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Abstract—We present a theoretical formalism of correlation phase analysis of laser images of human blood
plasma with spatial-frequency selection of manifestations of mechanisms of linear and circular birefringence
of albumin and globulin polycrystalline networks. Comparative results of the measurement of coordinate dis-
tributions of the correlation parameter—the modulus of the degree of local correlation of amplitudes—of
laser images of blood plasma taken from patients of three groups—healthy patients (donors), rheumatoid-
arthritis patients, and breast-cancer patients—are presented. We investigate values and ranges of change of
statistical (the first to fourth statistical moments), correlation (excess of autocorrelation functions), and frac-
tal (slopes of approximating curves and dispersion of extrema of logarithmic dependences of power spectra)
parameters of coordinate distributions of the degree of local correlation of amplitudes. Objective criteria for
diagnostics of occurrence and differentiation of inflammatory and oncological states are determined.

DOI: 10.1134/50030400X13100184

INTRODUCTION

Among the various areas of optical diagnostics of
biological objects [1—12], an independent area—Ilaser
polarimetry of distributions of the azimuth and ellip-
ticity of polarization of images of polycrystalline struc-
tures of human tissues and liquids—has been singled
out [13—17]. A generalization of this approach
became a new “two-point” analysis of the polarization
structure of these fields. This direction, which was
proposed and developed in a series of theoretical [18—
21] and applied [22—24] investigations, is based on the
use of new correlation parameters for the description
of mutual relations between coordinate structures of
optically anisotropic protein networks (complex
degree of mutual anisotropy (CDMA)) and their
polarization inhomogeneous laser images (complex
degree of mutual polarization (CDMP)). At the same
time, the theoretical ground that was used of polariza-
tion correlometry, which is based on the approxima-
tion of only linear birefringence of biological layers
[25—29], should also take into account other mecha-
nisms of anisotropy (optical activity, dichroism). In
addition, it is important to develop methods for pro-
cessing images of biological objects with a weak optical
anisotropy. In this case, polarization modulation is
insignificant and extraction of phase information
proves to be important. One of the parameters that can
be used to analyze these images is the degree of local
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correlation of amplitudes (DLCA), which was intro-
duced for the first time in theoretical investigations
[19, 20].

The objective of this work is to develop and test a
method for the selection of distributions of the param-
eter DLCA of'laser images of blood-plasma films using
coordinated polarization—phase and Fourier filtration
for diagnostics of changes in their polycrystalline
structure caused by inflammatory and oncological
changes in human organs.

BRIEF THEORY OF THE METHOD

Traditionally, structures of histological sections of
biological tissues and films of biological liquids are
studied by visual-microscopy methods. There are var-
ious methods for increasing contrast and selecting
microscopic images. Among them, one can single out
structural (dark-field method) and phase (phase-con-
trast method) techniques. Using the dark-field
method [30, 31], one cannot determine variations in
the refractive index of visualized structural elements.
This information can be provided by the phase-con-
trast method [32, 33]. In the obtained image of a bio-
logical specimen, the intensity distribution reproduces
the phase relief. At the same time, this approach can-
not distinguish between different mechanisms of
phase anisotropy—Ilinear birefringence and optical
activity of elements of the biological layer.
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Let us consider the possibility of selection of these
mechanisms using a complex polarization—phase and
spatial-frequency analyses of microscopic images.

As a basis for analysis of the formation of a laser-
radiation field, we will use the model of optically
anisotropic albumin and globulin networks that was
proposed in [29, 34—37].

{D} =

[sinpcosp(1l — exp(—id))] [coszp + sinzpexp(—iS)]

Here, p is the angle between the plane of incidence of
the radiation and the direction of the optical axis of
crystals (fibrils) in the plane of the specimen; 6 =
(2mt/A)Anl is the magnitude of the phase shift between
the orthogonal components of the laser-radiation field
with the wavelength A, which traveled along geometric
path / through the biological crystal with the birefrin-
gence An; and 0 is the angle of rotation of the plane of
polarization of the laser wave.

The two-point correlation—phase method of inves-
tigation of the polycrystalline structure of blood-
plasma films is based on the notion of the degree of
local correlation of amplitudes (DLCA) [20].

