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Abstract:

Introduction: Fatal intoxications with alcohol and carbon monoxide are the most common causes of poisoning that occur in
forensic medical practice. Therefore, the differential diagnosis of these intoxications is extremely important. To solve this
problem, we propose the use of the method of azimuthal-invariant polarization Mueller-matrix microscopy of histological
sections of biological tissues (BT).

Objectives: The purpose of the study was to establish statistically significant criteria for differentiation of the cause of death in
case of alcohol poisoning (AP) and carbon monoxide poisoning (CMP) by using azimuthal-invariant polarization Mueller-
matrix microscopy of polycrystalline fractions of histological sections of organs and blood films of the human body.

Results: A number of characteristic features have been identified that have not been previously described and allow to
objectively differentiate the cause of death in the case of AP and CMP, namely Ek — 0.95+0.045 and 1.81+0.092 in the study
of histological sections of the myocardium; Ek — 0,19+0,011 and 1,11+0,094 — polycrystalline blood films. Analysis of the
obtained data revealed a good level of accuracy in the study of histological sections of the myocardium (As 85%) and
polycrystalline blood films (As 88%).

Conclusion: Thus, developed and tested method of azimuthal-invariant polarization Mueller-matrix microscopy allows to
differentiate the cause of death in cases of AP and CMP.

UDC Classification: 616-091, DOI: https://doi.org/10.12955/pmp.v2.168
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Introduction

In forensic practice, the most common toxic substances that can cause death are ethyl alcohol and carbon
monoxide. These poisonings often occur in many countries around the world (Moon et al., 2020; Sircar
et al., 2015). However, forensic experts in their daily practice face certain difficulties in diagnosing
ethanol and CO poisoning, which are primarily due to the lack of specific morphological manifestations.
All this complicates the diagnosis and leads to the fact that the determination of a toxic substance in the
victim’s body, especially when setting limit values, in many cases cannot serve as an unconditional
guarantee for the diagnosis of death from poisoning. (Simonsen, et al., 2019; Kim et al., 2018; Rose et
al., 2017).

The main diagnostic methods in a practical forensic examination are laboratory detection of alcohol and
CO in blood and urine. However, the analysis of the results should also take into account the redox
processes in the body, which significantly depend on the level of metabolism in different circumstances:
significantly slowed down in the elderly and increased sharply with fever and cold. Also, often in the
blood of the dead, the content of carboxyhemoglobin does not correspond to lethal concentrations. This
can be due to a number of factors: temperature, humidity, wind speed, atmospheric pressure fluctuations,
the presence of inhaled air, nitrogen oxides, gasoline vapors, carbon dioxide.

Therefore, in addition to forensic chemical research, it is advisable to use additional clarifying
methods that can establish the presence of a toxic substance and determine the impact of the latter
on the development of lethal outcomes.

In recent years, scientists have focused on the use of modern digital diagnostic methods that provide
high accuracy and reproducibility of the results. Laser polarimetric methods of microscopic examination
of optically inhomogeneous biological structures have become a new branch of such research.
According to research Ushenko OG (2015), these techniques provide the most complete information
about the architectonics of all BT of the human body, including the ability to detect any changes in case
of various pathological conditions.
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Purpose

The purpose of the study was to establish statistically significant criteria for differentiation of the cause
of death in the case of AP and CMP by using azimuthal-invariant polarization Mueller-matrix
microscopy of polycrystalline fractions of histological sections of organs and blood films of the human
body.

Materials and Methods

The object of the study was histological sections of the brain, adrenal glands, myocardium, and
polycrystalline blood films, selected from 135 corpses of both sexes, aged 18 to 71 years. All samples
were divided into two experimental groups by cause of death: due to AP and CMP. BT samples
from the dead persons due to coronary heart disease (CHD) were used for control (control
group, n=45).
The main principle of the study was the use of a model description of the structure of the polycrystalline
component of blood films and histological sections of BT of human organs, which is considered as two
components - isotropic and anisotropic or crystalline. (Ushenko et al., 2016).
The task of developing objective digital forensic criteria for differentiating the cause of death from AP
or CMP is based on azimuthal-invariant Mueller matrix polarimetry of the polycrystalline component
of BT and human fluids. The research methodology is illustrated by the following scheme (Figure 1).
Figure 1: Structural-logical scheme of the method of azimuthal-invariant mapping of the degree of
crystallization of biological layers

