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Abstract. Represented in this work are theoretical basics for description of fields created
by scattered coherent radiation with using the new correlation parameter — degree of
local depolarization (DLD). The authors have adduced data of measurements of
coordinate distributions for DLD in laser images of healthy and pathologically changed
skin of a rat. Investigated are the values and ranges of changes in statistical (moments of
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distributions for DLD. Defined are objective criteria for diagnostics of oncological
changes in the structure of rat skin.
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1. Introduction

By tradition, light scattering processes in phase-
inhomogeneous biological objects are considered in a
statistical approach (theory of radiation transfer [1],
Monte-Carlo modeling [2]).

Use of modern laser technique in investigations of
biological tissues (BT) stimulates development of new
approaches to an analysis and description of fields
inherent to coherent radiation scattered by them. In
recent 10 to 15 years, in optics of scattering media there
arose a separate direction — laser polarimetry [3 — 31].
Being based on it and using the approach of single light
scattering, there determined are interrelations between
the set of statistical moments of the first to fourth orders
[5-7, 11, 15, 20, 26, 27, 31], correlation functions [13,
18, 19, 22, 27], fractal dimensionalities [6, 7, 26],
networks of polarization singularities [23, 29] that
characterize the distribution of polarization states for
laser fields, and parameters of optical anisotropy
inherent to optically thin BT layers.

When multiple scattering takes place, polarization
information upon the BT structure becomes ambiguous
and, as a consequence, loses its diagnostic sense [9, 10,
12, 16, 19]. This phenomenon got the name of

depolarization of optical radiation due to statistical
averaging the polarization states [12, 16, 19]. On the
other hand, when scattered is coherent laser radiation,
the speckle field with 100 % degree of local polarization
is formed [8]. Thereof, it seems topical to develop new
correlation approaches [3, 4] to descriptions of
mechanisms providing depolarization of laser radiation
multiply scattered in layers of optically thick BT.

Our work is aimed at studying the possibilities for
diagnostics of optically anisotropic BT components
(epithelial and dermal skin layers) with application of
statistical, correlation and fractal analyses for coordinate
distributions inherent to local depolarization degree in
the case of multiply scattered laser radiation.

2. Optical modeling for processes providing
conversion of laser radiation parameters
by a skin layer

As a base to analyze the structure of laser radiation
field converted by a skin layer, we use the following
model [5-7, 14-17, 19, 30]:

e we consider this layer as a two-component
system consisting of an optically anisotropic derma and
rough surface optically isotropic epithelium (Fig. 1);
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Fig. 1. On the analysis of optical modeling aimed at
polarization-phase properties of the skin layer. g is the
direction of fibril optical axis with the birefringence index An;
Yk - slope angle of the epithelium plate, which is formed by
directio*ns of micro- normal N} and macro-normal N; (EY), (B
and (E') - Maxwell’s vectors of the illuminating laser beam
scattered by the collagen network and epithelium layer.

e optical properties of the network inherent to
birefringent collagen fibrils in the derma layer are
characterized with the Jones matrix [27]

{A}: a; , )

Q) Ay
where

ay, = cos? p(r)+sin? p(r )exp(id(r )
a(r,p,8) =&y, = & = cosp(r )sin p(r N1 - exp(=i5(r)))
a,, =sin’ p(r)+ cos? p(r)exp(=is(r)).

()
Here, p is the direction of optical axis;
8:2%And - phase shift between amplitude

orthogonal components; A - wavelength; d - geometric
distance; An - index of birefringence.

optical properties of surface epithelium plane
plates are characterized with the Jones operator of the
following look [16, 19]

e, 9

0 1

3)

e net Jones matrix for the skin layer {D} is
determined with the product of partial operators (1) and

(€)

D= {PYAI= P Pizfl & Sz _
P21 Pa| |@21 @ @
_ (pllall + p12a21) (Pualz + p12a22)
_‘(pZIall + p22a21) (pzlalz + pzﬁzzJ .
e conversion processes for the amplitude

(EX, Ey) and phase O of laser radiation in the skin layer

are described with the following matrix equation

_ (0) Ex _ dip dpp E>(<0)
©-eletlo (o) ) o

where (E(O)) and (E) are the Jones vectors for
illuminating and converted laser beams;

) v ) (e v :
e )~ (ufexp-i8y))f ()™ Uyexp(_igxy)’ ©

50) =50 —5(%); 5

Y5 Oxy =8x =8y .

