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DETERMINATION OF THE VASCULAR LUMEN AREA INDEX OF
CHORIONIC VILLOUS VESSELS IN COVID-19 DURING PREGNANCY

Abstract. Background. The causative agent of the SARS-CoV-2 virus infects
cells that express angiotensin-converting enzyme 2 (ACE2). Endothelial activation
leads to microcirculatory disturbances, proliferative changes in the vascular wall,
fibroblast activation, and arteriolosclerosis. These processes result in malperfusion and
the development of placental dysfunction. Structural changes in the vessels of
chorionic villi represent compensatory mechanisms that ensure the birth of PCR-
negative neonates with high Apgar scores. Identification of quantitative differences in
the vessels of stem and intermediate chorionic villi in cases of live birth and antenatal
asphyxia prompted us to conduct this study.

Objective. To determine the vascular lumen area index of stem and intermediate
chorionic villi in pregnant women with COVID-19.

Methods. A total of 184 placentas from pregnancies complicated by COVID-19
were studied: Group I (n=150) — placentas from live births, and Group II (n=34) —
placentas in cases of antenatal fetal asphyxia. Depending on the duration of the post-
COVID interval (PCI — the time between maternal COVID-19 diagnosis and
delivery), subgroups were formed. In subgroups 1.2 (n=80) and II.2 (n=22), the PCI
was 1-4 weeks, whereas in subgroups I.1 (n=70) and II.1 (n=12), it was 5-20 weeks.
COVID-19 in pregnant women was confirmed by a positive polymerase chain reaction
(PCR) test for SARS-CoV-2 RNA. For comparison, placentas (n=110) from
physiological deliveries before the COVID-19 pandemic were examined.
Immunohistochemical methods using monoclonal antibodies against CD31 and MSB
staining, as well as statistical methods, were applied. Quantitative assessment of the
studied structures was performed using pixel-based visualization of the structures
differing in color after immunohistochemical staining with the ONLINE JPG TOOLS
service. The vascular lumen area index (VLAI) was calculated according to the
formula: VLAI=LA / VWA x 100, where VWA is the percentage area of the vascular
wall and LA is the percentage area of the vascular lumen.

Results and conclusions. During the acute period of COVID-19 in pregnancy,
both in live births and in antenatal fetal asphyxia, the lumen of vessels in stem villi was
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reduced. This was observed in all cases of subgroup 1.2 and in 91.7% of Group II. In
subgroup I.1, vascular lumen narrowing was observed in 35.7% of cases (p1-2<0.001;
p1-3<0.001; p1-4<0.001). With increasing duration of the PCI in live births, vascular
lumens demonstrated recovery. In the main groups, vascular wall thickness was
increased: 22 [10; 32] in subgroup 1.1, 35 [17; 48] in subgroup 1.2, 23 [10; 35] in
subgroup II.1, and 33 [15; 46] in subgroup 1.2 versus 13 [6; 28] in the comparison
group. These changes were associated with proliferative alterations in the vascular wall
observed in the main groups during COVID-19 in pregnancy. Reduced vascular lumen
in Group II and proliferative vascular changes resulted in a decreased VLAI. The
lowest values were observed in antenatal fetal asphyxia (subgroups II.1 and I11.2 — 10
[0.0; 38] and 2.4 [0.3; 2.9], respectively). In subgroup 1.2, the VLAI was 18 [4.2; 23],
whereas in subgroup I.1 it was 27 [25; 32], not differing from the corresponding value
in the comparison group (Table 1).

Conclusions. A quantitative manifestation of malperfusion in COVID-19
associated with antenatal fetal death is a decreased vascular lumen area index of stem
chorionic villi. Changes in this parameter reflect vascular remodeling.

Keywords: placenta, COVID-19, SARS-CoV-2, stem chorionic villi, vascular
lumen area index.

