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The informativeness of the Johns-matrix image
of laser autofluorescence in blood plasma films for
early diagnosis of endometriosis associated with infertility
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We used Jones-matrix images of protein networks of blood plasma films obtained from laser autofluorescence and
determined the sensitivity, specificity, accuracy, and prognostication of positive and negative results. Our study aimed
(1) to develop and substantiate new approaches for the diagnosis of endometriosis by improving the methods of
Jones-matrix mapping of laser-induced auto-fluorescence and (2) to develop statistical approaches for analyzing the
distribution of values of the true component of Jones-matrix images of blood plasma. Biological preparations were
performed for two groups: 35 samples from control group 1 (women with infertility of unknown origin) and 85 sam-
ples from group 2 with endometriosis (women with infertility and endometriosis). The strength of the Jones-matrix
method of autofluorescence mapping of plasma proteins taken from both groups was maximal for the decisions de-
termined based on the calculation of the statistical moment of the 4™ order, for statistical moment Z4, characterizing
the sharpness of the peak distribution of the polycrystalline component of the plasma film. Comparison with the
similar informative data of the Jones-matrix laser autofluorescence method of histological sections of the endometrial
biopsy under conditions of blind endometriosis diagnosis revealed this method of analysis highly informative. There-
fore, this technique can be used in screening studies to form a risk group.

autofluorescence, biopsy, plasma, infertility.

INTRODUCTION

The scattering of optical radiation by biological objects and
media is considered in approximating the statistical averaging of
photometric and polarization parameters. The most widespread
diagnostic methods are based on studying scattered radiation
fields employing classical photometry, Stokes polarimetry, and
Muller matrix optics [1]. In parallel to these scientific directions,
laser methods for studying optically inhomogeneous biological
structures — correlation optics and speckle optics, which use co-
herent polarized radiation as a probe, were developed. The fol-
lowing main results can be distinguished from these studies. First,
this is the relationship between a set of statistical moments that
characterize the opto-geometric structure (distribution of optical
axis directions and birefringence) of biological crystals of the ex-
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tracellular matrix of the three basic types of biological tissues of
humans and statistical (mean, dispersion, excesses) and correla-
tion (half-width, variance of fluctuations, radius of correlation
of auto- and inter-correlation functions) parameters of coordi-
nate distributions of elements and phase angles of Jones matrix
[2]. Based on this, the transformation mechanisms of the am-
plitude-phase parameters of laser radiation by a set of optically
uniaxial birefringent crystals of the extracellular matrix of the
three main types of histological sections [3] of biological tissues
(epithelial, muscular, and connective) which fully characterize the
polarization-phase properties in human are investigated and an-
alyzed. Subsequently, scenarios of the formation of coordinate
distributions of elements of the Jones matrix by different types of
histological sections of biological tissues were determined, and a
system of classification of their optical properties was developed
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by estimating ranges of change of values of statistical moments
of the 1"-4" orders of distributions of real parts of a set of ma-
trix elements [4].

The physical reason for the formation of two-dimensional
distributions of the Jones matrix elements is the coordinate mod-
ulation of phase shifts between the orthogonal components of
the laser wave amplitude [5], which interacts with the statistically
distributed two-ray biopsy of biological crystals of the extracel-
lular matrix of the main types of histological sections of biolog-
ical tissues. The result revealed a relationship between average,
variance, asymmetry, and excesses, which characterize the orien-
tation (distribution of optical axis directions) and phase (distribu-
tion of phase shifts) structure of the optically anisotropic grid of
histological sections of biological tissues and the totality of the
coordinates of the organisms. The increase in the dispersion of
the optical axes directions of biological crystals is manifested by
the increase of asymmetry and the decrease of excess of two-di-
mensional distributions of real parts of the Jones matrix elements
of epithelial, muscular and connective tissue [6].

The growth of phase shift dispersion due to extracellular
matrix anisotropy is accompanied by reversed changes in the
statistical moments of the 3' and 4™ orders. On this basis, the
principles of Jones-matrix classification of the polarization-phase
properties of the basic types of histological sections of biological
tissues according to the ranges of change of a set of statistical
moments characterizing the corresponding matrix elements are
established and substantiated.

In addition, the relationship between optical (anisotropy of
biological crystals) and geometric (hierarchical structure of bire-
fringent fibrils) has been experimentally discovered and theoret-
ically substantiated.

The increase in the dispersion of orientations and the dou-
ble-refraction of biological crystals is the physical reason for the
decrease in the half-width of the correlation function and the in-
crease in the dispersion of its fluctuations [7]. Therefore, the differ-
entiation criteria for the polarization-phase properties of epithelial
and connective tissues have been identified and substantiated.

Based on the correlation structure of two-dimensional dis-
tributions of real parts of Jones matrix elements, a physically
substantiated relationship between the ranges of change in the
radius of polarization correlation and the variance of fluctua-
tions of interrelated functions of the 14" orders with a set of
statistical moments (dispersion, asymmetry, asymmetry) charac-
terize the distributions of the directions of the optical axes and
the birefringence of biological crystals of the extracellular matrix
of the three main types of biological tissues of man. As a result,
the optical properties of the anisotropic extracellular matrix of
all major types of histological sections of human biological tis-
sues are differentiated for the first time.

The analytical relationship between local orientations of
optical axes, the birefringence of biological crystals of extracel-
lular matrix, and values of phase angles of elements of the Jones
matrix were determined, which allowed establishing the physical
reasons for changing the values of phase statistical moments of
the distribution of imaginary parts of the histological elements
of the matrix [8]. The growth of asymmetry and excess distri-
butions of imaginary parts of matrix elements is caused by the
increased dispersion of the directions of optical axes of biologi-
cal crystals [9]. The change in optical anisotropy is manifested in
reverse processes. On this basis, a phase tomography method of
the opto-geometric structure of the extracellular matrix from his-
tological sections of biological tissues of different morphological
structures and physiological state was developed.

