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VASCULAR-STROMAL INDEX OF TERMINAL CHORION VILLI IN
CORONAVIRUS DISEASE (COVID-19) IN PREGNANT WOMEN

Abstract.

Background. The SARS-CoV-2 coronavirus infects cells that express
angiotensin-converting enzyme 2 (ACE2). The virus’s effect on endothelial cells leads
to impaired blood rheological properties, as well as changes in the vascular wall,
stromal edema, and increased thickness of the vasculosyncytial membranes. This
results in impaired perfusion and the development of placental dysfunction.

Objective: To determine the stromal—vascular index of terminal chorionic villi
in pregnant women with COVID-109.

Methods. We examined 170 placentas from pregnant women with COVID-19:
Group | (n=136) — placentas from live births, and Group Il (n=34) — from cases of
antenatal asphyxia. Depending on the duration of the post-COVID interval (the time
between the diagnosis of COVID-19 in the mother and delivery), the following
subgroups were formed: 1.1 (n=90) and 11.1 (n=12) — post-COVID interval of 5-22
weeks; 1.2 (n=80) and I1.2 (n=22) — 1-4 weeks. COVID-19 in the pregnant woman was
confirmed by a positive polymerase chain reaction (PCR) result for the presence of
SARS-CoV-2 viral RNA. For comparison, placentas (n=120) from physiological
deliveries prior to the COVID-19 epidemic were examined. An immunohistochemical
method using monoclonal antibodies against CD31 and smooth muscle actin (a-SMA)
was employed, along with statistical analysis methods. To quantitatively determine the
expression of the immunohistochemical marker, we performed qualitative pixel-by-
pixel visualization of the structures under study (stroma, vessels), which differ in color
upon immunohistochemical staining, using the ONLINE JPG TOOLS service. This
was followed by calculation of the vascular-stromal index (VSI): VSI = Vyessels/ Vstroma-

Results and Conclusions. In the main groups, a decrease in the percentage of
blood vessels in the terminal chorionic villi was observed in 100% of pregnant women
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with COVID-19. An increase in this indicator in Group 1.1 indicated vascular recovery
as the duration of the post-COVID interval increased. The narrowing of the lumen of
the terminal villi was facilitated by the phenotypic transformation (a-SMA-positive) of
pericytes with the acquisition of contractile properties. The percentage of stroma
increased in the main groups: 1.2; I1.1 and 11.2 — 71 [67;73]; 86 [78;89], and 85 [84,;87]
compared to the control group—32 [30;35]—which was due to edema (groups 1.2, 11.2)
and stromal fibrosis (groups 1.1 and 11.1). The latter indicates that pericytes have
acquired a myofibroblast-like phenotype.

All main groups were characterized by a decrease in SSI: 1.1, 1.2; 1.1, and 1.2 —
0.86 [0.83; 0.98]; 0.38 [0.34; 0.51]; 0.16 [0.14; 0.24]; 0.17 [0.15; 0.19], respectively,
compared to the control group — 2.15 [1.52; 2.81]. The lowest value was observed in
cases of antenatal fetal death. A decrease in the stromal-vascular index of terminal
chorionic villi in coronavirus disease (COVID-19) in pregnant women is a
manifestation of chorionic villus remodeling caused by structural changes.

Keywords: placenta, COVID-19, SARS-CoV-2, chorionic villi, terminal villi,
pericytes.
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CYIMHHO-CTPOMAJIBHUM THAEKC TEPMIHAJIbHUX BOPCHUH
XOPIOHA ITPU KOPOHABIPYCHIM XBOPOEI (COVID 19) Y BATITHOI

AHoTaLis.

AxkryanbHicTb. Koponasipyc SARS-CoV-2 Bpaxkae KIITHHH, IO €KCIIPECYIOTh
aHTi0TeH3MHIIEpeTBOPrOIOUMi (hepmeHT 2 (angiotensin-converting enzyme 2 — ACE?2).