CaBuyk Tersna BacuwiaiBHa kaHJ. MeI. HayK, MOIEHT, IOINEHT Kadeapw
narosoriudoi anaromii HMYVY imeni O.0O. boromonsus; Kuis, https://orcid.org/0000-
0002-7218-0253

Jlemenko IBan B’aueciaBoBu4 crapmumii Bukiianad kadenpu ¢izionorii HMY
imeni O.0. boromonsiis, Kuis, https://orcid.org/0000-0001-8239-256X

BU3HAYEHHS IHAEKCY IIJIOLII ITPOCBITY CYJIHUH BOPCHUH
XOPIOHA ITPU KOPOHABIPYCHIN XBOPOBI (COVID 19) Y BATITHOI

AHoTtanisi. AktyajabHicTb. 30ynHuK Bipycy SARS-CoV-2 ypaxae KIiTHHH, 1110
EKCIIPECYIOTh aHTIOTeH3UHNEpeTBOpIoounii  pepmeHT 2 (angiotensin-converting
enzyme 2 — ACE2). AxTuBailisi eHAO0TENII0 NPU3BOAUTEH J0 MOPYLIECHHSI MIKpOIUP-
KyJIsIii, mponidepaTUBHUX 3MiH CYAMHHOI CTIHKM, akTuBalli ¢iopoOnacTiB Ta
aprepionockiieposy. lle oOymoBntoe wmanbnepdy3ito Ta PO3BUTOK IUIALIEHTAPHOT
mucyHkiii. CTpyKTypHI 3MIHU CyJJUH BOPCHUH XOPIOHA € MPOSIBOM KOMITIEHCATOPHUX
MEXaHI13MiB, 110 3a0e3Meuyr0Th Hapo KeHHs [1JIP-HeraTuBHUX HEMOBIISIT C BUCOKUMU
Oaylam 3a mKaiow Anrap. BusBieHHs KUIbKICHUX BIIMIHHOCTEN CYJIMH CTOBOYPOBUX
Ta MPOMIXHUX BOPCHH XOPIOHA y BUIMAJIKY *KUBOHAPO/KEHHS Ta MPU aHTCHATAIbHIN
ac(ikcii cmoHyKauo Hac MPOBECTHU AOCIHIIKEHHS.

Metorw Oyno BU3HAYEHHS 1HAEKCY IUIONII IPOCBITY CYJIHWH CTOBOYpPOBHX Ta
MPOMIKHUX BOPCUH XOpioHA Mpu KopoHaBipycHii xBopoOi (COVID 19) y BaritTHOI.

Metoau. ocmimxyBanu 184 mmanentu npu COVID-19 y BaritHoi: 1 rpyna
(n=150) — mnaneHTu Tpu Hapo KeHH1 )kuBoro minoxaa Ta Il rpyna (n=34) — npu anTe-
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HaTalbHIN acdikcii. B 3anexHOCT! BiJ TpuBasiocTi mocTkoBigHoro iHTepBany (I —
MpoMIXOK yacy MiDK giarHoctyBaHHsM COVID-19 y marepi ta monmoramu) Oyinu
chopmoBani niarpynu. B miarpynax 1.2 (n=80) Ta I1.2 (n=22) III cknaB 1-4 TuxHi, B
niarpynax [.1 (n=70) ta 1.1 (n=12) — 5-20 Twxuie. COVID-19 y BariTHOl
MIJITBEP/IP)KEHO MO3UTUBHUM PE3YyJIbTaTOM MOJIMepa3Hoi JaHlorooi peakiii (I1JIP)
Ha HasBHIcTh PHK Bipycy SARS-CoV-2. JIns nopiBHAHHS AaHUX AOCIHIKYBalu
mnaneHty (n=110) npu ¢izionoriuaux nosnorax o emiaemii COVID-19. Bukopucrto-
BYBaJIM MYHOTICTOXIMIYHMI 3 BHKOPHUCTAHHSIM MOHOKIOHAJIbHUX AHTUTUI IMPOTH
CD31, MSB Ta cTratuCTU4YHI METOAM IOCTIKeHHS. JIJIs KITbKICHOTO BU3HAYCHHS
JOOCIIJKYBAaHUX CTPYKTYp BIPOBAKYBalIM SKICHY TOIIKCENbHY Bl3yali3alilo
JTOCHIIKYBaHOI CTPYKTYPH, SIKI PI3HATHCA 32 KOJIBOPOM IPH iX IMyHOTICTOXIMIYHOMY
(dapOyBanni 3 BukopuctanusMm cepicy ONLINE JPG TOOLS. 3 nopanbimmm
oOumncnenHsaMm igaekcy miomi npocsity (IIIIT) 3a dpopmymnoro: IIII= IIII /TICC*100,
ne: [ICC — Biacorok momti cTinku cynuau; [1I1 — BigcoToK Mol npocCBITY.