In the general case, this parameter, which is
denoted as p(r,r,), characterizes the mutual correla-
tion between the orthogonal components of the ampli-
tude (£, E) of the laser field at two points with coor-
dinates r, and r,,

ey)

Te(W (riy 1) W, m))}

wir,r) = [TrW(rl,rl)TrW(rz, r)

Here, W(r,r,) is the transversally spectral density
matrix of the following form:

EX)E,(ry) Ef(n)Eym)}, o

W(rl > 1 2) = = =
Ey(WE(r) E,(NE, (1)

where Wo(rl,rz) is the matrix that is Hermitian conju-

gate to W(r, r,) and Tr is the trace of the matrix.

We will write expression (1) for the laser field trans-
formed by the protein crystal at its two arbitrary points.
In this case, the transversally spectral density matrix
(relation (2)) of this field takes the form

Wou(ris 7) = D (r)Win(ri, 1) D(ry). (3)

[sinzp + coszpexp(—iS)] [sinpcosp(1 —exp(—id))]
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Needle-shaped albumin crystals are large-scale
(their length is 50—100 pm) and possess a linear bire-
fringence. Spheroidal optically active crystals are
small-scale (their diameter is 5—20 pum).

The optical anisotropy of these networks is charac-
terized by the Jones matrix

y cosO sin0O

—sin® cosO

Here, D(r) and D(r,) are the Jones matrices of the
crystal at points  and r,, and W, (x,, x,) is the trans-
versally spectral density matrix of the probing laser
beam,

W [E (DE() E} <r1>Ey<rz>}. @

ES(WE(r) ES(RE,(r)

Let us determine the analytical form of the DLCA
for the case of probing of a protein crystal by a plane
polarized laser wave with the azimuth 0,

_(Eox exp (—ipo,) _ [1j
EO - (EOy eXp(_i(pOy)j - EO(O) - 0)

Taking into account the smallness of the birefrin-
gence index and optical activity (An, An*¥ ~ 1073), as
well as small transverse size (/ ~ 5—10 um) of albumin
and globulin, in what follows, we restrict ourselves to
the approximation of a weak anisotropy [38]. In this
case, the values of phase shift & and angle of rotation of
the plane of polarization 0 of the laser wave are rather
small, 6 0 <0.14 rad. Therefore, we can assume

that sind ~ 3, sin 6 ~ 6,. Under these conditions, the
cosd ~ cosH —> 1

orthogonal components
(Ex €Xp (_I(Px)

E, exp(-ip,)
the following relations:

of Jones vector EF =

j of the object wave are determined by

{EX(O) =1-i8cosp(cosp + Bsinp), )

E,(0)=0—-idsinp(cosp + Osinp).
Taking into account relations (4)—(10), the expres-

sion for the DLCA of two points of the laser image of
the blood-plasma film takes the form

L 6)

n(n,n) =\/
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(a +ib)(cos’ Ap,, cos AB,, + sin’ Ap,, sin AB,, exp(—i2Ad,,))’
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Here, Ap,, =p(n)—p(r), A8, =8(r)—-8(r), and
AB,, =0(r) — 6(r,) are the “difference” orientational
and phase structures of the parameter of the polycrys-
talline network at points with coordinates » and r,,
a +ib is the proportionality coefficient.

Analysis of expression (6) reveals that DLCA
depends on both the orientational (Ap) and phase
(A%, A0) structures of the polycrystalline network of
proteins of the blood-plasma film. This ambiguity can
be eliminated by probing with a circularly polarized
beam. In this case, expression (6) is transformed into
the phase dependence alone,

h(r ) = 1 .
(exp(—i2A8,,)sin AB, + cos AD,,)
Below, we will take into account only the modulus
of CKRE the value of which can be measured experi-
mentally,

lu(r,m)| = (1+2A8,,A0,,) " (8)

Therefore, to determine the value of |u(r, 7,)|, it is
necessary to know the difference of the phase shifts
between the orthogonal components of amplitudes
E.(n), E,(n) and E (ry), E,(r,) at the points with
coordinates r; and r,, which are formed both by linear
birefringence 6(r;) — 0(r,) and by optical activity
0(r) — 0(r,) of crystals of proteins of the blood plasma.

