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“In my sleep | thought today that the shortest expression of the meaning of life might be this:
the world moves, perfects itself; the main task of man is to take part in this movement, to
submit himself to it, and to help it.”

L. N. Tolstoy
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INTRODUCTION

The health care side of the human being has taken the leading position in the life since ancient
times, being the integral part of the qualitative life. Modern medical progress has considerably
increased the average lifetime. Nowadays, most of clinical equipment can be hardly imagined
without video systems (allowing to perform internal operations), laser jets (making it possible
to diagnose at early stages of disease), and mathematical treatment (providing and speeding
up results processing). The variety of clinical diagnostic and therapeutic techniques for
bladder cancer [1-6] highlights the interest of the medical community to improve the quality
of the diagnostic methods. Thereby, the global aim of the present work is to contribute to the
improvement of biomedical systems, allowing for a non-invasive diagnosis of bladder
cancerous and pre-cancerous tissues.

Clinical instruments are mostly based on optical systems and measure principles that
suits to specific medical problems. Among the most popular in biomedical optics analytical
and therapeutic methods are laser-based technologies, which are widely used at physics,
biology, medicine and inter-disciplinary fields. Lasers can be implemented in different
technical devices, diagnostics and research measurements and studies. Such a wide need of
optical and laser systems makes the biomedical optics [7], [8] to be one of the main promising
spheres to develop and improve.

The targets of the biomedical optical studies are biological molecules, cells and their
components, intercellular matrices and tissues at macroscopic level [9], [10]. However, the
complexity of biological tissues and of modifications, occurring in them under cancer
formation, involves many diagnostic problems into biomedical optics that still have to be
solved.

Laser light interaction with biological tissues can provide information on their structure
characterizing its state at cellular, multicellular and molecular level. A laser wave, penetrated
into a medium, changes its direction and intensity in a unique way due to unique tissue
morphology: density and structure, absorption and concentration of the scattering elements
inside the tissue. Light distribution in the tissue (or on its surface) can provide diagnostically
useful information [11]. Thereafter, the optical techniques, based on the biological tissue

interaction with the laser light are of considerable interest for in vivo diagnosis. This interest
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formed one of main aims of this thesis - to detect early-cancerous tissue changes by analysis
of surface back-scattered light signals.

Six chapters of the thesis are constructed to cover a wide range of important problems,
relating to early cancer detection. They present a biomedical method of DR laser light
analysis and its mathematical modelling for multi-layered media.

Motivations and problems of the optical laser diagnosis of bladder tissues are described
in Chapter 1 of this thesis. Multi-layered structure of the bladder wall, and common tissue
modifications under cancerous neoplasm formation are analysed. Main sub- and inter- cellular
changes in bladder mucosa at dysplasia formed the “markers” for the surface light responses
analysis. They also motivated us for multi-layers phantoms construction, mimicking five
different states of bladder urothelium, by varying their scattering and absorption parameters.
The principles of light-tissue interaction, namely reflection, absorption and scattering, and
main features, advantages and disadvantages of modern optical diagnostic techniques, based
on tissue-light interaction, are also discussed in the Chapter 1. This part of the thesis serves as
a starting point for the development of an analytical method for detection and processing of
diffuse-reflected (DR) light from bladder tissues and phantoms.

Chapter 2 represents an experimental part of this thesis. It describes an imaging method
of in vivo measurements of surface back-scattered laser signals. In the first part of the Chapter
2 the sensitivity of the presented method to the sizes of the scattering particles in multi-
layered phantoms was studied, and the most suitable and fast image processing algorithms
were found. The second part of this Chapter describes five different types of multi-layered
phantoms constructed in order to reveal the surface light signal dependence on different
changes of the tissue. Furthermore, the presented technique was tested on the capability to
discriminate the fluorescent signals from tissues with different level of the photosensitizer
accumulation.

Mathematical analysis of the scattering process, occurring during the tissue-light
interaction with bladder tissue and tissue-like models, is described in Chapter 3. Two
computational approaches, based on the Mie theory [12], for calculations of tissue optical
parameters are presented. The first approach describes the interaction of electromagnetic
waves with spherical particles, the second one - with “coated spheres”. After the computation
and literature analysis, tables with optical parameters for three layers of the biological

phantoms and bladder tissues at five different states were composed.
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Chapter 4 describes a stochastic mathematical approach (Monte Carlo method [13-15])
for modelling the light distributions of back-scattered light distribution on the surface of
multi-layered media. Basing on the optical parameters, presented in the Chapter 3, the
matrices of the light distributions on the surface of the phantoms and bladder tissue with
different scattering parameters of the first layers were obtained. The results of matrices
processing and analysis were compared with the experimental ones.

The clinical studies of the back-scattered laser and fluorescent light signals on the
surface of healthy and pathological bladder tissues are described in Chapter 5. Mathematical
estimations of scattering tissue parameters for the case of multi-wavelength excitation
analysis are also presented.

Conclusions and future application of the method of detection and analysis of the
surface DR laser light signals for pre-cancerous or early-stage cancerous bladder tissues are

presented in Chapter 6. The main drawbacks and advantages are discussed.
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“Have no fear of perfection - you'll never reach it.”
S. Dali

1.1 Introduction

To form the base for the thesis, we first review some basic concepts of pathology formation in
bladder epithelium. The optical diagnostic techniques, using the effects of tissue-light
interactions, will also be introduced in this chapter. One of the most important fields of laser
medical application is biomedical optics, where the laser light is often used for diagnostics,
therapy, surgery procedures or prophylactic purposes. The essential aim of the optical
diagnostic techniques is to detect the lesions at the early stage of disease, when the
microscopic changes begin to occur in tissues. Such precise information about tissue state at a
microscopic level can be revealed by the tissue biopsy, which is, however, an invasive
method, and sometimes is taken randomly [1], [2]. Besides, such procedure often requires a
waiting period of several hours to days. Due to the possible differences at the malignancy level
of the tumour under investigation, the biopsy from one area of a lesion cannot be representative
of the state of the entire lesion. Thus some of the malignant lesions can be overlooked [3].
Large neoplasms often require multiple biopsies, which leads to substantial tissue removal. The
resemblance of tissue inflammation to pre-malignant mucosal alterations [4] often leads to
random or repeated biopsies causing a strong discomfort to the patient. However, even though
the optical techniques have limitations in diagnosing, especially at the early stages of
neoplasm formation, they have a strong potential to be both, non-invasive and sensible
enough to detect changes at the micrometric scale. With such advantages, optical techniques
can be applied for in vivo determination of the tissue optical parameters [5].

One of the purposes of this thesis is to understand (by experimental studies and
mathematical modelling), whether our optical diagnostic method of analysis of the surface
diffuse reflection (DR), can be a non-invasive diagnostic imaging. The method is based on the
irradiation of a tissue by a narrow collimated coherent laser beam, and collection of a surface
back-scattered non-polarized light signal by a photodetector. A similar technique is described
in [6], where the authors measured spatially resolved reflectance distribution for bladder and
brain tissues in vivo. Their results of experimental studies and mathematical modelling show

that the method and its mathematical simulation allow for determining the optical properties
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of a tissue and may be applied for internal organs, such as urinary bladder (UB). In practice,
this is implemented with the use of the laser light supplied by an optical fibre to the tissue,
and analysis of the signal, acquired through the cystoscopic optical channel connected to a
video camera. In this thesis we propose an optical non-invasive method, aiming to increase
the specificity of the diagnostics by detecting different cellular and intercellular changes of
the bladder epithelium. It is supposed that the proposed laser system and the analytical
method can be used for biopsy navigation, or applied without the biopsy need for in vivo
detection of the cancerous multifocal tissue neoplasms. Biological cells consist of different
sub-structures (organelles) in a fluid (cytosol). The largest organelle is cell with its typical
sizes of about 10-15 um for the bladder tissue [7]. Each organelle has specific structure and
role to play in the function of the cell and tissue in general.

Precancerous lesions of the UB mostly arise in the first, epithelial layer, which consists
of 4-7 rows of densely-packed orbicular-shaped cells [8], and is about 200 um thick. At a
normal state each cell of the transitional epithelium has a nucleus of about 5-7 um diameter.
However, at the early stages of UB diseases, such as dysplasia, first metamorphoses occur in
the cell nuclei, which influence the cell optical properties.

At dysplasia the cell nuclei undergo different changes [9], which contribute to the light
scattering and absorption properties of the tissue. Thereafter the wave interaction with the
epithelial layers at different stages of neoplasm formation, should be taken into a special
consideration, and will be discussed below. The tissue scatterers are all the components of the
biological tissue, influencing different scattering properties. Thus the impact of each scatterer
on the tissue light distribution should be studied to understand whether it should be taken into
account or not. Besides the biggest scatterer (nucleus), all the smallest cell organelles of about
20-100 nm contribute to the light diffusion in tissues. Such small cell organelles are, for
example, endoplasmatic reticulum, component parts of Golgi apparatus, individual fibres, and
less small organelles, as mitochondria, lysosomes and Golgi apparatus, which sizes can be
compared to the wavelength of a visible light.

The scattering process is caused by the optical inhomogeneities, which are different in
their shape and nature. The media with distinctive optical inhomogeneities are known as
turbid media. In the visible-infrared wavelength range almost all the biological tissues are
turbid media. The character of the light scattering depends primarily on the ratio of the
wavelength and the size of scattering particles [10]. If the ratio of the linear dimensions of the
scattering of particles smaller than 1/15 of the wavelength, then the scattering on such a
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particle is called Rayleigh scattering. For large particle sizes, comparable to the wavelength,
the scattering is called Mie scattering. Under the Rayleigh scattering the initial direction of
the light is almost completely disrupted, while under the Mie scattering the direction of the
light propagation is largely preserved. However, in that case the collimated beam becomes
fuzzy and spreads to different directions inside the tissue. Penetrating inside a medium, the
light is reflected, absorbed and scattered, thus it is partially backscattered or transmitted
through the medium [11]. Light propagation in biological tissue is determined to have a
greater degree of scattering process than of absorption process. It is noted that wider beams
penetrate deeper into the tissue than the narrow beams.

The interaction of electromagnetic radiation with matter can be a many-sided process.
Typically, there are three major effects that can interfere with free light diffusion: reflection
and refraction, absorption and scattering. The relation between the reflection and refraction
processes can be expressed by the Fresnel laws, which gives subject to classify them into one
category of the processes. Due to absorption and scattering, it is difficult to control and detect
the effect of refraction in the turbid media. Photons, neither reflected nor absorbed or
scattered, pass through the media and contribute to the intensity of the transmitted light
measured at the opposite side of the sample. The amount of reflected, absorbed and scattered
light depends on the optical properties of the media and on the wavelength of the incident
radiation, which is one of the most important parameters in the optical studies. The
wavelength specifies the absorption and scattering coefficients and the index of refraction,
determining the total reflectivity of the media.

Due to the multiple scattering and absorption, the laser beam changes its shape and
intensity during the propagation in the tissue. The spatial scattering causes the spread of a
significant proportion of the radiation in the opposite direction (back scattering). The
absorbed light is converted into the heat, reemits as fluorescence or phosphorescence, or is
spent to the photo-biochemical reactions. In the laser medicine, the knowledge of absorbing
and scattering properties of the tissue, is important for a successful diagnosis or treatment. As
the biological objects are usually complex and heterogeneous structures, various
approximations are used to describe the interaction of the radiation light with the tissue.

Below the above processes are discussed in a more detailed way.
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1.2 Basic Concepts of Light Propagation into a Biological Medium
1.2.1 Reflection

In general, three main photophysical processes appear with light propagation in biological
tissues: refraction, scattering and absorption [10]. As it was mentioned above, penetrating into
the biological tissue, light can be reflected from the boundary of the medium, be absorbed by
the tissue, and scattered on the tissue irregularities. Reflection is a process of return of the
electromagnetic radiation from the surface on which it falls. Reflection of the incident wave
from the surface of the medium occurs due to the difference of tissue optical properties
(relating to the refractive index) between two media [12]. The refractive index depends on the
nature of the medium, temperature, wavelength of the incident light and density. Even if this
dependence is very weak in the visible range, it should be considered for an accurate

understanding of light distribution in the tissue.

1.2.2 Absorption

In biomedical optics, another important outcome from the light interaction with a tissue is
absorption. Absorption offers both diagnostic and therapeutic possibilities. The changes in the
absorption properties lead to changes in the light distribution inside the tissue, providing
valuable information for a diagnosis. It can also allow a laser or other light source to cause a
curing or damaging (for cancer cells for example) effect on a tissue.

Absorption of the light photons is a consequence of the partial transition of the
electromagnetic light energy into another form of energy, like thermal motion or vibration of
the molecules [13]. The absorption occurs in a case of resonance caused by the concurrency
of the oscillation frequencies of particles in the medium with the oscillation frequency of the
incident wave. The ratio of the absorbed and incident intensities characterises the absorption
capacity of the medium. Due to the absorption process, the intensity of the incident
electromagnetic wave is attenuated while passing through the medium. When the energy of

light penetrated into a medium is equal to the transmitted one, the media is considered to be
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non-absorbing. And in opposite, the structures, in which the incident electromagnetic
irradiation is almost completely attenuated, are highly-absorbing and scattering turbid media
[11]. As the absorbing properties depend on the wavelength, one media can be transparent at
one particular wavelength range, and, at the same time, highly absorbing at another one. In
the case of white light (visible range of the wavelengths), the absorbing medium, independent
of both, the wavelength (at a certain range) and the absolute temperature, appears black (when
the absorption coefficient is about or equal to 1) or grey (when the absorption coefficient is
less than 1). This behaviour arises due to the constant reduction on the same amount of signal
intensity at all the wavelength region. In contrary, in case of selective absorption, when the
magnitude of the white light is changed by non constant values, the surface of a body appears
colourful, determining the reflectance properties and the penetration depth of the light inside
the medium. The standard estimations of the penetration depth reflect the distance from the
surface to a certain point, where the light intensity has reduced by the Euler's number.
Typically for the bladder wall, visible laser light penetrates to a depth of 0.5 mm to about 2
mm [14].

In general, the capability to absorb the electromagnetic radiation is unique for each
biological tissue, as it depends on many factors: internal tissue structure, concentration and of
the type of absorbing centers, wavelength, thickness of the absorbing media, temperature and
chemical composition. The optical absorption in biological tissues can be due
to endogenous molecules such as haemoglobin or melanin, or exogenously delivered contrast
agents. Common tissue chromophores absorb the light of ultraviolet (UV), visible and
infrared (IR) wavelength regions [15], [16], [10]. In biological tissues the absorption in the
visible-nearinfrared range is mainly performed by the water molecules and different
biochromes. Thus, the colour of the pigments is determined by the presence of chromophoric
groups, selectively absorbing the light in certain wavelengths. Examples of substances with
such properties are porphyrins and porphyrin-like structures, which include biological
pigments of porphyrin complex. Heme, a type of porphyrine, is a part of the prosthetic group
and of compounds like haemoglobin, cytochrome, and others. Melanin is synthetized in
melanocytes [17] and is the main pigment of the skin. It is also the main chromophore of the
epidermis.

Another pigment of biological tissue is chromatin, which is always present at the
nucleus. Due to the absorbing properties of the deoxyribonucleic acid (DNA) and the protein
complex of which chromatin consists, it can be well-coloured by the basic alkaline dyes. In
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histological images chromatin appears in the form of a dense substance inside the cell
nucleus. During the mitotic cell division, chromatin condenses and takes the shape of spiral,
forming the chromosomes. During the nuclear inactivation a progressive condensation of
chromatin appears, and in opposite, in the activated nuclei the proportion of diffuse chromatin
increases. Most of the studies on absorption properties of the bladder tissue revealed higher
absorption in the cancerous tissue in comparison with normal tissues at the wavelength of
visible range [18], [19]. For example, at the cancerous and pre-cancerous tissue states, the
concentration of chromatin and total blood content grow [20], which can be reflected in the

light distribution, and thus can be used for tissue diagnostics.

1.2.3 Scattering

Light scattering is an important process in the biomedical optics field. Such light-tissue
interaction process is characterized by the process of redirection of light that occurs when an
incident electromagnetic wave comes into collision with an obstacle or inhomogeneity.
During such a collision the mismatch in the frequencies of the particle and those of the
incident wave provokes changes in light spatial distribution [11], frequency and polarization.
The phase and the speed of the wave differ from the ones of the incident wave so that the
speed decreases after penetration of the wave into a denser medium. Under elastic scattering
scattered light is emitted at the identical frequency of the incident light. Elastic scattering is
commonly used in spectroscopy of biological tissues [21], [22]. It arises in biological tissues
due to the presence of different cell components, extracellular structures (such as collagen
elastin fiber networks), as well as intracellular structures (such as nuclei, mitochondria, Golgi
apparatus, and other organelles) [23]. The properties of the scattered light depend also on the
density of scattering particles, the particle size, and the ratio of the particle and medium
refractive indices. Due to such variations in the biological scatterers, the scattered light wave
becomes incoherent and unpolarized during its penetration into the tissue.

