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ABSTRACT

The results of a study of the effectiveness in the differential diagnosis of cases of alcohol and carbon
monoxide poisoning by azimuthally invariant polarizing Mueller-matrix microscopy are presented:

e multichannel sounding with differently polarized laser beams of histological sections of the brain,
myocardium, adrenal glands, liver and polycrystalline blood films of the dead and multichannel
polarization filtering of a series of microscopic images with algorithmic determination of coordinate
distributions (maps):

1. Muller-matrix invariants of linear birefringence of fibrillar networks (MMI LB);
2. Mueller-matrix invariants of circular birefringence of optically active molecular complexes
(MMI CBY);

o statistical differentiation of MMI LB and MMI CB cards with the optically anisotropic component of
histological sections of the brain, myocardium, adrenal glands, liver and polycrystalline blood films
of the dead due to IHD (control group), alcohol poisoning (study group 1) and carbon monoxide
(study group 2);

e determination of operational characteristics (sensitivity, specificity and balanced accuracy) of the
strength of the multidimensional Mueller-matrix microscopy method for histological sections of the
brain, myocardium, adrenal glands, liver and polycrystalline blood films of the dead of all groups.

Keywords: polarization, diagnosis, bood films.

1. MUELLER-MATRIX INVARIANTS AND THEIR RELATIONSHIPS WITH OPTICAL
ANISOTROPY PARAMETERS

In section 1 of our work, we noted that numerous studies in the field of Mueller-matrix polarimetry of biological tissues

and fluids® revealed the following most general symmetry of the matrix operator {F} characterizing the optical
anisotropy of a phase-inhomogeneous layer
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Each of the elements fik of the Mueller-matrix operator (1) is integrally and ambiguously associated with various types

of optical anisotropy (linear and circular birefringence and dichroism) of biological layers ®2. At the same time, 12
matrix elements change when the plane of the biological sample rotates around the axis of optical sensing. Therefore,
there is an additional ambiguity in solving inverse problems

The functional and diagnostic capabilities of the Mueller-matrix mapping method can be expanded by using ?, in
addition to four azimuthally independent matrix elements (MMI), there are a number of other angular invariants.
Namely, linear combinations or superpositions of such elements, lengths of mathematical vectors, the parameters of
which are formed by sets of elements of the Mueller matrix. In addition, the angles between such vectors turned out to be
azimuthally invariant ***;

* elements of the Mueller matrix

fr fus fus fu. )

* superposition of the elements of the Mueller matrix
Doz =(fr + o) 3
Dx 3 =(f23 - fsz)- 4)

* lengths of mathematical vectors

[¢2 2.

Vigus =+ fi2 + fi3;
2 2.
Voriar =+ a1 + fas

: ®)
Vapraz =+ f422 + f423 ;
Vosia = fza + fai;
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V22;33;23;32 =\/(1:22 - f33 )2 + (f23 - f32 )2 ' (8)

Thus, by using the MMI set (relation (2) - (8)), it is possible to expand the capabilities of Mueller-matrix mapping for
statistical or screening laboratory studies of samples of biological layers (histological sections and polycrystalline films)
of human organs in various problems of biomedical diagnostics.

However, the vast majority of tissue samples and human organ fluids are partially depolarizing. This circumstance
necessitates the experimental or analytical detection of information on the optical anisotropy of biological layers against
the background of the background of optical radiation depolarized by them. Therefore, it is relevant to search for new
approaches to the principles of azimuthally invariant Muyller-matrix mapping by step-by-step (layer-by-layer)
description of polarized radiation conversion processes by real partially depolarizing optically anisotropic structures of
biological layers.