Experimentally, this information can be obtained
using the method of polarization—phase filtration [23,
24]. Here, the object ({D}) is placed between two
crossed phase filters, quarter-wave  plates

IR Y
@ﬂ}:mmma}=

1 -1
—1 1
of which make angles of +45° and —45° with the fast
axes. Analytically, the process of this polarization—

phase filtration is described by the matrix equation
E = 0.5{P{®,}{ D}{ D }{ P} E. )

From (9), we obtain the following expression for
the intensity of the transmitted radiation:

I =EE*=(1-0)"5". (10)

As can be seen, the value of the intensity of points
of the polarization filtered (relation (10)) laser image
of the blood-plasma film proves to be functional
1(3,0).

From the medical point of view, for the diagnostics
of the occurrence and differentiation of the type of a
pathological process, independent information on
changes in the concentration of albumin and globulin
is important. To separate the components of linear
birefringence & of large-scale albumin crystals and

) and polarizers

) the transmission planes
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optical activity 0 of small-scale globulin crystals, we
used the method of spatial-frequency Fourier filtra-
tion of distributions of complex amplitudes of the
laser-radiation field [39]. At the expense of a differ-
ence in the modulation periods of Fourier transforms
of these structures in the frequency plane, one can
select them using a vignetting (transparent or opaque)
diaphragm.

Partial distributions of the complex amplitudes

E(8) and E () of the laser image of a blood plasma
layer can be restored using optical realization of the
inverse Fourier transformation. Based on recorded
intensity distributions, using (10), one determines
corresponding phase distributions formed by the lin-
ear birefringence and optical-activity mechanisms,

S(x,y) # V1 (3,x,y), (11)
0(x,y) = J1(6,x,y). (12)

Using relations (10)—(12), we obtain expressions
for the modulus of DLCA for laser images of albumin
and globulin polycrystalline networks filtered in spatial
frequency,

(3,7,m)| = (1+248,,) 7", (13)

(8,7, )| = (1+248,,) " (14)

INVESTIGATION TECHNIQUE
AND ALGORITHMS OF DATA PROCESSING

Experimental investigations of DLCA coordinate
distributions were performed using a Fourier polarim-
eter [40—43] (Fig. 1).

Blood-plasma layers (smears) were illuminated by
a parallel beam with a diameter of 10 mm of He—Ne
laser 7 (A = 0.6328 pum). The transmission plane of
polarizer 4 and the fast axis of quarter-wave plate 5
made angle ® = 45°.

Smears of blood plasma on optically homogeneous
glass 6 were placed in the focal plane of polarization
microobjective 7 (with a numerical aperture of 0.1, a
focal distance of 30 mm, and a magnification of 4x).
In the back focal plane, vignetting diaphragm & was
placed. Polarization microobjective 9 (with a numeri-
cal aperture of 0.1, a focal distance of 30 mm, and a
magnification of 4X) was arranged such that its focus
coincided with the frequency plane of microobjective 7
and realized an inverse Fourier transform of a polar-
ization filtered laser-radiation field. The coordinate
distribution of the intensity of this field was recorded
in the plane of a light-sensitive matrix of CCD camera
12 (mxn = 600x 800 pixels), which was placed at a
focal distance of microobjective 9. CCD camera 12
ensured the measurement range of structural elements
of the restored image of the blood-plasma layer from 2
to 2000 um and made it possible to measure intensity

distributions [s(mxn) and I(mxn). Then, coordi-
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Fig. 1. Optical scheme of a Fourier polarimeter: (/) He—Ne laser, (2) collimator, (3) fixed quarter-wave plate, (5, 10) rotary quar-
ter-wave plates, (4, 11) polarizer and analyzer, (6) biological specimen under investigation, (7, 9) polarization microobjectives,

(&) vignetting diaphragm, (12) CCD camera, and (/3) computer.

nate distributions &(m x n) and 6(mx n) were calcu-

lated, which were scanned with a step of Ar of one
pixel along the rows

ny h+Ar .ony,

J J
e T
J J
Ty Iy +Ar ... 1,

nl nm

For each pair of points (7, , + Ar), using rela-
tions (13) and (14), DLCA moduli p; (7, r; + Ar) and
We (7, 1 + Ar) were determined.