After multiple scattering some of the photons return back to the surface of the tissue
under the random angles. Such light, which can be detected on the surface of the tissue, is
called diffusely reflected light. Depending on the tissue properties, the proportions of such

light may vary.
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1.2.4 Fluorescence

Fluorescence analysis is based on the influence of light on the biological tissue with a
photosensitive component. Most of the sensitizers have a singlet ground state. Fluorescence
effect, induced by the laser light interaction with most of the sensitizers, corresponds to the
emitting transition of electrons of photosensitizer molecules. This transition starts from the
lowest singlet vibrational level of the excited state S; (in case of singlet transition), and
finishes in the ground state Sy (Fig. 1.1), which the molecule leaved after being excited by the
absorbed light quantum. Usually the fluorescent spectra are located in the area of longer
wavelengths in comparison to the wavelength of the excitation light. This phenomenon is due
to a loss of the absorbed energy for the radiationless transitions from vibration levels of the
excited state.

The fluorescent light generated by the emitting transition is commonly used for
biomedical diagnostics. Such diagnostics are non-invasive, which is one of the most important
advantages of the fluorescence methods. The fluorescence intensity is proportional to the
photosensitive agent concentration and can be detected by a dedicated device. Most of the
cancerous cells are submitted to the photosensitizer accumulation unlike the normal cells.
Thus, by the measure of the fluorescence intensity, the tumour focuses and their borders can
be defined, which lies on the base of the Photodynamic Diagnostics.

The conditions required for the fluorescence diagnostics of tumours are [24]:

- enough quantity of the photosensitizer;

- suitable wavelength of the excitation light (for each photosensitizer, depending on
the absorption peaks);

- sufficient laser light power;

- optical system for contrast imaging of the fluorescence (like an optical filter).
Because of the light losses during the relaxation, the fluorescent signal from a tissue with
therapeutic doses of the photosensitizer can be hardly detected by a video receiver without a
special filter. The filter should be oriented for “cutting” or attenuation of the excitation wave,

and for leaving visible the fluorescent range.
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Figure 1.1 Schematic illustration of the fluorescence excitation.

1.3 Urinary Bladder Carcinogenesis
1.3.1 Structure of the Urinary Bladder Wall

Urinary bladder (UB) is an organ located in the pelvis. It serves for delivery and collection of
the urine. After being formed in the kidneys, the urine comes into the bladder by the ureter
and then leaves the body through the urethra. Bladder cancer is the most common cancer of
the urinary tract (renal pelvis, ureter, bladder, and urethra), and transitional cell carcinoma
represent more than 90% of malignant cancer of the bladder [25]. Due to its multi-layered
structure, the UB wall is a turbid inhomogeneous medium. According to structural properties,
it can be divided into three main layers: 1) mucous (transitional epithelium), 2) submucous,
and 3) muscle [26].
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1.3.1.1 Mucous

The surface layer of the UB wall of is the mucous membrane without blood or lymphatic
vessels. It contains transitional epithelium tissue consisting of closely situated and relatively
large cells (10-20 um in diameter). In contrast to other stratified epithelia, the urothelium
consists of five to seven cell layers of the large rounded epithelial cells (Fig. 1.2), and its
thickness is about 200 um. The property characterizing the bladder wall is the ability to
stretch. This is an important capacity as the bladder contains variable volumes of liquid, and
is filled and emptied several times per day. When the bladder wall is unstretched, the mucous
cells are of a fairly round shape. When the tissue is stretched, the cells, especially those on the
surface, become flat, which allows the bladder to change its shape without damaging the
epithelial lining. The urothelium lies on a basal lamina, separating it from the underlying
connective tissue - lamina propria. The basal lamina is formed by a layer of 50-80 nm thick,
and serves as a selective barrier for the epithelial layer and provides a structural support.

Due to the similar features of the tissue characteristics, the neoplasm structure and
stages of formation of some other mammalian organs reveal similar behaviour to those of
the bladder tissue. For example, the oral cavity, UB and esophagus have all a mucosa as
surface layer. Also, tissues with epithelial origin of neoplasm formation show similar
properties of tumour structure. Such similarities make it possible to relate some results of
studies on other internal organs to the ones for the UB tissue. However, all the differences
in the tissue and tumour structures, and their significance and influence on the obtained

results should be taken into account.
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Figure 1.2 1- mucous, and 2- submucous layers of the bladder wall (adapted from
[http://nedomedic.ru/stroenie-perexodnogo-epiteliya.html]).

1.3.1.2 Submucous

The submucous, also called submucosa or lamina propria, is a thin layer of about 700 um of
areolar tissue that is closely attached to the first layer (mucous), and connects it with the third
layer (muscular). The submucosa of the urothelium mostly consists of an intercellular
substance (main component), fibrillar connective tissue: collagen and elastin fibers, and small
cellular matrix components. The intercellular substance is a gel-like consistence which is due
to its composition. Its main ingredient is a highly hydrated gel, that is formed by high-
molecular compounds forming up to 30% of the intercellular substance, whereas the
remaining 70% of the gel is water. Generally speaking, water forms about 60% of connective
tissue [27]. Elastin is a protein in connective tissue that is elastic and allows the bladder wall
to take back its initial shape after stretching. Elastin is also an important base of the tissue for
storing the mechanical energy. Collagen is the main component of connective tissue, and is
the most abundant protein in mammals. Collagen fibers are bundles of elongated fibrils,
typical for fibrous protein tissues. In general, collagen fibrils are combined in different ways
and appear with different concentrations to provide tissues with various properties. Owing to
its properties and structure, gelatine or agar-based phantoms are useful for simulating
properties of the tissue [28], [29]. Gelatin itself (and collagen fibers at all) has a high
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refractive index [30], [31]. However, gelatin, used for the liquid phantoms (being usually
mixed with distilled water (or surrounded by other tissue components)), has a considerably
decreased refractive index (see Section 3.6.4.2) [32].

Beneath the urothelium, there is a dense capillary plexus which, besides the vascular
supply, serves as a barrier against the urine, penetrated through the epithelial layer. In a
contrast to the urothelium, the submucous of the urinary bladder is not reach in the large cells.
A tumour, which has spread to the submucous layer, can metastasize to the remaining part of

the body via the lymphatics and blood vessels.

1.3.1.3 Muscular layer

The muscular layer of the bladder is formed by the detrusor smooth muscle fibers, arranged
circularly and longitudinally. The capability to produce a shortening and thickening of the
muscle during bladder contraction is provided by the myofibrils, moving across the smooth
muscle. The full thickness of the muscular layer is about 3-5 mm.

The extracellular matrix of the muscular layer, lying between the muscle cells, contains
an elastic connective tissue stroma of collagen and elastin. In the muscle tissue the collagen
serves as a major component of the endomysium. The availability of the required amount of
protein of connective tissue, smooth muscle cells and extracellular matrix is essential for the

formation of elastic properties of the bladder wall.

1.3.2 Neoplasm Formation

It is well known that malignant neoplasmes of the UB mainly arise in the urothelial layer of a
bladder wall [9]. Usually, pathological stages of epithelial tissues, such as dysplasia or
carcinoma in situ, precede bladder cancer. Furthermore, at a microscopic visual aspect,

dysplastic neoplasms do not differ much from the surrounding healthy tissue, which
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complicates the clinical diagnosis [33]. At dysplasia, the main initial endogeneous changes of
the tissue are: variations of the cell and nucleus shapes and sizes (increase of nuclear
diameter), hyperchromicity [20] and growth of the blood concentration [18]. Besides, non-
malignant dysplastic cells show often chaotic reproduction, leading to the increase in
population density [34]. All these changes (see Fig. 1.3) contribute to the light distribution
inside the tissue.
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Figure 1.3 Pathological epithelial changes under dysplasia.

The changes are reflected in the absorption, elastic and inelastic scattering, fluorescence
spectra of the tissue, and can be detected by a video camera on the tissue surface. Moreover,
the presence of the photosensitizers in the pathological tissues influences on the diffuse-
reflected spectroscopic signal of the fluorescent light. Such data allows to estimate the tissue
alterations, by following the accumulations of the photosensible drug in the tissue. White light
(WL) cystoscopy is the standard clinical examination for in vivo bladder cancer detection.
During cystoscopy, targeted and random biopsies are performed for histopathologic analysis
of tissue samples leading to final diagnosis. But this procedure has a poor sensitivity
especially in the detection of invisible early precancerous tissue stages (limited number of
“blind” biopsies) [1], [2], [20]. In many cases when an urothelial neoplastic lesion has been
detected, because of its multi-focal nature [36], there is still a probability of unnoticed

malignant focuses existence, up to 10% [2], [37], and of recurrence appearance, up to 70%
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[38]. Recent works have demonstrated the additional value of fluorescence cystoscopy in
improving the contrast between healthy and tumoral tissues in vivo [39], [40]. By guiding more
efficiently the biopsies, fluorescent cystoscopy, combined to the WL modality, provides
diagnostic sensitivity increase (90% instead of 60% with the WL alone). However, these
methods still suffer from low specificity [41] due to high rates of false-positive results [2].
Complementary to the aforementioned fluorescence approach, the multiple diffusion of the
light can be used to characterize tissue structure related to healthy and pathological stages
[20].

1.4 Optical Diagnostic Methods

In this Section of the thesis, we give a brief overview of some optical methods for both,
clinical practice and medical research.

Modern optical imaging and visualization of the bladder are based on endoscopic
techniques, since the internal surface of the organ has to be studied [42]. The ability to
localize effectively the area of interest depends on the sensitivity and specificity of the applied
method. Optical diagnostic techniques can potentially greatly improve sensitivity and
specificity of endoscopic imaging and therefore increase its diagnostic efficiency.

Biomedical optics are promising fast-evolutive and widely used medical modalities,
involving developpments in the interdisciplinary fields. They can be applied at different forms
and combinations, showing the corresponding advantages necessary for different healthcare
diagnostics. For example, the diagnosis of internal organs requires a possibility to penetrate
into the tissue and to visualize it, or to obtain any other diagnostically relevant information.

Covering a wide range of optical techniques and methods, biomedical optics can be
based on all the optical phenomemon such as light absorption and scattering, polarisation,
luminescence, coherence, reflectance and polarization with the respect to tissue light
interaction, and thus to be applied for different tissues. Nowadays cystoscopy is still a gold
standard procedure for bladder cancer clinical examination [5, 37]. It allows for visualizing
entire bladder wall, however, at white-light cystoscopy about 10% of lesions are missed (Se <

60%). Therefore additional biomedical optical techniques, using the laser light, including
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Photodynamic Therapy [43.], [41], Spectroscopy Analysis [44], and Optical Imaging [45],
[46], are commonly used for detection of UB neoplasms.

The information revealed by an optical method reflects the structural and biochemical
composition of the tissue, providing a detailed morphological and biochemical analysis of the
tissue. Besides, the technological progress makes it possible to combine multiple diagnostic
techniques, thereby to improve the diagnostic potential by investigating different aspects of
the target tissue, such as macro- and micro-structural tissue peculiarities or molecular
composition. In general, the biomedical optical techniques aim to provide a high diagnostic

accuracy combined with the information on the structural and functional tissue state.

1.4.1 Photodynamic Diagnosis

One of the new and fast-developing techniques for neoplasm diagnosis at the early-stages, is
an imaging method, known as Photodynamic Diagnosis (PDD) [47], [48]. Based on the
fluorescence phenomenon, PDD is aimed to detect mainly superficial and thin tumours, by
using a combination of a photosensitizing drug and light. Such combination causes a selective
change in the wavelength inside the tumorous target. To be efficient, the PDD technique
requires the simultaneous presence of a photosensitizer and light. Due to certain properties of
correlation of a photosensitive compound with the tissue structures (depending on the type
and composition of a photosensitive drug), the photosensitizer is selectively accumulated in
the malignant tissues. Once absorbed the energy of the illuminating light, the
photosensitizer’s molecules are excited to their higher energy level.

PDD is usually performed together with the Photodynamic Therapy (PDT), based on the
same mechanism with addition of the oxygen, however requiring a higher light power density.
For this therapy, the chemical reaction occurs when the irradiation starts: the photosensitizer
molecule releases the excess of energy and after the interaction with the triplet oxygen
molecules, produces singlet oxygen (Fig. 1.4). Thereafter toxicity, induced by this process,
causes the destruction of biological macromolecules which leads to the cell death.
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Figure 1.4 Schematic representation of singlet oxygen formation under the light excitation.

For an effective therapy, the tissue must contain enough amount of a photosensitizer
and molecular oxygen. Moreover, the light photons also must provide the reaction, without
overheating the surrounding healthy tissue. Several “generations” of photosensitizing drugs
already exist. One of the most popular group of photosensitizers is based on porphyrins [49],
[50], [51] allowing for the radiation at the larger wavelength, enabling a deeper treatment. An
example of such PDD and PDT agent is aminolevulinic acid (ALA) [24], [52]. ALA induces
the formation of the protoporphyrin IX (PpIX) in the cells, which is sensitive to the light at
certain wavelengths.

The main advantages of PDD are non-invasiveness and high sensitivity. Zaak et al.
reported that fluorescence cystoscopic diagnostic rate of bladder carcinoma was 56.8%, which is
higher than that of white light cystoscopy [53]. Moreover, the fluorescence cystoscopy can detect
carcinoma in situ with a very high rate of more than 90% [54]. Fluorescence cystoscopy
examination has also a high sensitivity in detecting urothelial tumours (86-98%) [55], [56].
However, false-positive results mainly attributed to chronic inflammation of the bladder, simple
urothelium hyperplasia and squamous metaplasia [57], can occur during the PDD, which reduces
the specificity [58]. Moreover, such diagnostic techniques do not provide histopathologic

information [5].
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1.4.2 Optical Coherent Tomography

Optical Coherent Tomography (OCT) is another non-invasive diagnostic imaging modality
utilizing the light scattering in tissue is. OCT is based on the coherence interferometry [59],
occurring over a distance of micrometers. OCT enables for two- and three-dimensional
imaging in biological tissues by detecting near infrared light distribution in the tissue, and
measuring the reflected or backscattered intensity of light as a function of depth. The OCT
technique provides a spatial resolution close to the cellular level. The structural tissue
abnormalities influence on the scattering in the bladder wall, revealing the deviation from the
normal images. Thus, at the neoplastic state, the mucosal layer can be thicker than at the
normal state, and hardly distinguished from the other layers, sometimes shows complete loss
of a regular structure [60]. The newest OCT technology allows for making in vivo diagnoses
using optical fibers and cystoscopic biopsy channel. However, OCT cannot provide the
screening of the entire bladder due to the difficulties in the navigation. For this reason it still

has to be used in combination with other methods [5].

1.4.3 Laser Doppler Perfusion Imaging

Laser Doppler Imaging (LDI) is a non-invasive diagnostic method for optical measurement of
tissue perfusion. LDI is based on the scattering contrast of moving and motionless tissue
components, induced by a coherent light source. Due to the static state of the tissue
surrounding the shifting blood cells, the light scattering caused by this tissue does not
contribute to the Doppler shifted signal [61], [62]. The signals measured by the method are
often related to flux, velocity and concentration of the moving blood cells [63]. The scanning
laser Doppler perfusion imaging method acquires both single and multiple scattering from
moving blood cells. The speckle phenomenon appears in the Doppler imaging in changes of
the tissue optical properties in time and space, leading to the changes in the detected signal.
The major advantage of the laser Doppler techniques in general is its simple

implementation in instruments, requiring only an optical probe, a source of coherent light, and
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a camera or a receiving fiber. This method is non-invasive and allows to measure the
perfusion in real time. However, the velocity distribution of red blood cells cannot be received
in absolute blood flow values, since this depends on non-considered by LDI properties of
photon interaction with red blood cells. Also the technique suffers from the noise from the

outside motions.

1.4.4 Diffuse-Reflectance Imaging and Spectroscopy

Optical spectroscopy is a diagnostic technique allowing the detection in vivo biochemical
and morphological changes that occur in tissue during neoplasm progression. Modern
applications in optical biophotonics rely on the use of elastic scattering parameters to
characterize the underlying architectural properties of biological tissue [64]. Cellular changes
in sub-surface tissue layers, caused by dysplastic progression in epithelial tissues, affect the
absorption, scattering and fluorescence properties of tissue. They also lead to diagnostically
significant differences in the measured back-scattered spectral signals. The absorption properties
of the tissue provide information on the concentration of various chromospheres, while the
scattering properties are rather important for interpretation of the form, size, and the
concentration of the scattering components in tissue. Since spectral measurements do not
require tissue removal, the diagnostic information can be obtained non-invasively and in real-
time, providing an objective and quantitative description of the tissue.

The spectroscopic techniques are easily applicable for the endoscopic diagnosis, as they
are quite simple in their instrumentation: the spectral measurements are provided by an
optical probe, and analysed by a spectrometer. A laser light beam illuminates the tissue, and
the back-scattered light is collected by optical fiber.

Diffuse-reflectance imaging can be used in addition to spectroscopy or as a self-
dependent technique for neoplasm diagnosis. In the case of implementation of the diffuse
reflectance at an imaging mode, diffuse backscattered light is detected by means of a video
camera. The technique can detect both, diffuse-reflected scattered and fluorescent light. Some
of the optical properties can be obtained in vivo using this imaging and spectroscopic

techniques [6], which allow to describe the tissue state.
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Fluorescence Techniques (imaging or spectroscopic) have high sensitivity (more than
90%), however they require photosensitive drug use, and they have low specificity [5].
Autofluorescence studies of the biological tissues are mostly based on the analysis of the
endogenous fluorescing molecules [65]. Almost all biological tissues emit fluorescence when
excited at appropriate wavelength in the UV or visible spectral range. A biological tissue
consists of a complex matrix of fluorescing and non-fluorescing molecules. The major
fluorescing tissue proteins are collagen and elastin, both present in the structural matrix of
numerous tissues [65]. Due to the low autofluorescence intensity, the autofluorescence systems

do not exhibit a sufficient contrast.

