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ABSTRACT

Techniques used in retinal imaging provide a unique method for gaining information about biological structures and
processes without being invasive. Applications within the fields of medicine and clinical diagnosis provide great scope
for such research. Being able to measure haemoglobin oxygenation from retinal images provides useful information in
the diagnosis of conditions such as diabetic retinopathy, age-related macular degeneration and glaucoma.

We describe how existing methods have been used to gain information from retinal images. Problems of calibration and
difficulties encountered in validating the various models are also discussed. Existing techniques to model multi-layered
tissue, such as Monte Carlo methods and radiative transfer approaches, are explained and their respective advantages and
disadvantages are highlighted.

A proposal to employ a standard fundus camera, adapted to accommodate a liquid crystal tunable filter, is presented and
the characteristics required of the images are outlined. We finish with a discussion of the techniques deemed to be the
most promising and how the captured images can be used to validate them.

1. INTRODUCTION

With the development of ophthalmological tools to image the tissue visible in the retina, it has been possible for
clinicians to view physiological features in the eye such as the optic disc, fovea, veins and arteries. With the
development of optics and advances in the type of fundus cameras used, it is now possible to view the retina with a host
of different light sources and more specifically with a range of wavelengths. Figures 1 .a) -0 show how different
structures in the retina and underlying layers can seen as the wavelength is changed1.

*a (hL phone +44 (0)131 451 4171; http://www.hw.ac.uk

Figure 1. Plot showing the absorption coefficients
for oxygenated and deoxygenated haemoglobin.
Digital images of the retina taken at 580 nm and 633
nm, highlighting the sudden translucence of veins
due to the dramatic drop in absorption of
deoxygenated haemoglobin. Digital images a) — I)
depicting the varying translucency of veins and
arteries viewed at wavelengths 633 nm, 680 nm, 700
nm, 740 nm, 760 nm, and 800 nm respectively.
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It is apparent that at 633 nm arteries in the retina appear opaque and the veins appear translucent, this scenario gradually
reverses as one moves through to 800 mu. Such behaviour not only gives insight into the biochemistry within obvious
structures such as arteries, veins (in this case haemoglobin oxygenation) and the optic disc, but also provides some
information about the tissue layers that are beneath the surface of the retina. In this way images of the retina provide a
non-invasive method of gaining information about the internal structure and composition of the fundus. Structural
information about the retinal and sub-retinal tissue layers can provide useful information about sight-threatening
developments such as those associated with macular degeneration2. Loss of pigmentation and other layers (see Figure 2)
characterize tissue damage that relates to vision loss.
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Figure 2. Light micrograph ofhuman retina illustrates its layered structure. PB, Pigment Bpithelium; OS, outer segments of
photoreceptors; Is, inner segments of photoreceptors; BLM, external limiting membrane; ONL, outer nuclear layer
(photoreceptor cell bodies); OPL, outer plexiform or synaptic layer; INL, inner nuclear layer; IPL, inner plexiform or
synaptic layers; U, ganglion cell layer; OFL, optic fibre layer; and ILM, inner limiting membrane. Bar indicates 50 pm.

In the case of age-related macular degeneration oxidative processes give rise to radicals, which damage photoreceptor
cells, retinal pigment epithelium and the choriocapillaris3. This also leads to the formation of debris that builds up in the
Bruch's membrane, which causes it to thicken4. Diabetic retinopathy, which is attributed to the diabetic condition of
elevated blood glucose levels, is a disorder of small blood vessels of the outer retina from which leakage of plasma
occurs. Due to the leakage, lipids and lipoproteins form which can reduce the acuity of vision and can lead to blindness.
It is also the most common cause of blindness in the developed world5. Another condition, which has the potential to
seriously impair vision is glaucoma6, where increased intraocular pressure (TOP) causes cupping of the optic disc, as well
as thinning ofthe neuroretinal rim (see Figure 3).
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Figure 3. An outline ofthe progressive damage caused by the onset of glaucoma.

