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Abstract. Given in this paper are theoretical basics for correlation-phase analysis of laser
images inherent to human blood plasma. Also presented are comparative results of
measurements aimed at coordinate distributions of the module of complex degree of
coherency (CDC) and complex degree of mutual polarization (CDMP) of laser images
describing blood plasma of a healthy person as well as of a patient with prostate cancer
of the first stage. The authors investigated both values and ranges of changing the
statistical (moments of the first to fourth orders), correlation (coefficients of the Gramm-
Charlie expansion for autocorrelation functions) and fractal (slopes and dispersion of
extremes for logarithmic dependences of power spectra) parameters for coordinate
distributions CDC and CDMP. Determined are objective criteria for diagnostics of cancer

changes in blood plasma of a patient with cancer.
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1. Introduction

Among the diversity of directions for optical diagnostics
of biological objects, polarization methods are a most
popular [1 — 39]. The latter are based on such
fundamental conceptions as “matrix of coherency” and
“degree of polarization” that describe the field of
scattered radiation [1, 2]. These parameters characterize
correlation similarity of orthogonal components
Ex(r),Ey(r) of electromagnetic wave amplitudes in

separate points of optical field with coordinates (r) [3].

In this sense, these analytical approaches will be
considered as the “one-point” ones. They serve as a base
for development of methods providing polarization
mapping biological tissues (BT) and diagnostics of their
pathological changes in structure (e.g., cancer of
women’s reproductive organs) [13 — 15].

Wide application of modern laser technique in
investigations of BT structures stimulates development
of essentially new approaches to analysis and description
of polarization-inhomogeneous fields of scattered
coherent radiation. One-point methods got their

development in a more general “two-point” approach
based on the analysis aimed at the degree of coherency
between polarization states of adjacent (r;,r; +Ar)

points in the field of scattered radiation [4-11]. From the
quantitative viewpoint, this correlation may be
characterized with the value of module for complex
degree of mutual polarization (CDMP) V(r;,r, +Ar)

[12]. In the works {13, 29], based on CDMP developed
was the method of polarization-correlation mapping
(PCM) for an optically-anisotropic BT structure. It was
based on the analysis of coordinate distributions
V(rl, r + Ar). As a result, the authors realized not only

diagnostics, but also differentiation of severity inherent
to oncological changes (precancer — cancer of the first to
fourth stages) in tissues of woman’s reproductive sphere
[18].

On the other hand, there is a wide circle of weakly
anisotropic biological liquids (BL) taken from a human
organism, which are considerably more accessible as
compared with BT samples that need a traumatic biopsy
operation. From the physical viewpoint, BL are matter
with a weak polarization modulation of laser radiation
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[33, 35, 37]. Thereof, the task of wusing phase
information contained in the field of radiation scattered
by BL is topical.

Our work is aimed at development and testing the
two-point correlation-phase method in investigations of
blood plasma in order to provide early diagnostics of
oncological changes in human organs (e.g., prostate).

2. Model conceptions

As a basis for the analysis of phase structure inherent to
the field of laser radiation transformed by blood plasma,
we used the following model [13, 17, 18, 21, 22, 25, 28,
32,33, 35]:

- blood plasma is considered as a two-component
isotropic-anisotropic structure;

- optically isotropic component is the fraction
consisting of optically single-axis birefringent crystals of
albumin and globulin amino acids;

- phase properties of these biological crystals are
characterized with the Jones matrix

o)-

where

dll d12

, &)
dy doyp

d;; = cos? p(r)+ sin? p(r)exp(— i3(r));

dic(r,p,8) = { i = dyy = cosp(r )sinp(r N1 - exp(~i5(r)))
d,, = sin? p(r)+cos? p(r Jexp(—id(r ))

)

Here, p is the direction of the optical axis;

6=2“kAnd - phase shift between orthogonal

components of the amplitude; A — wavelength; d-—
geometric distance; An - birefringency coefficient.

