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1 Introduction

Laser polarimetry (polarization sensitive optical coherence to-
mography, Mueller matrix decomposition formalism, coherency
matrix analysis, etc.)'~>? is able to obtain information about op-
tical anisotropy (linear retardance, optical activity, dichroism,
etc.) of biological tissues (BT). It has the potential to be an
important technology for noninvasive diagnostics of organic
phase-inhomogeneous layers. One model approach underlies

these researches, which generalizes the optical properties of
BT.5,6,14,21,30

1. All varieties of human BT can be represented by four
main types—connective, muscular, epithelial, and neural
tissues.

2. The morphological structure of any BT type is regarded
as a two-component amorphous-crystalline structure (op-
tical isotropic and optical anisotropic).

3. The crystalline component is characterized by Mueller-
matrix {M} operators of an optical anisotropy,
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Specifically, the above-mentioned model was used for find-
ing and substantiating the interrelations between the ensemble
of statistic moments of the first to fourth orders that char-
acterize the orientation-phase structure (distribution of opti-
cal axes and phase shifts for directions of protein fibril net-
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works) of birefringent BT architectonics and of 2-D distribu-
tions for azimuths and ellipticities in their laser images.® It was
determined® 7> 1413-20.23.27.28 that the third and fourth statistic
moments for coordinate distributions of ellipticities are the most
sensitive to the change (caused by dystrophic and oncological
processes) of optical anisotropy inherent to protein crystals. On
this basis, the criteria for early diagnostics of muscle dystrophy,
precancer states of connective tissue, collagenoses, etc., were
determined.

In parallel with traditional statistical investigations, formed
in the most recent 10-15 years is the new optical approach to
describe a structure of polarization inhomogeneous fields, in the
case of scattered coherent radiation. The main feature of this ap-
proach is the analysis of definite (in contrast to continuous 2-D
distributions) polarization states to determine the whole struc-
ture of coordinate distributions for azimuths and ellipticities of
polarization. The so-called polarization singularities are com-
monly used as these states:'~37 states with linear polarization,
when the direction of rotation for the electric field vector is in-
definite, the so-called L-points, and circularly polarized states,
when the azimuth of polarization for the electric field vector is
indefinite, the so-called C-points.

Investigations of polarization inhomogeneous object fields
for BT with different morphology allowed ascertaining that they
possess a developed network of L- and C-points.*® For example
in Ref. 37, the authors found interrelations between conditions
providing formation of polarization singular points and partic-
ularity of the orientation-phase structure of biological crystals
present in the territorial matrix of the human tissue architectonic
network. These interrelations served as a base to make statisti-
cal and fractal analyses of distribution densities for the number
of singular points in BT images. As a result, the authors con-
firmed the efficiency of this method for investigation of object
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fields to differentiate optical properties of BT with a different
morphological structure and physiological state.

It is worth noting that the singular approach is mainly used
out of the analysis of the mechanisms providing formation of
polarization inhomogeneous laser images of BT by an extracel-
lular matrix. Thus, development of laser-polarimetric techniques
based on determination of singular interrelations “object-field”
in order to find new methods of diagnostics of transformation
of the BT extracellular matrix orientation-phase structure re-
lated with precancer changes in their physiological state is very
important.

To solve this problem, we should revert to the analysis of
optical properties of biological crystal networks because these
properties are comprehensively described by the Mueller matrix
within the framework of the singular approach.

2 Brief Theory of the Singular Approach
in the Analysis of Biological Tissue
Birefringent Networks

To analytically describe the L- and C-states of polarization, the
most suitable is to use the extreme values of the fourth Stokes
vector parameter. It is a widely applied mean and appears to be
reasonable to represent these singularities as follows:

V4 = sin28,
Vs =0« L(B =0), @)
Vi=x1 o £C(B==+I).

Here, g is the value of polarization ellipticity; the 4+C-point
is assumed to designate a right-circulated polarization state,
which can be characterized by the phase shift § = 7/2 be-
tween the orthogonal components of laser beam amplitude; the
—C-point is assumed to designate a left-circular polarization
state [§ = — (7r/2)]. Thus, +C-points are the orthogonal states
of a circularly polarized wave. For the L-points, the phase shift
reaches § =0; 7.

Using Egs. (1) and (2), it is possible to determine the interre-
lations between the characteristic values M/ of Mueller-matrix
elements, which correspond to the “extreme” values of BT op-
tical anisotropy, and to the extreme values of V4. Thus, in order
to characterize the BT structure, we obtain the coordinate net-
work generated by a finite number of characteristic values of
Mueller-matrix elements [Eq. (1)] (see Table 1).

