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Abstract. 
A mathematical simulation method was developed for visualization of the diffuse reflected light on a surface of 3-layered models of urinary bladder wall. Five states, from normal to precancerous, of the urinary bladder epithelium were simulated. With the use of solutions of classical electrodynamics equations, scattering coefficients 
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 and asymmetry parameters 
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 of the bladder epithelium were found in order to perform Monte Carlo calculations. The results, compared with the experimental studies, has revealed the influence of the changes in absorption and scattering properties on diffuse-reflectance signal distributions on the surfaces of the modelled media.


1. Introduction
Laser light wave, penetrated into a biological tissue, changes its direction and intensity in a unique way due to the medium specific optical properties: density and structure, absorption, and concentration of the scattering elements inside the tissue. Thereafter, optical (spectroscopy and imaging) techniques exploiting the interactions of laser light with the tissue are of considerable interest for in vivo noninvasive (minimally invasive) diagnosis [1]. The main advantage of optical diagnostic techniques is to be sensitive to pathological lesions at the early stages, that is, when the microscopic changes begin to occur. 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 [2, 3].
The present study aimed to analyse the variations in the surface diffuse-reflected (DR) light signals measured at the surface of biological and mathematical bladder wall models with the reference to different pathology-based structural changes. Such information is useful for noninvasive detection and interpretation of the light signals, obtained on the tissue surface. Previously described techniques [4, 5] for analysis of the DR light distributions, based on the irradiation of a tissue by a narrow collimated coherent laser beam and collection of a surface backscattered nonpolarized light signal by a photodetector, showed that such an approach allows for detecting differences in light signals according to the optical properties tissues and tissue phantoms and can be applied in vivo for internal organs, such as urinary bladder (UB). This principle will be used in our study.
Due to its multilayered and multiconstituent structure the UB wall is a turbid, inhomogeneous medium and can be divided by its properties into three main layers: (1) mucosal (transitional epithelium), (2) submucosal, and (3) muscle. Precancerous lesions of the UB mostly arise in the first, epithelial layer of 4–7 rows of densely-packed orbicular-shaped cells [6] and of about 200 μm thick. 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, for example, the cell nuclei undergo different changes [7], 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.
As modern techniques require a complex approach for solving diagnostic problems, then not only instrumentation has to be determined. Mathematical modelling is also a useful tool for modern diagnostic techniques. The present study 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.


2. Materials and Methods
2.1. Input Parameters: Light Scattering in Bladder Multilayered Wall
2.1.1. Bladder Parameters and Model Construction
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 extracellular modifications, five “states” of the UB urothelium, corresponding to main metamorphosis at dysplasia, were imitated (by varying the scatterers’ parameters in the first layers of the models): type (I) normal, with normal size and concentration of the cell nuclei; type (II) enlarged nuclei; type (III) absorption growth; type (IV) nuclear population density increase; type (V) all the changes together.
As the precancerous 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 previous knowledge of the optical parameters of each layer and type of the model. Some bladder parameters are presented in the studies of Cheong et al. [8], Star et al. [9], and Splinter et al. [10]; others have to be determined. Below we present several sets of optical parameters for each layer, necessary for mathematical modelling.
First (Top) Layers. The top layer of the UB wall mostly consists of the epithelial cells (about 15 
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m 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 (cell cytoplasm) with its refractive index 
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 lying between 1.35 and 1.38 [11]. In the present work we have used a value of the cell (cell cytoplasm) refractive index 
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 = 1.37 for electromagnetic wave theory-based calculations as an input parameter and for the Monte Carlo simulations as a refractive index of the first layers (Table 1). Beauvoit et al. [12] 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 
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 = 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 different from the cellular one and to be lower than the refractive index of the cytoplasm because of the presence of extracellular composition between the cells, so that 
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 = 1.365.
Table 1: Input parameters applied for electro-magnetic theory-based calculations performed on each of the 5 types of bladder epithelial tissue-like models.
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Based on the study of van Staveren et al. [13], in which the value of the absorption coefficient 
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 for mucosal/submucosal layers lies in the range of 0.6–1 (
	
		
			
				c
				m
			

			
				−
				1
			

		
	