With all of the outlined conditions a reliable and convenient method of determining structure and composition would be
of great value to clinicians, in so far as to provide early diagnosis. An example of such progress is early work canied out
by DeLori on the oximetry of blood vessels, visible at certain wavelengths in the eye. In the outlined disorders, damaged
tissue often results in a lack of metabolism and in the presence of veins and arteries this often leads to an anomaly in the
levels of oxgenated and deoxygenated haemoglobin. Accurate measurements of such anomalies give insight into the

Proc. of SPIE Vol. 5486     49



level of tissue damage and hence gauge the severity of a particular condition. Given that absorption spectra for
oxygenated and deoxygenated blood can be accurately determined, reflectance spectra of a vein can provide oximetric
measurements (see Figure 4).
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Figure 4. a) Digital image of the retina obtained at 560nm, depicting a cropping region about a vein emanating from the optic disc.
b) Cropped image (128 x 128 pixels) with highlighted region about y = 80 pixels. c) Plot showing the variation in intensity along x
at y = 80pixels. Drop in intensity is attributed to absorption by blood within vein.

In this paper a number of popular models used to model light propagation in tissue, to gain structural and spectral
information are put forward. The success and limitations when applied to real cases are discussed and the construction
of appropriate instrumentation for gaming useful retinal images is outlined.

1.THEORETICAL APPROACHES

1.1 Kubelka-Munk theory
Kubelka-Munk theory (KMT) was originally developed to describe the properties of light reflected from paint films, but
has now been applied to many different problems of light transport in turbid media. The principles are simple in that the
model initially considers the effects of scattering and absorption, propagating in two opposed directions and incident
upon some medium with arbitrary coefficients of scattering and absorption. Formulation of the model starts with the
following set of coupled differential equations7:

dl dl
-—-=—(s+K)I+sJ —=-(s+K)J+sI (1)

dx dx
where 1(x) and J(x) are the isotropic diffuse intensities corresponding to forward and backward diffuse radiation
respectievly, S and K are the effective scattering and absorption coefficients per unit length of the media and x is the
distance from the non-illuminated side to the medium. By some manipulation and integration of the two differential
equations one can obtain the following expression for the Kubelka-Munk diffuse reflectance:

1 — R [a —bcoth(bSh)]
RKM

a+bcoth(bSh)—Rg
(2)

where Rg 5 the diffuse reflection coefficient for light incident on the media, h is the thickness of the media, a=(S + K)/S
and b=(a2-1). Figure 5. depicts the scenario dictated by the model outlined above. It is important to note that Equation
(2) does not take into account the partial reflectance of incident light at the illuminated surface, nor the internal partial
reflectance of diffuse light at the media-air interface. If one takes these boundary reflection effects into account then the
effective diffuse reflectance becomes

Rdd=r+(h1M (3)1-rR
where rd and rd are the reflection coefficients for diffuse light incident on the air-media and media-air interfaces,
respectively.
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This approach is known as the two-flux Kubelka-Munk theory and is well described by experimental results providing
the illumination is with diffuse monochromatic light, the medium is sufficiently turbid and light is scattered diffusely.
The theory works best for optically thick materials where >50% of the light is reflected and <20%is transmitted8. For the
case that the incident light is collimated a better description is given by the four-flux Kubelka-Munk approach. The
approaches differ from two-flux theory in that there are two diffuse fluxes counter-propagating within the given medium
as well as two collimated light beams which are incident on the medium and reflected from the rear boundary
respectively. These models simply describe scattering in the forward and backward directions, a more precise
description of three-dimensional scattering is given by the seven-flux Kubelka-Munk model. This is the simplest three-
dimensional representation of scattered light as well as incident light in a semi-infinite medium. To achieve greater
accuracy multi-flux (discrete ordinates) theory can be employed, which approximates to a solution of the transport
equation (see section 2.3) by considering illumination along many discrete directions.

