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Introduction: While acute Coronavirus disease 2019 (COVID-19) affects the
cardiovascular (CV) system according to recent data, an increased CV risk has
been reported also during long-term follow-up (FU). In addition to other CV
pathologies in COVID-19 survivors, an enhanced risk for arrhythmic events and
sudden cardiac death (SCD) has been observed. While recommendations on post-
discharge thromboprophylaxis are conflicting in this population, prophylactic
short-term rivaroxaban therapy after hospital discharge showed promising
results. However, the impact of this regimen on the incidence of cardiac
arrhythmias has not been evaluated to date.

Methods: To investigate the efficacy of this therapy, we conducted a single center,
retrospective analysis of 1804 consecutive, hospitalized COVID-19 survivors
between April and December 2020. Patients received either a 30-day post-
discharge thromboprophylaxis treatment regimen using rivaroxaban 10mg
every day (QD) (Rivaroxaban group (Riva); n = 996) or no thromboprophylaxis
(Control group (Ctrl); n = 808). Hospitalization for new atrial fibrillation (AF), new
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higher-degree Atrioventricular-block (AVB) as well as incidence of SCD were
investigated in 12-month FU [FU: 347 (310/449) days].

Results: No differences in baseline characteristics (Ctrl vs Riva: age: 59.0 (48.9/
66.8) vs 57 (46.5/64.9) years, p = n.s.; male: 41.5% vs 43.7%, p = n.s.) and in the
history of relevant CV-disease were observed between the two groups. While
hospitalizations for AVB were not reported in either group, relevant rates of
hospitalizations for new AF (0.99%, n = 8/808) as well as a high rate of SCD
events (2.35%, n = 19/808) were seen in the Ctrl. These cardiac events were
attenuated by early post-discharge prophylactic rivaroxaban therapy (AF: n = 2/
996, 0.20%, p = 0.026 and SCD: n = 3/996, 0.30%, p < 0.001) which was also
observed after applying a logistic regression model for propensity score matching
(AF: χ2-statistics = 6.45, p = 0.013 and SCD: χ2-statistics = 9.33, p = 0.002). Of note,
no major bleeding complications were observed in either group.

Conclusion: Atrial arrhythmic and SCD events are present during the first
12 months after hospitalization for COVID-19. Extended prophylactic
Rivaroxaban therapy after hospital discharge could reduce new onset of AF and
SCD in hospitalized COVID-19 survivors.

KEYWORDS

atrial fibrillation, rivaroxaban, COVID-19, post-acute COVID-19 sequelae, long COVID-19,
SCD, NOAC

1 Introduction

In late 2019, the novel severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) emerged. COVID-19 disease
spread rapidly worldwide and was classified by the World
Health Organization (WHO) in March 2020 as a global
pandemic. SARS-CoV-2 affects primarily the respiratory tract
by causing bilateral pneumonia and acute respiratory syndrome
associated with increased mortality rates (Connors and Levy,
2020). CV events due to coagulopathy and COVID-19-induced
vascular inflammation are common and often fatal complications.

The pathogenic mechanism of SARS-CoV-2 infection has been
established with its spike glycoprotein binding to the angiotensin-
converting enzyme 2 (ACE-2) receptor of host cells (Lu et al.,
2020). For this reason, cells presenting a high expression of the
ACE-2 receptor, such as myocardial cells, endothelial and artery
smooth muscle cells and type II alveolar cells, amongst others, are
potentially affected by SARS-CoV-2 (Zou et al., 2020). Prominent
expression of ACE-2 on CV cells could explain the impact of
SARS-CoV-2 infection on the CV system even in patients with low
risk of CV disease (Xie et al., 2022). Cardiac injury, with
consequent arrhythmogenic potential and thromboembolic
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complications are COVID-19 disease-specific acute manifestations
in the CV system (Jirak et al., 2021a; Jirak et al., 2021b; Zagidullin
et al., 2021; Jirak et al., 2022). This might be manifested in
profound inflammatory response, together with endothelial
inflammation and dysfunction, so-called thromboinflammation
or immunothrombosis (Engelmann and Massberg, 2013;
Delabranche et al., 2017; Jackson et al., 2019). Cytokines induce
inflammatory effects leading to activation of vascular endothelial
cells and endothelial injury which results in increasingly
prothrombotic properties (Iba and Levy, 2018; Iba and Levy,
2019). Studies of survivors infected with other corona viruses
have revealed palpitations caused by sinus tachycardia and
arrhythmias like AF (Lau et al., 2005; Yu et al., 2006). In
patients hospitalized for COVID-19, cardiac arrhythmias such
as AF, significant bradyarrhythmia and non-sustained
ventricular tachycardia (NSVT) were observed with an
incidence between ~6–17% (Bhatla et al., 2020; Wang et al.,
2020; Wollborn et al., 2022). Arrhythmias are more likely to be
seen in patients admitted to the intensive care unit (ICU) with AF
at particularly high incidence (~44%) (Bhatla et al., 2020; Colon
et al., 2020).

While cardiac arrhythmias during acute COVID-19 disease are
an established finding, further evidence also suggests dysrhythmias
as part of the post-acute sequelae of COVID-19. Xie et al. showed a
composite of dysrhythmia outcomes with HR of 1.69 among
COVID-19 patients compared to non-COVID-19 patients, and
an excess burden of 19.86 (18.31, 21.46) per 1000 COVID-19
survivors. Of note, the authors observed an increased risk [HR =
1.71 (1.64, 1.79) and burden of AF 10.74 (9.61, 11.91)] (Xie et al.,
2022).

In long-term sequelae of COVID-19, multiple organ systems
including the CV system stay affected and symptoms persist over a
longer period indicating an urgent need for reliable therapy
options (Michelen et al., 2021). In the Russian Federation
during the pandemic, direct oral anticoagulants (DOAC) were
prescribed in several medical centers for 30 days after
hospitalization for COVID-19. A prophylactic DOAC strategy
was adopted in a nationwide class C guideline recommendation
in 2020 (Russian Ministry of Healthcare, 2020). This approach is
supported by the results of a large United States registry in post-
discharge COVID-19 patients, showing 46% reduction in
thromboembolic events with prophylactic anticoagulation over
90 days FU (Giannis et al., 2021) as well as by the results of the
recently published MICHELLE trial where prophylactic
rivaroxaban for 35 days in high-risk COVID patients with high
D-dimers reduced a composite of thrombotic events and death by
67% (Ramacciotti et al., 2022).

Nevertheless, to the best of our knowledge, the effects of
prolonged anticoagulation on arrythmias and SCD in
hospitalized COVID-19 survivors have not been evaluated to
date. Moreover, longer FU data on arrhythmogenic outcome in
survivors after COVID-19 hospitalizations are still rare in the
literature. To investigate this issue, we assessed the incidence
post-hospitalization for newly diagnosed AF and higher degree
AVB as well as rates of SCD during median FU of 347 days in
1804 hospitalized COVID-19 survivors stratified by receipt of
prophylactic rivaroxaban for 30 days post-discharge. We
hypothesized, that the applied therapy regimen would affect post

COVID-19 sequelae and influence incidence of arrhythmias
requiring hospitalization and thus potentially cardiac death rates.

2 Materials and methods

2.1 Study design

The present study was performed in accordance with standards
of good clinical practice and the principles of the Declaration of
Helsinki. The study protocol was approved by the Local Ethical
Committee (N5, 2020). Prior to inclusion, all participants signed an
informed consent.

In this single-center, retrospective study at a tertiary medical
university center in the Russian Federation, we screened
2,294 consecutive COVID-19 survivors who were hospitalized
between April 2020 and December 2020 for moderate COVID-
19 pneumonia, defined according to current World Health
Organization (WHO) recommendations (WHO, 2020)[26].
COVID-19 survivors were defined as patients who survived
hospitalization for moderate COVID-19 pneumonia and were
discharged alive from the hospital.