BmiuB BipyCy Ha €HAOTETIOLUTH MPU3BOJAUTH 0 MOPYIICHHS PEOJIOTTYHUX
BJIACTUBOCTEMN KPOBI, @ TAKOX J0 3MIH CYJIMHHO1 CTIHKH, HAOPSIKY CTPOMH, 301JIbILIEHHS
TOBLIMHU BAaCKYJOCHHIMTIANIbHUX MeMOpaH. Lle npu3BoauTh 10 nopyuieHHs nepdysii
Ta PO3BUTKY IUJIAIIEHTAPHOI JUCHYHKIII].

Mertorw Oyno BH3HAYEHHS CTPOMAIBHO-CYJIMHHOTO 1HJIEKCY TEPMIHAIBHUX
BOPCHUH XOPiOHA MpHU KopoHaBipycHii xBopooi (COVID 19) y BaritHo1

Meromu. [JocmimxyBanu 170 mnanent npu COVID-19 y BaritHoi: [ rpyna
(n=136) — rutaneHTH TPU HAPODKEHHI kuBoro rwioxa Ta Il rpyma (n=34) — npu
aHTeHaTalbHIN acdikcii. B 3anexHOCTI BiJ TPUBAJIOCTI MOCTKOBIIHOIO 1HTEpBATY
(npomixkok yacy MK aiarHoctyBaHHsM COVID-19 y martepi Ta mojoramu) Oynu
chopmonani miarpynu: I.1 (n=90) ta II.1 (n=12) — mocTKOBiAHMIA iHTEpBAJ CKJIaB 5-22
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twkHl; 1.2 (n=80) Ta 11.2 (n=22) — 1-4 twxui. COVID-19 y BariTHOT HmiATBEPIIKEHO
MMO3UTUBHUM PE3yJbTaTOM MojiMepasHoi yanmioroBoi peakiii (I[1JIP) Ha HasBHICTBH
PHK Bipycy SARS-CoV-2. [[ns nopiBHSIHHS JaHUX AOCTIHKyBaiu mianedTy (n=120)
npu  ¢izionoriuaux monorax go emigemii COVID-19. BuxopucroByBaim iMyHO-
FICTOXIMIYHUNA METOJ]] 3 BUKOPHCTAHHAM MOHOKIOHAJBbHUX aHTUTLT mpotu CD31,
TJIAJIKOM S130BOr0 akTUHY (0-SMA) Ta CTaTUCTUYHI METOAW JOCHipKeHHs. Jls
KUTbKICHOTO BH3HAYEHHSI €KCIpecii IMyHOTICTOXIMIYHOTO MapKepa BIPOBAIKYyBaJU
AKICHY TIOIMIKCEJIbHY Bi3yali3alliio JOCHIKYBaHOI CTPYKTypH (CTpoma, CyJIMHH), 5K
PI3HATHCA 3a KOJIBOPOM IPH iX IMyHOTICTOXIMIYHOMY (papOyBaHHI 3 BUKOPHCTAHHSIM
cepsicy ONLINE JPG TOOLS. 3 nonanbmnmM 00YUCIEHHSM CYyIMHHO-CTPOMAaIbLHOTO
1Haekcy (CCl): CCI=Beyy/Berp.

Pe3yabTaTn Ta miacymok. B ocHOBHUX Ipynax npu KOPOHABIPYCHOI XBOPOOU
y BariTHO1 B 100% BHABIISIIOCS 3MEHIIEHHS BIICOTKY CYJIMH B TEPMiHAJIbHIN BOPCHHI
XOploHa. 30UIbIIEHHS AAHOrO MOKa3HWKa B rpym [.1 cBIQUMIIO Mpo BIAHOBJIEHHS
CYJIUH TIpHU 30UIBIIEHH] TPUBAJIOCTI MOCTKOBIIHOTO 1HTEPBATY. 3BYKEHHS MPOCBITY
CyIIUH TEepMIHAJIBHUX BOPCUH cHpusiia TpaHchopmaiis ¢enoruny (a-SMA-
MO3WUTHBHI) IEPUIUTIB 3 HAOYTTSAM KOHTPAKTUIHLHUX BIACTUBOCTEN. BifcoTok cTpoMu
30uIBIIyBaBcs B ocHOBHUX rpymax: 1.2; II.1 Ta I1.2 —71 [67;73]; 86 [78;89] Ta 85
[84;87] mpotu rpynu nopiBHsSHHS — 32 [30;35], mo oO0yMOBItOBaNOCS HaOPSIKOM
(rpymu 1.2, 11.2) ta ¢iGpo3om ctpomu (rpynu .1 Ta II.1). OcranHiii € cCBiTYEHHSIM
HaOyTTs nepunuraMu MioiopooiaacTonoiI0HOro GEeHOTHITY.