1 Source of optical sounding Gas helium-neon laser;
Wavelength 0.6328 um
Power 10 mW
2 | The block forming the spatial Optical collimator forming a parallel laser beam with a cross-section 5 mm
structure of the optical probe
3 | Multichannel block forming The system of formation linear (0°; 90°; 45°) and right-circular polarization
the polarization structure of (linear polarizer (Achromatic True Zero-Order Waveplate) — quarter-wave plate
the optical probe (B + W Kaesemann XS-Pro Polarizer MRC Nano))
4 Obiject block Microscopic coordinate node
5 Block formation of Polarizing microlens (Nikon CFI Achromat P, working distance — 30mm, focal
microscopic images distance - 50mm, NA — 0.1, magnification — 4x)
6 Block of multichannel The transmission system linear (0° 90°; 45°; 135°) right- and left-circularly
polarization filtration polarized components of light oscillations
7 Block of sampling digital Digital CCD camera
microscopic images (The Imaging Source DMK 41AUQ02.AS, monochrome 1/2 "CCD, Sony
ICX205AL (progressive scan); resolution - 1280x960, size light-sensitive area -
7600x6200mkm; sensitivity - 0,05 Ix, dynamic range - 8 bit, SNR - 9 bit) by
polarization microobjective 7 (Nikon CFl Achromat P, focal length - 30 mm,
numerical aperture - 0.1 increase - 4x)
8 | Block of computer processing Definition of statistical points of 1-4 orders
of Mueller matrix polarimetry

Source: Authors

The experimental methodology of azimuth-invariant Mueller-matrix polarization microscopy includes
the following steps:

= within each of the representative samples of BT Mueller-matrix invariant (MMI) maps of
polycrystalline component of histological sections of internal organs and blood films were
experimentally determined:;

= the values of the statistical moments of 1-4 order (Sr, Dp, As, EK), which characterize the MMI
size distributions for each individual sample of BT, were calculated,

= the average value and the error of the magnitude of each of the central statistical moments of 1—
4 order were determined within the control and two experimental groups of BT,;

= for each of the central statistical moments of 1 - 4 orders, which characterize MMI distributions,
statistical reliability of differentiation of MMI maps of the polycrystalline component of
histological sections of BT of internal organs and blood films was established;

= within the principles of evidence-based medicine, the operational characteristics of the force of
the azimuthal-invariant Mueller-matrix polarization microscopy method were calculated:
sensitivity, specificity, balanced accuracy.
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According to this algorithm, changes in the statistical moments of MMI distribution of BT preparations
of the human body were determined: brain, liver, adrenal glands, myocardium, and polycrystalline blood
films for both experimental and control groups.

Histological sections of the brain.

Figure 2 shows maps and histograms of the distributions of the MMI of the linear birefringence (LB) of
histological sections of the brain from the experimental and control groups of samples.

Comparative analysis of the coordinate distributions of MMI of LB (Fig. 2) revealed significant
differences in the ranges of its change and transformation of the topographic structure of Mueller-matrix
maps of histological sections of the brain of dead from coronary heart disease, AP, and CMP.

Figure 2: Maps (1-3) and histograms (4-6) of coordinate distributions of the MMI of LB of
histological sections of the brain from the control group (1, 4), dead from AP (2,5) and CMP (3, 6).
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Source: Authors

There is a tendency to decrease the value of statistical moments of the 1st and 2nd orders, as well as
increasing the values of statistical moments of higher orders, which characterize the asymmetry and
excess histograms of the distribution of MMI LD brain samples from deaths from an AP and CMP -
Table 1.