As a result, we found the coordinate distributions

(rsny +AF) oo (Rt i + AF)

“8,9 . ves .
(Fups g + AF) oo (Fumets Famy + AF)
of the images of blood—plasma films.

To objectively determine these distributions, we
used complex statistical correlation and fractal analy-
ses.Set of statistical moments of the first to fourth
orders Z!_, ,;, was calculated from the following rela-
tions [25 28]:

N
z! lzm 7= Ly
i=l

VA 1L 3 Vi

@yNS “ (Zz) Nz“’

Here, N is the number of pixels of the digital cam-
era.Correlation analysis of DLCA distributions is
based on the autocorrelation method using the func-
tion [40]

15)

Kl (am) = tim= [{a(m)] [ (m— Am)] .~ (16)

Here, Am is the step of one pixel with which the coor-
dinates (x = 1-m) of the DLCA distribution for the ith
row of pixels of the digital camera are varied.

OPTICS AND SPECTROSCOPY Vol. 115

The resulting expression for the autocorrelation
function was obtained by averaging of partial functions
over all the rows i = 1-n,

ZK:‘H (Am)

K* (Am) ==
n

7)

To quantitatively characterize autocorrelation
K" (Am), we
moment” Qf , which determines their excess,

dependences used “correlation

(K (am));

e

Fractal analysis [14, 28, 43] of distributions
wmxn) was based on calculation of logarithmic

0= (18)

dependences logJ (p)—logd ! of power spectra J (),

where v =d " are spatial frequencies, which are deter-
mined by geometric dimensions d of structural ele-
ments of the laser image of a blood-plasma layer. All
distributions logJ (n)—log d~' were characterized by
the dispersion

N
1 -172
D" = |=> [logJ (n)—logd ;. (19)
\/ N;[ gJ (1) - logd ]

To classify distributions p(mxn), dependences
logJ (;,t)—loga’*1 were approximated by the least-
squares method by curves V' (n) of the following types:

* w(mxn) —fractal or scale-self-similar if there

was a constant slope angle mn within two to three
decades of variation of dimension d;

* u(m x n)—multifractal if there were several slope
angles n); and

* u(mx n) —random if there were no stable slope
angles 1.

No. 4 2013
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Fig. 2. (a, e, i) Coordinate structure, (b, f, j) histograms N(4), (c, g, k) autocorrelation functions W, and (d, h, 1) logarithmic
dependences of power spectra of DLCA distributions for images of blood-plasma films of patients of (a—d) group 1, (e—h) group 2,

and (i—1) group 3.

EXPERIMENTAL RESULTS
AND DISCUSSION

As the object of investigation, we used three groups
of optically thin (geometric thickness 15—20 pum;
extinction coefficient 1= 0.077-0.084) blood-
plasma layers taken from patients with the following
diagnoses:

» group 1—healthy patients (donors)—23 speci-
mens;

» group 2—rheumatoid-arthritis patients (inflam-
matory process)—22 specimens; and

» group 3—breast-cancer patients—19 speci-
mens.The diagnostic possibilities of complex polariza-
tion—phase and spatial frequency processing of laser
images of blood-plasma films are illustrated by the
dependences presented in Figs. 2—4. Comparative
analysis of histograms (b, f, j), autocorrelation func-
tions (c, g, 1), and logarithmic dependences of power

spectra (d, h, m) of distributions |p(r;, r,)| revealed sig-
nificant differences between the control group and
groups 2 and 3. Statistically, these differences manifest
themselves in transformation of histograms of DLCA
distributions of laser images of plasma films (Figs. 2b,
2f, 2j). As is seen, histograms |u(r,r,)| of images of
blood-plasma films taken from healthy patients are
characterized by localization of the main extremum in

OPTICS AND SPECTROSCOPY Vol. 115 No. 4

the range of maximal values of DLCA. This indicates
that phase fluctuations introduced by the polycrystal-
line network of blood-plasma proteins are rather weak,

as a result of which |u(r, )| — 1.