Bci ocnoBHi rpynu xapaktepusyBanucs 3meHmnenass CCI: 1.1 1.2; I1.1 ta 1.2 —
086 [0,83;0,98]; 0,38 [0,34; 0,51]; 0,16 [0,14; 0,24]; 0,17 [0,15; 0,19] BiamoBiIHO
MPOTH Tpymnu nopiBHsSHHES — 2,15 [1,52; 2,81]. HaliMeHIIMiA TOKa3HUK BUSBHUCS TIPH
aHTEHATaNbHIN 3arubeni 1UI0/a. 3MEHIICHHS CTPOMAlIbHO-CYAMHHOTO 1HJIEKCY
TepMiHAJBFHUX BOPCUH XOpIOHA TP KOpoHaBipycHii xBopoO1 (COVID 19) y BariTHoi
— TIPOSIB PEMOJICTIOBAHHS BOPCUH XOP10HA, 00YMOBIIEHUX CTPYKTYPHUMH 3MIHAMH.

Karwuosi caoBa: mnanenra, COVID-19, SARS-CoV-2, BopcuHu XOpioHa,
TepMiHaJIbH1 BOPCUHHU, TIEPUITUTH.

Problem Statement. The SARS-CoV-2 coronavirus infects cells that express
angiotensin-converting enzyme 2 (ACE2) [1,2]. In the placenta, these cells include
vascular endothelial cells, syncytiotrophoblast, and telocytes [3,4]. Endothelial
dysfunction leads to impaired blood rheological properties and platelet activation,
followed by disturbances in microcirculation, fibroblast activation, development of
fibrosis, and the formation of placental insufficiency [5-9]. The birth of PCR-negative
neonates is explained by compensatory mechanisms of the placenta, which manifest as
structural changes in the vessels and stroma of chorionic villi [10—12]. This prompted
us to conduct the present study.

Objective: To determine the stromal—vascular index of terminal chorionic villi
in pregnant women with COVID-19.
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Materials and methods.

To achieve the objective, a study was conducted on 170 placentas from pregnant
women with COVID-19: Group | (n=136) — placentas from live births, and Group I
(n=34) — placentas from cases of antenatal asphyxia. The material was obtained under
a cooperation agreement at the Department of Pathological Anatomy of the National
Specialized Children’s Hospital Ohmatdyt of the Ministry of Health of Ukraine for the
period from 2020 to 2022. Subgroups were formed based on the duration of the post-
COVID interval (the time between the mother’s COVID-19 diagnosis and delivery).
In subgroups 1.1 (n=90) and 11.1 (n=12), the post-COVID interval was 5-22 weeks; in
subgroups 1.2 (n=80) and 11.2 (n=22), it was 1-4 weeks. COVID-19 in pregnant women
was confirmed by a positive polymerase chain reaction (PCR) result for the presence
of SARS-CoV-2 viral RNA. For data comparison, placentas (n=120) from
physiological deliveries prior to the COVID-19 epidemic were examined. The
immunohistochemical (IHC) method was applied using monoclonal antibodies against
CD31 and smooth muscle actin (a-SMA) (Thermo Fisher Scientific, USA) at working
dilutions.

To quantitatively determine the expression of the immunohistochemical marker,
we implemented qualitative pixel-by-pixel visualization of the structure under study
(stroma, vessels), which differ in color upon immunohistochemical staining (utility
model patent No. u2024 2856; https://sis.nipo.gov.ua/uk/search/detail/1841687/).

