment optical 
density based on a novel technique for setting flicker thresholds," Ophthalmic 
and Physiological Optics 29(2), 127-137 (2009) 

19. D. M. Snodderly, J. A. Mares, B. R. Wooten, L. Oxton, M. Gruber and T. Ficek, 
"Macular pigment measurement by heterochromatic flicker photometry in 
older subjects: The carotenoids and age-related eye disease study," 
Investigative Ophthalmology & Visual Science 45(2), 531-538 (2004) 

20. J. M. Stringham, B. R. Hammond, J. M. Nolan, B. R. Wooten, A. Mammen, W. 
Smollon and D. M. Snodderly, "The utility of using customized heterochromatic 
flicker photometry (cHFP) to measure macular pigment in patients with age-
related macular degeneration," Experimental Eye Research 87(5), 445-453 
(2008) 

21. S. Hagen, I. Krebs, C. Glittenberg and S. Binder, "Repeated measures of macular 
pigment optical density to test reproducibility of heterochromatic flicker 
photometry,"  (2008). 

22. H. E. Bartlett, J. H. Acton and F. Eperjesi, "Clinical evaluation of the Macuscope 
macular pigment densitometer," Brittish Journal of Ophthalmology 
doi:10.1136/bjo.2009.167213 ((2009) 

23. M. Makridaki, D. Carden and I. J. Murray, "Macular pigment measurement in 
clinics: controlling the effect of the ageing media," Ophthalmic and 
Physiological Optics 29(3), 338-344 (2009) 

24. J. van de Kraats, T. Berendschot, S. Valen and D. van Norren, "Fast assessment 
of the central macular pigment density with natural pupil using the macular 
pigment reflectometer," Journal of Biomedical Optics 11(6), (2006) 

25. J. van de Kraats, T. Berendschot and D. vanNorren, "The pathways of light 
measured in fundus reflectometry," Vision Research 36(15), 2229-2247 (1996) 

26. J. van de Kraats and D. van Norren, "Directional and nondirectional spectral 
reflection from the human fovea," Journal of Biomedical Optics 13(2), (2008) 

27. T. Berendschot, P. J. DeLint and D. van Norren, "Fundus reflectance - historical 
and present ideas," Progress in Retinal and Eye Research 22(2), 171-200 
(2003) 

28. T. Berendschot and D. van Norren, "Objective determination of the macular 
pigment optical density using fundus reflectance spectroscopy," Archives of 
Biochemistry and Biophysics 430(2), 149-155 (2004) 

29. E. Loane, J. Stack, S. Beatty and J. M. Nolan, "Measurement of macular pigment 
optical density using two different heterochromatic flicker photometers," 
Current Eye Research 32(6), 555-564 (2007) 

30. J. Brozek and A. Keys, "Changes in flicker-fusion frequency with age," J. Consult. 
Psychol 9(87-90 (1954) 

31. C. Landis, "Determinants of the Critical Flicker-Fusion Threshold," 
Physiological Reviews 34(2), 259-286 (1954) 

32. T. T. Berendschot and D. van Norren, "On the age dependency of the macular 
pigment optical density," Experimental Eye Research 81(5), 602-609 (2005) 



MPOD MEASUREMENTS WITH HFP 

 
97 

 

33. T. A. Ciulla and B. R. Hammond, "Macular pigment density and aging, assessed 
in the normal elderly and those with cataracts and age-related macular 
degeneration," American Journal of Ophthalmology 138(4), 582-587 (2004) 

34. L. G. Lou, "Selective peripheral fading: evidence for inhibitory sensory effect of 
attention," Perception 28(4), 519-526 (1999) 

35. S. Beatty, I. J. Murray, D. B. Henson, D. Carden, H. H. Koh and M. E. Boulton, 
"Macular pigment and risk for age-related macular degeneration in subjects 
from a Northern European population," Investigative Ophthalmology & Visual 
Science 42(2), 439-446 (2001) 

36. T. A. Ciulla, J. Curran-Celantano, D. A. Cooper, B. R. Hammond, R. P. Danis, L. M. 
Pratt, K. A. Riccardi and T. G. Filloon, "Macular pigment optical density in a 
midwestern sample," Ophthalmology 108(4), 730-737 (2001) 

37. J. M. Nolan, J. M. Stringham, S. Beatty and D. M. Snodderly, "Spatial profile of 
macular pigment and its relationship to foveal architecture," Investigative 
Ophthalmology & Visual Science 49(5), 2134-2142 (2008) 

38. J. Mellerio, S. Ahmadi-Lari, F. van Kuijk, D. Pauleikhoff, A. C. Bird and J. Marshall, 
"A portable instrument for measuring macular pigment with central fixation," 
Current Eye Research 25(1), 37-47 (2002) 

39. F. C. Delori, D. G. Goger, B. R. Hammond, D. M. Snodderly and S. A. Burns, 
"Macular pigment density measured by autofluorescence spectrometry: 
comparison with reflectometry and heterochromatic flicker photometry," 
Journal of the Optical Society of America a-Optics Image Science and Vision 
18(6), 1212-1230 (2001) 

40. R. A. Bone, J. T. Landrum and J. C. Gibert, "Macular pigment and the edge 
hypothesis of flicker photometry," Vision Research 44(26), 3045-3051 (2004) 

41. J. S. Werner, S. K. Donnelly and R. Kliegl, "Aging and Human Macular Pigment 
Density - Appended with Translations from the Work of Schultze,Max and 
Hering,Ewald," Vision Research 27(2), 257-268 (1987) 

42. J. M. Seddon, U. A. Ajani, R. D. Sperduto, R. Hiller, N. Blair, T. C. Burton, M. D. 
Farber, E. S. Gragoudas, J. Haller, D. T. Miller, L. A. Yannuzzi and W. Willett, 
"Dietary Carotenoids, Vitamin-a, Vitamin-C, and Vitamin-E, and Advanced Age-
Related Macular Degeneration," Jama-Journal of the American Medical 
Association 272(18), 1413-1420 (1994) 