PesyabraTn Ta miacymok. B rocrpomy mnepioni COVID-19 y BaritHoi mpu
’KUBOHAPOJ/KEHHI Ta MPU aHTEHATaJIbHIH ac(ikcii M104a IpOCBIT CyIMH CTOBOYPOBUX
BOPCHUH BUSIBUBCS 3MEHIIIEHUM. B ycix crnioctepexkennsx miarpynu 1.2 ta 91,7% rpynu
II. B migrpymi .1 npocsit cyaun 0yB 3meHmenuit y 35,7% (p1-2<0,001; p1-3<0,001; p1-
4<0,001). 31 36inbmenHsaM TpuBanocti [l mpu KXKUBOHAPOIKEHHI MPOCBIT CYAUH
BIIHOBIIIOBaBCsl. B OCHOBHMX Tpymnax BigMiuanocs 30UIbIIEHHS TOBIIUHU CYAMHHOT
ctinku B miarpymi [.1 —22 [10; 32]; 8 1.2 - 35 [17; 48], B II.1 — 23 [10; 35]; 1 II.1 — 33
[15; 46] mpotu 13 [6; 28] y rpyni nopiBHsiHHS. Lle oOymoBItoBanocs npomidepaTus-
HUMU 3MiHAMU B CTIHII CyAWHH, SIK1 BUSBISIUCSA B OCHOBHUMX rpymnax npu COVID-19
y BariTHOi. 3MEHIIEHHS MPOCBITY cynuH B rpym Il Ta mpomideparuBHi 3miHU
cipuunHsany 3MeHmeHHs [III1. HaiimeHine 3HaueHHsS MOKa3HUKA BUSBUJIOCA MpHU
anTeHaranbHil acdikcii mnona (miarpynu II.1 Ta I1.2 — 10 [0,0; 38] Ta 2,4 [0,3; 2,9]
BianoBigHo. B miarpymi I1.2 ITIIT cknaB 18 [4,2; 23]. B II.1 — 27 [25; 32] ta He
BIJIPI3HSBCS BiJl aHAJIOTIYHOTO MOKA3HUKA IPYIH MOPIBHSAHHSA (Tabmuus 1).

BucnoBku. KinbkicHuil mposiB Manbnepdysii mpu KOpOHaBIpYyCHIM XBOpoOi
(COVID 19) y Bunaaky aHTeHaTaJibHOI 3aru0esi 1mio/ia — 3SMEHIIEHHS 1HJEKCY IO
MPOCBITY CTOBOYpPOBOi BOPCHHU XOp1OHA. 3MiHA MTOKAa3HUKA CBIIUYUTH PO PEMOETIO-
BaHHS CY/JUHHU.

Kuarwuosi caoBa: mnarnenta, COVID-19, SARS-CoV-2, ctoBOypoBi BopcuHU
XOP10HA, 1HJAEKC IO TPOCBITY CYIUHHU.

Problem statement. The SARS-CoV-2 virus affects cells expressing angiotensin-
converting enzyme 2 (ACE2) [1,2]. Endothelial activation leads to microcirculatory
disturbances and proliferative changes in the vascular wall, resulting in fibroblast
activation and the development of arteriolosclerosis [3—7]. These changes lead to
malperfusion and the development of placental dysfunction [8]. Structural alterations
in the vessels of chorionic villi represent compensatory mechanisms that ensure the
birth of PCR-negative neonates with high Apgar scores [9,10]. The identification of
quantitative differences in the vessels of stem and intermediate chorionic villi in cases
of live birth and antenatal asphyxia prompted us to conduct this study.
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The aim of the study was to determine the vascular lumen area index of stem and
intermediate chorionic villi in pregnant women with COVID-19.

Materials and methods.

A total of 184 placentas from pregnancies complicated by COVID-19 were
studied: Group I (n=150) — placentas from live births, and Group II (n=34) —
placentas in cases of antenatal fetal asphyxia. Depending on the duration of the post-
COVID interval (PCI — the time between maternal COVID-19 diagnosis and
delivery), subgroups were formed. In subgroups 1.2 (n=80) and II.2 (n=22), the PCI
was 1-4 weeks, whereas in subgroups I.1 (n=70) and II.1 (n=12), it was 5-20 weeks.
COVID-19 in pregnant women was confirmed by a positive polymerase chain reaction
(PCR) test for SARS-CoV-2 RNA. For comparison, placentas (n=110) from
physiological deliveries before the COVID-19 pandemic were examined.

