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ABSTRACT

Some medical conditions can cause damage to the retina of the
eye. For example, the disease diabetes mellitus can cause irreversible
damage to the eye, potentially leading to loss of vision or blindness.
If treatment is started at an early stage, vision loss can be postponed
or even prevented. In some cases, lesions and abnormal changes in
the ocular fundus are the first signs of an otherwise symptomless
disease. Therefore, it is important to be able to detect these early-
stage changes as reliably as possible. The main aim of this thesis is
to study the human eye with optical methods for the improvement
of the detection of retinal changes.

In this thesis, modern optical methods for improving retinal
imaging have been considered. The first method used was mul-
tispectral imaging: a commercial eye fundus camera system was
modified for spectral imaging and the new system was used to
measure spectral fundus images from the eyes of 72 voluntary hu-
man subjects. Of the volunteers, 55 suffered from diabetes and
17 were healthy control subjects. The second optical method was
spectral-domain optical coherence tomography with adaptive op-
tics (wavefront sensor and deformable mirrors). The system was
used to measure the three-dimensional structure of the retina from
the eye of a healthy human subject. Four different measurement
beam sizes were used, and the respective B-scans (cross-sections of
the retina) and wavefront sensor images were recorded.

It was found that the spectral information can be used to im-
prove the visibility and contrast of the diabetic lesions in retinal
images. By choosing certain spectral channel images, high-contrast
pseudo-color images could be created. Also, by using spectral data,
the optimal spectral power distributions of the illuminations which
would maximize diabetic lesion visibility in monochrome retinal
imaging were obtained. Computational example images were pre-
sented, demonstrating the potential of the optimal illuminations for
diabetic lesion visibility enhancement. In the optical coherence to-
mography studies, it was found that with a correct choice of imag-



ing beam width, the strength of the detected signal coming from
the eye could be increased. A relatively small imaging beam width
(i.e. eye entrance pupil size) resulted in poor lateral imaging res-
olution, but increased the amount of light returning from the eye.
Further analysis indicated that the optical Stiles-Crawford effect is
a plausible explanation for the increase in detected intensity. The
gained increase in measurement signal strength might be useful in
cases where the medical condition of the eye reduces the amount of
light returning from the retina (e.g. eyes with cataracts or weakly
reflecting retinas).

Universal Decimal Classification: 535-1, 535-2, 535.3, 535.4, 535.8, 681.7
National Library of Medicine Classification: WN 180, WW 26, WW 141,
WW 270

PACS Classification: 07.60.-j, 78.40.-q, 42.25.Hz, 42.66.Ct, 87.57.-s,
87.63.Im, 87.85.Pq

Library of Congress Subject Headings: Optics; Imaging systems;
Diagnostic imaging; Eye; Retina; Fundus oculi; Spectrum analysis;
Optical coherence tomography; Light filters; Reflectance; Light sources;
Ophthalmology — Equipment and supplies; Diabetic retinopathy — Diag-
nosis

Yleinen suomalainen asiasanasto: optiikka; optiset laitteet; kuvantaminen;
spektrikuvaus; optinen koherenssitomografia; silmit,; verkkokalvo; diabetes
— komplikaatiot
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1 Introduction

The bottom of the eye, the retina, can reflect a person’s medical
condition. In addition to eye diseases such as glaucoma, macular
degeneration and retinal tumors, changes in the visual appearance
of the retina can also indicate increased intracranial pressure or the
presence of diabetes mellitus [1-7]. Diabetes is a chronic disease that
disrupts the normal glucose metabolism in the body and can cause
a wide spectrum of medical complications [8]. In Type 1 diabetes,
the body’s own immune system destroys the insulin-producing beta
cells of the pancreas, leading to a state where the body’s cells can-
not absorb glucose from the blood. Glucose remains in the blood,
causing occlusion of thin blood vessels, potentially damaging the
peripheral nervous system, kidneys and other parts of the body.
Untreated diabetes can lead to loss of consciousness, coma and
even death. Diabetes-related complications can lead to expensive
medical treatments, surgeries or even amputations.

In the most common type of diabetes, Type 2, the insulin resis-
tance of the body’s cells is increased, which leads to the same situ-
ation as in Type 1. Type 2 diabetes is strongly associated with over-
weight and obesity [9]. In just a couple decades, Type 2 diabetes
has grown into a global epidemic. In Finland, there were approxi-
mately 300,000 people diagnosed with diabetes in 2009 and it was
estimated that 200,000 Finns had the disease without being aware
of it [10,11]. This means that 10% of the entire Finnish population
had diabetes in 2009, a number which has undoubtedly increased
since. The treatment of diabetes and its complications requires ex-
pensive medicines, expensive equipment, and highly-trained health
care professionals. Diabetes lowers the quality of life of the patients
and causes large costs to the society.

If diabetes can be detected at an early stage, a large number of
medical complications can be avoided or at least postponed. What
makes diabetes especially problematic is that it’s often symptomless
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until a certain degree of damage has already happened. Amongst
other parts of the body, diabetes also causes damage to the retina
(i.e. diabetic retinopathy). Sometimes these abnormal changes in
the bottom of the eye, and the related vision problems, are the first
indication of the presence of diabetes. Therefore, it is very impor-
tant to be able to detect these retinal changes, so that treatment and
follow-ups can be started in as early a stage as possible.

Modern optical measurement methods can offer safe, non-dest-
ructive, non-contact approaches to the observation of the retina and
its structures. The first optical method considered in this thesis is
spectral imaging [12]. Unlike in conventional 1-channel monochrome
imaging or 3-channel RGB color imaging, in spectral imaging, one
captures information from several, tens or even hundreds of indi-
vidual channels from adjacent wavelength regions of the electro-
magnetic spectrum. Spectral imaging allows one to study and ex-
ploit the wavelength-dependent optical characteristics of the object
in a way that would not be possible with, e.g., standard RGB imag-
ing.

The second optical method used in this thesis is optical coherence
tomography (OCT) [13,14]. OCT is an interferometric method which
allows one to obtain the three-dimensional structure of an optically
scattering medium, e.g. paper, skin, blood vessels, teeth, the an-
terior segment of the eye or the retina [15-23]. Two different ap-
proaches to OCT are time-domain OCT and Fourier-domain OCT,
which includes swept source OCT and spectral-domain OCT. In the
thesis work, the method used was spectral-domain OCT with adap-
tive optics. Adaptive optics (a wavefront sensor and deformable
mirrors) were used to correct for the optical aberrations created by
the optics of the eye [24-27].

In the sample arm of an optical-fiber-based OCT system, the
first free-space optical element is the lens that collimates the beam
emerging from the fiber. In this thesis, it is shown that the selection
of the focal length of this collimator lens has an effect on detected
intensity in OCT scans of the human retina. This is found to be
connected to the optical Stiles-Crawford effect (directional reflection
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from the retina). The increase in detected intensity (at the cost of
lateral imaging resolution) might be useful when doing OCT scans
of the retina in challenging cases (e.g. weakly reflecting retinas or
eyes with cataracts).

The thesis is organized as follows: first, the main aims of this
thesis and how they were addressed are listed in Chapter 2. Chap-
ter 3 gives a brief introduction to spectral color theory and the most
typical spectral measurement methods, followed by a description of
the basic structure of the human eye, the Stiles-Crawford effect and
diabetic retinopathy. The spectral fundus imaging is discussed in
Section 3.4. The theories behind particle swarm optimization and
OCT are introduced in Sections 3.5 and 3.6, respectively. Chapter
4 describes the work done in Papers I-IV. Finally, the main claims
and findings of this thesis are discussed in Chapter 5.

Dissertations in Forestry and Natural Sciences No 80 3
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2 Research problems addressed
in this thesis

The main aims of the thesis work and how they were addressed are
as follows:

1. To construct an optical device for the spectral imaging of the
human retina.

= A spectral fundus camera system was constructed from a com-
mercial ophthalmic eye fundus camera.

2. To gather a database of spectral fundus images from diabetic
and healthy eyes.

= Spectral fundus images were measured from the eyes of 72 volun-
tary human subjects: 55 diabetic patients and 17 healthy subjects.

3. To use the spectral color information to enhance the visibility
of diabetic lesions in the retinal images.

= Spectral channel images were used to create pseudo-color fundus
images with enhanced visibility of diabetic lesions.

4. To use the spectral color information to obtain the optimal
spectral power distributions of the illuminations which max-
imize the contrast and visibility of diabetic lesions in retinal
imaging.

= Using the spectral information and the particle swarm optimiza-
tion algorithm, the optimal spectral power distributions of the illu-

Dissertations in Forestry and Natural Sciences No 80 5
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minations for detection of different diabetic lesions were calculated.
Computational example images of the performance of the optimal
illuminations were presented.