Figure 5. Diagram depicting the two-flux
Kublenka-Munk model. 1(x) and J(x) are the
foward and backward intensities, incident upon a
media, h thick, with scattering and absorption
coefficients S and K respectively.

-
:cou illuminated 14ce

/iuh//'!It

I

"
,— - "0 0 o4oooo

Scattering

0 0 0 0 0 0 Particles: ,Kaø) \ I\ \4— £ , I
o O\0 o\o/o 0000000000

Figure 6. Diagram depicting a photon with Stokes vector 5p/zoton and pathlength 1, incident upon a particle with phase
function p(9, q9.
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1.2 Monte Carlo Approach
Monte Carlo techniques have been applied to fields ranging from particle to solid-state physics, but have only recently
been successfully employed to describe photon migration in tissues. The basic foundation is the 'method of direct
imitation simulation of photon migration in a medium'. The model works by recording the path of each single photon,
contained in a given flux, as it moves through a scattering medium. Photons that pass through the medium without being
scattered are often referred to as 'ballistic photons'. During the course of any given photon's path, an event can occur
and such events are described with an appropriate probability distribution. In the case of simulating light propagation in
tissue, photons would either be elastically scattered or absorbed through collisions with scatterers within the medium.
The outcome of a given event is determined by use of a uniform random distribution of numbers. Note that the
probability of a given photon being scattered in a particular direction is determined at the point where a given particle is
located in the medium. For a complete account of events, it is necessary to specify the scattering cross-section and
scattering matrix for every given photon-scattering particle interaction within the medium.

Suppose a single photon enters a scattering medium and is allowed to travel some pathlength 1. The free pathlength 1, is
random quantity and takes values given by the probability density9

p(l) = P0ext exp[— P0ed'] , (4)

where p is the particle concentration and a is the extinction cross-section. For any given photon, the value of 1
obtained is determined by a random number, y, that is uniformly distributed over the interval [0,1]

r=Jp(l)dl. (5)

Substitution of Equation (4) into Equation (5) leads to the pathlength, given by

i=1
1

(6)

P0ext)

If it is to happen that a particular photon traverses the distance 1 (thus remaining within the scattering volume), then the
possible events of scattering and absorption are selected randomly. In spherical coordinates, the probability density of
scattering within a specified direction is dependent on two terms; p( çb) that depends upon the scatttering particle's
Mueller matrix M(O, çb) and the Stokes vector S associated with the photon. As the photon traverses the medium
ballistically, the consecutive points are related by a sequence of transformations that depends upon the particular type of
chosen coordinates. With each scattering event that takes place, the vector S, is altered accordingly and a new value for
S is determined. The new vector is the result of the preceding vector transformed into the new scattering plane and the
Mueller matrix of the scattering particle. By use of a random number generator, the next value of 1 in the direction the
photon is travelling is found and a new value for it's coordinates are found within the space of scattering particles.

The procedure outlined is repeated until the photon's direction is such that it is not within the boundaries ofthe scattering
system. Within the simulation, detectors (points where the photon's attributes and history are recorded) can be placed
and photon's with attributes of interest can be registered according to given parameters i.e. distance covered or the
scattering multiplicity. For each emitted photon, its direction and coordinates of where it was emitted and the number of
scattering events experienced are all recorded. An increase in the number of particles used in the simulation reduces
statistical uncertainty and also provides greater insight into the spatial distribution of scattered light. When put into
practice, such related Monte Carlo techniques correlate with relations derived from solving the transfer equation
analytically (see Section 2.3).

1.3 Finite-difference Transport
A fast way of accurately describing the light distribution in large heterogeneous media is given by the finite-difference
solution of the transfer equation, sometimes referred to as the discrete-ordinate formulation. Initial development of the
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transfer equation is credited to Bouguer and Lambert and it was in 1950 that Chandrasekher first proposed its use to
describe the transport ofradiation in arbitrary media.