Differentiation of polarization-phase properties of complex
(superposition of biological crystalline nets of different types of
histological sections of biological tissues) extracellular matrix of
organ tissues (liver, spleen, wall of the small and large intestine) of
a person by autocorrelation analysis of coordinate distributions
was realized. The proposed method was based on established
and physically substantiated mechanisms [10] of correlation pa-
rameters of autocorrelation functions of phase angles as a result
of phase modulation of laser radiation by a set of hierarchical
structures for constructing birefringent fibrils. On this basis, pre-
clinical diagnostics of the septic condition of organ tissues was
first implemented.

On the other hand, there is a wide range of less studied bio-
logical objects. First, they include a variety of fluids — blood, bile,
synovial fluid, liquor, and others. Therefore, further development
of new approaches for the analysis of the vector structure of laser
radiation fields, transformed not only by optically anisotropic lay-
ers of biological tissues but also by films of biological fluids, par-
ticularly their polycrystalline protein networks, is relevant [11].

The processes of transforming dendritic polycrystalline net-
works into spherulite with azimuthal symmetry of the directions
of the optical axes of biological crystals are in opposite changes
of the statistical, correlation, and spectral moments of the 3 and
4" orders, which characterize the real component of Jones-ma-
trix images [11]. The optical axis diagnostics of the formation
of a cluster network of crystals ordered by the directions was
realized, which is manifested in the equally probable coordinate
distributions of the real component of the "phase" elements of
the Jones matrix due to the increase in the depth of phase mod-
ulation of laser radiation. On this basis, a diagnosis of gallstone
disease was implemented.

A scale-selective analysis of statistical, correlation, and spec-
tral parameters was applied for the first time to classify and dif-
ferentiate the optical properties of polycrystalline networks with
weak phase modulation, which objectively characterize the dis-
tribution of the characteristic values of the imaginary compo-
nent of the "Jones" element of the biologic {ilm matrix [12]. As a
result, the physical criteria for the differentiation of polarization
manifestations of optical anisotropy of dendritic networks with a
slight birefringence of partial biological crystals were obtained.

The relationship between the statistical, correlation, and
spectral moments of the 134" orders, which characterize the sets
of wavelet coefficients of dependence of the number of charac-
teristic values of Jones-matrix images, and the distributions of
the optical axes directions and birefringence of biological crystals
on different scales determined dendritic network of saliva layers
with weak phase fluctuations. On this basis, the diagnosis of tu-
berculosis was made.

In the following years, the diagnostic effectiveness of this
method has been studied by many scientific centers [13]. At the
same time, only two foreign publications describe the possibilities
of autofluorescence detection of metaplasized epithelium of the
mucous esophageal-gastric junction.

At certain stages of development, the autofluorescence spec-
tra of malignant tumors show a red fluorescence of endogenous
porphyrins produced by hemolytic processes or some types of
bacteria capable of producing proto- and coproporphyrins [14].

Fluorescence bands recorded in the red region of the aut-
ofluorescence spectrum in this patient fully correspond to the
fluorescence bands of endogenous protoporphyrin IX upon ex-
citation of its fluorescence at 405 nm and 532 nm.

Thus, this observation showed that in the case of submuco-
sal growth of cervical cancer, it is low differentiated [15].
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In the esophageal adenocarcinoma, endogenous protopor-
phyrin IX accumulates, and its fluorescence is detected not only
in the area of the tumor lesion [16] but also above the tumor in
the visually unchanged mucosa of the esophagus.

The autofluorescence spectrum of biological tissues is a
superposition of the fluorescence spectra of individual endog-
enous fluorophores and depends on many factors. Its intensity
and shape are influenced by the concentration and distribution
of endogenous fluorophores [17], their spectral characteristics of
excitation and fluorescence, especially the metabolism, architec-
tonics, and optical properties of the tissue, due to the presence of
non-fluorescent chromophores.

The most significant endogenous fluorophores of the visible
spectrum are:

*  Connective tissue elements — collagen and elastin;

*  Components of the respiratory chain — flavins and nico-

tinamide nucleotide (NADN), involved in redox processes;

*  Porphyrins are involved in cell biosynthesis or are prod-

ucts of the biosynthesis of saprophytic or pathogenic
microflora in bacterial infection [18].

With the development of neoplasia, epithelial tissues under-
go various biochemical and structural changes reflected in the
autofluorescence spectrum.

The differences in the autofluorescence spectra between the
normal and dysplastic esophagus epithelium have been shown in
several foreign publications. As our studies have shown, normally
flat and metaplasmic cylindrical epithelium also have differences
in the AF spectra [19].

Differences in the AF spectra of the normal planar and cy-
lindrical epithelium with a metaplasmic intestinal cylindrical ep-
ithelium of the esophageal-gastric junction were detected upon
excitation in the green region of the spectrumin 13 of 15 patients.
An informative parameter is the ratio of integral intensities in the
red and yellow regions of the spectrum [20], which significantly
increases with the development of intestinal metaplasia. A sharp
increase in this parameter is observed in esophageal adenocarci-
noma. These data are in agreement with the results obtained in
the study, which showed that the informative parameter charac-
terizing differences in the AF spectra of the normal planar and
metaplasied cylindrical epithelium is the intensities in the red and
green regions of the spectrum when excited in the UV region
[21]. Accordingly, the authors suggested that the transformation
of metaplasied epithelium toward dysplasia III and esophageal
adenocarcinoma is accompanied by an increase in this ratio [22].

