BIOMEJIMYHI OLTHKO-EJIERTPOHHI CHCTEMU TA ITPHJIAIIM

VK 535.56

O.V. DUBOLAZOV, V.V. ISTRATIY, A.P. ANGELSKY, O.I. OLAR

WAVELET ANALYSIS FOR POLARIZATION MAPS OF BIOLOGICAL
IMAGES OF OPTICAL ANISOTROPIC LAYERS

Optics and Spectroscopy Department,
Chernivtsi National University, Kotsiubynski St.,
Chernivtsi, 58012, E-mail:tomka.yuriy@gmail.com

AHoTtanist. TeopeTH4HO OOIPYHTOBAHO €(EKTUBHICTH CTATUCTHYHOIO i (PaKTAIBHOTO aHANI3iB PO3NOALIIB
BeliBieT-KoedinieHTiB MaTpuLi Mromiepa j1a3epHUX 300pakeHb MEpEX OIONOTIYHHX KPHUCTAIIB JIOACHKOT
TKaHWHU. BCTaHOBIIGHO YiTKMI B3a€MO3B'A30K MiX CTATHCTHYHMMH MOMEHTAMHM i CHEKTPAaMH IMOTYKHOCTI
JUTSL PO3MOZITIB BeiBIeT-Koe(illi€HTIB 1 BIANOBIJHUM OpPIEHTALIHHO-(Aa30BUMHU TpaHC(HOPMALIIMU MEPekK
OionoriuHnx KpucTamiB. Bu3HaueHo kpuTepii craTHCTHYHOI Ta (pakTanbHOI MIArHOCTHUKH 3MiH
JIBOTNIPOMEHE3ATIOMITIOIOUO0] CTPYKTYpH PEAbHUX OIONOTiYHUX KPHCTATIYHHX MEpEeX, IO BIiANOBigaE
MAaTOJIOT YHUM 3MiHAM y TKaHHHI.

AnHoTtamusi. Teopetndeckn 000CHOBaHA d(P(PEKTUBHOCTh CTATUCTHUYECCKOTO M (HPAKTAIbHOTO aHAIU30B
pacmpeneneHuil  BeHBIET-KOI(QOULUHEHTOB MaTpuibl Mromiepa Ja3epHbIX H300pakeHWi  cereit
OUONOrUYECKUX KPHCTAIOB 4YEJIOBEYECKOH TKAHH. YCTaHOBJIEHO 4YETKash B3aHMOCBA3b MEXAY
CTaTHCTUYECKUMH MOMEHTaMH M CHEKTPaMH MOIIHOCTH IS paclpe/eNieHuil BeHBIeT-Ko3(OHUIMCHTOB U
COOTBETCTBYIOIIUM OPHEHTAIMOHHO-()a30BBIMI TPaHC(HOPMALMSAME CETeH OHOJIOTMYECKHX KPHUCTAJIOB.
OnpenesneHbt KpUTEpUH CTaTHCTHYECKON u (paxTanbHO JIMarHOCTHKU HU3MEHEHU I
JIBYITy4eNPEeIOMIIONICil CTPYKTYpPBI PEalbHBbIX OHMOJIOTMYECKHX KPUCTAIUIMYECKUX CETeH, COOTBETCTBYET
MaTOJIOTMYECKHM U3MCHEHHUSM B TKaHH.

Annotation. The efficiency of statistical and fractal analysis of the distribution of wavelet coefficients
matrix Muller laser images of nets of crystals of human biological tissue has been theoretically grounded. A
clear correlation between statistical moments and power spectrum distributions for wavelet coefficients and
the corresponding orientation-phase transformation of crystals of biological nets has been determined. The
criteria of statistical and fractal diagnosis of birefringence crystal structure of real biological nets changes,
corresponds to the pathological changes in tissue.

Keywords: polarization, Mueller matrix, biological crystal, birefringence, statistical moment, wavelet
analysis, fractal.

INTRODUCTION

In recent years, laser diagnostics aimed at the structure of biological tissues efficiently uses the model
approach [1-32], in accord with which the tissues are considered as two components: amorphous {A} and

optically anisotropic {M } ones. Topicality of this modeling is related with the possibility to apply the all-

purpose Mueller matrix analysis [1-4, 7, 16, 22, 24, 30, 32] to changes of polarization properties, which are
caused by transformation of optical-and-geometric constitution of the anisotropic component (architectonic
network of fibrils) in these biological objects [1-4, 10, 15, 23, 28-31]. Based on this model, there developed is
the method for polarization differentiation of optical properties inherent to physiologically normal as well as
pathologically changed biological tissues by using the wavelet analysis of local features observed in coordinate
distributions of intensities in their coherent images [17, 23, 32].