 
 



 

 

 



 

CHAPTER SEVEN 
 

DETECTION OF EARLY-STAGE AGE RELATED MACULAR 
DEGENERATION WITH A COMPACT RAREBIT TEST 
 

 

Abstract 

Early detection of age related macular degeneration (AMD) is very important to 
start treatment and prevent further loss of vision. Technological developments have 
made is possible to transform a so-called rarebit test to a compact, self contained 
device that can probe the neuro-visual system by briefly presenting small stimuli on 
the retina. This device, the Macubit has been tested on 12 patients suffering from 
AMD in an early stage, but still with good vision, and a healthy control group. 
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7.1 INTRODUCTION 
 
Detection of eye diseases, like AMD, in an early stage is indispensable to prevent 
further loss of vision. The main challenge in these diseases is to diagnose and 
monitor the loss and dysfunction of the receptive units in the retina. The most 
frequently used method for testing this foveal function is a visual acuity (VA) 
measurement using letter charts. Here, VA is tested by requiring the patient to 
identify letters on a chart from a set distance. However, with less than two thirds of 
the optic nerve axons a decimal VA of 20/20 can still be achieved (1). Therefore, 
this test cannot be regarded as sensitive to low-degree degradation of the foveal 
function. Furthermore, the test targets that are used are many times larger than the 
retinal receptive units (2). Studies have shown that a large majority of elements in a 
VA test can be removed without degrading normal performance (3, 4).  
 
To address this shortcoming a so-called rarebit test has been developed (2). In this 
test, microdot stimuli that match the size of the receptive units (~20 µm) of the 
retina, are briefly presented (200 ms), and may therefore be more sensitive to 
detect early damage at the level of these receptive fields (2). The microdots are 
presented on a LCD monitor connected to a personal computer. These tests can be 
applied in the central and peripheral vision. They describe the functional state of 
the neural matrix of the retina. Rarebit fovea testing has diagnostic potential in 
conditions like age related macular degeneration (AMD). A disadvantage of the 
original rarebit test is that it requires a calibrated darkroom and a large measuring 
distance of approximately two meters. 
 
A new device has been recently introduced to overcome this disadvantage: the 
Macubit test (5). The device is compact, self-contained, and can be used in lighted 
environments. In a previous study by Winther et al. (5) the device has been tested 
on a group of patients suffering from AMD in a progressed stage and already with 
loss of vision. Although the results look very promising Macubit would be more 
valuable if it detects functional loss of the retina before patients have deteriorated 
vision.  
 
This pilot study is set up to prove the validity of the Macubit to test for early 
functional and structural loss in the central 4 degrees of the macula in patients at 
risk for developing manifest AMD. Since there is a need in clinical practice for 
efficient tools for screening for and monitoring early AMD (6, 7) the device will be 
tested on a group of patients with signs of early AMD and a group of healthy 
volunteers. The results will be compared by the results from the study by Winther 
and Frisén. 
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7.2 MATERIALS AND METHODS 
 
For patients and healthy subjects to participate in the study we defined inclusion 
and exclusion criteria: 

The inclusion criteria for this study were: 

- Age > 45 years 
- Visual acuity  ≥ 20/32  
- Clear ocular media  
- Willing to read, and sign the informed consent.  
- Refraction between S+3 and S-5 

Exclusion criteria were: 

- Diabetes Mellitus 
- Other eye disease, like glaucoma, uveitis, known or identifiable at 

screening 

7.2.1 PATIENTS AND HEALTHY CONTROLS 
 
Twelve patients (mean age: 74.9±11.1 years) with signs of early AMD i.e. having 
drusen and pigment epithelium alterations, and normal visual acuity were 
measured. Only one eye was measured and used for data analysis. In addition the 
right eyes of 23 healthy patients (mean age: 59.8±9.7 years), i.e. without ocular 
pathology and clear ocular media, were measured as controls. Following the signing 
of an informed consent, all participants underwent a visual acuity test using a letter 
chart, the Macubit Test, and fundus photography.  Diagnosis of the early signs of 
AMD was done by an ophthalmologist in the outpatient clinic of our department of 
ophthalmology.  

7.2.2 MACUBIT TESTING 
 
The Macubit device (displayed in Figure 7-1) is a modified projector (Mitsubishi 
PK10, Irvine, CA) using light emitting diodes (LED). The MacuBit test dots are 
generated and projected with the aid of a Digital Micromirror Device (DMD) unit. 
The core is an 11 x 8 millimeters matrix containing 800 x 600 tiltable micromirrors. 
The mirror array is illuminated by three LEDs and the intensity of light reflected 
from each mirror is determined by its tilt angle. By precisely phasing color and tilt 
angles for the 480,000 mirrors, the Macubit behaves like a miniature computer 
screen. Each pixel subtended 0.6 minutes of arc at the subject’s eye, closely similar 
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to a foveal cone. Target and background luminances were set to 200 and 5cd/m2, 
respectively.  

 

Figure 7-1: The Macubit device is a 
compact self contained device that 
can measure the state of the neural 
matrix of the retina. The test is based 
on the principle of rarebit testing in 
which microdot stimuli that match 
the size of the receptive units (~20 
µm) of the retina are briefly 
presented (200 ms). The patient has 
to indicate how many dots are seen 
(zero, one or two). 

 
The Macubit device was controlled by a personal computer running at the same 
resolution (600x800), to create similar output on the computer screen (which can 
only be seen by the experienced operator) and the Macubit device (only seen by the 
patient). The Macubit was provided with an internal mask that limited the subject’s 
field of view to 5.3°. Prior to testing, the non-tested eye was patched. The Macubit 
was adjusted in height and the subject was able to adjust the focus by turning the 
ocular. The test field was shown after adjustment of height and focus and consisted 
of a dark screen and a faintly luminous rim circle that aided alignment. During the 
test there was no fixation mark to prevent fading and the influence on lateral eye 
motions on the test results.  