Thus, the use of fluorescence spectroscopy (LI'S) esophago-
gastroduodenoscopy and the evaluation of laser-induced autoflu-
orescence of the gastrointestinal junction epithelium allows i vivo
to obtain diagnostic information in real-time.

MATERIAL AND METHODS

This section describes the study groups, schemes of exper-
imental locations, and methods of measuring the parameters
of polarizing laser autofluorescence by layers of human blood
plasma. The basic analytical algorithms for statistical analysis of
Jones-matrix images of polarizing laser autofluorescence are pre-
sented. Biological preparations of blood plasma films from two
groups were used as objects in this experimental study:

*  Control group 1 (women with infertility of unknown

origin — 35 samples);

*  Group 2 with endometriosis (women with infertility and

endometriosis — 85 samples).
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A drop of liquid was applied to an optically homogeneous
glass and dried for 24 hours at room temperature.

Basic model ideas about the optical properties
of layers of biological tissues

As shown in numerous studies focused on biomedical optics, the
following operator of the Jones matrix is the most adequate to de-
scribe the polarization properties of a layer of biological tissue [23].

{D}=lldy; dyp dyy dpp|l=
=||p+pexpexp(-i§) coscospsinsinp[1-expexp(-id)] coscosp
sin sin p[1-exp exp(-i8)]p+p exp exp (-i5)]|

The value of each element of the linear matrix operator is
completely determined by two main parameters:

e pis the orientation direction of the optical axis of the
crystal, which is determined by the direction of folding
of the protein fibrils;

e & is the magnitude of the phase shift introduced by
two orthogonal amplitude components due to the dou-
ble-refraction of the protein fibril.

It should be noted that such simulation is based on the as-
sumption that an optically uniaxial crystal is approximated with-
in the optical dimensions of the extracellular matrix elements.

On the other hand, devoted to the diagnostics of the pro-
cesses of formation of the structure of biological tissues, a more
complex (multidimensional) scenario of the formation of an ex-
tracellular matrix consisting of simpler fibers, fibers of the colla-
gen type of protein and elastin, were analyzed [24].

Six different structural levels are distinguished in connective
tissue. The first level (the simplest) is a collagen molecule; the
sixth level is the connective tissue. Between them, in ascending
order, are microfibrils, subfebriles etc.

Microfibrils are combined into the above-organized struc-
tures — subfebriles, which are rotating super-spirals. Furthermore,
the fibril, in turn, consists of a set of probably located subfebriles.

The analog for supramolecular formations is the liquid crys-
tal analog for biological tissues.

The term "liquid crystal" should be defined as an organized
liquid characterized by the orderly nature of the units retained by
the forces of attraction. In a certain temperature range and con-
centrations, "liquid crystals" are similar to elongated molecules
oriented in one, two, or three dimensions [25].

Nematic liquid crystals are characterized by elongated mole-
cules that lie parallel to each other in the absence of a multilayer
organization, and therefore the ordering is only orientational.

In cholesteric liquid crystals, the molecules are arranged
parallel to each other in each plane, and each plane is placed at
a certain (constant) angle to the next plane of the crystals [26].
Therefore, this model of "liquid crystals" can be used to describe
biological systems that obey the laws of transparent crystalline
structures but have lost their liquid character.

Jones optical diagram - matrix mapping of
polarizing laser autofluorescence of biological tissues

Figure 1 shows an optical diagram of a microscopic po-
larimeter for measuring the set of coordinate distributions of the
Jones matrix of laser autofluorescence of histological sections of
the endometrium and films of biological fluids.

Excitation of laser autofluorescence was performed by illu-
mination carried out by a parallel (=104 mkm) beam of a blue
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Figure 1. Optical diagram of a microscopic polarimeter, where 1 is a He-CD laser; 2 - collimator; 3 - stationary quarter-wave plate; 5, 8 -

mechanically moving quarter-wave plates; 4, 9 - polarizer and analyzer respectively; 6 — object of study; 7 - micro lens; 10 - CCD camera
with clipping interference filter; 11 is a personal computer.

He-Cd laser (wavelength 2=0.414 mkm, power W=5.0 mW).
The polarizing illuminator consists of quarter-wave plates 3; 5
and the polarizer 4, forming a laser beam with an arbitrary po-
larization state [27].

The polarization images of laser autofluorescence layers
of biological tissues and liquids using a polarizing micro lens 7
(4% magnification) were projected into the photosensitive plane
(800x600 pixels) of the CCD camera 10, which provided a range
of measurement of structural elements of the image of biologi-
cal 2 m fluids.

The experimental conditions were chosen to allow the spec-
tral distribution of laser autofluorescence intensity to be spectral-
ly separated by a clipping interference light (spectral transmission
at a wavelength of 550 nm%20 nm).

Analysis of the polarization structure of images of laser
autofluorescence histological sections of the endometrium and
smears of biological fluids was carried out using a polarizer 9 and
a quarter-wave plate 8.

Methods of experimental determination of elements
of the Jones matrix of laser autofluorescence of
biological layers

In general, the Jones matrix operator consists of a set of four
complex elements {A}=||a;; a;, a,; a,,||;, which fully characteriz-
es the poetic properties of the biological layer.

Typically, the operator {A} record in the form of two com-
ponents — real {R}=||R;; Rj, Ry; Rzz”; and imaginary {Q}=||Q,
Q12 Q21 Qualls-

The real component describes the ability of the biological
layer to absorb laser radiation and the formation of laser auto-
fluorescence [28]. The imaginary component describes the pro-
cesses of phase modulation of laser radiation and, in this sense,
is not relevant.

In our work, we applied a standard technique for measuring
the true constituent elements of the Jones matrix.