After fixing the placental tissue sections in 10% neutral formalin, passing them
through a series of alcohol solutions of increasing concentration, embedding them in
paraffin, and preparing 5-micrometer-thick tissue sections, the immunohistochemically
stained microscopic slides were photographed through a microscope using a digital
camera (Fig. 1.A.1-D.1).

In Microsoft Paint, the histological structures under study were further colored
in the photos (capillary lumens in black, background in green) (Fig. 1.A.2-D.2),
followed by uploading the archived photos in JPEG format to ONLINE JPG TOOLS
(onlinejpgtools.com/find-dominant-jpg-colors).

Using this service, we determined the percentage of a pixel’s color in the photo
that corresponds to the percentage of the structure under study (Fig. 1.A.3-D.3). Next,
we calculate the percentages of vessels (Vess) and stroma (V) without accounting for
the background percentage: Vyess = VvessiX 100 / (Vsir1t Vyess1). Vstroma = Vstromar X 100
I (Vstromart Vvess), Where Viess1; Vs — percentage of colors (vessels, stroma) in
ONLINE JPG TOOLS Followed by calculation of the vascular-stromal index (VSI):
VSI = Vyess/ Vs

Presentation of Main Findings.

In the acute phase of coronavirus disease in pregnant women, a decrease in the
percentage of vessels in the terminal chorionic villi was observed in 100% of cases in
groups 1.2 and I1.1. In groups 1.1 and 11.2, this indicator was 97.8% and 91.7%,
respectively (Fig. 2.A-D; Table 1).
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Table 1

Pathomorphological changes in the stroma and vessels of the terminal
chorionic villi in COVID-19 in pregnant women and in the comparison group

Parameters COVID-19 (N=170)
Live births Antepartum asphyxia
(Group 1) (Group 1I) Compari
- _ parison p
Groups (N=136) (N=34) (n=120)
1.1 (n=90) | 1.2(n=80) | 1.1 (n=12) | 1.2 (n=22)
P12 <0.001
Narrowing of the El's :8881
lumen of terminal | 88 (97.8) 80 (100) 12 (100) 21 (91.7) 0(0) P“ <0.001
villi, [94.8-100]; | [95.5-100]; | [84.1-100] | [67.1-100]; | [0.0-3.8]; P“” <0.001
n (%) [95% CI]; | 46 [44;59]* | 29 [27;33]* | 14[11;22]* | 15[13;17]* | 68 [65;70] Pz'j <0.001
% of vessels Pyc <0.001
P45 <0.001
P12 <0.001
P13 <0.001
Strom_al edgrn_a of 86 (95.6) 80 (100) 11 (91.7) n=22 0 P14 <0.001
terminal villi, n . . .| 100[91.7- | P15<0.001
| [91.4-99.8]; | [95.5-100]; | [67.1-100]; _ 0 [0.0-3.8];

(%) [35% CIL; | 55153601+ | 71 [67:73]* | 86 [78:89]* | .. 00 32 [30;35] | 23 <0001
% of stroma ' ' : 85 [84;87]* ' P,.4 <0.001
P35 <0.001
P45 <0.001
P12 <0.001
P13 <0.001
P14 <0.001
Vascular-stromal 0.86 [8'22_ [8'12_ 0.17 2.15 P1.5 <0.001
index (VSI) [0.83,0.98]* | o 51]; 0.9 4]; [0.15; 0.19]* | [1.52; 2.81] | P23 <0.001
' ' P24 <0.001
Ps5 < 0.001
P45 <0.001

Note: *p<0.01 (Kruskal-Wallis test)

The percentage of vessels was reduced in all main groups (Table 1; Fig. 1.A-D).
The lowest percentage was observed in cases of antenatal fetal death (group 11.1 — 14
[11;22] and 11.2 — 15 [13;17] versus the comparison group — 68 [65;70] (Fig. 2.E). In
the acute phase of the disease with live birth, the corresponding figure was 29 [27;33].
In group 1.1, the percentage of vessels increased to 46 [44;59], indicating vascular
recovery with an increase in the duration of the post-COVID interval (Fig. 1.B).