All included patients were 18 years or older and had presented
with moderate COVID-19-related pneumonia requiring
hospitalization. Exclusion criteria were defined as: history of AF
or other pathologies which required therapeutic anticoagulation
using Vitamin K antagonists, heparinoids or DOAC therapy
before enrollment, including history of relevant thrombotic
disorders requiring anticoagulation therapy. Although at the
beginning of the pandemic dipyridamole was also prescribed in
our center as a standard antithrombotic regime in hospitalized
COVID-19 patients after hospital discharge, patients receiving
this treatment were excluded from further analyses. In the
present trial, we decided to investigate the effect of Rivaroxaban
only. Thus, patients treated with other prophylactic DOAC
(edoxaban, apixaban and dabigatran) or heparins regimes upon
discharge were also excluded. Concomitant treatment with
antithrombotics including acetylsalicylic acid (ASA), clopidogrel,
prasugrel or ticagrelor was not an exclusion criterion. To account for
disease severity and associated arrhythmic burden, patients with
severe COVID-19 pneumonia (WHO, 2020) including those with
requirement for mechanical ventilation support, defined as the need
for endotracheal intubation and/or the need for non-invasive
ventilation including mechanical ventilation involving end-
expiratory and inspiratory positive air pressure support pressure
via a tightly fitted face mask/helmet or the usage of High Flow Nasal
Oxygen Canula were excluded from further analyses.

Choice of the anticoagulation therapy for 30-day post hospital
discharge (none vs rivaroxaban 10 mg) was based on the decision of
the attending physician and implemented according to hospital-
specific standard of care procedures with respect to the patient’s will.
All COVID-19 related in-hospital treatments provided within the
period of 1 month after hospital discharge (including prophylactic
anticoagulation) were financially covered by state insurance.
Furthermore, to handle difficult access to drugs during the
pandemic situation, COVID-19 related medication (including
prophylactic anticoagulation) was partly delivered to the patients
by volunteers or provided in the hospital at discharge.
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TABLE 1 Baseline characteristics of the study population.

Riva + control
(n = 1804)

Riva (n = 996) Control (n = 808) p-value Correction

% n % n % n -

Follow-up -

BMI, kg/m2 27.9 (25.7; 31.8) 27.7 (25.2; 31.6) - 28.0 (25.8; 32.0) 0.342 -

Hospital stay, days 11 (9; 13) 11 (8; 13) - 11 (9; 13) 0.778 -

Age 58.3 (47.5; 66.5) 59.0 (48.9; 66.8) - 57 (46.5; 64.9) 0.0237* -

Sex (male/female) 42.6/57.4 770/1034 43.7/56.3 435/561 41.5/58.5 335/473 0.345 -

Lung damage, % 40 (28; 52) 40 (28; 52) - 36 (25; 52) 0.2924 -

Arterial hypertension 37 674 39.5 393 34.7 281 0.041* -

Diabetes mellitus 11 203 11.8 118 10.5 85 0.954 -

Chronic kidney disease 3.1 56 3.1 31 3.09 25 0.983 -

Coronary heart disease 7.3 13 7.4 74 7.1 58 0.834 -

Heart failure 6.3 115 6.3 63 6.4 52 0.924 -

COPD 3.3 59 3.1 31 3.4 28 0.676 -

Laboratory data -

Hb (mg/dL) 13.3 (12.3; 14.1) 13.35 (12.4; 14.2) - 13.2 (12.3; 14.1) 0.0720 -

GFR (MDRD) (mL/min/1,73 m2) 67.6 (57.5; 79.1) 68 (57.6; 79.2) - 66.8 (57.2; 79) 0.4607 -

CRP (mg/L) 24 (0; 58.3) 27.3 (6.0; 59.1) - 22 (0; 57) 0.0301* -

Sodium (mmol/L) 143 (141; 144) 143 (141; 144) - 143 (141; 144) 0.3163 -

Potassium (mmol/L) 4.2 (3.9; 4.5) 4.2 (3.9; 4.5) - 4.2 (3.9; 4.4) 0.6268 -

In-hospital therapy -

Corticosteroids 86.7 1567 91.2 909 81.4 658 <0.001*** -

Therapeutic anticoagulation 73.5 1326 82.8 825 62 501 <0.001*** -

JAK-inhibitors 10.14 183 11.1 111 8.9 72 0.103 -

IL6-antagonist 74.2 1339 77.4 771 70.2 568 <0.001*** -

Hydroxychloroquine 1.39 25 1.2 12 1.6 13 0.506 -

Azythromycin 1.39 25 1.2 12 1.6 13 0.506 -

Discharge therapy -

Statins 7.7 139 8.3 83 6.9 56 0.267 -

Betablockers 12.2 221 12.2 122 12.2 99 0.999 -

ACE/ARB 21.6 389 22.1 221 20.7 168 0.474 -

Verapamil/Diltiazem 0.6 11 0.7 7 0.49 4 0.572 Likelihood

Diuretics 4.5 81 4.7 47 4.2 34 0.603 -

Sotalol 0.2 3 0.3 3 0 0 0.327 Yate’s correction

ASA 4.0 72 2.4 24 5.9 48 <0.001*** -

Clopidogrel 0.4 8 0.3 3 0.6 5 0.314 Likelihood

MRA 27.1 490 34.2 341 18.3 148 <0.001*** -

Digoxine/Digitoxine 0.06 1 0 0 0.1 1 0.917 Yate’s correction

Ivabradine 0.39 7 0.3 3 0.5 4 0.512 Likelihood

Baseline characteristics of enrolled patients. ACE, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; ASA , acetylsalicylic acid; BMI, body mass index; COPD,

chronic obstructive pulmonary disease, CRP = c-reactive protein, GFR, glomerulation filtration rate, IL6 = Interleukine-6, JAK = janus kinase; MRA, mineralocorticoid receptor antagonist; *,

**, *** - significance in p < 0.05, p < 0.01, p < 0.001.
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Patients’ hospital data including demographics, medical
history, laboratory examinations, comorbidities, complications,
specific treatment measures, and outcomes were captured.
During patients’ FU, the incidence of newly diagnosed AF
requiring hospitalization and higher degree AVB requiring
hospitalization as well as the incidence of sudden cardiac
death were evaluated. Sudden cardiac death was defined as in-
hospital death during hospitalization requiring resuscitation due
to cardiac causes, or out of hospital death meeting the criteria of
sudden cardiac death (Zeppenfeld et al., 2022). Diagnosis was
based on screened death certificates. Higher degree AVB was
defined as AVB type Mobitz IIb and III or type Mobitz IIa
requiring pacemaker therapy according to current ESC
guidelines (Glikson et al., 2021).

Furthermore, patients were evaluated for major bleeding,
defined according to International Society on Thrombosis and
Haemostasis (ISTH) criteria (Kaatz et al., 2015). Study endpoints
were investigated until 1 October 2021 using the remote data capture
system “ProMed” (Program for Medical Cases Monitoring). The
program enables distant online monitoring of all hospitalization
discharge notes from all regional hospital institutions as well as all
death certificates. At the time of FU data collection (after 1 October
2021), all patients were contacted by phone. A standardized
telephone interview was conducted to verify the applied
anticoagulation therapy (none vs rivaroxaban) and the patient’s
drug adherence. If a patient was deceased by the time of scheduled
contact, a standardized telephone interview was performed with a
close relative to confirm drug adherence in patients who did not
survive the FU. Patients with requirement for therapeutic
anticoagulation including the application of any DOAC in
therapeutic dose, Vitamin K antagonists or heparinoids were
excluded from further analyses. Patients were also excluded from
further analyses if collection of sufficient information about the
therapy regime was not possible. These patients were counted as lost
to FU, which occurred in 16 cases.

Based on the described inclusion and exclusion criteria,
1804 COVID-19 patients were included in the present study.
Ctrl (n = 808) was defined based on the described inclusion and
exclusion criteria as patients who were not treated during FU
with any prophylactic or therapeutic anticoagulation regime
including the application of any DOAC, Vitamin K
antagonists or any heparins independently of the application
of any antithrombotic therapy regime including ASA,
clopidogrel, prasugrel or ticagrelor. The Riva group (n = 996)
was defined based on the inclusion and exclusion criteria as
patients who were treated with prophylactic dose of Rivaroxaban
for 30-day post hospital discharge independently of the
application of any antithrombotic therapy regime including
ASA, clopidogrel, prasugrel or ticagrelor.

2.2 Statistical analyses

Primarily all data was tested for normal distribution using the
Shapiro–Wilk test. If normally distributed, continuous variables
were presented as mean values M) and standard deviations (SD),
or if non-normally distributed, data were expressed as medians
and interquartile range Q1–Q3. The Mann-Whitney test was

used to assess differences in continuous variables between groups
while the Chi-square test was used to analyze categorical
variables. The test was corrected for likelihood if the rate of
occurrence did not exceed 2%. Otherwise, the Yate’s correction
was applied.