Pathological states (groups 2 and 3) are character-
ized by an increase in the birefringence of polycrystal-
line networks—first of all, due to an increase in the
concentration of globulin [35]. Therefore, an increase
in the phase modulation leads to a shift of extrema of
histograms (Figs. 2f, 2j) to the range of smaller values

Table 1. Parameters P of statistical, correlation, and self-sim-
ilar structures of coordinate DLCA distributions for laser im-
ages of polycrystalline networks of proteins of blood plasma

P Group 1 Group 2 Group 3
Z 0.85+0.13 0.44 +0.06 0.42 +£0.06
VA 0.16 +£0.02 0.14£0.02 0.13£0.02
Z; 2.77+0.44 1.54 £0.26 1.41+£0.19
Z 1.08£0.15 2.2+0.3 2.42+0.38
0, 0.24+0.04 1.15£0.19 1.38 £0.23
V(n) Fractal Random Random

0.23+£0.03 0.26+0.03 0.28 £0.04

2013
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Fig. 3. (a, e, i) Coordinate structure, (b, f, j) histograms N(4), (c, g, k) autocorrelation functions W, and (d, h, 1) logarithmic

dependences of power spectra of DLCA distributions |u (8,7, 72 )| of points of spatial-frequency filtered laser images of a large-scale
polycrystalline albumin network of blood-plasma layers of patients of (a—d) group 1, (e—h) group 2, and (i—1) group 3.

of DLCA (|u(r, )| = 0.5). In addition, autocorrela-

tion functions K" (Am) of coordinate distributions
u(mxn) (Figs. 2g, 21) decay more rapidly. This fact
also indicates an increase in the phase inhomogeneity
of the laser images of blood-plasma films for rheuma-
toid-arthritis patients (group 2) and breast-cancer
patients (group 3). In addition, random coordinate
distributions p(mxn) are formed. This fact follows
from the absence of a stable slope of approximating
curves ¥ (n) (Figs. 2d, 2h, 21). At the same time, differ-
entiation of the type and degree of severity of the
pathological state (inflammatory process (Figs. 2f—
2h) or cancer (Figs. 2i—21)) is barely possible (Table 1).

Results of the method of spatial-frequency large-
scale Fourier selection of phase laser images of speci-
mens of all the groups are illustrated by the depen-
dences presented in Fig. 3. Comparative analysis of the
set of parameters that characterize coordinate distri-
butions | w(d n,n )| revealed certain differences between
them. Namely, histograms of the distribution of values
of DLCA of the laser images of blood-plasma films
taken from patients of groups 2 and 3 are characterized
by an asymmetric shape with respect to the main
extremum (Figs. 3f, 3j) compared to the similar distri-
bution that was determined for a specimen of blood

OPTICS AND SPECTROSCOPY Vol. 115

plasma taken from a healthy donor (Fig. 3b). In our
opinion, the revealed feature is related to a certain
increase in the concentration not only of globulin, but
also of albumin, in the blood plasma of diseased
patients. As a result of this biochemical process, the
level of linear birefringence and corresponding phase
modulation §(m x n) increase. Therefore, small values
of DLCA become more probable in histograms

|p(6,r1,r2)|. For a more severe pathological process
(cancer), the degree of asymmetry increases (Figs. 3f, 3j).

Dependences of autocorrelation functions of
DLCA distributions for laser images of large-scale
component of polycrystalline networks of blood-
plasma films decrease smoothly and monotonically
(Figs. 3c, 3g, 3k). This fact indicates that the structure
of corresponding coordinate distributions |p1(8, 7,7, )| is
rather homogeneous. In addition, a scale-self-similar
shape of these distributions was revealed; i.e., logarith-
mic dependences of power spectra of distributions
|p(6, n, r2)| are characterized by the same slope angle in
almost the entire range of change of geometric dimen-
sions, from 2 to 1000 um (Figs. 3d, 3h, 31) [15].

