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ABSTRACT

BACKGROUND: An important feature of COVID-19 is the development of pronounced hypercoagulation with an increased risk of
thrombotic damage to the pulmonary vascular bed, mainly the pulmonary arteries. Thrombosis of the pulmonary blood vessels
causes a local violation of hemodynamics with the development of hyperemia, edema, which leads to a decrease in ventilation
of the lung tissue area and serves as one of the causes of respiratory failure.

AIM: This study aimed to conduct a morphological and morphometric analysis of the vascular bed of lung tissues in deceased
with severe and extremely severe forms of new coronavirus infection who were on inpatient treatment in the period 2020-2022.
MATERIALS AND METHODS: A pathomorphologic study of 129 autopsy cases with a confirmed diagnosis of a new coronavirus
infection COVID-19 was performed. Morphometric analysis and statistical data processing of the pulmonary vascular system
in histologic preparations stained with hematoxylin and eosin stain, orcein stain and Martius Scarlet Blue (MSB) stain was
performed. The control group consisted of 14 patients who died of cardiovascular disease with bilateral focal confluent
pneumonia.

RESULTS: It was found that the proportion of thrombosed vessels in the lung tissues of the deceased was 27.6%. In 87.2%
of cases, thrombosis develops in small arteries (lumen diameter 30-500 microns) and small veins (lumen diameter 40—
500 microns). The vascular-functional indices of Kernogan and Vogenworth were statistically significantly increased in small
arteries and small veins of the 4" order (p=0.001), small arteries (p=0.001) and small veins of the 5" order (p=0.014) compared
with the control group.

CONCLUSIONS: Diffuse involvement of small caliber blood vessels in the pathological process reflects the severity of specific
hemocoagulopathic disorders in the lung tissue. Such disorders lead to the development of ventilation-perfusion disorders and
entail an increase in right ventricular failure.
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AHHOTALMA

060cHoBaHue. BaxHoit ocobeHHocTbio COVID-19 saBnseTcs pa3suTie BblpaXKeHHOM M1neproaryiALmm ¢ NoBbILLIEHHBIM PUCKOM
TPOMOOTMYECKOrO MOpaXKEHWs COCYLMCTOro pycna NErkux. Tpombo3bl NIEro4HbIX KPOBEHOCHBIX COCYLOB 00YCNOBNMBaKT
JIOKasNbHOE HapyLLeHWe reMoMHaMUKK C Pa3BUTUEM MOSTHOKPOBMS M OTEKA, YTO NPUBOLUT K CHUKEHWUIO BEHTUNALMM Y4acTKa
TKaHM JIEFKOr0 W CAYXKUT OJHOW U3 NPUYMH Pa3BUTUA AbIXaTeNIbHOW HeA0CTAaTOYHOCTM.

Lienb nccnepoBaHus — BbINOAHUTE MOPHONOTMYECKU M MOP(OMETPUUECKUI aHANM3 COCYAMCTOrO pycia IErKUX Y yMepLUmxX
C TAXKENBIMM U KpaiHe TSXENbIMK hopMaMu HOBOW KOPOHABUPYCHOW UH(EKLMM, HAaXOAMBLUMXCS HA CTaLMOHApPHOM NeYeHUM
B 2020-2022 rr.

Matepuanbl n MeTogpl. BeinonHeHo natoMopdonormyeckoe uccnefoBanne 129 ceKUMOHHBIX Cy4aeB ¢ NMOLTBEPHAEHHBIM
(MUP) amarHosoM «HoBasi KopoHaBupycHas WHdekums COVID-19». Tuctonormyeckue npenapatbl NIEFKWUX OKpaLLMBany
reMaToOKCWUIIMHOM 1 303UHOM, opcenHoM W Martius Scarlet Blue (MSB) no JleHapyMy ¢ nocnegnytoien ructoMoppomeTpuen
W cTaTUCTUYeCKoi 06paboTKoM AaHHbIX. B KauecTBe KOHTPONS UCMONb30BaAM apXUBHbIN ayTONCUIAHBINA MaTepuan 14 ymMepLumx
00 2020 ropa oT cepAeYHO-COCYAMUCTLIX 3aD0NeBaHMIA C [LBYCTOPOHHEN 04aroBoW MHEBMOHME.

