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ABSTRACT

An optical-physical system for extracting information about the fluctuations in the optical anisotropy of strongly
scattering biological tissues is considered. A model is proposed for the formation of a depolarized background by
birefringent and dichroic structures. An explicit form and symmetry of the completely depolarized component of the
Mueller matrix is determined, a second-order differential matrix. An algorithm for the analytic determination of the
distributions of elements of a second-order differential matrix is found. Interrelations between the magnitude of the
elements of the second-order differential matrix and the fluctuations of the linear and circular birefringence-dichroism
are obtained. The technique of diffuse tomography of an optically anisotropic component of strongly scattering
biological tissues has been developed and experimentally tested. Maps of the distributions of the elements of the
completely depolarized component of the Mueller matrix of the histological sections of the internal organs of the healthy
and of the diabetic rats . The sensitivity, specificity and balanced accuracy of the method of diffuse tomography of the
polycrystalline structure of tumors of the uterine wall and the degree of hemorrhage of the liver are determined.

Keywords: tomography, anisotropy, biologigal tissue, diagnostics.

1. Theoretical bases that is exceptual to aprobacy to the method of diffusive tomography of the
biological tissue

1.1. Introduction

Most biological tissues have an optically anisotropic structure ', In turn, such a polycrystalline component is closely
related to the morphological structure and physiological state of the human organs *'*. Therefore, research of such
interconnections is an actual task. One of the most informative methods of this diagnosis is Muller-matrix polarimetry '
' This method carries important information on polarization manifestations of optical anisotropy of biological layers **-
» However, most real biological objects scatter light very much. As a result, the uniqueness of the relationship between
the distribution of elements of the Miiller matrix and the parameters of birefringence and dichroism of the polycrystalline
component of biological tissues is lost 2. Our work is aimed at generalizing and expanding the functionality of Muller-
matrix polarimetry in the case of differential diagnosis of changes in optical anisotropy of diffuse biological tissues of
the uterus wall (oncology) and of the liver (different degrees of blood loss).

1.2. Differential matrix of the 2nd order

In % a model of the differential expansion of the Miiller matrix of multilayered biological tissues in the form of

antisymmetric (polarized) and symmetric (depolarized) components was developed.
It is shown that the symmetric or diffuse component ( N {) of the Miiller matrix (@ ) is determined by the following
operator
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1.3. Algorithms for evaluating the polycrystalline structure of diffuse biological layers

For strongly depolarizing (diffuse) biological layers, the magnitude of the degree of depolarization as a superposition of
non-zero values of the diagonal elements of the Miiller matrix is used as the main diagnostic parameter ¢; # 0

1
AZI_E{(I’zz + 033+ Pua ) - 2

In our work, the Miiller-matrix algorithms for diffusion tomography are reproduction of distribution distributions of the
variance of the fluctuations of the parameters of linear and circular birefringence and the dichroism of an optically thick
biological layer.

To this end, the "two-wave" approach '>'®**" was established to differentiate the manifestations of birefringence and
dichroism of optically anisotropic biological layers. Consider two cases. The first one, when the mechanisms of optical
anisotropic absorption can be neglected. Such a situation can be experimentally implemented by appropriate selection of
wavelength, probing biological layer, laser radiation. It is known that the spectral absorption maxima of most protein
molecules of biological tissues and amino acids of biological fluids fall on the ultraviolet region. Therefore,
experimentally such conditions are realized in the "red - 4" section of the spectral range.

Using this assumption, it can be shown that the dispersion of the fluctuations of the circular (D, (/11)) and linear

(D(;(/il)) birefringence of the polycrystalline component of the biological layer is determined by the following
expressions

D, (/11 ): r% 1n(¢)44 (11 ) (?22 (/11 )+ P33 (11 ))_1 )§ (3)
Ds()=—5nllpus(2)"). @

In the short-wave, "blue" ( 1, ) section of the spectrum of irradiation of histological sections of biological preparations,
the expressions for the variance of the parameters of phase and amplitude anisotropy acquire the following form

D, (12 ) = ,/11_;,%2 ln(§044 (/12 ) : (6022 (ll ) + ¢33 (12 ))_l )5 Q)
Dylis)= - nlpu(2a) ' ©
D, (4,)= %(ln((ﬂM ()" - j—; In(pay (1)) J ; (7N
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Thus, in the framework of the differential Miiller-matrix approach to mapping an optically anisotropic polycrystalline
structure of biological layers, we obtained a set of algorithms (relations (3) - (8)) of reproduction of the magnitudes of
fluctuations of the parameters of linear and circular birefringence ( D (/11 ), D, (/11 )) and dichroism ( D, (/12 ), D, (/12 ) ).
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In the future, coordinate distributions will be called diffusion tomograms DT .

