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Abstract. Objective assessment of long-term structural alterations in the myocardium following
COVID-19 infection remains challenging due to its predominantly subclinical course and the lack of highly
sensitive morphological markers. Conventional histological methods are limited in detecting early tissue
microstructural disorganization, particularly in fibrillar networks. Recent advances in optical polarimetric
techniques, especially Mueller-matrix imaging, provide new opportunities for quantitative evaluation of
tissue anisotropy and detection of subtle pathological and necrotic changes.

The aim of the study. To identify and assess quantitative polarimetric markers of structural
anisotropy in myocardial tissue for the differential diagnosis of long-term post-COVID changes using
Mueller-matrix imaging.

Materials and methods. The research was based on the analysis of native histological sections of
the myocardium obtained from deceased individuals aged 18-40 years. Four representative groups were
formed: a control group (no COVID-19 in the past) and two research groups with different durations after
COVID-19 infection. Mueller-matrix imaging of linear birefringence (MMI LB) was applied, followed by
statistical, correlation, and fractal analysis of coordinate distributions of polarization parameters. Diagnostic
performance was assessed using balanced accuracy metrics.

Scientific research. The research is a part of the comprehensive research project of the Department
of Internal Medicine, Clinical Pharmacology and Occupational Diseases of the Bukovinian State Medical
University “Features of the comorbid course of internal organ diseases: mechanisms of mutual aggravation
and ways of pharmacological correction” (state registration number 0124U002435; research period: January
1, 2024 — December 31, 2028).

Bioethics. The research materials have been reviewed and approved by the bioethics Commission of

Bukovinian State Medical University (Protocol N27 dated April 16, 2026).

Results. Tt was found out that statistical (asymmetry Qs, excess Q.), correlation (correlation area SK,
autocorrelation excess PSD,), and fractal (power spectral density excess PSDa4) markers demonstrate high
sensitivity to long-term post-COVID myocardial changes. The highest diagnostic performance was observed
for excess-based parameters (Ac up to 95%). Differentiation between groups showed good to very good
levels of balanced accuracy for most markers, with slightly lower accuracy in distinguishing later post-
COVID periods. A progressive decrease in linear birefringence values and disruption of fibrillar organization
were observed with increasing time since infection.

Conclusions. Mueller-matrix polarimetric analysis of myocardial tissue enables objective detection
of microstructural alterations associated with long-term post-COVID effects. The identified statistical,
correlation, and fractal markers demonstrate high diagnostic potential and may be used for differential
assessment of myocardial remodeling. Their combined application improves diagnostic accuracy and should
be considered alongside established clinical and morphological criteria in the evaluation of post-COVID
cardiovascular involvement.

Key words: Mueller-matrix polarimetry; myocardium; COVID-19; birefringence; optical
anisotropy.
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Pe3rome. O0’ekTHBHA OITIHKA BIIAAIICHUX CTPYKTYPHHUX 3MIiH MioKapaa IICs IepeHeCceHol iH( ekl
COVID-19 3anumiaeTbcs CKIagHOIO y 3B’SA3KY 3 MEPEBAXKHO CYOKIIHIYHUM IMepediroM iH(eKIiiHOro
Mporecy Ta BIJICYTHICTIO BHCOKOYYTIMBHX MOP(QOIOTIYHMX MapKepiB JIarHOCTHKU. TpamuIliiHi
riCTOJIOTIUHI METOAM MAalOTh OOMEKEHHS! y BHUSBIIEHHI paHHbOI MIKPOCTPYKTYpPHOI Je30praHisamii TKaHWH,
ocobimmBo ix Qibpmrsapanx mepex. CydacHI JOCATHEHHS B Taiy3i ONTHYHUX MOJMSIPUMETPUYHUX METOIIB,
30kpeMa MioJiep-MaTpUIHOTO 300pakeHHS, BiKPUBAIOTh HOBI MOXMJIMBOCTI IS KiJIbKICHOI OIIIHKHU
AHI30TPOTi TKAHWH 1 BUSBJICHHS 1X CYOKIIIHIYHMX MATOJOTIYHUX Ta HEKPOTUYHUX 3MiH.