2. DIFFERENTIAL DIAGNOSIS OF ALCOHOL AND CARBON MONOXIDE POISONING
BY STATISTICAL ANALYSIS OF THE MUELLER-MATRIX INVARIANT OF LINEAR
BIREFRINGENCE OF HISTOLOGICAL SECTIONS OF THE BRAIN

In fig. 1 shows maps (fragments (1) - (3)) and histograms (fragments (4) - (6)) of the distribution of the MMI LB of
histological brain sections from the study (fragments (1), (4)) and two control (fragments ( 2), (3), (5), (6)) groups of

samples.
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Fig. 1. Maps (fragments (1) - (3)) and histograms (fragments (4) - (6)) of the coordinate distributions of the MMI of the
linear birefringence of histological sections of the brain of the dead from control group 1 (fragments (1), (4)), research group
2 (fragments (2), (5)) and research group 3 (fragments (3), (6)).

A comparative analysis of the coordinate distributions of the MMI CB value (fig. 1) revealed significant differences in
the ranges of its change (fragments (4) - (6)) and the transformation of topographic structure (fragments (1) - (3)) of
Mueller-matrix maps of histological sections of the brain of the dead from coronary heart disease and alcohol and carbon
monoxide poisoning.

A tendency has been established to decrease the magnitude of statistical moments of the first and second orders, as well
as an increase in the values of statistical moments of higher orders characterizing the asymmetry and excess (peak
sharpness) of the histograms of the distribution of the MMI LB of brain samples of the dead as a result of poisoning with
alcohol and carbon monoxide, - table 1.
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Table 1. The central statistical moments of the 1st - 4th orders that characterize the coordinate distribution of the magnitude
of the MMI LB of histological sections of the brain of the dead from the control and experimental groups

Sample Histological sections of the brain
Statistical moments Group 1 Group 2 Group 3
(n=45) (n=45) (n=45)
Average, Sr 0,140,007 | 0,055+ 0,003 | 0,025+ 0,002
P1; P2, P P 0,05 p, p 0,05
P P2 P 0.05
Dispersion, Dp 0,1940,005 | 0,0940,004 | 0,05% 0,002
P1: P2 P, P 0,05 p, p 0,05
P12 Py, P 0,05
Asymmetry, As 0,360,014 | 0,710,034 | 1,23%0,059
P1: P2 s P P 0,05 p, p 0,05
P12 Py, P 0,05
Excess, Ek 1,36+0,061 | 1,070,052 | 0,86+ 0,042
P1: P2 s P P 0,05 p, p 0,05
P12 Py, P 0,05

The statistical reliability ( py; p,; p1.» p 0,05) of the use in the differentiation of brain samples of deaths from all groups

of the average Sr, dispersion Dp, asymmetry AS and excesses Ek characterizing the distribution of the MMI LB in
the differentiation of brain samples of the dead from the control group (IHD) and two experimental groups was
established.

Using the principles of information analysis of the results of statistical processing of coordinate distributions of the
values of MMI LB of histological sections of the brain, a satisfactory (Sr,Dp-—>82%—-83%) and good (

As,Ek — 86% —88% ) level of balanced accuracy in the differential diagnosis of cases of alcohol and carbon monoxide
poisoning was found, - table 2.

Table 2. Operational characteristics of the strength of the Mueller-matrix polarimetry method

Sample | Histological sections of the brain
Stios4 Average, Sr Dispersion, Dp | Asymmetry, As | Excess, Ek
Se,% a=38; 84,4 | a=37, 82,2 a=39; 86,6 | a=40; | 88,8
b=7 b=8 b=6 b=5
Sp,% c=37; 82,2 | c=37; | 82,2 | c=38; | 84,4 | c=39; | 86,6
d=8 d=8 d=7 d=6
Ac,% n=45 83,3 | n=45 82,2 n=45 85,5 | n=45 | 87,7

3. DIFFERENTIAL DIAGNOSIS OF ALCOHOL AND CARBON MONOXIDE POISONING
BY THE METHOD OF STATISTICAL ANALYSIS OF THE DISTRIBUTIONS OF THE
MUELLER-MATRIX INVARIANT OF THE LINEAR BIREFRINGENCE OF
HISTOLOGICAL SECTIONS OF THE MYOCARDIUM