This trend in polarization diagnostics got its development in investigations of a statistical and self-similar

structure of Mueller-matrix images (MMI) that are two-dimensional distributions fik (X, y) [1-4,7, 16, 22, 25, 30,

32] describing biological tissues. So, in the approximation of single light scattering, there found was the interrelation

(j=1,2,3,4)

between a set of statistical moments of the first to fourth orders Z that characterize orientation ( © ) and

phase (O ) structures of birefringent architectonics inherent to biological tissues as well as a set of respective
statistical moments for MMI [2-4, 15, 20, 31]. It is ascertained that the coordinate distributions of matrix elements
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fik (X, y) describing physiologically normal biological tissue possess a self-similar, fractal structure. While MMI of

physiologically changed biological tissues are stochastic or statistical [3,6,7,9, 12,21, 22].

This work is aimed at studying the efficiency of the wavelet analysis in application to the local structure
of MMI inherent to biological tissues with using statistical and fractal analyses of the obtained wavelet-
coefficient distributions for diagnostics of local changes in orientation-phase structure of their architectonic
networks.

WAVELET ANALYSIS OF MUELLER-MATRIX IMAGES OF BIOLOGICAL TISSUES

Wavelet transformation of MMI consisted of its expansion within a basis of definite scale changes and
transfers of the soliton-like function (wavelet) [17, 23, 32]. The distribution of values for fik elements of the

Mueller matrix can be represented in the following form:

fik(x): iqjlujl(x)- (1)

1=

Here, fik(X) distribution belongs to the space LZ(R) created by wavelets U;, . The basis of this

functional space can be constructed using scale transformations and transfers of the wavelet Uj|(X) with
arbitrary values of basic parameters — the scaling coefficient a and shift parameter b
-1 X—b
‘a %2 5(—); a,beR;& e *(R) 2)
a

Uap (X) =

Being based on it, the integral wavelet transformation takes a look
- < * - b < *
W, Jeb) =l 1 222 o= ] ek (e o

Coefficients (|, =( f. ,0; ) of the expansion (3) for the function f by wavelets can be defined via
il k>~ jl ik

the following integral wavelet transformation

1 1
Q; = [Wu fi (F’Z_Jj “4)

In our work, to analyze MMI we used the most widely spread soliton-like function MHAT (“Mexican
hat”, [17, 23]) as a wavelet function.

COMPUTER MODELING THE EFFICIENCY OF THE WAVELET ANALYSISTO
DIFFERENTIATE MMI OF BIREFRINGENT FIBRILS

Birefringent architectonic networks of BT consist of a set of co-axial cylinder protein fibrils with a
statistical distribution of optical axis orientations o and values of phase shifts O . We considered the most

spread case of pathological changes in BT architectonics — formation of directions for pathological growth or
excrescence of a tumor. Within mathematical frames, this case was modeled as a superposition of statistical
(equiprobable) and stochastic (quasi-regular) components in distributions of orientations o of birefringent

fibrils as well as phase shifts O that are caused by them

. 27
Q(p)=R(p)+ ASIHEP,
2
D

)

Q,(9) = R(6)+Bsin—o¢.

where Qi=1,2 are the functions of distributions for p and O values; R — random (equiprobable) distribution of

p and O ; 4, B — amplitudes of the stochastic component; D — mean statistical size of co-axial fibrils.
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In accord with distributions of optical-and-geometrical parameters Q. (p, d), the distribution of values

for Mueller matrix elements f, for such a territorial matrix can be written in the form

fik(p,5)=R(p,5)+CSin%zfik(p,§). (6)

Here, C is the amplitude of a stochastic component.

We modeled a superposition of a “background” R(,0,0) and informative signal C sin %T F. (0,0)

for the following relations between their amplitudes
R(p,5) = 0.01-Csin%” f (p,5)+6-<:sin%” f. (p,5).

Fig. 1 shows wavelet coefficients W, for the respective distributions fi (p,0).

Figure 1. Wavelet coefficients W, , of statistical-and-stochastic distributions for the matrix element f; (D).

Commentaries are in the text

As seen from the data obtained, the distributions of values for wavelet coefficients W, of all the types

of signals fik (p,0) behave like quasi-harmonic structures. Even in the case of significant (six-fold) dominance
of the statistical component amplitude (Fig. 1, c), the quasi-regular structure of coordinate distribution for
wavelet coefficients Wa,b is preserved in full. This fact confirms a high efficiency of the wavelet analysis in

separation of the harmonic component in the distribution of f,, elements of the Mueller matrix.