Mera pocaigikeHHsi. BUsSBUTH Ta OIHUTH KiUTBKICHI MOJSIPUMETPHYHI MapKepH CTPYKTYPHOI
aHizoTpormii Miokapaa miust mudepeHIiiHol MIarHOCTHKH IMOBIPHUX BIJTAICHUX IOCTKOBITHUX 3MiH 3a
JIOTIOMOT 010 MIojiep-MaTpu4HOTO 300paKeHHSL.

Martepiaau Ta Metonm. JlocmimkeHHs 0a3yBajocsi Ha aHaNi3i HATHMBHUX TICTOJIOTIYHUX 3pi3iB
MioKap/a, OTpUMaHUX Bij momepiux ocid Bikom 18-40 pokiB. bymo cdopmoBaHO Tpu pernpe3eHTaTHBHI
Ipynu: KOHTPOJbHY Tpymy (0e3 COVID-19 B anamHe3si) Ta ABi HOCTiIHI TPYNHX 3 Pi3HOIO TPUBATICTIO MiCHs
nepeneceroi  iHQekmii  COVID-19. 3acrocoBano  Mroiuiep-MaTpuuHe  300paKeHHS  JIHIHHOIO
JIBOTIPOMCHE3ATIOMIICHHS 3 IOAANBLIMM CTAaTHCTUYHUM, KOpEIMIMHMM Ta (QpakTaJbHAM aHali30oM
KOOPJAWHATHUX PO3IMOAUIIB TMOJPU3AMIMHNX MapaMmerpiB. JliarHOCTHYHY €QEKTHBHICTh OIHIOBAIM 3a
MOKa3HUKaMH 30aJ1aHCOBAHOI TOYHOCTI.

HayxoBo-nociinna podora. JlocmimkeHHs € PparMeHTOM KOMIUIEKCHOT HAyKOBO-IOCITHOT POOOTH
kKadeapr BHYTPIIIHBOI MEAWLMHM, KJIiHIYHOI ¢apmakosorii Ta mpodeciiHux XBopoO bBykoBHHCBHKOTO
ep>KaBHOTO MEAMYHOTO YHiBepcuTeTy «OcoONMBOCTI KOMOPOIMHOTO Tepediry 3axBOpIOBaHb BHYTPIITHIX
OpraHiB: MEXaHi3MH B3a€MOOOTSHKCHHS Ta NUIAXH (HapMakoJIOTi4HOI Kopekuii» (HoMmep Jep>kaBHOI
peectparii 0124U002435; tepmin BukoHanus: 01.01.2024 —31.12.2028 pp.).

Bioernka. Marepianu IOCHI[DKEHHS PO3MNITHYTI 1 CXBaJIeHI KOMICi€l0 3 NHTaHb OiOeTHKH
BykoBuHCBKOTO Jiep:kaBHOrO MeandHOTro yHiBepcutety (IIpotokoa Ne 7 Bix 16.04.2026 p.).

Pe3yabTaTn. BeranoBneHo, mo cratuctuyHi (acumetpis Qs, ekciiec Q4), KOpelsiiiHi (KopensiiiHa
mroma SK, ekcuec aBTokopensaniiinoi ¢ynkuii PSDa) Ta ¢pakranbHi (€Kcliec TyCTHHH CIIEKTpa MOTYKHOCTI
PSD.) mapkepu A€MOHCTPYIOTh BUCOKY UYTJIHMBICTh A0 BiJaJIEHUX NOCTKOBITHUX 3MiH Miokapna. HaiiBumry
JarHOCTHYHY e€EeKTHBHICTh IMOKA3aJli TIapaMeTpH, 3acCHOBaHi Ha ekcieci (Ac 10 95%). Audepenmiamis Mix
TpynaMy XapakTepuzyBanacs NOOpHM i Qye AoOpuM piBHEM 30alaHCOBaHOI TOYHOCTI AJSL OUTBIIOCTI
MapKepiB 13 A0 HIKYMMHU MOKa3HHKaMU NPW PO3MEKYBaHHI Mi3HIMIMX MOCTKOBIMHUX 3MiH. BusiBineHo
MPOTPECHBHE 3HIKCHHA 3HA4YeHb JIHIHHOTO [BOTIPOMEHE3aJOMJICHHS Ta NoOpymeHHs (iopumspHOi
opranizamii 31 301IbIICHHSIM Yacy Mmicis nepeHeceHoi indekuii.