To reduce selection bias caused by the lack of randomization, the
statistical method of pseudo-randomization was applied using
propensity score matching. Consequently, in the next step,
variables showing statistically significant differences as well as the
variable male gender were selected as confounder candidates and
included in the initial pseudo-randomization procedure. Differences
were considered statistically significant if p < 0.050.

Propensity score matching was carried out by a logit model
using confounder candidates as regressors. Distribution of
candidates into the Ctrl or the Riva group was chosen as the
target variable. The propensity score index of distribution into
each group was calculated as a result of the logit model
evaluation. The obtained results of the logit model were further
confirmed by the method of correctness of choice of variables as
confounders. In this case, p < 0.100 was regarded as statistically
significant. The method « Nearest» was applied by dividing the
entire sample into strata Ctrl or the Riva group to control the
balances of propensity score distribution. This procedure enabled
equitation of the volumes of both investigated cohorts after
balancing. Finally, a log-rank test was applied to assess statistical
differences in Ctrl vs Riva groups for the investigated study
endpoints. Furthermore, to confirm our results, Kaplan-Meier
multiplier scores were calculated for the investigated study
endpoints (hospitalization for new-onset AF and SCD) for both
groups (Ctrl vs. Riva) and corrected for the established cofounders.

A p-value <0.050 was considered as statistically significant. All
statistical analyses were assessed using R software (version 3.6.3, R
Foundation for Statistical Computing, Vienna, Austria, https://
www.r-project.org).

3 Results

In total, 1,804 patients (100% Caucasian) were included in the
final statistical analysis. While a prophylactic oral anticoagulation
therapy using rivaroxaban 10 mg QD for 30-day after
hospitalization was used in 996 patients, 808 patients received
no anticoagulation therapy and served as Ctrl. Baseline
characteristics and laboratory values at the time of enrollment
are depicted in Table 1. During the in-hospital period, all patients
were treated at minimum with prophylactic anticoagulation
therapy using a heparinoid while the majority also received
therapeutic anticoagulation (73.5%). Patients in the Riva group
were older and showed a higher prevalence of arterial hypertension
(AH) which resulted in higher rates of aldosterone-antagonist
usage at hospital discharge, while patients in Ctrl showed a
higher rate of acetylsalicylic acid therapy usage. During
hospitalization, higher CRP levels were observed in Riva
patients indicating a higher inflammatory burden in this
population. Furthermore, a higher implementation of COVID-
19-specific treatments including corticosteroids, IL6-antagonist
and therapeutic anticoagulation therapy was observed in the
Riva group.
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Mean FU in the total cohort was 347 (310; 449) days. During
entire FU period, no major bleeding events occurred in either
group. Furthermore, we did not observe any hospitalizations for
higher degree AVB.

However, in comparison to Riva, a higher rate of
hospitalization for new-onset AF was observed in the Crtl
group starting at 6 months post-discharge, which remained
significantly higher during the total FU period (Table 2): rates
of hospitalization for new-onset AF at the end of FU Riva: 0.20%
(n = 2) vs Ctrl: 0.99% (n = 8), p = 0.022]. Furthermore, in the Ctrl
group, a high and steady rate of SCD (2.35%) during total FU was
observed. Of note, these events were decreased in Riva, when
matched to Ctrl. These observed differences remained consistent
during the total FU period (Table 3): rates of SCD at 30 days
[Riva: 0.00% (n = 0) vs Ctrl: 0.62% (n = 5), p = 0.042], rates of
SCD at 6 months [Riva: 0.10% (n = 1) vs Ctrl: 1.36% (n = 11), p <
0.001] and rates of SCD at the end of FU [Riva: 0.30% (n = 3) vs
Ctrl: 2.35% (n = 19), p < 0.001].

We further decided to confirm our observations by applying a
propensity score matching using a logit model with confounder
candidates as regressors, as described above. Consequently,
variables showing significant differences between groups (p <

0.050) as well as the variable male gender were selected initially
as independent factors in the logistic regression model for
propensity score matching. These included: age, AH, rates of
aldosterone-antagonist therapy after discharge, rates of
acetylsalicylic acid therapy after discharge, rates of in-hospital
corticosteroid therapy, rates of in-hospital IL6-antagonist therapy
and rates of in-hospital therapeutic anticoagulation therapy as well
as CRP-levels at hospital admission. In the next step, the obtained
results of the logit model were confirmed by the method of
correctness of choice of variables as confounders
(Supplementary Table S1). By applying this correction, the
variables AH, rates of in-hospital corticosteroid therapy, rates
of in-hospital therapeutic anticoagulation therapy, rates of
aldosterone-antagonist therapy after discharge and rates of
acetylsalicylic acid therapy after discharge remained as relevant
variables for sample balancing as they displayed statistically
significant values (p < 0.100; Supplementary Table S1).

In the next step, a pseudo-randomization based on the
obtained results was applied, which resulted in reduction of the
sample size of the Riva group (n = 808 while 168 observations were
removed from the Riva group). Furthermore, a log-rank test model
to determine differences in the interval before the onset of
hospitalization for new-onset of AF and new onset of SCD
during total FU after hospital discharge was calculated for Riva
versus Ctrl. Of note, the results revealed significant differences for
both evaluated study endpoints (Table 4): hospitalization for new-
onset AF (χ2-statistics = 6.45, p = 0.013) and SCD (χ2-statistics =
9.33, p = 0.002).

To confirm our results, rates of hospitalization for new-onset AF
and SCD rates were further evaluated by calculation of Kaplan-Meier
multiplier scores, which included the abovementioned cofounders. Of

TABLE 2 New-onset atrial fibrillation during follow-up after hospitalization due to COVID-19.

FU Riva + Control
(n = 1804)

Riva (n = 996) Control
(n = 808)

Correction p-value

% n % n % n

30-day 0.06 1 0 0 0.12 1 Yate’s correction 0.917

6-month 0.5 9 0.2 2 0.87 7 Likelihood 0.043a

AF during total Follow-up 347 (310; 449) days 0.55 10 0.2 2 0.99 8 0.022a

AF, hospitalization for new-onset atrial fibrillation; COVID-19, Coronavirus disease 2019; Riva = rivaroxaban.
a, **, *** - significance in p < 0.05, p < 0.01, p < 0.001.

TABLE 3 Sudden cardiac death during follow-up after hospitalization due to COVID-19.

Riva + control
(n = 1804)

Riva (n = 996) Control
(n = 808)

Correction p-value

% n % N % n

30-day SCD 0.28 5 0 0 0.62 5 Yate’s correction 0.042a

6-month SCD 0.67 12 0.1 1 1.36 11 Likelihood <0.001***

SCD during total Follow-up 347 (310; 449) days 1.16 21 0.3 3 2.35 19 <0.001***

SCD, sudden cardiac death; COVID-19, Coronavirus disease 2019; Riva = rivaroxaban.
a, **, *** - significance in p < 0.05, p < 0.01, p < 0.001.

TABLE 4 Results of study endpoints comparison during total follow-up after
applying logistic regression model for propensity score matching.

χ2-statistics R-level

Hospitalization for new-onset AF 6.45 0.013*

Sudden cardiac death 9.33 0.002**

*, **—significance in p < 0.05, p < 0.01.

Frontiers in Pharmacology frontiersin.org06

Fiedler et al. 10.3389/fphar.2023.1093396

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1093396


note, when Ctrl was matched to Riva, corrected Kaplan-Meier
analyses during the total FU revealed highly significant differences
for both endpoints: rates of hospitalization for new-onset of AF
(Figure 1, p < 0.001) as well as rates of SCD (Figure 2, p < 0.001).

4 Discussion

The COVID-19 pandemic led to a burgeoning population of
patients recovering from SARS-CoV-2 infection and is still
affecting healthcare systems worldwide. The impact of acute
COVID-19 on the human organism is progressively understood
but growing observational data suggest that patients present with a
wide range of persisting symptoms after recovery from acute illness

(Goërtz et al., 2020; Xiong et al., 2021). Despite consistent research
with advances in therapy and vaccination measures, COVID-19
and COVID-19-sequelae is likely to remain a considerable
problem for healthcare systems worldwide. Treatment and
prevention of long-term sequelae of COVID-19 still pose a
major challenge. Thus, better understanding of pathophysiology
and treatment in the context of long-term COVID-19 is of utmost
importance.