) for the green wavelength region, we considered the absorption of the first layers to be equal to the maximum value 1 (
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), 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 
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 were based on the electromagnetic wave theory described below, in Section 2.2.
Second (Intermediate) Layers. The submucosal layer (which is 400–1000 
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m thick) has a small amount of cells and consists generally of the intercellular material with protein fibers, forming a connective tissue, whose main constituent is water, forming about 60% [14]. For that reason, we have taken a value of 
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 = 1.36 [6] 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 [13] for 500–550 nm wavelengths, 0.6 (cm−1), and 0.87, respectively. The results obtained by Qu et al. [15] for the bronchial tissues show that the scattering coefficient of the submucosal layer is about 40 cm−1 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 
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 = 1.37 was taken from [16], and the other optical parameters were based on data from the colon muscle tissues [17], similar by its structure to the bladder muscle tissue: 193 
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, and 0.941 for the scattering, absorption, and anisotropy coefficients, respectively.
The thicknesses of each layer in each simulation model were fixed to 200 
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m for the first, 700 
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m for the second, and 2.1 mm for the third layers.
2.1.2. Electrodynamics: Scattering on a Coated Sphere: Nucleus in a Cell
In order to determine the complete set of the optical parameters for performing the Monte Carlo simulations of the first layers of the models, it is necessary to examine the sizes, density, and refractive indices of the scatterers and their influence on the scattering and absorption coefficients and on anisotropy of light distribution. The nuclear sizes of the bladder transitional epithelium are of about 5 
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m for the normal cells (I type of the models) and 10 
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m for the enlarged (II, V types of the models, Table 1), which is larger than the wavelengths of the visible range 490–750 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.
By means of the scattering and absorption, the laser electromagnetic waves interact with the 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 [18].
We consider an electromagnetic wave to be incident to a “coated” sphere with an inner radius (a) equal to the mean radius of a nucleus and the outer (b) of a cell. The maximum number of iterations for determining the scattering efficiency for the case of biological scatterers is
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—is a size parameter with the wave vector k and radius of the “coat” b.
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 
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 presented in the Section 2.1 and with the corresponding absorption changes according to the cases III–V of the neoplasm formation. The results of van Staveren et al. [13] and Wei et al. [17] 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 
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 type of our models, we increased the absorption coefficient from 1 
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.
For the IVth type it was considered that the scatterers in the epithelium have multiplied so that the population density has changed from 
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 cells per mL and the absorption at the first layer has grown. The average density 
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 of scatterers is defined for the first layers of the models from the histological studies.
Taking into account that in case of population density augmentation the nuclei multiply inside the cells, the computations for the type IV consisted of two parts: (1) the scattering coefficients of the normal tissue (type I), 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 for obtaining the values of the anisotropy factor 
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, they did not reflect the contribution of all the compounds of the tissue (including small cellular and intracellular components). Thus, for our models average values for the anisotropy parameter of the epithelial tissue [13, 15, 17] were used.
Summary of the input parameters for the Monte Carlo modelling of the laser light interaction with the models, mimicking five states of the bladder epithelium, is presented in the Table 2.
Table 2: Input parameters for Monte Carlo modelling of light distribution in the bladder wall. The calculations of the parameters marked with *are based on the electromagnetic wave theory.
	

	Modelling parameters	
										Layer 1 (transitional epithelium), 200 µm	
						Layers 2 (submucosa), 700 µm	
						Layers 3 (muscle), 2100 µm
	Tissue type
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2.2. Monte Carlo Forward Solution
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 multilayered media [19–22]. For the present study an algorithm, allowing for obtaining the matrices of the backscattered light distribution, was developed in order to simulate the light propagation into the multilayered bladder wall for quantitative differentiation of cancerous and normal states.
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 a random variable 
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, 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 [23]. The diameter of the imitated irradiation laser beam was 0.5 mm. The number of initialized photons was 107. The final sizes of the statistical matrices of the surface diffuse-reflected photons distributions were 
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 cm).
2.3. Experimental Validation
For experimental estimation of dependence of the surface laser light distribution on the microchanges of the tissues, five types of three-layer phantoms simulating the bladder wall were prepared. According to the bladder structure and initial precancerous 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, 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 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) at 0.0005% concentration, and polystyrene microspheres (Bang Laboratories) of 0.05 
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m diameters in a concentration of 1010 particles per mL each.
The first layer of the first phantom type contained polystyrene particles of 5.09 
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 spheres per mL. In the second type 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 
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 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 
	
		
			

				𝜇
			

		
	
m diameter was 
	
		
			
				1
				.
				6
				×
				1
				0
			

			

