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Abstract: Background: The causative agent of the new coronavirus infection SARS-CoV-2 has
unique properties causing hyperinflammatory syndrome and cytokine storm, as well as widespread
endotheliitis and thrombotic microangiopathy, initially detected in the lungs of adult patients who
died from a severe form of the disease. Venous and arterial thrombosis in adults were identified as
common causes of severe complications and deaths in new coronavirus infections. There are very few
reports of thrombotic events in children with COVID-19 in the literature. Methods: We conducted
a retrospective analysis of the histories of 60 patients in the Irkutsk Regional Children’s Clinical
Hospital from November 2020 to November 2022 with a MIS-C diagnosis established according to
WHO criteria, of which 8 (13.3%) were diagnosed with venous and/or arterial thrombosis, confirmed
by laboratory and ultrasound and/or X-ray methods. Results: The average age of children with
thrombosis (Me) was 7.5 years (min 4 months, max 17 years), with a M:F ratio of 3.0. Venous
thrombosis was detected in six of the eight patients, including in the deep veins of the lower
extremities in four. Pulmonary embolism occurred in two (one of them was fatal), and cerebral
venous sinus thrombosis and thrombosis of the branches of the upper and lower vena cava were
found in one patient. Extensive bilateral stroke due to thrombosis of the large cerebral arteries
occurred in two patients, including one in combination with distal gangrene. Secondary thrombotic
renal microangiopathy took place in three of the eight patients. Among these three, atypical HUS was
diagnosed in one case. Multiple thrombosis involving the venous and arterial bed was detected in four
of the eight patients. High levels of D-dimer, thrombocytopenia, increased NT-proBNP, cerebral coma,
and aseptic meningitis were the events most often associated with thrombosis. All patients received
immunomodulatory therapy (immunoglobulin, dexamethasone/methylprednisolone), pathogenetic
therapy for multiorgan failure, anticoagulant therapy with heparin/LMWH, and acetylsalicylic acid.
Biologics were used in two patients. Conclusions: The main predictors of thrombosis in children with
MIS-C were increased D-dimer, thrombocytopenia, hospitalization in the ICU, and noncardiogenic
pulmonary edema. Thrombosis of the deep veins of the lower extremities, large cerebral arteries, and
secondary thrombotic microangiopathy was common. There was a single death (12.5% of the eight
patients), associated with PE.

Keywords: SARS-CoV-2; coronavirus; COVID-19; multisystem inflammatory syndrome in children;
MIS-C; thrombosis
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1. Introduction

SARS-CoV-2 infection, which most commonly affects the upper respiratory tract,
induces the development of prothrombotic status in some patients. This is due to the
unique properties of the pathogen SARS-CoV-2, and is clinically manifested especially by
microthrombosis, observed both in vivo and in autopsy of patients who died of COVID-19.
These thromboses are associated with microangiopathy provoked by hyperinflammatory
status and cytokine storm, and were initially found in the lungs of adult patients in the
severe course of the active phase of COVID-19 [1-4].

Thrombotic complications of COVID-19 in adults are widely described in the literature,
including deep vein thrombosis of the extremities, pulmonary embolism and catheter-
associated venous thrombosis, microangiopathic renal damage, and arterial and venous
thromboembolic complications, clinically manifested as acute ischemic stroke [5-7].

Thrombotic complications in adults are a major risk factor for fatal outcomes, almost
doubling their probability (23% in patients with thrombotic events vs. 13% in patients
without documented thrombosis) [8]. According to Klok et al., thrombotic events increase
the risk of fatal outcome by 5.4 times [9]. In adults, abundant autopsy evidence suggests
that thrombotic pulmonary microangiopathy is the underlying pathophysiological disorder
in severe COVID-19 [10].

2. Methods
2.1. Study Design

A retrospective, pooled cohort study included data from the case histories of
60 patients with MIS, of whom 8 were diagnosed with thrombotic events.

2.2. Epidemiological Data

The association of thrombosis with a new COVID-19 infection was confirmed by
evidence of a recent episode of acute infection with a positive PCR smear from the na-
sopharynx (1), detection of class G (7) and class M antibodies (3) to SARS-CoV-2, or
histological detection of SARS-CoV-2 virus in tissues (1).

2.3. Diagnostics for SARS-CoV-2 Infection

SARS-CoV-2 infection was tested by polymerase chain reaction (PCR) to SARS-CoV-2
using nasopharyngeal swabs and enzyme immunoassay (ELISA) for G and M immunoglob-
ulins and epidemiological history, including confirmed contact with a patient or carrier of
SARS-CoV-2 in the family or community (kindergarten/school).

Inclusion criteria were compliance with WHO MIS-C diagnostic criteria and the
presence of venous and arterial thrombosis confirmed by laboratory and radiological
methods. Diagnosis of MIS-C was based on the WHO criteria (2020) [11]. The study
inclusion period was November 2020 through November 2022.

2.4. Evaluated Parameters and Their Outcomes

Demographic data: Gender, age, time before admission.

Laboratory tests: All children were examined using standard laboratory methods
(standard hematological and biochemical blood tests). Inflammatory parameters were
reactive protein, procalcitonin, biomarkers of myocardial damage (troponin I, NT-proBNP),
ferritin level, D-dimer, examination of hemostasis system parameters and markers of
hereditary thrombophilia.

Instrumental assessments: All patients underwent standard electrocardiogram (ECG),
Doppler echocardiography, multispiral computed tomography (CT) and/or magnetic
resonance imaging (MRI) during ultrasound vascular scanning.

Outcomes: All patients were evaluated for disease outcomes (favorable outcome—
discharge from hospital, unfavorable—lethal outcome), number of days spent in hospi-
tal, neurological complications (damage)—presence/absence of neurological symptom:s,
and recovery of lost functions. Radiology and ultrasound assessment of vessels exam-
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ined permeability, presence/absence of stenoses and aneurysms, and presence/absence
of thromboses.

2.5. Statistical Analysis

The sample size was not preliminarily calculated (pilot study). Data analysis was
performed using STATISTICA 12 (StatSoft) and Microsoft Excel Professional Plus 2019.
Quantitative variables were evaluated for their correspondence to the normal distribution
using the Shapiro-Wilk criterion (for fewer than 50 subjects) or the Kolmogorov-Smirnov
criterion (for more than 50 subjects), and a histogram with an approximating curve was
also used. In the case of quantitative indicators with normal distribution, we calculated
the arithmetic mean (M) and standard deviations (SD). Quantitative variables whose
distribution differed from normal were described using median (Me) and lower and
upper quartiles (25-75%). In order to study the relationship between the phenomena
represented by quantitative data when the distribution differed from normal, we used
a nonparametric method, calculation of the Spearman rank correlation coefficient (R).
To study the relationship between quantitative variables and dichotomous variables we
calculated the point-biserial Pearson’s correlation coefficient. The correlation coefficient
was calculated for signs that had no missing data. Categorical data were described with
absolute values and percentages. Category 1 data were compared using Pearson’s x>
criterion or Fisher’s exact test, if expected frequency < 5. The ability of each variable to
differentiate NBO from BO was evaluated with sensitivity and specificity analysis, AUC-
ROC (area under receiver operating curve) with a 95% confidence interval (CI), calculating
the odds ratio (OR) for the detection of the best cutoffs of continuous variables. The higher
values of OR of variables indicated better discriminatory ability. Analysis of sensitivity
and specificity was performed for each categorical variable. We avoided using the known
“standard” threshold (i.e., a threshold previously reported in the literature or judged as
clinically meaningful). We used the “best” thresholds obtained through the ROC curve
analysis of our data because they provide the most appropriate means between sensitivity
and specificity. Differences were considered statistically significant at p < 0.05.