SARS-CoV-2 infection mainly affects the respiratory system but
additionally causes cardiac injury in over 20% of cases. An increased
risk of AFwith aHR of 1.57 (95%CI 1.23, 2.00) is reported for COVID-
19 patients (Wollborn et al., 2022). A metanalysis showed 14.24 (95%
CI: 8.67–23.38) higher odds for mortality in acute COVID-19 patients
with acute cardiac injury compared to COVID-19 patients without

FIGURE 1
Corrected Kaplan-Mayer curves for hospitalization for new-onset AF curves in rivaroxaban (green) and control (red) group.

FIGURE 2
Corrected Kaplan-Mayer curves for sudden cardiac death in rivaroxaban (green) and control (red) group.
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acute cardiac injury (Toloui et al., 2021). During hospitalization,
patients with cardiac injury more frequently presented with
malignant arrhythmias (11.5% vs. 5.2%) including ventricular
tachycardia and ventricular fibrillation (Guo et al., 2020). For
patients with long-COVID sequelae, an increased risk of AF [HR =
1.71 (1.64, 1.79)] and an increased risk for ventricular arrhythmias
[HR = 1.84 (1.72, 1.98)] have been reported (Xie et al., 2022).

CV complications of severe inflammatory states have been held
responsible for new onset of AF and ventricular tachycardia
(Ambrus et al., 2015; Klein Klouwenberg et al., 2017; Bhatla
et al., 2020) Development of palpitations and/or diverse cardiac
arrhythmias were shown to be frequent in acute and post COVID-19
infection, accounting for 9%–14% of CV symptoms in several
observational studies (Babapoor-Farrokhran et al., 2020; Bhatla
et al., 2020; Kochav et al., 2020; Carvalho-Schneider et al., 2021;
Huang et al., 2021; Zhou et al., 2021). Besides AF, the incidence of
ventricular arrhythmias in patients hospitalized for COVID-19 is
also significantly increased (Guo et al., 2020). Consequently, a
concomitant increase in cardiac arrests associated with COVID-
19 has been observed (Bhatla et al., 2020) Therefore, further
investigations of preventive strategies in this patient population
are warranted.

To further analyze this issue, we evaluated dysrhythmias in
patients post-discharge after hospitalization for COVID-19. In
this cohort, we performed a retrospective long-term FU [FU: 347
(310; 449) days] evaluating rehospitalization with new onset AF,
occurrence of higher degree AVB as well as incidence of SCD in
1,804 patients hospitalized for COVID-19. With respect to
higher AVB, no differences were observed between the
groups. However, while no major bleeding events were
reported in either group, we were able to demonstrate, that
during longer FU, administration of prophylactic rivaroxaban in
the early post-discharge period might reduce hospitalization
rates for new onset of AF and SCD events. In our study, these
observations were reinforced by application of a propensity
score matching model. Thus, to the best of our knowledge,
for the first time, our results could hint at antiarrhythmic
effects of the investigated prophylactic therapy regime upon
post COVID-19 sequelae.

While potential antiarrhythmic implications of an
anticoagulation therapy might seem hard to explain, our
observation could be partially elucidated by previous findings.
Recent data hints at pleiotropic antiarrhythmic actions of this
substance class. Beyond others, FXa inhibition includes effects on
electrical and structural remodeling in the heart as well as on
inflammatory components of the vulnerable substrate, which are
not related to hemostasis (Fender et al., 2019). There is growing
evidence in the bidirectional relationship between coagulation and
AF, where AF can cause a hyper-coagulant state, and an altered
hemostatic balance can also contribute to the development and
progression of AF. In a recent metanalysis, the authors found a
significant association between fibrinogen plasminogen activator
inhibitor 1 (PAI-1), and D-dimer and AF incidence (Chang et al.,
2013). Rivaroxaban directly abbreviates left atrial action potential
duration and increases both L-type Ca2+-current and ultra-rapid
delayed rectifier K+ current in isolated left atrial cardiomyocytes,
without affecting transient outward K+ current (Chang et al.,
2013). Notably, a direct inhibitory effect of Rivaroxaban on

FXa/PAR2-mediated fibro-inflammatory processes has been
shown in human atrial tissue slices (Bukowska et al., 2013),
with Rivaroxaban halting the feed-forward upregulation of
PAR2 much as is seen in other cell types (Jobi et al., 2011).
Importantly, while direct thrombin inhibition prevented left
atrial remodeling and AF (Jumeau et al., 2016), in further trials,
Rivaroxaban was able to reduce spontaneous electrical activities in
pulmonary veins indicating an additional antiarrhythmic effect of
this substance (Chang et al., 2018).

Regarding arrhythmia pathogenesis in COVID-19,
Musikanow et al. showed that in patients hospitalized with
severe COVID-19 presenting without a history of atrial
arrhythmias, new onset of AF occurred in 4% of the patient
population and is therefore comparable to other viral diseases
(Musikantow et al., 2021). It is well known that thrombin-induced
secretion of proinflammatory cytokines and growth factors play a
key role in coagulation-induced inflammation (Kenan et al.,
2012). In a healthy individual, thrombin combined with
thrombomoduline activates protein C at the endothelium.
Activated protein C (APC) provides an anticoagulation effect
on the one hand but also substantial anti-inflammatory effects
(Feistritzer et al., 2005; Esmon, 2012). Therefore, one might
speculate that DOAC therapy could possibly lessen the
reciprocal interaction between inflammation and thrombosis in
COVID-19 (Bikdeli et al., 2020; Paar et al., 2021). Indeed, Martins
et al. could demonstrate that in patients with AF, the use of
Rivaroxaban was associated with a decrease of inflammatory
cytokines in comparison to warfarin (Martins et al., 2020).
This might raise the hypothesis that the anti-inflammatory
effect of Rivaroxaban is potentially based on a direct factor Xa
(FXa) inhibition (Steinberg, 2005). Of note, in previous trials,
patients with AF and SCD presented with elevated plasma-levels
of inflammatory cytokine (Hadi et al., 2010; Li et al., 2010;
Landfors et al., 2022). Those cytokines are the basis of
pathogenesis, maintenance, and recurrence of arrhythmias (Hu
et al., 2015). FXa mediates inflammatory signaling in atrial tissue,
possibly by the activation of protease-activated receptors
(Bukowska et al., 2013). Reduction of pentraxin-related protein
(PTX-3) functions as a reliable marker to determine the anti-
inflammatory effect of FXa inhibitors, which seem to be another
axis of an anti-inflammatory effect (Hu et al., 2015). As FXa
inhibitors have been demonstrated to have anti-inflammatory
effects in addition to their anticoagulant effects (Terry et al.,
2016; Katoh et al., 2017), it might be assumed that this effect
would reduce AF and SCD. However, as inflammatory burden was
not evaluated during FU in our study, these speculations should be
viewed with caution.

Thus, also other explanations should be considered. New onset of
atrial arrhythmias was associated with an increased mortality in the
literature. (Berman et al., 2020; Mountantonakis et al., 2021;
Musikantow et al., 2021). This has also been demonstrated in
patients infected with SARS-CoV-2 (Zhao et al., 2022) Thus, anti-
inflammatory and anticoagulatory effects of Rivaroxaban might also
lead to improvement in CV outcomeswith consequent reduction of CV
mortality. A recent trial studied these potential implications of using
Rivaroxaban 10 mg QD, as prolonged thromboprophylaxis versus
control in COVID-19 patients after hospital discharge. Indeed, the
primary composite outcome of thromboembolic complication,
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myocardial infarction, stroke, and CV death, was significantly reduced
in the Riva group compared to the Ctrl after a treatment period of
35 days (Ramacciotti et al., 2022). While rivaroxaban was only given in
the early post-discharge period, potential antiarrhythmic effects were
observed after a longer FU period. Thus, our results could indicate that
early medical intervention is crucial in reducing arrhythmic burden in
hospitalized COVID-19 survivors. Our speculations might be
supported by previous results. Although, acute COVID-19 persists
for a limited time-period, an increased incidence of AF and SCD was
reported after 1 year (Xie et al., 2022). This is consistent with trials in
COVID-19 survivors reporting prolonged coagulation abnormalities
(Wang et al., 2022), longer virus persistence (Sun et al., 2020) and
enhanced inflammatory processes during long-term FU. Interestingly,
long-term cardiovascular complications seem to be associated with the
severity of acute COVID-19 disease (Xie et al., 2022) which is
characterized by a high inflammatory burden with increased
coagulopathy predominantly observed in the first 30 days (Demelo-
Rodríguez et al., 2021). Besides their established anticoagulant activity,
FXa inhibitors seem to possess anti-inflammatory and antiviral
potential (Al-Horani, 2020). Consequently, one might speculate
persistent long-lasting effects when prescribed for a short-term
period in the early phase of COVID-19 disease which is
characterized by an increased inflammatory burden. This
speculation is supported by a recent report from the SARCOV-19
registry evaluating 30 days of anticoagulation in COVID-19 patients
upon hospital discharge. Of note, consistent with our data, the authors
were able to demonstrate a reduction of thromboembolic events during
a FU of 1 year (Aidouni et al., 2023). While the described results seem
only hypothesis-generating, the large ongoing double-blind, placebo-
controlled randomized control ACTIV-4c trial (NCT04650087) is
currently evaluating midterm cardiovascular outcomes (90 days)
after a 30 days regime of prophylactic apixaban started upon
hospital discharge (Ortel, 2023). Our observations are further
supported by previous reports indicating higher long-term CV risk
post-discharge following acute COVID-19 infection (Whiteley and
Wood, 2022) as well as trials indicating persistent inflammatory
processes and virus persistence in long-term FU of COVID-19
sequelae (Sun et al., 2020; Seeble et al., 2022).