. To show that the focal length of the first collimator lens in the
sample arm of an adaptive optics optical coherence tomogra-
phy (AO-OCT) system affects the detected intensity in retinal
scans.

= Using a spectral-domain AO-OCT system, the effects of four dif-
ferent collimator lenses on the detected intensity in retinal imaging
were tested. Retinal cross-sections (B-scans) and wavefront sensor
images were recorded for each collimator lens separately.

. To show that in AO-OCT, the eye entrance pupil size has an
effect on the amount of light returning from the eye via the
optical Stiles-Crawford effect (directional reflection from the
retina).

= Based on measured B-scans and wavefront sensor images, it was
shown that the focal length of the collimator lens affects the eye
entrance pupil size, the spot size on the retina (lateral imaging reso-
lution), the contribution of the optical Stiles-Crawford effect on the
light returning from the eye, and the spot size on the tip of the op-
tical fiber which guides the reflected light to the detection arm. By
selecting the focal length of the collimator lens correctly, the inten-
sity of the detected signal coming from the eye can be increased at
the cost of some lateral imaging resolution.

Dissertations in Forestry and Natural Sciences No 80



3 Theory

3.1 SPECTRAL COLOR THEORY

Electromagnetic radiation consists of energy quanta called photons
[28,29]. The energy E of a photon is inversely proportional to its
wavelength A according to a well-known formula: E = hc/A, where
h = 6.62606957 x 1073 J.s is Planck’s constant and ¢ = 299792458
m/s is the speed of light in a vacuum. As the wavelength of a
photon decreases, its energy increases, as can be seen from Fig. 3.1.
Electromagnetic radiation can be classified into groups according
to wavelength: radio waves have the lowest energies and longest
wavelengths, ranging roughly from 10 cm to 100,000 km. At the
other end of the spectrum, gamma rays have very high energies
and picometer-scale wavelengths.

The human eye is sensitive only to a relatively narrow band of
wavelengths from 380 nm to 780 nm (1 nm = 10~% m) [28,29]. This
wavelength band is called the visual range of light or the visible spec-
trum. The wavelength limits 380 nm and 780 nm are not strict; the
range 380—400 nm also belongs to the ultraviolet-A (UV-A) region
and 700-780 nm also belongs to the near-infrared (NIR) region. It is
also common for other adjacent classes of electromagnetic radiation
to overlap. When the photoreceptors of the eye (rods and cones) de-
tect radiation from the visual range of light, signals are sent to the
visual cortex of the brain and sensations of vision and color are pro-
duced. Different wavelengths in the range 380-780 nm correspond
to different colors, as shown by the color spectrum in Fig. 3.1.

Visual observation always consists of three elements: illumina-
tion, object and observer as presented in Fig. 3.2. The object is illu-
minated by light which has a spectral distribution S(A) as a func-
tion of wavelength. The object itself reflects a certain percentage
of photons at each wavelength; this wavelength-dependent optical
property is called reflectance R(A). If R(A1) =1 (i.e. 100%), then the

Dissertations in Forestry and Natural Sciences No 80 7
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Figure 3.1: The electromagnetic spectrum. The relation between photon wavelength and
energy, and the wavelength-regions of electromagnetic radiation are shown.

object reflects all of the incident photons with a wavelength of A;.
Analogously, if R(A2) = 0 (i.e. 0%), the object absorbs or transmits
all of the photons with wavelength A,, but reflects none of them.
Finally, the reflected light is detected by an observer (e.g. a human,
an animal or a camera) which has one, or several, detectors with
different spectral sensitivities. For example, a human observer has
three classes of detectors (photoreceptors) responsible for color vi-
sion, i.e. L-, M- and S-cones, which detect long, medium and short
wavelengths, respectively (see Fig. 3.2).

Reflectance is independent of illumination or observer, and there-
fore it is the most accurate way to present the color of an object. In
color-related applications, it is desirable to obtain reflectance data
from an object, as it enables one to calculate, e.g., standard color
coordinates, optimal spectral filters or the detected signal for any
arbitrary observer in any illumination.

If a point (x,y) on the object’s surface has reflectance R(x,y; ),
then the detected signal v;(x,y) from this point is [28,30]:

[ee]

v(xy) = [ SWREEAHMN + 00, G
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Light source

SO

Y
S()
Observer
S(JRM) }>
RO sO) M)
o)
A A

Figure 3.2: The trinity of illumination, object and observer. Here, S(A) is the spectral
distribution of light emitted by the light source, R(A) is the spectral reflectance of the
(uniform) object, and 1(A), m(A) and s(A) are the human observer’s spectral sensitivity
functions for long, medium and short wavelengths, respectively.

where S(A) is the spectral distribution of the illumination, H;(A) is
the spectral sensitivity function of the observer’s i detector and
0; dark 1S the measured dark noise for the ith detector.

In practice, all of the functions are considered to be discrete n-
dimensional vectors within a certain wavelength range, i.e.,, S(A),
R(x,y;A) and H;(A) become column-vectors s,r,h; € R", respec-
tively. For example, reflectance

r= [R(x,y,Al),R(x,y,/\z),...,R(x,y,)tn)]T , (3.2)

where T denotes transpose. Now Eq. (3.1) can be written in matrix
notation as

Dissertations in Forestry and Natural Sciences No 80 9
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vi(x/ y) = W;'[r + 0 dark s (33)

where the vector

w; = diag(s)h; (3.4)

describes the combined spectral effect of the illumination and the
ith detector.

If the observer has m spectrally unique detectors, one gets m
values for point (x,y). One can now define a vector v € " which
contains the m detected values v;(x,y),i=1,...,m, as follows:

v=Wr+ vy, (3.5)

where the n x m matrix W has the vectors w; on its columns, and
vector vy, € N contains the measured dark noise values v; gark.
If measurements are also made from a perfectly reflecting white
reference sample, for which the reflectance is Rypite(A) = 1 within
the wavelength range of interest, one gets

T
Vwhite = A4 T'white T Vdark - (36)

Now, one can calculate reflectance as the ratio of the measured sam-
ple spectrum and the white reference spectrum:

V — Vdark

r=——:-.
Vwhite — Vdark

(3.7)

Different methods for measuring the above spectra are discussed in
Section 3.2.

3.2 SPECTRAL MEASUREMENT METHODS

Figures 3.3, 3.4 and 3.5 represent the typical methods for spectral
measurements and imaging: point measurements, line scanning
measurements and wavelength scanning imaging, respectively. Point
measurement devices, like typical spectrometers, observe light com-
ing from a relatively small area on the object. A dispersive element,

10 Dissertations in Forestry and Natural Sciences No 80
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such as a prism or a diffractive grating, disperses the incoming light
into its spectral components, and the spectrum is focused onto a de-
tector array.

A line spectral camera works in similar fashion, but instead of
a single point, the spectra of the light coming from all of the points
along a line are recorded by a two-dimensional (2-D) detector array.
As shown in Fig. 3.4, the light coming from the sample is guided
through a narrow slit, dispersed into its spectral components by a
prism-grating-prism component, and focused onto the 2-D detec-
tor [31]. In order to record a full spectral image, the measurement
line must be scanned on the two-dimensional surface of the object,
by moving either the object or the line spectral camera. All of the
spectra from each line are recorded and a spectral image is con-
structed in subsequent data processing.

Whereas the point and line measurement devices measure the
electromagnetic spectra directly and require spatial scanning for
spectral image acquisition, the wavelength scanning camera actu-
ally records an image similarly to a standard monochrome grayscale
camera, except that the images are captured through a collection
of optical bandpass filters. A grayscale image of the object is cap-
tured for every filter individually, and a spectral image is formed by
“stacking” the images in wavelength order into a three-dimensional
matrix, which now has two spatial dimensions and every spatial
pixel contains a spectrum along the third dimension. Wavelength
scanning is typically done with narrow bandpass interference fil-
ters, a liquid crystal tunable filter (LCTF) or an acousto-optic tun-
able filter (AOTF) [32,33]. In the case of the wavelength scanning
camera, the optical bandpass filtering can also be done by filtering
the light source and illuminating the object with filtered light. No
bandpass filtering is required between the object and the detector
in this case.