BucnoBku. Mroiep-MaTpUYHAN TMOJSIPUMETPUYHMMA  aHAJi3 TKAaHWHA MioKapAa JO3BOJIIE
00’€KTHBHO BUSIBISITH MIKPOCTPYKTYPHI 3MiHM, MOB’s3aHi 3 BigmaneHumu Hacmigkamu COVID-19.
Bu3HaueHi cTaTHCTHYHI, KOPEJSIidHI Ta (ppaKkTanbHI MapKepy MalOTh BUCOKHUI JiarHOCTUYHUI TOTEHITIA i
MOXYTh OyTH BHKOpPMCTaHi s JudepeHILiiiHOi OIIHKM pPeMOJETIOBaHHA MiOKapaa. IX KOMILIEKCHE
3aCTOCYBAHHs MiJBHUILY€ IIalrHOCTMYHY TOYHICTH 1 MOXE BHUKOPUCTOBYBAaTHCA MOPSAA 13 KIACHYHUMHU
KIIHIYHUMU Ta MOP(OIOTiYHUMH KPHUTEPiIIMH MPH OLIHII MOCTKOBIIHOTO YPa)KE€HHS CEPLEBO-CYIWHHOT
CHCTEMH.

Kurouosi caoBa: Mironnep-maTpuiHa MOJISIPUMETPIs; MioKapz; COVID-19;
JIBOIIPOMEHE3aJIOMJICHHS; ONITUYHA aH130TPOTIisL.

Introduction. Recently there has been an active implementation of modern non-destructive and non-
invasive optical methods for the biological tissues and fluids investigation in various fields of medicine due
to their high sensitivity, informativeness and the ability to obtain objective results without altering sample
structure [1, 2]. Among these approaches laser polarimetric diagnostics of the polycrystalline structure of
biological layers has gained particular attention, proving to be an effective tool for high-precision and rapid
differential diagnosis, especially in distinguishing benign and malignant skin neoplasms [3-5]. Further
development of this approach has led to the introduction of multiparametric Mueller-matrix polarimetry,
which provides comprehensive and complete information on the optically anisotropic properties of biological
structures [6-7]. The implementation of these technologies has demonstrated high efficiency in forensic
medicine and pathomorphology, particularly in solving doubtful tasks such as determining the cause and
time of death, as well as assessing the nature of traumatic injuries [8-11]. A significant advancement has
been the integration of three-dimensional (3D) scanning techniques, which expand the functional capabilities
of polarimetric systems and enhance their sensitivity in detecting pathological and necrotic changes [1, 12-
15].

Most of the existing and ongoing investigations are focused on the assessment of short-term
morphological changes in tissues, while the identification of long-term structural alterations remains
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insufficiently explored. In the context of the COVID-19 pandemic this issue has become particularly
relevant, as increasing evidence indicates persistent post-infectious changes in different organs and tissues,
especially in the myocardium, which may have important clinical and prognostic implications. From a
clinical perspective patient who have recovered from COVID-19 increasingly present with manifestations of
cardiac long-term complications, varying from subclinical or asymptomatic alterations to myocarditis,
arrhythmias, and chronic heart failure manifestations. However, conventional diagnostic approaches are not
always capable of detecting early or subtle structural changes in the myocardium tissue. Therefore, there is a
growing need for highly sensitive methods capable of objectively identifying microstructural alterations in
myocardium of post-COVID-19 individuals. In this regard application of Mueller-matrix polarimetry offers
new opportunities for a deeper understanding of the pathogenesis and subclinical progression of post-COVID
cardiac involvement.

The aim of the study. To substantiate and identify a set of informative markers for the differential
diagnosis of cases with different durations since COVID-19 infection by applying Mueller-matrix mapping
of necrotic changes in structural anisotropy (linear birefringence) of spatially organized fibrillar networks in
native histological sections of the myocardium.