Thus, measuring the coordinate distributions of the charac-
teristic values (M}, = 0, £1) of the BT Mueller-matrix elements
enables not only to foresee the scenario (M}, — V) of forming
the ensemble of polarization singularities (V4 = 0, 1) of its
image, but also to additionally realize their differentiation, con-
ditioned by the specificity of orientation structure of biological
crystals.

Here, +L-point corresponds to a linear polarization state
with 6 = 0; —L-point corresponds to a linear polarization state
with § = m. In this case, as for £C-points, we will identify
=+ L-points as orthogonal.
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Table 1 Interrelation between the characteristic values of Mueller-
matrix M, elements of biological tissues and polarization singularities
described by the fourth parameter of the Stokes vector V;.

Mik Va4 Polarization state
Ma2;33,44 0 +1 iC
! 0 +1
1 0 4
M24;42,34,43,23,32 0 0 41
! +1 +C
1 1 c

3 Scheme and Methods of Experimental
Investigations

Figure 1 shows the traditional optical scheme of polarimeter for
measuring the elements of Mueller matrix of the BT histological
sections.> 20

The parallel (3 = 10* um) beam of He-Ne laser (A
= 0.6328 um, W = 5.0 uW) was used as an illuminator. The
polarization illuminator consists of the quarter-wave plates 3,
5, and polarizer 4, and it sequentially forms a series of linearly
polarized (I, lss, log, I135) with azimuths 0°, 90°, 45°, 135°, and
right-hand (Ig) and left-hand (Ig) circularly polarized probing
BT laser beams. The BT images made by the micro-objective 7
(4x) were projected into the plane of a light-sensitive area (800
x 600 pixels) of CCD camera 10.

Polarization images of BT were projected by means of the
micro-objective 7 (focal distance — 1.5 cm, aperture — 0.2, magni-
fication — 4 x) into the plane of light-sensitive area of the CCD
camera (overall amount of pixels, 800 x 600; light-sensitive
area size, 4000 x 3000 pm; deviation of photosensitive char-
acteristics from the linear one was no more than 15%), which
provided the range of measuring the structural elements of BT
with the resolution 2-2000 wm. Maximal resolution verification
(2 pm) was performed using the stage micrometer (linear scale),
where the image was projected into the light-sensitive area of the
CCD camera using the micro-objective 7. Minimal resolution
(2000 pm) corresponds to the situation when the light-sensitive
area of the CCD camera is entirely filled by two equal-sized
structural elements (light and dark) of a stage micrometer. The
experimental conditions were chosen in such a way that it en-
abled one to reduce the space-angular aperture filtering when
forming the BT images. It was ensured by conformance of an-
gular characteristics of the indicatrix of light scattering by the
BT samples (2 ~ 16°) and the angular aperture of the micro-
objective (Aw = 20°). Here, Q is the solid angle within which
98% of all the energy of light-scattered radiation is concentrated.

Polarization analysis of the BT images was performed us-
ing the polarizer 9 and quarter-wave plate 8 according to the
following technique:

1. Within the section of the illuminating laser beam, the
array (m x n =800 x 600) of values for the Stokes vector
Vi_ 1234 parameters and elements of Mueller matrix

June 2011 * Vol. 16(6)
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6 7 8 9 10 1

Fig. 1 Optical scheme of the polarimeter: 1 is the He-Ne laser; 2, the collimator; 3, the stationary quarter-wave plates; 5 and 8, mechanically
movable quarter-wave plates; 4 and 9, polarizer and analyzer, correspondingly; 6, object of the investigation; 7, micro-objective; 10, the CCD

camera; and 11, a personal computer.

M (m x n) were determined in accord with the following
algorithms:

{ V] = 10 + 190, V2 = IO - 1901

2. In each array My(m x n) and V4(m x n), coordinate
distributions of characteristic (singular) values 0, £1
were determined.

At the first stage, the interrelations (M}, — V;°) of matrix
and polarization singularities were investigated on the sam-
ple of a histological section prepared from healthy skin derma.
Figure 2 represents coordinate distributions of matrix elements
Mya2434(m x n) corresponding to the skin derma histological
section and the fourth Stokes vector parameter V4(m x n) of its
image with the characteristic values (0, =+ 1) plotted on them
[within the marked (100 x 100)-pixel sampling plot].

It can be seen from the data obtained that there is a di-
rect correlation between the coordinate (k,g 1 <k <m,1 <g
< n) positions of characteristic values of the matrix element
M3, for skin derma and the network of L- and C-points in its
laser image M}, (k, g) = {0 } < Vi, g) = {il B :E:C}

a4 +1 4 0 — L
[Figs. 2(a) and 2(d)].