There are some limitations in our study which need to be
addressed. As this is an observational, retrospective, single center,
real-life scenario trial, consequently with lack of randomization and
blinding in the treatment arm, results need to be interpreted with
caution. This might limit the reliability and validity of our data.
Therefore, our findings must be considered primarily as hypothesis-
generating as they are not a result of a randomized analysis. This is
further emphasized by a potential increase in the probability of
selection bias promoted by the strategy of anticoagulant therapy
choice which in out trial was based on the physician’s decision.
Another bias is loss of FU which occurred in 16 patients.
Furthermore, new onset of AF was evaluated only in the
framework of hospitalization events. As we did not screen for
asymptomatic or ambulatory managed cardiac arrythmias, the
true incidence of AF and ventricular arrhythmias was probably
underestimated in our cohort. This issue was accompanied by the
lack of close monitoring for medication adherence since this matter
was only confirmed by a single phone interview at the end of the FU
period.

Our data was collected in the early stage of the pandemic
when standard medical strategies were not established with
consequent usage of untested medical therapies (Zuckerman
et al., 2022). Furthermore, the center-specific anticoagulation
regimes began to be used as the pandemic progressed, while
patients enrolled in the Ctrl were mainly treated during the very
early stage of the study. SCD rates in our study seem relatively
high (2.35%). One has also to consider general medical shortages
during the pandemic which could possibly drive the incidence of
CV pathologies. Therefore, our results must be interpreted with
caution when extrapolated to an ordinary situation.
Furthermore, preventive CV risk management strategies were
not investigated during FU. All patients in this study suffered
from COVID-19 between April to December 2020.
Consequently, rapid evolution of the viral genome and
COVID-19 management strategies should also be considered.
However, to account for this bias, results were adjusted by
propensity score matching of groups which did not
significantly affect our results. In our study, bleeding events
were low, which seems plausible, since comparably low results
were presented in the MICHELLE study, which used a similar
therapeutic regime in a comparable population of patients
(Ramacciotti et al., 2022). Still, we were only able to analyze
bleeding events requiring hospitalization, which represents a
major limitation. Furthermore, it is of particular importance
that the results of this observation alone apply to hospitalized
patients with moderate COVID-19 infection. As patients with
light and severe COVID-19 pneumonia were not included in our
study, our results can only be applied to moderate COVID-19
cases. Furthermore, while potential anti-inflammatory and
antiviral effects of Rivaroxaban were not investigated in our
trial, the pathophysiology underlying our observations remains
speculative and needs to be investigated in further studies. The
assessment of relevant cardiac and COVID-19-related
biomarkers as LDH, interleukine-6, troponins as well as NT-
proBNP would promote better insight into associated
pathophysiological processes. However, as our results were
obtained during the first wave of the pandemic, these
biomarkers were not routinely assessed in our cohort.

In summary, this study is the first to offer long-term FU (347 (310;
449) days) of prolonged Rivaroxaban therapy regime after hospitalization
for COVID-19. Of note, in our study, in the absence of major bleeding
events, both hospitalization rates for new-onset AF and SCD events were
significantly reduced by this prophylactic treatment. Thisfinding suggests
an ongoing thromboembolic and inflammatory burden in COVID-19
survivors during thefirst year following the acute phase of the disease. For
this reason, extended thromboprophylaxis treatment with rivaroxaban
might offer additional beneficial antiarrhythmic effects in hospitalized
post-COVID-19-patients post-discharge. Randomized controlled trials
are necessary to evaluate the effects of these regimens in hospitalized
COVID-19 survivors.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Frontiers in Pharmacology frontiersin.org09

Fiedler et al. 10.3389/fphar.2023.1093396

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1093396


Ethics statement

The studies involving human participants were reviewed and
approved by Department of Internal Diseases, Bashkir State Medical
University, 450008, Ufa, Ethical Committee (N5, 2020). Written
informed consent for participation was not required for this study in
accordance with the national legislation and the institutional
requirements.

Author contributions

LF, LM, A-MD, PJ, PD, DG, EB, MB, IL, AA, LS, VP, FF, MM,
KK, UH, RP, BC, BY, and NZ meet the criteria for authorship and
contributorship as defined by Frontiers in Pharmacology. All authors
contributed to the article and approved the submitted version.

Funding

This study was supported by grant of Russian Science
Foundation No. 22-18-20123.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1093396/
full#supplementary-material

References

Aidouni, G. el, Bouchlarhem, A., Bkiyar, H., Ismaili, N., el Ouafi, N., and Housni, B.
(2023). The efficacy and safety of prolonged oral anticoagulation for the prevention of
thromboembolic events in patients recovered from COVID-19 1 Year after hospital
discharge: The SARCOV-19 prospective registry. Clin. Appl. Thromb. Hemost. 29, 1.
doi:10.1177/10760296231151710

Al-Horani, R. A. (2020). Potential therapeutic roles for direct factor Xa inhibitors in
coronavirus infections. Am. J. Cardiovasc Drugs 20, 525–533. doi:10.1007/S40256-020-
00438-6

Ambrus, D. B., Benjamin, E. J., Bajwa, E. K., Hibbert, K. A., and Walkey, A. J. (2015).
Risk factors and outcomes associated with new-onset atrial fibrillation during acute
respiratory distress syndrome. J. Crit. Care 30, 994–997. doi:10.1016/J.JCRC.2015.06.003

Babapoor-Farrokhran, S., Rasekhi, R. T., Gill, D., Babapoor, S., and Amanullah, A.
(2020). Arrhythmia in COVID-19. SN Compr. Clin. Med. 2, 1430–1435. doi:10.1007/
S42399-020-00454-2

Berman, J. P., Abrams, M. P., Kushnir, A., Rubin, G. A., Ehlert, F., Biviano, A., et al.
(2020). Cardiac electrophysiology consultative experience at the epicenter of the
COVID-19 pandemic in the United States. Indian Pacing Electrophysiol. J. 20, 250.
doi:10.1016/J.IPEJ.2020.08.006

Bhatla, A., Mayer, M. M., Adusumalli, S., Hyman, M. C., Oh, E., Tierney, A., et al.
(2020). COVID-19 and cardiac arrhythmias.Heart rhythm. 17, 1439–1444. doi:10.1016/
J.HRTHM.2020.06.016

Bikdeli, B., Madhavan, M. v., Jimenez, D., Chuich, T., Dreyfus, I., Driggin, E., et al.
(2020). COVID-19 and thrombotic or thromboembolic disease: Implications for
prevention, antithrombotic therapy, and follow-up: JACC state-of-the-art review.
J. Am. Coll. Cardiol. 75, 2950–2973. doi:10.1016/J.JACC.2020.04.031

Bukowska, A., Zacharias, I., Weinert, S., Skopp, K., Hartmann, C., Huth, C., et al.
(2013). Coagulation factor Xa induces an inflammatory signalling by activation of
protease-activated receptors in human atrial tissue. Eur. J. Pharmacol. 718, 114–123.
doi:10.1016/J.EJPHAR.2013.09.006

Carvalho-Schneider, C., Laurent, E., Lemaignen, A., Beaufils, E., Bourbao-Tournois,
C., Laribi, S., et al. (2021). Follow-up of adults with noncritical COVID-19 two months
after symptom onset. Clin. Microbiol. Infect. 27, 258–263. doi:10.1016/J.CMI.2020.
09.052