Here, 8,y is the phase shift between real parts U,
U of orthogonal components E,, E, of laser wave;

e polarization-phase properties of every field

point in the case of laser radiation scattered in skin are
described with the coherence matrix {J} [18, 19, 25]

{J}_ I ‘]xy _ EXE; EXE; _
‘Jyx JW EXE; EyE; (7)
| wr uuyenl-is,
UXUyeXp(isxy) (Uy)2

Using the operator {J(r)}, let us characterize the
polarization degree T(r) of the scattered radiation field

with the classic expression {4, 18]
T(r)=

4 (Bl ) B o5re) - (Bl ()
(5 9E9) + {5055 00)f |

=|1=

®)
Here < > denotes the operation of averaging by

time.
In our case of the field inherent to scattered

coherent radiation (<E> =E) and (<5Xy> =0, ), the
expression (8) is transformed to some constant
e - dE 08 )

[ECEE (BT )

()

(€))

In other words, all the points of polarization-

inhomogeneous field of scattered laser radiation are
100 % polarized, T(r)=1.0.

3. Correlation natur e of the depolarization degree
for thefield of laser radiation

In [4], to describe depolarization of these fields, the
authors offered another, “two-point” correlation
approach. The main its idea consists in determining the
degree of correlation similarity between orthogonal
components E,,Eyof laser wave amplitudes in the

points r; and r, within the field of scattered coherent

radiation [22, 27]. To qualitatively estimate this
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similarity, they used the parameter of a complex degree
of coherency (CDC)

0
u(rry) :{ Tr(\N (rl,rz)W(rl,rz)):l (10)

TrW(r,n)-TrW(r,, 1) |

Here, W(r,1,) is the transversally spectral density
matrix

(11

VV(H,Q)::[Ei(n)EX(Q) E;(H)Ey(b)}

Ey(Ex(r) Ey(n)Ey(ry) |

where Wo(rl,rz) is the Hermitian conjugated matrix to
the matrix W(r;,r,) ; Tr - matrix spur.

Let us consider the possibility to use the above
correlation approach in description of a polarization-
inhomogeneous field formed by the layer of optically
anisotropic derma (relations (1), (2)) with a rough
surface (relation (3)). With this purpose, let us rewrite
the expression (11) in the following manner

Wy (1) = D°(r)-Win(r) - D(F) . (12)
Here, D(r) is the Jones matrix (4) for the skin
layer in the pointl ; Do(r) - Hermitian conjugated

Jones” matrix; W, (r) transversally spectral density

matrix for the probing beam

Eﬁo)*(r)E)((o)(r) ES(O)*(r)Eg,O)(r)
V\/m(r)— ESO)*(r)E)((O)(r) Eglo)*(r)E§/0)(r) . (13)

Our analysis of the complex expression (12) with
account of (1) — (4) and (12), (13) enabled us to reveal

that the CDC module |u(r) in every point r of the

scattered coherent radiation field is a constant value
coinciding with the polarization degree T(r)

lu(r}=T(r)=1.0. (14)
On the other hand, some new additional
information possibility to describe scattered laser
radiation is brought by the phase @(u(r))z <I>(r) of
CDC that is determined as
CI)(r): 2UX(rZJy(r)CZSSXy(r)-
Ug(r)+Uyl(r)

An explicit form of the value SXy(r) for the phase

(15)

shift between amplitude orthogonal components
Ux(r),Uy(r) for laser wave in the point r can be

determined from the matrix equation (5):