Therefore, “asymmetrization” of histograms of
DLCA distributions |u (8,7, )| proved to be the main
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Fig. 4. (a, e, i) Coordinate structure, (b, f, j) histograms N(4), (c, g, k) autocorrelation functions W, and (d, h, 1) logarithmic

dependences of power spectra of DLCA distributions |it (6,7, 7,)| of points of spatial-frequency filtered laser images of a small-
scale polycrystalline globulin network of blood-plasma layers of patients of (a—d) group 1, (e—h) group 2, and (i—1) group 3.

criterion for differentiation of inflammatory and
oncological changes in the human organism.

A different pattern is observed in complex statisti-
cal, correlation, and fractal analyses of spatial-fre-
quency filtered coordinate distributions of DLCA for
laser images of small-scale optically active globulin
networks of blood-plasma films (Fig. 4).

Comparison of the obtained results (Fig. 4)
revealed the following polarization—correlation signs

of the occurrence of a pathological process. First,
there is a substantial increase in the probability of find-
ing the magnitudes of DLCA of laser images for spec-
imens of groups 2 and 3 in the range of minimal values,
0 < g £0.35 (Figs. 4f, 3j). Second, a “pathological”
increase in the influence of the optical activity of
blood-plasma films leads to the formation of randomly
arranged centers of phase modulation. Correlatively,
this process manifests itself in a more rapid decrease
(narrowing of the half-width) in corresponding auto-

Table 2. Parameters P of statistical, correlation, and self-similar structures of coordinate DLCA distributions for laser images of

polycrystalline networks of proteins of blood-plasma films

p K Ho
group 1 group 2 group 3 group 1 group 2 group 3

Z 0.63£0.11 0.59 £ 0.09 0.55+0.008 0.11 £ 0.01 0.15+0.03 0.25+0.03
Z, 0.27 £0.05 0.25+£0.04 0.22+£0.02 0.09 £0.01 0.14+0.03 0.23+0.037
Z3 0.07 £0.01 0.41+£0.07 2.11+0.37 2.23+£0.31 1.11+£0.17 0.53+£0.12
Zy 0.08 £0.01 0.17+£0.03 0.22+£0.03 1.56 £0.27 0.85+0.12 0.41+£0.075
0, 0.040 £ 0.007 0.05+0.01 0.055+£0.73 1.14£0.19 2.45+0.29 4.05+£0.61
V(m) Fractal Fractal Fractal Random Random Random
D 0.32+£0.05 0.29+0.04 0.27£0.04 0.14£0.02 0.11+0.02 0.13+£0.02
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correlation dependences (Figs. 4g, 41). We note that
these signs are most pronounced for breast cancer.

Quantitatively, differences between coordinate dis-
tributions of DLCA parameters for laser images of
networks of blood-plasma films with linear birefrin-
gence 5 and optical activity g are illustrated by the
data presented in Table 2. Comparative analysis of the
obtained results revealed the following parameters that
are efficient in diagnostics and differentiation of dif-
ferent pathological states (highlighted in gray).

» For the three groups considered, the third statis-
tical moment, Z;, which characterizes distributions i

of laser images of linearly birefringent albumin crys-
tals, differs from five- to sixfold.

* The complete set of statistical moments, Z;_,,4,
of distributions L for laser images of the network of
optically active globulin crystals shows a range of
intergroup differences from 1.5- to 4-fold.

* The correlation moment of the fourth order, Q,,
of autocorrelation functions of distributions iy shows
a range of intergroup differences from 2.1- to 3.6-fold.

CONCLUSIONS

We have proposed and analytically substantiated a
method of correlation—phase analysis of laser images
of polycrystalline networks of weakly anisotropic
blood-plasma films with spatial-frequency filtration of
manifestations of linear birefringence and optical
activity of albumin and globulin.

We have performed comparative investigations of
the efficiency of the developed method in diagnostics
of occurrence and differentiation of the degree of
severity (inflammatory process—cancer) of a patho-
logical state of the human organism.

We have determined criteria of differentiation of
rheumatoid arthritis and breast cancer based on statis-
tical, correlation, and fractal analyses of spatial-fre-
quency filtered DLCA distributions of laser images of
polycrystalline albumin—globulin networks.
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