Pe3ynbTathl. YcTaHOBNEHO, YTO Y YMepLUMX B TKaHAX NETKUX LONA TPOMOMPOBaHHbIX cocynoB cocTasuna 27,6%. B 87,2%
C/yyaeB TpOMB03 pa3BuBascs B Menkux apTepusix (amameTp npocseta — 30-500 MKM) 1 Menkux BeHax (AnaMeTp npoceeTa —
40-500 MkM). CocyamcTo-dyHKLMOHaNbHbIE MHAEKCH KepHoraHa u BoreHBopTa CTaTUCTUYECKM 3HAYMMO YBENIMYEHDI B MEJTKUX
apTepusx M Menikux BeHax 4-ro nopsgka (p=0,001), Menkux apTepuax (p=0,001) n Menkux BeHax 5-ro nopsgka (p=0,014)
M0 CPaBHEHUIO C KOHTPOJILbHOW Fpynnoi.

3aknoyenune. [uddysHoe BoOBMeYeHMe B NATONOTMYECKWA MPOLECC KPOBEHOCHBIX COCYAOB Manoro Kpyra OTpaaer
BbIPaYKEHHOCTb FEMOKOAryonaTUiecknx HapyLIeHUA B NIErOYHONM TKaHU, MPUBOJALLMX K HECOOTBETCTBUIO BEHTUISALMOHHO-
nepgy3vOHHBIX OTHOLUEHMIA U BREKYLLMX 3a cobOii HapacTaHWe MPaBOXENYA04KOBOM HeL0CTaTOMHOCTH, YTO MOXET ObiTh
3HaYMMO B JEKOMMNEHcaUUM CepAeYHON HeJ0CTaTOYHOCTU U Pa3BUTUM NIETANbHOMO UCX0Aa.

KnioueBsblie cnosa: COVID-19; Tpomb03; TpoMb0o3MbonNs; Manblii Kpyr KpoBoobpalleHus.
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BACKGROUND

One of the first sectional observations of coronavirus
disease-2019 (COVID-19) showed that histological
examinations of lung tissues revealed signs of diffuse
alveolar damage, namely, interstitial and alveolar edema,
death and desquamation of alveolocytes, formation of hyaline
membranes, and lymphohistiocytic infiltration [1]. Among
the causes of death, cardiopulmonary and heart failure rank
second in addition to increasing rates of respiratory failure
and intoxication [2-4]. An important feature of COVID-19
is the development of severe hypercoagulation with an
increased risk of thrombotic damage to the vascular bed
of the lungs, mainly the pulmonary arteries [5-9]. This
condition should be distinguished from thromboembolism
of the pulmonary artery and its branches, which may be
also found in a small number of deceased patients. Among
the causes of thrombosis of the pulmonary circulation in
COVID-19, recent studies have highlighted direct damage to
the vascular wall, which causes its impaired permeability
and edema. The “cytokine storm” is considered significant
in triggering the hemocoagulation cascade; as a result,
it received the figurative name “immunotrombosis” [10,
11]. Thrombosis of pulmonary blood vessels causes
local impairment of hemodynamics accompanied by
organ plethora, edema, and consequently decreased lung
ventilation. They serve as one of the causes of respiratory
failure. Thrombotic lesions in the vascular bed of the lung
tissue without thrombosis of the deep veins of the legs and
pelvic tissue determine the unique pathomorphogenesis
of COVID-19 [12-18].

The study aimed to conduct clinical and morphological
analyses of the status of the pulmonary vessels in patients
who were hospitalized in 2020-2022 and died from severe
and extremely severe COVID-19.

MATERIALS AND METHODS

The study analyzed data from 129 patients diagnosed
with COVID-19. SARS-CoV-2 was confirmed post-mortem
through polymerase chain reaction in all deceased individuals
included in the study. Clinical data of the deceased patients
were collected. During the post-mortem autopsy, lung
fragments with macroscopically most pronounced signs
of diffuse alveolar damage were taken for histological
examination.

Archival autopsy materials from 14 age-matched
patients who died from cardiovascular diseases in 2018-
2019 were used as controls. In the control group, bilateral
focal confluent pneumonia was confirmed, which was
indicated in the diagnosis “complications of the underlying
disease.”

Lung fragments were fixed in a 10% neutral formalin
solution for 24 h. Histological examination was performed
according to a standard protocol. Moreover, 3—4 pm thick
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sections were prepared from paraffin blocks on a rotary
microtome, and they were stained with hematoxylin and
eosin, as well as orcein to identify elastic fibers.

All blood vessels revealed in histological lung
preparations were ranked according to their outer diameter
by 17 orders of magnitude following the classification
proposed by S. Singhal et al. in 1973 [19]. The blood vessels
were categorized according to their internal diameter
based on the classification of N.C. Staub and E.L. Schultz
in 1968 [20].

To assess the age of thrombogenesis in the blood vessels
in the lungs, triple staining with Martius Scarlet Blue (MSB)
according to Lendrum (BioVitrum, Russia) was used. The
method is used to determine the age of the fibrin formation
by the color of its staining: “young” fibrin, formed within 6 h
before death, stained yellow—orange; “mature” fibrin, formed
<24 h before death, has bright red colors of orange, scarlet,
and violet shades; and “old” organizing fibrin and collagen
fibers formed >24 h before death stained dark purple and
blue gray.

