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Polarization singularities of biological tissues images

O. V. Angelsky Abstract. The ways to the polarization singularities of the biological
A. G. Ushenko tissues images of various morphological structures have been theoreti-
Y. G. Ushenko cally analyzed. The coordinate distributions of singly (linear states of
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The statistical criteria of diagnostics of the kidney tissue collagenous
disease (the third and the fourth statistical moments of the linear den-
sity singularity points) have been determined. It was discovered that
the process of the pathological change of the kidney tissue morphol-
ogy leads to the formation of the self-similar (fractal) coordinate dis-
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1 Introduction component amorphous-crystalline structure. The amorphous
component is optically isotropic while the crystalline one is
formed by optically uniaxial protein fibrils (Fig. 1), that is, it
is anisotropic.

The process of forming a polarization structure of a bio-
logical tissue image is described by the matrix relation

Traditionally the description of the polarization state of opti-
cal fields is based on the definition of the coherency matrix of
light oscillations, which is univocally connected with the
Stokes vector parameters in every point of such a field."?
According to such an approach, the main state of polarization
turns out to be an elliptically3polarized wave with main half
axes a, b. Boundary (singular’) states of such polarization are _
linear [(a=0,b#0),(a#0,b=0)] and circular (a=b) light S(e B) ={F}So(a0. Bo). M)
oscillations. It is shown in Refs. 4-12 that such points of
singularities of the optical field form its structure, determining
in such a way its polarization properties.

On the other hand, practically all the investigations of po-
larization singularities of optical fields are of theoretical na-
ture and are being led separately from certain optical-
geometric properties of objects forming such fields. One of
the examples of polarizationally active physical structures is a

in which S,(ag,By), S(a,B) are the Stokes vectors of the
illuminating and object field; {F} is Mueller matrix for opti-
cally uniaxial birefringent fibrils; «, By are azimuth and el-
lipticity of the light oscillations polarizing the illuminating
beam.

Equation (1) is written in full as follows:

biological tissue, formed by a birefringent, geometrically self-

. . . BT . 1 0 0 0
similar architectonic matrix. * Thus the search for the condi-
tions of the formation of polarization singularities by such cos 2acos 28 0 fo fiu  fa
objects and experimental investigation of the peculiarities sin2a cos 23 0  fao  fiz  fau

.. . 14

(statls‘tlc, StO'ChZ‘lStIC‘, or fractal ones? 9f th§ struc?u‘re of the sin 2 0 fir fus fua
coordinate distributions of the polarization singularities of the
biological tissues images for the purpose of a possible usage 1
of such information in the diagnostics of their physiological cos 2ay cos 23y

i i X . 2
state is topical. sin 2a cos 28, (2)
sin 2 ﬁo

2 Biological Tissues as the “Generators” of
Polarization Singularities

In Refs. 15-20 the efficiency of matrix model for the descrip-
tion of polarization properties of biological tissues is theoreti-
cally substantiated and experimentally proved. Within such an
approach, the biological tissue is regarded as a two-

Here «, B are azimuth and ellipticity of light oscillations po-
larization, determined by the principal half axes of the polar-
ization ellipsis

a=0(a=0)-0.5m, (3)
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b
B== arctan(;) , 4)
where O is the rotation angle of the passing axis of the ana-
lyzer of the orthogonal orientation of the larger half axis a.

All the elements of Mueller matrix are given in such ex-
pressions

fan=cos®2p +sin® 2p cos &,
faz=fr=cos2psin2p(1 — cos &),
foa=—fp=—sin2psin 8, f33=sin’2p+ cos>2p cos J,

faa=—fa3=c0s2psin 5, faq=co0S b. (5)

Here p is the orientation of optical axis of the birefringent
fibril; & is the value of phase shift between the components of
the light-wave amplitude.

Such a simulation of the polarization properties of a bio-
logical tissue under the conditions of single scattering enables
us to determine the univocal interrelation between the optical-

Fig. 1 The birefringent (An) curvilinear optically uniaxial fibril
(p—angles of fibril arranging, d—geometrical cross-section of the
fibril).

geometric structure [p(x,y), 8(x,y)] of its architectonics and
by the state of polarization («, B) of light oscillations in every
point (x,y) of its image

2205 arctan<f32 cos 2ay cos 28y + f33 sin 2a cos 28 + f34 sin ZBO) ©)
' 5 COS 2ty €Os 2By + fa3 8in 20y c0s 2By + fr4 Sin 285/
0 o+J23 0 0 0
B=0.5 arcsin(f4, cos 2aq cos 28y + f43 sin 2 cos 2By + fa4 5in 28;). (7)

For the geometry of architectonics of a real biological tis-
sue, the wide range of orientation (0= p= ) and phase (0
= 8=2m) changing parameters are characteristic.”' There-
fore, [see Egs. (5) to (7)] the “generation” of singular points
by such an object appears to be quite probable

{B=0<—> 6=2qm, ¢q=0,1,2,...,

O=a=m, ®)
{B: +0.257« 6=+x0, S5m+2qm, ©)
a=0,

which determine the coordinate structure and boundaries of
changes in the state of its image polarization.