The stimuli (zero, one or two with each measurement) were generated by turning 
on one or two pixels for 200 ms. The dot location was different for every 
measurement and was controlled by a semi-random algorithm that provided a 
spatially uniform distribution across the test area, without overlapping. Each 
measurement (i.e. dot presentation) was accompanied by a beep sound. Subjects 
were told that each presentation involved one or two bright dots, or sometimes 
none at all, and they were asked to indicate the number of dots seen by clicking the 
computer mouse. Visual and auditory feedback was provided after each 
presentation. The interval between the measurements was automatically adapted 
to the current reaction time of the subject. When two dots were shown the 
separation between the dots was 30’ in both vertical and horizontal direction. To 
check false responses by the patient sometimes one or no dots were shown. When 
the patient was comfortable with the measurement procedure a total of 50 dot 
pairs were shown, randomly alternated with one or zero dots. The percentage of 
seen dots versus shown dots (or hit rate) expressed the test results. Responses to 
control presentations were recorded separately and the hit rate was adjusted 
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accordingly. Because normal eyes hold seamless and non-overlapping arrays of 
receptive fields, the expected result is a hit rate of 78 to 100%, whereas eyes which 
have lost receptive fields, or component parts of receptive fields, should score 
poorer (<78%), in proportion to the loss of neural elements 

7.2.3 VISUAL ACUITY TEST 
 
Visual acuity was assessed using a standard printed acuity chart with a background 
luminance of 200 cd/m2. The percentage of correctly read letters was recorded for 
each line. Probit analysis provided 50% correct thresholds, in minutes of arc. 
Conversion to the clinically preferred decimal format was done by inversion. A VA 
higher than 1.15 is considered normal. 

7.3 RESULTS 
 
Macubit Test results expressed in hit rate are displayed in Figure 7-2 versus visual 
acuity. As anticipated, visual acuity of almost all subjects was 1.15 or higher. In the 
healthy control group the mean Macubit hit rate was 92.5% (standard deviation 
(SD): 7.7 %), similar to the results found by Winther and Frisén. The results from 
their paper are presented in Figure 7-3.  

 

Figure 7-2: Scatter plot 
displaying the Macubit hit rate 
versus the corrected VA thresholds. 
The closed dots (●) display the 
results of the healthy group and the 
open dots (○) display the results of 
the patients suffering from early 
AMD 

 
Macubit hit rates above the threshold of 78% are considered normal. In the patient 
group the mean Macubit hit rate was 52.3% (SD: 22.4%). Despite the normal VA, all 
patients had a hit rate below 80%. Comparison of the means by an independent t-
test showed a significant difference (p<0.001) in Macubit hit rate between both 
groups (92% versus 52%), while the VA was not different (1.52 ± 0.34 versus 1.34 ± 
0.22, p=0.122). Reflecting the early stage of AMD, our patients’ hit rates were better 
than those reported for severe AMD, 40% ± 25. 
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Figure 7-3: The results of the study 
by Winther et al. with Macubit: 
Scatter plot of decimal acuity 
thresholds versus hit rates for 
normal subjects and AMD patients 
(closed and open symbols, 
respectively; closed grey symbols 
identify the 8 oldest normal 
subjects). Dotted lines represent 
5th percentiles. The data is kindly 
provided by Lars Frisén. 

 
In the study by Winther and Frisén the normal subjects obtained a mean hit rate of 
90.9±7.5% (median 93%, range 68-100). The acuity thresholds averaged 1.43±0.18 
(Snellen 20/14). The AMD patients (age 81±6 years) had an average decimal acuity 
threshold of 0.66±0.13 (median 0.64=Snellen 20/31) and an average hit rate of 
40±25% (median 39, range 11-80); both results differed significantly from those of 
the normals (t test: p<0.001 for both variables). 

7.4 DISCUSSION 
 
We tested the Macubit on patients with good vision but with early signs of AMD and 
on a group of healthy volunteers. We found a statistically significant difference 
between the two tested groups indicating that Macubit can discriminate patients 
with early AMD from healthy subjects using psychophysical testing (i.e. the test is 
based on the relation between stimulus, here the Macubit, and sensation or 
response by the patient).  

We tested the MacuBit against a VA letter chart test, the gold standard to test visual 
function. There are some differences between the two methods: VA tests reflect the 
spatial density of functional receptive fields. The Macubit test, however, probes the 
photoreceptive field for functionality and returns a hit rate percentage. Another 
important difference concerns the size of the used test targets. Studies by Geller and 
Sieple have indicated that test targets can still be identified even when the targets 
are broken down into smaller elements. This indicates that the used VA tests are 
not sensitive enough to detect AMD in an early stage. Rarebit testing uses test 
targets as big as the receptive units. Retinal vessels can be probed instead of the 
receptive units inducing erroneous test results. To overcome this problem Macubit 
is restricted to the a-vascular zone in the retina. 

The computer mouse is used as the response device and the results are stored to a 
computer. In this test the subject should click once if one dot is seen and double-
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click if two dots are seen. Since AMD is an age related disease and some of the 
subjects never worked with a computer mouse, the patients sometimes find it 
difficult to use the mouse as a response device, especially the principle of double-
clicking. To overcome this, the test was only started when the subject practiced 
several times and after approval of the operator.  