Morphometric analysis was performed using ImageJ
(National Institutes of Health, USA). In each histological
specimen of the lung, the number of completely thrombosed
blood vessels was counted. In the case of parietal thrombosis,
its severity was determined, namely, with obstruction
of <50% of the lumen or with obstruction of >50% of the
lumen. Vessel wall thickness (mm), blood vessel lumen
area (mm?), blood vessel area (mm?), internal blood vessel
lumen diameter (mm), and blood vessel outer diameter (mm)
were measured. The Kernohan (the ratio of the thickness of
the vascular wall to the lumen diameter) and Wogenworth
(the ratio of the area of the vascular wall to the area of the
vessel lumen) vascular functional indices were determined to
assess the perfusion status of the lung tissue.

Statistical processing of the research results was
performed using SPSS (USA), compliance of the distributions
of quantitative indicators with normality was assessed, and
the average values and standard deviations were determined.

The Mann-Whitney U test was used to compare
the quantitative indicators of two independent samples
(p <0.05). Indicators were presented as M+g, where M was
the average value and o was the standard deviation, and
min—max.

RESULTS

The average age of the patients at the time of death
was 71+14 years. Among the deceased patients, 60% were
men and 40% were women. Vital and laboratory parameters
recorded on the first day and the last day of hospitalization
are presented in Tables 1 and 2. The average hospital stay
until the death of patients with severe and extremely severe
COVID-19 was 8+6 days.

The comorbid background of patients with COVID-19 was
characterized by the presence of widespread atherosclerosis
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Table 1. Vital signs of patients who died from a new coronavirus infection on the first and last days of hospitalization; n — number of

analyzed observations

T361'IMI.|,3 1. BuTanbHble noKasaTteny NaLMeHToB, yMepLunx ot HOBOM KOpOHaBMPYCHOVI MHd)eKLI,VIM, B repebie K nocnegHue CyTKU rocnuTa-

JIN3aunn; N — YUCI0 NPoaHaIu3npoBaHHbIX HabnoaeHuit

First day of Last day of
Indicator n hospitalization, Mg, hospitalization, Mg, Reference values ]
min—-max min—max
Heart rate per minute 127 86+19 8316 60-90 0.758
53-150 50-123
Respiratory rate per minute* 13 2316 21£2 16-18 0.521
16-35 20-25
Blood pressure, mm Hg 127 124/72+12/9 119/72+4/6 <139/<89 0.512
50/40-174/100 44/15-145/90
sp0,, %:
without 0, insufflation 11 88+11, 60-98 88+4, 78-96 95-100 0.885
with 0, insufflation* 125 9449, 70-99 92+1, 80-98 95-100 0.001
Temperature, °C 126 36.70.6 36.7+1.0 36.6+0.7 0.225
36.1-38.5 33-38.5

* cases of using artificial ventilation with an induced respiratory rate were excluded from observations; * cases of high-flow oxygenation, noninvasive

mechanical ventilation, and artificial ventilation were included.

*

13 HabnoLeHNIA UCKIIYEHD! CITy4al HAX0XAEHUS HA UCKYCCTBEHHOW BEHTUIALMM NIETKUX C MHAYLMPOBAHHOM YacTOTOM AblXaHuUs; © BKIKOYEHbI Clydaun

BbICOKOMOTOYHOW OKCUreHaLmm, HeMHBa3MBHOM VICKYCCTBEHHOVI BEHTUNALMM NIETKUX 1 VICKYCCTBEHHOVI BEHTUNALMMN JIETKMX.

in 100% of cases, hypertension in 85.7%, post-infarction
cardiosclerosis in 33.3%, and type 2 diabetes mellitus
in 38.1% with complications such as microangiopathy,
macroangiopathy, and diabetic nephropathy. The concomitant
pulmonary pathologies include chronic obstructive
pulmonary disease (9.5%), chronic bronchitis (19.0%), and
diffuse and peribronchial pneumofibrosis (23.8%). Bilateral
total and subtotal pneumonia induced acute respiratory
distress syndrome in 47.6% of cases and respiratory
failure in 81%, which was combined with acute heart
failure in 66.7%.

On the first day and last day of hospitalization, heart
rate, respiratory rate, blood pressure, blood oxygen
saturation without insufflations, and body temperature were
not statistically significant, and the average values of most
indicators were within the reference range. Statistically
significant differences in the level of blood oxygen saturation
(sp0, during 0, insufflation) on the first day and last day
of hospitalization, before death, should be considered with
caution because of the minimal difference in the average
values of the indicator.