Chang, C. J., Chen, Y. C., Lin, Y. K., Huang, J. H., Chen, S. A., and Chen, Y. J. (2013).
Rivaroxaban modulates electrical and mechanical characteristics of left atrium.
J. Biomed. Sci. 20, 1. doi:10.1186/1423-0127-20-17

Chang, C. J., Cheng, C. C., Chen, Y. C., Higa, S., Huang, J. H., Chen, S. A., et al. (2018).
Factor Xa inhibitors differently modulate electrical activities in pulmonary veins and the
sinoatrial node. Eur. J. Pharmacol. 833, 462–471. doi:10.1016/J.EJPHAR.2018.07.003

Colon, C. M., Barrios, J. G., Chiles, J. W., McElwee, S. K., Russell, D. W., Maddox, W.
R., et al. (2020). Atrial arrhythmias in COVID-19 patients. JACC Clin. Electrophysiol. 6,
1189–1190. doi:10.1016/J.JACEP.2020.05.015

Connors, J. M., and Levy, J. H. (2020). COVID-19 and its implications for thrombosis
and anticoagulation. Blood 135, 2033–2040. doi:10.1182/BLOOD.2020006000

Delabranche, X., Helms, J., and Meziani, F. (2017). Immunohaemostasis: A new view
on haemostasis during sepsis. Ann. Intensive Care 7, 1. doi:10.1186/S13613-017-0339-5

Demelo-Rodríguez, P., Ordieres-Ortega, L., Ji, Z., del Toro-Cervera, J., de Miguel-
Díez, J., Álvarez-Sala-Walther, L. A., et al. (2021). Long-term follow-up of patients with
venous thromboembolism and COVID-19: Analysis of risk factors for death and major
bleeding. Eur. J. Haematol. 106, 716–723. doi:10.1111/EJH.13603

Engelmann, B., and Massberg, S. (2013). Thrombosis as an intravascular effector of
innate immunity. Nat. Rev. Immunol. 13, 34–45. doi:10.1038/NRI3345

Esmon, C. T. (2012). Protein C anticoagulant system--anti-inflammatory effects.
Semin. Immunopathol. 34, 127–132. doi:10.1007/S00281-011-0284-6

Feistritzer, C., Lenta, R., and Riewald, M. (2005). Protease-activated receptors-1 and
-2 can mediate endothelial barrier protection: Role in factor Xa signaling. J. Thromb.
Haemost. 3, 2798–2805. doi:10.1111/J.1538-7836.2005.01610.X

Fender, A. C., Wakili, R., and Dobrev, D. (2019). Straight to the Heart: Pleiotropic
antiarrhythmic actions of oral anticoagulants. Pharmacol. Res. 145, 104257. doi:10.
1016/J.PHRS.2019.104257

Giannis, D., Allen, S. L., Tsang, J., Flint, S., Pinhasov, T., Williams, S., et al. (2021).
Postdischarge thromboembolic outcomes and mortality of hospitalized patients with
COVID-19: The CORE-19 registry. Blood 137, 2838–2847. doi:10.1182/BLOOD.
2020010529

Glikson, M., Nielsen, J. C., Kronborg, M. B., Michowitz, Y., Auricchio, A.,
Barbash, I. M., et al. (2021). 2021 ESC Guidelines on cardiac pacing and cardiac
resynchronization therapy. Eur. Heart J. 42, 3427–3520. doi:10.1093/
EURHEARTJ/EHAB364

Goërtz, Y. M. J., van Herck, M., Delbressine, J. M., Vaes, A. W., Meys, R., Machado, F.
V. C., et al. (2020). Persistent symptoms 3 months after a SARS-CoV-2 infection: The
post-COVID-19 syndrome? ERJ Open Res. 6, 00542. doi:10.1183/23120541.00542-2020

Guo, T., Fan, Y., Chen, M., Wu, X., Zhang, L., He, T., et al. (2020). Cardiovascular
implications of fatal outcomes of patients with coronavirus disease 2019 (COVID-19).
JAMA Cardiol. 5, 811–818. doi:10.1001/JAMACARDIO.2020.1017

Hadi, H. A. R., Alsheikh-Ali, A. A., Mahmeed, W. A. L., and Suwaidi, J. M. A. (2010).
Inflammatory cytokines and atrial fibrillation: Current and prospective views.
J. Inflamm. Res. 3, 75–97. doi:10.2147/JIR.S10095

Hu, Y. F., Chen, Y. J., Lin, Y. J., and Chen, S. A. (2015). Inflammation and the
pathogenesis of atrial fibrillation. Nat. Rev. Cardiol. 12, 230–243. doi:10.1038/nrcardio.
2015.2

Huang, C., Huang, L., Wang, Y., Li, X., Ren, L., Gu, X., et al. (2021). 6-month
consequences of COVID-19 in patients discharged from hospital: A cohort study.
Lancet 397, 220–232. doi:10.1016/S0140-6736(20)32656-8

Frontiers in Pharmacology frontiersin.org10

Fiedler et al. 10.3389/fphar.2023.1093396

https://www.frontiersin.org/articles/10.3389/fphar.2023.1093396/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1093396/full#supplementary-material
https://doi.org/10.1177/10760296231151710
https://doi.org/10.1007/S40256-020-00438-6
https://doi.org/10.1007/S40256-020-00438-6
https://doi.org/10.1016/J.JCRC.2015.06.003
https://doi.org/10.1007/S42399-020-00454-2
https://doi.org/10.1007/S42399-020-00454-2
https://doi.org/10.1016/J.IPEJ.2020.08.006
https://doi.org/10.1016/J.HRTHM.2020.06.016
https://doi.org/10.1016/J.HRTHM.2020.06.016
https://doi.org/10.1016/J.JACC.2020.04.031
https://doi.org/10.1016/J.EJPHAR.2013.09.006
https://doi.org/10.1016/J.CMI.2020.09.052
https://doi.org/10.1016/J.CMI.2020.09.052
https://doi.org/10.1186/1423-0127-20-17
https://doi.org/10.1016/J.EJPHAR.2018.07.003
https://doi.org/10.1016/J.JACEP.2020.05.015
https://doi.org/10.1182/BLOOD.2020006000
https://doi.org/10.1186/S13613-017-0339-5
https://doi.org/10.1111/EJH.13603
https://doi.org/10.1038/NRI3345
https://doi.org/10.1007/S00281-011-0284-6
https://doi.org/10.1111/J.1538-7836.2005.01610.X
https://doi.org/10.1016/J.PHRS.2019.104257
https://doi.org/10.1016/J.PHRS.2019.104257
https://doi.org/10.1182/BLOOD.2020010529
https://doi.org/10.1182/BLOOD.2020010529
https://doi.org/10.1093/EURHEARTJ/EHAB364
https://doi.org/10.1093/EURHEARTJ/EHAB364
https://doi.org/10.1183/23120541.00542-2020
https://doi.org/10.1001/JAMACARDIO.2020.1017
https://doi.org/10.2147/JIR.S10095
https://doi.org/10.1038/nrcardio.2015.2
https://doi.org/10.1038/nrcardio.2015.2
https://doi.org/10.1016/S0140-6736(20)32656-8
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1093396


Iba, T., and Levy, J. H. (2019). Derangement of the endothelial glycocalyx in sepsis.
J. Thromb. Haemost. 17, 283–294. doi:10.1111/JTH.14371

Iba, T., and Levy, J. H. (2018). Inflammation and thrombosis: Roles of neutrophils,
platelets and endothelial cells and their interactions in thrombus formation during
sepsis. J. Thromb. Haemost. 16, 231–241. doi:10.1111/JTH.13911

Jackson, S. P., Darbousset, R., and Schoenwaelder, S. M. (2019). Thromboinflammation:
Challenges of therapeutically targeting coagulation and other host defense mechanisms.
Blood 133, 906–918. doi:10.1182/BLOOD-2018-11-882993

Jirak, P., Larbig, R., Shomanova, Z., Fröb, E. J., Dankl, D., Torgersen, C., et al. (2021a).
Myocardial injury in severe COVID-19 is similar to pneumonias of other origin: Results
from a multicentre study. Esc. Heart Fail 8, 1. doi:10.1002/ehf2.13136

Jirak, P., Shomanova, Z., Larbig, R., Dankl, D., Frank, N., Seelmaier, C., et al. (2021b).
Higher incidence of stroke in severe COVID-19 is not associated with a higher burden
of arrhythmias: Comparison with other types of severe pneumonia. Front. Cardiovasc
Med. 8, 763827. doi:10.3389/fcvm.2021.763827