The results of Mueller-matrix polarimetric mapping of histological sections of the myocardium from the research
(fragments (1), (4)) and two control (fragments (2), (3), (5), (6)) groups are presented in a series of fragments of fig. 2.
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Fig. 2. Maps (fragments (1) - (3)) and histograms (fragments (4) - (6)) of the coordinate distributions of the MMI of the
linear birefringence of histological sections of the myocardial deceased from control group 1 (fragments (1), (4)), research
group 2 (fragments (2), (5)) and research group 3 (fragments (3), (6)).

As a result of Mueller-matrix polarization mapping of fibrillar myosin networks of myocardial samples (fig. 2),
significant differences were revealed between the ranges of variations in the values of MMI LB (fragments (4) - (6)) and
topographic structure (fragments (1) - (3)) experimentally measured MMI LB cards of samples of patients who died from
coronary heart disease and alcohol and carbon monoxide poisoning.

Degenerative-dystrophic changes in myocardial tissue correspond to a decrease in the statistical moments of the 1st-2nd
orders of magnitude (average and dispersion), as well as an increase in the statistical moments of the 3rd and 4th orders
of magnitude characterizing the asymmetry and excess (peak sharpness) of the histograms of the distribution of
magnitude MMI LB samples of histological sections of the myocardium of the groups of the dead as a result of
poisoning by alcohol (research group 1) and carbon monoxide (research group 2) - table 3.

Table 3. The central statistical moments of the 1st - 4th orders, which characterize the coordinate distribution of the
magnitude of the MMI LB of the histological sections of the myocardium of the dead from the control and
experimental groups

Sample Histological sections of the brain
Statistical moments Group 1 Group 2 Group 3
(n=45) (n=45) (n=45)
Average, Sr 0,28+0,013 | 0,17%0,008 | 0,08+ 0,004
P1: P2, p, p 0,05 p, p 0,05
P12 Py P 0,05
Dispersion, Dp 0,39+0,017 | 0,21+0,011 | 0,095+ 0,005
P1: P2, p, p 0,05 p, p 0,05
P12 Py P 0,05
Asymmetry, As | 0,930,046 | 1,380,065 | 2,03%0,11
P1: P2, p p 0,05 p, p 0,05
P12 Py, P 0,05
Excess, Ek 0,66+0,031 | 0,9540,045 | 1,81+0,092
P1i P2, p p 0,05 p, p 0,05
P12 Py, P 0,05
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A comparative analysis of the average (within representative samples of the sample) value of the set of central statistical
moments of the 1st - 4th orders revealed the diagnostic effectiveness (statistical reliability p;; p,; p;., p 0,05) of the

method of azimuthally invariant Mueller-matrix microscopy in differentiating myocardial samples from all groups

Table 4 shows the results of determining the operational characteristics of the strength of the method of azimuthally
invariant Mueller-matrix polarimetry of histological sections of the myocardium.

Table 4. Operational characteristics of the strength of the Mueller-matrix polarimetry method

Sample | Histological sections of the brain
Stiy034 Average, Sr Dispersion, Dp | Asymmetry, As | Excess, Ek
Se, % a=36; 80 | a=37; | 82,2 | a=38; 84.4 | a=39; | 86,6
b=9 b=8 b=7 b=6
Sp,% c=36; 80 | c=25; 80 c=38; | 84,4 |c=38;|84/4
d=9 d=20 d=7 d=7
Ac,% n=45 80 | n=45 | 80,6 n=45 84,4 | n=45 | 85,5

An information analysis of the results of statistical processing of the coordinate distributions of the magnitude of the
MMI LB of histological sections of the myocardium showed a satisfactory ( Sr, Dp — 81% ) and good ( As, Ek — 85%)

level of balanced accuracy in the differential diagnosis of cases of alcohol and carbon monoxide poisoning