1. We irradiated a layer of biological tissue or fluid linearly
polarized beam of light of unit intensity with azimuth;

1.1. Then we passed the beam through polarizer 9 (Figure 1),
the transmission plane of which was horizontal ©=0°, measured
the intensity I, =R2;

1.2. The beam passing through the biological layer 6, al-
lowed us to pass through the polarizer 9, the transmission plane
of which was vertical ©=90° and measure the intensity [,=RZ.

2. The biological layer 6 (Figure 1) was irradiated by a beam
of linearly polarized laser light of unit intensity with azimuth

2.1. We passed the transformed laser beam through polar-
izer 9 (Figure 1), the transmission plane of which was horizontal
0©=0°, and measured the intensity [,=R?Z,.

2.2. We turned the polarizer 9 to the angle ©=90° and mea-
sured the intensity I, =RZ,.

3. We calculated for each individual pixel of the digital cam-
era 10 (Figure 1) a set of four real constituent elements of the
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Jones laser polarizing autofluorescence matrix by the following
algorithm: {R,()=VI; R ,()=VL; R, (r)=VI;R,,()=V1,. (2.2)

4. We found the coordinate distribution of the elements of
the Jones matrix laser polarization autofluorescence within the
entire set of pixels (mXn) photosensitive pad digital camera 10
(Figure 1).

Rikz[(Rik)ll -7 (Rik)lm illl (Rik)nl - (Rik)nm]' (23)

Basic algorithms for the statistical analysis
of coordinate distributions of elements

of the Jones matrix of laser autofluorescence
of biological layers

To estimate the coordinate distributions of random values
of coordinate distributions R, (mxn) their histograms are de-
termined. Then the set of their statistical moments of the first —
fourth orders was calculated (Figure 2).

By statistical momentum of the first order, we mean the av-
erage value of the random values of the coordinate distributions
of Jones-matrix elements.

My = -3 | (Ryc)il (2.4)

Under the variance (second-order statistical moment) of a
random variable, we will understand the degree of variation of a
given random variable, that is, its deviation from the mathemat-
ical expectation.

My = [=3N Ry’ (2.5)

Asymmetry is called a value that characterizes the deviation
from the normal distribution of a random variable.

11
M; = 13 Zisa(Ru)® (2.6)

The asymmetry coeflicient is positive if the right tail of the
distribution (Figure 2) is longer than the left one and is negative
otherwise.

The excess will mean the severity of the "peak” of the distri-

bution of a random variable.

My = s S R (27)

N means the full number (800x600) of the pixels of the
CCD-camera 10 (Figure 1).

f(X) a

Principles and methods of evidence-based medicine
in the Jones method - matrix mapping of laser
autofluorescence of biological tissues and fluids

This section provides materials that highlight the main ap-
proaches to evidence-based medicine in the objective analysis of
a set of statistics (statistical moments of the 1*-4" order, charac-
terizing the histograms of the elements of the Jones matrix of
laser autofluorescence of biological tissues and liquids taken from
groups 1 and group 2.

General principles of medical diagnostics using Jones
matrix microscopic images of biological samples

All optical-physical methods that operate with the concept
of image for medical diagnostics can be divided into two groups:
1. Hardware-dependent diagnostic systems — their result
depends on the physical-technical factors of obtaining
the medical image and a set of objective parameters

that characterize its structure;

2. Operating Dependent Diagnostic Systems — medical
image analysis is related to the subjective diagnosis of a
physician who examines a biological drug.

Ideally, one should have such a diagnostic system for the study

of a biological drug in order to obtain the necessary and reliable di-
agnostic information based on a set of objective criteria that charac-
terize the structure of Jones-matrix images of the laser autofluores-
cence of the biological layer to make the right clinical decision [29].
At the same time, it is necessary to make maximum use of scientific
data presented in authoritative and leading journals with an impact
factor and included in scientific metric databases (SCOPUS, Google
scholar etc). Such publications are based on the generalizability of
the research data using adequate model ideas and objective criteria,
independent of the subjectivity of diagnosis [30]. In addition, one
must use randomized groups of biologicals and check diagnostic
methods with the standard method of diagnosis — the gold standard.

Basic principles of evidence-based medicine
in the objective analysis of Jones-matrix images
of laser autofluorescence biological products

The main prerequisites for applying the principles of evi-
dence-based medicine are:
e Probabilistic meaning of medical diagnosis, obtained
from the study of Jones-matrix images of laser autoflu-
orescence of biological products;

0 M(x)

Figure 2. Statistical moments of the 1**-4'" orders (mean, variance, asymmetry, excess).
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e Bias and subjectivity of diagnostic studies and expert

findings regarding the state of the biological preparation;

e The presence of random errors in equipment and com-

puter analysis of the structure of Jones-matrix images
of laser autofluorescence of biological products.

The optimal or reliable situation occurs when the diagnos-
tic technique is based on scientifically sound and experimentally
confirmed interrelation of polycrystalline construction and reli-
able information on the structure of Jones matrix images of laser
autofluorescence of biological products.

The objective (statistical) parameters of the distribution of
Jones-matrix images of laser autofluorescence biologicals should
be based on modern, generally recognized approaches and stim-
ulate the skill of the physician-diagnostician.

The strength of the method of Jones-matrix images
of laser autofluorescence of biological products

In evidence-based medicine, "the power of the method"
determines the success rate of a diagnostic test based on a com-
prehensive statistical analysis of Jones-matrix images of laser aut-
ofluorescence biologicals to influence medical decision-making.

Important criteria characterizing the methods of Jones-ma-
trix images of laser autofluorescence biological products are the
reliability, reproducibility, and convergence of the study results.

The validity of the method shows to what extent the result-
ing set of statistics characterizing the Jones-matrix images of la-
ser autofluorescence biologicals corresponds to the patient's spe-
cific condition, determined by the gold standard [31].