7.5 CONCLUSION 
 
In conclusion, compared to a healthy control group, the Macubit hit rate was 
significantly lower for the patient group with signs of early AMD (p<0.001), while 
the visual acuity was not different. Consequently, the Macubit device can detect 
functional losses that cannot be detected by a visual acuity chart and could 
therefore be an efficient tool to detect early AMD and monitor treatment effects in 
that stage. 
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8.1 DISCUSSION 
 
Many optical techniques have been developed in the last 16 decades to assist 
physicians in an accurate diagnosis of eye diseases. To determine the added value of 
these techniques they need to be tested, preferably on samples that can accurately 
assess the precision and accuracy of the tested device (1). For example, the 
development of OCT, especially Fourier domain OCT, has dramatically changed 
everyday clinical ophthalmic practice. This imaging modality has evolved into a 
diagnostic imaging tool allowing in vivo optical biopsies of retinal tissue. This 
results in histology-like, optical cross-sections of the retina providing high 
resolution morphological information on its layered structure. The thickness of 
these retinal layers, in particular the RNFL and the thickness of the entire retina, is 
an important parameter in the diagnosis of diseases like glaucoma and diabetes(2). 
Many studies have been done to determine the reproducibility, accuracy and 
precision of these thickness measurements, but they were performed on human 
subjects from whom the real RNFL or retinal thickness was not known (see Chapter 
2) (3-9). Therefore we developed a phantom eye model that mimics the various 
layers of the retina in structure and in optical properties (10). The analysis that is 
described in Chapter 2 is an important step towards interpretation of patient 
measurements, e.g. in Chapter 3 we used a commercially available OCT system to 
measure the retinal thickness in an amblyopia study in children. Studies providing 
information on interbrand and intrabrand variability (chapter 2) delineate the 
reliability of studies measuring retinal thickness (chapter 3).  

THICKNESS MEASUREMENTS AND OPTICAL RESOLUTION 
 
As mentioned in chapter 2, many factors can contribute to erroneous retinal 
thickness measurements. Besides the used segmentation algorithm, an inadequate 
dispersion compensation or faulty k-calibration of the spectrometer (directly 
translating into the scaling of the depth axis) can lead to an inaccurate thickness 
measurement but also specular reflection at the vitreo-retinal interface can hamper 
a reliable measurement. 

Another feature of OCT systems that contributes to an erroneous thickness is the 
axial resolution. In chapter 2 we investigated the influence of the axial resolution of 
OCT systems on the determination of the transition of one layer to the next layer, 
and especially the coherent nature of this point spread function. From our 
simulation we conclude that an incoherent point spread function recovers the 
correct layer thickness. However, it is the coherent PSF that is involved in OCT 
signal formation.  
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To explain and investigate in more detail the difference we found between the real 
thickness and the measured thickness we would have needed full access to the 
calibration data of the systems. This involves knowledge about the depth dependent 
sensitivity of the systems, the measured axial resolution (i.e. not the theoretical 
axial resolution determined by the light source’s bandwidth) but most importantly 
the used segmentation algorithm. Without this information one can only speculate 
about the cause of the erroneous thickness measurement, but given the linear 
relation between recovered thickness and optical resolution found in our 
simulation, we propose that advanced segmentation algorithms may take the effect 
of the coherent point spread function into account. 

Besides the determination of RNFL thickness, SD-OCT systems can also determine 
the thickness of the entire retina. In chapter 3 we used the retinal segmentation 
module of a 3DOCT-1000 of Topcon to determine the thickness of the retina in 
amblyopic and healthy children. We assumed that the error in thickness 
determination is mainly caused by the finite axial resolution of the OCT system, and 
therefore doesn’t scale with the layer thickness. This is however an interesting topic 
for further research. From literature we know that healthy subjects and healthy 
children have a linear relation between the axial length of the eye and the retinal 
thickness (11-14). Amblyopic children tend to have a shorter eye and therefore an 
increased retinal thickness can be expected. Our measurements confirmed that the 
axial length of amblyopic and fellow eyes is significantly shorter but a thicker retina 
is not found. From these results we conclude that there is an anomalous relation 
between axial length and retinal thickness is amblyopic children which can be 
caused by an anomalous retinal development (15) and that the development of the 
retina is also (partly) affected in amblyopia. 

NORMATIVE DATABASES 
 

In day-to-day clinical practice, a measured RNFL thickness and retinal thickness are 
compared to a normative database that is provided by the OCT manufacturer to aid 
physicians in their diagnosis. A normative database is therefore an important 
feature to take into account when RNFL thickness data are interpreted. 

In addition to our phantom eye thickness measurements, we compared the RNFL 
normative databases of the used SD-OCT systems. We used GrapData software to 
extract the age-matched normative databases from the data sheets that are 
provided by the SD-OCT systems after each thickness measurement. Because all 
brands measured an equal overall average phantom RNFL thickness of 67 µm in the 
phantom eye, one would expect these normative values to be similar. 
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Normative classification consists of 4 categories: the 95th to 100th percentiles are 
hyper normal (white color on thickness map displayed in Figure 8-1(A); 5th to 95th 
percentiles are normal (green); 1st to 5th percentiles are borderline (yellow); and 
1st percentile is abnormal (red).  

In Figure 8-1(A) the age-matching normative database of RTVue is displayed in 
color. On top of the RTVue data base we plotted the Spectralis normative data base 
as lines. The dashed line, the dotted-dashed line and the solid line represent the 
upper boundary of the normal (green) area, the boundary of the yellow-green area, 
and the border of the red-yellow area of the Spectralis normative data base, 
respectively. 

 
 

 

Figure 8-1(A): The normative database of RTVue (in color) and Spectralis (lines) 
are displayed. (B): The normative database of Topcon (in color) and Cirrus (lines) 
are displayed. In both figures measured values > the 95th percentile are drawn 
above the green boundary or the dashed line; values between the 5th and 95th 
percentiles are considered normal (green area or between dashed and dashed-
dotted line); 1st to 5th percentiles are borderline below normal (yellow area or 
between dashed dotted and solid line); and values beneath 1st percentile are 
abnormally low (red area or below solid line). 