By(r)= arctg{ Im[d“ +d12( ) S,O)]}

Re[dn () J )
(16)
e Im[dm ]
% Reldai (1)E J

(o

+ d22 Ey
(0
y

I

+ d22

Let us rewrite the expression (16) (without
reduction in analysis completeness) for the case when
the skin layer is illuminated with a laser wave linearly

polarized with the azimuth 0° ( ES(O) =1.0; Eg,o) =0)
Im( pllall)} {Im(aﬂ )}
S(r)= arctg{— —arctg ——24 4 =
o) Re(p;iay;) Re(ay) )

arctg Im(cos p—sin pexp( ISX))
Re(cos2 p—sin pexp( ))

|
[eZ]
<
S —
—

o Im(cospsinp(l— p(' ~ {17
-are Re(cospsmp(l exp( ISy») B
sinzpsinSX

sindy
arctg 5 —arctg ——>— %
1-sin? p(1 - cosdy) 1+cosdy

As seen from the analysis of (17), the dominant
role in formation of phase modulation inherent to the
field of scattered laser radiation is played by the
subsurface Dbirefringent layer of collagen fibrils.

Moreover, the range of changes in phase shifts 5xy (r)
is maximum high
0<8,, <m.

(18)

The condition (18) corresponds to the following
range of changes in CDC phase:

0<d(r)<1.0. (19)

Thus, to use the parameter CD(I’) is efficient when

determining the measure of correlation between
orthogonal components of the complex amplitude in
different points I' within the field of scattered laser
radiation. In this sense, this parameter (D(r) will be

named as the degree of local depolarization (DLD) for
points of polarization-inhomogeneous coherent field.

4. Optical setup and method for measuring
thr degree of local depolarization in thefield
of scattered laser radiation

Shown in Fig. 2 is the optical setup for measuring
coordinate distributions of DLD in the field of laser light
transformed by a skin layer [5]. As objects for
investigation, we used optically thick (geometric
thickness d=75 pum, extinction coefficientt <0.75)
histological sections of rat skin prepared using the
standard technique with a freezing microtome [4].
[llumination of the rat skin histological sections

was made by a parallel beam (@ =104 um) of the He-Ne
laser (A = 0.6328 um) 1. Using the polarizer 4 and
quarter-wave plate 5, we could form arbitrary states of
polarization for the probing laser beam. The image of the
skin samples 6 was projected with the micro-objective 7
onto the plane of light-sensitive area
(r =mxn=3800 pixx 600 pix ) of CCD camera 10.
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The method of measuring coordinate distributions
of DLD d)(r) consists of the following stages:

1. The transmission plane of the polarizer-
analyzer 9 is sequentially oriented under the angles

©=0°, ©=90° and measured are the respective
discrete (MxN) sets of values for intensities
Ny - Nm Ny - Nm
ol - o o], log
T - Tom T -~ Tom

2. Using rotation of the analyzer transmission

plane within the limits ® = 0% +180°, one determines a
set of values for maximum and minimum intensity levels

I’“ rlm My Mm

max| e e e | il for every

M - Tnm Mt - Tom
separate pixel of the CCD camera as well as respective

rotation angles
M1 Mim M1 Mim

0 . I =10
i - Tnm 1 - Tam

3. Then, calculated are the coordinate distributions
for the azimuth and ellipticity of laser field polarization

rll “ee rlm n
al .. .. =®(|mm(l‘))—5,
r r
nl nm (20)
rll cee rlm
Ir) .
B Ial’Ctg ( )mln .
I(r)max
Tt - Tom
4. Using (20), one calculates the coordinate
rll e rlm
distributions for phase shifts §| ...
fi - Tom
tg2p(r) |
8(r) = arctg| 2 B(r) . @1
tgou(r) |
5. The coordinate distribution of
rll e rlm
DLD | ... can be obtained using the
T - Tam

following relation

1 2 3 4 S

(22)

5. Algorithmsfor statistical, correlation
and fractal analyses of coordinate distributions
for the degree of local polarization

To get an objective estimation of the coordinate
distributions ®(x=1+m-1;y=1+n) inherent to laser
images of histological skin sections, we used the
complex statistical, correlation and fractal analysis.

The set of statistical moments of the first to fourth

orders Z}D:l,z,s,zt for DLD distributions was calculated

using the following relations [6, 7, 26, 31]

N 1 N
z? ﬁzm z :\/qu"z ,

(22 )3 NZCD _( )4 NZ@4 (23)

Here, N=mxn is the number of pixels in the
CCD camera.