Immunohistochemical methods using monoclonal antibodies against CD31, MSB
staining modified according to Zerbino-Lukasevych, and statistical methods were
applied. After fixation of placental tissue samples in 10% neutral formalin, processing
through ascending concentrations of alcohols, paraffin embedding, preparation of 5-
um tissue sections, and immunohistochemical staining, microscopic specimens were
photographed using a digital camera mounted on a microscope. Using the SNIPPING
TOOL, the studied vessel was isolated from the image, and the vascular lumen was
colored differently from the histological staining of surrounding structures (yellow);
the tissues surrounding the vessel were also colored differently (Fig. 1). Quantitative
assessment of the studied structures was performed using pixel-based visualization of
structures differing in color after immunohistochemical staining with the ONLINE JPG
TOOLS service. The vascular lumen area index (VLAI) was subsequently calculated
according to the formula:

VLAI=LA/ VWA x 100, where VWA is the percentage area of the vascular wall
and LA is the percentage area of the vascular lumen (utility model patent).
No 1u202305769; https://sis.nipo.gov.ua/uk/search/detail/1837802/).
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Fig. 1. Screenshot of the ONLINE JPG TOOLS service: on the left — the
uploaded image; on the right — the colors used for percentage determination. A —
microscopic section of an arteriole with a narrowed lumen in a stem chorionic villus in
antenatal fetal death at 35 weeks of gestation following maternal COVID-19 at 23-24
weeks of pregnancy. The lumen and background are colored differently from the colors
of the stained tissue structures in the image (yellow and white, respectively). MSB,
x200. B — percentage distribution of colors in the service: lumen area — 0.8%. The
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sum of the percentages of pink color shades corresponds to the percentage area of the
vascular wall.

Presentation of Main Findings. Placentas from pregnancies complicated by
COVID-19 at 1940 weeks of gestation were studied in cases of live birth and antenatal
fetal asphyxia.

The vascular response of the placenta to injury was associated with the effects of
SARS-CoV-2. Pathomorphological vascular changes depended on the severity of
injury, including the extent of endothelial necrosis, thrombosis, and placentitis during
the acute phase of the disease [11], as well as on the rate of response to injury. The
intensity of inflammatory changes in the placenta (chorioamnionitis, intervillositis)
predominated during the acute phase of the disease in antenatal fetal asphyxia (+++++)
compared with subgroup 1.2 (+++). With increasing duration of the post-COVID
interval, the intensity of inflammatory changes decreased (+) (Table 1).

Table 1

Pathomorphological changes of the placenta in COVID-19 during pregnancy and
in the comparison group.

Parameters COVID-19 (N=82) p
Groups Live births (Group I) Antenatal asphyxia (Group II) Comparison
(N=150) (N=34) (n=110)
L.1 (n=70) 1.2 (n=80) IL1 (n=12) 1.2 (n=22)

Chorioamnionitis/interv 67 (95.7) 80 (100) 3(25) 22 (100) 0 (0.0) [0- p12<0,001

illitis/ [90.9-100]/ | [95.5-100)/ [2-55]/0 [91,7-100])/ 2.7] p3-4<0,001

Severity of 2(2.9) 18 (22.5) 0,0 [0,0-14,6]/ 22(100)

manifestation [0.3-9.9]/ | [13.3-31.7]*/ + [91,7-100]*/

+ -+ o+

Arteriolar endothelial 4 (6.1) 76 (95.0) 2 (16,7)[1,1- 100 [91,7-1007* 0 (0.0) [0- p12<0,001

necrosis; n (%) [95 % [0.2-11.9] | [90.2-99.8]* 45,3] 2.7] p2-3<0,001

CIJ; p1-4<0,001
P2-5<0,001
p4-5<0,001

Narrowing of the lumen | 25 (35,7) 80 (100) 11 (91,7) [61- 21 (91,7) 0 (0.0) [0- p12<0,001

of the blood vessels in [25-48] [95.5-100]* 99,8] [67,1-100]* 2.7] p1-3<0,001

the stem villi; n (%) [95 p1-4<0,001

% CI]