Figure 7. Incident intensity I(r,s) about

•1
• solid angle dQ near direction s,

( a
concentrated on an area da at an angle 6
to the z-axis, resulting in an energy flow
dP.

It is only recently that fmite-difference solutions of the transfer equation have been applied to tissue, with the only
exception being Rasteger et al (1 989) who used such a method to calculate the one-dimensional fluence rate of radiation
in a small slab-like homogeneous medium. Before outlining the implementation of the finite-difference technique, a
description of the transfer equation is necessary. The transfer equation is derived from energy considerations and makes
use of the classical assumptions of ray optics, that there are no radiating sources within the medium as well as the
statistical approximation that rays of light propagating in different directions are mutually incoherent. Suppose a ray of
light has intensity I(sJ travelling with direction s, is incident upon a medium (orientated at an angle 0 to the z-axis),
resulting in a energy flow dP through an area da which is concentrated about a solid angle dQ (near the direction s) in
the frequency interval (v, v + dv). Such a scenario is depicted in Figure 7 and is described by the relation10:

dP = I(r,s)cos6dadQdv . (7)

To implement the relation in Equation (7) for radiative transfer, the Boltzman equation used in the kinetic theory of gases
and in neutron transfer is applied. This results in the main stationary equation of radiative transfer theory (RTT), which
for monochromatic light, has the rm'

aI(r,s) I— —\ s I— —,\ I— —A
— =—/JIr,s)+—— iIr,s )pS,S )aQ , (8)as 4rJ

4ir

where I(F, ) is the radiation intensity at a point F in the direction i with the units Wni2sf' . The scattering phase
function is given by p(, ')and dQ' is the unit solid angle in the direction '. Equation (8) is an integro-differential
equation that describes the transfer of radiation across an infinitesimally small volume of scattering media. The integral

term in Equation (8) describes the change in intensity iQ, )due to scattering along the direction s by considering all

other directions s ' whilst the term u 1(F, )describes the attenuation of radiation due to the processes of scattering and

absorption. The function p(, ') is known as the scattering phase function, but is analogous to the scattering
probability density ftmnction mentioned earlier (see Section 2.2), in that it describes the probability of a photon being
scattered in the direction s' given that it is travelling in the direction i. Note that if the scattering effects in the

di'
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particular medium are symmetric then the phase function depends solely upon the angle between the directions and, . Theportion ofradiation that decreases due to scattering and absorption (I,) is given by,

1ri() = Pt1ri() (9)

The remaining portion is that manifesting in the medium due to scattering (Id) which when taking into account that the
total intensity ('total) 5 the sum ofboth portions leads to

'total = Iri(')+ IdO,:-), (10)

where 'd 5 often referred to as the diffusion intensity. Since 'd 5 described by Equation (8), then the diffusion intensity
can be written as

1d(r,s)
Pt'd (r,)+ J1d (F, ')p(, ')dQ' + ri(F,), (11)

where 8ri fr') the intensity required for a source that accounts for the attenuation in the incident radiation. It is of
interest to observe that Equation (9) agrees with Bouguer's law that

i(x)=ioex, (12)

where jo is the intensity at the source, 1(x) is the attenuated intensity at some distance x and K is the extinction
coefficient. Note that effects that are deviations from Bouguer's law, such as 'darkening' and 'clearing' due to the dense
packing of scattering particles are hence not accounted for within transfer theory.