When conducting our research, samples of biologicals taken
from different patient groups would use the commonly accepted
terminology of evidence in medicinal medicine:

The interpretation of "positive" for patients with the pres-
ence of the disease. This is a "true positive case".

1. The interpretation of "negative" for patients with no

disease. This is a "true negative" — (TN);

2. The interpretation of "positive" for patients with no

disease. This is a "false positive" — (FP);

3. The interpretation of "negative" for patients with the

presence of the disease. This is a "false negative" — (FN).

Characteristics of informativeness
of Jones-matrix images of laser autofluorescence
of biological preparations

To characterize the informative nature of any diagnostic
method, objective parameters called operational characteristics
are used [32]. There are basic and auxiliary characteristics. The
main characteristics include:

*  Sensitivity (Se) — is the proportion of correct positive re-

sults (TP) of the diagnostic method among all patients (D)
Se =—100% (2.8)
Dy

*  The greater the sensitivity of the test, the more often the
disease will be detected. This fact indicates the effective-

ness of the method. In this sense, they are identifiers.
*  Specificity (Sp) — is the proportion of correct negative
results (T'N) of the technique among a group of healthy

patients (D)

Sp =1-100% (2.9)

e Based on the SP definition, we can identify the pro-
portion of healthy patients for whom the analysis of
Jones-matrix images of laser autofluorescence of bio-
logical products gives a negative result. Highly specific
diagnostic tests are called discriminators.

*  The second group of informative indicators refers to
the following supporting criteria:

*  Accuracy (Ac) — proportion of correct results (TP+TN)
test among all patients examined (D, +D)

__ TP+TN
T Dy+D_

Ac 100% (2.10)

*  The accuracy, therefore, reflects the number of correct
diagnoses obtained by testing the Jones-matrix method
of laser autofluorescence of biological agents.

For the proper understanding of the diagnostic effectiveness
of this method of study, probabilistic criteria that determine the
probability of the disease (or lack thereof) in the known result of
the study play an important role [33].

Positive Predictability (+VP) is the ratio of correctly (true)
positive cases (TP) to all positives (TP+FN) from the method of
Jones-matrix images of laser autofluorescence of biological products

TP
TP+FN

+VP = 100% (2.11)

e The prognosis of a positive result directly indicates how
high the likelihood of illness is with positive study results.

e The predictability of a negative result (-VP) —is the ra-
tio of true negative cases (TN) to all negative decisions
(TN+FP). This criterion is determined by the formula

TN
TN+FP

—VP =

100% (2.12)

This criterion indicates how likely the patient is to be healthy
if the results of the Jones-matrix method of laser autofluores-
cence of biological drugs are negative.

RESULTS

In the laser polarization-visualized microscopic imag-
es of blood plasma films of patients from group 1 [Figure 3,
fragment (a)] and group 2 [fragment (b)], it is seen that, irre-
spective of the physiological state, the polycrystalline network
of albumin proteins (cylindrical crystallites size) has a distinct
optical anisotropy, detected in the intersection planes of the
polarizer 4 and the analyzer 9 in a sufficiently similar set of
coordinates from distributed areas of light and dark spots of
varying intensity.

Analysis of a series of induced autofluorescence images of
blood plasma samples from both groups [Figure 3, fragments (c),
(d)] revealed different coordinate distributions of albumin and
globulin autofluorescence proteins. Moreover, in the image of a
plasma film taken from a patient in group 2, the laser-induced
autofluorescence intensity is higher [fragment (d)] than the in-
tensity propagation at the points of the corresponding image ob-
tained from a sample in group 1 [fragment (c)].

It should be expected that the qualitatively analyzed aut-
ofluorescence manifestations of the tendency of change in the
structure of polycrystalline protein networks of plasma films of
patients from different groups would clearly show differences in
statistical criteria characterizing the corresponding laser-induced
Jones-matrix autofluorescence images.

© 2022 JOURNAL of MEDICINE and LIFE. VOL: 15 ISSUE: 12 DECEMBER 2022



JOURNAL of MEDICINE =nd LIFE

re 3. Polarization

Experimental studies of the distributions of

the Jones matrix elements of laser autofluorescence
of protein networks of blood plasma films

in the diagnosis of endometriosis

This section will analyze the possibilities of objective but in-
direct diagnosis of endometriosis by investigating the coordinate
distributions of the right component of the Jones-matrix element
of laser autofluorescence of protein networks of blood plasma
film samples.

The coordinate distribution of the Jones matrix element and
the histograms of its random values in the plane of the plasma
film sample taken from patients in control group 1 are shown in
the fragments of Figure 4.

Analysis of the coordinate distribution [Figure 4, fragment
(a)] of the Jones-matrix image of laser autofluorescence of protein
networks of the plasma film of a patient from control group 1 re-
vealed a marked phenomenon of induced laser autofluorescence.

The structure of the histogram of the experimentally mea-
sured distribution of Jones-matrix element values in the plane of

© 2022 JOURNAL of MEDICINE and LIFE. VOL: 15 ISSUE: 12 DECEMBER 2022

of polycrystalline networks of blood plasma film pro-
teins of two groups: (group 1) - norm [fragments (a), (c)]; (group 2) - endometriosis [fragments (b), (d)].

the plasma film consists of the main extremum and a sufficiently
narrow range of change () of eigenvalues. [Figure 4, fragment (b)].

The dependence of the histogram is characterized by a
clearly delineated sharp peak of the main extremum.

This feature can be attributed to the optically active poly-
crystalline network of albumin proteins and globulin of the
plasma film taken from a healthy patient who sufficiently weakly
absorbs laser radiation. As a result, there is a weak auto-fluores-
cence. This is indicated by the localization of values of random
distribution in the region of transparency of a given fabric, man-
ifested mainly by transformation mechanisms of polarization
states of laser radiation by polycrystalline structures.