1.4. Maps of fluctuations of circular birefringence and dichroism of histological slices of the kidneys of the healthy
and of the diabetic rats

The method of experimental measurement of the coordinate distributions of the size of elements of the Miiller matrix of
histological sections of biological tissues is given in detail in 7 in fig. 1 and fig.2. The results of the diffusion
tomography method (relations (1) - (8)) are two-dimensional maps L; (x, y) and histograms N (D j) of the distribution of
the magnitude of the fluctuations of circular birefringence D, (Fig. 1) and dichroism D, (Figure 2) of the

polycrystalline structure of the optic-thick (7 =119-1,23;A =73% —76% ) histological sections of the tissues of the
kidney healthy (fig. 1, fig. 2, fragments (1), (2)) and of the diabetic (fig. 1, fig. 2, fragments (3), (4)) rats.
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Fig. 1. The maps (fragments (1), (3)) and distribution histograms (fragments (2), (4)) of the magnitudes of circular birefringence
fluctuations of the optically thick (7 =1,19 —1,23; A = 73% — 76% ) histological sections of the kidney are healthy (fragments (1),
(2)) and of the diabetic (fragments (3), (4)) rats.

Comparative analysis of diffusion tomograms D, , (x,y) (fragments (1), (3)) and histograms of distributions N (DB, z)
(fragments (2), (4)) of the magnitude of the fluctuations of circular birefringence (Fig. 1) and dichroism (Fig. 2) of
optically thick (7 =119-1,23;A =73% —76% ) histological sections Kidneys healthy (fragments (1), (2)) and of the
diabetic rats (fragments (3), (4)) showed an increase in the mean and spread range of values of such parameters in maps
Dy, (x, y) of pathologically altered specimens.
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Fig. 2. The maps (fragments (1), (3)) and distribution histograms (fragments (2), (4)) of the magnitude of the fluctuations of the
circular dichroism of the optically thick (7 =1,19 —1,23; A = 73% — 76% ) histological sections of the kidney are healthy (fragments
(1), (2)) and of the diabetic (fragments (3), (4)) rats.

(4)

Physically, this can be explained by the following considerations. Necrotic changes caused by the development of
diabetes lead to the destruction of the polycrystalline component of the morphological structure of the kidney - the defeat
of the amino groups of proteins of the renal glomeruli with the subsequent progression of such changes. Such changes
appear in the basal membranes of the blood vessels of the renal glomeruli, cortical, cerebral matter and papilla of the
kidney of the rat, which leads to a decrease in the average level of circular birefringence and dichroism, but also the
dispersion of their values. Therefore, within the framework of the diffusion tomography method, one should expect a
decrease in the fluctuations of the parameters of the circular phase and amplitude anisotropy of the polycrystalline
structure of the kidney samples of the diabetic rats.

Quantitative changes of maps D, and D, diffuse layers of histological sections of the kidney of rats illustrate the

statistical moments of the 1st - 4th orders, the mean value and standard deviation of which are within the limits of each
control and experimental groups, are given in Table 1.

Table 1 Statistical moments of the 1 st - 4 th orders, which characterize the distribution of magnitude of fluctuations D, and D,

circular birefringence and dichroism of diffuse layers of histological slices of the kidney (7 =1,19 —1,23; A =73% — 76% ) of the
healthy and of the diabetic rats

BT Norm Diabetes Ac,%

P Dy D, Dy D, D, D,
P, 0,141 0,08 0,05 % 0,003 0,12% 0,07 0,04 & 0,002 71 69
P, 0,181 0,011 0,07 % 0,004 0,151 0,08 0,05 % 0,003 75 71
P, 0,371 0,021 1,49t 0,18 0,291+ 0,017 1,831 0,21 80 74
P, 0,26+ 0,015 2,12t 0,24 0,351+ 0,019 2,56t 0,29 77 73
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An analysis of the magnitude of the statistical moments of the Ist to 4th orders that characterize the distribution of the
magnitude of the fluctuations of circular birefringence and dichroism (Table 1) revealed a correlation with the physical
tendencies analyzed by the changes in the manifestations of the magnitude of fluctuations in the polarization properties
of the optically anisotropic diffuse layer of healthy kidneys P_;,;, compared with transformation of the

polycrystalline structure of the optic-thick tissue of the kidney of the diabetic (311;2;3; 4 ) rats:

P <P < Ac=71%;
P, <Py < Ac=75%;
P, = Py < Ac=80%;
Py = P} < Ac=T71%;

P, <P < Ac=69%;
P, < P} < Ac=T1%;
P, =75 < Ac=T4%;
P, = P} < Ac =73%.