The percentage of stroma increased in the main groups (Table 1; Fig. 1.A-D).
The highest percentage of stroma was observed in groups 1.2, II.1, and I11.2—71
[67;73], 86 [78;89], and 85 [84;87], respectively, compared to the comparison group—
32 [30;35]. In group 1.1, the percentage of stroma in the terminal villus decreased—55
[53;60] (Table 1; Fig. 1.B).

The increase in the percentage of stroma during the acute phase of the disease
was due to edema (Fig. 2.A). As the duration of the post-COVID interval increased,
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stromal fibrosis was observed (Fig. 2.B). Edema and stromal fibrosis led to an increase
in the thickness of the vasculosyncytial membranes and a more central location of the
vessels (Fig. 1.A-D.1).
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Fig. 1. Quantitative determination of the percentage of blood vessels and stroma in a

histological section of a terminal villus in a pregnant woman with COVID-19 and in

the Comparison group. 1 — Microscopic changes in the blood vessels and stroma of

the terminal chorionic villus in COVID-19 — 1 (A-D) and in the comparison group —
E. Expression of monoclonal antibodies against CD31 in the endothelium of
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chorionic villus arterioles, x600. 2 (A—E) — In Microsoft Paint, the lumen of the
vessels and the background surrounding the villi were colored in shades different
from the histological staining of the structures (villi stroma) in the photo — black and
green. 3 (A-D) — Determination of the percentages of vessels (black), stroma (gray),
and background (green) using the ONLINE JPG TOOLS program.

Flg 2. Structural changes in the stroma of termlnal villi in COVID-19 in a pregnf;nt
woman in groups 1.2(A) and 11.1(B). A — narrowing of the vascular lumen (arrow),
stromal edema. B — avascular villus, stromal fibrosis (blue). MSB. A, Bx400.

All main groups were characterized by a decrease in VSI: 1.1, 1.2; 11.1, and 11.2
—0.86 [0.83; 0.98]; 0.38 [0.34; 0.51]; 0.16 [0.14; 0.24]; 0.17 [0.15; 0.19], respectively,
compared to the comparison group — 2.15 [1.52; 2.81]. The lowest value was observed
in cases of antenatal fetal death.

In the main groups, a-SMA-positive elements were detected in the walls of the
terminal villi blood vessels (Fig. 3.B, C, D), indicating the activation of pericytes under
hypoxic conditions in COVID-19 with an increase in the duration of the post-COVID
interval. In the walls of the terminal villi blood vessels of the comparison group, a-
SMA expression was not detected (Fig. 3.E), as smooth muscle cells are normally
absent in them [14]. Such a transformation of the pericyte phenotype [15],
accompanied by the acquisition of contractile properties [16], explained the reduction
in capillary lumen and impaired perfusion leading to the development of placental
insufficiency [13].

Additionally, the acquisition of a myofibroblast-like phenotype by pericytes
leads to the development of stromal fibrosis (groups 1.1 and 11.1) [14]. Pericyte
activation is a compensatory response to hypoxic and endothelial damage. The severity
of chorionic villus damage and the rate of recovery influence the outcome of the
pregnancy.
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Fig. 3. Structural changes in the blood vessels of the terminal villi of the chorion in a
pregnant woman with COVID-19 in the main groups and the comparison group.
A —Group 1.2. B—Group I.1. C — Group I1.2. D — Group 11.1. E — Comparison group.
A-D — central location of vessels in the terminal villus. E — peripheral location of
vessels in the control group. Arrow — a-SMA-positive pericytes.
A—E — expression of smooth muscle actin (a-SMA); x1200.

Thus, the phenotypic transformation of pericytes in the terminal villi of the
chorion in COVID-19 in a pregnant woman is a key mechanism for vascular and
stromal remodeling.

Conclusions. A decrease in the stromal-vascular index of terminal chorionic
villi in coronavirus disease (COVID-19) in a pregnant woman is a manifestation of
chorionic villus remodeling caused by structural changes.
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