3. Results
3.1. Analysis of Predictors of Thrombotic Events

During the COVID-19 pandemic (2020-2022), we observed 60 patients with COVID-
19-associated MIS-C at the Regional Irkutsk Children’s Hospital from November 2020 to
November 2022, among whom 8 (13.3%) had thrombotic complications, including one
patient who was observed remotely. The children’s ages ranged from 4 months to 17 years.
Of the eight patients, six (75%) were boys, for a male/female ratio of 3.0. Specifics of the
clinical and laboratory signs of MIS-C in patients with thrombosis are shown in Table 1.

3.2. Course of Disease Characteristics of Patients with Thrombotic Events

Clinically manifest thrombosis in COVID-19-associated MIS-C was found in children
from infancy to adolescence: four of the eight were under 5 years of age, including two
infants < 1 year, and another four patients were between 8 and 17 years of age. The mean
age (Me) was 7.5 years. The duration of the course of MIS-C before hospital admission
was 1-6 days, and children being treated at home for “acute respiratory infections” during
these days. Thrombotic events were documented immediately at the first admission to
the clinic in six patients (one of six had thrombotic renal microangiopathy and further
developed deep vein thrombosis and pulmonary embolism—PE—additionally). One more
boy (aged 2 mo) was in the cardiac surgery department for ventricular septal defect at
the time of the development of MIS-C with massive venous thrombosis. Another one boy
(17 yo) developed deep vein thrombosis of the lower extremities and PE). In this way, three
children developed thrombosis during their stays in the clinic, including PE in two, both
with deep vein thrombosis of the lower extremities.
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Table 1. Comparison of clinical and laboratory data in patients with MIS-C complicated by thrombosis.

Characteristics MIS-C ‘with MIS-C v.vithout p
Thrombosis (n=8) Thrombosis (n = 52)
Demographics
Age (months), mean (min-max) 90.3 (3-204) 88.1 (3-204) 0.757
Gender, boys, n (%) 6 (75) 28 (54)
Number of days before admission, mean (min-max) 6.8 (2-15) 10.4 (2-32) 0.096
Duration of hospitalization, days, mean (min-max) 59 (27-90) 31 (10-80) 0.0086
Epidemiological data
Number of children with detected IgG to SARS-CoV-2, n (%) 6 (86) 48/57 (96) 0.253
Number of children with detected IgM to SARS-CoV-2, n (%) 0 (0) 10/58 (17) 0.197
Family contact, n (%) 2 (25) 28 (55) 0.115
Clinical symptoms
Duration of fever (days), mean (min—-max) 19 (1-59) 12 (3-32) 0.388
Gastrointestinal symptoms, n (%) 4 (50) 35 (67) 0.339
Neurological symptoms, n (%) 6 (75) 24 (46) 0.128
Coma, n (%) 3(37) 0(0) 0.000006
Aseptic meningitis, n (%) 5 (62) 7 (13) 0.0012
Polyserositis, n (%) 4 (50) 30 (58) 0.682
Pharyngitis, n (%) 2 (25) 29 (56) 0.104
Cervical lymphoadenopathy, n (%) 7 (87) 45 (86) 0.940
Rash, n (%) 2 (25) 32 (61) 0.052
Conjunctivitis, n (%) 4 (50) 38 (73) 0.184
Cheilitis n (%) 3(37) 37 (71) 0.060
Glossitis/stomatitis, n (%) 5 (62) 39 (75) 0.456
Respiratory symptoms, n (%) 3(37) 13 (25) 0.456
Palms and feet edema/desquamation, n (%) 5 (62) 39 (75) 0.456
Soft tissues sedema, n (%) 5(62) 38 (73) 0.536
Hepatomegaly, n (%) 6 (75) 41 (79) 0.805
Splenomegaly, n (%) 4 (50) 24 (46) 0.839
Arthritis/arthralgia, n (%) 1(12) 21 (40) 0.127
Myocardial damage, n (%) 5 (62) 33 (64) 0.903
Acute heart failure, n (%) 3(37) 9(17) 0.183
Pulmonary edema, n (%) 4 (50) 9(17) 0.036
Coronary artery dilatation, n (%) 1/8 (12.5) 7 (13.5) 0.952
Myocarditis, n (%) 5 (62) 25 (48) 0.447
Pericarditis, n (%) 2/7 (28) 26 (50) 0.286
ICU admission, n (%) 7 (87) 24 (46) 0.029
Artificial lung ventilation, n (%) 3(37) 7 (13) 0.089
Macrophage activation syndrome, n (%) 4 (50) 9(17) 0.036
Laboratory data
Hemoglobin (n.v. 120-140 g/L), mean (min—-max) 93 (73-114) 104 (63-158) 0.111
White blood cells (n.v. 4-9 x 10? /L), mean (min-max) 22.4 (6.6-58) 13.9 (2-43) 0.126

Patients with leukocytosis, n (%) 3(37) 19 (36) 0.958
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Table 1. Cont.

Characteristics MIS-C ‘with MIS-C v.vithout p
Thrombosis (n=8) Thrombosis (n = 52)

Platelets (n.v. 150-350 x 10 /L), mean (min-max) 76.8 (4-182) 284 (26-1077) 0.0132
Patients with thrombocytosis, n (%) 0(0) 15 (28) 0.079
Patients with thrombocytopenia, n (%) 7 (87) 29 (56) 0.088
Patients with platelets < 103 x 10°/L*, n (%) 7 (87) 21 (41) 0.014
ESR (n.v. 0-30 mm/h), mean (min—-max) 39 (4-70) 42 (2-112) 0.856
Patients with increased ESR, n (%) 6 (75) 37 (71) 0.822
C-reactive protein (n.v. 0-5 mg/L), mean (min-max) 107.2 (19.7-245.6) 124 (0.3-335) 0.940
Ferritin (n.v. 7-140 ng/mL), mean (min-max) 583 (221-853) 454 (43-2254) 0.106
Patients with increased ferritin, n (%) 6/6 (100) 33/46 (72) 0.132
ALT (n.v. <33 IU/L), mean (min-max) 658 (9.9-3101) 135 (10-2816) 0.320
Patients with increased ALT, n (%) 5 (62) 21/51 (41) 0.258
AST (n.v. <39 IU/L), mean (min—-max) 608 (12.6-2383) 128 (13-2402) 0.413
Patients with increased AST, n (%) 5(62) 30/51 (59) 0.843
Total bilirubin (n.v. 0-21 pmol/L), mean (min—-max) 11.1 (1.5-28.8) 17.6 (1.2-372) 0.887
Albumin (n.v. 28-54 g /L), mean (min-max) 31.6 (25-42.3) 32.2 (2046.1) 0.760
Triglycerides (n.v. 0.2-1.7 mmol/L), mean (min-max) 3.1(0.7-7.3) 2.5(0.6-7.7) 0.732
Creatinine (n.v. 28-70 pmol/L), mean (min—-max) 80.1 (30-225) 69.1 (14-298) 0.769
LDH (n.v. 240-480 IU/L), mean (min-max) 1020 (148-3325) 410.3 (79-2390) 0.063
Patients with increased LDH, n (%) 4 (50) 11/51 (21.57) 0.085
Procalcitonin (n.v. 0-0.5 pg/mL), mean (min-max) 53.9 (0.1-183) 10.8 (0.1-88.6) 0.458