As a base for the correlation analysis of DLD
distributions we took the method of autocorrelation with
using the function [19, 22, 27]

K®.,(am)= lim —I i(m)[@; (m-Am)Jdm .
(24)

Here, (Am: 1pi x) is the step for changing the
coordinates X =1+ Mof the DLD distribution for the
separate | -th line of pixels in the digital camera.

The net expression for the autocorrelation function
was obtained by averaging the partial functions (24) over
all the lines | =1+

i K (Am)

K?®(am)=-= (25)

n
To qualitatively characterize the autocorrelation de-

pendences K ®(Am), we chose the “correlation area” S®

s® - j K (Am)dm (26)

A CCD

7 8 9 10 11

Fig. 2. Optical setup for measurements: 1 — He-Ne laser; 2 — collimator; 3, 5, 8 — quarter-wave plates; 4, 9 — polarizer and
analyzer; 6 — object; 7 — micro-objective (x4); 10 — CCD camera; 11 — personal computer.
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The fractal analysis of ®(mxn) distributions was
based on calculations of the logarithmic dependences
log J(®)-log d™! for power spectra J(®)

+00
J(®)= J.(Dcos 2nvdv, 27
where v=d™' are the spatial frequencies that are
determined by geometrical dimensions d of structural
elements in the skin layer.

The log J(®)—logd ™"
approximated using the least squares method to the
curves V(n), straight parts of which enabled us to

dependences were

determine the slope angles 77 and corresponding fractal

dimensionalities F® [6, 7]

F®=3-tgn. (28)
Classification of the coordinate distributions

d(mxn) was performed in accord with the following

criteria [23]:
e ®(mxn) is fractal or self-similar when the slope
angle is constant m=const within the limits of 2 or 3

decades in changing the dimensions d ;
e O(mxn) are multi-fractal when several slope

angles of V(n) are available;

e O(mxn) is random when no stable slope angles
of V(n) are available over the whole range of changing
dimensions d .

All the distributions logJ(®)—logd™ were
characterized with the dispersion
RES) i
D" =_|— > |logd(®)-logd™ | . 31
N .Z:; gJ(®)-log (31)

6. Statistical, correlation and fractal parameters
of coordinate distributionsfor the degree of local
depolarization of laser field light scattered by skin
layersin different physiological states

Shown in Fig. 3 are laser images of histological sections
inherent to healthy (fragment (a)) and oncologically
changed (fragment (b)) rat skin obtained for crossed

transmission planes (®:900) of the polarizer 4 and
analyzer 9 (Fig. 2).

Our choice of the studied objects was stipulated
both with fundamental and applied reasons.

From the fundamental viewpoint, the sample of
skin with rough surface is a classical example of
multilayer biological tissue providing simultaneous
manifestation of various mechanisms (both bulk (1), (2)
and surface (3)) in the scattering of coherent radiation,
and one can observe polarization-inhomogeneous field.

From the applied viewpoint, the samples of rat skin
allows to experimentally create oncological states and,
therefore, can be efficiently used in optimization of
correlation-phase laser diagnostics of pathological
changes.

Our analysis of laser images corresponding to the
skin of both types enabled us to reveal their phase-
inhomogeneous structure (relations (6), (8) — (16)) that
can be visualized with crossed polarizer and analyzer. In
the case of pathologically changed skin (Fig. 3, fragment
(b)), there observed is a higher level of blooming. This
fact can be explained by growth of birefringence in
newly created collagen fibrils [5, 8, 10, 14, 17, 24, 25,
31] as well as increasing phase modulation

(62{3“1) <—>8(;ynax)) in the points of scattered radiation

field. Quantitatively, these mechanisms of coherent
radiation conversion are characterized by the value and
range of DLD changes (relation (19)) in laser images of
rat skin in different physiological states (Fig. 4).

From the obtained laser images of histological
sections prepared from the skin of both types, it is seen
that these are characterized with the widest (0<® <1)
range of DLD changes. At the same time, the coordinate
structure of ®(mxn) distributions is rather complex and
individual both for healthy (fragment (a)) and

oncologically changed (fragment (b)) skin.