Quantitatively optical manifestations of laser-induced aut-
ofluorescence of protein molecules from the blood sample of a
plasma film of a healthy patient from the control group illustrates
a set of values of statistical moments of the 14" orders, which
characterizes the coordinate distribution of an element of the
Jones matrix (calculated by the relation 2.7). As it can be seen,
the probability distribution of the random values of the element
of the Jones matrix of laser autofluorescence of a sample of a
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ilistic (b) distributions of Jones matrix image of laser autofluorescence of blood plasma film in

control group 1.

plasma film taken from a patient in control group 1 is character-
ized by the advantage of the magnitude of the statistical moment
of the 4" order — Mi_, >> M_, , ;, which determines the sharpness
of the peak of the histogram G (R;;).

In other words, for blood plasma taken from a patient with
physiologically normal endometrial tissue, there is a slight level
of intrinsic autofluorescence of albumin and globulin protein
molecules, which is statistically manifested in the formation of an
asymmetric (narrowly dissociated) 2, paragraph 2.5 of the distri-
bution of the Jones element of the laser autofluorescence of the
corresponding sample from control group 1.

Certain pathological changes in the human body manifest in
changes in the biochemical composition of blood plasma proteins.

It is known that such processes are accompanied by an
increase in the concentration of globulin and the level of ab-
sorption of laser radiation, which in turn induces the autofluo-
rescence of such polycrystalline protein structures of the blood
plasma film.

In our case, we should expect a certain increase in the laser
autofluorescence intensity, which is quantitatively detected in the
decrease in the relative values of the distribution of the element
of the Jones plasma film matrix [section 3, paragraph 3.2, cor-
relation (3.1)].

Figure 5 shows the results of an experimental study of the
coordinate distribution [fragment (a)] and the histogram of ran-
dom values [fragment (b)] of the Jones matrix element of laser

G(R,,)

Hist

Kilkist tochok. N

tic (b) distributions of Jones matrix image of laser autofluorescence of polycrystalline protein

network of blood plasma film take

group 2.
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autofluorescence of polycrystalline proteins of plasma film pro-
teins taken from a patient in group 2.

The experimental data on the structure of the coordinate
[Figure 5, fragment (a)] and random (histogram) [IFigure 5, frag-
ment (b)] distributions of the magnitudes of the elements in the
Jones matrix image revealed a certain increase in the intensity
level of the induced laser autofluorescence of the protein mole-
cules albumins and globulins forming a polycrystalline network
in the sample of a patient in group 2.

The analysis of the histogram structure of the distribution
of the Jones-matrix image of a plasma film from group 2 re-
vealed a decrease in the level (peak acuity) of the main extremum
and an increase in the dispersion of random values compared
to the similar distribution of the random values of this statistical
distribution determined for the plasma distribution taken from
patients from control group 1 [Figure 4, fragment (b)].

This fact can be attributed to the processes of pathological
changes in the endometrial layer, which indirectly manifest in the
growth of laser radiation absorption by the globulin plasma of
a diseased patient whose concentration has increased. Due to
this biochemical phenomenon, the distribution of Jones-matrix
image values with smaller relative values is formed, and the cor-
responding decrease in peak acuity and increase of dispersion of
random values of the Jones-matrix element R ..

Quantitative changes in the biochemical structure of the
molecules of protein crystalline networks in a sample of a plasma
film taken from a patient in group 2 illustrates the increase (up to
20%) of the statistical moment of the 2™ order and the decrease
of the statistical moments of the 3™ (up to 30%) and the 4™ or-
ders (up to 35%).

These statistical parameters characterizing the coordinate
structure of the Jones matrix image of laser autofluorescence
of protein polycrystalline networks of albumin and globulin
of the plasma film of a patient in group 2, acquire the following
values — M¢=0.9; My=0.11; M§=0.31; M{=1.74.

Thus, it can be stated that the statistical analysis of the prob-
abilistic distribution of random values of the true component
of the Jones matrix element R, mXn laser autofluorescence of
plasma film protein molecules, as in the case of protein networks
of histological sections of endometrial biopsy, showed sensitivity
(albeit less) to changes in the physiological state of the person
associated with endometriosis.

The following ranges of differences of average values are
established M{_,,,, that characterize the coordinate (mxn)
and probabilistic G (R,,) distributions of Jones-matrix images
R,, mXn laser autofluorescence of polycritical networks of al-
bumin and globulin of plasma films taken from patients in both
groups (Table 1).

However, the statistical analysis of ranges of change in the
magnitudes of statistical moments M*_, .5, obtained from experi-

Table 1. Mean M, dispercion MJ, asymmetry M and excess M;

of distributions R, (mxn) of blood plasma films taken from dif-
ferent groups.

Group 1 Norm Group 2 Endometriosis

k (35 samples) (85 samples)
M3 0.91£0.13 0.87+0.11
M3 0.07+0.0M1 0.11:0.014
M3 0.41+0.072 0.29+0.034
Me 2.36+0.31 1.68+0.29

© 2022 JOURNAL of MEDICINE and LIFE. VOL: 15 ISSUE: 12 DECEMBER 2022

mental studies of the statistical structure of the distributions of the
elements of the Jones matrix laser autofluorescence in blood plas-
ma films, as well as for samples of histological sections of the en-
dometrium, within individual groups of healthy and sick patients,
showed an increase in each group as false positive and negative.
Therefore, an intragroup analysis is relevant for determining
the informativeness of the Jones-matrix mapping method for the
autofluorescence of blood plasma films from patients in all groups.