Solving Egs. (5) and (7) and taking into account Egs. (8)
and (9) gives the following conditions of forming polarization
singularities by birefringent (p, &) fibrils of biological tissue
being illuminated by an elliptically polarized (ay, By) wave

sin 2(p — ay) = tan 2 3, cotan &, (10)

+1 —cos dsin2f3,

Particular conditions of forming the linear (6=2g7— B
=0,¢4=0,1,2,...) and circular (6=0.57+2q7m— B
=0.257) singularities of polarization by biological tissue be-
ing illuminated either by plane

p=ap,
Bo=0, OSaOSWH{Osaszﬂ_, (12)
0. 0= gns p=oay=025m, (13)
Po=0, 0=a0=m=15_ 10, 5m.
or by a circularly polarized wave
O=p=m,
Bo= £0.25m7, os%sw_){(s: 0, 5. (14)
O=p=m,
Bo=£0257m, O=goqy=m—
6=2qm, q=0,1,2, ...
(15)

can be revealed from Egs. (10) and (11).

sin 2(p — ag) = (11) “Generation” of polarization singularities is quantitatively
0 cos 23, sin & illustrated by the results of the computer simulation of the
Journal of Biomedical Optics 054030-2 September/October 2006 + Vol. 11(5)
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Fig. 2 The coordinate distributions of the ellipticity of light oscillation polarization (b), (e), (h) of different types of curvilinear birefringent fibrils
arrangement (a), (d), (g) and the network of their polarization singularities (c), (f), (i).

polarization image of the curvilinear birefringent (An=1, 5
X 1073) fibrils set (Fig. 2). The left column of Fig. 2 depicts
the different types [semicircle (a), sine curve (d), and complex
parabola (g)] of fibrils arrangement. The central column [(b),
(), (h)] illustrates the coordinate distributions of the elliptic-
ity B(X,Y) of light oscillations polarization, the values of
ellipticities are shown in grayscales. The coordinate distribu-
tions of polarization singularities [B(X,Y)=0 and B(X,Y)
=+0.257] are depicted in the right column [(c), (f), (i)].

It can be seen from the data obtained that the change in the
geometry of the fibrils packing in the plane of the biological
tissue layer [fragments (a), (d), (g)] shows in the change of
coordinate distribution of the points of polarization singulari-
ties [fragments (c), (f), (i)] of its polarization ellipses [frag-
ments (b), (e), (h)]. Thus to analyze the images of real bio-
logical structures, one can use not all the information about
their polarization structure,” but only the information con-
cerning coordinate distributions of singly and doubly degen-
erative points.

3 The Technique of the Polarization
Singularities Detection

The optical arrangement of measuring the biological tissue

polarization structure is given in Fig. 3. The illuminating has

been arranged by the collimated beam (@=10* um) of a

He-Ne laser (A\=0.6328 pum, W=5.0 mW). The polarization

illuminator consisted of quarter wave plates 3 and 5 and po-
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larizer 4 forms the illuminating beam with an arbitrary azi-
muth of 0=ay=m or with the polarization ellipticity of 0
=By=0.5m.

The polarization images of the biological tissue were pro-
jected into the plane of a light-sensitive area (800 X 600) of
charge-coupled device (CCD) camera 10 with the help of mi-
croscope objective 7. This provides the measuring range of
structural elements of the biological tissue for the following
scales 2 to 2000 um.

The conditions of experiment were chosen in such a way
that it enabled us to reduce the space-angular aperture filtering
while forming the biological tissues images. This was ensured
by the conformance of angular characteristics of indicatrixes
of light scattering by the biological tissues samples
(Q2=16% and the angular aperture of the microobjective
(Aw=20°). Here Q is the solid angle within which 98% of all
energy of light-scattered radiation is concentrated.