Table 1: Central statistical moments of the 1st - 4th orders characterize the coordinate distributions
of the MMI LD of histological sections of the brain from the control and experimental groups.
Sample histological sections of the brain
statistical moments group 1 (n=45) group 2 (n=45) group 3 (n=45)
average (Av) 0.14+0.007 0.055+0.003 0.02540.002
P, P2 £1<0.05 £2<0.05
P32 £1,2<0.05
dispersion (Dp) 0.1940.005 0.09F 0.004 0.05% 0.002
P, P2 £1<0.05 £2<0.05
P32 £1,2<0.05
asymmetry (As) 0.36 1+ 0.014 0.71%0.034 1.23+0.059
P, P2 £1<0.05 2<0.05
P32 £1,2<0.05
excess (Ek) 1.36 1 0.061 1.07 £ 0.052 0.86 1 0.042
pP1, P2 £1<0.05 £2<0.05
P12 £1;2<0.05
Source: Authors

Statistical significance (p1; p2; p1; 2 <0.05) of statistical moments characterize the distributions of MMD
of LD of brain samples from all groups, for use in differentiating the cause of death.
Using the principles of information analysis of the results of statistical processing of the coordinate

distributions of the MMI LD histological sections of the brain revealed a satisfactory level (4s, Ek—83%)
of balanced accuracy of differential diagnosis of cases of AP and CMP, - table 2.
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Table 2: Operational characteristics of the strength of the Mueller-matrix polarimetry method.

Sample | histological sections of the brain
Sti=12,3.4 Av Dp As Ek
Se, % a=33;b=12 73.3 a=35;b=10 | 77.7 a=39;b=6 86.6 a=39;B=6 86.6
Sp,% c=33;d=12 73.3 c=35;d=10 | 77.7 | ¢=35,d=10 | 77.7 c=36;D=9 80
Ac,% n=45 73.3 n=45 77.7 n=45 82.5 n=45 83.3

Source: Authors

Histological sections of the myocardium.

Results of Mueller-matrix polarimetric mapping of histological sections of the myocardium from

experimental and control groups are presented in Figure 3.

Figure 3: Maps (1-3) and histograms (4-6) of coordinate distributions of the MMI of LB of
histological sections of the myocardium from the control group (1, 4), dead from AP (2, 5) and

CMP (3, 6).
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Source: Authors

Mueller-matrix polarization mapping of fibrillar myosin networks of myocardial samples (Fig. 3)
revealed significant differences between the ranges of variations of MMI LD values and the topographic

structure of experimentally measured maps of MMI LD samples from CHD, AP, and CMP.

Table 3: Central statistical moments of the 1st - 4th orders characterize the coordinate distributions
of the MMI LD of histological sections of the myocardium from the control and experimental

groups.
Sample histological sections of the myocardium
statistical moments group 1 (n=45) group 2 (n=45) group 3 (n=45)
average (Av) 0.28 +£0.013 0.17 +£0.008 0.08 +£0.004
P11, p2 £1<0.05 £2<0.05
P32 £1,2<0.05
dispersion (Dp) 0.39+0.017 0.21+0.011 0.095+0.005
P12 1<0.05 £2<0.05
P32 £1,2<0.05
asymmetry (As) 0.93+0.046 1.38+0.065 2.03+0.11
p1 P2 £1<0.05 02<0.05
p132 £1,2<0.05
excess (EK) 0.66+0.031 0.95+0.045 1.81+0.092
p1 P2 £1<0.05 02<0.05
p132 p1,2<0.05

Source: Authors

Degenerative-dystrophic changes of myocardial tissue correspond to a decrease in the magnitude of
statistical moments of the 1st-2nd orders and an increase in statistical moments of the 3rd and 4th orders

histograms of the distribution of MMI LD samples - table 3.
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Comparative analysis of the average (within representative samples) of the set of central statistical
moments of the 1st - 4th orders revealed the diagnostic efficiency (statistical reliability pl; p2; pl; 2
<0.05) of the method of azimuthal-invariant Mueller matrix microscopy in the differentiation of
myocardial samples from all groups.

Table 4 shows the results of determining the operational characteristics of the force of the method of
azimuthal-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 myocardium
Sti=12.34 Av Dp As Ek
Se,% a=36;b=9 80 a=37;b=8 82.2 a=38;b=7 84.4 a=39;b=6 86.6
Sp,% c=36;d=9 80 €=25;d=20 80 c=38;d=7 84.4 c=38;d=7 84.4
Ac,% n=45 80 n=45 80.6 n=45 84.4 n=45 85.5
Source: Authors

Information analysis of the results of statistical processing of the coordinate distributions of the MMI
LD histological sections of the myocardium showed a satisfactory (4v, Dp—81%) and good (As,
Ek—85%) level of balanced accuracy of differential diagnosis of cases of alcohol and carbon monoxide
poisoning.