DISCUSSION

This section presents the results of determining a set of
operating characteristics that determine the strength of the
Jones-matrix method of laser autofluorescence of polycrystal-
line protein networks of blood plasma films in the diagnosis of
endometriosis — sensitivity Se (relation; specificity Sp (relation;
accuracy Ac (relation); predictive value of a positive result +VP
(relation); the predictive value of a negative result -VP (ratio) of
blood plasma film samples taken from patients with a reference
diagnosis — control group 1 (35 samples) and group 2 (85 samples).

The results objectivity of the physical method of Jones-ma-
trix mapping was achieved by a complex computer analysis of
the statistical structure of autofluorescence intensity maps of
digital microscopic images of blood plasma films based on the
calculation of blood plasma 48,000 pixels of set from 1* to 4"
order stats My_y.,.3,4.

Each of these parameters U & M;_,,, is an object for
evaluating the strength of a method U & {Se Sp Ac+VP-VP}
based on the formation of a matrix of decisions according to
the application of the Jones-matrix method of autofluorescence
mapping of polycrystalline networks of plasma proteins taken
from patients in all groups with a pre-established verified (refer-
ence) diagnosis.

The analysis of the obtained data revealed the following: the
strength of the Jones-matrix method of autofluorescence map-
ping of plasma protein proteins taken from patients in group 1
and group 2 is maximal for the decisions determined based on
the calculation of the statistical moment of the 4™ order. For
statistical moment Z:, characterizing the sharpness of the peak
distribution of the polycrystalline component of the plasma film,
the number of positive and false negative solutions was 69 and
26 (sensitivity Se=87%), and the number of negative and false
positive decisions was 25 and 10 (specificity Sp=74%). For the
statistical moment Z;, which characterizes the asymmetry of the
distribution of the polycrystalline component of blood plasma
films, the number of positive and false negative solutions was 77
and 8 (sensitivity Se=81%), and the number of negative and false
positive decisions was 27 and 8 (specificity Sp=71%); the accura-
cy of the method Ac was 76%.

Thus, it is possible to ascertain the proper level of reliability
or validity of the method, which demonstrated the correspon-
dence of the obtained set of statistical parameters characterizing
the Jones-matrix distributions of the laser autofluorescence in-
tensity of polycrystalline networks of plasma films to the specific
condition of the patient.

Conclusion

Comparison with similar informative data of the Jones-matrix
laser autofluorescence method of histological sections of the en-
dometrial biopsy under conditions of blind endometriosis diag-
nosis rendered this method relatively high (although 15%-25%
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lower) informative. Subsequently, this technique should be used in
screening studies to form a risk group for appearing endometriosis.

ACKNOWLEDGMENTS

Conflict of interest
The authors declare no conflict of interest.

Ethical approval

The study was approved by the Biological and Medical Ethics
Committee of the Higher State Educational Establishment of
Ukraine, Bukovinian State Medical University (Protocol No.14,
16.06.2022). It was carried out strictly in accordance with The
Code of Ethics of the World Medical Association (Declaration
of Helsinki) for experiments involving humans.

Consent to participate
All the persons involved in the study gave their written in-
formed consents for participation.

Data Availability
All raw data of the study are available by request.

Authorship

OVB was responsible for the clinical management of the
patients, the project leading, and finalizing the manuscript. NSV
contributed to the methodology. YAD contributed to the data anal-
ysis and drafting of the manuscript. NVL conducted the statistical
analysis. OVK contributed to conceptualizing. KVS contributed
to editing the manuscript. AP contributed to the analysis data.

REFERENCES

1. Ushenko AG, Ushenko YA, Olar OI, Pishak VP, Pishak OV. Correlation
Structure of Jones Matrices of Biotissues. The 2" edition of the international
conference ATOM-N 2004. Bucharest, Romania. 2004, P.36.

2. Ushenko AG, Ushenko YA, Olar OI, Pishak VP, Pishak OV. Correlation
Structure of Mueller Matrices of Biotissues and their Physiological State
Diagnostics. 6™ International Conference on Laser & Fiber-Optical Networks
Modeling Proceedings LFNM 2004. Kharkov. 2004;232-234.

3. Ushenko YG, Ushenko YA, Olar OI, Pishak VP, Pishak OV. Correlation
Structure  of Mueller Matrices of Biotissues and their Physiological
State Diagnostics. Elektronika. - N9 8-9, 5" International Conference
Mechatronics-2004. Warshava. 2004;315-317.

4. Angelsky OV, Ushenko AG, Ushenko YA, Olar EI, et al. Fractal Analysis

of 2D Muecller Matrices of Biotissues Photon 4. Conference Optics and

photonics. 2004. Glasgow, Caledonian University, UK

Angelsky O, Prydij A, Ushenko A, Ushenko Yu, Olar O. Laser metrology of

statistical and fractal structure of biological tissues polarization images. Proc.

of. SPIE. 2007; 6616:661641.

6. Ushenko YO, Istratiy VV, Balanets'ka VO, Kvasniyk DO, et al. Phase maps for
networks of polycrystalline human biological liquids: Statistical and fractal
analyses. Semiconductor Physics, Quantum Electronics&Optoelectronics.
2010;13(3):240-247.

7. Bachinsky VT, Ushenko YO, Tomka YY, Dubolazov OV, et al. Wavelet
analysis for polarization maps of networks formed by liquid biological crystals
in blood plasma: statistical and fractal approaches. Semiconductor Physics,
Quantum Electronics& Optoelectronics. 2010;13(2):189-201.

8. Ushenko YO, Telenha O, Balanetskyaya V. Laser metrology of biological
liquid crystal's singular structure. Proceedings SPIE. 2010;7821:78210Z.

9. Ushenko YO, Tomka YY, Marchuk YI, Balanetcka VO. Statistical and
Fractal Processing of Phase Images of Human Biological Fluids. Advances in
Electrical and Computer Engineering. 2010;10(4):161-166.

o

10.