Antithrombin III (n.v. 80-120%), mean (min-max) 69.8 (16.6-103.7) nd nd

Protein C (n.v. 60-140%), mean (min-max) 96.0 (28.7-178.1) nd nd
Troponin (n.v. 0-14 ng/mL), mean (min-max) 16.3 (0.1-100) 23.3 (0-450) 0.789
Fibrinogen (n.v. 2.0-3.9 g/L) mean (min-max) 2.7 (0.1-4.1) 3.8(0.1,8.8) 0.191
D-dimer (n.v. 0-500 ng/mL), mean (min-max) 6537 (3026-14,800) 2838 (433-8836) 0.0007
Patients with D-dimer > 3778 ng/mL *, n (%) 7 (87) 12/51 (23) 0.0003
NT-proBNP (n.v. < 160 pg/mL *), mean (min-max) 5795 (10-30,879) 596 (10-6783) 0.066
Increase in NT-proBNP, n (%) 5/7 (71) 16/48 (33) 0.053

Creatine kinase-MB (n.v. 0-25 IU /L), mean (min—-max) 31.9 (9-70.9) 27.4 (5.0-94.7) 1.0

Treatment and outcome
IVIG (1.8-2 g/kg/course), n (%) 6 (75) 32 (61) 0.462
Acetylsalicylic acid, n (%) 4 (50) 33 (63) 0.466
GCS (dexamethasone 10-20 mg/ m?/ day), n (%) 6 (75) 35 (67) 0.663
Biologic treatment, n (%) 2 (25) 3 (6) 0.066
Deaths, n (%) 1(13) 2 (4)

CNS damage (stroke), n (%) 3(38) 0 0.083

* Calculated with AUC-ROC analysis; Abbreviations (in alphabetical order): ALT—alanine aminotransferase,
AST—aspartate aminotransferase, CK-MB—creatine kinase-MB, CNS—central nervous system, ESR—erythrocyte
sedimentation rate, GCS—glucocorticosteroids, ICU—intensive care unit, [IVIG—intravenous immunoglobulin,
LDH—lactate dehydrogenase, n.d.—no data, n.v.—normal value, PCT—procalcitonin test, NT-proBNP—N-
terminal brain natriuretic peptide.
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All eight patients developed thrombotic events after COVID-19-associated MIS-C
symptoms (fever and high levels of inflammatory biomarkers), including seven who had
signs of shock and multiorgan failure and were admitted immediately to the intensive
care unit.

3.3. Clinical Manifestations

Patients with thrombosis associated with MIS-C did not differ from other MIS-C
patients in terms of the main demographic and epidemiological data (Group 1 and Group
2, Table 1). Most of their clinical manifestations were also identical to other children
with/without thrombosis, except for brain involvement (cerebral coma (p = 0.000006) or
aseptic meningitis (OR 10.7 CI: 2.1-55.1) (Table 2). This is related to the above mentioned
multiple cerebral vascular lesions due to arteritis (Table 3, case 1, 2, 3) or ischemic and
hemorrhagic strokes (Table 3, case 1, 2), which were among the predominant thrombotic
events in Group 1 patients. Secondary hemophagocytic syndrome occurred more frequently
among patients with thrombotic complications. Children with thrombosis were more often
admitted to the intensive care unit, primarily due to severe neurological involvement,
associated with noncardiogenic pulmonary edema, and ischemic organ damage. The
number of children with coronary dilatation was independent of thrombosis. No coronary
thrombosis was identified.

Table 2. Factors, associated with thrombosis in patients with MIS-C.

Predictors OR (95% CI) p
Coma - 0.000006
Aseptic meningitis 10.7 (2.1-55.1) 0.001
Platelets < 103 x 10°/L 9.6 (1.1-83.3) 0.017
D-dimer > 3778 ng/mL 22.8 (25-203.9) 0.0003
Ferritin > 594 ng/mL 8.7 (1.4-54.9) 0.010
LDH > 382 U/L 6.2 (1.13-33.9) 0.022
Elevation of NT-proBNP levels 5.0 (0.9-28.7) 0.053
Elevation of NT-proBNP > 280 pg/mL 6.73 (1.15-39.1) 0.019

Abbreviations (in alphabetical order): CI—confidence interval, LDH—lactate dehydrogenase, OR—odds ratio,
NT-proBNP—N-terminal brain natriuretic peptide.

3.4. Laboratory Data

There were no differences in biomarkers of inflammation and myocardial damage
in patients with and without thrombosis. However, significant differences were found
in platelet count and D-dimer levels. The average number of platelets in the first blood
count on admission to the clinic in patients with thrombosis was 3.7 times lower than in
children without thrombosis (76.8 x 10° /L vs. 284 x 10°/L), and 7 of 8 (87%) children with
thrombosis had thrombocytopenia at the time of admission versus 21 of 52 (41%) of those
without thrombosis (Table 1). Thrombocytopenia (<103 x 10°/L) was associated with
thrombosis (OR = 9.6, 95% CI: 1.1-83.3; p = 0.017) (Table 2). Mean D-dimer levels among
patients with thrombosis were 2.3 times higher (6537 versus 2838 ng/mL, p < 0.0007).
Increased D-dimer (>3778 ng/mL) was associated with the risk of thrombosis (OR = 22.8,
95% CI: 25-203.9) (Table 3). Coagulation parameters, such as PT, APPT and plasminogen,
were initially within the reference values. In two of seven patients (28.6%), antithrombin III
and protein C were reduced, including one patient in whom congenital antithrombin III
deficiency was diagnosed by the detection of the SERPINC1 heterozygous genetic variant.

High mean levels of NT-proBNP (5795 pg/mL; max—30 879 pg/mL) were recorded in
five of seven patients (71.4%), indicating myocardial damage in patients with thrombosis.
No coronary aneurysms, myocardial infarction, left ventricular dilatation or low ejection
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fraction were found. Increased NT-proBNP level (>280 pg/mL) was associated with
thrombosis (OR = 6.7, 95% CI: 1.15-39.1; p = 0.019) (Table 3).

Table 3. Patient characteristics.

SARS-CoV-2 Treatment of

1D, # Sex, Age Confirmation Clinic Signs Type of Thrombosis MIS-C/Thrombosis Outcome
MIS-C, Kawasaki-like Arterial thror'n'bosw of Fhe VIG2.0g/ lzg 2 courses, DEXA Recovery with
lower extremities, multiple 15 mg/m?*/day, MP pulse .
M. features, MOFS, shock, . R . residual severe
1 1gG (+) - ischemic strokes, venous therapy, cyclophospha-mid .
15y. myocarditis, severe CNS hrombost lse th neurological
damage, distal gangrene thrombosis pulse therapy, etanercept, sequelae
’ (morphological) heparin/nadroparin, ASA
MIS-C, Kawasaki-like
2 M. 1sG (+) features, mild coronary Bilateral ischemic stroke ]ID\]/EI)? A2 .105gn/1k§{rf? /uéze Full recovery in
8y. g dilation, MOFS, shock, severe Secondary renal TMA h . g/ m y 2 years
. eparin/nadroparin, ASA
CNS involvement,
Recovery with
Kawasaki-like features, Secondary renal TMA residual
E MIS-C, shock, MOFS, severe (aHUS), VIG 2 C"“rsf s, DEXA15 neurological
. . mg/m*/day R
3 4 1gG (+) damage to the central catheter-associated e : sequelae in 2 years
y. N Tocilizumab, Eculizumab, .
nervous system, aHUS, thrombosis of the femoral Heparin /nadroparin and full restoration
secondary HFS vein, disseminated PE P P of the renal function
on the eculizumab
M. MIS-C, (hereditary AT IIT Deep vein thrombosis of IVIG, dexamethasone, ASA, Recanalization of
4 1gG (+) - the upper and lower . . :
15y. deficiency) " Heparin/nadroparin/warfarin clots, recovery
extremities
E Deep vein thrombosis of . . . Recanalization of
> 13y. 18G () MIS-C the lower extremity Heparin/nadroparin/warfarin clots, recovery
M. MIS-C with Kawasaki-like IVIG, DEXA,
6 5m. IgG (+) features, severe, MOFS, shock Secondary renal TMA heparin/nadroparin, ASA Full recovery
MIS-C, severe MOFS, shock, Cerebral sinus thrombosis,
7 M. PCR (+) RDS, myocarditis, sepsis, deep vein IVIG, DEXA, Recanalization of
3m. 1gG (+) severe CNS involvement, thrombosis—branches of Heparin/nadroparin clots, recovery
(background—CVSD) VCS, VCI
MIS-C, severe MOFS,
secondary HFS. . . . .
8 M. 17 m 1gG (+) Comorbidity—Prader-Willi Deep vein thrombosis, PE DEXA, heparin/nadroparin Fatal outcome
syndrome