 
In Figure 8-1(B) the normative database of Topcon and Cirrus are displayed in color 
and in lines, respectively. Comparing the four normative databases, large 
differences in classification by the different instruments are observed, e.g. in Figure 
8-1(A) it is clear that for a thickness of 60 to 75 µm in the inferior area (240 
degrees) a patient can be classified as healthy with Spectralis, but is classified as 
abnormal with RTVue: the boundary of the Spectralis abnormal area is 25.5 µm 
lower on average compared to the RTVue abnormal area which exceeds the depth 
resolution of these systems. Moreover, these differences are much larger than the 
mean differences in thickness measured using our phantom. This suggests that 
possible differences in diagnosis on the same patient using different machines may 
be due to differences in the databases, rather than performance of the OCT systems. 
Differences are, however, much less pronounced comparing Topcon with Cirrus 
(Figure 8-1B).  
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In Chapter 2 we indicated that patients can be reliably followed on different SD-OCT 
systems when the RNFL thickness is measured and used as an indicator for the 
progression of an eye disease. However, diagnosis based on normative databases of 
different manufacturers can be unreliable, especially when a subject’s RNFL 
thickness is close to the borderline of the abnormally thin nerve fiber layers. 

STRUCTURAL INFORMATION AND MOTION ARTIFACTS 
 
Structural information of the retina is important and factors that hamper the 
quality of the image (e.g. motions artifacts) should be minimized or corrected (16). 
OCT is a scanning imaging technique; therefore it takes time to acquire the data. 
Lateral and axial motions by the patient during acquisition can degrade the image 
or cause error in Doppler OCT measurements (mainly axial motions). Higher 
imaging speeds reduce the influence of the eye motions on the image quality, 
however, the amount of light that returns in the optical system is also reduced. This 
results in a lower signal to noise ratio and lower image contrast.  Therefore these 
lateral and rotational eye motions need to be corrected as accurate as possible. To 
quantitatively measure flow with Doppler OCT, heart beat induced bulk motions by 
the patient need to be recorded and corrected (17, 18). For instance, imaging of the 
retina could take place in between a heart beat cycle of the patient (cardiac gating). 
This way the position of the retina, and the flow in the retina are maintained (19). 
 
In chapter 4 we analyzed the cause of axial motions during the acquisition of 
consecutive OCT B-scans at the same location in the retina (18). We found that 
during a heart beat the position of the retina changes due to a head movement and 
that the position of the cornea relative to the retina does not change. Although it 
seems obvious that a heartbeat, as well as breathing by the patient, can cause 
motions during imaging finding the cause of these motions has not been easy. A 
frequency analysis of the motions initially showed strong (multiple) harmonics 
(around 2 and 3 Hz) of the heart beat. At first we investigated muscular motions 
around the eye by performing electroencephalography (EEG) measurements during 
OCT scanning that could cause this 2-3Hz movement. We found no relation between 
the muscular activities around the eye and the 3 Hz signal. In addition, micro-
saccades were investigated by fixation by the patient to a moving object during OCT 
scanning, but no relation between the frequency of the lateral movement and the 
axial movement could be found. After analysis of the frequency content of the heart 
beat signal we found multiple harmonics at the same location as the frequency of 
the axial eye motions.  
 
The results in chapter 4 can help in a better quantification of (Doppler) OCT data 
and improve medical diagnosis with OCT. Understanding the cause of image 
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artifacts improves diagnosis, for instance, knowledge about the heart beat cycle 
could be used to image at the same location on the retina and at exactly the same 
moment in between cycles. The response of cells to light stimuli could then be 
measured at the same moment during a heart beat cycle and at the same location. 
Furthermore, using a cylindrical lens two focal points can be created (chapter 4) 
that could enable measurements of intra ocular pressure. When a puff of air is 
presented at the cornea the anterior part of the eye moves relative to the posterior 
part. The response time (i.e., time is takes to recover it initial position) and the 
magnitude of the movement of the anterior segment could be related to intra ocular 
pressure or the elasticity of the entire eye.  
 
The proposed retinal motion tracker described in chapter 5 can be a beneficial add-
on for scanning retinal imaging techniques. The few components that are needed 
for the tracking system allow for a cheap and easy implementation of the tracker in 
other existing systems. More importantly, active motion correction allows for high 
resolution imaging of retinal structures and enables averaging of data to increase 
signal to noise ratio. Furthermore, motion free imaging improves the detection of 
small structures because the resolution in the image improved. In combination with 
adaptive optics, imaging of single cones and rods, the photosensitive parts of the 
retina, would in principle be possible. This would allow for functional imaging of 
single cells in the retina and may be a powerful tool in combination with devices 
like the Macubit (chapter 7). Furthermore, an improved resolution enables better 
segmentation of retinal layers that aids the physician in the diagnosis of e.g. 
glaucoma.  
 
The evaluation of segmentation algorithms of OCT systems in chapter 2 together 
with the analysis and correction of motion artifacts in chapter 4 and chapter 5 are 
important to gain more precise structural information of the retina, which 
eventually will lead to a better diagnosis of eye diseases, like amblyopia (chapter 3). 
Adaptive optics in combination with an active retinal tracker (chapter 5) could in 
principle be a powerful diagnostic imaging modality that can evaluate the response 
of single cells in the retina to (light) stimuli. This way, the functional state of the 
retina can be fully mapped and followed over long periods of time.   
 
OCT has been used in the ophthalmic clinic mainly to acquire high resolution 3D 
images of the retina. Although OCT has dramatically improved diagnosis of retinal 
diseases, the technique has only been used for morphological information. The 
current clinical systems lack the resolution both axially as well as laterally to 
provide the physician with functional information. Outside the clinic OCT has 
proven to be capable of imaging single cones and rods using adaptive optics. 
However, AO-OCT systems are large, and a have a limited field of view. This should 



DISCUSSION AND CONCLUDING REMARKS 

 
113 

 

be improved before functional testing at the level of a single cell using OCT is 
possible for diseases like AMD and glaucoma.  
 