20.

21.

23.

24.

25.

27.

28.

29.

30.

31.

32.

33.

Ushenko YA, Olar OI, Dubolazov AV, Balanetskaya VO, et al. Mueller-
matrix diagnostics of optical properties inherent to polycrystalline
networks of human blood plasma. Semiconductor Physics, Quantum
Electronics&Optoelectronics. 2011;14(1): 98-105.

Ushenko YO, Tomka YY, Dubolazov OV, Balanetska VO, et al. Wavelet-
analysis for Laser Images of Blood Plasma. Advances in Electrical and
Computer Engineering. 2011;11(2):55-62.

Angelsky OV, Ushenko YA, Balanetska VO. The degree of mutual anisotropy
of biological liquids polycrystalline nets as a parameter in diagnostics and
differentiations of hominal inflammatory processes. Proceedings SPIE.
2011;88338:833808S.

Ushenko YA, Balanetcka VO, Piddubna NI, Olyinichenko BP. Statistical,
fractal, and singular processing of phase images of hominal blood plasma
during the diagnostics of breast cancer. Journal of flow visualization & image
processing. 2011;18(3);185-197

Andersen RR, Parrish JA. Optical properties of the human skin. In: The
Science of Photomedicine. New York: Plenum Press. 1982;147-193.
Ushenko OG, Dubolazov AV, Balanets'ka VO, Karachevtsev AV, Sydor
M. Wavelet analysis for polarization inhomogeneous laser images of blood
plasma. Proceedings SPIE. 2011;8338:83381H.

Preuss Luther E, Progia AE. Optical properties of mammalian tissue:
introduction by the feature editors. Appl. Opt.1989;28(12):2207- 2209.
Cheong WE Prahl SA, Welch AJ. A Review of the Optical Properties of
Biological Tissues. IEEE J. of Quan. Elec. 1990;26:2166-2185.

Ostermeyer MR, Stephens MR, Wang L, Jacques SL. Nearfield Polarization
Effects on Light Propagation in Random Media. Trends in Optics and
Photonics: Biomedical Optical Spectroscopy and Diagnostics. 1996;3:20-26.
Bruscaglioni P, Zaccanti G, Wei Q, Transmission of a pulsed polarized
light beam through thick turbid media: numerical results. Appl. Opt.
1993;32:6142- 6150.

Johnston RG, Singham SB, Salzman GC. Polarized light scattering.

Comments on molecular and cellular biophysics. 1988;5(3):171-192.

Izotova VI, Maksimova IL, Nefedov IS, Romanov SV. Investigation of
Mueller matrices of anisotropic nonhomogeneous layers in application to an
optical model of the cornea Appl. Opt. 1997;36:164-169.

Jiao S, Yao G, Wang LV. Depth-resolved two-dimensional stokes vectors of

backscattered light and mueller matrices of biological tissue measured with
optical coherence tomography. Appl Opt. 2000 Dec 1;39(34):6318-24. doi:
10.1364/20.39.006318

Mandelbrot BB. On the geometry of homogeneous turbulence, with stress
on the fractal dimension of the iso-surfaces of scalars. Journal of Fluid
Mechanics. Cambridge University Press. 1975;72(3):401-16

Church EL. Fractal surface finish. Appl Opt. 1988 Apr 15;27(8):1518-26. doi:
10.1364/A0.27.001518

Whitehouse DJ. Fractal or fiction. Wear. 2001;249(5-6):345-353. https://doi.
org/10.1016/50043-1648(01)00535-X

Sankaran V, Everett MJ, Maitland DJ, Walsh JT. Comparison of polarized-light
propagation in biological tissue and phantoms. Opt. Lett.1999;24:1044-1046.
Bourg-Heckly G, Blais J, Padilla JJ, Bourdon O, e al Endoscopic
ultraviolet-induced autofluorescence spectroscopy of the esophagus: tissue
characterization and potential for early cancer diagnosis. Endoscopy. 2000
Oct;32(10):756-65. doi: 10.1055/5-2000-7704

Cameron AJ. The Epidemiology of Barrett's Esophagus and Adenocarcinoma.
Pract. Gastroentorol. 1995;19(6):24B-24F.

Georgakoudi I, Jacobson BC, Miller MG, Sheets EE, et al. NAD(P)H
and collagen as in vivo quantitative fluorescent biomarkers of epithelial
precancerous changes. Cancer Res. 2002 Feb 1;62(3):682-7

Kolli VR, Savage HE, Yao T], Schantz SP. Native cellular fluorescence of
neoplastic upper aerodigestive mucosa. Arch Otolaryngol Head Neck Surg.
1995 Nov;121(11):1287-92. doi: 10.1001/archotol.1995.01890110061011
Panjehpour M, Overholt BE, Schmidhammer JL, Farris C, et al. Spectroscopic
diagnosis of esophageal cancer: new classification model, improved
measurement system. Gastrointest Endosc. 1995 Jun;41(6):577-81. doi:
10.1016/50016-5107(95)70194-x

Stroka R, Baumgartner R, Buser A, Ell C, e/ al. Laser assisted detection of
endogenous Porphyrin in Malignant Diseases. SPIE. 1991; 1641:99-105.
https://doi.org/10.1117/12.59353

Wong Kee Song LM, Marcon NE. Novel optical diagnostic techniques for
the recognition of metaplasia and dysplasia. Eds. P. Sharma, R.E. Sampliner.
Barrett's Esophagus and Esophageal Adenocarcinoma. Boston: MA,
Blackwell Science, 2001. P. 123-136

© 2022 JOURNAL of MEDICINE and LIFE. VOL: 15 ISSUE: 12 DECEMBER 2022