CCD— PC

1 2 3 4 5 6 7 8 9 10 11

Fig. 3 Experimental setup. 1—He-Ne laser; 2—collimator; 3, 5,
8—quarter wave plates; 4, 9—polarizer and analyzer, respectively;
6—object of investigation; 7—microobjective; 10—CCD camera;
11—personal computer.

September/October 2006 + Vol. 11(5)
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The analysis of the biological tissue images was performed
by the quarter wave plate 8 and polarizer 9.

The methods of determining the coordinate distribution of
the polarization singularities of the biological tissue image
consist of the following sequence of actions:

1. The minimum and maximum levels of the image inten-
sity for each separate pixel (m,n) of the CCD camera,
Lin(Pmn)s Lyax(7yp), and the corresponding rotation
angles, O(r,, ,)[1(r,,,,) = Ini,], are determined by rotat-
ing an axis of the analyzer transmission 8 in the limits
of @=0-1r.

2. The polarization map (in other words, two-dimensional
distributions of azimuth and ellipticity values of polar-
ization) of the biological tissue image has been calcu-
lated in accordance with the following relations:

o
a(rm,n) = ®[I(rm,n) = Imin] - 57

I(rm,n)min

(rm,n)max

B(r,.,) = arctan (16)
3. The polarization map of points with linear polarization
[of the Egs. (10) and (12)] has been determined as

tan 2B(rﬂl Vl)
_— | = 2 T,
tan a(r,, )

8(rpn) = arctan[

B(rm,n) =0. (]7)

4. The polarization map of points with circular polariza-
tion [of the Egs. (11) and (13)] has been determined as

tan 23(r,,.,)

&(r,, ,) = arctan =0.57+2q,
’ tan a(r,,, )

B(ry) =0.257, (18)

4 Obijects of Investigation Characteristics

The histological sections of the biological tissue of various
morphological structures were used as the investigating ob-
jects:

e Muscular tissue (myocardium)— MT [Figs. 4(a) and

4(b)]

e Large intestine wall tissue—IT [Figs. 4(c) and 4(d)].

The presence of an anisotropic component' with a bire-
fringence index of its substance An=~1.5X 1072 is similar to
the chosen investigated objects. Visualized images of such
structures in the crossed polarizer and analyzer are given in
Figs. 4(b) and 4(d).

The geometric thickness of the biological tissue of both
types was 50 to 60 pm.

Such optical geometric parameters of the biological tissue
sample provided the conditions of a single scattering (an in-
dex of the attenuation of 7 radiation by the layer of
d—thickness was not over 0.01). Herewith the phase-shift
value of such layers did not exceed one full period of O
=Q2w/N)And=2.
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(d)

Fig. 4 Polarization images of the muscular (myocardium) (a), (b) and
the large intestine wall (c), (d) tissue histological sections. The frag-
ments (a), (c) correspond to the situation of the coaxial polarizer and
analyzer; (b) and (d) correspond to the situation of crossed polarizer
and analyzer.

The morphological structure of the architectonics of such
biological tissues is various. The MT is formed by the “qua-
siordering” beams of the birefringent myosin bundles [Fig.
4(b)]. The IT tissue includes “island” insertions of an aniso-
tropic collagen [Fig. 4(d)].

5 Analysis and Discussion of the
Experimental Data

This section contains the following data:

e Phase maps (two-dimensional distributions of phase-
shift values) &(r,, ,) of physiologically normal biological
tissue images (Figs. 5, 6, and 9) and pathologically
changed ones (Fig. 10).

Coordinate distributions of singly degenerated &(r,, )
=0 and doubly degenerated &(r,,,,)=0.57 polarization
singularities of all types of the biological tissue images
(Figs. 7 and 11).

Probability densities N(m) of the singularity points of
the polarization images of the kidney tissues (Fig. 12).

14 X 104
3 W(s)
2
1.5
1
0.5
0.5
Ll || I|
(a) (b)

Fig. 5 The coordinate (a) and probability (b) distributions of the phase
shifts & of the muscular tissue polarization image.

September/October 2006 + Vol. 11(5)
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Fig. 6 The coordinate (a) and probability (b) distributions of the phase
shifts & of the large intestine wall polarization image.

e Autocorrelation functions G,,(8) of the phase maps of
the physiologically normal and pathologically changed
kidney tissue (Fig. 13).

* Log-log dependencies of power spectrum of the polar-
ization singularities density of the physiologically nor-
mal and pathologically changed kidney tissue images
(Figs. 14 and 15).