FUNCTIONAL TESTING OF THE RETINA 
 
In this thesis two devices were evaluated that measure the functional state or a 
quantity that is directly related to the functional state of the retina. In chapter 6 the 
Macuscope that is designed to assess the amount of macular pigment in the retina is 
tested on a group of healthy subjects and compared with a clinically accepted 
device (QuantifEye) and a device that uses spectroscopy, the macular pigment 
reflectometer (MPR)(20). This device where information from both the physician 
and the patient is needed, seemed incapable in determining the amount of macular 
pigment accurately. In chapter 7 the Macubit is tested on patients that were 
diagnosed with AMD in both eyes, and loss of vision in only one eye and on a 
healthy control group (21). Most of these devices use psychophysical testing. Here, 
the relationship between physical optical stimuli and their subjective response is an 
important parameter in testing the functional state of the retina. Psychophysical 
methods can be applied to various aspects of sensory and perceptual problems, 
from basic and comparative research to clinical diagnostics. The limitations in the 
use of psychophysical methods exist in that they require a conscious and 
cooperating subject, an understanding of the principle of the test and a way to 
reliably report the sensed events (22). However, potentially the tested subjects may 
influence the test results in order to simulate or exaggerate a performance loss. To 
some extent, methods such as those of the Macubit allow the experimenter or 
physician to check on the subject’s response bias and sensitivity, but it cannot be 
used to correct for purposely influencing the test results. Here we reach a principal 
limitation of subjective testing: cooperation on the part of the subject is required. 
This limitation of psychophysical methods can be taken into account and perhaps 
corrected for by combining subjective with objective methods in the examination of 
sensory function before they are used in the clinic as pointed out in chapter 6 where 
the Macuscope and the Quantifeye are both evaluated in comparison to the MPR.  
 
Although the Macubit system uses psychophysical testing, it determines essentially 
the percentage of damaged neurons compared to the healthy by calculating the 
observed/shown dots ratio that are randomly shown without fixation mark. This 
functional information could be an interesting addition to the structural 
information that is provided by OCT scanning of the retina. Here, the subjective 
method of HFP can be combined by an objective measurement like OCT that lacks 
functional information of the retina.  
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With (AO)-OCT functional measurements like temporal changes of cones is possible 
(23), however, AO the systems are bulky and the field of view is limited. 
Furthermore, motions of the retina hamper the image quality, but this problem can 
be solved with an AO-OCT imaging device and an active retinal tracker that will 
compensate for retinal motion. Retinal position tracking enables extended scan 
periods and averaging of multiple scans. The latter will diminish speckle in OCT 
images with minimal effect on imaging resolution. Furthermore, the retinal tracker 
that compensates for lateral motions uses physical landmarks and therefore 
precisely aligned scans can be compared months apart, which is beneficial in follow 
up studies involving patients with poor vision. Retinal morphology can thus be 
accurately recorded and monitored over time to detect subtle changes. Such 
benefits provide enhanced diagnostic sensitivity and specificity for several eye 
diseases and enable high resolution functional imaging of the photoreceptors in the 
retina. 
 
Summarizing, when using psychophysical tests one should look for the easiest and 
most trustworthy method to answer the research question. More sophisticated 
measurement protocols are not by definition better than simpler methods, 
particularly if they introduce difficult technical problems. A combination of a 
psychophysical test with an objective test that can stage the health state of tissue 
(like OCT) can be a powerful diagnostic tool for ophthalmology. In combination 
with a retinal motion tracker and adaptive optics, spectroscopic OCT can potentially 
be of additional value to measurements where the amount of macular pigment is 
assessed using HFP. Therefore I recommend starting up studies where OCT images 
are analyzed on their spectroscopic content, in combination with the information 
that is provided by psychophysical tests like MacuBit and MPOD measurements. 

CONCLUSION AND OUTLOOK 
 
In this thesis several optical diagnostic techniques that are used in ophthalmic clinic 
are evaluated and a retinal motion tracker is presented to improve the quality of 
OCT images. We showed that a calibration of OCT systems on calibrated samples is 
essential for an accurate interpretation of the data and a retinal motion tracker for 
high resolution imaging is proposed. Furthermore, we evaluated devices that use 
psychophysical testing in order to map the functional state of the retina and to 
assess the amount of macular pigment. When OCT systems can be equipped with a 
retinal motion tracking system (chapter 5), low-cost adaptive optics(24) and the 
capability to perform spectroscopic measurements(25) to image the retina at a 
cellular level this could be a powerful imaging modality that can map the 
morphology and functional health state of the retina. However, the realization of a 
high quality combination of AO, and tracker with commercial OCT system is not 
depending on whether these techniques can be developed, but rather on the costs 
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of the entire system. Unfortunately, with increasing costs in the health care system, 
it will be inevitable that the focus of the research in optical diagnostic techniques in 
ophthalmology will be more in the development of low cost techniques(26) in the 
coming years.  
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SUMMARY 
 
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) and 
glaucoma, 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. 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. 
Many optical techniques have been developed in the last 16 decades to assist 
physicians in an accurate diagnosis of eye diseases. To determine the added value of 
these optical techniques, they have to be (clinically) tested, evaluated and validated, 
preferably on samples that can accurately assess the precision and accuracy of the 
tested device. This thesis evaluates optical techniques that are used in day-to-day 
clinic, in particular the high resolution retinal imaging technique optical coherence 
tomography (OCT), but also psychophysical tests that asses the amount of macular 
pigment using heterochromatic flicker photometry (HFP) and a system that uses 
rarebit testing to detect AMD in an early stage. Furthermore, a retinal motion 
tracker based on a scanning laser ophthalmoscope (SLO) is proposed that can 
detect and correct retinal motions during OCT imaging. 

Chapter 1 gives an introduction into the eye’s anatomy and three mayor eye 
diseases, i.e. AMD, glaucoma and amblyopia, are discussed briefly because these 
diseases are topic of research for this thesis. Furthermore, an overview of optical 
imaging techniques that have been developed since the first fundus images in 1891 
by the German ophthalmologist Gerloff. The optical imaging techniques used in this 
thesis, i.e. OCT, SLO, HFP and Macubit testing are discussed in more detail.  