3. Brief theory of the correlation-phase method

As a basis for “two-point” correlation-phase method
providing investigation of blood plasma, we used the
conception of CDC for points of its laser image. The
parameter p(r;,r,) below characterizes correlation

between orthogonal components (E,,E,) of the

amplitude of laser field in two points with coordinates I,

and I,

TrﬁNo(l’l,rz)W(rl’rz))} 3)

r,r,)=
H12) [TrW(rl,rl)-TrW(rz,rz)

Here W(ry,r,) is the transverse spectral density
matrix of the following form

B (1)Ex(2) E;(n)Ey(rz)] @

W(rl’m:L;(n)Ex«z) By ()Ey(r2)

where Wo(rl,rz) is the Hermitian conjugate matrix to
W(ry,1,); Tr - spur of the matrix.

Let us write the expression (3) for laser field
transformed by a biological crystal (relations (1) and (2))
in two its arbitrary points. In this case, the transverse
spectral matrix (relation (4)) for the density of this field
takes a look

Wou (F1.12)= D (1) Wiy (11, 15) - D(13) - )
Here D(r;) and D(r,) are Jones matrixes for the

biological crystal in the points I, and r, ; W, (X, X,) -

transverse spectral density matrix for the probing laser
beam

Ex(MEx(r) Ex(n)Ey(ry)
E;(rl)Ex (r2) E;(ﬁ JEy(ry)

With account of the expressions (1) to (6), the
expression p(r,r,) takes the following look

VVin(rbrz):[ (6)

1
r,h)= .
Hlrrs) \/(a+ ib)(cos® Apy, +sin® Apy, exp(—i - 2A8,,))

Q)

Here, Apjy = p(ry)—p(r2), A8y, =8(r)-8(r),
and (a+ib) is the coefficient of proportionality.

The expression (7) shows a simultaneous
dependence of the CDC value for blood plasma image
both on the orientation (Ap) and phase (Ad) structure

of its polycrystalline network. To eliminate this
ambiguity one can using laser probing beam with
circular polarization. In this case, Exp. (7) is transformed
into the only phase dependence

1
Hnre)= \/(exp(—i2A812)+1) . N

In what follows (without losses in completeness of
analysis), let us confine ourselves by taking into account
the CDC module |H(l’1, rzx

|u(ry,ry ) = 0.5(1+cos 248, ). 9)

Thus, to determine the value of CDC module we
need information about the difference between phase
shifts 8(r,)—5(r, ) inherent to orthogonal components of

amplitudes Ex(rl ), Ey(rl ) and Ex(rz ), Ey(rZ) in the
points with coordinates I, 1, .

To obtain this information, let us consider the
process of formation of the laser image
(Ey — E(r = X, y)) for the layer of blood plasma

({D(r)}) that is placed between two phase filters —
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1}, {®,}) and polarizers ({P},
{P2 }), transmission planes of which make +45° and

quarter-wave plates ({CD

—45 ° angles with directions of maximum velocity axes.
This optical arrangement provides two functions
simultaneously:
- formation of the circular-polarized

beam Ej = {®, {P JE, that probes blood plasma;

- direct measurement of values for the phase
shift & between orthogonal components of the laser

wave amplitudes E(EX,Ey) in the points with

laser

coordinates f .
Let us consider this phase-metric process in detail.
The amplitude E(r) in every point of polarization-

filtered laser image describing blood plasma can be
represented with the following matrix equation

E(r)=025{P, }i@, {D(r i@, f{R JEo

Here

3 @ﬁexd-.aoﬂ’ - [EX((:;exa—la »J

1 1
i § e ) -
(1)

In a particular case of linearly-polarized laser

(10)

1
radiation (E, = [J) , Eq. (10) takes a look

e, 4

coép(r)+sm p(r)exl{—léi(r)] cosp(r)smp(r){l ex;{—lS(r)]}J
cosp(r sinp(r f{l —exg—id(r)]} sin® p(r)+cos’ pl(r)expf-id(r)

it

Solution of the matrix equation (12) is values of
complex amplitudes E(r) that are exclusively

determined by the phase shift 8(r) and do not depend on

the orientation of the optical axis p(r) inherent to a
biological crystal.

o it e

Thus, the intensity I(r) of every point in the

polarization-filtered laser image of blood plasma layer is
defined as

15(r) = E()E(r) =1, sinz[?’(r%]

Here, |, =1 is the intensity of a laser beam that

(13)

probes blood plasma. It is clear that the value of phase
shift S(r) can be determined using a direct measurement

of the intensity | ﬁ(r) in the given point (r) of the laser

image

8(r):2arcsin,ll5iri. (14)

Using the relations (10) to (14), one can obtain the
expression for the algorithm providing determination of
the CDC module describing the laser image of blood
plasma in the points r and r,

|u(r1 I l = 0.5(1 +cos 2(arccosm —arccos m))_]

15)

4. M ethod to measur e the coor dinate distribution
of the CDC module over the points of a laser image

Shown in Fig. 1 is the optical scheme to measure
coordinate distribution of the CDC module for laser
images of blood plasma [13, 32].