5.1 Coordinate and Statistical Structure of the
Phase Maps of the Biological Tissue
Polarization Images

The coordinate distributions of the phase values &(r) of the
biological tissue polarization images of both types are given
in Fig. 5 (myocardium tissue) and Fig. 6 (large intestine wall
tissue).

It can be seen from the obtained data that the range of the
phase shift changing &(r) for all images is wide enough and is
in the range of 0.057 to 2 [Fig. 5(a) and Fig. 6(a)]. Such a
big interval of changing values of &(r) could be connected
with different thicknesses of optically anisotropic protein

(a) 3(r)=0 (b) 8(r)=0.5n

8(r)=0.5n

(© 8(r)=0 (d)

Fig. 7 The coordinate distributions of singly (a), (c) and doubly (b),
(d) degenerated polarization singularities of the muscular tissue image
(a), (b) and of the large intestine wall image (c), (d).
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(d)

Fig. 8 The polarization images of the histological sections of the
physiologically normal (a), (b) and pathologically changed (c), (d)
kidney tissue. The fragments (a), (c) correspond to the situation of the
coaxial polarizer and analyzer; (b), and (d) correspond to the situation
of crossed polarizer and analyzer.

structures of the biological tissue (myosin and collagen). It is
also seen from two-dimensional structure of 8(r) parameter
that the phase maps of both images “are formed” by the en-
semble of local phase domains [&(r)=const] of different
shape and size. The statistically discrete character of a phase-
shifting ability of MT and IT sample substances characterize
the ensemble of local extrema of histograms W(J) [Fig. 5(b)
and Fig. 6(b)].

The main differences in the phase maps of the examined
biological tissue patterns consist in the coordinate heteroge-
neity of the parameter distribution &(r) [Fig. 5(a) and Fig.
6(a)] and also in a greater density of the extrema of the phase-
shift probability values in the field of 0.057r to 0.3 for the IT
tissue images [Fig. 6(b)] in comparison with the similar sta-
tistics of &(r) changing for MT images [Fig. 5(b)]. Such re-
sults could be connected with a different optical-geometric
morphological structure of the mentioned tissues. The island
insertions of optically anisotropic collagen of IT biological
tissue form separate large-scaled phase domains of (200 to
300 wm). The MT phase map is formed by sufficiently or-
dered areas &(r)=const and the corresponding directions of
the myosin fibers placing. A statistically larger MT phase-
shifting ability [Fig. 5(b)] might be connected with a higher
concentration of the myosin fibrils in MT layer plane in com-
parison with the local collagen formations in IT tissue [Fig.
6(b)].

The obtained data concerning the phase structure of the
polarization heterogeneous images of the biological tissue
were put into the fundamentals of studying according to con-
ditions (10), (12), (11), and (13) coordinate distributions of
singly &(r,,,)=0 [Figs. 7(a) and 7(c)] and doubly &(r,,,)
=0.57 [Figs. 7(b) and 7(d)] degenerated singularity points of
polarization.

The analysis of the information obtained showed that the
biological tissue images of a different morphological structure

September/October 2006 + Vol. 11(5)
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Fig. 9 The coordinate (a) and probability (b) distributions of the phase
shifts & of the physically normal kidney tissue polarization image.

(a) (b)

have sufficiently “developed” nets of the polarization singu-
larities. The probability of forming doubly degenerated polar-
ization singularities [Figs. 7(b) and 7(d)] is far less than for
singly degenerated ones [Figs. 7(a) and 7(c)]. Such a peculiar-
ity could be connected with the fact that the realization of the
conditions (10) and (12) is more probable in comparison with
the conditions (11) and (13). Besides, the optically isotropic
sections of the biological tissue do not change the polarization
condition of the illuminating laser beam (in our case,
=0.25m, By=0).

The coordinate structure of the polarization singularities of
MT image [Figs. 7(a) and 7(b)] corresponds in general to the
directions of the optically anisotropic myosin bundles place-
ments [Figs. 4(a) and 4(b)]. For the IT tissue image [Figs. 4(c)
and 4(d)], more equiprobable distribution of the polarization
singularities [Figs. 7(c) and 7(d)] has been determined. The
densities of singularly polarized points of the examined bio-
logical tissue sample images also differ.

The discovered coordinate and quantitative differences of
the net structure in the polarization singularities of the bio-
logical tissue images were put into the fundamentals of early
(preclinical) diagnostics of the physiological condition of the
kidney tissue.