The detector’s spectral sensitivity functions (a.k.a. quantum ef-
ficiency functions) can be interpreted as spectral filters which al-
low certain amounts of each wavelength to pass. In Fig. 3.6, the
spectral sensitivity functions for red, green and blue (RGB) chan-

Dissertations in Forestry and Natural Sciences No 80 11
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OL

R m J_ %DG
| f

Figure 3.3: Spectral point measurement device. The device measures a spectrum from a
single point on the object. OB]J: object; OL: objective lens; A: aperture; DG: diffractive
grating; L: lens; DET: detector.

oBJ

S ILEEY

Figure 3.4: Line measuring spectral camera. The spectral camera records all spectra from
a single line on the object. OBJ: object; OL: objective lens; S: slit; L: lens; PGP: prism-
grating-prism component; DET: detector.

nels of a commercial Canon 10D (Canon, Inc., Japan) color camera
are shown. The sensitivity functions of RGB cameras typically at-
tempt to mimic human perception in order to make the color ap-
pearance of the captured images match a human observer’s opin-

12 Dissertations in Forestry and Natural Sciences No 80
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Figure 3.5: Wavelength scanning spectral camera. The spectral camera records a two-
dimensional grayscale image of the object for each optical bandpass filter. OBJ: object;
OBF: optical bandpass filter; OL: objective lens; DET: detector.

ion of the scene as well as possible [34]. However, since the R(A),
G(A) and B(A) sensitivity functions have relatively broad optical
bandwidths, and because the detector integrates all the spectral
information within a band into a single value, a large amount of
wavelength-dependent information is lost.

For comparison, the spectral transmittances of 30 narrow band-
pass interference filters are shown in Fig. 3.7. These filters also
span the visual range of light, but unlike in the case of only three
filters (R, G and B), the whole spectral range is now sampled in
much finer detail. Instead of just R, G and B values, a spectral
camera incorporating all of the narrow bandpass filters returns 30
wavelength-dependent values for each pixel.

Dissertations in Forestry and Natural Sciences No 80 13



Pauli Félt: Modern optical methods for retinal imaging

Relative sensitivity
© o o o o o o o
N w N o (22} ~ (o] © -
~
- i
Y
7
-
B i

°©

=
T
-

0 1 1 1l 1 e N

400 450 500 550 600 650 700
Wavelength [nm]

Figure 3.6: Spectral sensitivity functions of a commercial Canon 10D camera. Here, R(A),
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Figure 3.7: Spectral transmittances of 30 narrow bandpass interference filters.
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3.3 RETINA AND DIABETES

3.3.1 Structure of the human eye

The simplified structure of the human eye is presented in Fig. 3.8(a).
Light enters the eye through the transparent cornea, which trans-
mits over 99% of the visible light [35]. The cornea is a significant
refractive element in the optical system of the eye with a refractive
index of n = 1.376 at 555 nm [36]. Light passes through the ante-
rior segment which is filled with a transparent and colorless liquid
called the aqueous humor (n = 1.336, [36]). The iris adaptively ad-
justs the size of the pupil and thus controls the amount of light that
can reach the bottom of the eye. The eye bottom is also called the
ocular fundus. The elastic crystalline lens focuses the incident light on
the photoreceptors of the retina. The refractive index inside the lens
varies and has an average value of n = 1.408 [37]. The vitreous hu-
mor is transparent gel which fills the posterior cavity of the eye. The
vitreous humor is over 99% water and contains very small amounts
of solids (collagen fibrils, hyaluronic acid, glucose, etc.) [38]. Still,
the vitreous forms a gelatinous substance with a refractive index of
n = 1.336 [36].

Between the vitreous and the hard outer shell of the eye (sclera)
lie the retina and the choroid. The retina is a complex multilay-
ered structure which contains the photosensitive elements of the
eye (rods and cones) and the neural network that preprocesses the
visual information and transmits it to the visual cortex of the brain
via nerve fibers (optic nerve). The retina has an average thickness
of ~250 um, and it is estimated to have an average refractive index
of n = 1.36 [40—42]. The retina can be segmented into the follow-
ing layers [28,34,43]: inner limiting membrane, nerve fiber layer,
ganglion cell layer, inner plexiform layer, inner nuclear layer, outer
plexiform layer, outer nuclear layer, outer limiting membrane, pho-
toreceptor layer and retinal pigment epithelium (RPE). These layers
are shown in Fig. 3.9. Bruch’s membrane divides the retina and
the choroid into their own segments. The choroid contains a large
concentration of blood vessels. The choroid and the RPE contain a
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Figure 3.8: Structure of the human eye: (a) simplified cross-section of the human eye
(source: public domain, [39]), and (b) an image of the bottom of the eye, i.e. ocular fundus.
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Figure 3.9: Simplified cross-section of the retina, choroid and sclera. ILM: inner limiting
membrane; NFL: nerve fiber layer; GCL: ganglion cell layer; IPL: inner plexiform layer;
INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; OLM:
outer limiting membrane; PRL: photoreceptor layer; RPE: retinal pigment epithelium; BM:
Bruch’s membrane; C: choroid; S: sclera.
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photoprotective pigment called melanin, which has a strong effect
on the reflectance spectrum [44—46].

Figure 3.8(b) is an image taken of the ocular fundus of a healthy
human eye. The macula is the region of sharp central vision and it
has the highest concentration of cone photoreceptors in the retina.
On average, there are approximately 8 million cones and 120 million
rods in the human retina [47]. The fovea, or the foveal pit, at the
center of the macula, has only cones and no rods. The optic disc,
also known as the blind spot, is the visible part of the optic nerve
which contains no photoreceptors.

3.3.2 Stiles-Crawford effect

It is well known that photons entering the eye near the center
of the pupil produce a stronger sensation of brightness than they
would if they entered the eye near the edge of the pupil. This
phenomenon is known as the psychophysical Stiles-Crawford effect
(SCE) and is caused by the directional sensitivity of the cone pho-
toreceptors [28,48-50]. Cones do not absorb photons arriving from
arbitrary directions, but instead they have relatively small accep-
tance angles. In this respect, cones behave like optical fibers. There-
fore, due to the orientation of the cones, the photons coming from
the center of the pupil have a higher chance of being absorbed by
the photoreceptors. Photons coming from the edges of the pupil
arrive at the retina at steeper angles and may be scattered rather
than absorbed.

The so-called optical SCE is also caused by the waveguiding
property of the cones. In optical SCE, the photoreceptors guide the
reflected light from the retina more towards the center of the pupil
than towards the edges [51,52]. The effect of the optical SCE on the
detected intensity in adaptive optics optical coherence tomography
is discussed in Section 4.6 and Paper IV.
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3.3.3 Diabetic retinopathy

Diabetes mellitus is a chronic disease that causes hyperglycemia, i.e.
high levels of glucose (sugar) in the blood [8]. Beta cells in the pan-
creas produce a hormone called insulin, which controls the blood
glucose levels. Most cells in the body require insulin to absorb
glucose from the blood. In Type 1 diabetes, the beta cells are de-
stroyed by the body’s own immune system, which leads to low
insulin levels and hyperglycemia. In Type 2 diabetes, insulin pro-
duction may be only partially damaged, but the insulin resistance
of the body’s cells is increased. This means that cells don’t necessar-
ily respond to normal levels of insulin anymore, which again leads
to hyperglycemia. Type 2 diabetes is often associated with obesity
and metabolic syndrome. Gestational diabetes differs from Types 1
and 2 as it appears only in pregnant women. After the pregnancy,
the diabetes may or may not disappear. Even in the former case,
gestational diabetes is an indicator of a heightened probability of
getting the disease sometime after the pregnancy. Besides the three
types of diabetes mentioned above, other forms of the disease also
exist. Of all the manifestations of the disease, Type 2 is the most
common.

If left untreated, diabetes can cause a wide range of compli-
cations throughout the body. For example, diabetes can damage
the peripheral nervous system (diabetic neuropathy), kidneys (dia-
betic nephropathy) and the retina of the eye (diabetic retinopathy). In
diabetic retinopathy, typical early-stage complications in the retina
include microaneurysms and small hemorrhages, generally called
small red dots (see Fig. 3.10) [7,53]. Vascular leakage and swelling
(edema) may appear in the retina, leaving behind yellowish-white,
typically sharp-edged lipid deposits (hard exudates). Occlusion of
small blood vessels leads to the creation of white, bloodless nonper-
fusion areas (microinfarcts, also called soft exudates or cotton wool
spots due to their blurry-edged appearance). Later-stage prolifer-
ative diabetic retinopathy is characterized by abnormal changes to
the vasculature of the retina, namely, neovascularization. In neo-
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vascularization, the body tries to overcome oxygen deprivation by
growing new blood vessels. However, as these new vessels are often
thin and fragile, they break easily and bleed into the surrounding
tissue. Fibrosis may also be present in varying degrees. Prolifera-
tive diabetic retinopathy can lead to serious complications, such as
retinal detachment. Any lesions appearing in the macular area of
the retina, or ones that obscure the macula, lead to loss of central vi-
sion. Diabetic retinopathy is one of the leading causes of blindness
in the world.