Coordinate distributions of characteristic values of matrix el-
ements My, 4, (m, n), M3y 45 (m, n) and corresponding networks
of orthogonal =+ L- and & C-points (Table 1) possess the indi-
vidual structure [Figs. 2(b) and 2(c)].

Analytically substantiated and experimentally proven inter-
relations between the matrix and polarization singularities were
used as the basis for Mueller-matrix singular diagnostics of
oncological changes in the tissues of a woman’s reproductive
sphere.

4 Mueller-Matrix Singular Diagnostics and
Differentiation of Pathological Changes in the
Tissues of Woman Reproductive Sphere

Vi = lys — L35,
Miy = 0.5V + V], My = 0.5[V" = V], Mis = VO — My, Mis =V — My, i=1,2,3,4.

V4 = I® - I@, (3)

objects of the investigation: biopsy of the healthy tissue of a
woman’s reproductive sphere [type A, Fig. 3(a)], biopsy of
the inflamed tissue (ectonia) [type B, Fig. 3(b)], and biopsy
of the tissue in the state of dysplasia (precancer state) [type C,
Fig. 3(c)].

Fig. 2 Networks of (a—c) characteristic values M}y, 3,(mxn)
of matrix elements Mu4434 and (d) singularities of polar-
ization image inherent to the skin derma layer histological
section Vy: £C-points (O) (Mag = 0); + L-points (A) (Mas = +1);

+C-points(d)  (Mag 34 = +1, V4 = +1); —L-points (V) (Mag = —1);
Three groups of histological sections of the main tissue of a —C-points (&) (Mas 34 = =1, V4= —1); £L-points (&) (Mas 34 =0,
woman’s reproductive sphere—myometrium—were used as the V4 =0).
Journal of Biomedical Optics 066006-3 June 2011  Vol. 16(6)
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Fig. 3 Polarization images of woman reproductive sphere tissue — myometrium (a) A, (b) B, and (c) C types in the scheme of coaxial polarizer and

analyzer.

To determine the criteria of Mueller-matrix singular diag-
nostics of the myometrium oncological state and differentiate
its severity degree, the following technique was used:

1. Coordinate networks of characteristic values for matrix
elements My, 54 3,(mxn) =0, £ 1 were scanned in the
direction x = 1,. . .,m with the step Ax = 1 pixel.

2. Within the obtained sampling (1pixel X 7pixer)* = 12 =™
for coordinate distribution of the element My4(m X n),
the total amount [N®] of characteristic points (0, & 1)
that set the complete ensemble of singular points was cal-
culated, and the dependences N(x) = [NV, N® ... ,N(™]
were determined.

3. Distributions of the number of singular & L- and =+ C-
points were determined using the following expressions:

NO(x) = No(Msg 43 = +1) + Np.(Maa 4o = 0),

NO(x) = Np(M3g 43 = 0) + Ne(Masap = —1).
4

4. Statistical moments of the first to fourth orders for the
obtained distributions of N(x) amount of singularities
were calculated according to the following algorithms:

mxn

1
Z = — N ,
1= ING)

i=1

mxn

1
Zr= | — N (x)]?
> mm;[ 1%,
o )
1 1
Zy=——— Y [N,
3 ngxn;[ ()]
1 lan

Zy =

- 4
i SN

i=1

Figures 4-6 show the networks of characteristic values
M}y 4 34(mxn) inherent to coordinate distributions for ma-
trix elements Mas 24 34(m xn) of histological sections of my-
ometrium tissues of A, B, and C types.

Figure 7 illustrates the distributions of the number of singu-
larities N(x), Nt (x), N~(x) of myometrium tissues of (a,d,g) A,
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(b,e,h) B, and (c.f,i) C types. The comparative analysis of the
data obtained shows that the following:

1. The coordinate distributions of the elements
Mys2434(mxn) of the Mueller matrix correspond-
ing to myometrium tissue of all types is characterized
by individual (according to quantitative and topological
structure) networks of singular points (Figs. 4-6).

2. The total amount of =+ C-points [M},(mxn) = 0] se-
quentially increases for the samples of myometrium of
A, B, and C types [Figs. 4(a)-6(a)].

3. The dependences NV (x) of the number of singular val-
ues of matrix elements for the samples of myometrium
tissue of all the types are similar in their structure

[Figs. 7(d)-7(H)].

-1

Fig. 4 Networks of (a—c) characteristic values M}, 4 34(mxn) of ma-
trix elements Ma4434 and (d) singularities of polarization image
of myometrium histological section of A type V4: +C-points (O)
(Msgq = 0); +L-points (A) (Mas = +1); + C-points (H) (Ma434 = +1,
Vy = +1); —L-points (V) (Ma4 = —1); — C-points (B) (Ma434 = —1,
V4 = —1); £L-points (&) (Ma434 =0, V4 =0).