5.2 Polarization-Singular Diagnostics of the
Biological Tissue

Optically thin (7=0.1) histological sections of a healthy
[Figs. 8(a) and 8(b)] and pathologically changed kidney (an
early stage of collagenous disease—the enlargement of the
connective tissue) [Figs. 8(c) and 8(d)] have been used as the
objects of the investigation. From the medical point of view,
the selected kidney tissue samples are practically identical—
the traditional histochemical methods do not reveal any dif-
ferences between of them. The comparative analysis of the
images [Figs. 8(a) and 8(c)] obtained in the coaxial polarizer
4 and analyzer 8 (Fig. 3) confirms the identity of their mor-
phological structure. The polarization contrasted (crossed
polarizer-analyzer) images of the connective tissue collagen
net [Figs. 8(b) and 8(d)] are characterized by a slightly higher
“clearance” level for the pathologically changed sample. This
fact proves visually that there is a greater extent of anisotropy
of the kidney tissue substance with early symptoms of collag-
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Fig. 10 The coordinate (a) and probability (b) distributions of the
phase shifts § of the kidney tissue polarization image with early symp-
toms of the collagenous disease.

enous disease. The phase maps of sample images (Figs. 9 and
10) quantitatively show polarization properties of the samples
of both types. One can see that the ranges of the phase pa-
rameter changing &(r) practically coincide [Figs. 9(a) and
10(a)]. The histograms W(&) are formed by the series of the
discrete extrema in the range of the phase shift changing from
0.057 to 277 [Figs. 9(b) and 10(b)]. More equiprobable dis-
tribution of the values of the statistical dependencies of local
extrema W(6) is typical for the kidney tissue sample with the
early stage of collagenous disease.

Considerably more obvious differences in the polarization
characteristics of the biological tissue images of both types
have been discovered within the comparative statistical analy-
sis of the coordinate distributions of their singular points of
polarization (Fig. 11). Such analysis included:

 the determination of the linear density of the singular
points of polarization in the biological tissue images (the
quantity N corresponding to each column of m;_; 5 goo Pix-
els of CCD camera reception area) (Fig. 12),

(@) 8(r)=0 (b) 8(r)=0.5n

(d) 3(r)=0.5n

Fig. 11 The coordinate distributions of singly (a), (c) and doubly (b),
(d) degenerated polarization singularities of the physically normal (a),
(b) and pathologically changed (c), (d) kidney tissue images.

September/October 2006 + Vol. 11(5)
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Fig. 12 The linear density of quantity N of singularly polarized points
[8(r)=0,8(r=0.57] of the physiologically normal (a) and pathologi-
cally changed (b) kidney tissue images.

* the calculation of the statistical moments of the first to
fourth orders of N(m) dependencies (Table 1),

e the calculation of the autocorrelation functions G,, of
dependencies N(m) (Fig. 13),

o the determination of the log-log dependencies (logJ,,
versus log r~!) of J,, power spectrums of the autocorrelation
functions G,, (Figs. 14 and 15),

e the determination of the inclination angles «; of the lin-
ear sections of log J,, versus log 7! dependencies that were
obtained by the least-squares tt;—:chnique,21

e the self-similarity verification and calculation of the
fractal dimensions of N(m) dependencies in accordance with
the relation D(N)=3—tan a;.”

The specificity of the linear density changing of singularly
polarized points quantity N(m) of the physiologically normal
and pathologically changed kidney tissue images has been
shown in Figs. 12(a) and 12(b), correspondingly. It is seen
from the obtained data that N(m) dependencies for both types
of biological tissue images have in general a nonregular, oc-

Table 1 The statistics of the first to fourth orders of the polarization
singularities linear density of the kidney tissue images.

Tissue pattern Norm Pathology
statistics (37 patterns) (36 patterns)
Mn 0.634+5% 0.706+7%

oN 0.198+4% 0.149+6%
AN 2.689+12% 21.75£15%

En 3.8+ 14% 46.8+18%
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Fig. 13 The autocorrelation functions G,, of the polarization singu-
larities of the physiologically normal (a) and pathologically changed
(b) kidney tissue images.

casional character. It is also obvious that a larger quantity (10
to 15%) of singularly polarized points [Fig. 12(b)] has been
involved for the kidney tissue image with an early stage of
collagenous disease in comparison with the physically normal
biological tissue image [Fig. 12(a)]. More detailed informa-
tion concerning N(m) distributions character is enclosed in
the statistical moments of the first My, the second oy, the
third Ay, and the forth Ey orders (Table 1), which have been
calculated in every point [(X,,-1,800> Ynz14600)] Of the image
in accordance with the following relations:

N
1
MN=_EN,
Qi
) N
oN= _ENZ,
Qo
N
11
Ay="5-2N,
OyYi=1
N
11
Ey=——2> N, (19)
0'12in:1

where Q=mn is a total number of pixels of the CCD camera.