Materials and methods. Male individuals without a documented history of chronic cardiovascular
diseases aged 18-40 years who died suddenly (road traffic accidents and other accidental causes) during
2020-2025 were included in the research. Three representative groups of native histological myocardial
tissue sections from deceased individuals were examined:

» control group 1 (12 samples) — no COVID-19 in anamnesis

» research group 2 (20 samples) — 6-24 months of history of COVID-19

» research group 3 (20 samples) — 24-36 months of history of COVID-19
Inclusion criteria:

» male gender; age 18-40 years old;

* sudden (unexpected) death from external causes (e.g., road traffic accidents or other accidental
injuries) with a short agonal period;

« absence of documented chronic cardiovascular diseases in the medical history (including ischemic
heart disease, cardiomyopathies, congenital or acquired valvular defects, chronic heart failure),
confirmed by available medical records and autopsy data;

+ absence of acute cardiac pathology unrelated to trauma at autopsy (e.g., acute myocardial infarction,
myocarditis);

« absence of ethyl alcohol in the blood at the time of examination, confirmed by forensic toxicological
analysis;

« absence of other substances capable of affecting myocardial structure (drugs, narcotics, toxins)
according to toxicological screening;

» availability of complete medico-legal documentation (autopsy report, toxicology results, clinical
history when available);

» high-quality native histological myocardial sections suitable for optical analysis (adequate
preservation, absence of autolysis or pronounced postmortem artifacts);

« for the control group — absence of a history of COVID-19 infection (based on medical records or
information obtained from relatives); for the research groups — documented history of COVID-19
infection with a defined time interval since the disease (e.g., 6-24 months, 24-36 months), verified
from medical records or reliable anamnestic data.

Exclusion criteria:

» a history of confirmed chronic cardiovascular diseases (coronary artery disease, cardiomyopathies,
congenital or acquired heart defects, etc.);

» evidence of acute or chronic alcohol intoxication (presence of ethyl alcohol in the blood according to
forensic toxicological analysis);

» presence of other systemic diseases or conditions that may affect the morphological structure of the
myocardium (endocrine disorders, severe infectious or oncological diseases);

» significant traumatic injuries of the chest or heart that may alter myocardial morphology;

» insufficient quality or unsuitability of histological material for analysis.

The research was based on the conceptual framework of multiparametric Mueller-matrix polarimetry
of biological tissues [4, 6, 11], which provides an advanced approach to analyzing the optical properties of
the myocardium. Native histological sections of the myocardium are considered as a complex two-
component system comprising an amorphous (optically isotropic) component and a structurally organized
anisotropic polycrystalline component. The amorphous component contributes to the formation of a
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conventional microscopic image due to spatially heterogeneous light absorption, which underlies traditional
histological examination. In contrast, the fibrillar structures of the myocardium form polycrystalline
architectonics characterized by optical anisotropy and linear birefringence. These properties lead to
alterations in the polarization state of laser beam during interaction with the tissue. To detect and quantify
these effects objectively Mueller-matrix mapping is applied. This approach enables the extraction of
guantitative parameters describing optical anisotropy. In particular, the use of Mueller-matrix invariants
associated with linear birefringence allows for reproducible serial measurements that are independent of the
orientation of myocardial samples relative to the direction of laser beam.

Scientific research. The research is a part of the comprehensive research project of the Department
of Internal Medicine, Clinical Pharmacology and Occupational Diseases of the Bukovinian State Medical
University “Features of the comorbid course of internal organ diseases: mechanisms of mutual aggravation
and ways of pharmacological correction” (state registration number 0124U002435; research period: January
1, 2024 — December 31, 2028).

Bioethics. The research materials were reviewed and approved by the Bioethics Committee of the
Bukovinian State Medical University (Protocol N7, dated April 16, 2026).

Results. The results of the experimental studies are presented in Fig. 1 (control group 1), Fig. 3
(research group 2 — 6-24 months since COVID-19), and Fig. 5 (research group 3 — 24-36 months since
COVID-19). A series of coordinate distributions (fragments (1)) of random values of the matrix parameter of
structural anisotropy — Mueller-matrix invariants of linear birefringence (MMI LB) — as well as their three-
dimensional maps (fragments (2)) are shown.