1.5 Conclusion and Problem Formation

Even though the disadvantages of the existing optical techniques for the bladder diagnosis are
different, they can be still generalized. The main lack of all the techniques is that they are
specified for a certain metamorphosis, not allowing the other tissue changes to be taken into
account. Thereafter, detection of several tissue “markers” simultaneously can improve the
diagnosis, by providing information on complex data of tissue state.

The DR light analysis can be used for different purposes by means of varying the type
of the measurements and optical constructions. Non-polarized DR imaging or spectroscopy
can be easily coupled to a WL endoscopic imaging in order to provide additional information
for a precancerous and non-invasive tissue diagnosis. The principle of the non-polarized DR
imaging associated to cystoscopy is to illuminate some areas on the tissue surface by means
of the optical fibers, and to measure the spatial distribution of the back-scattered non-
polarized light. Backscattered light, arising from illuminated tissues, is influenced by the
changes in nuclear size, epithelium thickness and other tissue components, which can serve as
“markers” for the neoplasm detection. Thereafter, the method of detection of non-polarized
DR light has big potential to provide useful diagnostic information to specify the tissue
changes of early neoplasms in vivo and non-invasively.

As modern techniques require a complex approach for soling diagnostic problems, then

not only instrumentation has to be determined. Mathematical modelling is also a useful tool

38



CHAPTER 1 Thesis N. Kalyagina

for modern diagnostic techniques. For multi-layered tissue-light interaction simulations, a
Monte Carlo-based method can be used. Such mathematical description of tissue optical
properties can provide diagnostically useful information [66]. Forward and inverse problems
are commonly used for the Monte Carlo problematic solutions [67]. The complete process of
solving problems of tissue-state description by the diffuse reflected light analysis can be
divided into the following parts:

- Theoretical (mathematical) modelling of the DR from the surface of the medium
(forward problem);

- Experimental studies of the surface DR distribution;

- Calibration (comparison of the theoretical and experimental studies);

- Solving inverse problem.
In the forward problems, for which some input parameters are known, the process of the
diffuse reflectance can be mathematically described with the use of the optical parameters of
the medium. In the inverse problems, on the contrary, the unknown necessary parameters can
be obtained from the DR light signals. This thesis describes forward experimental and
mathematical (Monte Carlo based) methods of visualization of the DR light on a surface of 3-
layered models of the UB wall (Fig. 1.5).

bladder calculated
parameters 1 parameters
Mie LI
calculations g
(1y) Monte- Carlo data
simulations processing

statistical visualisation of the

+ |::> distribution of the |:'| - DR suface
bladder smface DR light light distribution

parameters 2

Figure 1.5 Forward problem solution method: n - refractive index, a -size of a scatterer, p -
population density of scatterers, p, - absorption coefficient, W -scattering coefficient, g- anisotropy
factor, d - thickness of a medium/layer.
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Thus, we expect our method of DR light detection to allow to analyse scattering and
absorption tissue properties, and thereafter to make it possible to differentiate in vivo different

tissue states at the early cancerous and pre-cancerous stages.
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“Omnia mutantur, nihil interit.”
Ovidius

2.1 Introduction

This chapter describes the proposed method for in vivo detection of diffuse-reflected light
signals for diagnostic uses for the urinary bladder. In many of existing measurement methods,
both transmitted and back-scattered light, are analysed. However such measurements are not
sufficient for in vivo analysis of the internal organs, as the transmitted light cannot be
detected. The idea of the analysis of the back-scattered light from media with different sizes,
concentration and absorption properties of the scatterers, arisen after our analysis of the tissue
structure and the mechanism of neoplasm formation. The experience shows that the simplicity
of the instrument is a major factor for actually obtaining a method easily usable in clinical
situation. The basic idea of the proposed method with relatively easy instrumentation is to
detect the differences in distribution of the diffusely reflected light on the surface of different
media according to their scattering or/and absorption properties.

The intensity profile of diffuse reflected light, acquired from a surface of a media,
containing scatterers with different optical properties, under the homogenous irradiation by a
narrow laser beam, is expected to be characterized in the following way: the amount of the
photons outcoming from the central part of the illuminated area of the medium, is greater than
the one from the surrounding area (Fig. 2.1). Even though the scattered photons inside the
tissue gradually move away from the beam center, on average, they still follow its direction,
forming a halo around the beam. The size of the halo and the proportion of energy largely
depend on the diameter of the laser beam and the optical properties of the tissue: the smaller
the diameter of the beam, the greater density of the photons will be in the halo. Thus, the
effectiveness of the irradiation will be higher.

As illustrated in Fig.2.1 a and b, zone Il, p(x) along the adjoining to the center of
distribution area (i.e. a decreasing amount of diffusively back-reflected photons) decreases
due to the multiple scattering and absorption inside the tissue, whereas the photons are mainly
directly back-reflected in the central part of the illuminated spot, because of a specular

reflection of the incident light. By comparing the intensity profiles, shown in Fig. 1a and 1b,
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for small and large diameters of diffusing particles in the medium, one can see that the central
zones (I) are equivalent, unlike the lateral zones (I1) which differ with the scatterer diameters.

“ ¥

[ o

Figure 2.1 Intensity profiles of the surface light distribution.
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2.2 Sensitivity Tests of the Diffuse-Reflectance Imaging Method

In this Section we present an experimental investigation of the sensitivity of the DR imaging
to detection of the spatial intensity responses. The measurements were performed on different
types of multi-layered phantoms containing diffusing particles and simulating different
bladder states. The image-processing methods for different purposes of DR light analysis are

also proposed in this Chapter.

2.2.1 Experimental Construction

Tissue illumination with the use of optical fiber probes is quite common for the studies in
biomedical optics. Different systems (like imaging or spectroscopic) can detect different types
of light signals from the tissues. The detecting methods can also be combined together for
enhancing the analysis potential. For example, some systems for surface light distribution
detection have been already applied with addition of white-light spectroscopic measurements
for determining optical penetration depths of non-collimated laser light to bladder and brain
tissues by Beck et al. [4]. In this Section of the thesis we present a set-up for imaging back-
scattered laser light distribution on the surface of a media for detection of micro-changes in
scattering and absorption properties of different media. The set-up was constructed following
real clinical conditions.

Among the most important specific features of laser light are coherence (the light waves
coming from a laser are all in phase), and high light concentration in the laser beam. Such
light can be focused to an optical fiber, widely used in biomedical optical analysis. Because of
relatively low penetration depth [1], a diode laser of a 532 nm wavelength at a 15 mW power
was used as a light source in our experimental set-up (see Fig. 2.3).To provide the laser
radiation of the media, an optical fiber of 600 um diameter was connected to a diode laser,
and was attached to a rigid endoscope base, Stryker, 30°, 10mm. For beam focusing on the
media surface, the optical fiber was coupled to a micro collimator - a lens in objective. The

final diameter of the laser spot, illuminating the surfaces of the media, was 300+15 pum. The
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diameter was measured with a micrometer, fixed at a distance of 37 mm from the lens end. A
colour video camera (Watec WAT-221S), with signal-to-noise ratio of about 50dB, was
connected to an endoscope by means of an optical adapter. The camera served for acquiring
and transferring of the images to a personal computer. The experiments were carried out in
the dark without any additional light sources except the laser irradiation source. For the
chosen light conditions, an automatic mode of the shutter speed (from 1/50 Sec. to 1/100000
Sec.) of the camera was the most suitable for acquiring well contrasted images.

Because of the size of the objective of the lens, the optical fiber was located at a
distance of 1.5 cm along the endoscopic base, which limited the possibilities to observe
necessary areas. However, the 30° orientation of the front-view endoscope enabled the
imaging of the DR light on the irradiated phantom surface.

The endoscope and the fiber were placed at a normal to the phantom surface. The
distance from the optical fiber to the micro-collimator was 13 mm, from the micro collimator
to the phantom - 37 mm, from the micro collimator to the endoscope tip- 15/20 mm, and from

the endoscope tip to the phantom - 8/13 mm (see Fig. 2.3).
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Figure 2.3 Experimental set-up: 1 - diode laser (532 nm, 15 mW), 2 - highly sensitive colour
camera, 3 - adapter for camera and endoscope connection, 4 - optical fiber, 5 - endoscope with a
front-side view (30°), 6 - phantom, 7 - lens in the objective for light focusing.

2.2.2 Three-Layered Phantoms Construction

In order to perform testing studies of the light propagation into a medium, one can use
biological models, called also tissue phantoms. Different phantoms simulating the optical
behaviour of urinary bladder wall can be useful to understand the mechanism of internal light
scattering. They can also be helpful for identifying the main principles of differences of DR
light signals from healthy and pathological tissues. For biomedical studies, such phantoms
should correlate with scattering and absorption optical properties of the tissue of interest over
the necessary spectral range [5], [6]. The possibility of selective variation of the phantom
composition (thus of their optical-geometric parameters) allows controlling the impact of
various phantom properties to the distribution of the back-scattered light [7], [8].
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According to the purpose of the experimental studies, tissue phantoms can be realized,
using various substances, including Intralipid, agar or gelatin powder, distilled water, ink,
haemoglobin or polystyrene microspheres [9], [10], [11], [12], [13]; [14], The fluid phantoms,
for example allow small solid targets to be placed within them, and to perform the
movements, mimicking, for example, the blood flow. Intralipid is commonly used in order to
reproduce the scattering behaviour of different tissues. Some of the optical properties of
Intralipid are already studied [15], [16], which simplifies construction and analysis of the
phantoms. For precise control of the anisotropy factor and size and concentration of the
scatteres, polystyrene spheres can be used in phantoms. Gel-based dense phantoms allow to
separate tissue layers or regions with different tissue properties [17], [18]. The most popular
absorbers for tissue phantoms are inks, food colouring agents or industrial dyes.

For our studies multi-layered synthetic phantoms of three types were constructed by
superposing three layers. The layers, simulating different parts of the urinary bladder wall,
had different thicknesses and optical properties. The first layers varied in sizes of diffusing
particles, while the two other layers were identical for all three types of the phantoms (Fig.
2.4).

Figure 2.4 Composition of the phantoms simulating three layers of the bladder wall: mucosal (with
scattering particles of different diameter), submucosal and muscle.

The first (top) layer simulated diffusing optical properties of cell nuclei of transitional
epithelium of the urinary bladder mucosa. A substance, consisting of gelatine powder of 5%
concentration and micro and nano polystyrene spheres suspended in distilled water, was taken
as a basic component of the medium. To estimate the contribution of scatterers with different
sizes to the scattering process inside the medium, microspheres of various diameters in a
concentration of 10" spheres per ml were used as main scatterers of the first phantom layers.
The particles of the smallest diameter of 50 nm were included to the phantoms of a 1st type.
The microspheres of 0.53 pm diameter characterized the phantoms of a 2nd type, and the
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microspheres of 5.09 um diameter were added to the phantoms of a 3rd type. The thickness of
the first layers was 200 um.

The second and the third layers were made from Intralipid in 1.6% and 2.0%
concentrations, respectively, and of gelatine powder of 5% concentration, diluted in distilled
water. The thickness of the second layers was 700 um, and that of the third one was 2100 pm.
All layers were put into a Petri dish with a black coloured bottom for ensuring theabsorption

of the photons having passed through the phantom.

2.2.3 Image Processing

This section describes the methods of image processing for comparison of the images
acquired from the surfaces of different phantoms. The methods applied in our study can be
divided into two parts: visualization methods and methods for quantitative analysis. Both
types of the image processing can be useful in diagnostic studies, depending on the aims and

possibilities of analysis.

2.2.3.1 Image Subtraction

The size of RGB images acquired by the video camera was 320x240 pixels. However, useful
for the analyses image areas of the diffuse-reflected light corresponded to 60x50 pixels (Fig.
2.5). Such small areas could not be large enough for obtaining differentiative information on
DR signals from different phantom types. For that reason a bilinear interpolation, which is
widely used in a medical imaging [19], [20], [21], between the neighbouring points of the
images, was applied. The idea of the bilinear interpolation is to expand an image by linear
fitting of two neighbouring points with the coordinates (xi1, y1) and (X2, y2) along two

orthogonal directions. The fitting of a straight line by two points is given by:
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y=y1+(x—x1)ﬁ%yl (1)

X1
with X € (X1, X2).
The final interpolated area was 520x432 pixels. Prior to the data analysis, each RGB image
was first converted into a grayscale image:
Gray = 0.3R + 0.59G + 0.11B (2)

The graylevel values were then normalized between 0 and 255.

Figure 2.5 Area of 60x50 pixels corresponding to the Diffuse-Reflected light signal (a rough image
acquired by the camera).

In order to estimate the impact of the particle’s size on the light distribution, a
visualisation analysis of the normalised images was performed by means of subtracting all
images one from another (Fig. 2.6). For the contrast enhancement, prior to their subtracting,
each image was multiplied by a constant value of 3, determined after comparing the images
with the results of multiplication by other constants. In the matrices obtained after image
subtraction, the central areas were formed by almost zero intensity signals (black round areas
in the image centres of Figs. 2.6 a and b), which is due to similar Fresnel reflection in all the
phantoms, and a high concentration of the DR light around the place of entrance of the
incident beam. Such a “noise” does not allow to differentiate the signals from each other in

the central parts.
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b)

Figure 2.6 Images of the Diffuse-Reflected light for different particles: (a) one image for the particles
of 50 nm diameter minus another one of the same kind, (b) one image for the particles of 5.09 um
diameter minus an image taken for the particles of 50 nm diameter.

However, because of small image centre displacement due to mismatches in the central areas
under the image superposition, there was a nonzero signal around the central region in the
subtracted images, which can be clearly seen in the Fig. 2.6 b. Almost a zero signal was
observed at some distance from the central areas of the DR of the matrices obtained with the
subtraction of the data acquired for the media with scattering particles of the same diameter,
i.e. 50 nm - 50 nm, 0.53 pm — 0.53 pm, or 5.09 um - 5.09 um, (Fig. 2.6 a). On the contrary,
after subtraction of the DR images, taken for the phantoms with different diameters, there
were nonzero signals on some distance from the centre (Fig. 2.6 b). Due to the size of the
scatterers, the DR signal from the media with the small particles of 50 nm diameter, can be
considered as a background signal, as the impact of such small particles on the light
scattering is minimal. Such image processing allows for distinguishing the signals from the
phantoms with different properties of diffusing particles, however, the processed images still

suffer from large noise intensity.
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2.2.3.2 Three-Dimensional Diagrams

This subsection describes another visualisation method of processing the images from the
surfaces of the phantoms. For analysing the DR surface distributions, the three-dimensional
intensity diagrams were plotted in MATLAB environment. Prior to their processing, the
truecolor RGB images were converted to the grayscale intensity images. For more
distinguishable visualization and for noise attenuation, the images were treated with a basic
morphological operator of mathematical morphology, namely dilation. The dilation operation
was performed by superposing each pixel of a grayscale image with a symmetrical disk-
shaped structural element, comparing the elements of the structural element with
corresponding underlying pixels of the image. This allowed replacing dark central pixel value
by a brighter gray-level value, according to the pixels values of the neighbourhood defined by
the structural element. As every grayscale image can be presented as a function f(x), giving
the relationship between the coordinates and the grayvalues of the pixels [22], the
modifications of the images by a function g(x), defining a structural element can be described
by:
FOPx) = sup {f(x—2)+g(2)} (©)

2€G,(x—2)€EF
where f: F—E, g: G—E, and F and G are subsets of the (N-1)-dimensional Euclidean space
[22].

Thereby, the parametric surfaces were created for three types of the phantoms (Fig. 2.7
a-c). The hue, saturation and intensity space (HSI) was chosen for the representation of the
surface with “false” colours. On the diagrams, the pixel coordinates were plotted horizontally
and vertically, on the x and y axes, respectively. The intensity values were plotted on the z
axis, and are presented by false colours. The intensity of the DR light increased with the
diameter of the scatterers, which is related to the contribution of each diameter of the particles
to the scattering process. In the center of the diagrams, signals are similar for all the phantoms
with the particles of different dimensions in terms of intensity distribution. However, for the
areas surrounding the diagram center, differences of the DR signals are visibly
distinguishable.
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Intensity, r.u.

Intensity, r.u.

Intensity, r.u.

0 2 40 60
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Figure 2.7 3-D intensity diagrams of the Diffuse-Reflected light measured for the particles of different
diameter: (a) 50 nm, (b) 0.53 pm, (c) 5.09 pm.
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2.2.3.3 Area Measuring

However, obtaining only visual information is not satisfying enough for an objective result
assessment. To quantify the light spot differences, the correlation between the sphere
diameters and the area of DR light in the image were calculated.

To perform such calculus, the interpolated (see Section 2.2.3.1) truecolour RGB images
(with pixel values from 0 to 255 in each colour band) were first converted to the grayscale
ones (with pixel intensity values belonging to[ O, 1]), and then binarized. Each image was
divided into foreground and background pixels, creating two data sets:

G, = {f(m,n): f(m,n) > t} (foreground pixels with value 1)

G, = {f(m,n): f(m,n) < t} (background pixels with value 0) 4)

where f(m,n) is the value of pixel located in the m™ column, n™ row [23], and t is a threshold
value, which was experimentally chosen (see below).