The obtained data show that the statistical distribution of
singularly polarized points of a healthy kidney biological tis-
sue image is close enough toward the normal one, the asym-
metry values Ay and a kurtosis Ey of N(m) distributions are
sufficiently low. There is the other picture of N(m) value sta-
tistics present in the image of the pathologically changed kid-
ney tissue. The values of the statistical moments of Ay and Ey

September/October 2006 + Vol. 11(5)
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Fig. 14 Log-log dependency of the power spectrum J (a) of the linear
density of polarization singularities of the physiologically normal kid-
ney tissue. The residuals are shown in fragment (b).

are practically increasing on one level that indicates the
abrupt change in the statistics of the line density dependency
of singular points quantity. The similar information is en-
closed in the comparative analysis of the autocorrelation func-
tions G, of both types of sample images (Fig. 13).

For depicting the physiologically normal kidney tissue, the
dependency G,, has monotonously lowering tendency [Fig.
13(a)] that proves the presence of an occasional coordinate
structure of the polarization singularities. The correlation
structure of the singular polarization points of the kidney tis-
sue image with an early stage of collagenous disease is a
different one. The autocorrelation function G,, has been
modulated by a harmonic component [Fig. 13(b)] that points
to the presence of an additional regular (ordering) component
in the coordinate distribution of polarization singularities."’

The discovered changes in the statistics of the polarization
singularities might be connected with the modification of the
kidney tissue morphological structure when the physiological
condition of the kidney tissue was being changed. The mor-
phology of the kidney tissue could be represented by a
double-component amorphous-crystalline structure. A crystal-
line amorphous structure consists of two layers: an exterior
cork tissue and an internal medulla. The crystalline one is
represented by the epithelium tubules with its optical aniso-
tropic substance and consists of numerous chaotically located
capillary nodes. The formation of an additional connecting
tissue (collagenous disease) is characterized by the definite
directions of growth and the enlargement of the epithelium
layers. From the optical point of view, such processes are
escorted by the phase-shift value increasing &(r) and, conse-
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Fig. 15 Log-log dependency of the power spectrum J (a) of the linear

density polarization singularities of the kidney tissue image with an
early collagenous disease. The residuals are shown in fragment (b).

quently, a corresponding number of the singularly polarized
points in the image of the pathologically changed kidney tis-
sue [Figs. 12(a) and 12(b)]. On the other hand, in the coordi-
nate structure of such points, the “regular” component has
been formed. That is why the asymmetry Ay and the kurtosis
Ey of the distributions 8(r)=0, &(r)=0.57 increase abruptly,
and in the autocorrelation dependencies G,,, a harmonic com-
ponent appears [Fig. 13(b)].

The obtained information concerning the differences in the
statistics of coordinate distributions 8(r)=0, &(r)=0.57 of
both types of the kidney tissue images has been added by the
analysis of their self-similarity degree.

Figures 14(a) and 15(a) represent the dependencies,
log(J,,) versus log(r~"), received for the coordinate distribu-
tions of the polarization singularities of the physiologically
normal and as well as the pathologically changed kidney tis-
sue images.

The analysis of the obtained data showed that the approxi-
mation of the dependencies of log(J,,) versus log(r~!) by the
least-squares technique [Figs. 14(b) and 15(b)] for the polar-
ization singularities distribution of images of the physiologi-
cally normal kidney biological tissue gives a set of the broken
lines with a number of the local inclinations «; [Fig. 14(a)].
The polarizationally singular structure of the pathologically
changed tissue is a self-similar (fractal): the statistical pro-
cessing of the dependencies log(J,,) versus log(r~") gives the
direct line with one stable inclination « [Fig. 15(a)].
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Conclusions

1. The analytical conditions of the formation of singly and
doubly degenerated polarization singularities and experimen-
tally investigated statistical characteristics of their coordinate
distributions in the biological tissue images of a different mor-
phological structure and physiological condition have been
determined.

2. It has been shown that the third and the fourth statistical
moments of the linear density of the singular points of polar-
ization are the most sensitive toward the optical-geometric
structure of the biological tissue.

3. It was determined that the coordinate structure of the
polarization singularities of the physiologically normal bio-
logical tissue image is random while the coordinate structure
of the pathologically changed biological tissue is a self-
similar (fractal) one.
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