June 2011  Vol. 16(6)
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Fig. 5 Networks of (a—c) characteristic values M}, ,, 3,(mxn) of ma-
trix elements My424,34 and (d) singularities of polarization image of
myometrium histological section of B type V4: £C-points @) (Ma4
=0); +L-points (A) (Mas = +1); +C-points @) (M4 34 = +1, V4
= +1); —L-points (V) (Mss = —1); —C-points @) (Mas34 = —1, V4
= —1); £L- points (<) (/Vl24,34 =0, V4 =0).

4. The distributions N ~(x) for the samples of myometrium
tissue of B type are characterized by sufficient in-
crease (two- to threefold) of the number of singular
values in comparison to similar dependencies N T(x)
[Figs. 7(e)-7(h)].

The obtained results can be related with the increase of bire-
fringence (An ~ 1.5 x 10~2) of collagen and myosin fibrils in
pathologically changed myometrium of B and C types. Besides,
at early stages (ectonia), the directions of the growth of newly
formed fibrils are being formed. In dysplasia states, these patho-
logically changed fibrils form a specifically oriented network of
biological crystals.

In terms of physics, these morphological processes are man-
ifested in the increase of probability of forming the 4 C-points
(myometrium samples of B and C types), as well as in appear-
ance of asymmetry between ranges of dependences values N*(x)
and N ~(x), which characterize the number of orthogonal L- and
C-points (Table 1).

Finally, comparative investigations of the diagnostic
efficiency typical to famous techniques of laser po-
larimetry {Z; 2.3 4[Ma4 34,24(m xn)]};1 polarization-correlation

mappingZG' 2
( ) 0,
Z V X =
1,2,3,4 4 mXxn 1

and the technique of Mueller-matrix singular diagnostics
Z1234[Nx), NT(x), N~ (x)] were suggested.

Summarized in Table 2 are the statistical averaged values
within these three groups of samples of myometrium tissue

Journal of Biomedical Optics
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Fig. 6 Networks of (a—c) characteristic values M}, ,, 3,(mxn)
of matrix elements Mas2434 and (d) singularities of polariza-
tion image of myometrium histological section of C type Vj:
+C-points (@) (Ma4 = 0); +L-points (A) (Mas = +1); +C-points [{)
(My434 = +1, V4 =41); —L-points (V) (M44 = —1); —C-points (&)
(Mg 34 = =1, V4 = —1); £L-points (&) (Mg 34 =0, V4 =0).

{Z1,2,3,4[Mys 34 24(mxn)]},

03
V4 V. = s
1,2,3,4|: 4 (mxn) {i1i|

and Z; 2.3 4[N(x), NT (x), N~ (x)].
It follows from the data presented that:

1. Efficiency of laser polarimetry for diagnostics and differ-
entiation of early oncological changes of myometrium
tissue is insufficient—the difference between the val-
ues of statistical moments {Z; 5 3 4[ Mg 34 24(m xn)]} of
samples A, B, and C types is insignificant and does not
exceed 20-45%;

2. The technique of polarization-correlation mapping is ef-
ficient for differentiation of optical properties of healthy
and oncological changed myometrium tissue—the skew-
ness (Z3) and the kurtosis (Z,) of distribution of the num-
ber of singular points of A and B types of laser images
differ by 1.53 and 2.15 times.

3. The technique of Mueller-matrix singular diagnostics is
efficient for differentiation of optical properties of all
types of samples—statistical moments of the third and
fourth orders of distributions N(x) for samples A, B, and
C types differ by 1.7 and 2.5 times, respectively.

4. For distributions N ~(x) of myometrium tissue of A and
B types, the maximal difference (from 2.2 to 4.1 times) is
observed between all the statistical Z;_; 3 4 moments.

June 2011 * Vol. 16(6)
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Fig. 7 Distributions of the amount of singularities N(x), N*(x), N ~(x) of myometrium tissues of (a,d,g) A, (b,e,h) B, and (c,f,i) C types.

5 Conclusions

It has been ascertained that correlation between coordinate lo-

cations of characteristic points for 2-D elements of the Mueller 5

matrix corresponding to an optically thin layer of biological tis-
sue and the network of L- and C-points in its laser image. Shown
is the potentiality of Mueller-matrix sampling for polarization

singularities formed by biological crystals. The efficiency of 6

Mueller-matrix singular diagnostics has been demonstrated, not
only for oncological changes of myometrium tissue, but also for

differentiating their degree of severity.
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