Abbreviations (in alphabetical order): ASA—acetylsalicylic acid, AT Ill—antithrombin III, CNS—central nervous
system, CVSD—congenital ventricular septal defect, DEXA—dexamethasone, HFS—hemophagocytic syndrome,
HUS—hemolytic uremic syndrome, IVIG—intravenous immunoglobulin, MAHA—microangiopathic hemolytic
anemia, MIS-C—multisystem inflammatory syndrome in children, MOFS—multiple organ failure syndrome,
PE—pulmonary embolism, RDS—respiratory distress syndrome, TMA—thrombotic microangiopathy, VCI—vena
cava inferior, VCS—vena cava superior.

3.5. General Characteristics of Patients with Thrombotic Events

The main features of the clinical data for patients, treatment and its results are shown
in Table 2. In total, thrombosis occurred in 13.3% of children with MIS-C, including venous
thrombosis in 10% and arterial thrombosis (including large artery thrombosis and secondary
thrombotic microangiopathy) in 8.3%, with two patients having clinical manifestations of
both venous and arterial thrombosis (Table 3, cases 3 and 4). Multiple thromboses (multiple
localizations) occurred in half of the patients (4/8).

The main factors associated with thrombosis were coma, aseptic meningitis,
platelets <103 x 10° /L, D-dimer > 3778 ng/mlL, ferritin > 594 ng/mL, LDH > 382 U/L,
and elevation of NT-proBNP (Table 2).

3.6. Venous Thromboses

Venous thromboses were observed in six patients, including four patients with deep
vein thrombosis of the lower extremities (Table 3, patients 3, 4, 5, 7). Among these, two
patients had pulmonary embolisms (3.3% of 60 patients). Patient 3, a 4-year-old girl, had
disseminated PE after catheter-induced femoral vein thrombosis (Table 3). She immediately
received intravenous bolus heparin and intravenous infusion was continued, after which
PE signs stopped. In the second case (Table 3, patient 8), massive PE occurred in a 17-year-
old boy with a severe premorbid background (Prader-Willi syndrome) after MIS-C therapy
with intravenous dexamethasone at his local hospital, and the patient died.
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In another 3-month-old child (Table 3, patient 8), hospital-acquired sepsis and multiple
thrombosis of the superior vena cava and inferior vena cava branches and cerebral venous
sinus thrombosis occurred during MIS-C. Treatment with anticoagulants, immunoglobulin
and antibiotics resulted in the development of powerful multiple collaterals in the vena
cava superior basin and recanalization of thrombus in the vena cava inferior. The patient
recovered from all complications, and six months later closure of a ventricular septal defect
was successfully performed.

Although all children were tested for genetic markers for thrombophilias, only one had
a hereditary disorder of the hemostasis system (15-year-old boy, case 4). He was admitted
to the clinic with DVT of the right lower extremity against the background of MIS-C, after
which thrombosis of the femoral and iliac vein on the right side occurred. In this patient, the
lower-extremity DVT was accompanied by a particularly deep and persistent decrease in
antithrombin III (by 12-35%) even after fever receded, inflammatory biomarkers decreased,
and clot recanalization occurred with restoration of blood flow in the affected vessels. A
genetic study confirmed a heterozygous form of inherited antithrombin III deficiency in
this patient. This thrombotic event was the first in his life, and after MIS-C with DVT
occurred, heparin, followed by low-molecular-weight heparin treatment was prescribed
with a subsequent switching to a continuous mode of warfarin treatment.

Among six children with venous thromboses, four survived with partial recanaliza-
tion of the thrombus in the affected vessels and the development of powerful collaterals
(Table 3, cases 4, 5, and 7). Another patient with a combination of venous thrombosis, renal
thrombotic microangiopathy, and HPS (Table 3, case 3) was discharged with residual motor
and cognitive defects, and one patient with background Prader-Willi syndrome died after
developing PE.

3.7. Arterial Thromboses

Two patients had cerebral arterial thromboses (Table 3, cases 1 and 2). One of them
(Table 3, case 1) also had additional arterial thrombosis of the extremities, which resulted
in amputation of the right lower leg and osteonecrectomy of the terminal phalanges of
two fingers of the right hand (Figures 1 and 2). Histological examination of the amputated
limb tissues revealed signs of necrotizing arteritis, thrombosis in arteries, capillaries and
small veins (Figure 3), although there were no clinical manifestations of venous thrombosis.
The presence of SARS-CoV-2 in vessel walls was also detected by RT-qPCR. This finding
indicates the initiating role of the COVID-19 pathogen in triggering necrotizing arteritis,
with distal gangrene accompanying arterial thrombosis of various diameters, including
multiple capillaries. Molecular genetic testing for the CECR1 mutation to rule out DADA2
was negative.

Figure 1. Gangrene of the right lower limb (A), rashes with superficial necrosis on the left leg (B),
necrosis of the distal phalanges of the right hand (C), cheilitis (D) in patient 1 with multisystem
inflammatory syndrome associated with COVID-19.
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Figure 2. MRI of the right lower leg and foot: (a) anterior tibial artery and branches, (b) posterior
tibial artery and branches, (c) loss of visualization of the anterior tibial artery and branches (patient 1).

Figure 3. Morphological examination of the removed tissues of patient 1. (A) Cross section of two
arteries in adipose tissue, with pronounced neutrophil infiltration and hemorrhages in the wall and
mixed-structure thrombi in the lumen (mixture of erythrocytes and fibrin). The wall of the right
artery is almost destroyed, with distinct leukoclasia (nuclear dust in the form of small dark dots).
(B) A fragment of dermal tissue with the presence of capillaries. There are fibrin clots in the lumen
and reactive endothelial changes in the form of polymorphism cells and hyperchromia of the nuclei.
(C) Vein in adipose tissue has thrombus of mixed structure in the lumen, but without signs
of phlebitis.

Secondary thrombotic renal microangiopathy with hemolytic anemia phenomena
occurred in three patients (cases 2, 3, and 6), including two as part of multiple thrombotic
events, and in another patient as an isolated thrombotic event. These renal microthromboses
related with COVID-19-associated multisystem inflammatory syndrome in one patient,
were a trigger of atypical hemolytic uremic syndrome (case 3). This suspicion was further
confirmed by molecular genetic testing, which revealed heterozygous CFHR1, CFHR3,
and CFHR4 microdeletions. The presence of this microarray on chromosome 1 may be
associated with the production of antibodies to factor H complement (CFH) and activation
of the complement system through an alternative pathway with endothelial damage and,
consequently, the development of thrombotic microangiopathy.