Histological sections of the adrenal glands.

Figure 4 illustrates the results of azimuthal-invariant Mueller-matrix polarimetric mapping of the
polycrystalline component of histological sections of the adrenal glands from the experimental and two
control groups - coordinate (1-3) and statistical (4-6) distributions of the MMI LD.

Figure 4: Maps (1-3) and histograms (4-6) of coordinate distributions of the MMI of LB of
histological sections of the adrenal glands from the control group (1, 4), dead from AP (2, 5), and
CMP (3, 6).
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Source: Authors

Comparison of the topographic structure of LD MMI maps and histograms of its magnitudes revealed a
scenario similar to Mueller-matrix polarimetric studies of the optically anisotropic component of
histological sections of the brain (Fig. 2) and myocardium (Fig. 3): decrease of the magnitude and ranges
of change of MMI LD, which are quantitatively manifested in the reduction of statistical moments of
the 1st and 2nd orders, as well as in the growth of statistical moments of higher orders, - table 5.

Comparison of the average values of the average within the representative samples of histological
sections of the adrenal glands revealed statistical inaccuracy (p1;2>0.05) in the differentiation of deaths
from AP and CMP.
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Table 5: Central statistical moments of the 1st - 4th orders characterize the coordinate distributions
of the MMI LD of histological sections of the adrenal glands from the control and experimental

groups.
Sample histological sections of the adrenal glands
statistical moments group 1 (n=45) group 2 (n=45) group 3 (n=45)
average (Av) 0.09 £ 0.004 0.07 £ 0.003 0,05 % 0,002
PL p2 £1<0.05 2<0.05
P12 £1,2>0.05
dispersion (Dp) 0.141 0.006 0.09+ 0.004 0,08 F 0,004
P p2 £1<0.05 2<0.05
P12 £1,2<0.05
asymmetry (As) 0.3110.014 0.621 0.031 0,51 0,024
P p2 £1<0.05 2<0.05
P12 £1,2<0.05
excess (Ek) 0.26 £ 0.013 0.81 % 0.042 0,74 % 0,031
P p2 £1<0.05 2<0.05
P152 p1;2<0.05

Source: Authors

Calculation of the mean values of dispersion, asymmetry, and excess, which characterize the
distributions of MMI LD polycrystalline component of histological sections of the adrenal glands,
provides statistical significance (p1,p2,01;2<0.05) use in the differentiation of causes of death of all
groups.

The results of determining the strength of the method of azimuthal-invariant Mueller matrix microscopy
of the optically anisotropic structure of samples of histological sections of the adrenal glands in the
differentiation of cases of AP and CMP by determining the set of operational characteristics (sensitivity,
specificity, and balanced accuracy) based on a statistical analysis of the coordinate distributions of the
MMI LD are presented in table 6.

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

Sample | histological sections of the adrenal glands
Sti=12.34 Av Dp As Ek
Se,% a=35;b=10 77.7 a=36;b=9 80 a=37;b=8 82.2 a=38;b=7 84.4
Sp,% ¢=35,d=10 77.7 a=35;b=10 | 77.7 | ¢=35,d=10 | 77.7 c=36,d=9 80
Ac,% n=45 77.7 n=45 78.85 n=45 79.85 n=45 82.7

Source: Authors

Information analysis of the results of statistical processing of the coordinate distributions of the MMI
LD of histological sections of the adrenal glands showed a satisfactory level of accuracy (As, Ek—80-
83%) of differential diagnosis of cases of AP and CMP poisoning values.

Polycrystalline blood films.

The results of the method of Mueller-matrix mapping of blood films from the control and two
experimental groups are presented in Fig. 5.