Diabetes is already considered a global epidemic. In Finland
alone, there were approximately 300,000 people diagnosed with
either Type 1 or Type 2 diabetes in 2009 [11]. It was also esti-
mated that 200,000 Finns had the disease, but were not aware of
it. If true, then approximately 500,000 Finns (10% of the popula-
tion) had diabetes in 2009. According to a study released by the
Finnish National Diabetes Prevention and Treatment Development
Program DEHKO, 1,304 million euros, i.e. 8.9% of all Finnish health
care expenses, were used to treat diabetes and its complications in
2007 [10]. On average, from 1998 to 2007, the number of diabetes pa-
tients increased by 4.7% per year, and the health care cost increased
by 6.2% per year. The same trend can be seen in many countries
all over the world, and the global costs of diabetes increase year by
year.

Diabetes causes damage to the body progressively over time,
so the medical complications and the costs of treatment increase
continuously if the disease is left undiagnosed or untreated. The
standard methods of diagnosis for diabetes are the measurement
of fasting plasma glucose level from venous blood and a glucose
tolerance test [11]. If diabetes is diagnosed at an early stage, and
treatment and regular follow-ups are started immediately, the over-
all quality of life of the patient can be significantly improved. Also,
if expensive treatments and surgeries associated with late-stage di-
abetes can be postponed or avoided altogether, the costs to society
are reduced. Problems arise from the fact that diabetes is often
symptomless until a certain degree of damage to the body has al-
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Figure 3.10: Four ocular fundi with diabetic retinopathy lesions: BB: blot bleeding; SRD:
small red dots; HE: hard exudates; F: fibrosis; M: microinfarct; PRB: preretinal bleeding;
NV: neovascularization. Also, laser photocoagulation scars (LS), arteries (A) and veins
(V) are identified. These images are RGB representations calculated from spectral fundus
images. Adaptive histogram equalization has been used for visualization reasons.

ready occurred. In some cases, vision problems caused by diabetic
retinopathy are the first indication of diabetes. Therefore, devel-
oping methods for early detection of diabetic retinopathy is very
important. In this thesis, one objective is to study spectral fundus
imaging as an improved screening method for diabetes. The final
diagnosis is always done by measuring blood plasma glucose levels
as mentioned above.
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3.4 SPECTRAL FUNDUS IMAGING

For eye care professionals, a fundus camera is a standard tool for
examining the condition of the patient’s retina. The working prin-
ciple of a fundus camera is based on an ophthalmoscope, an opti-
cal instrument for illuminating and observing the retina, first suc-
cessfully introduced in 1851 by Hermann von Helmholtz (1821-
1894) [54]. A modern fundus camera system (FCS) typically con-
sists of a Xenon flash light and an RGB camera combined with mi-
croscope optics. In addition to RGB imaging, many researchers
in the past decades have performed spectral point measurements
and spectral imaging of the ocular fundus [46,55-68]. In Papers
I and II, a commercial Canon CR5-45NM fundus camera (Canon,
Inc., Japan) was modified for spectral imaging (Fig. 3.11). All un-
necessary components, such as the original flash light source and
the control electronics, were removed from the fundus camera. The
camera was then modified as a wavelength scanning spectral cam-
era system similar to Fig. 3.5, except that the spectral filtering was
performed before illuminating the object (Fig. 3.12). An external
Schott Fostec DCR III light box with a halogen lamp and a daylight-
simulation filter was used as a broadband light source. The optical
bandpass filtering was accomplished by using 30 commercial nar-
row bandpass interference filters. The spectral transmittances of the
filters are shown in Fig. 3.7. The original RGB camera was replaced
by a QImaging Retiga-4000RV monochrome CCD camera.

For safety reasons, it is practical that the light is filtered before
it is guided into the eye. This way, one can insure that the optical
power levels stay below the safety limits defined by the American
National Standards Institute (ANSI, [69]) or the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP, [70]). The
interference filters were used one by one to filter the imaging light
and a digital image of the ocular fundus was captured for each fil-
ter. Due to the constant involuntary movements of the eye, a set
of five images were taken for each filter, and of each set only one
image was manually chosen for post-processing.
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Figure 3.11: The spectral fundus camera system used in Papers I and IL.

Due to the movements of the eye, each selected spectral chan-
nel image was slightly misaligned with respect to the others. The
process of setting two misaligned images of the same scene into the
same coordinate system is called image registration. In papers I and
II, fundus image registration was done by using an automatic im-
age registration program by Stewart et al. [71]. The program used
the generalized dual-bootstrap iterative closest point (GDB-ICP) al-
gorithm for image registration [72]. Difficult image pairs were reg-
istered manually using MATLAB [73]. Also, the exposure times
were different for each spectral channel image. Hence, in order to
make the spectral channels comparable, every image was normal-
ized into unit exposure time. From the normalized and registered
spectral channel images, a 10241024 %30 spectral fundus image
was constructed by stacking the images in wavelength order. Now,
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Figure 3.12: Simplified structure and operation of the spectral fundus camera system. LB:
light box; FOC: fiber optic cable (liquid light guide); FR: filter rails; M: mirror; MCA:
mirror with a central aperture; C: camera; PC: personal computer.

every pixel (x,y) in the spectral image contains a vector v according
to Eq. (3.5).

A white reference spectrum (Eq. (3.6)) was acquired using the
same procedure as above, but instead of an eye, the imaged object
was a Spectralon-coated non-fluorescent diffuse white reflectance
standard. Spectralon reflects over 99% of all wavelengths in the
visual range of light. By measuring the sample, a 1024 x 1024 x30
spectral image for the white reference was obtained. The surface of
the white standard is flat, whereas the fundus camera optics have
been designed to distribute light evenly on a curved surface (i.e.
fundus of the eye). Therefore, the white reference spectral image
could not be used directly with the fundus spectral image to obtain
fundus reflectance data. Instead, a mean spectrum from a 100 x 100
spatial area in the white reference spectral image was used as Vit
of Eq. (3.6). For 8-bit spectral channel images, the average effect
of dark background noise was less than 0.4%. Hence, the noise
component was approximated to be zero, i.e. vy, ~ 0. From Eq.
(3.7), one finds for the spectral fundus image pixel (x,y):
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where Toy = diag(tom) and toy is the spectral transmittance of
the ocular media (cornea, aqueous, lens, vitreous). Since Toy is
unique for each eye and it cannot be measured in vivo, its effect
remains in the results. Measured light passes through the ocular
media twice, hence the second power in Eq. (3.8).

3.5 PARTICLE SWARM OPTIMIZATION

In Paper II, the weights of the illuminants” different spectral chan-
nels were optimized using particle swarm optimization (PSO) al-
gorithm [74,75]. The aim was to study optimal illuminants that
could be used in retinal imaging to enhance the visibility of dia-
betic retinopathy lesions. In PSO, a swarm of N particles is ran-
domly initiated in a solution space S. The task of the particles is to
find a point § € S which minimizes or maximizes the given fitness
function f(x). During every iteration step t, each particle is aware
of the best solution it has found so far (localBest), and of the best
solution found by the entire swarm (globalBest). Every particle has
a position vector x; and a velocity vector v;, where i = 1,...,N.
During every iteration step t, the position and velocity are updated
as follows [75]:

Vl'(t + 1) — C()Vj(t) + C1I‘1(t) (lOCGllB@Sti(t) — Xi(t))
+ Corp(t) (globalBest(t) — x;(t)) (3.9)
Xl'(t + 1) — Xl‘<t> + Vl'(t + 1) ,

where constant C is called inertia, constants C; and C, determine
how much weight the particle gives to the current localBest and
globalBest solutions, and r;(t) and ry(t) are random vectors that
contain values from a uniform distribution U]0,1]. The PSO algo-
rithm is described in Algorithm 1. The particles are updated until
convergence and the final globalBest is the vector §. There is a
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chance that f(g) is only a local minimum/maximum and § is not
the best possible solution. Using a relatively large number of parti-
cles increases the possibility of finding the optimal solution.

Algorithm 1 Particle swarm optimization algorithm.

for each iteration step ¢ do
for each particle i do
calculate new position x; using the formulas in Eq. (3.9)
calculate the value of the fitness function f(x;)
if f(x;) is better than f(localBest;) then
local Best; < x;
end if
if f(x;) is better than f(globalBest) then
globalBest <+ x;
end if
end for
end for
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3.6 OPTICAL COHERENCE TOMOGRAPHY

Optical coherence tomography (OCT) is an optical, non-contact met-
hod for recording three-dimensional (3-D) structures from scatter-
ing media in a micrometer resolution [13,14]. The primary applica-
tion for OCT has always been the imaging of biological tissue, and
OCT has been successfully implemented in studies of e.g. human
skin, blood vessels and gastrointestinal tissues [15,76,77]. How-
ever, ever since the birth of OCT, perhaps the main target of interest
has always been the human eye and its complex multilayered struc-
tures [78-81]. In hospitals and eye clinics, commercial OCT devices
are used routinely to observe the cross-sections of the retina for the
detection of e.g. retinal edema, macular holes, and nerve fiber layer
thickness changes. Besides biomedical imaging, OCT has been used
in industrial applications, such as in the quality control of paper
and printed electronics [16,17,82,83].