Figures 2 (control group 1), 4 (research group 2 — 6-24 months since COVID-19), and 6 (research
group 3 — 24-36 months since COVID-19) illustrate the results of correlation (fragments (1), (3)) and fractal
(fragments (2), (4)) transformations of the topographic maps of MMI LB of spatially structured fibrillar
networks in native histological sections of the myocardium from deceased individuals in the control and
main research groups.
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Fig. 1. 2D (fragment (1)) and 3D (fragment (2)) Mueller-matrix images of linear birefringence of
fibrillar networks in native histological sections of the myocardium from a deceased individual in control
group.
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Fig. 2. Autocorrelation (fragments (1), (3)), spatial-frequency (fragment (2)), and fractal (fragment
(4)) characteristics of the Mueller-matrix image of linear birefringence of a native histological section of the
myocardium from a deceased individual in control group.
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Fig. 3. 2D (fragment (1)) and 3D (fragment (2)) Mueller-matrix images of linear birefringence of
fibrillar networks in native histological sections of the myocardium from a deceased individual in research

group 1.
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Fig. 4. Autocorrelation (fragments (1), (3)), spatial-frequency (fragment (2)), and fractal (fragment
(4)) characteristics of the Mueller-matrix image of linear birefringence of a native histological section of the
myocardium from a deceased individual in research group 1.

2D
PRNE, > 7 et Al
{ ORI 0 | Mean =0.069095
v F“& b o f Standart Deviation = 0.22058
P R LA 0.6 | Asymmetry = 0.58761
; PP - Al | 04 | Kurtosis =2.1022
2 A » gy il 0.2
] > - 1 ;A
i SN U 0
> . W 02
v e AN
> Iy ~',‘,_ S LA -0.4
e 54 L 0.6
by Gl L B SRS o
24 CS ol ¥ > 1 0.8
g‘ - i Jpaiih
X, pixels

1
r‘ 1 \I
0.5 i / Pl

,11 fW» AR

y— '“l //

400
30 — 400
zoo - i 300
\0-/ 100
Y, pixels 0 X, pixels

Fig. 5. 2D (fragment (1)) and 3D (fragment (2)) Mueller-matrix images of linear birefringence of
fibrillar networks in native histological sections of the myocardium from a deceased individual in research

group 2.
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Fig. 6. Autocorrelation (fragments (1), (3)), spatial-frequency (fragment (2)), and fractal (fragment
(4)) characteristics of the Mueller-matrix image of linear birefringence of a native histological section of the
myocardium from a deceased individual in research group 2.

Based on a comparative evaluation of the experimentally obtained coordinate distributions of random
values of the structural anisotropy matrix parameter, together with the results of algorithmic correlation and
scale self-similarity analyses, it was found that the spatial, statistical, correlation, and self-similar features of
the reconstructed maps of MMI LB in fibrillar networks of native myocardial histological sections are case-
specific across all representative control and study groups.

Comparative analysis of the prognostic data and the results of algorithmic processing of MMI LB
revealed a correlation concordance between them, increasing with longer time since COVID-19 (Tables 1
and 2).

Table 1
Statistical markers characterizing Mueller-matrix images of linear birefringence in fibrillar networks
of myocardial samples from deceased individuals with a history of COVID-19

Control group 1 Research group 2 Research group 3

Mean, Q, 0,18+0,008 0,14+0,006 0,11+0,005
p1,2<0,05, p1,3<0,001, p2]3<0,05

Dispersion, Q, | 0,08+0,003 | 0,060,003 | 0,040,002
p1,2<0,05, p1,3<0,001, p2]3<0,05

Asymmetry, Q; | 1,12+0,053 \ 1,29+0,057 | 1,410,068
p1’2<0,001, p1’3<0,001, p2‘3<0,05

Excess, Q, | 1,73+0,083 \ 1,97+0,044 | 2,73+0,058

p1’2<0,001, p1’3<0,001, p2'3<0,001

The most sensitive quantitative statistical markers were identified:

* Asymmetry (Qs), characterizing the distribution of the matrix parameter of structural anisotropy MMI LB
in fibrillar networks of experimental native histological myocardial sections, with a diagnostically
significant range of statistically significant change (p<0,001), demonstrating a predicted increase from
1.12to 1.41;

» Excess (Qa4), characterizing the sharpness (peak) of the histogram of random values of MMI LB, with a
diagnostically significant range of statistically significant change (p<0,001), demonstrating a predicted
increase from 1.73 to 2.73.