The results of the blood tests on the first and last
days of hospitalization revealed statistically significant
changes in indicators, showing an increase in the levels of
inflammation markers, namely, leukocyte, neutrophil, and
granulocyte counts, C-reactive protein, and procalcitonin;
this often coincided with the occurrence of bacterial infection
in addition to virus-induced diffuse alveolar damage.
Patients also had a statistically significant increase in
the neutrophil-lymphocyte ratio from the first day to the
last day of hospitalization, which is considered one of the
unfavorable diagnostic markers and is associated with

DOl https://daiorg/10.17816/marph.625835

a higher mortality risk. Patients admitted to the hospital
with COVID-19 presented with laboratory anemia, and no
statistically significant differences in red blood cell count
and hemoglobin concentration were found from the first
day of admission to death. Increased blood concentrations
of D-dimer and fibrinogen and mild thrombocytopenia were
characteristic laboratory signs of COVID-19-associated
coagulopathy.

Histological examination revealed vascular wall changes,
such as signs of damage and hydropic degeneration of
endothelial cells, edema of the subendothelial connective
tissue layer and tunica media, partial fragmentation of
the internal and external elastic arterial membranes, and
edema and lymphohistiocytic infiltration of the perivascular
stroma (Fig. 1).

In the deceased group, blood clots were noted in
the pulmonary vessels, which accounted for 27.6%.
Obstructive thrombi were found in 53.1% of cases (Fig.
2). “Growing” blood clots (thromboemboli) were found
in some cases, in which the previous central part (more
than a day old) was covered with blood with newly formed
fibrin (Fig. 2).

In blood vessels of the 14 order with a diameter of
4000-6500 microns, blood clots form less frequently (0.7%).
Most often, thrombosis occurred in blood vessels of the
5 order with a diameter of 86-120 pm and those of the
6" order with a diameter of 120-250 pm (18.6% and 21.7%,
respectively) (Table 3). Moreover, thrombogenesis was most
often recorded in small arteries with a diameter of 30-500
pm and small veins with a diameter of 40-500 pm (33.7%
and 38.0%, respectively). Less commonly, thrombi were
located in large arteries with a diameter of 2800-3000 ym
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Table 2. Data from clinical, biochemical blood tests and coagulograms in patients who died from a new coronavirus infection on the first

and last days of hospitalization

TaGnuua 2. [laHHble KNMHMYeCKoro, 6UOXMMMYECKOro aHanm3os KPOBM U Koarynorpammbl y nalneHTos, yMepLUnX ot HOBOM KOpoHaBupyc-

HOM VIH(bEKU,VIM, B nepBble U nociiegHue CyTKU rocnutanamsaumm

First day of Last day of
Indicator n hospitalization, Mg, hospitalization, Mg, Reference values ]
min—-max min—max
Leukocytes, 107/L 126 10.5+6.0 15.0+7.9 4-9 0.001
2.2-415 2.2-51.9
Neutrophils, 10%/L 123 8.645.3 13.247.5 2.0-4.8 0.001
1.1-38.5 1.9-47.0
Lymphocytes, 10°/L 124 1.1£1.3 1.0+0.8 1.3-2.9 0.097
0.2-14.6 0.2-5.6
Monocytes, 10%/L 124 0.7£0.5 0.7£0.5 0.3-0.8 0.839
0.1-3.3 0.0-3.1
Neutrophil-lymphocyte ratio 123 10.88+8.92 18.12+11.26 0.78-3.53 0.001
0.0-48.60 0.60-56.40
Red blood cells, 10'%/L 1" 3.89+0.83 3.75+0.55 4-5 0.660
2.66-5.17 2.70-5.50
Hemoglobin, g/L 13 115422 114+18 130-160 0.467
82-150 85-175
Platelets, 109/L 13 216154 149+46 150-450 0.416
71-538 66-243
Creatinine, pmol/L 1 153473 228+97 62-115 0.122
82-288 93-384
Urea, mmol/L 1 15.3+8.5 28.9+20.2 1.8-8.3 0.098
6.4-27.1 7.2-66.1
C-reactive protein, mg/L 113 112.82+45.09 144.23+76.55 0-5 0.050
2.10-428.50 2.70-433.30
D-dimer, pg/mL 5 3.98+3.44 1.95+0.37 0-0.44 0.786
0.34-7.49 1.68-2.38
Troponin T, pg/mL 4 1376.36+2489.80 2419.31+3786.86 <14.0* 0.629
21.0-5109.0 94.0-6789.0
Procalcitonin, ng/mL 4 0.562+0.216 1.256+0.769 <0.500 0.533
0.330-0.760 0.710-1.800
Fibrinogen, g/l 9 5.74+2.08 3.53+2.10 2-4 0.100
0.74-7.74 1.77-5.85

* the clinical threshold value for diagnosing myocardial infarction is 100.0 pg/mL.
* KJMHMYECKOe NOpPOroBoe 3HaYeHWe ANs AMarHoCTUKM MHdapKTa Muokapaa — 100,0 nr/mn.

and large veins with a diameter of 12,000-30,000 pm (0.3%
and 0.1%, respectively) (Table 4).