As can be seen, the level of balanced precision of the diffusion tomography method by mapping the map of elements of
the differential matrix of the 2nd order reaches a good level of 75% - 80%. The level of balanced precision of the
diffusion tomography using the statistical analysis of the distribution of the magnitude of the circulatory dichroism
fluctuations is lower and makes up 69% to 74%. This fact can be associated with a small circular dichroism of protein
kidney molecular complexes in the red region of the laser radiation spectrum.

1.4. Maps of fluctuations of circular birefringence and dichroism of parenchymal structures of the liver of the
healthy and of the diabetic rats

A series of fig. 3 and rfig. 4 illustrates the results of the method of diffusion tomography - two-dimensional maps
D; (x, y) and histograms N (D j) of the distribution of the magnitude of the fluctuations of circular birefringence N (D j)
(fig. 3) and dichroism D, (fig. 4) of the polycrystalline structure of multiple scattering optic-thick

(r=1,19-1,23; A =73% —76% ) histological sections of the liver tissues of healthy (fig. 3, fig. , fragments (1), (2)) and
of the diabetic (Fig. 3, Fig. 4, fragments (3), (4)) rats.
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Fig. 3. The maps (fragments (1), (3)) and distribution histograms (fragments (2), (4)) of the magnitudes of the circular birefringence
fluctuations of the optically thick (7 =1,19 —1,23; A = 73% — 76% ) histological sections of the liver are healthy (fragments (1), (2))
and of the diabetic (fragments (3), (4)) rats.
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Fig. 4. The maps (fragments (1), (3)) and distribution histograms (fragments (2), (4)) of the magnitude of the fluctuations of the
circular dichroism of the optically thick (7 =1,19 —1,23; A = 73% — 76% ) histologic sections of the liver are healthy (fragments (1),
(2)) and of the diabetic (fragments (3), (4)) rats.

The analysis of the coordinate structure of diffusion tomograms D, z(x’ y) (fragments (1), (3)) and histograms of
distributions N (Dg’ z) (fragments (2), (4)) of the distribution of the fluctuations of the value of circular birefringence
(Fig. 3) and dichroism (Figure 4) are strongly depolarizing (7 =1,19-1,23; A =73% —76% ) histological sections of the
healthy liver (fragments (1), (2)) and patients with diabetes mellitus (fragments (3), (4)) showed, as for kidney tissue
(Figures 3 and 4, fragments (2), (4)) the growth of the mean and the range of spread of the values of such parameters in
the maps D, Z(x, y) of pathologically modified specimens. This is due to the fact that after the introduction of
streptotsotocin all the Langerhans islands of the morphological structure of the liver are crushed. This is due to their
damage and subsequent resorption of previously necrotized cells. Such a morphological change corresponds to the
optical scenario for reducing the level of circular birefringence (CB ¥ ) and dichroism (CD 4 ) on the background of
minor fluctuations of the linear birefringence (LB) and dichroism ( LD ), determined by the degree of consistency in
shape, size and spatial ordering and coordinate repeatability of molecules within the ensemble of the Langerhans islands.

Quantitative changes in the structure of diffusion tomograms D, and D, scattering layers of the histological sections of

the liver of rats illustrate the statistical moments of the 1st to the 4th orders, the mean value and standard deviation of
which are within the limits of each control and experimental groups are given in table 2.