3.8. Treatment

Children with thrombosis in severe MIS-C (6 of 8) received pathogenetic therapy
for multiorgan failure according to manifestations, including infusion therapy, artificial
lung ventilation, diuretics, and inotropic drugs. All patients received immunomodulatory
therapy, intravenous immunoglobulin and/or GCS (dexamethasone, methylprednisolone)
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with no significant differences in the frequency of use in the group with and without
thrombosis (Table 1). Intravenous immunoglobulin was administered in a single dose
of 1.5-2.0 g/kg/course. Dexamethasone was administered intravenously at a dose of
10-20 mg/m?, followed by tapering over 34 weeks. Combined therapy with intravenous
immunoglobulin and GCS was used in 6 (75%) patients with thrombosis and in 23 (44%) of
the remaining patients.

Due to resistance to treatment with intravenous immunoglobulin and GCS, two
of the eight patients with thrombotic events were also treated with biologics. In one
patient, tocilizumab 8 mg/kg (single administration) and eculizumab were successfully
used. After tocilizumab administration, it was possible to interrupt the long refractory
fever. After introduction of eculizumab, which is an inhibitor of complement fraction C5,
hemolytic crises associated with aHUS stopped. In another patient undergoing refractory
fever and persistent elevation of inflammatory biomarkers even after treatment with
2.0 g/kg/course of IVIG, dexamethasone and pulse therapy with methylprednisolone and
cyclophosphamide, followed by etanercept, led to suppression of clinical and laboratory
activity.

In the group without thrombosis, biologic drugs were administered less frequently
(2 of 52 patients; in one case tocilizumab, in the other, anakinra). Thus, in view of the
tendency toward a higher frequency of use of biologics in group 1, thrombosis can be
considered an indicator of a higher degree of severity of MIS-C, although the difference in
the frequency of use between groups is not statistically significant, due to the small number
of groups (Table 1)

At first, intravenous infusion of heparin was carried out in the ICU department with
a starting dose of 10-20 units/kg/h, with titration of the dose under control of the APPT
lengthening by 1.5-2 times every six hours and subsequent transition to low-molecular-
weight heparin (nadroparin). After recanalization, acetylsalicylic acid was added for three
months for thrombosis prophylaxis. The average length of hospital stay for children with
thrombosis was higher than for patients without thrombosis, which is associated with the
severity of organ dysfunction due both to MIS-C and the thrombotic events.

3.9. Outcomes

Arterial thromboses in patients primarily involved the cerebral vessels (in three of
eight patients, 25%) and the renal capillary vessels (in three of eight, 37.5%). Cerebral
artery thrombosis led to devastating consequences in the form of extensive ischemic and
hemorrhagic strokes, resulting in leukomalacia and cerebral dropsy with severe residual
neurological deficits. Interestingly, all arterial thromboses occurred in the two patients with
MIS-C who had signs of Kawasaki syndrome. According to follow-up data, one of these
patients had an almost complete recovery of cognitive and motor functions after 2 years.

Venous thrombosis in the remaining patients regressed without severe residual se-
qualae. Secondary thrombotic microangiopathy in one case out of three was resolved with
eculizumab therapy, and in two more patients, the recovery was complete without the use
of biologics.

All patients with thrombotic events (8) survived, except one who died from pulmonary
embolism (12.5%) with a background of Prader-Willi syndrome. In addition, three of seven
patients were discharged with severe disabling damage of the nervous system due to
thrombotic complications of MIS-C (consequences of extensive multiple strokes—2, signs of
cerebral vasculitis and leukomalacia—1). Two of these three patients had excellent recovery
of cognitive and motor functions after 2 years of observation after discharge as a result of
rehabilitation, but one has not had any significant recovery.

The remaining patients, both with and without thrombosis, feel well, continue to be
monitored without complications, and are leading a normal lifestyle.

In further follow-up of patients with thrombotic events that occurred during MIS-C
over 1-2.5 years, none had new thromboses, coronary aneurysms or myocardial infarctions.
Coronary dilation, noted in 12.5% of all 60 patients, disappeared during this observation
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period. No other serious disease (including rheumatic disease) has been observed in any of
the patients. Dynamic laboratory tests (hematological tests, including biomarkers and tests
of hemostasis system indicators) have not revealed any deviations from the norm.

4. Discussion

Our study shows the variety of thrombotic events occurring in patients with MIS-C.
In this regard, close attention to the risks and manifestations of thrombotic complications
is required, based on the understanding of the specific pathogenetic features of the new
coronavirus infection. Immunothrombosis is a condition that occurs in many infections
(primarily sepsis) in which the immune system and the clotting system interact to block
antigen and its spread [12]. Immunothrombosis is induced by neutrophils and mono-
cytes, which release tissue factor and extracellular nucleosomes (NETosis) and destroy
endogenous anticoagulants, activating the coagulation induced by inflammation [13,14].
The formation of neutrophil extracellular traps (NETs) occurs when the nuclear envelope
and granular membranes are disintegrated and a network of interwoven DNA strands
mixed with histone proteins and various antimicrobial molecules from cellular granules
are ejected from the cell, eventually leading to extracellular killing of microorganisms.

COVID-19 infection has been found to trigger many pathogenetic pathways leading
to thrombosis, confirming the concept of COVID-19-associated coagulopathy, which makes
it possible to isolate various biomarkers indicating the development of thrombosis [15].
Although its main cause is thought to be inflammation of the vascular wall, thrombosis
is not only due to endothelial damage. There are data about the role of SARS-CoV-2-
activated platelets in the pathogenesis of thrombosis in COVID-19 [16]. Megakaryocytes
actively capture SARS-CoV-2 viruses and affect their transcriptome, causing changes in
the phenotype and functional ability of the platelets [16]. SARS-CoV-2 virions have been
found in megakaryocytes and blood plates of bone marrow, lung tissue and blood of adult
patients with COVID-19 [16]. Thus, platelets may also deliver viral particles to the foci of
inflammation of the vascular wall.

It was found that platelets produced by megakaryocytes with an altered genome
under the influence of SARS-CoV-2 are less mature and have a higher prothrombotic
status: they agglomerate more easily and quickly with various agonists, including ADP,
adrenaline, and collagen, have more active oxidative phosphorylation and glycolysis,
and are enriched in genes responsible for degranulation. These immature platelets are
larger in diameter, contain more RNA, and can produce various proteins typical of platelet
activation (GP2b/IIla, P-selectin). Changes in blood plate number, size, and maturity are
associated with disease severity and all-cause mortality among patients hospitalized with
COVID-19 [17].

In contrast to adults, there are few publications on thrombosis in children associated
with new coronavirus infection induced by SARS-CoV-2. They have mostly been described
in patients with multisystem inflammatory syndrome, and less often in patients with acute
COVID-19 bronchopulmonary infection. In some cases, thrombosis was found in asymp-
tomatic forms of the disease [18-20]. In pediatric multisystem inflammatory syndrome, the
laboratory findings suggest a procoagulant status with prominent increase of the D-dimer
level, similar to patients with cytokine storm in acute COVID-19 infections [19-21]. Venous
thrombosis is predominantly described, while reports of arterial thrombosis in children
with COVID-19 are scarce. [22] A recent study by Whitworth et al. [18] found that the
incidence of thrombosis in multisystem inflammatory syndrome in children was 6.5%, and
was highest compared with acute SARS-CoV-2 infection (2.1%) and its asymptomatic form
(0.7%). The incidence of thrombosis in our group of children with MIS-C was twice as high,
at 13.3%; this is probably due to the fact that we included secondary thrombotic microan-
giopathy, which is usually described separately in the literature [23,24]. Both venous and
arterial thromboses occurred in our MIS-C cohort, and no hemorrhages were observed.
Seven of eight patients were treated in the intensive care unit, including five suffering
shock and multiple organ failure and one patient with bilateral deep vein thrombosis of the
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lower limbs and IVC due to the threat of PE, which was prevented. Another patient with
unilateral deep vein thrombosis of the lower extremity was treated in the general ward.