The age of fibrin formation in the lumen of blood vessels
revealed a heterochronic process. The proportion of “young”
thrombi formed within 0—-6 h was 29.1%, that of “mature”
thrombi (aged 6-24 h) was 48.8%, and that of “old” thrombi
(aged >24 h) was 22.1% (Fig. 2). Therefore, at least 2/3 of
blood clots in the pulmonary vessels were formed in the last
day of life.

The functional state of the pulmonary circulation was
characterized by the Kernohan and Wogenworth indices,
which in most cases were used to establish a significant

DOl https://daiorg/10.17816/marph.625835

decrease in lung perfusion compared with the control. Thus,
a comparison depending on the order of blood vessels
demonstrated that the Kernohan index was statistically
significantly higher in arteries of the 3rd, 4th, and 7th orders
(p=0.023, p=0.001, and p=0.010, respectively) and veins of
the 4™ order (p=0.001) in the COVID-19 group than in the
control group and lower in arteries of the 10" order (p=0.003)
in the COVID-19 group than in the control group (Table 5,
Fig. 3). When comparing the Wogenworth perfusion index
of the deceased group with the control group, a statistically
significant difference was obtained in many comparison pairs
(Table 6, Fig. 4).
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a b c

Fig. 1. A cross section of the arteries of the small circulatory circle: @ — edema and dilution of the t. media of the small artery with
displacement of the outer elastic membrane; b — edema and destruction of the elastic framework of the t. media major artery (arrows),
stasis in the vasa vasorum adventitia (asterisks), with foci of hemorrhage around them (arrows), pronounced perivascular edema with
dissociation of connective tissue fibers; c — edema of the t. media major artery. Orcein stain; @ — x400; b — x100; ¢ — x200.

Puc. 1. MonepeyHblit Cpe3 apTepuin Maoro Kpyra KpoBoobpalLeH!s: @ — OTEK U pa3BosIoKHeHMe tunica media MenKon apTepum ¢ oTTec-
HEHMEM Hapy}KHOM 371aCTUYECKOI MeMBpaHbl; b — OTEK W pa3pyLUeHue 3acTUHeCcKoro Kapkaca tunica media KpynHoi apTepum (CTpenkm),
CTa3 B vasa vasorum afiBeHTULMM (3BE3L04KM), BbIPaXKEHHbINA NepUBaCKyNsSIPHbINA OTEK C AUCCOLMALMENA COBAMHUTENBHOTKAHHbIX BOSIOKOH;
¢ — OTEK tunica media KpynHoil apTepuy ¢ o4arammu KpoBomu3NMsHWIA (cTpesiku). OKpacka opcenHoM; @ — x400; b — x100; ¢ — x200.

d e

Fig. 2. Blood clots in the lumen of pulmonary vessels in those who died from a new coronavirus infection: @ — sludge and hyaline
thrombus in a vessel with a sharply hypertrophied wall; b — a fresh thrombus covering 100% of the vessel lumen; ¢ — "growing"
thromboembolism in the lumen of the lung vessel, the "old core" of the thrombus (asterisks), on which fresh fibrin is layered (triangles),
the walls of the vessel (arrows); d — a thrombus consisting of fragments of various prescription; e — an "old" thrombus (>24 hours).
Fibrin staining using Martius Scarlet Blue (MSB) technology by Lendrum; x200.

Puc. 2. Tpombbl B MpocBeTe NEr04HbIX COCYA0B Y YMEPLUMX OT HOBOW KOPOHaBUPYCHON MHGEKLMM: @ — CafK SpUTPOLMTOB U MMaNIMHOBBIN
TPOMO B CpefiHeli apTepum C pesKo runepTpodupoBaHHONM CTEHKOW; b — «Monofoii» TpoMb (0—6 ), NONHOCTLI0 06TYpUpYHOLLMIA NpocBeT
cocyna; ¢ — «pacTywmit» TpoMboaMBon B MpocBeTe COCyAa JIErkoro, «cTapoe AApo» TpoMba (3BE30YKM), HA KOTOpOE HacnauBaeTcs
CBEXMIA GUOPUH (TPEYroNbHUKM), CTEHKM cocyaa (CTpenku); d — TpoMB, CocTosALLMIA M3 GparMeHTOB PasUYHOI AaBHOCTH; € — «CTapbli»
TpoMb (>24 y). OKpacka Ha pubpuH no MeToay Martius Scarlet Blue (MSB) no Jlenapymy; x200.
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Table 3. Proportion of thrombosed blood vessels of the lungs
depending on the order according to S. Singhal et al. (1973) [19])
Ta6nuua 3. [lofieBoe COOTHOLLEHWE TPOMOMPOBAHHBIX KPOBEHOC-
HbIX COCY[0B NETKWUX B 3aBMCMMOCTU OT nopsaka (no S. Singhal
u coasT. (1973) [19])