OCT is an interferometric method based on low-coherence in-
terferometry [84]. In OCT, one is interested in the reflectivity of
the sample as a function of spatial coordinates (x,y,z) inside the
sample volume. For fixed coordinates (x,y) on the sample surface,
the reflectivity spectrum I(x,y,z) as a function of depth z (i.e. the
depth profile along the optical axis) is called an A-scan. A series
of adjacent A-scans along a line is called a B-scan (i.e. a 2-D cross-
section of the sample volume). Logically, a series of B-scans in the
orthogonal direction is called a C-scan (i.e. a 3-D volume).

A time-domain OCT (TD-OCT) system typically consists of a
low-coherence light source, a free-space or a fiber optic Michelson
interferometer and a detector (Fig. 3.13). A Michelson interferome-
ter has four arms: a light source arm, a sample arm, a reference arm
and a detection arm. As light reflects/backscatters from the sam-
ple and the reference mirror, and finally reaches the detector, only
the interference of the photons that have an optical path length dif-
ference within the coherence length of the light source is detected.
Therefore, a TD-OCT system can measure only a single point from
the sample with one measurement. Depth scanning is done by mov-
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Figure 3.13: Simplified schematic of a time-domain OCT system using free-space optics.
Also, the four arms of an OCT system are identified (dotted line): light source arm (LSA),
reference arm (RA), sample arm (SA), and detection arm (DA). Here, BLS: broadband
light source; BS: beam splitter; RM: reference mirror; GMS: galvo mirror system; FL:
focusing lens; S: sample; DET: detector; PC: personal computer. Note that the reference
mirror must be moved in order to do axial (depth) scanning. Lateral scanning is done by
the galvo mirrors.

ing the reference mirror, i.e. by increasing or decreasing the optical
path length. In order to record a full 3-D volume, one must also
scan the beam in the two lateral directions. Lateral scanning can be
accomplished e.g. by moving the sample or by using a galvo mirror
system to scan the beam. Since every point in a 3-D volume must
be measured separately, TD-OCT is a relatively slow measurement
method.

Spectral-domain OCT (SD-OCT) offers useful improvements to
TD-OCT: it has significantly faster measurement times and over a
100-fold increase in sensitivity [84,85]. The basic optical setup of
SD-OCT is similar to TD-OCT, except that now the detection arm
contains a spectrometer (Fig. 3.14). Since most OCT systems use
infrared or near-infrared light sources, single mode fibers and fiber
couplers are often used to replace the free-space light distribution
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Figure 3.14: Simplified schematic of a spectral-domain OCT system using free-space optics.
BLS: broadband light source; BS: beam splitter; RM: reference mirror; GMS: galvo mirror
system; FL: focusing lens; S: sample; DG: diffraction grating; DET: detector; PC: personal
computer. Note that the reference mirror position is fixed. Lateral scanning is done by the
galvo mirrors.

optics (see Fig. 3.15). A spectrometer consists of a dispersive ele-
ment, e.g. a diffraction grating, which disperses the incoming light
into its spectral components, and focusing optics followed typically
by a high-speed line scan detector. Now, instead of measuring an
A-scan point-by-point, one obtains the full information of an A-
scan with a single spectral measurement. As depth scanning is not
required in SD-OCT, the reference mirror position is fixed. Only
lateral scanning is needed to record a 3-D volume.

In OCT, the use of a low-coherence (i.e. broadband) light source
is critical. The central wavelength A. and the optical bandwidth
AA of the light source used immediately affect the axial (depth)
imaging resolution Az. Assuming that the light source emission
spectrum has a Gaussian shape, and that the optical bandwidth
AApwam is defined as the full width at half maximum (FWHM) of
the light source spectrum, then the axial resolution is half of the
coherence length of the light source .}, as follows [84]:

28 Dissertations in Forestry and Natural Sciences No 80



Theory

BLS RM

©—0

FC

ke

DG

DET

Figure 3.15: Simplified schematic of a spectral-domain OCT system using optical fibers.
BLS: broadband light source; FC: fiber coupler; RM: reference mirror; GMS: galvo mirror
system; FL: focusing lens; S: sample; DG: diffraction grating; DET: detector; PC: personal
computer.

12 h 2In (2) )\2
Az = =2 = < . Nl
: 2 s AAFwHM (3.10)

Here n; is the refractive index of the sample. The axial resolution Az
depends only on the light source (and on the refractive index of the
sample). In the literature, the theoretical axial resolutions are often
given in air (1, = 1), and are also often estimated for the sample
materials. For example, the refractive indices for some sections of
the human eye are listed in Subsection 3.3.1. From Eq. (3.10) one
immediately notices that higher refractive indices result in better
axial imaging resolutions. As for the two lateral dimensions (along
the sample surface), the imaging resolutions Ax and Ay are equal
to the spot size of the focused scanning beam [84].

The depth measurement range of an SD-OCT system depends
on the number of pixels in the detector array. As light reflects/back-
scatters from increasingly deeper layers in the sample, the frequency
of the detected interference fringes increases with depth. As the
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spectrum of the interfering light is focused onto the detector array;,
the number of pixels the spectrum is projected upon (i.e. the spec-
tral resolution éA, nanometers/pixel) determines the highest pos-
sible frequency of an interference fringe that can still be detected.
If a spectrum with a full spectral range of AA is focused on N pix-
els, then the maximum detectable depth range zmax in the sample
is [78,86]:
1 A2 A3

e = L AA/N ~ dnl G.11)

where Ay is the central wavelength of the focused spectrum and g

is the refractive index of the sample.

The spectrum of the interfering light S(A) is captured by the line
scan detector, and this spectrum is mapped from wavelength-space
to wavenumber-space (wavenumber k = 271/A). Due to the non-
linear relationship between wavelengths and wavenumbers, the k-
space spectrum S(k) needs to be interpolated to even spacing. The
measured spectrum S(k) can be written as follows [78]:

S(k) = Is(k) + Iref(k) +2 \/ Is (k)lref(k) Z‘xn COS(an) ’ (3-12)

where the first two terms I5(k) and Le¢(k) are the measured intensi-
ties coming from the sample and the reference mirror, respectively.
The third term describes the interference between the light retur-
ning from the reference mirror and the light returning from depth
zn in the sample. Here &, is the square root of the reflectivity value
at depth z,.

The axial structure of the sample is gained by taking an inverse
Fourier-transformation of the measured spectrum S(k) [78,87]:

I(z) = FT 1 {S(k)}

~T(z)® (1 + ) and(z—2zn) +Y_and(z+2za) + O [Is(k)]> ,
(3.13)
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where FT~! denotes the inverse Fourier-transformation, ® denotes
convolution, I'(z) is the coherence function and é(z — z,) is the
Dirac delta function centered at depth z,. The first term (1; inside
the brackets) describes the autocorrelation signal coming from the
reference arm, and O [I;(k)] is an autocorrelation noise term result-
ing from interference within the sample arm. Due to the prop-
erties of the Fourier-transformation, one obtains two sum-terms
Y n &nd(z £ zn) which contain the desired reflectivity information ay,
for depths z, in the sample. These sums are the real and complex
conjugate reflectivity profiles, and they are mirror-symmetric with
respect to the zero optical path length difference. In order to get
a depth profile (A-scan), all other terms except the real reflectivity
profile are discarded. This sequence is shown in Fig. 3.16(a).