Table 2 Statistical moments of the 1st-4th order, which characterize the distribution of magnitude of fluctuations D, and D, circular

birefringence and dichroism of diffuse layers of histological sections of the liver (7 =1,19 —1,23; A = 73% — 76% ) of the healthy
and of the diabetic rats

Norm Diabetes Ac,%
P D, D, D, D, D, D,
P 0,08 0,005 0,05 % 0,003 0,06 = 0,004 0,04 % 0,002 67 61
P, 0,11 % 0,006 0,04 % 0,002 0,091 0,005 0,03 & 0,002 66 63
P, 1231 0,14 1,001 0,12 1,61+ 0,19 1,431+ 0,16 72 68
P, 1,76 % 0,21 + 0,28 t 0,24 + 033 69 6
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On the basis of the obtained data (a set of magnitudes of statistical moments of the 1st - 4th orders that characterize the
distribution of the magnitudes of the fluctuations of circular birefringence and dichroism - Table 2), correlation was
established with the physical tendencies of the manifestations of magnitude fluctuations in the polarization properties of
the optically anisotropic parenchymal layer of the liver of healthy ( P_, .4 ) in comparison with the transformation of

the polycrystalline structure of the optic-thick liver tissue of the diabetic (Piil;2;3;4 ) rats:

P < B} < Ac=6T%
P, = Py < Ac = 66%;
Py = P} < dc=T1%;
P, = P} & Ac=T3%

P <P < Ac=61%
P, < P < Ac =63%;
Py > P} < Ac=68%;
P, = P} < Ac=65%.

As can be seen, the level of balanced accuracy of the diffusion tomography method by mapping the map of elements of
the differential matrix of the 2nd order reaches a satisfactory level of 73% -77%. The level of balanced precision of the

diffusion tomography using the statistical analysis of the distribution of the magnitude of the fluctuations of the circular
dichroism is less and is 65% -68%.

2. Clinical application of the diffusion tomography method
2.1. Differential diagnosis of tumors of the uterus wall

Two groups of histological sections of the tumors of the uterine wall were investigated:
e Dbenign tumor (adenoma) - group 1 (17 samples);
e malignant tumor (carcinoma) - group 2 (17 samples).

Table 3 presents the values of the balanced accuracy of the diffuse tomography method.

Table 3 Balanced accuracy of differential diagnostics of tumors of the uterine wall by diffuse tomography

P Dy, D,
P 71% 67%
P, 73% 71%
P, 81% 76%
P, 85% 80%
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A good level of balanced accuracy (85%) of differential diagnostics of the tumors of the uterus wall has been achieved,
using the diffuse tomography of the distribution of the magnitude of the fluctuations of the linear birefringence of the
polycrystalline component of the histological sections.

2.2. Differentiation of the degree of blood loss in the liver

Two groups of histological sections of the liver of the deceased were studied:
e blood loss 1 liter - group 1 (12 samples);
e stage of blood loss 2 liters - Group 1 (12 samples).Table 4 presents the values of the balanced accuracy of the
diffuse tomography method.

Table 4 Balanced accuracy of differential diagnosis of the degree of blood loss of the liver of the deceased by diffuse tomography

Pi DH ’ Dz
P, 78% 72%
P, 83% 73%
P3 85% 78%
P, 89% 86%

Achieved a very good level of balanced accuracy (89%) of differential diagnosis of the degree of blood loss of the liver
of the deceased by the method of diffuse tomography of the distribution of the magnitude of the fluctuations of the linear
birefringence of the polycrystalline component of the histological sections.

Conclusions

1. A structural-logical scheme was developed and experimentally tested the technique of diffusion tomography with the
definition of depolarization maps as well as distribution of the magnitude of the set of elements of the differential matrix
of the 2nd order, which are the basis for the polarization reproduction of the fluctuations of the parameters of phase and
amplitude anisotropy of the polycrystalline structure of highly depolarizing layers of biological tissues different
morphological structure and pathological condition.

2. The objective criteria for the diffusion tomographic differentiation of the distribution of the magnitude of the

fluctuations of the parameters of the circular phase (asymmetry and excess P3; 4 (Dg) - differences vary from 1.32 to
1.37 times) and the amplitude ( P4 (Dz)' differences make up 1.29 - 1.34 times) anisotropy of polycrystalline structures

histological sections of the internal organs of the healthy and of the diabetic rats . On this basis, a satisfactory level of
balanced accuracy of the differential diagnosis of changes in the polycrystalline structure due to this pathology
Ac(P3; 4 (Da (x,y),D p (x, y))) > 80% has been achieved.

3. Implemented with good balanced accuracy (85%) of the differentiation of the magnitude of the fluctuations of the
linear birefringence of diffuse samples of benign and malignant tumors of the uterus wall.

4. Objective criteria for differentiation of the degree of blood loss of the liver of the deceased by diffuse tomography
with a very good (89%) balanced accuracy were found.
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