Tom 161, N2 3, 2023

Proportion of
thrombosed vessels,
%

Vessel order Vessel size, pm

1 0-13 0

2 13-21 0

3 21-34 1.4
4 34-86 7.6
5 86-120 18.6
6 120-250 21.7
7 250-370 15.0
8 370-600 13.8
9 600-800 7.0
10 800-1000 3.6
1" 1000-1200 3.4
12 1200-2800 6.0
13 28004000 0.9
14 4000-6500 0.7
15 6500-10000 0.2
16 10 000-19 000 0.1

17 19 000-30 000 0.1

Table 4. Proportion of the thrombosed blood vessels in the lungs
depending on the internal diameter according to N.C. Staub and
E.L. Schultz (1968) [20])

Tabnuua 4. [loneBoe cOOTHOLLEHWE TPOMOMPOBAHHBIX KPOBEHOC-
HbIX COCYy0B B NErKMUX B 3aBMCUMOCTU OT BHYTPEHHEro auameTpa
(no N.C. Staub 1 E.L. Schultz (1968) [20])

Proportion of

Vessel type Vessel size, pm thrombos;d vessels,
o
Large arteries 2800-3000 0.3
Middle arteries 500-2800 6.8
Small arteries 30-500 33.7
Arterioles 20-30 2.6
Capillaries <20 0.3
Venules 20-40 7.9
Small veins 40-500 38.0
Middle veins 50-12 000 10.4
Large veins 12 000-30 000 0.1
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DISCUSSION

The vasopathic and hemostatic effects of SARS-CoV-2
were already described at the beginning of the pandemic
[9, 13]. The cytopathic effect of SARS-CoV-2 against
endothelial cells is implemented through the interaction of the
virus S protein with angiotensin-converting enzyme 2, which
can lead to pyroptosis (proinflammatory apoptosis) and the
release of damage-associated molecular fragment patterns
or pathogen-associated molecular patterns. These fragments
are recognized by receptors, such as Toll-like receptors
and C-type lectin receptors, which trigger intracellular
signaling cascades and thus stimulate the production
of proinflammatory cytokines and chemokines that can
potentiate coagulation by nearby epithelial cells, endothelial
cells, and alveolar macrophages, namely interleukin (IL)-1B,
IL-6, IL-8, and tumor necrosis factor-a [21], which in turn
have damaging effects on endothelial cells. As a result, the
procoagulant potential increases, fibrinolysis decreases, and
platelet adhesion and aggregation are disrupted. In addition,
inflammatory factors promote additional migration of
inflammatory and immune system cells to the damaged site,
namely, neutrophil granulocytes, monocytes, macrophages,
dendritic cells, T lymphocytes, natural killer cells, and
mast cells [22-24]. Pathomorphological manifestations
of pyroptosis and damage to the endothelium of the blood
vessels of the pulmonary bed, hydropic degeneration and foci
of death and desquamation of endothelial cells, and edema of
the subendothelial connective tissue layer were described in
the scientific literature and revealed in this study.

When the tunica intima of blood vessels is damaged, the
basement membrane is exposed, which has prothrombogenic
potential because of the production of von Willebrand factor
and P-selectin contained in Weibel-Palade bodies [25].

The interaction of the SARS-CoV-2 S protein with the a5p1
integrin located on the platelet membrane leads to changes
in their functional activity and is manifested by impaired
platelet hemostasis. The internalization of SARS-CoV-2 viral
particles into platelets was assumed to lead to the activation
of Toll-like receptors 7 located in the lysosomes, which is
accompanied by the release of the contents of a-granules
and consequently the interaction of platelets with neutrophil
granulocytes. In addition, the stimulation of Toll-like
receptors 7 can enhance the production of the C3 component
of complement by platelets, which promotes the formation of
neutrophil extracellular traps, which further stimulate local
thrombogenesis [26].