To make diagnostic possibilities of the wavelet analysis more objective, we calculated statistical
moments of the first to fourth orders (M, o, 4, E), which characterize distributions of the wavelet coefficients

Ay

W, ( f..) for various ratios 0.01 < Y < 6 (Fig. 2) and found their power spectra (Table 1).
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Figure 2. Mean value (a), dispersion (b), asymmetry (c) and excess (d) of distributions inherent to wavelet
coefficients W, () . Commentaries are in the text

Our analysis of the obtained data revealed that the change of the fourth statistical moment for the
distribution of wavelet coefficients W, is the most dynamical from the above viewpoint, as the value of this

Hooe

moment changes within the range of one order in dependency of ratios 0.01 <

Our investigation of log-log dependences for power spectra of distributions describing the wavelet
coefficients Wa , of matrix elements f,, allowed revealing the following regularities:

e all the dependences 10gW, —log(1/d) calculated for various relations between amplitudes of

random and quasi-regular components of distributions characteristic for the Mueller matrix elements fik consist

of two parts, namely: the fractal one (with one slope of the approximating curve within a definite range Ad for
sizes of birefringent fibrils) and the statistical one (when a stable value for the slope angle of the approximating
curve does not take place);

e when the amplitude of the statistical component in the fik distribution grows, the range Ad of a

linear part in dependences logW, , —log(1/d) is decreased;

o fractal component of log-log dependences for the power spectra of wavelet coefficients Wa’b is
preserved even for significant (six-fold) dominance of the noise amplitude and comprises the size range
Ad =50-100 um.

Thus, the performed computer modeling indicates the diagnostic efficiency of the wavelet analysis
when detecting local changes in birefringency ( o ) of ordered biological crystals.

Besides, using the statistical and correlation analysis of wavelet coefficients Wa’b in the expansion of
the Mueller matrix elements, we have demonstrated the possibility to reveal the quasi-harmonic component in
distributions of orientation ( © ) and phase (5 ) parameters in complex (statistical) architectonic networks.
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Table 1

Log-log dependences of power spectra for the wavelet coefficients W, = of statistical-stochastic

distributions for fik elements of the Mueller matrix describing single-axis biological crystals

AR | logW,, —log(1/d) | Ad,um | AR | logW,, —log(1/d) | Ad,um
0.01 1-1000 1 5-100

0.1 5-1000 3 20-100
0.5 5-100 6 50-100

AGNOSTICS OF LOCAL CHANGES IN THE OPTICAL-AND-GEOMETRICAL STRUCTURE OF
ARCHITECTONIC NETWORKS INHERENT TO REAL BIOLOGICAL TISSUES

We performed comparative investigations of two types of mounts from connective tissue of a woman

matrix:

- healthy tissue (type A) — the set of chaotically oriented collagen fibrils;
- tissue in the state of displasia (pre-cancer state — type B) — the set of chaotically oriented collagen
fibrils with local quasi-ordered parts.
From the optical viewpoint, polarization properties of these tissues (types A and B) are similar to some

extent. For instance, the coordinate distribution of random values inherent to phase shifts O(X,Y), which is

related with the range of changes in geometric sizes of collagen fibrils, is close in both cases. The main
differences in composition of the set of biological crystals lie in presence of local parts with quasi-ordered
directions of optical axes in the tissue of the type B. Being based on this fact, one can assume that the coordinate

distribution of the Mueller matrix element values for the type A tissue fik (o, 5) approaches to the statistical
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one. The coordinate distribution fik ( p,5) for the type B tissue can be represented by a superposition of the

random R, (,0,9) and quasi-regular Csin%Z f.. (0,0) components (6).

As a main element of the Mueller matrix for bio-tissue of a given type, we chose the “orientation”
matrix element f33. It is known that the statistical and correlation analysis of coordinate distributions for this

element is considered as efficient in differentiation of optical properties characterizing collagen networks in
healthy and pathologically changed skin [10].

Shown in Fig. 3 are MMI for the element f33 (fragment a—type A, fragment b —type B) and

respective wavelet expansions (fragments e and f for the linear cross-section of f33 (X,Y), fragments ¢ and d for

healthy and pathologically changed connective tissue of the uterus neck.

Figure 3. MMI of the f33 element and coordinate structure (a, b, c, d) as well as coefficients of wavelet

expansion Wa,b (e, f) for the f33 element of A and B type connective tissues

Our comparative analysis of the obtained data shows a complex statistical structure of two-dimensional
distributions for the matrix element fi(X,Y) (see fragments a and b) as well as its linear cross-sections
(fragments ¢ and d) for MMI of bio-tissues for their both types.