Jirak, P., van Almsick, V., Dimitroulis, D., Mirna, M., Seelmaier, C., Shomanova, Z.,
et al. (2022). Dexamethasone improves cardiovascular outcomes in critically ill COVID-
19, a real World scenario multicenter analysis. Front. Med. (Lausanne) 9, 808221.
doi:10.3389/fmed.2022.808221

Jobi, K., Rauch, B. H., Dangwal, S., Freidel, K., Doller, A., Eberhardt, W., et al. (2011).
Redox regulation of human protease-activated receptor-2 by activated factor X. Free
Radic. Biol. Med. 51, 1758–1764. doi:10.1016/J.FREERADBIOMED.2011.08.003

Jumeau, C., Rupin, A., Chieng-Yane, P., Mougenot, N., Zahr, N., David-Dufilho, M.,
et al. (2016). Direct thrombin inhibitors prevent left atrial remodeling associated with
heart failure in rats. JACC Basic Transl. Sci. 1, 328. doi:10.1016/J.JACBTS.2016.05.002

Kaatz, S., Ahmad, D., Spyropoulos, A. C., and Schulman, S. (2015). Definition of
clinically relevant non-major bleeding in studies of anticoagulants in atrial fibrillation
and venous thromboembolic disease in non-surgical patients: Communication from the
SSC of the ISTH. J. Thromb. Haemost. 13, 2119–2126. doi:10.1111/JTH.13140

Katoh, H., Nozue, T., and Michishita, I. (2017). Anti-inflammatory effect of factor-Xa
inhibitors in Japanese patients with atrial fibrillation. Heart Vessels 32, 1130–1136.
doi:10.1007/S00380-017-0962-Y

Kenan, Aksu, Aayhan, Donmez, and Goakha, Keser (2012). Inflammation-induced
thrombosis: Mechanisms, disease associations and management. Curr. Pharm. Des. 18,
1478–1493. doi:10.2174/138161212799504731

Klein Klouwenberg, P. M. C., Frencken, J. F., Kuipers, S., Ong, D. S. Y., Peelen, L. M.,
van Vught, L. A., et al. (2017). Incidence, predictors, and outcomes of new-onset atrial
fibrillation in critically ill patients with sepsis. A cohort study. Am. J. Respir. Crit. Care
Med. 195, 205–211. doi:10.1164/RCCM.201603-0618OC

Kochav, S. M., Coromilas, E., Nalbandian, A., Ranard, L. S., Gupta, A., Chung, M. K.,
et al. (2020). Cardiac arrhythmias in COVID-19 infection. Circ. Arrhythm.
Electrophysiol. 13, 579–585. doi:10.1161/CIRCEP.120.008719

Landfors, F., Vikström, S., Wennberg, P., Jansson, J. H., Andersson, J., and Chorell, E.
(2022). Leukotriene A4 hydrolase and hepatocyte growth factor are risk factors of
sudden cardiac death due to first-ever myocardial infarction. Int. J. Mol. Sci. 23, 10251.
doi:10.3390/IJMS231810251/S1

Lau, S. T., Yu, W. C., Mok, N. S., Tsui, P. T., Tong, W. L., and Cheng, S. W. C. (2005).
Tachycardia amongst subjects recovering from severe acute respiratory syndrome
(SARS). Int. J. Cardiol. 100, 167–169. doi:10.1016/J.IJCARD.2004.06.022

Li, J., Solus, J., Chen, Q., Rho, Y. H., Milne, G., Stein, C. M., et al. (2010). Role of
inflammation and oxidative stress in atrial fibrillation.Heart rhythm. 7, 438–444. doi:10.
1016/J.HRTHM.2009.12.009

Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., et al. (2020). Genomic
characterisation and epidemiology of 2019 novel coronavirus: Implications for virus
origins and receptor binding. Lancet 395, 1. doi:10.1016/S0140-6736(20)30251-8

Martins, G. L., Duarte, R. C. F., Vieira, É. L. M., Rocha, N. P., Figueiredo, E. L., Silveira,
F. R., et al. (2020). Comparison of inflammatory mediators in patients with atrial
fibrillation using warfarin or rivaroxaban. Front. Cardiovasc Med. 7, 1. doi:10.3389/
FCVM.2020.00114/FULL

Michelen, M., Manoharan, L., Elkheir, N., Cheng, V., Dagens, A., Hastie, C., et al.
(2021). Characterising long COVID: A living systematic review. BMJ Glob. Health 6, 1.
doi:10.1136/BMJGH-2021-005427

Mountantonakis, S. E., Saleh, M., Fishbein, J., Gandomi, A., Lesser, M., Chelico, J.,
et al. (2021). Atrial fibrillation is an independent predictor for in-hospital mortality in
patients admitted with SARS-CoV-2 infection.Heart rhythm. 18, 501–507. doi:10.1016/
J.HRTHM.2021.01.018

Musikantow, D. R., Turagam, M. K., Sartori, S., Chu, E., Kawamura, I., Shivamurthy,
P., et al. (2021). Atrial fibrillation in patients hospitalized with COVID-19: Incidence,
predictors, outcomes, and comparison to influenza. JACC Clin. Electrophysiol. 7,
1120–1130. doi:10.1016/J.JACEP.2021.02.009

Ortel, T. L. (2023). COVID-19 thrombosis prevention trials: Post-hospital
thromboprophylaxis - Full Text view - ClinicalTrials.gov. Available at: https://
clinicaltrials.gov/ct2/show/NCT04650087 (Accessed March 5, 2023).

Paar, V., Wernly, B., Zhou, Z., Motloch, L. J., Hoppe, U. C., Egle, A., et al. (2021). Anti-
coagulation for COVID-19 treatment: Both anti-thrombotic and anti-inflammatory?
J. Thromb. Thrombolysis 51, 226–231. doi:10.1007/S11239-020-02212-6

Ramacciotti, E., Barile Agati, L., Calderaro, D., Aguiar, V. C. R., Spyropoulos, A. C., de
Oliveira, C. C. C., et al. (2022). Rivaroxaban versus no anticoagulation for post-
discharge thromboprophylaxis after hospitalisation for COVID-19 (MICHELLE):
An open-label, multicentre, randomised, controlled trial. Lancet 399, 50–59. doi:10.
1016/S0140-6736(21)02392-8

Russian Ministry of Healthcare (2020). Version 8 of the temporal recommendations
for the prevention, diagnosis and treatment of the novel coronavirus infection COVID-
19. Available at: https://static-0.minzdrav.gov.ru/system/attachments/attaches/000/
051/777/original/030902020_COVID-19_v8.pdf (Accessed March 6, 2023).1.

Seeble, J., Waterboer, T., Hippchen, T., Simon, J., Kirchner, M., Lim, A., et al. (2022).
Persistent symptoms in adult patients 1 Year after coronavirus disease 2019 (COVID-19): A
prospective cohort study. Clin. Infect. Dis. 74, 1191–1198. doi:10.1093/CID/CIAB611

Steinberg, S. F. (2005). The cardiovascular actions of protease-activated receptors.
Mol. Pharmacol. 67, 2–11. doi:10.1124/MOL.104.003103

Sun, J., Xiao, J., Sun, R., Tang, X., Liang, C., Lin, H., et al. (2020). Prolonged
persistence of SARS-CoV-2 RNA in body fluids. Emerg. Infect. Dis. 26, 1834–1838.
doi:10.3201/EID2608.201097

Terry, C. M., He, Y., and Cheung, A. K. (2016). Rivaroxaban improves patency and
decreases inflammation in a mouse model of catheter thrombosis. Thromb. Res. 144,
106–112. doi:10.1016/J.THROMRES.2016.06.008

Toloui, A., Moshrefiaraghi, D., Neishaboori, A. M., Yousefifard, M., and Aghajani, M.
H. (2021). Cardiac complications and pertaining mortality rate in COVID-19 patients; a
systematic review and meta-analysis. Arch. Acad. Emerg. Med. 9, 1–7. doi:10.22037/
AAEM.V9I1.1071

Wang, C., Yu, C., Jing, H., Wu, X., Novakovic, V. A., Xie, R., et al. (2022). Long
COVID: The nature of thrombotic sequelae determines the necessity of early
anticoagulation. Front. Cell Infect. Microbiol. 12. doi:10.3389/FCIMB.2022.861703

Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. (2020). Clinical
characteristics of 138 hospitalized patients with 2019 novel coronavirus-infected
pneumonia in wuhan, China. JAMA 323, 1061–1069. doi:10.1001/JAMA.2020.1585

Whiteley, W., and Wood, A. (2022). Risk of arterial and venous thromboses after
COVID-19. Lancet Infect. Dis. 22, 1093–1094. doi:10.1016/S1473-3099(22)00314-0

Who (2020). Clinical management of COVID-19: Interim guidance. World health
organization. Available at: https://apps.who.int/iris/handle/10665/332196 (Accessed
February 12, 2023).