[llumination of blood plasma layers (smears) was

performed using a parallel beam (©@=10" pm) from a
He-Ne laser 1 (A = 0.6328 um). The transmission plane
of the polarizer 4 and the axis of the maximum velocity

in the quarter-wave plate 5 made the angle ® =45°.
The image of blood plasma samples 6 was projected
using the micro-objective 7 into the plane of a light-
sensitive area (I =mxn=_800 pixx 600 piX) of
CCD camera 10.

The transmission plane of the analyzer 9 was
oriented at the angle ® =—45° relatively to the axis of
the maximum velocity in the quarter-wave plate 8§,
which provided formation of conditions for phase
filtration (relations (10) to (14)) for the laser image of a
blood plasma sample.

The CCD camera 10 provided measurements of
discrete two-dimensional (mxn) distributions for the

intensity 15(mxn). Then, calculated in accord with

6 7 8 9 10 11

Fig. 1. Optical scheme for measurements. 1 - He-Ne laser; 2 — collimator; 3, 5, 8 — quarter-wave plates; 4, 9 — polarizer and
analyzer, respectively; 6 — object; 7 — micro-objective (x4); 10 — CCD camera; 11 — personal computer.
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(14) were coordinate distributions &(mxn) scanned
with the step Ar=1pix along the lines
f N +Ar O
\ \
- - - - of the two-dimensional
2 \2
M T AT o T
Misefm
array g ..........
Mis--Fnm

Using the relation (15), for every pair of the points
(T M + Ar) in the polarization-filtered laser image of

blood plasma, we determined the value of CDC
module ].,l(rik, ik + Ar) .

As a result, we obtained the coordinate distribution

(r”;r” +Ar) (rmHormH +Ar)
u that, in what

("ot oy +AT) (1> Fmet + AF)
follows, we shall name as the correlation-phase map
(CPM) for the blood plasma image.

5. Algorithmsfor the complex statistical,
correlation and fractal analysis of CPM

To objectively estimate the distributions
u(x=1+m-1,y=1+n) for blood plasma laser images,
we used the complex statistical, correlation and fractal
analysis of their coordinate structure. The set of

statistical moments of the first to fourth orders ZJ”:] 234

was calculated using the following relations [14, 15, 34,
35, 39]

, N

N 1

1 [T 2

zy :WZ:,\M\’ Z, = W;“i ’
1= =

ZHh _ 1 iikﬁ ZH _ 1 iiu.“ (16)
D fNET T P NET

Here, N is the amount of pixels in the digital
camera.

The correlation analysis of CPM is based on the
autocorrelation method with using the function [27, 30,
35]

(o)~ 1 L[ amfam. 17

Here, (Am =1pi X) is the “step” for changing
coordinates (Xx=1+m) of CDC distribution for the
separate 1 - th line of pixels in the digital camera.

The net expression for the autocorrelation function
was obtained using averaging the partial functions

(expression (17)) over all the lines | =1+n

i K{*(am)

K“(Am)Zi:lT (18)

To quantitatively characterize the autocorrelation

dependences K*(Am), we chose:

e ‘“correlation area” S*

Sk = j K* (Am)dm (19)
1

e “correlation moment” QY that defines the

excess for Gramm-Charlie expansion

(20)

The fractal analysis of p(mx n) distributions was
based on calculations of logarithmic dependences
logJ (p)— logd ! for power spectra J (u)

+00

J(u)= J. pcos2nvdy,

—00

e2y)

where v=d 'are the spatial frequencies that are

determined by geometrical sizes (d) of structural
elements in laser images inherent to blood plasma layer.
Using the least squares method, the dependences

logJ (p.) —logd “were approximated to the curves
V(n), the straight parts of which provided determination

of the slope angles 77 and fractal dimensions F*[34]

corresponding to them

F* =3-tgn. (22)
Classification of the coordinate distributions

p(mxn) was performed in accord with the following

criteria [13-15]:

e fractal or self-similar, when the slope is constant
(n = const ) within the limits of 2 or 3 decades for

changing sizes d ;

. w(mxn) - multi-fractal, when there are several
slope angles V(T]);

. p(mxn) - random, when any stable slope angles
V(n) are absent over the whole interval of
changing the sizes d .