Deep vein thrombosis of the lower extremities was prevalent among all thrombotic
events, which is also typical for COVID-19 in adults. However, unlike adults, for whom
arterial thrombosis is a rare event [25], it was recorded in four of eight of our patients.

COVID-associated coagulopathy (CAC), which is characterized by increased D-dimer
levels in the absence of marked shifts in other standard coagulation indices, is considered
to be the cause of thrombotic events in COVID-19 and therefore differs from classical
disseminated intravascular coagulation (DIC), but can progress to it [26,27]. This was
the case for our patients (Table 3). There were no signs of obvious DIC syndrome in the
coagulopathy of consumption stage and no bleeding in any of the patients.

Direct exposure of endotheliocytes to SARS-CoV-2 and immune system activation
with the development of vascular wall inflammation and immunothrombosis have been
found to result in CAC. As a result, micro- and macrovascular thrombotic events involve
arterial and capillary vessels as well as venules and large veins [28]. According to our obser-
vations, such pathophysiological mechanisms in children with multisystem inflammatory
syndrome associated with COVID-19 are confirmed by both clinical and pathomorpho-
logical data. We observed large arterial thrombosis in two patients. In one case, arterial
thrombosis of the extremities was combined with severe brain damage due to multiple
foci of hemorrhagic and ischemic strokes (Table 3, case 1), and in the second case (Table 3,
case 2), there was a bilateral stroke. This localization of thrombosis determined the most
severe prognosis for patients in our observation group; these patients survived with severe
neurological sequalae.

Patient 3 had clinical manifestations of both venous and arterial thrombosis, and
CT brain angiography showed changes typical of arteritis (arterial vessels with lumen
disruption).

Among eight patients, arterial thrombosis (large vessel and capillary, i.e., thrombotic
renal microangiopathy) developed only in those four children who had a severe course
of MIS-C with signs of Kawasaki syndrome, shock, and multiple organ failure (cases
1, 2, 3, and 6). Therefore, it is obvious that in addition to the clinical manifestations of
Kawasaki syndrome, the development of arterial thrombosis is an indicator of SARS-CoV-
2-induced vasculitis. COVID-associated vasculopathy occurred among our patients both
with extremely dramatic manifestations in the form of cerebral vascular thrombosis (cases
1 and 2, Table 3), including in combination with distal gangrene, and with less severe
observations of thrombotic renal microangiopathy (cases 2, 3, 6).

Secondary renal thrombotic microangiopathy is a group of disorders manifested by
microangiopathic hemolytic anemia, thrombocytopenia, and capillary thrombosis in var-
ious organs, leading to ischemic organ damage. The pathogenetic mechanism of renal
thrombotic microangiopathy is associated with viral infection and includes (a) direct dam-
age to the endothelium, (b) the presence of acquired disintegrin and metalloproteinase
inhibitors involving thrombospondin type 1 (ADATS13 family protein), (c) the presence
of lupus anticoagulant, and (d) uncontrolled complement system activation [29]. The
alternative pathway of complement system activation was found to create a predisposi-
tion to the development of COVID-19-associated renal thrombotic microangiopathy. In
particular, a prospective cohort observational study identified several abnormal variants
of complement factor H, C5b-9 (ADAMTS-13) in patients with COVID-19 who developed
atypical hemolytic syndrome [30]. In our group, atypical hemolytic uremic syndrome
(aHUS) was diagnosed in a 4-year-old girl (case 3) along with cerebral vasculitis and pul-
monary embolism, with no ADAMTS-13 factor detected. The C3-C4 complement fractions
were at the lower end of the normal range, but heterozygous CFHR1, CFHR3, and CFHR4
microdeletions associated with the production of complement factor H (CFH) antibodies
that enhance complement activity were found. Eculizumab, a C5b convertase inhibitor, was
successfully used in the treatment in addition to dexamethasone, IVIG, and tocilizumab.
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There are also descriptions in the literature of effective treatment with eculizumab of cases
of atypical HUS in COVID-19 in both adults and children [31,32].

The authors did not find coronary thrombosis or coronary aneurysms in patients, only
moderate coronary dilatation in 13.3% of the total number of patients, which is consistent
with the literature [33-36]. The absence of myocardial infarction/giant coronary aneurysms
with a simultaneous increase in troponin and NT-proBNP levels suggests the presence of
coronary thrombotic microangiopathy, which requires further investigation.

5. Research Limitations

Our study has several limitations, including the small number of patients studied,
the retrospective nature of the study, and the partially incomplete examination data for
the children. The lack of a unified diagnostic and therapeutic algorithm may also have
influenced the results of the study. It is unclear whether time to admission, timeliness of
diagnosis, or therapeutic tactics influenced the incidence of thrombosis and outcomes.

6. Conclusions

Thrombotic events are associated with MIS-C. The main predictors of thrombosis were
increased D-dimer, thrombocytopenia, ICU admission, and noncardiogenic pulmonary
edema. Deep vein thrombosis, pulmonary embolism, cerebral artery thrombosis and throm-
botic renal microangiopathy were the most common thrombotic events. Moderate transient
coronary artery dilatation was noted, but coronary aneurysms, coronary thromboses and
myocardial infarctions were not found in any patient. Cerebral arterial thromboses, in
combination with Kawasaki-like symptoms and shock, were the most serious complications
in our group of MIS-c patients with thrombotic events. We propose including antibodies to
SARS-CoV-2 in the algorithm for diagnosing all childhood thromboses along with other
known thrombotic factors.

Author Contributions: Conceptualization, L.V.B. (Liudmila V. Bregel) and M.M.K.; Methodology,
N.Y.R.; Validation, A.O.B.; Formal analysis, O.S.E. and V.V.A,; Investigation, L.V.B. (Liudmila V.
Bregel), N.AK,, O.V.T,,S.V.O., A.O.B.,, K.O.P, L.VB. (Liudmila V. Belousova) and T.S.K.; Resources,
V.V.A. and T.S.K.; Writing—original draft, L.V.B. (Liudmila V. Bregel), O.S.E., K.Y.K.,, N.Y.R,, YA K.
and M.M.K.; Writing—review & editing, L.V.B. (Liudmila V. Bregel), O.S.E., V.V A, N.AK.,, O.VT,
S.V.O., A.O.B, K.O.P, L.V.B. (Liudmila V. Belousova), T.S.K. and M.M.K.; Visualization, K.Y.K,;
Supervision, N.Y.R. and Y.A K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The research paper was reviewed and approved by the
Ethics Committee of Irkutsk State Medical Academy of Postgraduate Education (protocol #5 from
19.07.2023). Written informed consent was obtained from patients and all their legal representatives
of patients to participate in the study and the processing of its results, as well as the publication
of materials.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) and
their legal representatives to publish this paper.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1. McFadyen, ].D.; Stevens, H.; Peter, K. The Emerging Threat of (Micro)Thrombosis in COVID-19 and Its Therapeutic Implications.
Circ. Res. 2020, 127, 571-587. [CrossRef]

2. Ranucci, M.; Ballotta, A.; Di Dedda, U.; Baryshnikova, E.; Dei Poli, M.; Resta, M.; Falco, M.; Albano, G.; Menicanti, L. The
procoagulant pattern of patients with COVID-19 acute respiratory distress syndrome. J. Thromb. Haemost. 2020, 18, 1747-1751.