4. DIFFERENTIAL DIAGNOSIS OF ALCOHOL AND CARBON MONOXIDE POISONING
BY STATISTICAL ANALYSIS OF THE MUELLER-MATRIX INVARIANT OF THE
OPTICAL ACTIVITY OF HISTOLOGICAL SECTIONS OF THE BRAIN

On the fragments of fig. 3 shows topographic maps (fragments (1) - (3)) and histograms (fragments (4) - (6)) of the
distributions of the magnitude of the MMI CB, which characterizes the optical activity of molecular complexes of
histological sections of the brain with the research one (fragments (1), (4) ) and two control (fragments (2), (3), (5), (6))
groups of samples.

Table 5 presents the data for determining the values of average values and errors (within each of the representative
samples of the control and two research groups of samples of biological preparations) of a set of central statistical
moments of the 1st - 4th orders of magnitude characterizing the average, dispersion, asymmetry and excess of
distribution of the value MMI CB of histological sections of the brain of the dead.
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Fig. 3. Maps (fragments (1) - (3)) and histograms (fragments (4) - (6)) of the coordinate distributions of the MMI of the
optical activity of the histological sections of the brain of the dead from control group 1 (fragments (1), (4)), research group
2 (fragments (2), (5)) and research group 3 (fragments (3), (6)).
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It was found that the matrix parameter of the optical activity of histological sections of the brain decreases for cases of
alcohol and carbon monoxide poisoning compared with coronary heart disease - the values of statistical moments of the
first and second orders, asymmetry and excess of histograms of the distribution of the values of MMI CB are reduced,
and vice versa they grow as a result of poisoning by alcohol and carbon monoxide gas - table 5.

The statistical uncertainty ( py; p,; py., f 0,05) of the use in the differentiation of samples of histological sections of the

brain that died from all groups, the average distribution of the value of the parameter MMI CB of optically active
molecular complexes.

For other statistical moments of the 2nd - 4th orders of magnitude, the differential diagnosis of cases of alcohol and
carbon monoxide poisoning by statistical analysis of MMI CB maps of brain samples from both research groups is
statistically significant — p,; p,; py., p 0,05.

Table 5. The central statistical moments of the 1st - 4th orders that characterize the coordinate distribution of the magnitude
of the MM of circular birefringence of samples of histological sections of the brain of the dead from the control and
experimental groups

Sample Histological sections of the brain
Statistical moments Group 1 Group 2 Group 3
(n=45) (n=45) (n=45)
Average, Sr 0,06+0,003 | 0,04= 0,003 | 0,03+ 0,002
P1; P2 s p, f 0,05 p, f 0,05
P12 Py, £0,05
Dispersion, Dp 0,125+ 0,006 | 0,07+ 0,004 | 0,06+ 0,003
P1: P2, p, p 0,05 p, p 0,05
P12 Py, £0,05
Asymmetry, As 0,630,029 | 1,05%0,052 | 1,73+ 0,081
P1: P2, p, p 0,05 p, p 0,05
P12 Py, P 0,05
Excess, Ek 1,211+0,059 | 2,07%+0,105 | 3,86+ 0,14
P1: P2, p, p 0,05 p, p 0,05
P12 Py, P 0,05

Table 6. Operational characteristics of the strength of the Mueller-matrix polarimetry method

Sampe | Histological sections of the brain
Stios4 Average, Sr Dispersion, Dp | Asymmetry, As | Excess, Ek
Se,% a=33; 73,3 | a=35; 71,7 a=37; 82,2 | A=37; | 82,2
b=12 b=10 b=8 b=8
Sp,% c=33; 73,3 | ¢=35; 77,7 c=37; 82,2 | C=37; | 82,2
d=12 d=10 d=8 d=8
Ac,% N=45 73,3 | n=45 77,7 N=45 82,2 | N=45 | 82,2