Proliferation of the 47 (67.1) 65 (81.3) 4 (33,3) [8,6- 10 (45,5) 0 (0.0) [0- p<0,001

muscular layer of the [56.1- [72.7-89.8]* 64,6]* [24,5-67,3]* 2.7]

arterioles of the stem 78.11*

villi; n (%) [95 % CI]

Wall thickness of the 22 [10; 35[17; 48]* 23 [10; 35]* 33 [15; 46]* 13 [6; 28] p12<0,001

stem villus arterioles 32]* P2-3<0,001

(um) p3-4<0,001
P2-5<0,001
p4-5<0,001

VLAI 271[25;32] | 18[4,2;23] 10 [0,0; 38]* 2,410,3; 2,9]* 26,5 [21; p12<0,001

30] p2-3<0,001

p1-3<0,001
P4-5<0,001
P2-5<0,001

[pumitka: *p<0,01 (Kruskal-Wallis test)
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Necrotic changes of the vascular endothelium were detected during the acute
phase of the disease in 95% of live births and in all cases of antenatal fetal asphyxia
(Table 1). Endothelial necrosis manifested as decreased CD31 expression in the
endothelium of chorionic villous arterioles (Fig. 2A) and complete absence of
expression in obliterated arterioles in antenatal fetal death (Fig. 2B).

MSB staining of the vascular wall demonstrated a color change from red to blue
with increasing duration of the post-COVID interval. The blue coloration indicated an
increased amount of connective tissue fibers (Fig. 2C, D).

During the acute phase of COVID-19 in pregnancy, both in live births and
antenatal fetal asphyxia, the lumen of vessels in stem villi was reduced. This finding
was observed in all cases of subgroup 1.2 and in 91.7% of Group II. In subgroup I.1,
vascular lumen narrowing was observed in 35.7% of cases (p1-2< 0.001; p13< 0.001;
p1-4< 0.001). With increasing duration of the post-COVID interval, vascular lumens
recovered in cases of live birth.

~ _'. ‘> ‘ . "\. ) At : ! f/

& \"—‘.\ AT N A A
els of stem chorionic villi in COVID-19 during
pregnancy in cases of antenatal fetal asphyxia. A, C — subgroup I1.2. B, D — subgroup
II.1. A, B— expression of monoclonal antibodies against CD31 in the endothelium of

chorionic villous arterioles. C, D — MSB staining modified according to Zerbino D.D.
and Lukasevych L.L., x400.
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In the main groups, vascular wall thickness was increased: 22 [10; 32] in subgroup
I.1, 35 [17; 48] in subgroup 1.2, 23 [10; 35] in subgroup II.1, and 33 [15; 46] in
subgroup I11.2 versus 13 [6; 28] in the comparison group. These changes were
associated with proliferative alterations in the vascular wall observed in the main
groups during COVID-19 in pregnancy (Table 1).

A reduction in vascular lumen in Group II together with proliferative vascular
wall changes resulted in a decreased vascular lumen area index (VLAI). The lowest
values of this indicator were observed in antenatal fetal asphyxia (subgroups II.1 and
II.2 —10[0.0; 38] and 2.4 [0.3; 2.9], respectively). In subgroup 1.2, the VLAI was 18
[4.2; 23], whereas in subgroup II.1 it reached 27 [25; 32] and did not differ from the
corresponding value in the comparison group (Table 1).

According to published data, vascular wall remodeling under the influence of
SARS-CoV-2 is mediated not only by endothelial cells but also by pericytes. It has
been shown that pericytes exposed to the viral spike protein (Sp) undergo phenotypic
and morphological changes accompanied by increased expression of contractile and
myofibrogenic proteins, including a-smooth muscle actin, fibronectin, and collagen,
leading to alterations in blood flow [12,13].

Disorder of microcirculation and endothelial activation act synergistically,
resulting in vascular lumen narrowing (stenosis and obliteration) as well as
inflammatory cell infiltration in organs affected by COVID-19. This may contribute to
an excessive immune response that can lead to long-term tissue damage and/or death
[14].

Conclusions. A quantitative manifestation of malperfusion in COVID-19
associated with antenatal fetal death is a reduction in the vascular lumen area index of
stem chorionic villi. Changes in this parameter reflect vascular remodeling and
structural adaptation of the placental vascular bed.
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