[CrossRef]


https://doi.org/10.1161/CIRCRESAHA.120.317447
https://doi.org/10.1111/jth.14854

Biomedicines 2023, 11, 2206 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Pegoraro, F; Lasagni, D.; Trapani, S.; Mastrolia, M.V.; Simonini, G.; Indolfi, G.; Resti, M. Anticoagulation and Thrombotic Events
in the Multisystem Inflammatory Syndrome in Children: Experience of a Single-center Cohort and Review of the Literature.
J. Pediatr. Hematol. Oncol. 2023, 45, 256-261. [CrossRef]

Alomair, B.M.; Al-Kuraishy, H.M.; Al-Gareeb, A.I; Al-Buhadily, A K.; Alexiou, A.; Papadakis, M.; Alshammari, M.A.; Saad, HM,;
Batiha, G.E. Mixed storm in SARS-CoV-2 infection: A narrative review and new term in the COVID-19 era. Immun. Inflamm. Dis.
2023, 11, €838. [CrossRef] [PubMed]

Lodigiani, C.; Iapichino, G.; Carenzo, L.; Cecconi, M.; Ferrazzi, P.; Sebastian, T.; Kucher, N.; Studt, J.D.; Sacco, C.; Bertuzzi,
A.; et al. Venous and arterial thromboembolic complications in COVID-19 patients admitted to an academic hospital in Milan,
Italy. Thromb. Res. 2020, 191, 9-14. [CrossRef]

Borulu, E; Erkut, B.; Unlu, Y. SARS-CoV-2 infection-associated thoraco-abdomino-iliac thrombosis in a patient without cardiac
and systemic co-morbidity. Cardiovasc. J. Afr. 2023, 34, 114-116. [CrossRef] [PubMed]

Guner Ozenen, G.; Akaslan Kara, A.; Boncuoglu, E.; Kiymet, E.; Cem, E.; Sahinkaya, S.; Yilmaz Celebi, M.; Gulderen, M.; Kacar, P;
Uras, M,; et al. Evaluation of antithrombotic prophylaxis and thrombotic events in children with COVID-19 or MIS-C: A tertiary
pediatric center experience. Arch Pediatr. 2023, 30, 172-178. [CrossRef] [PubMed]

Malas, M.B.; Naazie, LN.; Elsayed, N.; Mathlouthi, A.; Marmor, R.; Clary, B. Thromboembolism risk of COVID-19 is high and
associated with a higher risk of mortality: A systematic review and meta-analysis. EClinicalMedicine 2020, 29, 100639. [CrossRef]
Klok, FA.; Kruip, M.J.H.A.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, EH.].; van Paassen, J.; Stals,
M.A M.; Huisman, M.V.; et al. Confirmation of the high cumulative incidence of thrombotic complications in critically ill ICU
patients with COVID-19: An updated analysis. Thromb. Res. 2020, 191, 148-150. [CrossRef]

Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov,
A.; et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in COVID-19. N. Engl. ]. Med. 2020, 383, 120-128.
[CrossRef]

Multisystem Inflammatory Syndrome in Children and Adolescents with COVID-19 Scientific Brief 15 May 2020. Available
online: https://www.who.int/publications/i/item/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-
covid-19 (accessed on 23 July 2023).

Engelmann, B.; Massberg, S. Thrombosis as an intravascular effector of innate immunity. Nat. Rev. Immunol. 2013, 13, 34-45.
[CrossRef]

Von Briihl, M.L,; Stark, K.; Steinhart, A.; Chandraratne, S.; Konrad, I.; Lorenz, M.; Khandoga, A.; Tirniceriu, A.; Coletti, R.;
Kollnberger, M.; et al. Monocytes, neutrophils, and platelets cooperate to initiate and propagate venous thrombosis in mice
in vivo. J. Exp. Med. 2012, 209, 819-835. [CrossRef]

Bonaventura, A.; Liberale, L.; Carbone, F.; Vecchié, A.; Diaz-Cafestro, C.; Camici, G.G.; Montecucco, F.; Dallegri, F. The
Pathophysiological Role of Neutrophil Extracellular Traps in Inflammatory Diseases. Thromb. Haemost. 2018, 118, 6-27. [CrossRef]
[PubMed]

Kornblith, L.Z.; Sadhanandhan, B.; Arun, S.; Long, R.; Johnson, A.].; Noll, J.; Ramchand, C.N.; Olynyk, ].K.; Farrell, D.H. v’
fibrinogen levels as a biomarker of COVID-19 respiratory disease severity. Blood Cells Mol. Dis. 2023, 101, 102746. [CrossRef]
Miiller, R.; Rink, G.; Uzun, G.; Bakchoul, T.; Wuchter, P.; Kliiter, H.; Bugert, P. Increased plasma level of soluble P-selectin in
non-hospitalized COVID-19 convalescent donors. Thromb. Res. 2022, 216, 120-124. [CrossRef] [PubMed]

Guthikonda, S.; Alviar, C.L.; Vaduganathan, M.; Arikan, M.; Tellez, A.; DeLao, T.; Granada, ].F; Dong, J.E,; Kleiman, N.S.; Lev, E.L
Role of reticulated platelets and platelet size heterogeneity on platelet activity after dual antiplatelet therapy with aspirin and
clopidogrel in patients with stable coronary artery disease. J. Am. Coll. Cardiol. 2008, 52, 743-749. [CrossRef]

Whitworth, H.; Sartain, S.E.; Kumar, R.; Armstrong, K.; Ballester, L.; Betensky, M.; Cohen, C.T.; Diaz, R.; Diorio, C.; Goldenberg,
N.A.; et al. Rate of thrombosis in children and adolescents hospitalized with COVID-19 or MIS-C. Blood 2021, 138, 190-198.
[CrossRef]

Kinikar, A.A.; Vartak, S.; Dawre, R.; Valvi, C.; Kamath, P.; Sonkawade, N.; Pawar, S.; Bhagat, V.; Kiruthiga, A.; Nawale, K.; et al.
Clinical Profile and Outcome of Hospitalized Confirmed Cases of Omicron Variant of SARS-CoV-2 Among Children in Pune,
India. Cureus 2022, 14, €24629. [CrossRef] [PubMed]

Zaffanello, M.; Piacentini, G.; Nosetti, L.; Ganzarolli, S.; Franchini, M. Thrombotic risk in children with COVID-19 infection: A
systematic review of the literature. Thromb. Res. 2021, 205, 92-98. [CrossRef]

Kilic, M.; Hokenek, U.D. Association between D-dimer and mortality in COVID-19 patients: A single center study from a Turkish
hospital. Disaster Emerg. Med. ]. 2022, 7, 225-230. [CrossRef]

Kumar, R.; Rivkin, M.].; Raffini, L. Thrombotic complications in children with Coronavirus disease 2019 and Multisystem
Inflammatory Syndrome of Childhood. J. Thromb. Haemost. 2023. [CrossRef] [PubMed]

Tiwari, N.R.; Phatak, S.; Sharma, V.R.; Agarwal, S.K. COVID-19 and thrombotic microangiopathies. Thromb. Res. 2021, 202,
191-198. [CrossRef] [PubMed]