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. In Chapter 2 a phantom eye is presented that determines 
the accuracy and precision RNFL thickness measurements of commercial SD-OCT 
systems. Twelve SD-OCT systems of four manufacturers were tested. All systems 
combined overestimated the 49 µm thick phantom RNFL thickness on average by 
18 µm. Within brands, thickness measurements differed statistically significant for 
one Topcon, one RTVue and one Cirrus. Between brands, thickness determined with 
RTVue and Topcon differed statistically significant from Cirrus and Spectralis. The 
maximum difference between mean thicknesses is 3.6 µm within brands and 7.7 µm 
between brands. 

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 
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between the axial length of the eye and the retinal thickness between the two 
groups are compared. Although the mean axial length of amblyopic and fellow eyes 
is shorter compared to healthy eyes, the retinal thickness is not larger. 
Furthermore, the linear correlation between axial length and retinal thickness 
found in healthy eyes seems to be lost in the eyes of amblyopic children. 
 
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. Understanding the cause of these 
motions can lead to improved OCT image quality and therefore better diagnosis. 
Twenty-seven measurements were done on 5 subjects. We collected spectral-
domain OCT images at the macula over periods up to 30 seconds. We calculated the 
axial shift of every average A-scan with respect to the previous average A-scan by 
calculating the cross-correlation. The frequency spectrum of the calculated shifts 
versus time was determined. The heart rate was determined from blood pressure 
measurements at the finger using an optical blood pressure detector. The 
fundamental frequency and higher order harmonics of the axial OCT shift were 
compared with the frequency spectrum of blood pressure data. In addition, 
simultaneous registration of the movement of the cornea and the retina was done 
using a dual reference arm OCT set-up and movements of the head were also 
analyzed. We conclude that axial motion artifacts during OCT volume scanning of 
the retina are caused by movements of the whole head induced by the heartbeat 

High resolution imaging is of great importance for an accurate diagnosis of diseases 
that affect the retina. However, the image quality is degraded by involuntary lateral 
eye motions that occur in the same time scale as the scan rate of retinal imaging 
techniques. Increasing the imaging speed may reduce the influence of eye motions, 
but the amount of light that returns in the optical system is also reduced. Therefore 
these lateral and rotational eye motions need to be corrected actively and as 
accurate as possible. In chapter 5, a line scan scanning laser ophthalmoscope is 
presented for active motion tracking to correct for the involuntary lateral motions 
by the patient. The tracker is tested on a phantom eye and a healthy volunteer. The 
tracker can accurately correct eye motions before the next image is acquired (21 
frames per second) and the residual motions are decreased when the frame rate is 
increased. 
 
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 
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commercially available device that measures the amount of MPOD using HFP 
against another, well-established, device using HFP and the MPR. The repeatability 
of this new device, the Macuscope, was low (i.e. wide limits of agreement) and 
MPOD values correlated poorly with the fundus reflectance method, and agreed 
poorly with the well-established device, QuantifEye, the tested Macuscope protocol 
seems less suitable for studying MPOD. 

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. This device has been tested on 
12 patients suffering from AMD in an early stage, but still with good vision, and a 
healthy control group. Compared to a healthy control group, the Macubit hit rate 
was significantly lower for the patient group, while the visual acuity was not 
different. Consequently, the Macubit device can detect functional losses that cannot 
be detected by a visual acuity chart and could therefore be an efficient tool to detect 
early AMD and monitor treatment effects in that stage. 

Chapter 8 discusses the added value of the used optical imaging techniques that 
give structural information about the retina. The use of normative databases with 
RNFL thickness measurements is discussed in more detail and the fact that motion 
artifacts should not always be considered as noise. Furthermore, psychophysical 
testing can give information about the functional state of the retina and can be of 
additional value to structural imaging techniques like OCT. 
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SAMENVATTING 
 
Dit proefschrift beschrijft diverse optische technieken die in de dagelijkse 
oogheelkundige kliniek worden gebruikt om de oogarts te ondersteunen bij het 
stellen van de diagnose van diverse oogziekten. Veel lichamelijke (erfelijke) 
aandoeningen komen voor in het achterste gedeelte van het oog: het netvlies. Dit 
zijn met name leeftijdsgebonden macula degeneratie (LMD) en glaucoom, de twee 
voornaamste oogziekten in de westerse wereld die uiteindelijk blindheid tot gevolg 
hebben, maar ook oogaandoeningen als diabetische retinopathy, dat veroorzaakt 
wordt door de systemische ziekte diabetes mellitus. Het zichtbaar maken van het 
netvlies met optische technieken gaat al ruim 160 jaar terug naar het moment dat 
de eerste fundus foto van het netvlies werd gemaakt door de Duitse oogarts Gerloff. 
Sindsdien zijn er talloze technieken uitgevonden en in de kliniek toegepast om 
informatie te krijgen over de structuur en over de functionele staat van het netvlies. 
Om de toegevoegde waarde van deze afbeeldingstechnieken nauwkeurig te kunnen 
bepalen, zullen ze in de (klinische) praktijk geverifieerd en gevalideerd moeten 
worden op samples die onafhankelijk van het geteste systeem, de nauwkeurigheid 
en de precisie kunnen bepalen. Naast het testen en evalueren van verschillende 
technieken als optische coherentie tomografie (OCT), heterochromatische flikker 
fotometry (HFF) en zogenaamde rarebit tests (Macubit), beschrijft dit proefschrift 
tevens een nieuwe methode om kleine oogbewegingen te detecteren en te 
corrigeren tijdens het afbeelden van het netvlies met OCT. 