In practice, the optical elements in the arms of an OCT sys-
tem cause dispersion. Dispersion is caused by the wavelength-

(a)

S(\) S(k) I(z) = FTY{S(K)} I(z)
— |/~ —
| 1| AT
> S I T ‘
I
conjugate image sample depth profile
for point (x,y)
(b) x (©) X

B-scan C-scan

Figure 3.16: A-, B- and C-scans in spectral-domain OCT. (1) Measured spectrum S(A) is
mapped into wavenumber-space (k = 27t/ A) and interpolated to constant interval. One
gets function 1(z) as a function of depth z by taking an inverse Fourier-transformation of
S(k). The function I(z) consists of a DC component at z = 0, and of real and complex
conjugate images on the positive and negative sides, respectively. By taking only the real
image, one gets a reflectivity spectrum as a function of depth for a single point (x,y). (b)
A cross-section of the sample (B-scan). (c) A 3-D volume of the sample (C-scan). The
beam propagates in the direction of the z-axis.
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dependency of the optical materials” refractive indices. The pres-
ence of a dispersion mismatch between the sample and reference
arms in OCT results in poor depth imaging resolution [14,88]. One
can attempt to match the dispersion in the interferometer’s two
arms prior to measurements by e.g. adding elements of glass or
fused silica to the optical system. An alternative option is to do
numerical dispersion compensation in data post-processing [89].
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4 Experimental studies and
results

4.1 SPECTRAL IMAGING OF THE OCULAR FUNDUS

In Papers I and II, the spectral images were recorded from the ocu-
lar fundi of 72 voluntary human subjects using the spectral fundus
camera system described in Section 3.4. Of the volunteers, 55 were
diabetics and 17 were healthy control subjects. Fully informed con-
sents were obtained from the volunteers prior to the measurements.
The trials followed the research ethical principles of the Declaration
of Helsinki and were approved by the local research ethics com-
mittee of the Hospital District of Northern Savo, Finland [90]. The
diabetic patients were recruited and measured in the Department
of Ophthalmology in the Kuopio University Hospital (Kuopio, Fin-
land). The healthy volunteers were measured in the Color Research
Laboratory of the University of Eastern Finland (Joensuu, Finland).

4.2 SPECTRAL FUNDUS IMAGES AND PSEUDO-COLOR IM-
AGES

Four example RGB representations of the recorded spectral fundus
images from diabetic eyes are shown in Fig. 3.10. Figure 3.8(b)
(page 16) shows an RGB representation of a spectral fundus image
for one of the non-diabetic healthy control subjects. The RGB repre-
sentations were calculated for the CIE (Commission Internationale
de I'’Eclairage) 1931 standard colorimetric observer and Dgs stan-
dard illuminant [28].

By replacing the red, green and blue layers in an RGB image by
specific spectral channel images, e.g. Isgoum — R, Issoum — G and
Isponm — B, one acquires pseudo-color fundus images with better
contrast and lesion visibility than in a typical RGB fundus image.
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Figure 4.1: RGB-representations calculated from three diabetic spectral fundus images (left
column), and pseudo-color images of the same ocular fundi using registered spectral color
channels (right column). The used spectral channels in the right-hand side images are 580,
550 and 500 nm. No image processing (e.g. contrast enhancement) has been applied to any
of the images.
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In Fig. 4.1, images of three diabetic ocular fundi are shown in RGB
and in pseudo-color. The use of specific spectral color channels in-
creases the contrast and visibility of diabetic lesions compared to
standard RGB images. The 72 measured spectral fundus images
and associated diabetic lesion markings made by eye care profes-
sionals were combined into a single spectral image database.

4.3 CALCULATION OF OPTIMAL ILLUMINATIONS FOR
DIABETIC RETINOPATHY LESION DETECTION

The fact that spectral reflectance data is independent of illumina-
tion or observer allows one to study the optimal spectral shapes
of illuminations that would maximize the visibility of the diabetic
lesions for a detector with a certain spectral sensitivity. In Paper II,
the optimal illuminations for the detection of diabetic retinopathy
lesions were calculated. These illuminations maximized the visual
contrast between diabetic lesions and surrounding healthy tissue.

As it was unrealistic to assume that a single illuminant would
maximize the visibility of several different kinds of diabetic lesions,
the optimal spectral power distribution (SPD) of the illuminant was
calculated for each lesion type separately. The optimal illumina-
tions were calculated for the following cases: (1) microaneurysms,
(2) hard exudates, (3) microinfarcts, (4) fibrosis, (5) laser photoco-
agulation scars and (6) blot bleedings. Also, optimal SPDs that
gave (7) maximum contrast between macular and non-macular ar-
eas, and (8) maximum contrast between arteries and veins were
obtained.

In Paper II, the contrast measure used was Michelson contrast,
which is defined as follows:

~ max{h, L} —min{l, L}

= ) 4.1
max {I;, L} +min{I, I} (4.1)

Here the intensity values I; € [0,1] ,j = 1,2, are defined as
I; = ks"Hr; (4.2)
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where normalization constant k = 1/(s'h), diagonal matrix H =
diag(h), and vector h is the spectral sensitivity of the monochrome
detector. The vectors r; , j = 1,2, are the mean reflectance spectra
for a selected diabetic lesion and its surrounding healthy tissue,
respectively, calculated from 3 x 3 pixel spatial areas. The vector
s is the SPD of the illuminant, and is here defined as a convex
combination of the narrow bandpass interference filters (Fig. 3.7):

s =Fa, (4.3)

where matrix F has the spectral transmittances of the narrow band-
pass interference filters on its columns, and a € R" is a weight
vector, so thata; > 0,i=1,...,n,and Y1 ;a; = 1. As the weight
vector a is the only unknown, the SPD s that produces the best
possible Michelson contrast value c for given reflectance spectra r;
and r; can be obtained using the particle swarm optimization (PSO)
algorithm described in Section 3.5.

The mean reflectance spectra r; and r, were collected from the
spectral fundus images for every above-mentioned case (1)—(8) sep-
arately. In cases (1)—(4) and (6), the “diabetic lesion” /“surrounding
healthy tissue” reflectance spectrum pairs were obtained from five
different locations in every spectral image where the particular le-
sion type was present. In case (5) (laser photocoagulation scars),
five “scar tissue”/“surrounding healthy tissue” reflectance spec-
trum pairs were selected from each applicable spectral image. Anal-
ogously, in cases (7) and (8), five “macular/ non-macular” and
“artery/vein” reflectance spectrum pairs were chosen from each
suitable spectral image, respectively. Then, an optimal SPD was
calculated with the PSO algorithm for each collected spectrum pair
separately. Finally, the optimized SPDs were gained by combining
the individual results for each studied case.
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Figure 4.2: The spectral power distributions of the optimal illuminants for the detection of
(a) microaneurysms (solid line), microinfarcts (dashed line), (b) hard exudates (solid line),
fibrosis (dashed line), (c) laser photocoagulation scars (solid line), macula (dashed line),
(d) blot bleedings (solid line), and arteries versus veins (dashed line). In (e), the photopic
luminosity function (dotted line), and the absorption spectra of hemoglobin Hb (solid line)
and oxyhemoglobin HbO; (dashed line) are shown in arbitrary units.

44 OPTIMAL ILLUMINATIONS AND COMPUTATIONAL
EXAMPLE IMAGES

The optimized SPDs are shown in Fig. 4.2. A detailed analysis
on the results obtained can be found in Paper II. For a single dia-
betic lesion/healthy tissue pair, the optimal SPD usually consists of
a single narrow spectral band. The positions of these bands varied
slightly as a function of wavelength between different pairs and dif-
ferent eyes. Certain spectral bands appeared as optimization results
frequently, whereas some bands appeared rarely. These rare solu-
tions were considered to be outliers, and were removed from the
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Figure 4.3: The spectral channels cumulative contribution to the SPDs of Fig. 4.2. The
most significant spectral channel has the order number 1, and the least significant chan-
nel has the order number 30. Cases: microaneurysms (solid line, circles), hard exudates
(solid line, asterisks), microinfarcts (solid line, squares), fibrosis (solid line, plus), laser
photocoagulation scars (dashed line, circles), blot bleedings (dashed line, asterisks), macula
(dashed line, squares), and arteries vs veins (dashed line, plus signs). Also, the 50% limit
is presented.

SPDs in Fig. 4.2. Figure 4.3 shows the spectral channels’ cumula-
tive contributions to the gained SPDs. In the figure, order numbers
1 and 30 mean the most significant and least significant spectral
channels, respectively. Only the first channels which accounted for
just over 50% of the SPD were selected; the rest of the channels
were considered to be outliers. For example, for microaneurysms,
one needs the first two spectral channels to get > 50% cumulative
contribution. The resulting outlier-free SPDs are shown in Fig. 4.4.