The results of pathomorphological and morphometric
analyses confirm literature data that anti-inflammatory and
anticoagulant therapy exert suboptimal effects on patients with
severe and extremely severe COVID-19 [27]. This is evidenced
by the proportion of thrombosed blood vessels in the lungs
(27.6%) and more than half of all blood clots completely
obstruct the lumen. The predominant damage to small- and
medium-sized blood vessels (87.2% and 11.6%, respectively)

45



ORIGINAL STUDY ARTICLES Vol. 161 (3) 2023 Morphology
Table 5. Comparison of the Kernogan index depending on their order and inner diameter
Ta6nuua 5. CpaBHeHue MHaeKca KepHoraHa B 3aBUCUMOCTY OT NOPSKa KPOBEHOCHBIX COCYL0B U UX BHYTPEHHErD ANaMeTpa
Order of the vessel and its dimensions, Type of vessel and its dimensions, pm
pm (according to S. Singhal et al. (1973) | (according to N.C. Staub and E.L. Schultz cov;\?;l&;:to’ Co:]tilr"o_l;nh:;u, ]
[191) (1968) [20])
Arterioles, 3" order (21-34) Arterioles (20-30) 0.23+0.05 0.17+0.08 0.023
0.18-0.30 0.08-0.45
Arteries and arterioles, 4" order Arterioles (20-30) 0.46+0.23 0.29+0.16 0.001
(34-86) 0.12-1.19 0.08-1.07
Small arteries (30-50) 0.24+0.11 0.20+0.15 0.001
0.05-0.76 0.03-0.68
Arteries, 7" order (250-370) Small arteries (30-50) 0.18+0.13 0.12+0.07 0.010
0.00-1.03 0.03-0.26
Arteries, 10" order (800-1000) Middle arteries (500-2800) 0.11+0.08 0.19+0.03 0.003
0.01-0.40 0.15-0.23
Veins, 4™ order (34-86) Small veins (40-500) 0.17+0.07 0.15+0.07 0.001
0.02-0.55 0.05-0.55

Note. Only data with significant differences p <0.05 are given.

[pumeyaHue. MNpuBeLeHb! TONBKO AaHHbIE CO CTaTUCTUYECKON 3HAUMMOCTbIO pasnmnumni p <0,05.

Fig. 3. Kernogan index in small arteries and veins of the 4™ order in patients who died from a new coronavirus infection and the control
group according to the size of the vessels, depending on their order and internal diameter.
Puc. 3. VHpekc KepHoraHa B Menkux apTepusix W BeHax 4-ro nopsfiKa y yMepLUMX 0T HOBOW KOPOHaBMPYCHOW MH(DEKLMM U Fpynnbl KOH-

TposiA No pa3MepaM CoCyaoB B 3aBUCMMOCTU OT UX NOPAAKA U BHYTPEHHEro aMaMeTpa.

Fig. 4. The Vogenworth index in small arteries and veins of the 5™ order in those who died from a new coronavirus infection and the
control group according to the size of the vessels, depending on their order and internal diameter.
Puc. 4. NHpekc BoreHBopTa B MENKWX apTepusx U BEHaX 5-ro NopsaKa Yy yMEepLUMX OT HOBOW KOPOHABUPYCHOM MHAEKLMN U FPYNMbl KOH-

TPOJ1A N0 pasMepam CocynoB B 3aBUCUMOCTK OT UX NOPALKa U BHYTPEHHEr0 AuaMeTpa.
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in COVID-19 reflects the systemic nature of endothelial
dysfunction and immunothrombosis in the lung tissue. In
2021, a systematic review indicated that small vessels in the
lung tissue were predominantly affected. According to L.P.
Hariri et al., in 57% of the deceased patients with COVID-19,
histological examination revealed microthrombi in the lung
tissue. This percentage is significantly higher than that in
patients with influenza A/HIN1 (=24%) [28]. The causes of
blood clots in predominantly small-sized blood vessels are
currently unknown and require further investigations.

The use of triple staining to detect the age of fibrin by
MSB technology according to Lendrum helped establish
that the majority of blood clots (up to 77.9%) were formed
in the last day of life of the patients. This finding helps us
draw conclusions about the influence of thrombotic lesions
in the blood vessels in the lung tissues on the development
of a terminal pulmonary condition, which is characterized by
ventilation—perfusion disorders and ends in death due to the
pulmonary disease.

The results indicated that the vascular link in the
pathomorphogenesis of COVID-19 is important in the
development of severe diseases. The evaluation of the Kernohan
and Wogenworth indices allows for the characterization of
the decreased capacity of pulmonary blood vessels, which is
associated with changes in the lumen diameter and vascular
wall thickness (Kernohan index) and/or its area (Wogenworth
index), including in patients with comorbidities and chronic
hypertension; these cases account for 66%-88% in the deceased
group [2, 3]. The statistically significant increase in the Kernohan
and Wogenworth indices in small- and medium-sized blood
vessels indicates more pronounced vasoconstriction and/or
thickening of the wall or an increase in its area compared with
the control group, which is generally consistent with previous
reports [29]. The patho- and thanatogenetic significance of
increased Kernohan and Wogenworth indices indicate that
a decrease in the capacity of pulmonary blood vessels is
accompanied by an increase in pulmonary vascular resistance
and pressure in the pulmonary artery.