Comparative analysis of the tomographic structure of Mueller-matrix maps of LB and histograms of the
distributions of the MMI of LB are shown in the fragments of Figs. 5, found greater sensitivity of the
method of azimuthal-invariant Mueller-matrix polarimetric mapping of networks of biological crystals
of polycrystalline blood films to degenerative-dystrophic changes for cases of AP and CMP in
comparison with similar studies of histological sections of the adrenal glands.

The data of statistical analysis presented in table 7 follows a significant level (statistical reliability) of
differentiation of blood film samples from all groups based on the calculation of statistical moments of
1-4th orders, which characterize MMI LD maps of biochemical crystals of blood films.

Table 8 shows the values of operational characteristics of the strength of the method of azimuthal-
invariant Mueller-matrix polarimetry of blood film samples in the differentiation of cases of AP and
CMP, determined by information analysis.
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Figure 5: Maps (1-3) and histograms (4-6) of coordinate distributions of the MMI of LB of
polycrystalline blood films from the control group (
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Source: Authors

Table 7: Central statistical moments of the 1st - 4th orders, which characterize the coordinate
distributions of the MMI LD of polycrystalline blood films from the control and experimental

groups.

Sample polycrystalline blood films
statistical moments group 1 (n=45) group 2 (n=45) group 3 (n=45)
average (Av) 0.08+0.004 0.09+0.005 0,075+0,004
P1 P2 £1<0.05 £2<0.05
P12 p1;2>0.05
dispersion (Dp) 0.41+0.025 0.18+0.0085 0,095+0,005
P1 P2 £1<0.05 £2<0.05
P32 £1,2<0.05
asymmetry (As) 0.11+0.004 0.21:+0.009 0,61+0,031
P1 P2 £1<0.05 02<0.05
P32 £1,2<0.05
excess (EK) 0.095+0.0049 0.19+0.011 1,11+0,094
P1 P2 £1<0.05 02<0.05
p132 p1,2<0.05

Source: Authors

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

Sample | polycrystalline blood films
Sti=12.34 Av Dp As Ek
Se,% a=38; b=7 84.4 a=37;b=8 | 822 a=39;b=6 | 86.6 | a=40;b=5 | 88.8
Sp,% c=37, d=8 82.2 c=37,d=8 | 822 c=38; d=7 844 | ¢c=39;d=6 | 86.6
Ac,% n=45 83.3 n=45 82.2 n=45 85.5 n=45 87.7

Source: Authors

Using the principles of evidence-based medicine based on the analysis of the results of statistical
processing of the coordinate distributions of MMI LD polycrystalline blood films revealed a good ((As,
Ek—86%-88%)) level of balanced accuracy of differential diagnosis of alcohol and carbon monoxide

poisoning.

Results of information analysis of diagnostic possibilities of objective forensic differentiation of cases
of AP and CVP by the method of multiparametric azimuthal-invariant Mueller-matrix polarimetry of
linear birefringence of fibrillar networks of optically active molecular complexes of polycrystalline
component of histological sections of the brain, myocardium, adrenal glands and polycrystalline blood
films are presented in table 9.
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Table 9: Balanced accuracy of the method of multiparametric azimuthal-invariant Mueller-matrix
polarimetry of linear birefringence in the differentiation of cases of alcohol and carbon monoxide
oisoning.

Biological layer Ac,% Level
histological sections of the brain 83 satisfactory
histological sections of the myocardium 85 good
histological sections of the adrenal glands 83 satisfactory
polycrystalline blood films 88 good
Source: Authors
Conclusion

A comprehensive experimental study of diagnostic efficiency in the differentiation of alcohol and carbon
monoxide poisoning cases by the multiparametric method of azimuthal-invariant Mueller-matrix
polarimetric microscopy of a linear birefringent polycrystalline component of histological sections of
the brain, myocardium, and polycrystalline blood films was conducted.

The possibility of statistically significant differentiation of deaths from alcohol and carbon monoxide
poisoning using azimuthal-invariant Mueller-matrix polarimetric microscopy of a linear birefringent
polycrystalline component of histological sections of BT has been established.

This diagnostic algorithm provides a good level of accuracy in differentiating the cause of death in cases
of examination of histological sections of the myocardium (Ac 85%) and polycrystalline blood films (Ac
88%).

The results showed the effectiveness of the studied methodology and the prospect of further research in
this direction.
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