(a) ()
Fig. 3. Laser images of histological sections inherent to healthy
(a) and oncologically changed (carcinoma) (b) rat skin.

yum  NGD X, y,um :
0 p 0
(a) ]

Fig. 4. Coordinate distributions ®(mxn) of laser images for
healthy (fragment (a)) and oncologically changed (fragment
(b)) skin.
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Fig. 5. Coordinate (fragments (a), (b)), correlation (fragments (c), (d)) and fractal (fragments (e), (f)) structures of the
sampling ®(mxn) = 1 of two-dimensional DLD distributions in laser images of histological sections of healthy rat (fragments
(a), (¢), (e)) and that sick of cancer (fragments (b), (d), (f)). See explanations in the text.

To determine statistical (relation (23)), correlation
(relations (24)) and fractal (relations (26) — (28))
parameters of coordinate DLD distributions sensitive to
changes in the structure of laser images, we used the
following method of information selection. From the
whole ®(mxn)set, we chose characteristic or extreme
values:

e “minimal” (®,;, =0) that correspond to absence
of phase modulation (8,,= 0, relation (15)) of orthogonal
components inherent to the laser wave amplitude. From
the physical viewpoint, this sampling corresponds to
mechanisms of radiation transformation (extinction) by
the optically isotropic skin component;

e “mean” (® =0.5) that correspond to the phase
shifts (S:%) formed by the network of collagen
fibrils with the

d ~ 75um, and the birefringence index An= 1.5x1073.
This sampling of DLD values is characteristic both to

averaged statistical dimensions

the healthy and pathologically changed optically
anisotropic component of skin derma [14, 17, 30];
e “maximal” (®,,, =1) that correspond

extreme phase shifts (8, :%). In our opinion, this

to

level of phase modulation is more probable for some
sub-ensemble of “newly-created” skin derma fibrils in
the process of carcinoma formation.

Within  the limits of  every

(1 o X N )(kzl’ 2 = Mof  two-dimensional

CD(mx n) by scanning along the horizontal direction

column
array

x=1, .., mwith the step AX=1pix, we calculated the
amount ( N ) of values @, , — (Nr(lll(lzl ); O, - (N(k))
k
and (Dmax s ( Nr(na)x )
Thus, we  determined the  dependences
N,..X)=(N_.", N7 .. N_.™:;
N()=(RO, RO, ., N and
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Fig. 6. Coordinate (fragments (a), (b)), correlation (fragments (c), (d)) and fractal (fragments (e), (f)) structures of the
sampling ®(mxn) = 0.5 for two-dimensional DLD distributions corresponding to laser images of histological sections taken
from healthy rat (fragments (a), (c), (€)) and that sick with cancer (fragments (b), (d), (f)). See explanations in the text.

(2)

B

Nmax(X)E (Nmax(l) Nmax(m)) Of the

amount of extreme DLD values within the limits of a
laser image for a skin histological section.
Shown in Fig.5 to Fig. 7 are (I)min(mx n)

N

max ceey

samplings (Fig. 5, fragments (a), (b)); (T)(mx n) (Fig. 6,
fragments (a), (b)); D ax (mx n) (Fig. 7, fragments (a),
(®)); Kimin (AX)’ K(AX) >
K nax (AX) (fragments (c), (d)) as well as logarithmic
10g Npyin, N, N

autocorrelation functions

-1
max —logd™  for power

Nmin(x): N(X), Nmax(x)
(fragments (e), (f)), which characterize the coordinate
DLD structure of laser images inherent to skin
histological sections of healthy rat (left columns) and
that sick of cancer (right columns).

Our comparative analysis of the set of statistical,
correlation and fractal parameters characterizing the

distributions N,;, (x), N(X), Njax (X) enabled us to
reveal:

dependences

spectra of distributions

e tendency to growth of the amount of extreme

values @ .. in the coordinate DLD distribution of laser
images corresponding to the layer of skin with
carcinoma (Figs 5 to 7, fragments (a) and (b));

e sequential (N, (X)—) N(X) mm( )) and

more fast decrease in the correlation area of
autocorrelation functions K(Ax) characterizing the
coordinate structure of extreme sampling for DLD of
laser images corresponding to the histological section of
healthy skin as compared with the respective parameter
obtained for the samples of pathologically changed skin
(Figs 5 to 7, fragments (c) and (d));
o transformation of fractal distributions Nmax( )

Iq(x) (Figs 5 and 6, fragments (e), (f)) to the statistical

one (Fig. 7, fragment (e)) obtained for the sampling
®(mxn)=0.