If symmetrically chosen values x; and x, in the zones Il on the x axis of the Fig. 2.1,
then the two extreme points of the back-scattering areas can be defined, so that the value
d = |x, — x4| corresponds to the diameter of the areas. The threshold value of 0.11 for the
grayscale images lies near the border of the DR light on the surfaces of the phantoms. Based
on this observation, this value was chosen to measure the DR areas. Therefore all pixels with
luminance, greater than 0.11, were replaced with 1 (the white colour in Fig. 2.8), and the
values of all other pixels were replaced with 0 (the black colour in Fig. 2.8).

Such operation has allowed us to get the numerical results by measuring the areas
corresponding to the halo diameters. For the higher calculation accuracy, we have filled up all
the white holes which were remaining in the black image areas after the conversion to the
binary format. Then, to obtain the area values, the amount of pixels of the “white” areas was
calculated for each binary image.

We have processed 45 DR light images representing irradiated phantom surfaces. Since
15 images were treated for each phantom type, the probability of each “event” (“event”
corresponds to the data from each image of one of the phantom types) was 1/15. For statistical
analysis, we have calculated the variances of the expected values, and, by square-rooting, the
standard deviations for the areas with light intensity higher than 0.11 (Table 2). The variance
of the expected value of the DR light areas is equal to the mean of the square minus the

square of the mean: E(X) = Yi=1™® (xi*p(xi)) with x; is the area value, X the mean value of the
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area, E(X) the expected value, and p(x;) the probability of an area value. The variance of the

expected value is [24]:
var(X) = E[X]- (E[X])*

c)

Figure 2.8 Examples of binary images used for the calculation of the Diffuse-Reflected areas with
threshold of 0.11 for the phantoms with scattering particles of different diameter: (a) 50 nm, (b) 0.53
um, (c) 5.09 pm.
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The results provided in Fig. 2.9 show that at an average, the surface areas of the optical
responses to the changes in the laser signals on the surface of different types of the phantoms.
However, a non-parametric statistical Mann—-Whitney—Wilcoxon test was performed to assess,
whether the data obtained from two phantom types (with 0.53 and 5.09 pm scatterers

diameters) belongs to two distinctive groups:

Figure 2.9 Mean areas of back-scattered laser signals.

The Hy-hypothesis for our study: the data 1 (area of the back-scattered light from the
phantoms with the microspheres of 0.53 pum diameter) is equal to the data 2 (area of the back-
scattered light from the samples with the microspheres of 5.09 um diameter); The Hj-
hypothesis (alternative): data 2 > data 1. The U-criteria of Mann—Whitney is

Ny*(Nyx+1)
2

where n; and n, are the number of units in the first and second group respectively, Ty is the

U=n,*n,+ T, ®)

greatest value of the two rank sums, corresponding to the ny-group.

In our study: n; = n, = 15, thus

U= nz n nx(n+1)

—T, = 68 (6)
From the Critical Value Table for the Mann-Whitney U-test we found a critical value

corresponding to the 15x15 units, which is for a standard significance level of a=0.05 [25]
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(confidence 95%) equal to 64. Such result shows that the data 2 > data 1, thus the H;
alternative hypothesis is true. Consequently, it is possible to conclude that there are
significant differences in the back-scattering areas arising on the surfaces of the phantoms
with two different diameters of the scattering particles.

Diameter of
polymer spheres/
Measures 50 nm 0.53 um | 5.09 pm
parameters

Mean area (in

: 18170.8 24356.9 | 27266.3
pixels)

Variance of

2259021 | 7176856.1 | 35561233
expected value

Standard deviation 1503 2679 5963

Accuracy 92% 89% 78%

Table 1 Parameters calculated for the areas of surface Diffuse-Reflected laser light.

The area measurements let us to obtain the information on the laser spot diameter with a
high accuracy (Table 1). However, a higher standard deviation for the microparticles of 2nd

and 3rd phantom type can be noticed.

2.2.4 Discussion

This section describes a technique for the detection of the differences in the surface back-
scattered light signals from the media with different diameters of the scatterers. The obtained
results reveal a variable contribution of polymer particles of different sizes to the light
diffusion in biological models of the urinary bladder wall. The proposed image processing

methods has provided us with the extraction of the DR parameters, which makes possible the
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differentiation between the back-reflected light from the particles of 50 nm, 0.53 um and 5.09
pum diameters.

The greatest impact to the scattering process is made by the particles of the largest
diameter of 5.09 um. It is noticeable that these diameters are close to the sizes of the cell
nucleus, in which main initial cancerous transformations arise. The impact of the other
scatterers to the DR signal can be used for the estimation of the background signal that does
not change during the cancerous transformations, and may be subtracted, or considered as a
zero signal. However the accuracy (78%) of the measured areas of back-scattered light for the
phantoms with the scattering particles of 0.53 um and 5.09 um diameters, in the concentration
of 10" spheres per ml, is relatively low. The increase in the concentration of the scatteres
(which means more distinguishable differences in the scattering parameters) and
augmentation of the quantity of the measurements will lead to higher accuracy and sensitivity.
The results, obtained in this Section show that the DR imaging method can potentially be
useful for in vivo diagnosis of urinary bladder pathology. To improve the diagnostic capacity
of our optical system and to avoid measurement errors, several additional fiber-optical laser
channels can be added to the existing set-up.

Moreover, for further analysis it is necessary to take into account some other aspects of
the neoplasm formation, such as absorption changes and population density changes, which
strongly influence the absorption and scattering properties. Such kind of studies can provide

useful information on the tissue state and may improve clinical diagnosis.

2.3 Five States of Urinary Bladder Epithelium

2.3.1 Phantom Construction

For experimental estimation of dependence of the surface laser light distribution on the micro-
changes of the tissues, five types of three-layer phantoms simulating the bladder wall were
prepared (see Fig. 2.10). According to the bladder structure and initial pre-cancerous changes,
five phantoms types were chosen to simulate several possible changes in tissue.

The third layers, mimicking the muscular layer of the bladder, were identical for all the

phantom types and consisted of 7% of gelatine dissolved in distilled water, 2% of Intralipid
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and an absorber (black ink at a concentration of 0.001%). The second layers, simulating tissue
submucosa, were also identical for all the five phantom types, and consisted of 7% of gelatine
and 1.6% of Intralipid. The phantoms were classified into 5 types was according to the
composition of their first layers, simulating the transitional epithelium of the urinary bladder.
The basis of all the first layers was made of 7 % of gelatin, of an absorber (black ink) of
0.0005% concentration, and polystyrene microspheres (Bang Laboratories) of 0.05 um and

0.53 pum diameter in a concentration of 10*° particles per ml each.

Figure 2.10 Structure of the phantoms of five types mimicking the bladder wall: 1 — normal
tissue, i.e. with cell nuclei of normal size, Il - enlarged nuclei, I11 - absorption growth, IV - population
density augmentation, V - all changes together.

The first layer of the first phantom type contained polystyrene particles of 5.09 pum
diameter at a concentration of 8x10° spheres per ml. In the second types of the phantoms the
mean diameter of the scatterers was bigger: to the basis of the first layers the particles of 5.09
and 20.92 pm in a concentration of 4x10° particles (of each size) per ml were added. The third
phantom type differed from the first and second types by the presence of additional absorber
at a concentration of 0.00075%. Thus, the total concentration of the absorber in the first layers
of the third type of the phantom was 0.00125%. The fourth type of phantoms differed from
the others by a more dense packing of the scattering particles: the concentration of the
microspheres of 5.09 pm diameter was 1.6x10’ spheres per ml. The last (fifth) types of the

phantoms consisted of the scatterers with increased average sizes and density, higher absorber
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concentration: the microspheres of 5.09 and 20.92 um diameter were added in a concentration
8x10° each, and the total absorber concentration was 0.0025%. The thickness of the third
layers was 2.1 mm, that of the second was 0.7 mm, and that of the first was 200 pum. The
composition of the phantoms, selected to simulate various properties of the light scattering on
the bladder wall, was based on the five main epithelial changes described in the Chapter 1 and
recalled in the Fig. 2.10.

The surface of the phantoms was simultaneously illuminated by six laser beams,
generated by a copper vapour laser (510.6 nm, Mechatron), an optical probe with 6 fibers of
200 pm, and an optical lens (f = 17mm) for the light collimation. The lens was located at an
equal distance of 4.6 mm to the fiber end, and to the surface of the phantoms. The
illuminating probe consisted of 6 fibers in order to arise the scanning surface area and to
reduce the measurement errors. The scattering signals induced by the six laser beams were
acquired from the surfaces of the phantoms by a black-and-white video camera (Videoskan,

30 ms exposure, 200 amplification). The final diameter of each beam was 0.5 mm.

2.3.2 Acquired Images

GO
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The initial grey images were normalized between 0 and 1, and then converted to the
binary images by giving the “0” values to all the intensity values below the threshold value
0.3 (by comparing with other values it was revealed that such threshold allows to differentiate
our images more sufficiently), and the values “1” to all the pixels which intensity value was
lower the threshold. All the holes in the white areas were filled in by the values “1”. The pixel

areas with the values, equal to 1 were calculated for all the 75 images.
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2.3.3 Results and Discussion

Fig 2.12 gives the back-scattered area values, calculated for each type of the phantom, are
presented. The lowest area values were obtained for the phantoms with higher absorption; the
highest - for the nuclear growth (type I1) and all the changes together (type V). All the signals
significantly differ from each other in terms of area values. This observation is especially
noticeable in the case of comparing the results for the changes of absorption (type I11) and all
the changes together (type V). However, the differences of the signals from the phantoms
with the higher the population density of the scatterers (type 1) compared with the “normal”
state (type 1), can be ambiguously interpreted. The later observation can be explained by the
low quantity of the main scatteres in the phantoms. However, such concentrations are high
enough for the detection of the other scattering and absorption changes. In the real tissues, the
concentrations of the nuclei can vary with the type of the tumour, with its location and with its

malignancy.

Figure 2.12 Average areas of the back-scattered laser light on the surface of the phantoms,
simultaneously illuminated by 6 fibers.
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2.4 Surface Fluorescence Signal Detection

As it was discussed before, the presented method is aimed to detect the differences in the DR
light signals. However, the used construction allows for the fluorescence measurements,
which can be necessary, for example, during the PDD. The two methods can give mutually
complementary information on the tissue state. In order to estimate the sensitivity of our
visualisation method to the changes in the photosensitizer concentration, and to describe the
algorithm of such analysis, we present in this chapter the study on the fluorescence

measurements.

2.4.1 Preparation of Experimental Studies

2.4.1.1 Clinical Measurements of Photosensitizer Concentrations

The method described below is a modification of the DR light analysis technigque, and can be
applied either as a separate diagnostic tool, or as a fluorescence diagnosis associates to the
photodynamic therapy for biopsy navigating, detection of the tumour borders and specificity
tests. Before the phantom constructing and examining the sensitivity of the method to
determination of accumulation of the photosensitizer it is necessary to define approximate
standard concentrations (and their orders) of the photosensitizer accumulation in normal and
pathological tissues. On that purpose, we analysed the results of the spectroscopic studies,
held previously in the Russian Blokhin Oncological Research Center in collaboration with the
laser spectroscopy laboratory of the Prokhorov General Physics Institute of Russian Academy
of Sciences.

The initial motivation of this research study was our previous finding that during
fluorescence monitoring of a radical transurethral resection of the bladder, the fluorescence
signal of tumours were visually brighter than inflammatory and dysplastic tissues. Thus, we
decided to make a quantitative measurement of the fluorescence intensity in order to compare
normal and neoplastic tissue signals of the UB wall. Such a study is helpful for understanding
the intrinsic fluorescence properties of the tissue and to estimate quantitatively the
accumulation of the ALA-induced photosensitizer protoporphyrin-IX (PpIX) at different

tissue states.
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To control the distance between the optical catheter and the tissue, and to follow the
same measurement conditions, the studies were conducted ex vivo. During examination of the
bladder wall in the fluorescent light modality, the biopsy material was taken from different,
fluorescent and non-fluorescent, parts of the bladder mucosa. Due to the fact that the biopsy
material cannot be fully cleaned from the blood before the measurements, the spectra can lead
to significant measurement errors. Thus, in order to reduce the absorption dependence on
haemoglobin concentration it is necessary to choose the wavelength, which does not depend
on the haemoglobin absorption. In Fig. 2.13 the absorption spectra of oxy- and deoxygenated
haemoglobin are shown.

The data were taken from the table given by Scott Prahl [26], and converted into the
absorption units, notably [cm™]. Usually, for the ex vivo studies, it is necessary to take into
account the properties of the oxygenated haemoglobin, as the tissue has accumulated the
oxygen from the air. However, at some parts of the tumour tissue, there can be deoxygenated
haemoglobin. Thus, the spectra of absorption of both haemoglobin states have to be taken into
consideration. Considering the absorption spectra of Fig. 2.13, the wavelength of 633 nm (red
light) was chosen for the spectral measurements.

Absorption Spectra of Oxy- and
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Figure 2.13 Absorption spectra of haemoglobin in water for (1% of blood concentration). The initial
data was taken from [26].
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The experiment was held with the portable multichannel laser spectral analyser of last
generation “LESA 01” [27] of co-production BioSpec, Russia and General Physics Institute
of Russian Academy of Sciences. The system allows to receive spectra of diffuse reflected
laser and fluorescence light with an 0.1 second intervals that are enough for real time
monitoring. Also, the device allows for making registration of fluorescence spectra in a rapid
mode in a wavelengths range from 400 nm to 850 nm synchronously on more than 3000
channels. The system contains a flexible Y-shaped multichannel fiber-optical catheter (see
Fig. 2.14) with 1.8 mm diameter. Due to the small diameter and flexibility the catheter can
enter into the biopsy channel of an endoscope with the aim to explore such organs like UB.
The device can provide a close observation of the investigated surface, including using a
contact mode. A narrow-band optical filter, reducing the intensity of the back-scattered laser
light by a factor of 10*, is located in front of the entrance to the spectrometer. The filter allows
to analyse the spectral features of fluorescence and back-scattered laser light at the same

scale.

M Computer

Spectrometer Laser

Optical fiber

| ] Media

Figure 2.14 Schematic construction of a portable system for in vivo measuring of both, fluorescence
and laser reflection spectra.
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Figure 2.15 Fiber ends. From left to right: 1) connective end to spectrometer; 2) connective end to
laser; 3) illuminating end.

The measure principle of the system was the following: the light from a laser source
was focused on the entrance of the Y-shaped fiber-optical catheter (see Fig. 2.14). For the
study described in this Section we have used a helium-neon laser producing light with a
wavelength of 632.8 nm, and with the power of 25 mW. The analytical end of the diagnostic
catheter was designed in such a way that it could be inserted into the biopsy channel of a
conventional endoscope for internal organs.

Fluorescence and laser light passed through 6 receiving fibers surrounding the laser
light delivery fiber (see Fig. 2.15). The 6 fibers, arranged in a set at the output of the catheter,
were connected to the spectrometer in such a way that the light flux was increased without
any resolution loss. For an effective use in biophysical and clinical applications, the device
enables to make real-time analyses of the spectral information.

The spectral measurements were performed at an angle of 15°, and at a distance of 1-2
mm between the fiber end and the tissue. Such experimental conditions were necessary to
permit penetration of the blinks and to receive signals from near-surface area. The spectral
measurements were held in a dark box dedicated for measurements on biopsy material. The
measurements were performed just after resection to avoid the photobleaching effect. Marked

after spectral measurements, the biopsy tissues were sent for histological studies.

2.4.1.2. Results

After processing the signal, transformed by the spectrometer, we obtained the spectrograms of
different parts of bladder walls. The spectrograms were complex curves, consisting of
fluorescence spectra in the range of 650-800 nm, and back-scattered laser light in the range of

625-640 nm (Fig. 2.16). The curves had similar shapes with a maximum of intensity at about
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700 nm and weak peak at around 665 nm, which is typical for the fluorescence of the PplIX.
The wavelengths in nanometers and the fluorescence intensities in relative units (r.u.) were
respectively plotted on the horizontal and vertical axes. The shapes of the curves gave us

information about the fluorescence properties of the tissue substances.
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Figure 2.16 Example of fluorescence spectra of the Protoporphyrin-IX accumulation in the bladder
tissue of a patient.

For the fluorescence intensity estimation we have measured the areas under the
fluorescence curves on the spectrograms (at the range of 650-780 nm) from different parts of
the bladder walls. Fig. 2.17 presents the area values under the fluorescent signals and their

average for normal, inflamed, dysplastic and tumorous tissues.
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Average Fluorescent Signal Values
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Figure 2.17 Average values of fluorescence intensities.

The intensities of normal and inflammatory tissues were much lower than cancerous
and precancerous tissues. In order to estimate quantitatively the differences in the
fluorescence intensities the average intensities of the fluorescence signal values of tumors,
dysplastic, and inflammatory tissues, were normalized by dividing them by the average
fluorescence intensity, obtained from normal tissues. The average normalized intensities from
the inflammatory, dysplastic and timorous (from CIS to grade 2) tissues were about 1.4, 6.6
and 8.8 times higher than those from the normal tissue, respectively.