Diorio, C.; McNerney, K.O.; Lambert, M.; Paessler, M.; Anderson, E.M.; Henrickson, S.E.; Chase, J.; Liebling, E.J.; Burudpakdee, C.;
Lee, ].H; et al. Evidence of thrombotic microangiopathy in children with SARS-CoV-2 across the spectrum of clinical presentations.
Blood Adv. 2020, 4, 6051-6063. [CrossRef]


https://doi.org/10.1097/MPH.0000000000002590
https://doi.org/10.1002/iid3.838
https://www.ncbi.nlm.nih.gov/pubmed/37102645
https://doi.org/10.1016/j.thromres.2020.04.024
https://doi.org/10.5830/CVJA-2022-025
https://www.ncbi.nlm.nih.gov/pubmed/37382525
https://doi.org/10.1016/j.arcped.2023.01.006
https://www.ncbi.nlm.nih.gov/pubmed/36907731
https://doi.org/10.1016/j.eclinm.2020.100639
https://doi.org/10.1016/j.thromres.2020.04.041
https://doi.org/10.1056/NEJMoa2015432
https://www.who.int/publications/i/item/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.who.int/publications/i/item/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://doi.org/10.1038/nri3345
https://doi.org/10.1084/jem.20112322
https://doi.org/10.1160/TH17-09-0630
https://www.ncbi.nlm.nih.gov/pubmed/29304522
https://doi.org/10.1016/j.bcmd.2023.102746
https://doi.org/10.1016/j.thromres.2022.06.014
https://www.ncbi.nlm.nih.gov/pubmed/35810548
https://doi.org/10.1016/j.jacc.2008.05.031
https://doi.org/10.1182/blood.2020010218
https://doi.org/10.7759/cureus.24629
https://www.ncbi.nlm.nih.gov/pubmed/35664398
https://doi.org/10.1016/j.thromres.2021.07.011
https://doi.org/10.5603/DEMJ.a2022.0039
https://doi.org/10.1016/j.jtha.2023.05.020
https://www.ncbi.nlm.nih.gov/pubmed/37268064
https://doi.org/10.1016/j.thromres.2021.04.012
https://www.ncbi.nlm.nih.gov/pubmed/33894421
https://doi.org/10.1182/bloodadvances.2020003471

Biomedicines 2023, 11, 2206 15 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Knight, R.; Walker, V,; Ip, S.; Cooper, ]J.A.; Bolton, T.; Keene, S.; Denholm, R.; Akbari, A.; Abbasizanjani, H.; Torabi, E,; et al.
Association of COVID-19 With Major Arterial and Venous Thrombotic Diseases: A Population-Wide Cohort Study of 48 Million
Adults in England and Wales. Circulation 2022, 146, 892-906. [CrossRef] [PubMed]

Sharma, S.; Mishra, A.; Ashraf, Z. COVID-19 Induced Coagulopathy (CIC): Thrombotic Manifestations of Viral Infection.
TH Open 2022, 6, €70-e79. [CrossRef]

Conway, E.M.; Mackman, N.; Warren, R.Q.; Wolberg, A.S.; Mosnier, L.O.; Campbell, R.A.; Gralinski, L.E.; Rondina, M.T.; van de
Veerdonk, FL.; Hoffmeister, KM.; et al. Understanding COVID-19-associated coagulopathy. Nat. Rev. Immunol. 2022, 22, 639-649.
[CrossRef]

Iba, T.; Connors, ].M.; Levy, ].H. The coagulopathy, endotheliopathy, and vasculitis of COVID-19. Inflamm. Res. 2020, 69,
1181-1189. [CrossRef]

Lopes da Silva, R. Viral-associated thrombotic microangiopathies. Hematol. Oncol. Stem Cell Ther. 2011, 4, 51-59. [CrossRef]
Magro, C.; Mulvey, ].].; Berlin, D.; Nuovo, G.; Salvatore, S.; Harp, J.; Baxter-Stoltzfus, A.; Laurence, J]. Complement associated
microvascular injury and thrombosis in the pathogenesis of severe COVID-19 infection: A report of five cases. Transl. Res. 2020,
220, 1-13. [CrossRef]

Gandhi, B.; Jebakumar, D.; Nickell, M.; Narayanan, M. Thrombotic microangiopathy with multiorgan involvement following
COVID-19. Bayl. Univ. Med. Cent. Proc. 2021, 35, 204-206. [CrossRef] [PubMed]

Gavriilaki, E.; Brodsky, R.A. Severe COVID-19 infection and thrombotic microangiopathy: Success does not come easily. Br. J.
Haematol. 2020, 189, e227-€230. [CrossRef]

Nelson, M.C.; Mrosak, J.; Hashemi, S.; Manos, C.; Prahalad, S.; Varghese, S.; Oster, M.E. Delayed Coronary Dilation with
Multisystem Inflammatory Syndrome in Children. CASE 2021, 6, 31-35. [CrossRef] [PubMed]

Alsaied, T.; Tremoulet, A.H.; Burns, J.C.; Saidi, A.; Dionne, A.; Lang, S.M.; Newburger, ].W.; de Ferranti, S.; Friedman, K.G.
Review of Cardiac Involvement in Multisystem Inflammatory Syndrome in Children. Circulation 2021, 143, 78-88. [CrossRef]
Maitz, T.; Parfianowicz, D.; Vojtek, A.; Rajeswaran, Y.; Vyas, A.V.; Gupta, R. COVID-19 Cardiovascular Connection: A Review
of Cardiac Manifestations in COVID-19 Infection and Treatment Modalities. Curr. Probl. Cardiol. 2023, 48, 101186. [CrossRef]
[PubMed]

Arantes Junior, M.A.F.,; Conegundes, A.F.; Branco Miranda, B.C.; Radicchi Campos, A.S.R.; Franca Vieira, A.L.; Faleiro, M.D.;
Campos, M.A.; Kroon, E.G.; Bentes, A.A. Cardiac manifestations in children with the multisystem inflammatory syndrome
(MIS-C) associated with SARS-CoV-2 infection: Systematic review and meta-analysis. Rev. Med. Virol. 2023, 33, €2432. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1161/CIRCULATIONAHA.122.060785
https://www.ncbi.nlm.nih.gov/pubmed/36121907
https://doi.org/10.1055/s-0042-1744185
https://doi.org/10.1038/s41577-022-00762-9
https://doi.org/10.1007/s00011-020-01401-6
https://doi.org/10.5144/1658-3876.2011.51
https://doi.org/10.1016/j.trsl.2020.04.007
https://doi.org/10.1080/08998280.2021.1997054
https://www.ncbi.nlm.nih.gov/pubmed/35261453
https://doi.org/10.1111/bjh.16783
https://doi.org/10.1016/j.case.2021.08.002
https://www.ncbi.nlm.nih.gov/pubmed/35243198
https://doi.org/10.1161/CIRCULATIONAHA.120.049836
https://doi.org/10.1016/j.cpcardiol.2022.101186
https://www.ncbi.nlm.nih.gov/pubmed/35351486
https://doi.org/10.1002/rmv.2432
https://www.ncbi.nlm.nih.gov/pubmed/36807958

	Introduction 
	Methods 
	Study Design 
	Epidemiological Data 
	Diagnostics for SARS-CoV-2 Infection 
	Evaluated Parameters and Their Outcomes 
	Statistical Analysis 

	Results 
	Analysis of Predictors of Thrombotic Events 
	Course of Disease Characteristics of Patients with Thrombotic Events 
	Clinical Manifestations 
	Laboratory Data 
	General Characteristics of Patients with Thrombotic Events 
	Venous Thromboses 
	Arterial Thromboses 
	Treatment 
	Outcomes 

	Discussion 
	Research Limitations 
	Conclusions 
	References