An information analysis of the results of statistical processing of the coordinate distributions of the MMI CB value found
a satisfactory ( As,Ek —82%) level of balanced accuracy in the differential diagnosis of cases of alcohol and carbon
monoxide poisoning.
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5. DIFFERENTIAL DIAGNOSIS OF ALCOHOL AND CARBON MONOXIDE POISONING
BY THE METHOD OF STATISTICAL ANALYSIS OF THE MUELLER-MATRIX
INVARIANT OF THE OPTICAL ACTIVITY OF HISTOLOGICAL SECTIONS OF THE
MYOCARDIUM

Fig. 4 illustrates the results of an azimuthally invariant Mueller-matrix polarimetric mapping of optically active
molecular complexes of histological sections of the myocardial brain from the research (fragments (1), (4)) and two
control (fragments (2), (3), (5), (6 )) groups - coordinate (fragments (1) - (3)) and statistical (fragments (4) - (6))
distribution of MMI CB.
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Fig. 4. Maps (fragments (1) - (3)) and histograms (fragments (4) - (6)) of the coordinate distributions of the MMI value of
the optical activity of the histological sections of the myocardial deceased from control group 1 (fragments (1), (4)), research
group 2 (fragments (2), (5)) and research group 3 (fragments (3), (6)).

As part of the statistical approach, it was found that degenerative-dystrophic changes in the optically active molecular
complexes of myocardial tissue correspond to a decrease in the average and dispersion, as well as an increase in the
asymmetry and excess of histograms of the distributions of the MMI CB values of the dead as a result of poisoning with
alcohol and carbon monoxide, - table 7.

Table 7. The central statistical moments of the 1st - 4th orders that characterize the coordinate distribution of the MMI value
of circular birefringence of samples of histological sections of the myocardium of the dead from the control and
experimental groups

Sample Histological sections of the brain
Statistical moments Group 1 Group 2 Group 3
(n=45) (n=45) (n=45)
Average, Sr 0,0720,003 | 0,060,003 | 0,045+ 0,002
P1i P2, p £0,05 P2 f0,05
P12 Py, £0,05
Dispersion, Dp 0,11+ 0,005 | 0,073 0,004 | 0,065= 0,003
P1: P2, p, p 0,05 p, p 0,05
P12 Py, £0,05
Asymmetry, As | 0,53+0,023 | 0,91+0,042 | 1,37+0,063
P1: P2, p p 0,05 p, p 0,05
P12 Py, P 0,05
Excess, Ek 0,88+0,042 | 1,56+0,077 | 2,71£0,13
P1; P2, p p 0,05 p, p 0,05
P12 Py, P 0,05
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From the analysis of the magnitude of the central statistical moments of the 1st - 4th orders it follows:

e diagnostic unefficiency (statistical unreliability p;; p,; p;., f 0,05) in the differentiation of myocardial samples
from all groups of the deceased on the basis of calculating the average distribution of the magnitude of MMI

CB;

o statistical reliability ( p;; p, p 0,05) of differentiation of myocardial samples of the dead from the control group

(IHD) and two control groups by calculating the dispersion Dp ;

e diagnostic efficiency and statistical reliability ( p;; p,; p;.» p 0,05) of differentiation of cases of alcohol and

carbon monoxide poisoning based on the calculation of the asymmetry AS and excess Ek values

characterizing the distribution of the values of MMI CB.

The operational characteristics of the strength of the method of azimuthally invariant Mueller-matrix polarimetry of

optically active molecular structures of histological sections of the myocardium are presented in table 8.

Table 8. Operational characteristics of the strength of the Mueller-matrix polarimetry method

Sampe | Histological sections of the brain
Sti1034 Average, Sr Dispersion, Dp | Asymmetry, As | Excess, Ek
Se,% a=33; 73,3 | a=33; 73,3 a=35; 77,7 | A=35; | 71,7
b=12 b=12 b=10 b=10
Sp,% c=33; 73,3 | ¢=33; 73,3 c=34; 75,5 | C=34; | 75,5
d=12 d=12 d=11 d=11
Ac,% N=45 73,3 | n=45 73,3 N=45 76,6 | N=45 | 76,6

An information analysis of the results of statistical processing of the coordinate distributions of the magnitude of the

MMI CB revealed an unsatisfactory level ( AC T 80% ) of balanced accuracy in the differential diagnosis of cases of
alcohol and carbon monoxide poisoning.