For non-trivial media, the transfer equation is not analytically soluble and satisfactory solutions require numerical
approaches to the finite-difference expression of the transfer equation. The goal of any such algorithm is to find

I(F, )or to determine the energy fluence-rate, which is expressed in the units Wm2. In order to use a finite-difference

approach, the angular (Q) and spatial (r) variables need to be distcretised. The method outlined here is that put forward
by Hielscher et al (1998). Spatial discretisation is achieved by the Crank-Nicolson method (Alcouffe 1993, Press et al
1992), whilst angular discretisation is achieved by the method of discrete ordinates (Carlson and Lathrop 1968, Bell and
Glasstone 1970). The technique involves dividing the radiation field into a series of discrete directions (Q,,j. Instead of
there being a single integro-differential equation, a transformation results in there being a set of coupled integro-
differential equations. Each of these equations is then transformed into a linear differential equation, by expanding the
phase function, p, into a series of Legendre polynomials P1, such that12

p = (21± i)
b1P , (13)

where b1 is the corresponding expansion coefficient. With iteration of the algorithm new values for the fluence-rate are
generated until the solution converges. To aid reaching a solution the diffusion approximation to the transfer equation
(see Section 2.4) can be used as a measure of the speed at which convergence is occurring (analogous to the 'Verlet-
velocity' method employed in algorithms used to solve similar systems of differential equations). Since desirable
solutions of the finite-difference transfer equation require algorithms that have to be tackled numerically, such methods
are constrained by the limitations of computational resources.

1.4 Diffusion Theory
When photons are propagating in a medium there reaches a point where the optical path is such that the scattered light is
broadened and can be considered isotropic (it appears to have 'forgotten' its initial direction of propagation). In such a
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situation it is simpler to approximate the isotropic radiation to some appropriate approximation of the transfer equation.
Supposing the transfer equation (Equation (1 1)) is given in the form described by Hielscher et al (1998),

Q . VkP(r, Q) + (Pa (r) + ,i (r))kF(r,Q) S(r,)+ JkP(r,Q')p(Q . Q')dQ' , (14)

where
r Position vector

c� Unit vector pointing along direction of propagation

'P(r, Q) Energy radiance in untits Wcm2sf1

S(r, Q) Power injected into a solid angle centred on � in a unit

volume at r (Source term)

/a Absorptioncoefficient

dus Scattering coefficient
p(c .Q) Phase function.

Diffusion theory is based upon an approximation of the transfer equation, derived from expanding 'P into spehrical
harmonics and only considering the first two terms. Case and Zweifel (1967) show that the energy radiance can be
written as

P(r,c) =!JP(r,Q)dQ+-_rciJ(r), (15)

where J(r) is correction term. By inserting Equation (15) into Equation (14) a series of manipulations leads to the
diffusion equation

—V(3pa + 3 )1 W(r)+Pafr) = S(r) . (16)

Note that has been replaced by , which is defined in terms of the anistropy factor, g, where

:P[1_f'.QP(Q'.Q)dQ']
& g:=J'.Qp(Q'.Q'. (17)

When considering a physical explanation, the inverse of.4 is regarded as the distance a photon has to travel before it
loses information about its direction (often referred to as the reduced or transport mean free path). For now it is assumed
that the diffusion coefficient, D, takes the form

D(3jU (18)

although alternate defmitions have been proposed such as D =(3p )_1 (Furutsu and Yamada 1994) and

D = (/a + 3p )_1 (Wang and Jacques 1995). Unlike transfer theory, for simple geometries analytic solutions can be
found such as in an infinite medium that contains an isotropic point source, with intensity I( W), at r0 one can express the