Thus, massive thrombotic damage to small- and
medium-sized blood vessels of the lungs, vasoconstriction,
and thickening of blood vessel walls (including due to
edema) overload the right ventricle, leading to dilatation and
dysfunction of the right ventricle [30].

CONCLUSIONS

The results of the morphological and morphometric
studies of blood vessels demonstrate the systemic nature
of thrombogenesis in the lung tissue. Lesions were
predominantly found in small- and medium-sized blood
vessels, and blood clots most commonly formed on the
last day of life and completely obturate the lumen. The
pathogenetic and thanatogenetic significance of diffuse
microthrombosis in the lungs is associated with the
development of ventilation—perfusion disorders and overload
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of the right heart compartments, which leads to right
ventricular dysfunction. In some cases, this is a significant
factor in thanatogenesis in patients with comorhidities, which
account for the majority of patients who died from COVID-19.
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Appendix 1.
MpunoxxeHue 1.
Table 6. Comparison of the Vogenworth index depending on their order and inner diameter
Ta6nuua 6. CpaBHeHMe MHAeKca BoreHBopTa B 3aBUCMMOCTY OT MOPSIAKA KPOBEHOCHbIX COCYA0B M UX BHYTPEHHEr0 AMaMeTpa
Order of the vessel and its dimensions, Type of vessel and its dimensions, pm
pm (according to S. Singhal et al. (1973) | (according to N.C. Staub and E.L. Schultz COVnI][i]r:z;ah;lto, Coi:tilr"o_l;nh:;u, ]
[191) (1968) [20])
Arteries and arterioles, 4™ order Arterioles (20-30) 3.53+3.03 1.65+0.87 0.001
(34-86) 0.63-20.48 0.47-5.04
Small arteries (30-500) 1.66+0.98 1.21+0.84 0.001
0.43-7.09 0.12-7.83
Arteries, 5™ order (86—120) Small arteries (30-500) 1.98+1.60 1.46+1.00 0.001
0.39-14.97 0.24-5.33
Arteries, 6™ order (120-250) Small arteries (30-500) 2.38+2.35 1.41£1.17 0.001
0.19-24.57 0.04-6.83
Arteries, 7" order (250-370) Small arteries (30-500) 3.12+3.71 0.66x0.46 0.001
0.12-35.74 0.13-1.76
Arteries, 8" order (370-600) Small arteries (30-500) 2.96+3.89 0.83+0.67 0.001
0.09-39.08 0.14-3.38
Arteries, 9 order (600-800) Middle arteries (500-2800) 3.38+4.37 0.49+0.25 0.001
0.17-23.49 0.1-0.79
Arteries, 10" order (800-1000) Middle arteries (500-2800) 3.69+4.84 0.90+0.18 0.028
0.14-23.69 0.67-1.15
Arteries, 12 order (1200-2800) Middle arteries (500-2800) 2.82+3.07 0.45+0.13 0.002
0.11-20.5 0.36-0.60
Veins, 4™ order (34—86) Venules (20-40) 1.74+1.06 1.91+0.9 0.038
0.41-9.89 0.55-4.75
Veins, 5™ order (86—120) Small veins (40-500) 1.6+1.12 1.37+0.88 0.014
0.32-15.01 0.19-6.79
Veins, 6™ order (120-250) Small veins (40-500) 2.17+1.54 1.28+0.83 0.001
0.19-13.56 0.27-5.01
Veins, 7" order (250-370) Small veins (40-500) 2.72+2.09 0.97+0.65 0.001
0.21-21.82 0.12-2.39
Veins, 8™ order (370-600) Small veins (40-500) 2.73+2.36 0.51+0.43 0.001
0.12-17.04 0.09-1.95
Middle veins (500-12 000) 3.31+2.62 0.25+0.10 0.009
0.16-11.94 0.14-0.33
Veins, 9 order (600-800) Middle veins (500-12 000) 2.67+3.16 0.42+0.22 0.001
0.15-18.68 0.05-1.01
Veins, 10t order (800-1000) Middle veins (500-12 000) 3.25+5.56 0.61+0.35 0.035
0.19-36.81 0.24-1.06

Note. Only data with significant differences p <0.05 are given.

[lpumeyaHue. MNpuBefeHbI TONBKO AaHHbIE CO CTaTUCTUYECKON 3HAUMMOCTbIO pasnnuni p <0,05.
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