Fig. 2.17 shows that the non-tumoral tissues (inflammatory and normal) have a lower
dispersion of the fluorescence intensity as compared to the cancerous and pre-cancerous
tissues. Particularly small signal differences were seen for the dysplastic tissues and CIS
cases. Such results can be explained by cell structure changes which are almost unnoticeable
for spectroscopic methods, and can be fully observed only after the histological studies.

Even though the fluorescence signals for some tissue states could be hardly
differentiated, their average signals still differed from each other, which allowed for the
assessment of the average concentrations of the photosensitizer in different pathological
bladder tissues.

The results of the fluorescence signal normalization enabled us calculate approximate

concentrations of the PpIX for the first layers of the phantoms, simulating different states of
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the bladder wall. By comparing the intensity of ALA-induces fluorescent signals from normal
tissues and different concentrations of the PpIX in the Intralipid solutions, it was previously
determined that the accumulation of the PpIX in the normal tissue is about 1 mg/l. Thus, a
value of 1 mg/l was taken as a basic concentration of the PpIX for the phantoms, reproducing
normal bladder tissue. Thereby, the PpIX concentrations for phantoms, simulating
inflammatory, dysplastic and timorous tissues were determined to be 1.4 mg/l, 6.6 mg/l and

8.8 mg/l, respectively.

2.4.2 Phantom and Experimental Construction
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*...there is no royal road to geometry.”
Euclid

3.1 Light Scattering in Biological Tissues

In order to understand the phenomenon of light interactions with highly scattering media like
biological tissues it is helpful to study the characteristics of the structures, responsible for the
scattering effects on a microscopic, i.e. extra-cellular, cellular or sub-cellular, level. The
contribution of each type of biological constituent to the overall scattering properties of the tissue
will depend on the individual scattering properties of each diffusing particle and its relative
concentrations in the tissue.

Light scattering in biological tissues is caused by the presence of different
inhomogeneities inside the tissue matrix and inside cells. The scattering process occurs at
the interfaces between the tissue constituents from cellular organelles to extracellular matrix
compounds of various sizes, concentrations and refractive indices [1]. The scattering and
reflection of light arise due to a relative refractive index mismatch at the boundaries between
two media or structures, like the extracellular fluid and the cell membrane. Cells vary greatly
in size, however for most of the bladder epithelial tissues it is about 10-20 um. The cells
consist of three main components: the cell membrane, the cytoplasm and the nucleus.
The membrane, which constitutes the cell outer boundary, is made up of a phospholipid
bilayer, approximately 8 nm in thickness, with numerous proteins embedded in it. The
cytoplasm is the intracellular matrix held within the bounds of the cell membrane. It consists
of the cytosol, a water-based fluid within which the other constituents are suspended, of some
non-functioning units (lysosomes, collagen and elastin fibers), and of organelles, each of which
has a special function in the cell mechanism, like the Golgi apparatus and the mitochondria.

The size of the tissue scatterers plays an important role in the scattering process. The
largest cell’s organelle is the nucleus which constitutes the control centre of the cell. The size of
the nucleus varies with the cell type, and has an average diameter of 5 um in normal state [2].
Cell nuclei contain most of the cell's genetic material, organized as DNA molecules in

complex with a large variety of proteins to form chromosomes. The genes within these
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chromosomes are the cell's nuclear genome. General function of the nucleus is to control the
activities of the cell by regulating genes expression, and by keeping their integrity. The main
structures making up the nucleus are a nuclear envelope, a triple cell membrane and
membrane (enclosing the organelle and unifying its contents from the cellular cytoplasm), and
the nucleoskeleton. Nuclear transport is crucial to cell function, as movement through the
pores is required for both gene expression and chromosomal maintenance. The interior of the
nucleus has non-uniform contents, formed by proteins, RNA molecules, and parts of the
mitochondria. Cell nuclei usually have strong impact to the light scattering due to teirr high
concentrations, sizes and refractive indices. A hypothesis asserting that the main contribution
to the light scattering from cells is caused by the nucleus and cell membranes was presented
by Backman et al. [3] and Beuthan et al. [4]. In the first work, the conclusion is based on the
result of the light scattering spectroscopy of polarized light and analysis of the spectrum of a
single backscattering component of the light scattered from cells. In the second work, based
on the results of phase-contrast spectroscopy, the obtained data has shown that the single
phase shift of the mitochondria was small in comparison with the total phase shift. Thus the
nucleus and the membranous structures of the tissue gave the most considerable phase shift of
the cell. Thereafter, based on the structure, size, refractive index and concentration of cell
nuclei, they were considered as main scatterers of bladder mucosa. Even though, the other

mucosal structural elements have to be particularly discussed.

3.2 Small Scatterers and Mitochondrial Contribution to Light
Scattering in Bladder Epithelium

Dimension of mitochondria and lysosomes [5] are much smaller than the nucleus diameter,
and is of the same order of magnitude compared to the wavelengths in the visible range.
However, their contribution to the scattering process can be still described by the scattering
theory for “large” particles, first introduced by Gustav Mie in 1908 [6]. Scattering by smaller
particles can be described by the Rayleigh scattering approach, which shows a stronger

dependence on the wavelength compared to the Mie scattering theory implying for larger
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scatterers. Mie scattering occurs preferably in a forward direction, while at Rayleigh
scattering the light is uniformly distributed in forward and backward directions. In most of the
biological tissues, photons are scattered anisotropically in the forward direction [7], [8]. The
sizes of the tissue scatteres, their contribution to the light scattering and description of the
scattering theories are discussed in this section of the present chapter.

The smallest scatterers in the tissue are small cell organelles such as endoplasmatic
reticulum, component parts of the Golgi apparatus, and extracellular components like
individual elastin and collagen fibers. The scattering process, not accompanied with the
change of the initial frequency of the electromagnetic wave, is called elastic scattering. One of
the examples of the elastic scattering is Rayleigh scattering, which corresponds to the
scattering of particles much smaller in size than the wavelength of the incident radiation [9].
One of the main features of Rayleigh scattering for small particles is low angular dependence
in the scattering distribution, thus isotropic character of the scattering. At Rayleigh scattering
the intensity of the light scattering is inversely proportional to the fourth power of the
wavelength. Such effect means that at short wavelength the scattering intensity will be higher

than at longer wavelength with the same initial illumination intensity.

3.2.1 Golgi Apparatus and Lysosomes

Golgi apparatus is a reticulate membrane structure, located near the cell nucleus of an
eukaryotic cell, and consisting of several components of various sizes, forming a single
structure of about 200-400 nm in diameter [10]. It is composed of stacks of membrane-bound
structures - cisterns, where the main element, a dictyosome, is a separate area of membranes,
accumulated together, close to each other. Each individual cisterna has a diameter of about 1
mm and variable thickness with common approaching in the center of the membranes, and
expansion at the off-central areas. The number of the stacks is typically about 60 [11].
Besides the densely packed flat cisterns, groups of small vacuoles are observed in the
perifocal areas of the Golgi apparatus. Usually, the dictyosome zone of Golgi apparatus is

divided into three main sections, representing the developement stages from initial forming to
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mature. At the formed (mature) sections of the dictyosomes, an area of tubular elements and
small vacuoles is attached to the last membrane cistern which is known as the trans Golgi
network [12]. A group of larger vacuoles — a union of small vacuoles, forming the secretory
vacuoles, is located more distally at the dictyosome. During the cell division the networks of
the Golgi apparatus decompose to dictyosomes. The total number of dictyosomes grows with
cells. The Golgi apparatus serves for the excretion of the substances such as proteins,
lipoproteins and steroids outside of the cells. There is usually one Golgi Apparatus per cell,
which, together with its relatively small size, gives a low influence on the forward light
scattering in comparison with bigger and more densely packed tissue scatterers.

Lysosomes are products of endoplasmic reticulum and Golgi apparatus activities in
cells. They are similar to secretory vacuoles by their main role - participation in the processes
of intracellular decomposition of exogenous and endogenous biological macromolecules. The
presence of lysosomes of various types in the cells of different organs is related to the
necessity of transfer of hydrolytic enzymes for intracellular decomposition. Under electron
microscopy, lysosomes appear in groups of vesicles of about 0.2-0.4 um in size, separated by
a single thin membrane. The content of lysosomes is very uniform: from isolate vacuoles to
densely packed membranes. In the fraction of lysosomal vesicles with a homogeneous,
unstructured content, there are vesicles filled with dense material containing, in turn,
vacuoles, clusters of dense homogeneous membranes and particles. Also, not only parts of the
membrane can be seen inside the lysosomes, but also fragments of mitochondria and of
endoplasmic reticulum, which forms a complex structure. Due to their small sizes and low

density, none of Golgi apparatus and lysosomes were not taken into account in our study.
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3.2.2 Mitochondria

The mitochondria typically present in eucaryotic cells. Their main function is related to the
cell energy, provided by the oxidation of organic compounds and their decomposition through
the synthesis of Adenosine-5'-triphosphate (ATP). The initial stages of oxidation (anaerobic
oxidation) of carbohydrates do not require the participation of oxygen. The mitochondria
supply the cells with the energy, thus the number of mitochondria reflects the cell's need for
energy.

The dimensions and sizes of the mitochondria are not the same in all tissues. In average,
they are about 0.5-1.5 pm [13] in size, and their quantity in a cell varies from several
mitochondria to few thousands. Due to their relatively large size and sometimes high
concentration in a cell (depending on the oxygen demand in the organ), and the possibility to
be well-dyed by the osmic fixation, mitochondria are visible under conventional microscopy.
Unlike the sizes and density of mitochondria, the structure of the latter is regular: like the
nuclei, the mitochondria are surrounded by a double-layered phospholipid thin membrane (of
several nanometers thick), restraining the inner content. The matrix of a mitochondrium
consists of homogeneous substance of DNA molecules, ribosomes, and sometimes
magnesium and calcium salts.

The insufficient number of data on the characteristics of mitochondria in the bladder
wall, given in literature, does not allow to make a precise estimation of their contribution to
intensities of the light scattering and absorption in the bladder tissue. In this thesis we present
an example of possible calculation of the mitochondrial contribution to the scattering
coefficients.

The algorithm of the estimations of the scattering parameters for the mitochondria in the
bladder tissue is described below in this Chapter. We consider that the scattering occurs on
the mitochondria surrounded by a cytoplasm with respective refractive indices of 1.42 for the
mitochondria organelle itself, and 1.37 for the surrounding medium (cell cytoplasm) [13]. The
histological studies of the bladder wall tissue show that the mean mitochondrial size is about
0.5 um [14]. In the cells, which do not require a large amount of oxygen (like urothelial cells),
the volume fraction of the mitochondria is 2-8% [15], which correspond to about 200

mitochondria per cell.
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The results of Mie calculations performed at 510.6 nm wavelength by the method
described in Section 3.5.1, show that the scattering coefficient for the mitochondria in the
bladder epithelial tissue (ps = 2.54 cm™) is much smaller than the one for cell nucleus (which
is usually about (s = 50-250 cm™), and thus is neglected in our study. The contribution of the
mitochondria (together with other biological scatterers of a small size (< 0.5 pum)) to the
scattering process was considered in this thesis for anisotropy factor as a reducing component
(mitochondrial anisotropy factor of light scattering was estimated to be about g = 0.884).
However, the mitochondrial influence on the scattering process can be more significant for
some tissues than it was estimated in this study. This is rather important for solving inverse
problems of DR light analysis, which are not presented in this thesis. For example, for the
organs, like liver and brain, in which the oxygen needs are high, mitochondria can serve as
the main scatterers, or can give a significant impact to the DR light signal. Besides,
mitochondria has one of the strongest influence on the cell death [16], and they can decrease
in their quantity and sizes with the tumour development [17], which can influence the DR
light responses on the surface of the tumorous tissues. Thus, in case of inverse problems, the
study on mitochondrial content has to be held prior to interpretation of experimental and

mathematical results.

3.3 Electromagnetic Wave Theory

The mathematical part of this thesis consists of two modelling methods, complementary to
each other. This Chapter describes a modelling method of light scattering and absorption by
tissues, based on the fundamental electromagnetic wave theory. Such method allows to obtain
more accurate analytical solutions and to obtain scattering and absorption parameters, while
another one (a Monte Carlo-based), with the use of this optical parameters, allow to take into
account light transport in multi-layered tissue structure. The Monte Carlo simulation
algorithm and analysis are presented in the next Chapter.

The light propagation is described by two theories, considering the dual nature of light:
particles and waves. In general, in tissue optics, both electromagnetic wave and flux of

photons descriptions of light appear complementarily. However, at the large wavelength (due
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to lower impulse and energy) the corpuscular properties are inferior to the properties of the
wave. As the Mie scattering theory is based on the Maxwell’s equations for the
electromagnetic waves, the present chapter presents the description of the wave theory.

The scattering process of electromagnetic waves is based on redistribution of the light
with changing electric and magnetic fields, by re-emission of the energy of initial wave by a
scattering particle into a solid angle. The brightness of initial and scattered light depends on
the amplitudes of the waves. In this thesis we present only few main steps of mathematical
description of the wave propagation into a medium. More detailed description can be found in
[6].

The universal Maxwell’s equations are basic equations for electromagnetic field inside a
continuous medium, expressing four vector functions: E - electric field intensity, B - magnetic

induction, H - magnetic field intensity, and D - electric induction, and are written as

V:-D=p,

9B
VxE+E—0, (7)

V-B =0,

aD
VXH=]+ T
where J is the current density, and p the volume charge density. In order to take into

consideration the properties of the medium and their influence on electromagnetic waves,

Maxwell’s equations are completed by the expressions for D and H:

D = &,E + P, (8)
B
H= =M, (9)

where P is the electric polarization field, and M the magnetization field. The two universal
constants (permittivity and permeability) of the free space are represented by &y and uo,

respectively. The constitutive relations are:

] = 0oE, (10)
B = uH, (11)
P = gxE, (12)
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where ¢ is the conductivity, u the permeability, and y the electric susceptibility. It was found
[6], [18] that a time-harmonic electromagnetic field (E, H) in a linear, isotropic, homogeneous
medium must satisfy the following wave equations

V2E + k%E =0,

V2H + k?H =0, (13)
where k? = w?su , w is angular frequency, and V-E =0, V-H = 0.
E and H are interdependent: V X E = iwuH, V X H = —iweE.

For the plane wave the Maxwell equations are

k ' EO = 0,
k- HO = 0,
k X EO - a)ﬂHo, (14)

k X HO = _(USE().
The wave vector of a homogeneous wave at the conditions of transversality may be written as

k=k"+ik" = % where k’ and k’” are nonnegative, c is the speed of light in vacuum, and

N is the complex refractive index N = n + ik, where n and k are nonnegative. Hereinafter in
this study, for simplicity, the real part (n) of the refractive index (N) will be called as
“refractive index”.

In the present study, mathematical approximation of light distribution in the epithelial
layers is made for the spherical scatterers. Thus, for the case of light scattering by a sphere,
supposing that a plane x-polarized wave is incident on a homogeneous isotropic sphere of
radius a, the electric and magnetic fields can be expanded in vector spherical harmonics in an

infinite series:

_ o m 2nHl (1) (1)
E; = E, Zn:l i n(n+1) ( Qoln o lFeln)
_ -k o m 2ntl (1) | (D)
Hy = Eo Yn=1i" D) (Qein t iF,10) (15)

where Qomn, Qemn, Fomn, and Femn are vector spherical harmonics, generated by functions
satisfying the scalar wave equation in spherical polar coordinates. The expansions in vector
harmonics of the internal field of the sphere (E;, H1) and the scattered field (Es, Hs) are:

E, = Z?lozl En(CnQ(l) - ian(l))'

oln eln

—k1 woo ,
Hy = =2 571 En(dnQen + inFyg), (16)

eln oln
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i"Eq(2n+1)

where E, = et D)

, and W is the preambility of the sphere. The expansions of the

scattered field can be written as:

. . 3 3
Es = Zn:l En(lanFe(lr)l - an(()l)n)’

k .
s = T 2Zin=1Ln n X n ;
Hy =37 E,(iby,FS) + a,0) (17)

oln eln

where a,, by, ¢y, and d,, are Mie coefficients, characterizing the scattering and absorption
properties of scatterers and media. They will be determined in further sections of this chapter
for each particular case of our modelling.

From the boundary conditions for the sphere and the surrounding medium, we can write
four independent equations for the electro-magnetic fields (the field inside the sphere (E1,

H1), and the scattered field (Es, Hs)) in vector spherical harmonics:
Eip + Esg = Ejp,
Eip, + Esp = E1,,
Hig + Hgg = Hyp, (18)

Hi, + Hgp = Hyg,

The four linear equations in the expansion coefficients can be obtained from the expansions of
the scattered and internal fields, boundary conditions for the sphere and surrounding medium,
the vector spherical harmonics for the expansions of the fields, and orthogonal sets of angle-

dependent functions
Jn(mx)cy + b (X)by = jin (),
I ()] ¢, + bSO @) by = i [ (O]
umjn(mx)dy + i h$P () ay = 1jn (), (19)

[mtj ()] dyy + m|xh P ()| @y = mljn ()]
Where the size parameter x and the relative refractive index m are

x = ka =222 (20)

m =1 (1)
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N; and N are the complex refractive indices of particle and medium, respectively. The
solutions of the linear equations (19) give the coefficients of the field inside the particle and
scattering coefficients (see Section 3.6).