The results of the information analysis using statistical markers Qs and Qa are given in Table 2.
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Table 2

Balanced accuracy of statistical markers for the
differential diagnosis of long-term effects of COVID-19

Sample Myocardium samples
Groups “1—2+3”
Se, % Sp, % Ac, %

Mean, Q; a=15; b=10 c=40; d=10 73
Dispersion, Q, a=15; b=10 c=43; d=7 75
Asymmetry, Q3 a=23; b=2 c=47; d=3 94

Excess, Qq4 a=23; b=2 c=48; d=14 95

Groups “2-3”

Mean, Q; a=35; b=12 c=32; d=18 67
Dispersion, Q, a=38; b=15 c=33; d=17 71
Asymmetry, Qs a=45; b=5 c=44; d=6 89

Excess, Qq4 a=46; b=4 c=44; d=6 90

It was established that the differentiation of cases with a history of COVID-19 and control group is
characterized by a good level of accuracy, whereas the differentiation between two and three years
demonstrates a satisfactory level of accuracy.

Table 3 presents the results of the correlation and fractal transformation of maps of Mueller-matrix
invariants of linear birefringence of fibrillar networks in native histological myocardial sections.
Comparative analysis of prognostic and experimentally obtained results of diagnostic efficiency using
algorithms of correlation and fractal transformation of coordinate distributions of MMI LB of myocardial
fibrillar networks identified the most sensitive digital markers of long-term effects of COVID-19:

» Excess (Q,), the value of which characterizes the sharpness of the peak of the autocorrelation
functions of MMI LB, with a diagnostically range of statistically significant change (p<0,001),
showing an increase from 11,9 to 32,3;

+ Correlation area (SK) of the autocorrelation function of MMI LB, with a statistically significant
range of change (p<0,001), showing a decrease from 0,194 to 0,097;

*  Excess (PSD.) of the power spectral density of the autocorrelation distribution of MMI LB, with a
statistically significant range of change (p<0,001), showing a decrease from 266,4 to 138,3.

Table 3
Correlation and fractal markers characterizing MMI LB

Sample Myocardium samples
Control group 1 \ Research group 2 \ Research group 3
Marker Correlation
Excess, Q4 11,9+0,5 | 14,8+0,6 | 32,3£1,9

pl,2<0,05, p113<0,001, p213<0,001

Area SK | 0,194+0,008 0,162+0,007 | 0,123+0,006

P1,2<0,05, p1'3<0,001, p2'3<0,05
Marker Fractal
Excess, PSD, 266,4+12,25 | 208,7+10,31 | 138,3+6,32

p1,<0,001, p;3<0,001, p,3<0,001

Table 4

Balanced accuracy of correlation and fractal markers markers for the
differential diagnosis of long-term effects of COVID-19

Sample Myocardium samples
Groups “1-2+3”
Se, % Sp, % Ac, %
Excess, Q4 a=24; b=1 c=48; d=2 95
Excess, PSD, a=24; b=1 c=48; d=2 95
Area SK a=21; b=4 c=43; d=7 91
Groups “2-3”
Excess, Qq4 a=49; b=1 c=45; d=5 94
Excess, PSD, a=49; b=1 c=44; d=6 93
Area SK a=47; b=3 c=42; d=8 89
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The results of the information analysis, including the determination of operational characteristics of
diagnostic performance within the framework of evidence-based medicine for the MMI LB method applied
to representative samples of myocardial tissue from deceased individuals, demonstrated the following levels
of diagnostic efficiency in differentiating long-term effects of COVID-19 (Table 4):

» Correlation markers Q, and SK: diagnosis (“control group 1 — research groups 2, 3”’) demonstrated a
good level of balanced accuracy for SK (Ac=91%) and a very good level for Q4 (Ac=95%);
differentiation (one year — two years) showed a satisfactory level for SK (Ac=89%) and a very good
level for Q4 (Ac=94%);

*  Fractal marker PSD4: diagnosis (“control group 1 — research groups 2, 3”’) demonstrated a very good
level of balanced accuracy (Ac=95%).