The obtained results can be related with growth
of the concentration inherent to collagen proteins that
form the fibrilar network (Fig. 3, fragment (b)) in the rat
skin with carcinoma. This biochemical process results in
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Fig. 7. Coordinate (fragments (a), (b)), correlation (fragments (c), (d)) and fractal (fragments (), (f)) structures of the sampling
d(mxn) = 0 for two-dimensional DLD distributions corresponding to laser images of histological sections taken from healthy
rat (fragments (a), (c), (e)) and that sick with cancer (fragments (b), (d), (f)). See explanations in the text.

increasing optical anisotropy of the subsurface derma
layer as well as in respective growth of the probability for
extreme values CD(mx n): 0 (relations (15) - (19)) in the
coordinate DLD  distribution of laser images
corresponding to samples of pathologically changed skin.

In the case of healthy skin samples, the
probability and, consequently, amount of these DLD
values are significantly less. Using this basis, one can

explain the lower values of correlation area s® (Fig. 7,
fragments (c) and (d)) as well as absence of any stable
slope of the approximating curve to the logarithmic

dependence log J(Nmm)— logd_1 (Fig. 7, fragments (e)
and (f)).

From the quantitative viewpoint, the dependences
Nmin (X) 5 N(X) s Nmax (X) statistical
Z’ ., corelation S® F®, D®

parameters determined within the limits of two groups
for skin samples (Table 1).

characterize

and fractal

The comparative analysis of the obtained data has
shown that diagnostically sensitive to the oncological
State are:

o statistical moments Ziqz)l—4(Nmin) of Nmin (X)
distributions for the amount of extreme values
®(mxn)=1, differences between them reach 2 to 3
times;

e correlation area S® for autocorrelation functions
K(AX) andK . (AX), differences between them reach
2 and 5 times;

o Ny (X) distribution
corresponding to histological sections of a healthy rat

and that sick of cancer are, respectively, random and
self-similar;

for laser images

e dispersion D?® of the logarithmic dependences
log J(Nmin)—logd_1 in the case of pathological
changes is 2-fold decreased.
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Table 1. Statistical Z;>; 4, correlation S® and fractal F®, D® parameters for the distributions Npa(X), N(x), Npmin(X)
of the amount of extreme values ®(mxn) in laser images of skin histological sections

NGO N0 (%) N9
Norm Cancer Norm Cancer Norm Cancer (= 19)
@=21) Q=19 @=21) Q=19 @=21)

z® 0.51+0.063 | 0.47+0.052 0.31+0.034 0.42+ 0.045 0.09+ 0.001 0.24 1+ 0.035
z® 0.14+0.021 | 0.16+0.019 0.19+0.023 0.15%0.018 0.43+0.031 0.17+0.019
Z;D 0.28+0.034 0.33+0.038 0.58+0.067 0.47 1 0.065 1.65F0.17 0.72 1 0.081
Z;lb 0.41+0.063 0.54+0.067 0.77+0.081 0.63 1t 0072 2111032 0.82 1 0.091
s® 0.25+0.023 0.2140.021 0.18+0.013 0.09t 0.007 0.11t0.013 0.02t 0.001
D® 0.18+0.014 | 0.17+0.018 0.32+0,034 0.19+ 0.025 0.48 1+ 0.047 0.21 1+ 0.035
= 1.98+0.016 1.93£0.07 2.17+0.05 20310021 - 223+ 0.031

7. Conclusions

Demonstrated in this work is the possibility to use the
parameter of degree of local depolarization for
describing the processes of the multiple scattering of
laser radiation by optically anisotropic biological tissues.
Offered is a model approach to the analysis of
correlation-phase structure formation in the field of laser
radiation scattered by a birefringent skin layer with
rough surface. Developed and tested is the experimental
method for measuring the coordinate DLD distributions
in laser images of rat skin histological sections. Being
based on it, the authors have determined and grounded
the set of statistical, correlation and fractal criteria for
diagnostics of skin cancer.
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