The same can be stated for the distributions of wavelet coefficients Wa,b (fragments e and f).

With account of the above observations, it seems actual to verify the efficiency of statistical (the set of
the first to fourth moments for Wa’b distributions) and correlation (features of the power spectra for wavelet

coefficients of Wa’b) methods of analysis for diagnostics of formation of local parts containing quasi-ordered
( (X, y) = const) birefringent fibrils.

With this aim, we performed step-by-step “screening” the pictures for wavelet coefficients Wa’b (Fig.

3, e and f) using the scale change for the wavelet function ¢ = 0.5. For each value of the wavelet function a,,
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we found the dependences W (b,a = ai) and calculated the log-log dependences for the scale of their power
spectra. As a result of this linear scanning, we obtained the array of data
{IogW (a) - log(b)} + {IogW @;)- log(b)} summarized in Table 2.
Table 2
Log-log dependences of power spectra for the wavelet coefficients Wa,b of statistical-stochastic
distributions for the f,; element of A and B type connective tissues
a “A” “B”

Coordinate distributions for the matrix element f 33 corresponding to a mount of the sample of healthy

connective tissue (Table 2) are characterized by statistical distributions for the wavelet coefficients Wa’b in all
the range of scale a changes of the wavelet function p. It is confirmed by the absence of any stable slope of the
approximating curve for the considered set of dependences IogWa’b (1<a<bb)- log(b_l) .

Another picture can be observed for the sample of changed connective tissue (Fig. 3). If the scale
coefficient a of the wavelet function p possesses some definite dimension, then there exist a linear part in the
respective log-log dependence of the power spectrum characterizing the distribution of wavelet coefficients

Wa’b (ai) . In accord with performed computer modeling, this fact indicates the availability of a quasi-harmonic
component in W_ (8;) distributions, which is caused by respective geometry of biological crystals.

In our case, for the mean statistical size of a pathological creation a = 28 pm one can observe a quasi-
ordered part of collagen fibrils with sizes lying within the range 10 to 50 pm.

Thus, one can state that the correlation approach in the analysis of W, coefficients valid for the

wavelet distribution in MMI of “orientation” element f33 for connective tissue of the uterus neck is rather

efficient for differentiation of its healthy and pathologically changed samples.
Some additional information for differentiation of these objects was obtained using the statistical
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analysis of coordinate distributions W, , (a;) .

Shown in Fig. 4 are the dependences of statistical moments of the 1% to 4™ orders for coordinate distributions
of wavelet coefficients Wa,b in MMI of f,, which corresponds to different scales of the wavelet function p.

Figure 4. Dependences of statistical moments of the 1% to 4™ orders on the scale of the wavelet function p for
connective tissue of "A" and "B" types

The obtained data show:

e statistical moments of the 1% and 4™ orders for distributions of wavelet coefficients W like to the

ab>
case of computer modeling (Fig. 2) the f33 element describing the samples of myometrium of both

types, suffer insignificant changes (0 to 0.2) within the whole range of scales @; for the wavelet
function u (Fig. 4);
e the range of changes in values of asymmetry (A) and excess (E) for Wa,b distributions lie within the

range of two orders (Fig. 4);

e main differences between connective tissues of A and B types are found in the vicinity of the scale
a = 28 um where dependences between A(a) and E(a) reach two- or three-fold level.
Thus, we found that the differences between values of statistical moments of higher orders for a definite

range of scales a of the wavelet function £/, can be also used to differentiate local changes in orientation

changes of optical axes inherent to territorial matrix crystals.
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Haniiimma o penaxii 20.10.2010p.

AYBOJIA30B OJIEKCAHAP BOJIOAUMHUPOBHUY - acucrenr, kadeapa ontukm i
cnexkTpockomnii, YepHiBenbkuil HanioHaabHMii yHiBepcuTer imMeni 0. ®egbkoBuua, Yepnisui,
Ykpaina.

ICTPATIH BAJIUM BIKTOPOBHUY - acmipant, Kkadeapa onTMKH i cHneKTpockomii,
YepHiBenbkuii HanioHaJAbHUI YHiBepcuTeT iMeHi 10. @eapkoBuua, UepHiBui, Ykpaina.

AHT'EJbCHKHAI AHTOH-ITABJIO IBAHOBHY - 37106yBay, kadeapa ONTHKH i CHEKTPOCKOMii,
YepHiBenbkuii HanioHAJIbHUI yYHiBepcuTeT iMeHi 10. @eapkoBuua, UepHiBui, Ykpaina.
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