If we assume that the series expansion of the scattered field (Es, Hs) (17) is uniformly

convergent, then the relation between incident and scattered field amplitudes is:
E||||S _ elk(r-2) SZ 0 E||||i
<E_Ls> o —ikr <0 Sl) (E_Li>’ (22)
where S; and S, depend on the scattering angle 6:

2n+1

$1 = Znn(n+1) (anﬂn + bnTn)' (23)
2 1
S, = Znn(;ll_j-l) (anTn + bnnn) (24)

Es and EL are parallel and perpendicular (to the scattering plane) components of the incident
electric field, which lies on the xy plane; respectively; k is a wavenumber, r is a radius of the
sphere, z is a distance from origin to plane, and z, nad =, are functions determining the angle
dependence of scattered fields.

The equations, described in this section, are useful for integral description of influence
of the optical characteristics of the scatterers and the media in which these scatterers are
situated. Prior to analyse the Mie coefficients a,, by, ¢n, and d,, which serve for determination
of the optical properties of the scatterers and the media, we will first introduce the optical
scattering and absorption parameters, commonly used in biomedical optics and necessary for

our modelling.
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3.4 Optical Scattering and Absorption Parameters of Biological

Tissues

Studying the tissue optical parameters is necessary for both, forward and inverse problems of
predicting the diffuse light distributions. The optical properties of biological tissues can be
described by the refractive indices of the various compounds of the medium, absorption and
scattering coefficients, and a scattering phase function. Scattering of light occurs in media that
contains variations in the refractive index at a level of a discrete particle or a continuous
constituent. Biological tissues are heterogeneous media with refractive indices higher than of
the air, which leads to a partial reflection of the incident light at the border of these two
media. Reflection is the process by which an incident electromagnetic irradiation is partially
or totally returned by the interface of two media with different refractive indices, such as
cytoplasm and nucleus, for instance. The surface reflectivity can be defined as the ratio
between reflected and incident wave amplitudes of the electric field. The ratio of the
intensities of the waves determines the reflection coefficient, thus it is equal to square of the
reflectivity. Both, the reflectivity and the reflection coefficient depend on the angle of
incidence and refractive indices of the medium.

Non-reflected light from the surface passes into the medium, where it changes its
velocity and direction due to the difference in the refractive indices of the tissue structural
elements. The mathematical equation describing the refraction process is known as the Snell’s

law:
sin @ v
=—,

sing'’ v

where @ - is the angle of the incident light, 6’- is the angle of refraction, » and o are

(25)

velocities of the light before and after entering the refracting medium, respectively. The
corresponding refractive indices are defined as:
c
n=-,
v
n' == (26)
For mathematical estimations, the relative refractive indices m, (the ratio between the

light velocities in one medium and in another one) are usually used. The typical refractive

index of the tissue components lies in the range 1.35-1.47 [19].
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A light wave, have penetrated into a biological tissue, attenuates due to the multiple
scattering and absorption. The elastically connected charged particles under the influence of
the electromagnetic waves are driven by the electric field. The resonance occurs when the
wave frequency is equal to the intrinsic frequency of oscillations of the particles, which is
accompanied by absorption. In a purely absorbing (non-scattering) medium the intensity

attenuation due to absorption is described by the Beer-Lambert law:
Imed
T = &P (—Had) (27)

where |y — is the intensity of the incident light, Imeq — is the light intensity after travelling a
distance d inside the medium, and p. [cm™] is the absorption coefficient of the medium.

The ability of particles to scatter light is connected to the scattering cross-section,
integrated over 4w angle — the scattering cross-sectional area. The scattering coefficient s
[cm™] is the sum of the products of the scattering cross-sections ¢ by number of scattering

particles in the volume:
s = NiPi0si (28)

Absorption coefficient of a biological tissue provides information on the concentration of
various chromophores [20], while the scattering properties provide information on the form,
size, and concentration of the scattering components of the medium [21].

The inverse of the absorption or scattering coefficients determines the average distance
that a photon travels prior to the absorption or scattering event. Due to their opacity, in most
of the biological tissues, both, scattering and absorption processes, occur during the light
propagation. The first optical parameter combining these two effects is the total effective
attenuation coefficient which can be expressed as:

He = Ua + Us, (29)
Another optical parameter, describing the tissue properties and connecting both, absorption
and scattering coefficients, - is the albedo a (dimensionless):

a=2=_t (30)
224 Hatls

The total mean free path of the incident wave in a turbid media is defined as

1 1

ph = = (31)

l - l
Ut HatHUs
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Thus, the optical depth d of the light propagation into the tissue is determined by the
following expression (for the case of a uniform attenuation):
dopt = Utlpn (32)
where I, - is the optical path length of the turbid medium.
In the scattering process, a photon, propagating in direction s; is scattered by a particle
into direction s,. The phase function p describes the portion of the light, scattered from the
initial direction in the new direction, thus, the integral of the phase function, distributed in all

directions, is equal to 1:

S P(S1,52)dew" =1 (33)
where dw’- is the differential solid angle in the direction s,.
Usually the new possible directions s’ do not occur with equal probability, and depend on the
type of particle causing the scattering, and the possible structure of the scattering medium.

The phase function is commonly characterized by the scattering anisotropy factor g:

g = f4np(51'52)(5152)d0)’ (34)

If the scattering is symmetric with respect to the direction of the incident wave, then the phase
function depends only on the angle 9 between the directions of s; and s, i.e. g = {(cos (0))
describes the average cosine of a scattering angle.
The scattering phase functions of biological scatterers are often rather complicated. For the
media, where the asymmetry parameter g is known, it is not always necessary to use a
complete description of the phase function p(cosf), as there are several approximations
among which the most widely used in tissue optics is the Heyney-Greenstein approximation.

The values of the anisotropy factor g lie in the range from -1 for backward scattering to
1 for forward scattering, with 0 for isotropic scattering. As the phase function is influenced by
the microscopic characteristics of scattering structures, such as size and shape, most of
biological tissues have a high total g-factor value of 0.8-0.9 [22].

Some of the optical parameters serve as inputs for Mie calculations for our models, the
others (the outputs of Mie calculations) - as inputs for Monte Carlo modelling. Next sections
of this chapter describe the algorithm of electromagnetic-wave theory-based calculations for

our the first layers of our models.
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3.5 Mie Calculations of Optical Parameters of Bladder Tissues

and Phantoms

3.5.1 Mie Scattering by Spherical Particles

This section presents the algorithm of Mie calculations for modelling of the light distribution
in media with diffusing particles of different sizes in the top layers. Such calculations are
necessary for further Monte Carlo modelling of the surface DR light distribution aiming the
comparison of modelled and experimental results of the sensitivity tests. The experimental

part of these tests is presented in the Section 2.2.

3.5.1.1 Modelling of Light Propagation into a Three-Layered

Medium with Diffusing Particles

By means of the scattering and absorption, the laser electromagnetic waves interact with inner
structural elements inside a biological turbid medium. Physically such process is the changes
of the electromagnetic fields generated inside the tissue. Generally speaking, the "prediction”
of behaviour of the electromagnetic waves in the tissue is hampered to the solution of the
Maxwell's equations for the macroscopic electromagnetic field at the interior points in matter.

Due to the non-zero refractive index of the medium, the wavelength, penetrating inside,

vac

changes its value: 1,04 = Avac Furthermore, in order to compute the scattering amplitudes,

Nmed

on which the scattering cross-section and anisotropy factor are based, it is necessary to

introduce the scattering parameters: Mie coefficients a, and b,. The Mie coefficients depend

21

. . . n .
on the relative refractive index m = =2~ | and on the size parameter x = ka, where k =

Nmed med

- is a wave number, and a - is a radius of the sphere:
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mzjn (mx) [xf, ()] — jn () [mxjy, (mx)]’

T g o [h® 0] — KD ) e, ()]
()
b = Jn (M) [x)5, ()] = Jrn () [mxfy, (mx)]/

i m)[xhP (0]~ kD () [, (ma)]

where j,, (2) and hfll) (z) are spherical Bessel functions. Thereby the scattering cross-sectional

area, related to the scattering efficiency by the geometrical area w = ma? as

Qsca = %a (36)
can be defined by:
Osca = o3 Znme*[(2n + D[la|? + 16, 2], (37)

where the maximum number of iterations for biological scatterers was proposed by Bohren
and Huffman in 1983 [6] to be n,,. = x + 4x/3 + 2. The asymmetry parameter of the
scattering is described by the ratio of

n 2n+1

nn+1)

Qsca(c0s) = = [Bn["o2 Re{an@nyy + bubjsr}] + Bn e Refapby}]  (38)

and Qg -
An algorithm of such calculations was developed for a Mathcad program. This

algorithm is similar to the algorithm made by Matzler [23] for the MATLAB program.

3.5.1.2 Calculation Results: Input Parameters for Monte-Carlo

Modelling

The MC modelling requires a set of input parameters for each phantoms layer, including

refractive index n, scattering coefficient [, absorption coefficient p,, anisotropy factor g, and
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layer thickness I. Several of those parameters (like g and Ws) can be obtained by the Mie
calculations, the others have to be known prior to the MC modelling. This section presents the
calculations of the optical parameters of our multi-layered media.

To estimate the contribution of the directly-reflected light to the overall light
distribution at the surface of our bladder models we have calculated the refractive indices n
for all the layers of our phantoms, using the law of Gladstone and Dale [24]:

n =nycq +nycy, (39)
where ny, ny and ¢, ¢, are the refractive indices and volume fractions of the basic substance
(gelatin matrix and water) and the scattering particles, respectively, and c; + ¢, = 1. Such
reflection together with a part of the DR light, is concentrated in the central part of the light
signal, at the entrance of the incident beam, forming the area I in Fig.2.1.

The refractive index of the polystyrene particles used in our experimental phantoms is
np=1.59 [25]. The substance of the top layers, surrounding the scattering particles, consisted

of gelatin matrix (5%) with ng=1.533, and of water, with

6.662
Nyt = 1.31848 + Amm]—1292

[26] (40)
Thus, the refractive index of the surrounding medium for the scattering particles of the first
layers was
Nimea = 0.0514¢; + 0.95n,,4; (41)
The total refractive indices of the first layers of the phantoms with the particles of 0.05 um
and 0.53 um diameters were equal to the index of the surrounding medium, as the impact of
the spheres on the refractive indices can be neglected due to the low volume fractions, which
were 6.5x10™° and 7.8x107, respectively. The refractive index of the first layers of the
phantoms with the spheres of 5.09 um diameter was:
Ny 500 = 6.9 * 1071, + 0.99937 ey (42)
The indices of refraction of the second and the third layers of our phantoms were
calculated in consideration of the refractive index of Intralipid 20% (Ninwo%=1.361 at 532 nm
wavelength [27]):

Nomed = 0.016nint100% + 0.05ngel + 0934‘nwat (43)
and
N3med = 0.0znintloo% + 0.05ngel + 0.93nwat (44)
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From the formula of the Fresnel reflection of the light entering the medium, which is defined
as [28]:

R = (32 (45)
the Fresnel reflections for our mediums with different scattering particles were found:
Roos = 0.0216 (2.2%), Ry 53 = 0.0216 (2.2%),and Rs g9 = 0.0217 (2.2%)

Due to the low values, the absorption coefficient for a water suspension of the non-
absorbing polystyrene spheres [29] and the scattering coefficient of gelatin can be neglected
[26] in our studies. As no additional absorbers were used in the phantoms, we considered
gelatin to be the main absorber in each layer of the media with p, = 0.001 cm™ [30]. The
anisotropy factors of the two bottom layers were calculated by the formula given for the
Intralipid in [23]:

Jine = 1.1 = 5.8%107%1 (46)
The scattering coefficients for different Intralipid volume fractions were taken from [26].

Using the Mie and Rayleigh theories [6] the scattering coefficients and the anisotropy

factors were calculated in a Mathcad program for the top layers with the spheres of 5.09 um,

0.53 pum and 0.05 pm diameters (see Table 3).
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. . scattering absorption
Name/ Parameter refractive anisotropy coefficient coefficient
index, n factor, ¢ [cm-l]’ Hs, [cm-1]’ Ha,
First layer
with the spheres of 1.3449 0.027 0.000015 0.001
0.05 pm
First layer 1.3449 0.867 0.024 0.001
with the spheres of ' ' ' '
0.53 pm
First layer 1.34505 0.87 3.9 0.001
with the spheres of ' ' ' '
5.09 um
Second layer 1.347 0.79 10 0.001
Third layer 1.34752 0.79 15 0.001

Table 3 Input parameter values for Monte Carlo modelling.

The anisotropy factors of the particles of 0.53 pm and 5.09 um in a concentration of 10’
are very similar (see Table 3), and their high values move the photons strongly into the
medium, and make them hit faster next scatterers. The scattering coefficients of the largest
particles are about 160 times higher than those of the medium size, and much more higher
than those of the smallest, which reduces the mean free path between the two scattering
events in the media with the particles of 5.09 um diameter. Such particular differences in the
scattering properties of the media can potentially lead to the differences in DR signals from
the phantoms with different sizes of scattering particles.

106




CHAPTER 3 Thesis N. Kalyagina

3.5.2 Scattering by Nucleated Cells Modelled as “Coated” Spheres

In order to simulate the DR signals five states of the UB epithelium (see Section 2.3) by a
Monte Carlo method, we have to determine the input parameters for such modelling. This
section describes the algorithm for Mie calculations of optical parameters for different states
of the bladder wall. Unlike the previous Mie calculations for the models with the optical
parameters of our phantoms, the calculations in this section were performed basing on the

parameters of real bladder tissue.

3.5.2.1 Scattering Amplitudes

The nuclear sizes of the bladder transitional epithelium are of about 5 pum for the normal cells,
and 10 um for the enlarged, which is larger than the wavelengths of the visible range 400-750
nm. Such nuclear sizes together with their orbicular shape, give us a subject to consider the
nuclei as large spherical scattering centres inside the cells having different refractive indices.
Thus, Mie calculations for “coated spheres” were chosen as a basis for determination of the
input parameter values required for Monte Carlo simulations of the light distribution in the
first layers of our models.

We consider an electro-magnetic wave incident to the “coated sphere” with an inner
radius equal to the mean radius of a nucleus, and the outer - of a cell. In order to compute the
scattering amplitudes, on which the scattering cross-section and anisotropy factor are based, it

IS necessary to express the scattering parameters: Mie coefficients a, and b, (cf. equation 35).

. . . . n .
They depend on the relative refractive indices m; = —=2* and m, = =% and on the size
Ncoat Nmed
2
parameters x; = ka; and x, = ka,, where the wave number k = 7 ", and a; and a, are
med

respectively sphere’s and cell’s radii:
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_n Ge)[[Z3)n (2] + Anlz5yn (2)]] = M3 [ ()] T (23) + Ay (23)]
C AP O IMzaln (2] + Anlzsyn (25)11 = 3|28 ()| Tin (25) + Auyn (2]

47)
_n G [[Zajn ()] + Balzayin (z)]1 = [Xajin (o) Ui (Z2) + Budi (23)]
" R 0z @]+ Bulzsyn (201 [228° (62)| i (2) + Bay (25)]
with
o M @)z 2] = mij (20 (2210 (22)]
" gy, @) zjn @) + M @223 (22)]
(48)
g = n )l GV = ()l ()]

—jn (2220 (2] + ¥ — (22)[21)n (20)]

and Z1 =My Xq1,2Zp = MyXq,Z3 = MyXy;
where j,, (u), y,(u) and h,(ll)(u) are spherical Bessel functions of the first, second and third
kind, respectively.

The scattering efficiency Qsc, for our scatterers can be defined by:

Qsca = = Zoms*[(2n + Dl an|? + |bn|]] (49)

where the maximum number of iterations for the case of biological scatterers is n,,,, = x, +
4x,/3 + 2. The asymmetry parameter of the scattering can be obtained from the ratio

between Q. ,{(cos) and Q., with

nn+2)
n+1

2n+1
nn+1)

Qsca(€05) = = [Zn[“ 2 Re{an@in + bbja1}] + oo Refanby)]

(50)

and n € [1, Npax].

108



CHAPTER 3 Thesis N. Kalyagina

3.5.2.2 Definition of Input Optical Parameter for Mie Calculations

In order to reproduce the optical properties of the UB wall, several three-layered models,
mimicking mucosa, submucosa and muscle layer, were considered. To trace the influence of
each intra- or extra-cellular modifications, five “states” of the UB urothelium, corresponding
to main metamorphosis at dysplasia, were imitated (by varying the scatterer’s parameters in
the first layers of the models):

Type I. Normal, with normal size and concentration of the cell nuclei;

Type Il. Enlarged nuclei;

Type I11. Absorption growth;

Type IV. Nuclear population density increase;

Type V. All changes together.
As the pre-cancerous changes arise mostly in the epithelium, and the lower layers do not
undergo discriminant modifications in their structure, same optical properties for the second
and third layers were reproduced in all types of the models. Implementation of such
modelling by Monte Carlo simulation method requires the prior knowledge of the optical
parameters of each layer and type of the model. Some parameters of the bladder wall are
presented in the studies of Cheong et al. (1987) [31], Star et al. (1987) [32], Splinter et al.
(1989) [33].