				7
			

		
	
 spheres per mL. The last (fifth) type of the phantoms consisted of the scatterers with increased average sizes and density and higher absorber concentration: the microspheres of 5.09 and 20.92 
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m diameter were added in a concentration 
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 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 
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m.
The surface of the phantoms was simultaneously illuminated by six laser beams (allowed for expanding the scanning surface area, for raising the sensitivity of the DR measurements, and for reducing the measurement errors) generated by a copper vapour laser (510.6 nm, Mechatron), an optical probe with 6 fibers of 200 
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m, and an optical lens (
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 mm) 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 backscattered light signals were acquired from the surfaces of the phantoms by a video camera (Videoskan, 30 ms exposure, 200 amplification). The final diameter of each beam was 0.5 mm. Fifteen images for each phantom type were acquired from further procession and analysis.
3. Results and Discussion
In order to perform the quantitative differentiation between the bladder early-pathological states, the raw signals from both, experimental and mathematical simulations, were normalized between 0 and 1. The areas of the DR images corresponding to the intensity values over the threshold of 0.3 (found by varying the most distinguishing differences between the five models) were calculated and then normalized to the area of back-scattered signal for the normal tissues (type I). Pixel areas below the threshold level were calculated for all the experimental and modelled images. The matrices of the DR light, obtained by the Monte Carlo simulations, are presented in Figure 1 (the threshold level is shown by light blue areas).












	
	
	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	













Figure 1: Processed matrices of the Monte Carlo simulated surface backscattered laser light: (I) normal, with normal size of cell nuclei, (II) enlarged nuclei, (III) absorption growth, (IV) population density augmentation, and (V) all the changes together. The size of the picture is 30 per 30 pixels.


Figure 2 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, resp.). 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.
















































	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	
	
	













Figure 2: Comparison of experimental (average values) and simulation diffuse-reflected light area ratios for 5 states of bladder epithelium: (I) normal, with normal size of cell nuclei, (II) enlarged nuclei, (III) absorption growth, (IV) population density augmentation, and (V) all the changes together.


Both, experimental and modelling results showed that the most significant differences in obtained signals between normal and early-pathological states of the UB arise in the case of the absorption growth (models of type III) and all the changes together (models of type V), whereas the contribution of the population density (models of type IV) and of the scatterers’ size (models of type II) to the backscattered light is less detectable.
The analysis of the back-scattering distributions on tissue optical properties allowed for revealing that the augmentation of the scattering coefficient increases the size of the surface laser spot, while the absorption coefficient decreases its size. 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 also lead to decrease of the total backscattered 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.
In order to avoid the interpretation errors in the issues of the presented modelling method (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 scatterers for which the results of the mathematical modelling can differ), the surface DR light signals should be normalized to a “normal” signal; thus they will depend only on the changes in the scatterers’ sizes and density and absorber quantity and will be rather important for the calibration of the measurements.
Another possibility to obtain more holistic view of the influence of the changes in optical parameters on the detected signals is to process the obtained matrices at other intensity threshold levels (15 levels, Figure 3). By such an analysis it was revealed that at the same size of the epithelial scatterers the intensity of light is higher than at the increased sizes (even at increased absorption) in the areas distant from the center of incidence. This distribution pattern of diffusevely reflected light is caused by reduction of wide-angle scattering due to increase of forward scattering by enlarged "nuclei".












	
	


	
	


	
	


	
	


	
	
	


	
	
	


	


	


	
	
	


	
	




	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	


	


	


	
	
	


	
	




	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	


	


	


	
	
	


	
	




	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	




	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	


	


	


	
	
	


	
	




	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	


	


	


	
	
	


	
	


	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	













Figure 3: Processed matrices of the Monte Carlo simulated surface backscattered laser light at 15 threshold levels.


4. Conclusions
The presented study, dedicated to the forward problem analysis for simulating surface backscattering intensity matrices, gave an opportunity to analyse on models the differences, occurring in the tissue on cellular-intercellular level, without the use of any additional markers (like photosensitizers). It was revealed that the complementary characteristics of the distribution of diffusely reflected laser light can be obtained by analyzing the images simultaneously on different intensity threshold levels, which allows detecting differences in both absorption and scattering properties of the tissue.
The flexibility of the method allows changing input parameters in accordance with the tissue type that makes it possible to detect early changes not only in the bladder epithelium but also in other organs by adapting the method to the tissue under consideration. Besides, the proposed analytical method can potentially serve as a base for inverse problem solution for interpretation of the DR signals from bladder tissues.
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