5. DIAGNOSTIC EFFICIENCY OF THE MULTIDIMENSIONAL AZIMUTHALLY

INVARIANT MUELLER-MATRIX POLARIMETRY METHOD

This section summarizes the results of an information analysis (the maximum level of balanced accuracy) of the
diagnostic capabilities of objective digital forensic medical differentiation of cases of alcohol and carbon monoxide
poisoning by multidimensional azimuthally invariant Mueller-matrix polarimetry of linear birefringence of fibrillar
networks and circular birefringence of optically active molecular components of polycrystalline component of the
histological sections of the brain, myocardium, adrenal glands, liver and polycrystalline films of the blood of the dead., -

table 9 and table 10, respectively™**>.

Table 9. The balanced accuracy of the method of multidimensional azimuthally invariant Muleler-matrix polarimetry of

linear birefringence in the differentiation of cases of poisoning by alcohol and carbon monoxide

Biological layer Ac,% Level

Histological sections of the brain 88 Good

Histological sections of the myocardium 85 Good
Histological sections of the adrenal glands 83 Satisfactory
Histological sections of the liver 80 Satisfactory
Polycrystalline films of the blood 83 Satisfactory
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Table 10. The balanced accuracy of the method of multidimensional azimuthally invariant Mueller-matrix polarimetry of
circular birefringence in the differentiation of cases of poisoning by alcohol and carbon monoxide

Biological layer Ac,% Level
Histological sections of the brain 82 Satisfactory

Histological sections of the liver Satisfactory

CONCLUSIONS

A comprehensive experimental study of the diagnostic effectiveness in differentiating cases of alcohol and carbon
monoxide poisoning by a multi-parameter method of the azimuthally invariant Muller-matrix polarimetric microscopy of
the linear and circular birefringent polycrystalline component of histological sections of the brain, myocardium, adrenal
glands, and polycrystalline films of the blood of the dead.

A statistical differentiation of the coordinate distributions of the Mueller-matrix invariant of linear birefringence of
fibrillar networks of histological sections of the brain, myocardium, adrenal glands, liver and polycrystalline blood films
of the dead due to IHD (control group), alcohol poisoning (research group 1) and carbon monoxide (research group 2)
was implemented .

The possibility of statistically significant ( py; p,; p;.» p 0,05) differentiation of cases of deaths from the control group

(CHD) and cases of poisoning with alcohol and carbon monoxide by calculating the average Sr, dispersion Dp,

asymmetry As and excess Ek, characterizing the distribution of the MMI LB of histological sections of the brain,
myocardium, adrenal glands, liver and polycrystalline blood films was established.

The operational characteristics of the diagnostic strength of the method of Mueller-matrix polarimetry of the
manifestations of linear birefringence were determined - sensitivity, specificity and balanced accuracy correspond to a
satisfactory (adrenal gland, liver, blood) and good (brain, myocardium) level.

The possibility of statistically significant ( p,; p,; p;., p 0,05) differentiation of cases of deaths from the control group

(IHD) and cases of poisoning with alcohol and carbon monoxide by calculating the dispersion Dp , asymmetry As and

excess Ek , characterizing the distribution of the MMI CB of histological sections of the brain, myocardium, adrenal
glands, liver and polycrystalline blood films was established.

The operational characteristics of the diagnostic strength of the method of Mueller-matrix polarimetry of the
manifestations of circular birefringence of optically active molecular complexes were determined - sensitivity, specificity
and balanced accuracy correspond to a satisfactory (brain, liver, myocardium) and good (adrenal glands, blood) level.
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