First (top) layers: The top layer of the UB wall mostly consists of the epithelial cells

(about 15 pum in diameter) with rounded nuclei inside, which we consider to be the main
scattering centers of the first layer of our models. As the epithelial layer is a tight pack of
cells, the surrounding medium for these scattering centers is intracellular medium with its
refractive index nee lying between 1.35 and 1.38 [13]. In the present work we used a value of
the cell refractive index n¢=1.37 for Mie calculations as an input parameter, and for the
Monte Carlo simulations as a refractive index of the first layers (Table 4). Beauvoit et al.
(1994) [34] assumed a nucleus refractive index relative to the cell cytoplasm to be about 1.04,
thus we considered the nucleus refractive index to be equal to n,,=1.42. As the cells of the
transitional epithelium are densely packed, we considered the refractive index of the

surrounding medium for the cell (the extracellular matrix) in the first layers to be minimally
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different from the cellular one, thus to be lower than the refractive index of the cytoplasm
because of the presence of extracellular composition between the cells, so that npeq=1.365.

Based on the study of Staveren et al. (1994) [35], in which the value of the absorption
coefficient p, for mucosal/submucosal layers lies in the range of 0.6-1 [cm™] for the green
wavelength region, we considered the absorption of the first layers to be equal to the
maximum value 1 [cm™], as the absorption in the top epithelial layers is usually higher than in
the second submucosal layers. The calculations of the values of the scattering coefficients s
were based on the Mie theory, described above.

Second (intermediate) layers: The submucosal layer (which is 400-1000 um thick) has a

small amount of cells, and consists generally of the intercellular material with protein fibers,
forming a connective tissue, which main constituent is water, forming of about 60% [36]. For
that reason, we have taken a value of neys=1.36 [37] for the extracellular fluid as the refractive
index for the intermediate submucosa-like layers. The absorption coefficient and anisotropy
factor of the second layers were chosen as minimum values given in [35] for 500-550 nm
wavelengths, 0.6 [cm™] and 0.87, respectively. The results obtained by Qu et al. (1994) [38]
for the bronchial tissues show that the scattering coefficient of the submucosal layer is about
40 less than of the one of mucosal layer, which we took into account for the determination of
the scattering parameter of the second layer.

Third (bottom) layers: The muscle layer of the UB mostly consists of smooth muscle

fibres, connective tissue and nerves, and is about 2 mm thick. The refractive index value for
this layers muscle layers n3=1.37 was taken from [39], and the other optical parameters were
based on data from the colon muscle tissues [40], similar by its structure to the bladder
muscle tissue: 193 cm™, 1.53 cm™,and 0.941 for the scattering, absorption and anisotropy
coefficients, respectively.

The thicknesses of each layer in each simulation model were fixed to 200 pum for the
first, 700 um for the second, and 2.1 mm for the third layers.

In the present study, the imaginary part of the refractive indices was chosen in a way
that the final calculated absorption coefficient matched with the value p,=1 presented in the
section 2.1, and with the corresponding absorption changes according to the cases I11-V of the
neoplasm formation. The results of Staveren et al. [35] and Wei et al. [40] show that the
absorption of diseased bladder and colon tissues exceeds the normal one by a factor of about
1.5 to 3. Consequently, in the 1119 type of our models, we increased the absorption coefficient
from 1 cm™ (for normal tissue, type 1) to 2.5 cm™. In the type IV we considered that the
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scatterers in the epithelium have multiplied so that the population density has changed from
1.5x10% to 3x10° cells per ml, and the absorption at the first layer has grown. The average
density of scatterers p defined for the first layers of the models from the histological studies.

Taking into account that in case of population density augmentation the nuclei
multiplies inside the cells, the computations for the type IV consisted of two parts: 1) the
scattering coefficients of the normal tissue (type 1), calculated for the “coated” spheres (nuclei
in cells) were summed up with 2) those ones, computed for the nuclei as separate spherical
scatterers without the *“coat”, which was already taken into account in the first part. The
equations for such computation can be found by considering the refractive index of the “coat”
to be equal to the surrounding medium. Although our calculations allowed to obtain the
values of the anisotropy factor g, they did not reflect the contribution of all the compounds of
the tissue (including small cellular and intracellular components). For our models average
values for the anisotropy parameter of the epithelial tissue [35], [38], [40] were used.

The Mie calculations for “coated” spheres were computed in a MathCAD program by

an algorithm, presented in Appendix of this thesis.

1 p, nuclei per
a, pm Ha, CM m3 Nnuc
Model type/Parameter 2

I. Normal 5 1 0.00015 1.42+0.000413i
I1. Nuclei size growth 10 1 0.00015 1.42+0.000051i
I11. Absorption changes 5 2.5 0.00015 1.42+0.00101i
V. Population density 5 2 0.0003 1.42+0.000413i
changes

V. All changes together 10 5 0.0003 1.42+0.000121i

Table 4 Input parameters applied for Mie calculations performed on each of the 5 types of bladder
epithelial tissue-like models.
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3.5.2.3 Output Scattering and Absorption Parameters from Mie
Calculations

The input parameters for the Monte Carlo modelling of the laser light interaction with our

models, mimicking five states of the bladder epithelium are summurized in the Table 5.
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: Layer 1 (transitional Layer 2
Modelling - Layer 3 (muscle),
U epithelium), (submucosa), 2100 um
200 pm 700 pm
Type I. Normal
g 0.91 0.87 0.941
s, cm™ 190* 150 193
Ha, cm™ 1 0.6 1.53
n 1.37 1.36 1.37
Type Il. Nuclei size growth
g 0.91 0.87 0.941
Hs, cm™ 262* 150 193
Ha, cm™ 1 0.6 1.53
n 1.37 1.36 1.37
Type I11. Absorption changes
g 0.91 0.87 0.941
Hs, cm™ 187+ 150 193
Ha, cm™ 2.5 0.6 1.53
n 1.37 1.36 1.37
Type 1V. Population density changes
g 0.91 0.87 0.941
Hs, cm™ 272* 150 193
Ha, cm™ 2 0.6 1.53
n 1.37 1.36 1.37
Type V. All changes together
g 0.91 0.87 0.941
Hs, cm™ 513* 150 193
Ha, cm™ 5 0.6 1.53
n 1.37 1.36 1.37

Table 5 Input parameters for Monte Carlo modelling of light distribution in the bladder wall. The
calculations of the parameters marked with * are based on the Mie theory.
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3.6 Conclusion

By varying sizes and concentrations of the epithelial scatterers, and epithelial absorption
properties, different states of the bladder were mimicked. With the use of the calculation
algorithms for spherical and *“coated” spherical scatterers, presented in this Chapter, the

values of the optical parameters needed for the further Monte Carlo modelling were obtained.
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“Mathematics is the most reliable form of prophecy.”
W. Schwebel

4.1 Introduction

In the previous Chapter we described a wave theory-based mathematical technique we used
for calculating the values of the basic optical parameters of different phantoms and models
mimicking bladder wall. The present Chapter describes a Monte Carlo-based (MC) technique,
where the simulations of scattering and absorption happen with randomly travelling light
photons. Based on the transport equation, Monte Carlo modelling methods can be used for
describing light transport in tissues and to receive photons distributions on the surface of
absorbing and scattering multi-layered media. This capability of the MC technique is one of
the main reasons explaining our choice of the modelling method.

The problem of light transport through a biological tissue is a complex problem due to
the large variety in distribution, shape and orientation of the scattering centres. For a model of
light transport in biological tissues to be successful, it has to factor into the following
peculiarities: multiple scattering and absorption in a complex tissue structure. Monte Carlo
modelling techniques, based on the light transport in tissues, are commonly used in tissue
optics in order to simulate the photon migration in a media for estimating the transmittance
and back-scattering probability distributions [1], [2], [3] [4]. A detailed description of a
Monte Carlo method describing the photon-tissue interactions with turbid multi-layered media
was given by Wang and Jacques in 1995 [2]. The Monte Carlo modelling method of light
transport in multi-layered tissues (MCML) reflects the possibilities of tracing photons
behaviour inside the tissue. In the present study a method for obtaining the matrices of the
back-scattered light distribution was used in order to simulate the light propagation into the
tissues for differentiating between cancerous and normal tissues.

The Monte Carlo method is a method of statistical tests for tracing the light transport
inside a medium, requiring several initial parameters, describing the optical properties of the
medium. In the MC simulation, photon packages are traced through the tissue until the exit or

termination due to absorption.
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4.2 Light Transport Theory

In this Section the mathematical aspects of the light transport in biological tissues, necessary
for our modelling, are discussed. Modelling of light propagation in turbid media can be
expressed in integral-differential form by the radiative transport theory [5]. One of the main
peculiarities of this theory is that it considers the energy transfer in a medium by
superposition of energy flux, but not of the electromagnetic fields [6]. Photon propagation into
a scattering and absorbing media is commonly used, has been previously described using the
transport theory by numerous authors [7], [8], [9], [10]. Thus we present a brief description of the
main parameters and features of the transport theory.

The flow of the photons, travelling in a turbid medium with the velocity c in a direction
s1, has a certain energy hv. The frequency, amplitude and phase of the flow randomly vary in
time, changing the fluence rate. The power flux density in the direction s; within a solid angle
dw at a unit interval of frequencies near the frequency v is expressed by the radiance J(r, s1).
The differential equation for radiance is the basic equation of the light transport theory, and is

called radiative transport equation [11]:

dj(r,s1 s
O = g (r,s1) + 22 [, p(s1,52)](r,52) dw (51)

where r reflects the position of the incident light, p(si1, S2) is the scattering phase function
determining the probability of scattering from a direction s; into s,, and ps and L are,
respectively, scattering and attenuation coefficients of the medium.

The integral of the radiance over 47 describes the fluence rate @(r, s1), distributed in all
directions, which is more useful for biomedical optical applications, as well as the radiant flux
F(r, s1), which describes the power incident on a sphere at a position r and transferred per unit

area.
@(r,s1) = [, L(r,sDdw (52)
F(r,s1) = f4nL(r,51)51dw (53)
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In order to simplify analytical solving of the transport equation, various numerical and
approximation methods were developed. Monte Carlo stochastic method is one of such

numerical approximations of the transport equation.

4.3 Monte Carlo Simulation Flowchart and Random Variables

This Section describes the main iterations of the algorithm of Monte Carlo modelling. The
principle of Monte Carlo-based method for DR light modelling is to calculate the random
processes of photon transport in media, where resulting matrices of light, transmitted or
returned to the surface, obtained after a set of statistical data [12]. Depending on the aim,
many physical parameters of the photon package, describing the properties of the medium,
such as distribution of absorption and back-scattering, can be acquired. By repeating the
tracking process for a large number of photon packages, it is possible to obtain statistics of
needed characteristics. The number of photons or packages of photons to be launched depends
on the need of accuracy.

General description of forward Monte Carlo simulation of the transport of light in a
scattering and absorbing medium, is based on several main steps that are repeated until
sufficient statistic accuracy is achieved: selection of a starting position for a photon or a
packet, depending on the required spatial and angular distributions of the light; generation of
a probable distance before the collision with the scatterer; statistical sampling and update of
absorption; registration of photons. The flowchart of our Monte Carlo simulation, which was
previously developed in the Biospectroscopy Laboratory of GPI RAS, is presented in the Fig.
4.1.
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Figure 4.1 Flowchart for Monte Carlo simulations of light distribution in a scattering and absorbing
medium.

In the MC simulations, the main factors influencing the behaviour of the photons are the
mean free path of scattering and absorption events, and the scattering angle. Both are
computed with the use of random variables. First random variable y;, distributed uniformly
between 0 and 1, was used in our study for determining the photon path length | in the

medium before the next absorption or/and scattering effect, called step size:
1
L=~--In (), (54)
t

where p, = us + ug, With the distribution density p(I) = u.e~#t'. The probability of photon

absorption is described by g = % thus the updated weight W; after an event of absorption is:

123



CHAPTER 4 N. Kalyagina

W;=W;_:(1-p) (55)

where W;- number the photons left in the packet.

As it was mentioned in the previous chapter, one of the most suitable approximations
for the probability density function for mathematical modelling of the light distribution in
biological tissues is a Heyney-Greenstein function - a simple one-parametric model,
describing the scattering by single scattering approximation. The Heyney-Greenstein phase
function p(#) characterizes the scattering spatial distribution directions for a single scattering
event, and is given by:

1-g2

p(6) = (56)

3
(1+g%-2gcos(0))2

where 0 is the scattering angle. The Heyney-Greenstein function was used for determination

of the photon direction after a collision act as:

1-g>2
— 1+gz+[1+29]’2_9
cos(8) = 20 (57)

for the case when g is variant from 0, and cos(6) = 2y,-1, for the case of g = 0, where y,- is a
second random variable, also distributed uniformly between 0 and 1.

Behaviour of the photons at the interface boundaries of the layers is quite particular and
should be taken into a special consideration. In general, scattering on the boundary surface of
a layer is induced by the interface roughness, while the spatial scattering (inside the medium)
is created by inhomogeneities inside the medium. After a collision act with the boundary
between the layers of the UB tissue, the packet of the photons underwent the reflection in the
case when the third random variable y3, uniformly distributed in the interval from 0 to 1, was
less or equal to the probability of the Fresnel reflection. Otherwise, in our models, the photons
continued to spread into the other layer in a direction according to the Snell's law for the
angles of refraction, with the deviation caused by the interface irregularities. The deviation
angle was calculated as an angle of scattering on the medium scattering element of the current
layer. The photons, colliding with the layers’ interfaces, deviate from the direction of the
Fresnel angle due to the optical properties of a layer [13]. For example, in the case of our
phantoms, it is to recall that the latter optical properties of each layer depend on the index of
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refraction, population density and size of the polystyrene microspheres and liposomal
components of the Intralipid. In order to accelerate the calculation, the photon diffusion in the
medium, at a preliminary stage (after setting the parameters of the layers), the computations
of the matrices of probabilities of transmitted and back-scattered light ,and of the angles of
refraction for all the interfaces between the layers, were made in the directions from and to the

light source in the range from 0° to 90° with discretization on the incidence angle equal to 1.

4.4 Simulation Results

4.4.1 Sensitivity Test of the Imaging Method of Surface Diffuse-
Reflected Light Distribution

This Section presents the modelling of the light distributions on the surfaces of the phantoms
(constructed for the sensitivity tests of the method), described in the Section 2.2. The input
parameters for this modelling were described in the Section 3.5.1. For this case we simulated
irradiation of a collimated light beam of 0.3 mm diameter with 10’ of initialized photon
packets with 10" photons in each. To correspond to the real experimental conditions a 378 ppi
resolution was used. The final simulation matrix size was 60x60 pixels (0.4 cm in length).
The simulation results were compared to the experimental results, obtained through the
measurements performed on the phantoms. The matrices of the DR light on the tissue were
processed in a MATLAB program in order to image the light distributions on the surfaces of
the phantoms (Fig. 4.2). The raw intensity signals were normalised between 0 and 1
(according to the quantity of the back-scattered photons), corresponding, respectively, to the
lowest and the highest determined quantities of the photons, hit the surface. For the 10’
initially launched photons and 10" packets of photons, we considered the lowest photons
quantity to be 10® photons (such a quantity corresponded to the value “0”), and the highest to
be 3x10" photons (such a quantity corresponded to the value “1”).

The obtained images of the simulated DR light distribution (Fig. 4.2) highlight the
influence of the various sizes of polymer spheres on the light diffusion in biological models of

the UB wall. The visualization of the surface DR light provided us with the differentiation
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between the back-scattered light from the phantoms with diffusing particles of 50 nm, 0.53
pum and 5.09 um diameters. The results show a similar character to the experimental ones: the
highest intensities of the DR light were on the surfaces of the phantoms with the largest
particles of 5.09 um, while the lowest intensities were found on the surfaces of the phantoms
with the smallest particles of 0.05 um. Distinctive features in the areas of the DR light spots,
back-scattered by the phantoms with microspheres of different sizes are seen.

The greater impact to the scattering process is made by the particles of the largest
diameter of 5.09 um, which is in a good agreement with cell nucleus sizes, which undergo the
main initial cancerous transformations. The impact of the other scatterers to the DR signal can
be used for estimating the background signal, that does not change during the cancerous

transformations, and may be subtracted, or considered as a zero signal.
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Figure 4.2 Images from Monte Carlo simulations of Diffuse-Reflected light on the surfaces of the
phantoms with the particles of diameters: (a) 50 nm, (b) 0.53 um, (c) 5.09 um. The images are plotted
in a hue, saturation and intensity value colour space.

4.4.2 Five States of Bladder Urothelium

This Section presents the modelling of the five states of the UB wall, based on the optical
parameters described in the Section 3.5.2 of this thesis. The size of the imitated irradiation
beam was 0.5 mm. The number of initialized photons was 10”. The final matrix size was
30x30 pixels (0.2x0.2 cm). As a result of the simulations, the statistical matrices of the
photons, returned back to the surface, were obtained.