In hoofdstuk 1 wordt een korte introductie gegeven over de anatomie van het oog 
en van drie voorname oogziekten, LMD, glaucoom en amblyopie (lui oog) wordt een 
beschrijving gegeven. Tevens worden de voornaamste afbeeldingstechnieken sinds 
de uitvinding van de fundus fotocamera uiteengezet. De afbeeldingstechnieken OCT 
en scannende laser oftalmoscopie (SLO) worden evenals de functionele testen HFP 
en Macubit in meer detail weergegeven, daar zij onderwerp zijn van dit proefschrift.  

Voordat een OCT systeem gebruikt kan worden als diagnostisch hulpmiddel zal 
deze eerst moeten worden getest op samples die de optische en structurele 
eigenschappen van het netvlies nabootsen. In hoofdstuk 2 wordt een kunstoog 
beschreven dat de nauwkeurigheid en precisie van dikte metingen van de 
zenuwvezellaag van het netvlies door 12 commerciële OCT systemen kan bepalen. 
Wij vonden een overschatting van de dikte van de zenuwvezellaag van gemiddeld 
18 µm. Verder was er een Topcon, een Cirrus en een RTVue systeem significant 
verschillend ten opzichte van hun merkgenoten. Daarnaast waren als merk, Topcon 
en RTVue significant verschillend van Cirrus en Spectralis. 

In hoofdstuk 3 wordt één van de in hoofdstuk 2 geteste OCT systemen gebruikt om 
de dikte van het gehele netvlies te bepalen op een groep gezonde kinderen en 
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kinderen met een amblyoop oog en hun bijbehorende andere oog. De verhouding 
tussen de aslengte van het oog en de dikte van het netvlies is onderzocht voor deze 
twee groepen. Amblyope ogen en het bijbehorende ‘gezonde’ oog van dezelfde 
patient hebben een kortere aslengte dan ogen van gezonde kinderen van dezelfde 
leeftijd. Echter er was geen verschil tussen de dikte van de netvliezen. De lineaire 
relatie tussen aslengte en de dikte van het netvlies bij gezonde ogen was niet 
zichtbaar bij amblyope kinderen.  

Voor het stellen van een nauwkeurige diagnose van oogziekten is goede structurele 
informatie nodig. Laterale en axiale oogbewegingen kunnen de kwaliteit van de 
afbeelding en aansluitend het oplosbaar vermogen van afbeeldingstechnieken 
aantasten. In hoofdstuk 4 wordt de oorzaak van axiale oogbewegingen tijdens het 
scannen van het netvlies met OCT onderzocht, omdat dit kan leiden tot een betere 
diagnose. De axiale beweging van het netvlies tijdens het scannen met OCT en de 
hartslag op 5 vrijwilligers werd in totaal 27 keer tegelijkertijd, gedurende 30 
seconden gemeten. De frequentiespectra van beide metingen zijn vergeleken en we 
vonden een correlatiecoefficient van 0.90 tussen de fundamentele frequentie van de 
oogbeweging en de hartslag. Daarnaast hebben we een simultaanregistratie van het 
hoornvlies en het netvlies gedaan om te onderzoeken of de aslengte verandert 
tijdens een axiale beweging. De hartslag veroorzaakt de axiale beweging door een  
beweging van het  hele hoofd te induceren. 

Een hoogresolutie afbeelding is van groot belang voor het stellen van een 
nauwkeurige diagnose van oogziekten die het netvlies aantasten. Net als bij axiale 
bewegingen van het oog tasten ook lateral (rotaties) bewegingen de kwaliteit van 
een afbeelding aan. Aangezien sneller scannen ook de hoeveelheid licht dat 
terugkeert in het afbeeldingssyteem reduceert, zullen deze bewegingen actief 
moeten worden gecorrigeerd. In hoofdstuk 5 presenteren we een SLO 
afbeeldingstechniek dat fungeert als een oogbewegingsvolgsysteem tijdens het 
scannen met OCT. Dit systeem is getest op een kunstoog en een echt oog.  

Naast structurele informatie is ook functionele informatie  essentieel voor het 
stellen van een goede diagnose. Macula pigment schijnt een beschermende functie 
voor het netvlies te hebben, daarom is het bepalen van de hoeveelheid macula 
pigment in het netvlies  zeer belangrijk. In hoofdstuk 6 wordt een commercieel 
systeem getest dat suggereert de hoeveelheid macula pigment met HFP te kunnen 
bepalen. Dit systeem hebben we getest tegen een klinisch aanvaard systeem dat ook 
HFP gebruikt en een objectieve fundus reflectometer. De resultaten van dit nieuwe 
systeem kwamen niet overeen met het bestaande systeem en de fundus 
reflectometer, terwijl er wel vergelijkbaar resultaat was tussen de laatste twee.  

Het detecteren van LMD in een vroeg stadium is van belang om tijdige 
behandelingen te kunnen starten en de schade aan het zicht te beperken. Macubit is 
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een systeem dat rarebit tests gebruikt om de functie van het centrale gedeelte van 
het netvlies te testen. In hoofdstuk 7 beschrijven we de resultaten van metingen 
met Macubit op 12 patiënten met vroege LMD en een gezonde controlegroep. De 
Macubit score was voor de patiëntengroep significant lager dan voor de gezonde 
groep terwijl er geen verschil was in visus tussen beide groepen. Derhalve 
concluderen wij dat dit systeem geschikt is voor het detecteren van LMD in een 
vroeg stadium. 

Hoofstuk 8 bespreekt de toegevoegde waarde van de in dit proefschrift gebruikte 
optische technieken. Met name het gebruik van normatieve databases bij RNFL 
dikte metingen is zeer belangrijk voor een juiste diagnosestelling. Verder wordt 
ingegaan op zoektocht naar functionele informatie die verscholen zit in axiale 
bewegingsartefacten tijdens OCT metingen. Als laatste wordt de meerwaarde van 
psychofysische tests besproken als ze worden gebruikt met afbeeldingstechnieken 
als OCT en SLO. 
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