Wollborn, J., Karamnov, S., Fields, K. G., Yeh, T., and Muehlschlegel, J. D. (2022).
COVID-19 increases the risk for the onset of atrial fibrillation in hospitalized patients.
Sci. Rep. 12, 6. doi:10.1038/S41598-022-16113-6

Xie, Y., Xu, E., Bowe, B., and Al-Aly, Z. (2022). Long-term cardiovascular outcomes of
COVID-19. Nat. Med. 28, 3. doi:10.1038/s41591-022-01689-3

Xiong, Q., Xu, M., Li, J., Liu, Y., Zhang, J., Xu, Y., et al. (2021). Clinical sequelae of
COVID-19 survivors in wuhan, China: A single-centre longitudinal study. Clin.
Microbiol. Infect. 27, 89–95. doi:10.1016/J.CMI.2020.09.023

Yu, C.-M., Wong, R. S.-M., Wu, E. B., Kong, S.-L., Wong, J., Yip, G. W.-K., et al.
(2006). Cardiovascular complications of severe acute respiratory syndrome. Postgrad.
Med. J. 82, 140–144. doi:10.1136/pgmj.2005.037515

Zagidullin, N. S., Motloch, L. J., Musin, T. I., Bagmanova, Z. A., Lakman, I. A., Tyurin,
A. V., et al. (2021). J-Waves in acute COVID-19: A novel disease characteristic and
predictor of mortality? PLoS One 16. 0257982. doi:10.1371/journal.pone.0257982

Zeppenfeld, K., Tfelt-Hansen, J., de Riva, M., Winkel, B. G., Behr, E. R., Blom, N. A.,
et al. (2022). 2022 ESC Guidelines for the management of patients with ventricular
arrhythmias and the prevention of sudden cardiac deathDeveloped by the task force for
the management of patients with ventricular arrhythmias and the prevention of sudden
cardiac death of the European Society of Cardiology (ESC) Endorsed by the Association
for European Paediatric and Congenital Cardiology (AEPC). Eur. Heart J. 43 (40),
3997–4126. doi:10.1093/EURHEARTJ/EHAC262

Zhao, Y., Lu, X., Wan, F., Gao, L., Lin, N., He, J., et al. (2022). Disruption of circadian
rhythms by shift work exacerbates reperfusion injury in myocardial infarction. J. Am.
Coll. Cardiol. 79, 2097–2115. doi:10.1016/J.JACC.2022.03.370

Zhou, M., Wong, C. K., Lau, Y. M., Lee, J. C. Y., Tam, F. C. C., Lau, Y. M., et al. (2021).
Cardiovascular sequalae in uncomplicated COVID-19 survivors. PLoS One 16, 1. doi:10.
1371/JOURNAL.PONE.0246732

Zou, X., Chen, K., Zou, J., Han, P., Hao, J., and Han, Z. (2020). Single-cell RNA-seq
data analysis on the receptor ACE2 expression reveals the potential risk of different
human organs vulnerable to 2019-nCoV infection. Front. Med. 14, 1. doi:10.1007/
s11684-020-0754-0

Zuckerman, S., Barlavie, Y., Niv, Y., Arad, D., and Lev, S. (2022). Accessing unproven
interventions in the COVID-19 pandemic: Discussion on the ethics of ‘compassionate
therapies’ in times of catastrophic pandemics. J. Med. Ethics 48, 1000–1005. doi:10.
1136/MEDETHICS-2020-106783

Frontiers in Pharmacology frontiersin.org11

Fiedler et al. 10.3389/fphar.2023.1093396

https://doi.org/10.1111/JTH.14371
https://doi.org/10.1111/JTH.13911
https://doi.org/10.1182/BLOOD-2018-11-882993
https://doi.org/10.1002/ehf2.13136
https://doi.org/10.3389/fcvm.2021.763827
https://doi.org/10.3389/fmed.2022.808221
https://doi.org/10.1016/J.FREERADBIOMED.2011.08.003
https://doi.org/10.1016/J.JACBTS.2016.05.002
https://doi.org/10.1111/JTH.13140
https://doi.org/10.1007/S00380-017-0962-Y
https://doi.org/10.2174/138161212799504731
https://doi.org/10.1164/RCCM.201603-0618OC
https://doi.org/10.1161/CIRCEP.120.008719
https://doi.org/10.3390/IJMS231810251/S1
https://doi.org/10.1016/J.IJCARD.2004.06.022
https://doi.org/10.1016/J.HRTHM.2009.12.009
https://doi.org/10.1016/J.HRTHM.2009.12.009
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.3389/FCVM.2020.00114/FULL
https://doi.org/10.3389/FCVM.2020.00114/FULL
https://doi.org/10.1136/BMJGH-2021-005427
https://doi.org/10.1016/J.HRTHM.2021.01.018
https://doi.org/10.1016/J.HRTHM.2021.01.018
https://doi.org/10.1016/J.JACEP.2021.02.009
https://clinicaltrials.gov/ct2/show/NCT04650087
https://clinicaltrials.gov/ct2/show/NCT04650087
https://doi.org/10.1007/S11239-020-02212-6
https://doi.org/10.1016/S0140-6736(21)02392-8
https://doi.org/10.1016/S0140-6736(21)02392-8
https://static-0.minzdrav.gov.ru/system/attachments/attaches/000/051/777/original/030902020_COVID-19_v8.pdf
https://static-0.minzdrav.gov.ru/system/attachments/attaches/000/051/777/original/030902020_COVID-19_v8.pdf
https://doi.org/10.1093/CID/CIAB611
https://doi.org/10.1124/MOL.104.003103
https://doi.org/10.3201/EID2608.201097
https://doi.org/10.1016/J.THROMRES.2016.06.008
https://doi.org/10.22037/AAEM.V9I1.1071
https://doi.org/10.22037/AAEM.V9I1.1071
https://doi.org/10.3389/FCIMB.2022.861703
https://doi.org/10.1001/JAMA.2020.1585
https://doi.org/10.1016/S1473-3099(22)00314-0
https://apps.who.int/iris/handle/10665/332196
https://doi.org/10.1038/S41598-022-16113-6
https://doi.org/10.1038/s41591-022-01689-3
https://doi.org/10.1016/J.CMI.2020.09.023
https://doi.org/10.1136/pgmj.2005.037515
https://doi.org/10.1371/journal.pone.0257982
https://doi.org/10.1093/EURHEARTJ/EHAC262
https://doi.org/10.1016/J.JACC.2022.03.370
https://doi.org/10.1371/JOURNAL.PONE.0246732
https://doi.org/10.1371/JOURNAL.PONE.0246732
https://doi.org/10.1007/s11684-020-0754-0
https://doi.org/10.1007/s11684-020-0754-0
https://doi.org/10.1136/MEDETHICS-2020-106783
https://doi.org/10.1136/MEDETHICS-2020-106783
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1093396


Glossary

ACE Angiotensin-converting enzyme

AH Arterial hypertension

AF Atrial fibrillation

ARB Angiotensin receptor blockers

ASA Acetylsalicylic acid

AVB Atrioventricular-block

CI Confidence interval

Coef Coefficient

CK Creatine kinase

CKD Chronic kidney disease

COPD Chronic obstructive pulmonary disease

COVID-19 Coronavirus disease 2019

Ctrl Control group

CRP C-reactive protein

CV Cardiovascular

GFR Glomerular filtration rate

FU Follow-up

Hb Hemoglobin

ICU Intensive care unit

IL-6 Interleukin-6

ISTH International Society on Thrombosis and Haemostasis

JAK Janus Kinase

M Mean values

MRA Mineralocorticoid Receptor Antagonist

NSVT Non-sustained ventricular tachycardia

QD Every day

Riva Rivaroxaban group

SARS-CoV-2 Severe acute respiratory syndrome coronavirus type 2

SCD Sudden cardiac death

SD Standard deviations

WHO World Health Organization
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