fluence-rate, t(r, t), as

(r (19)
4irD

Diffusion theory is a simpler model to that proposed by solving the transfer equation and proves a valid check for finite-
difference transfer calculations but has its limitations (see Section 3.1).
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1.5 Other approaches
The approaches outlined so far are ones, which have been popular to implement as well as give rise to useful information
—but there are other techniques. Optical tomography in the near infrared has been used to image the structure of human
tissue and works on the basis that by analysing the time taken by photons to traverse a medium, structural information
can be determined. The principle is that photons traversing a medium will have a range of different pathlengths, which is
attributed to the scattering and absorbing properties. Analysis of the distribution of times taken and hence the
pathlengths provides a description of the properties of the medium. The technique has been widely used, but for non-
trivial types of heterogeneous tissue the method becomes considerably complex. A novel approach is that outlined by
Random-walk theory (RWT), which describes the statistical behaviour of random walks, constrained along a finite
number of discrete directions. It has been shown that for photon migration in homogeneous media, the theory agrees
with results obtained from numerical solutions of the transfer equation (Bonner et a! 1987, Gandjbakhche and Weiss
1995). Unfortunately due to its complexity, the theory has only been successfully applied to model only simple media.
With similar success is the Markov random field method, which was developed by GrUnbaum et al. The model is based
upon describing transport events in terms of their respective transition probabilities, but has never been applied to
realistic scenarios. Relating to the background theory outlined in Section 1 .3, is the Finite element method (FEM). The
technique is more complicated, than those employed in finite difference solutions of the transfer equation (FDM), but it
proves effective for describing non-trivial geometries and complex boundary effects. Analogous to FDM, the starting
point is the transfer equation, but where the method differs is that it approximates the solution to a finite number of basis
functions that exist within a vector space. This then reduces the problem to an algebraic matrix, which is resolved using
well-known algorithms. As with the prior methods, the technique becomes considerably complex and descriptions of
non-trivial media becomes increasingly difficult. The final technique to merit discussion in this section, is the possibility
for improvement by considerations of the perturbation amplitudes in the time domain13. For any given equation
describing transport properties, a description of the sensitivity of time- or frequency- domain measurements of
transmitted light to localised perturbations of the optical properties within the medium can be provided. A number of
investigations have incorporated perturbations into the diffusion equation, whilst Gandjbakjche ez' al have performed
similar analysis to RWT. The method is a useful addition to current approaches and provides a route to quantify
accuracy as well as test validity when comparing results to those obtained experimentally.

2. CURRENT APPLICATIONS

2.1 Simulation in various media
Numerous applications of the approaches outlined (see Section 1) to model light propagation have been carried out, but
in this section only a few, relating to the most popular techniques are discussed. Kubelka-Munk theory has been used for
an extensive period by those working in the paint industry to characterize the absorbing and scattering properties of
polymer coatings. Much work surrounds the generation of simple layered models, which include partial and boundary
reflections so that inversion techniques can determine the optical parameters from given reflectance spectra14. An
extension of this model, not only considers scattering in the forward and backward directions, but also considers lateral
scattering. The method proves valuable when describing the optical properties of halftone prints on paper'5. More
complex applications have been exploited by Claridge et al. A multi-layered model is assumed to describe the skin and
associated properties of absorption and scattering are included from experimental results. Within the simulation emitted
light is characterized by the defmition of three separate colours (red, green and blue), such that a colour space
representing the contributions from each layer is obtained. Studies were carried across different ethnic groups, so that
for any given person parametric maps for particular layers in the skin could be obtained'6. Unlike Kubelka-Munk theory,
finite-difference solutions of the transfer equation have had far more extensive applications. Studies carried out by Guo
et a!, examine the influence of inhomogeneities in a homogeneous medium and extend their models to try and explain
imaging anomalies found in the human head, such as in the skull, cerebrospinal fluid (CSF), grey matter and white
matter. In parallel to these studies, is comparison with results obtained from the diffusion approximation to the transfer
equation'7. Hielscher et al (1998) conducted a similar study, with extensive comparisons not only between finite-
difference solutions and diffusion theory, but with results obtained from Monte Carlo simulations. Monte Carlo
techniques are not only a method of verification but also a valid approach that has been applied to various cases. Three-
dimensional MRI scans obtained of the human head have been converted into parametric maps of scattering and
absorption coefficients, which have been used in simulations with detectors 1 mm2, placed 30 mm from with 108
photons. Reasonable results were obtained with computation times of 5 — 10 hours, using a Pentium III, 1 GHz CPU18.
Instead of using parametric maps obtained from MRI scans, Okada et al use Mone Carlo simulations to model the
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