To visualize the effect these optimal illuminants would have in
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Figure 4.4: The outlier-free spectral power distributions of the optimal illuminants. (a)
Microaneurysms (solid line), microinfarcts (dashed line), (b) hard exudates (solid line),
fibrosis (dashed line), (c) laser photocoagulation scars (solid line), macula (dashed line),
(d) blot bleedings (solid line), and arteries versus veins (dashed line).

s

Figure 4.5: Segments from computational example images demonstrating the effect of
the optimized illuminations. Left: green channel of an RGB image; center: effect of the
illuminant from Fig. 4.2; right: effect of the illuminant from Fig. 4.4. Cases: (a)—(c)
microaneurysms, (d)—(f) hard exudates, (¢)—(i) microinfarcts, (j)—(1) fibrosis, (m)—(o) laser
photocoagulation scars, (p)—(r) blot bleedings, (s)—(u) macula, and (v)—(x) arteries versus
veins.
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retinal imaging, computational example images were calculated. As
can be seen from the computational example images in Fig. 4.5,
the contrast and visibility were improved in all studied cases when
compared to the green channel of an RGB image. The outlier-free
SPDs are found to perform as well or even better than the orig-
inal optimized SPDs. In Paper II, only theoretical computational
examples were considered, so the performances of the optimal il-
luminations were not tested in clinical trials. However, the results
indicate that the contrast and visibility of retinal features in fundus
images could be improved simply by using a suitable illumination
during the actual retinal imaging.

4.5 EFFECT OF THE COLLIMATOR LENS IN THE SAMPLE
ARM OF AN OPTICAL COHERENCE TOMOGRAPHY SYS-
TEM

Most modern OCT systems use optical single mode fibers to dis-
tribute infrared /near-infrared light into reference and sample arms
(see Fig. 3.15). In the sample arm, the first collimator lens after the
fiber tip transforms the emerging cone of light into a collimated
beam. As the magnification of the optical system after the collima-
tor lens is typically a constant, the diameter of the collimated beam
after the collimator also determines the diameter of the collimated
beam that enters the eye (see Figs. 4.6(a) and 4.7(a)).

In Paper III, the original research hypothesis was as follows: a
“long focal length” collimator lens produces a relatively wide colli-
mated beam that enters the eye, and thus, a relatively small focused
spot size on the retina (good lateral resolution). On the downside,
the spot size on the fiber tip for the returning light is relatively
large, and only a portion of the reflected /backscattered light actu-
ally enters the fiber core and reaches the detection arm (see Fig. 4.6).
For a “short focal length” collimator lens, the situation is reversed:
the collimated beam entering the eye is relatively narrow, resulting
in a relatively large focused spot on the retina (poor lateral resolu-
tion). However, for the reflected light, the spot size on the fiber tip
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Figure 4.6: Adaptive-optics OCT sample arm with a “long focal length” collimator lens.
SMF: single mode fiber; BS: beam splitter; MO: magnification optics; WFS: wavefront
sensor. The cut-off contains additional optics and deformable mirrors. The subplots show
the simplified beam profiles.

(a)

CL BS MO
SMF <O _ /,
o
WFS |_A_
(b)
CL BS MO
SMF N
T(O — 7 cee -.» <. —

L. gy a¥

Figure 4.7: Adaptive-optics OCT sample arm with a “short focal length” collimator lens.
SMF: single mode fiber; BS: beam splitter; MO: magnification optics; WFS: wavefront
sensor. The cut-off contains additional optics and deformable mirrors. The subplots show
the simplified beam profiles.

is relatively small, so light collection into the fiber is better than for
the long focal length collimator (see Fig. 4.7).

When a wide beam (e.g. a diameter of ~7-8 mm) is guided
into the eye, the optical aberrations caused by the eye’s optics de-
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teriorate the wavefront so that the spot size on the retina is not
diffraction limited. These aberrations can be corrected by using
adaptive optics (AO). A typical AO-system consists of a wavefront
sensor (WFS), which monitors the optical aberrations at the plane of
the eye’s pupil, and deformable mirrors which correct the detected
aberrations.

In Paper III, the effect of the focal length of a collimator lens
on the recorded B-scan image quality was studied. The AO-OCT
system used has been described in detail in Refs. [24,26,91]. The
AO-OCT system used a superluminescent diode (Superlum Ltd.,
Moscow, Russia) as a broadband light source (central wavelength
Ac = 840 nm and bandwidth AA = 112 nm). A single mode fiber
and a 90/10 fiber optic coupler were used to distribute the near-
infrared light into reference and sample arms. In the sample arm,
all the optics remained unchanged, except for the first collimator
lens. The four tested collimator lenses had focal lengths of 50, 25,
18.2 and 9 mm. The 18.2 and 9 mm collimators were microscope
objectives. Immediately after the collimator lenses, the collimated
beams’ full widths at half maximum (FWHM) were approximately
10.0, 5.0, 3.6 and 1.8 mm, respectively.

In the AO-OCT system’s sample arm, the collimated beam was
guided into a free-space optical system which had a constant mag-
nification of ~0.66. Hence, the collimated beams entering the eye
had FWHMs of approximately 6.6, 3.3, 2.4 and 1.2 mm, respectively.
B-scans were recorded from the eye of a voluntary human subject
for each tested collimator lens separately. The B-scans are shown
in Fig. 4.8. The ethical tenets of the Declaration of Helsinki were
followed, and a fully informed consent was acquired from the sub-
ject prior to the measurements [90]. The subject’s pupil was dilated
with mydriatics. The optical power used in the measurements was
~400 uW, well below ANSI safety limits [92]. The field-of-view in
the B-scans is ~3.5°, which is approximately 1 mm on the retina.
Also, for each collimator lens, the detected spot distributions at the
WEFS were recorded (these are discussed in Paper IV and Section
46).
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Figure 4.8: B-scans from a human retina. Collimator lens focal lengths were: (a) 50 mm,
(b) 25 mm, (c) 18.2 mm, and (d) 9 mm. The diameters of the collimated beams entering
the eye were approximately 6.6, 3.3, 2.4 and 1.2 mm, respectively.
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Figure 4.9: Average gray scale values and dynamic ranges of the four B-scan images in
Fig. 4.8.

Figure 4.9 shows the mean gray scale values and dynamic ranges
of Figs. 4.8(a)-(d). Both maximum mean gray value and maximum
dynamic range were reached using the 18.2 mm focal length colli-
mator lens. It should be noted, that the 18.2 mm and 9 mm collima-
tors (microscope objectives) had clear apertures of only 9 mm and
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6 mm, respectively, so parts of the approximately 10 mm diameter
beam coming back from the eye were cut off. The increasing de-
tected intensity with shorter focal lengths can be partially explained
by the relatively narrow beams entering the eye, which then focus
on the retina as a Gaussian beam with a wider beam waist and
longer Rayleigh range than larger sized beams. This can be seen in
the B-scan images as increased reflectivity over longer depth range
and as decreased lateral resolution. In subsequent research, it was
found that the variations in the detected intensity of the B-scans
could be mostly explained by the optical Stiles-Crawford effect, al-
though the spot sizes on the fiber tip undoubtedly have some effect
on the amount of light that reaches the detection arm. In sum-
mary, the choice of the first collimator lens in the sample arm of an
AO-OCT system affects the diameter of the beam entering the eye
(entrance pupil size), spot size on the retina (lateral imaging reso-
lution), the contribution of the optical Stiles-Crawford effect (dis-
cussed in the next section) and finally the spot size on the fiber tip
for the reflected light (light collection into the fiber).

4.6 INFLUENCE OF BEAM SIZE AND SCE ON IMAGE IN-
TENSITY IN ADAPTIVE OPTICS OPTICAL COHERENCE
TOMOGRAPHY

In Paper III, the spot sizes on the sample arm fiber tip were as-
sumed to cause the detected intensity variations in AO-OCT scans.
However, further investigation revealed that the same intensity vari-
ations were already present in the wavefront sensor (WES) images,
before the reflected/backscattered light was focused on the fiber
tip. As the optical system in the sample arm was identical for each
tested collimator lens, the only plausible source for the intensity
variations is the measured eye itself. Paper IV describes these find-
ings.

Due to the optical Stiles-Crawford effect, the reflected /backscat-
tered near-infrared light exiting the eye is composed of two parts:
a directional component caused by the waveguiding property of
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the cone photoreceptors, and a uniform component caused by non-
directional scattering in the retina [52]. Gao et al. introduced a
method to determine the contribution of the optical Stiles-Crawford
effect (SCE) from Shack-Hartmann WFS images [51,52]. In this
method, a five-parameter model is fitted to a WFS spot distribu-
tion:

B+ I x 10 Pl=x0+(=w0)] (4.4)

where B is the uniform intensity offset caused by non-directional
scattering in the retina, I is the peak intensity of the contribution of
the optical Stiles-Crawford effect, p is directionality and xp and yo
are lateral displacement.

WES images were acquired for each collimator lens separately.
For example, for the 50 mm focal length collimator lens, see Fig. 4.10(a).
For each of the four collimators, an average WFS spot distribution
was calculated by summing 10 randomly selected spots in the WES
image (e.g. Fig. 4.10(b)). The five-parameter model was then fitted
to these average spot distributions using the Isqcurvefit function in
MATLAB. The resulting parameters are shown in Fig. 4.11.