» Differentiation (one year — two years) demonstrated a very good level of balanced accuracy
(Ac=93%)

Research results discussion. Within the proposed framework of structural optical anisotropy of
myocardial fibrillar networks, long-term alterations following COVID-19 can be interpreted as the
consequence of persistent, often subclinical, yet pathogenetically significant injury to cardiac tissue.
Accumulating clinical and morphological evidence indicates that even after viral clearance, a proportion of
patients exhibit sustained endothelial dysfunction, microvascular disturbances, and residual inflammatory
activation. This imbalance between injury and repair processes creates the conditions for gradual myocardial
remodeling.

A key mechanism underlying these changes is microcirculatory impairment, leading to tissue
hypoxia. Against this background, increased vascular permeability promotes the development of interstitial
edema, which mechanically disrupts the spatial organization of cardiomyocytes and intercellular structures.
Concurrently, infiltration of the myocardium by immunocompetent cells maintains a local inflammatory
response, accompanied by the release of pro-inflammatory cytokines, activation of oxidative stress pathways,
and damage to cellular membranes.

Under these conditions, cardiomyocytes undergo degenerative alterations, including disruption of
sarcomere organization, loss of myofibrillar alignment, and the appearance of vacuolization and
fragmentation of intracellular components. With more pronounced injury, these processes may progress to
necrosis. At the same time, reparative mechanisms are activated, often involving remodeling of the
extracellular matrix, particularly changes in collagen fibers, which further affect the spatial organization of
the tissue.

The degree of optical anisotropy in myocardial tissue is largely determined by the ordered
arrangement of fibrillar structures, primarily myofibrils and collagen fibers. Disruption of this organization
due to edema, inflammation, and degenerative-necrotic processes leads to a reduction in optical anisotropy.
This is manifested as a decrease in linear birefringence, which may be considered a sensitive indicator of
disorganization within the fibrillar architecture.

In parallel, the topographic hierarchy of the polycrystalline organization of the myocardium is
altered: a relatively ordered structural system is replaced by a more heterogeneous and fragmented
distribution of optically active components. Thus, the observed changes in optical parameters reflect deeper
morphological and functional disturbances arising from the combined effects of hypoxia, microvascular
dysfunction, and persistent inflammation, which are characteristic of post-COVID myocardial involvement.

From a clinical perspective, the changes identified are of significant importance for understanding
the course of post-COVID cardiac damage in the patients. Even in the absence of pronounced clinical
symptoms, microstructural disorganization of the myocardium, associated with oedema, inflammation and
impaired microcirculation, may underlie subclinical cardiac dysfunction. This manifests as reduced
contractility, impaired diastolic function, a predisposition to arrhythmias, and the possible development of
chronic heart failure in the long term. The data obtained suggest that changes in optical anisotropy, in
particular a reduction in linear birefringence, may be considered as potential early markers of myocardial
structural remodelling even before the onset of clinically significant manifestations. This opens up prospects
for the development of highly sensitive diagnostic approaches aimed at the early detection of post-COVID
heart damage, patient risk stratification, and the timely implementation of preventive and therapeutic
measures. Furthermore, understanding the mechanisms underlying the disruption of myocardial structural
organization justifies the need for long-term cardiological follow-up of patients who have had COVID-19,
even in cases of mild disease course. In practical terms, this may help to optimize rehabilitation approaches,
personalize treatment and prevent the progression of cardiovascular complications in this category of
patients.
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Conclusions.

1. The obtained results demonstrate that the Mueller-matrix polarimetry method, based on invariants
of linear birefringence, enables objective detection of myocardial microstructural alterations associated with
long-term effects of COVID-19, which is of particular importance for the early identification of subclinical
cardiac involvement.

2. The identified statistical, correlation, and fractal digital markers (asymmetry, excess, correlation
area SK, and spectral characteristics) exhibit high diagnostic informativeness and may be used to
differentiate the severity and duration of post-COVID myocardial changes, thereby providing a basis for
patient risk stratification.

3. The integrated application of these markers is important and necessary, as it enhances the accuracy
of intergroup differentiation and should be considered alongside currently established criteria and risk
factors, thereby contributing to the development of high-sensitivity approaches for monitoring,
prognostication, and personalized management of patients with post-COVID cardiovascular involvement.
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