All  the
characterized with the dispersion

distributions  log J(1)—logd ™" were
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(23)

- \/ﬁi[log\l(u)—k)gdl ].2 :

6. Diagnostic efficiency of the PCM and CPM
methods for laser images of human blood plasma of
patientsin different physiological state

Summarized in this Chapter are the data of comparative
investigation aimed at the structure of blood plasma by
using the methods of polarization-correlation [27, 30, 35,
38] and correlation-phase [36] mapping its laser images.
We investigated blood plasma samples (Fig. 2)
taken from two group of patients — healthy (group 1 -
g=27) and those with prostate cancer (group 2 -

q=25).

Our technique of sample preparation involved
uniform applying the blood plasma smear on optically
homogeneous glass with the following drying it at room
temperature for 24 hours. As a result, we obtained
optically-thin (extinction coefficientt < 0.1) layers with
the geometrical thickness of 7 to 10 pm.

Summarized in Fig. 3 is the series of coordinate
distributions for the CDMP module (fragments (1), (2))
and CPM (fragments (3), (4)); histograms H(V)

(fragments (5), (6)) and H (,u) (fragments (7), (8));
autocorrelation functions K (Am) (fragments (9), (10))
and K# (Am) (fragments (11), (12)), as well as
logarithmic dependences log Jv —logd_1 (fragments
(13), (14)) and log J# —logd_1 (fragments (15), (16))
that characterize polarization-correlation V(m>< n) and

correlation-phase ,u(mx n) maps of laser images

corresponding to blood plasma layers of a healthy
patient (fragments (1), (3), (5), (7), (9), (11), (13), (15))
and that with prostate cancer (fragments (2), (4), (6), (8),
(10), (12), (14), (16)).

Our comparative analysis of this set of
experimental data on statistical, correlation and fractal
structures of PCM (Fig. 3, fragments (1), (2), (5), (6),
(9), (10), (13), (14)) for laser images of blood plasma in
both groups (Fig. 2) shows:

1. The histograms H(V) (fragments (5), (6)) of

distributions for the CDMP value Vin the
corresponding PCM  (fragments (1), (2)) are
dependences with the clearly pronounced extreme
(V =1). This fact is indicative of a high degree of
polarization homogeneity in blood plasma laser images.
From the physical viewpoint, it can be explained by
weakly pronounced polarization modulation of laser
radiation, which could be provided by protein
polycrystalline networks in blood plasma. As follows
from relations (1) and (2), at low values
6=0.07...0.15 rad the values of elements in the Jones

matrix tend to their limiting meanings d;;,, —>1,
dip21 — 0. In other words, the coordinate distribution

of polarization states in a blood plasma laser image is
close to polarization of the probing beam.

m) of CDMP
coordinate distributions V(mx n) decay in a smooth and

2. Autocorrelation functions K" (A

monotonic manner (fragments (9), (10)), which is also
indicative of polarization homogeneity in blood plasma
laser images of both groups.

3. Correlation consistency of coordinate
distributions V(mxn) is reflected in their fractal

structure. As seen, approximating curves to logarithmic

dependences logJV —logdf1 possess one stable slope

angle (fragments (13), (14)) over the whole range of
changing the geometrical sizesd .

Quantitatively, the PCM of laser images inherent to
blood plasma of healthy patients and those with cancer

have been illustrated with statistical ( Zi\i 1_4 )» correlation

(SV , QV ) and fractal ( FV, pv ) parameters (Table 1).

The comparative analysis of the obtained data set
(Table 1) did not reveal any reliable criteria for
differentiation of blood plasma laser images for both
groups. As can be seen, the values and ranges for
changing the statistical, correlation and fractal parameters
that characterize coordinate CDMP distributions are
“overlapped” (see fragments (5) and (6)).

f’u
""ir r"r.r*

Fig. 2. Laser images (® = 90°) of protein polycrystalline
networks inherent to blood plasma. Explanations are given in
the text.
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Fig. 3. Coordinate, statistical, correlation and fractal structures of PCM and CPM of human blood plasma for patients in

different physiological states. Explanations are given in the text.