For the SCE peak intensity values I and the WFS spot mean
intensity values, the coefficient of determination and the p-value
were R? = 0.99 and p = 0.004, respectively, which indicates a sta-
tistically significant correlation. For the SCE peak intensity values I
and mean intensity values of the measured B-scans, the coefficient
of determination and the p-value were R?> = 0.92 and p = 0.041, re-
spectively, also indicating a strong correlation between the values.
Hence, the optical SCE appears to explain the detected intensity
variations as a function of collimator lens focal length both at the
WEFS and at the detector. The non-directional component of the in-
tensity (B) is nearly a constant for all focal lengths, so it does not
contribute to the detected intensity variations. Also, as described
in Section 4.5, the focused spot sizes at the fiber tip limited the
amount of light that entered the fiber and reached the detector.
However, the optical SCE was the greatest contributor to the de-
tected intensity variations. These results show that the choice of
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the focal length of the collimator lens in the AO-OCT sample arm
affects the imaging beam width (eye entrance pupil size) and there-
fore the directional reflection from the retina for near-infrared light.
The increase in detected intensity (at the cost of lateral resolution)
in retinal B-scans might be important in cases where getting a good
signal from the eye is more important than image quality.

Figure 4.10: Data for 50 mm focal length collimator lens: (a) the wavefront sensor image
and (b) the average WFS spot distribution.
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Figure 4.11: Parameters of the fitted model B + I x 10P1(x=20)*+(y=y0)’] for four colli-
mator lenses. Parameters B (squares), I (circles), p (dashed, circles), xq (triangle up), and

Yo (triangle down).
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5 Discussion

The main claims in this thesis are that spectral color information
can be used to enhance the visibility of diabetic retinopathy lesions
and retinal landmarks in eye fundus images, spectral information
can be used to calculate the spectral power distributions (SPDs)
of optimal illuminations for diabetic lesion detection, and that the
choice of the imaging beam width in adaptive optics optical coher-
ence tomography (AO-OCT) affects the detected signal strength in
retinal imaging.

In Papers I and II, a spectral fundus camera was constructed
and 72 spectral fundus images were captured in the wavelength
range of 400-700 nm with approximately 10 nm steps. The spectral
imaging, using narrow bandpass interference filters (Fig. 3.7), gave
high-spatial-resolution spectral images of the ocular fundus, but
the imaging method was unfortunately very slow (approximately
30 min/eye). Using the acquired spectral fundus images, it was
shown that narrowband spectral channel images can be combined
into pseudo-color images which increase the contrast of normal and
abnormal retinal features when compared to typical RGB images
(Fig. 4.1). From a practical point-of-view, even though the visibility
of the diabetic lesions or interesting retinal features can usually be
enhanced with only a few narrow bandpass filters, capturing these
images filter-by-filter in a clinical setting can be arduous and time-
consuming. Therefore, automated systems should be developed for
spectral filtering, such as mechanically or electronically controlled
rapidly switching transmission filters for light source filtering. The
use of a liquid crystal tunable filter (LCTF) is one option, although,
when compared to narrow bandpass interference filters, LCTF suf-
fers from poor light transmission especially in the violet-blue region
of the visible spectrum [32]. A more ideal solution would be to use
a spectrally programmable light source to generate illuminations
with narrow spectral bands (e.g. a digital micromirror device based
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light source, [93]), but such light sources are relatively expensive.

To prove the second claim of this thesis, the spectral fundus im-
ages were used to calculate the SPDs of the optimal illuminations
which maximized the visual contrast between diabetic lesions and
the surrounding healthy tissue (Figs. 4.2, 4.4 and 4.5). The opti-
mal illuminants increased the contrast of the features of interest in
all studied cases when compared to the green channel of a RGB
fundus image. Traditionally, retinal image enhancements are done
in post-processing, e.g. by using methods such as principal com-
ponent analysis, independent component analysis or non-negative
matrix factorization [94-96]. By using optimal illuminations (or nar-
row spectral bands for pseudo-color image formation), the visibility
of retinal features could be enhanced during imaging. It should be
noted that the example images in Paper II are computational ex-
amples of the effect that the optimal illuminants would have in the
imaging of diabetic retinas. Clinical trials for testing the illuminants
in practice have not been considered in this thesis and remain fu-
ture work.

As for the final claim in this thesis, it was shown in Papers III
and IV that the choice of the focal length of the first collimator lens
in the sample arm of an AO-OCT system affects the strength of the
detected signal coming from the human retina. The focal length
of the collimator lens determined the eye entrance pupil size, and
hence the lateral imaging resolution and the strength of the opti-
cal Stiles-Crawford effect (directional reflection from the retina), as
well as the size of the focused spot on the fiber tip, potentially lim-
iting the amount of light reaching the detection arm. At the time of
writing, practically all AO-OCT systems are laboratory instruments
and changing the collimator in such systems is a relatively trivial
task. In the future, any commercial AO-OCT device would require,
e.g., a mechanical device that swaps between “long focal length”
and “short focal length” collimator lenses as needed. With an opti-
mal choice of the collimator lenses, a balance can be found between
lateral imaging resolution and detected intensity in AO-OCT scans.
This might be of practical importance in cases where the measure-
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ment signal is weakened by the condition of the eye or the retina
(especially with elderly people).

The main challenges in the thesis work were as follows: the
spectral fundus camera system produced images from relatively
large areas of the ocular fundus with high spatial resolution. How-
ever, due to the manually operated light-filtering setup, the imag-
ing of the full filter set was very time-consuming (~30 mins). This
caused some strain for the human subjects as they had to stay in
the same position for long periods of time. The time-consumption
also limited the number of patients that could be imaged during
one day.

Due to the autonomous movements of the eye, the captured
spectral channel images were spatially displaced with respect to
each other. Image registration set the images in the same coor-
dinate system, but unavoidably left non-overlapping areas at the
edges of the spectral images (for example, see the edges of the fun-
dus images in Fig. 4.1). However, the non-overlapping areas are
relatively small compared to the overlapping areas due to careful
measurement setup. During imaging, the spectral channel images
were captured with as similar fundus locations and orientations as
possible. Due to the movements of the eye during spectral imaging,
the spatial distributions of the illumination on the retina differ from
image to image. This can have an effect on the fundus reflectance
spectra, as discussed by Everdell et al. [68]. In the scope of this the-
sis, the uneven illumination in the spectral fundus images was not
corrected for. However, in Paper II, the optimal SPDs of the illumi-
nants were calculated from a relatively large number of reflectance
spectrum pairs taken from several different eyes, so the results can
be considered statistically reliable.

In AO-OCT imaging, the main challenge was the fact that data
from only one human subject was available at the time of study. The
test subject didn’t suffer from any medical conditions that could
have influenced the results. The detected intensity variations as
a function of imaging beam size were a result of normal optical
behavior of the human eye. Gao et al. have shown the validity of
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the analysis method used (Refs. [51,52]), and as similar changes in
intensity were detected both at the WFS and at the detector, the
optical Stiles-Crawford effect becomes a plausible explanation for
the observed phenomenon.

In the future, spectral cameras and other devices exploiting mul-
tispectral information may become standard tools in clinical en-
vironments. But this requires that spectral imaging devices must
be able to capture spectral data faster than currently available sys-
tems. Snapshot spectral imaging would be ideal if the technology
can be extended to cover relatively large spatial areas with fine spa-
tial and spectral resolutions. The currently existing snapshot spec-
tral imaging systems have relatively limited spatial resolutions (i.e.
350350 pixels or less, [60,96,97]). Development of spectrally pro-
grammable light sources with fast switching times and high output
power would be useful in all applications requiring spectral imag-
ing or illumination with a predefined spectral power distribution.
In most cases, cost-effectiveness is the limiting factor when it comes
to translating modern optical methods into actual clinical use. The
optical methods introduced in this thesis are relatively straightfor-
ward and can potentially be implemented in existing retinal imag-
ing systems.

As future work, both the spectral fundus imaging and the AO-
OCT devices/methods of this thesis could be implemented in stud-
ies of various diseases and medical conditions that affect the ocular
fundus, e.g. age-related macular degeneration, glaucoma, macular
edema, retinitis pigmentosa, choroidal nevus/melanoma and reti-
nal detachment.
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This thesis contains studies on

the imaging of the human retina.
Multispectral imaging and optical
coherence tomography (OCT) are
discussed. By using spectral color
information, the visibility of retinal
lesions caused by diabetes can be
enhanced. For improved detection
of diabetic lesions, optimal spectral
light sources are computed. By
choosing the imaging beam width
correctly in adaptive optics OCT,
detected signal strength can be

improved for retinal imaging.
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