The matrices of the DR light were processed in a MATLAB program in order to
visualise the light distributions on the surfaces of our five models (Fig. 4.3). The raw signals
were normalised according to the quantity of the back-scattered photons between 0 and 1,
where 0 corresponded to 1 photon (the lowest determined quantity of the photons hit the
surface), and 1 corresponded to 1.3x10* photons (the highest determined quantity of the
photons hit the surface). Such matrices are similar to the light distributions, which can be
captured by the video camera from tissue surface.
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[. Mormal tissue II. Muclear size growth

pixels
pixels

5 10 15 20 25 5 10 15 20 25
pixels pixels
lIl. Absorption growth IV. Population density growth

pixels

W. All changes together

5 10 15 20 25
pixels

Figure 4.3 Processed matrices of the Monte Carlo simulated surface back-scattered laser light: I -
normal, with normal size of cell nuclei, Il - enlarged nuclei, 111 — absorption growth, IV - population
density augmentation, V - all changes together.
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Modelling results reflecting different changes of the DR light signals with scattering
and absorption properties, show that the changes in absorption properties (models of type II)
and all the changes together (models of type V) can be well-detected. Less obvious
differences are seen in the cases of population density (models of type 1V) and nuclear size
growth changes (models of type ). The correlative analysis of the DR images with the
optical parameters (see Section 3.5.2.3) shows that the surface spot increases with the
scattering coefficient, and decreases with the absorption coefficient.

The areas of the DR images corresponding to the intensity values over the threshold of
0.3 (the green circle in the Fig. 4.3, found by varying the most distinguishing differences
between the five models) were calculated for each model, and then normalized to the area of
back-scattered signal from the normal tissue of type I. Figure 4.4 presents a comparison of the
simulation and experimental data. The results show a positive correlation for all the five
bladder tissue states. For some states the normalized values differ from each other due to the
differences in the mathematical and experimental models (real bladder tissues and phantoms,
respectively). Besides, due to the idealization of mathematical simulations, the normalized
modelled area values are higher than the experimental for all the 5 states of the bladder tissue.
This signifies more considerable differences between the bladder states for the case of

mathematical modelling in comparison to the experimental detection.

Normalized Are_as of Diffuse-Reflected
155 Light Signals

(2]
1.45
m 2

ii: ] A 1 Modelled

1.05 . 4 A Experimental
0.95 i

0.85 %

0.75 i

0.65

Normalized area values

M. l. V. I. V

Absorption Normal Numberof Nuclear Size All Changes
Growth State  Nuclei Growth Growth Together

States of the Bladder Epithelium

Figure 4.4 Comparison of experimental and simulation Diffuse-Reflected light area ratios for 5 states
of bladder tissue.
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The analysis of dependences of the back-scattering distributions on tissue optical
properties allowed to reveal that the augmentation of the scattering coefficient leads to an
increase in the size of the back-scattered laser spot on the surface of a model. Moreover, such
increase can be compensated by the absorbing properties of the medium: the augmentation of
the absorption coefficient reduces the surface spot size. The obtained results on all the five
types of the models illustrate the back-scattering surface intensity distributions with the
highest value for the type V of our phantoms (all changes together). However, in biological
tissues, the higher increase in absorption or the diminution of scatterers (like mitochondria) in
number or sizes with the neoplasm formation, can lead to decrease of the total back-scattered
signals. Thereafter, any (up or down) deviations in the surface DR light signal indicate the
presence of an abnormality in the tissue, and should be analysed according to each particular
case. The possible issues of the presented modelling method can lead to the interpretation
errors: due to the big variety of the scattering and absorption tissue optical parameters:
scattering coefficient, anisotropy factor, absorption coefficient, refractive indices, and sizes
and shapes of the scatterers, the results of the mathematical modelling can differ. However,
the surface DR light signals, being normalized to a “normal” signal, depend only on the
changes in the scatterers’ sizes and density, and absorber quantity. Thereafter, globally such
variations do not influence on the eventual result, and are rather important for the calibration

of the measurements.

4.5 Conclusion

The presented chapter was dedicated to the study of the forward problem for simulating
surface scattering intensity matrices, i.e. the ability to trace the photons behaviour inside the
tissue, and thus to analyse the variations of the optical scattering and absorption parameters.
Such study gives an opportunity to analyse the differences occurring in the tissue on the
cellular-intercellular level, without the use of any additional markers.

With the use of the optical parameters calculated by electromagnetic light theory, light
behaviour inside the bladder tissue at five states was mimicked, varying sizes and

concentrations of the scatterers and tissue absorbing properties. The matrices of the back-
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scattered light from the three-layered phantoms and tissue models were calculated using
Monte Carlo modelling. The analysis of the contribution of each epithelium property change
to the scattering process showed that the most significant differences between the normal and
early-pathological states of the UB were revealed due to the absorption growth, whereas the
contribution of the population density to the backscattered light is insignificant. The
flexibility of the method presented in this study allows varying the input parameters according
to the tissue type, state and experimental or diagnostic conditions. The results of the
experimental study held on the phantoms show similar character to the DR light signal
modelling for real bladder tissues.

The presented analytical method is adapted to the urinary bladder diagnostics, taking
into account its structure and internal disposition. However, this methodology can be
rearranged for the diagnosis of other internal and external organs, basing on their structure

and peculiarities of the tumour formation.
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“The Hope always says, in future will be easier.”
A. Tibul
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““Science never solves a problem without creating ten more.”
G. B. Shaw

6.1 Conclusion

One of the main objectives of the presented work was the DR light analysis for detecting pre-
cancerous and early-stage cancerous differences occurring in bladder, by means of
determining the changes of optical scattering and absorption tissue properties. The sensitivity
tests of the presented method on the phantoms with different scatterers sizes in the first layers,
allowed to reveal that the method is suitable for detecting of tissue changes on cellular and
intercellular level. It was revealed that the introduced image analysis algorithms can allow the
data processing in a real time mode.

The analysis of light distribution at the surface of multi-layered phantoms with different
scattering and absorption properties showed that the changes in the optical properties lead to
increase or decrease of the DR light spot area. Such surface light responses on the micro
changes appeared to be useful for improving the diagnostic analysis of tissue state. It was also
determined, that the presented method is capable of detection of the photosensitizer
accumulation.

The calculation results of Mie simulations allowed to obtain the optical parameters of
three-layered biological media (the phantoms), and of bladder tissues at different states. These
parameters served as inputs for the Monte Carlo simulations, which provided us with the DR
light distribution matrices. The results of the mathematical modelling showed positive
correlations with the experimental studies. By both, experimental and simulation studies, it
was revealed that the difference in the DR signal between the media with normal absorption
properties, sizes and concentration of the scatterers, and the media with increased scatterers
sizes, or absorption, or all the changes together, can be well-detected by the presented

method. However, the changes in the population density were less detectable.
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Finally, in order to resume, we presented following conclusions of this thesis:

The presented method or the DR light analysis is sensible enough to be applicable for
detection of bladder cancerous and pre-cancerous neoplasms;

The presented diagnostic technique is applicable at in vivo form;

The method does not require high laser power (the laser output power (for the visible
wavelengths range) of 15 mW (up to 300 mW) is enough);

The method does not require the photosensitizer agents application, nevertheless it can be
used for fluorescence analysis without the use of any additional devices;

The presented algorithms of mathematical simulations can be applied for forward problem
solutions for DR light matrices construction. They can also be potentially used in an inverse
form for interpreting the surface light distributions, and for obtaining tissue scattering and

absorption parameters;
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6.2 Special Features of the Diffuse-Reflectance Light Diagnosis

and Possible Problems

Some points of mathematical modelling have to be discussed for avoiding misunderstanding
of interpretation errors when using the DR light analysis. Due to a big variety of the scattering
and absorption tissue optical parameters given in literature (scattering coefficient, anisotropy
factor, absorption coefficient, refractive indices, and sizes and shapes of the scatterers), the
results of the mathematical modelling, can differ from one simulation to another. Globally
such variations do not influence much the final result of determination of differences in the
modelled surface light distributions, as the values of the DR signals should be normalised by a
“normal” signal (or compared with it). Thereafter, the basic idea of the “markers” detection
(of the changes in scatterers size and density, and absorption properties) does not change, and
the method can be applied to different tissues and patents. The variations in the optical
parameters are rather important for measurement calibrations.

Moreover, there is a specific feature of the imaging method of the DR light analysis: the
technique should be applied at the plane surface. This constraint is due to necessity of
counting and comparing the DR light spot areas, which is impracticable for the fold- or
tubular- shaped organ surfaces. However, the diminution of the laser illuminating spot
diameter, leading to decrease in under investigation area, allow to obtain more accurate and

easier-to-process results by our method.

6.3 Future prospects

cONFIDENTIAL
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APPENDIX

Program for Calculation of Scattering Parameters for “Coated”
Spheres in MathCAD software.
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INPUT DATA.:
nl:= %% nl- index of refraction of a sphere (nucleus)
n2:= %% n2- index of refraction of a coat (cell)
n:: . . .
%% n- index of refraction of membrane/extracellular fluid
A_vac:=
A_vac
A_med =
n
= 2 %% k-const for all, (k=211/A), 1/um
-1
a= -
%% a, b - radii of a sphere and of a coat, ym
b:=
wl = a?
w2 = mbh?
x = ka .
%% X, y - size parameters
y:=kb
1 nl
mL= n2
n2
m2:=—
n
z1l =mlx
z2 = m2x
z3 :=m2y
p:= %% spheres per pum”3

N. Kalyagina
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ALGORITHM:

1

3
n_max:=round\y + 4y + 2
n_mm:=n_max—1
n:=1..n_max 0:=2..n_max

hi(n,y) =js(n,y) + iys(n,y)

(m2)° js(n,zZ)-[d—m(zl- js(n,zl))} — (m1)> js(n,zl)-[d—dz(zz js(n,zZ))}

A =
o —(m2)2~ys(n,zZ)-[d—m(zl-js(n,zl))} + (mlz)-js(n,zl)-[d—dz[(ZZ)-ys(n,ZZ)]}
. [js(n,zl)-[d—dz(ZZ-js(n,ZZ))} - js(n,zZ){d—dl(zLjs(n,zl))ﬂ
o d d -
Ss(n,21)| L (z2-ys(n, 22 2 (zjs(n, 21
js(n,z ){ rzj2(z ys(n,z ))} +ys(n,z )[ d1(2 js(n,z ))}
N js(n,y){d—dg(za-js(n,zs)) + And—dgt(zs)ys(n,ze)]} - (m2)2~[d—y(y-js(n,y))}(js(n,z3) + Ays(0,29)
; hl(n,y)~[d—(23-js(n,z3)) +A d—[(23)~ys(n,z3)]} - (m2)2~[d—(y-h1(n,y))}(js(n,zS) + ALys(n.z9)
23 " @ g n
js(n,y)~[d—ds(23-js(n,z3)) + Bnd—d3(23-ys(n,z3))} - {d—g(y-js(n,y))}(js(n,ﬂ) + BLys(n. )
B =
hl(n,y)~[d—d3(z3-js(n,z3)) + Bnd—d3(23-ys(n,z3))} - {d—g(y-hl(n,y))}-(js(n,z?,) + BLys(n. )

ousea-(5)' S [ (] (]

X/ n=1
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arsea=( 5] 3 een nf{ad P+ (]

Y / n=1

QL zsaln) = (g]-[@m1>~[<|an|>2+<|bn|>2ﬂ

ae st = £ {en+ (2] 1]

ol _sca&Ql _soml

%% o_sca- scattering cross- section
c2_sca=Q2_sew.

pl_s:=p-cl_scd000¢ %% scattering coefficient [cm-1]
n_max
2 Z [(Z'n + 1)~Re(an + bnﬂ
n=1
1 ext=
QL 2
X

n_max
2 Z (2n + 1)-Re(an + bn)]
n=1

Q2_ext=
2
y
ol_ext=Q1_extl %% G_ext- extinction cross- section
ul _t=p-cl_ext000¢ %% extinction coefficient [cm-1]

pl_a=pl_t-pl_s %% absorption coefficient [cm-1]
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(m2)2js (n + 1,22)-[d—m(zl-js(n + 1,21))} — (m1)%js(n + 1,z1){d—d2(zz.js(n + 1,22))}

An+1 =

—(m2)-ys(n + 1,22)-[d—d1(21~js(n + 1,21)):| (m s+ 1,21)-{d—d2[(—22)-ys(n + 1,22)]}

. d . . d .
1,21)-| —(z2- 1,22)) | - 1,22)-| —(z1- 1,21
js(n+ z){ ﬂz(z js(n+1,z ))} js(n+ z){ m(z js(n+1,z ))}

n+l1l°

is(n + 1,zl)~[d—d2[(—22)~ys(n ‘ 1,22)]} T (ys(n+ 1,22))-[d—d1(zl-js(n ; 1,21))}

js(n + 1,y)»[d—d3(z3-js(n +1,8) - An+ld—ds[(—z3)~ys(n + 1,13)]:| - (m2)2-d—y(y-js(n +Ly) (0 + 1.29) + A, s+ 1.29)

a .
n+1

hin + l,y)»[d—m(z&js(n +1,8) - An+ld—d3[(—z3)<ys(n + 1,13)]:| - (m2)2-d—y(y-h1(n SLy)((0+ 129) + A ys(n + 1.23)

js(n + 1,y)~|:dTB(23~js(n +1,23)) - Bn+1dTB[(—23)~ys(n + 1,z3)]:| - |:d—y(y~js(n + l,y)):|~(js(n +1,23) + Bn+1~ys(n + 1,23))

bn+l'

hi(n + 1,y)-[d_ds(z3-js(n +1,) - BmldTB[(—zS)-ys(n + 1,23)]} - |:d—y(y-h1(n + l,y)):|-(js(n +1,29) + B ys(n+ 1.23)

Q1 co9¥:

A E T et nnd)- S et

n_

D E RO

Q2_cosH :
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Q1 _cds_

1
g Q1 _sca

%% average cosine

n_max

0= Z [(2~n + 1)-(—1)”.(an - bnﬂ
=1

0 _; o] :

Q1 _:b[i}(o Of
X2

Q2 _:b(izj-(o f

%% Q_b- backscattering efficiency

y
ol_b=wi1Ql_| %% o _b- backscattering cross- section, [um”2]
1
g _:% Q1.
Q1

Q1l ab1 exD1 s

Q2 abN2 exD2 s
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OUTPUT PARAMETERS:

A=
n_max=
ul_s= %% scattering coefficient [cm-1]
Q1 b=

%% backscattering efficiency
Q2_bh=
o1 _b= %% backscattering cross-section, [um”2]
gl= %% average cosine
Q1 _sca=

%% scattering efficiency
Q2_sca=
Hl_t= %% extinction coefficient, [cm-1]
pl_a= %% absorption coefficient, [cm-1]
o1 sca= %% scattering cross-section, [um”2]
Q1l_ext=

%% extinction efficiency
Q2_ext=
o1 ext %% extinction cross-section

— X =
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Summary

Diffuse Reflectance Endoscopic Imaging for Bladder Early-Stage Cancer and Pre-
Cancer Diagnosis: Instrumentation, Modelling and Experimental Validation

The present thesis aimed to evaluate the performance of non-invasive optical method for
bladder pre- and early- cancer detection by means of diffuse-reflected laser light analysis. The
analysis of light distribution at the surface of multi-layered bladder phantoms with different
scattering and absorption properties showed that the changes in the optical properties lead to
increase or decrease of the diffuse-reflected light spot area, detectable by a video camera. It
was also determined, that the presented method is capable of detection of the photosensitizer
accumulation, and can be applied for both (diffuse-reflected laser and fluorescence) studies
simultaneously. The calculations for spherical and “coated”-spherical tissue scatterers, based
on the electromagnetic wave theory, allowed for obtaining optical parameters of three-layered
biological phantoms and of bladder tissues at different states. These parameters served as
inputs for Monte Carlo simulations, which provided us with matrices of diffuse-reflected light
distributions. The study showed that the measurements of non-polarized back-scattered laser
light can provide useful information on the tissue state.

Keywords: optical analysis, light scattering, bladder cancer, Mie scattering, Monte Carlo
modeling, fluorescence analysis.

Résumé

Imagerie Endoscopique de Réflectance Diffuse pour le Diagnostic des Pré-Cancers et
Cancers Précoces de la Vessie: Instrumentation, Modélisation et Validation
Expérimentale

L’objectif de cette these est d’évaluer les performances d’une méthode d’imagerie optique
non-invasive pour la détection de précancers et cancers précoces de la vessie, a I’aide d’une
analyse de lumiére laser rétro-diffusée. L’analyse de la distribution spatiale de la lumiére a la
surface de fantbmes multi-couches imitant I’épithelium de vessie avec différentes propriétés
d’absorption et de diffusion nous a permis de montrer les modifications de ces propriétés
optiques entrainent des changements de la taille de la surface du spot de lumiere rétro-
diffusée, mesurables par une caméra vidéo. La méthode développée est également sensible a
I’accumulation d’un photosensibilisateur et est applicable aussi bien pour des études en
réflectance diffuse qu’en fluorescence induite. Les parametres optiques des fantdmes
synthétiques tri-couches imitant différents états des épithéliums de vessie ont été calculés a
partir de la théorie des ondes électromagnétiques appliquée aux diffuseurs sphériques sans et
avec une couche. Ces parametres ont servi comme entrées aux simulations de Monte Carlo
qui ont permis d’obtenir les matrices des distributions d’intensité de réflectance diffuse. Notre
étude démontre que les mesures en imagerie de réflectance diffuse non-polarisée permettent
de fournir des informations utiles au diagnostic tissulaire.

Mots clés: analyse optique, diffusion de lumiere, cancer de vessie, diffusion de Mie,
simulations Monte Carlo, analyse de fluorescence.
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