As to its diagnostic performance, the method of
correlation-phase mapping is more sensitive to changes
in the structure of polycrystalline network in human
blood plasma taken from the patient with prostate
cancer. Statistically, these differences can be observed in
transformation of CDC distributions (Fig. 3, fragments
(3) and (4)) of corresponding laser images.

The histograms H(u) are characterized with

availability of local extremes in a wider range of
changes in this correlation-phase parameter (fragments
(7), (8)). This fact indicates growth in phase modulation,
which is typical for blood plasma images in the group 2.
The analysis of Exp. (15) shows that, even for low

values of phase shifts 3 = 0.07...0.15 rad, the CDC value
undergoes significant changes within the range

0.65<u<0.98. Autocorrelation functions K*(Am) of
coordinate distributions p(mx n) sharply drop (fragment
(12)), which is also indicative of phase inhomogeneity in
laser images describing blood plasma of patients with
cancer.

The most pronounced is the change in coordinate
structure of p(mxn) distributions, which is caused by
pathological changes and is reflected in its

transformation from a fractal type (fragment (15)) to the
random one (fragment (16)).
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Table 1. Statistical (Zi\i1_4), correlation (SV, QV) and fractal (FV, DV) parameters of polarization-correlation

maps for laser images of blood plasma

Parameters z) zy Z;l z} sv QY FY DY
G | 0.97 0.05 0.08 0,73 0.26 0.21 242 0.18
e + + + + + + + +

(27 samples)
0.02 0.007 0.009 0.87 0.011 0.032 0.011 0.021
G By 0.96 0.06 0.1 0.67 0.24 0.27 2.49 0.23
P + + + + + + + +
(25 samples)
0.01 0.008 0.017 0.075 0.013 0.036 0.012 0.027

Table 2. Statistical (Z/
blood plasma laser images

_i_4 ), COrrelation (SV , QV) and fractal (FV , DV ) parameters of correlation-phase maps for

Parameters z! zy zy zy st Q* FH D*
G | 0.91 0.07 0.09 0.27 0.24 0.23 1.952 0.21
o + + + + + + + +

(27 samples)
0.009 0.009 0.011 0.031 0.01 0.032 0.014 0.026
G ) 0.79 0.15 0.325 1.39 0.17 0.86 0.28
(2r501slarl)m les) 1 + + + + * ) +
P 0.08 0.018 0.017 0,017 0.012 0.091 0.036

From the physical viewpoint, these changes in
CPM of blood plasma laser images for the group 2 can
be related with growth of birefringence in
polycrystalline networks due to increasing the
concentration of albumin and globulin proteins. The
mentioned biochemical process causes growth of the
phase modulation §(mxn) of laser radiation.
Statistically, this effect manifests itself as spreading the
range of changes in the value of CDC module as well as
in lowering the correlation consistency of various CPM
points and formation of the random distribution u(mx n).
Quantitatively, CPM of laser images corresponding to
blood plasma of patients both healthy and with cancer

are illustrated using the statistical (Z}L,_,), correlation

(SV , QV ) and fractal ( = , DV ) parameters (Table 2).

7. Conclusions

The obtained results of studying the statistical,
correlation and fractal structures of correlation-phase
maps corresponding to blood plasma laser images for
both groups enabled us to formulate the following
objective criteria for their differentiation:

1. The values of statistical moments of the third
and fourth orders, which characterize p(mxn)

distributions of laser images for the group 2 samples, are
345 and 4.17 times higher than the analogous

parameters Z}', Z}' of blood plasma in the group 1.

2. The wvalues of correlation area S" and
correlation moments QM differ 1.4 and 3.6 times,

respectively, for both groups of blood plasma.

3. The fractal u(mx n) distribution of laser

images for samples of blood plasma in the group 1 is
transformed into the random one for the samples from
the group 2..

Thus, we have determined the set of objective
criteria, using which one can differentiate coordinate
distributions of the module of complex degree of
coherency for laser images of human blood plasma.
Also, we have demonstrated the diagnostic sensitivity of
the offered method to pathologic states observed in
patients with cancer.
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