304

@ “ ’ '.) Check for updates

Neumologia y Cirugia de Térax

REVIEW ARTICLE - COVID-19 SERIES

Cardiovascular complications of COVID-19

Complicaciones cardiovasculares en COVID-19

Jazmin G. Emeterio-Alcdzar’, Jhony O. Martinez-Barragan’, Josué D. Cadeza-Aguilar’,
Irene Balam-Lara’, Edith L. Nicolas-Martinez', J. Gustavo Lugo-Goytia’, Ivan A. Osuna-Padilla’,
and Carmen M. Hernandez-Cardenas?

"Departamento de Areas Criticas; 2Direccién General, Instituto Nacional de Enfermedades Respiratorias Ismael Cosio Villegas, Mexico City, Mexico

Abstract

SARS-CoV-2 infection is associated with a broad spectrum of cardiovascular manifestations that significantly increase
morbidity and mortality. Acute myocardial injury, detected by elevated cardiac troponins, occurs in 10-25% of hospitalized
patients and serves as an independent predictor of mortality, particularly in critically ill patients and those with pre-existing
cardiovascular disease. Acute complications include acute myocarditis, rhythm disorders, heart failure, and cor pulmonale.
The pathophysiology is multifactorial, involving direct viral damage via ACE2 receptors, oxygen supply-demand mismatch,
and the “cytokine storm.” In the post-acute phase (> 4 weeks), an elevated risk of arrhythmic events, heart failure, and coagu-
lation disorders persists. The cardiovascular safety profile of current antiviral and immunomodulatory therapies varies, ranging
from an increased risk of arrhythmias to a reduction in long-term cardiac complications. Cardiovascular complications of
COVID-19 are frequent and heterogeneous. Close monitoring of biomarkers and echocardiographic evaluation are essential
for timely management, both in the critical stage and during the long-term follow-up of survivors.
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Resumen

La infeccidn por SARS-CoV-2 se asocia con un espectro amplio de manifestaciones cardiovasculares que incrementan signi-
ficativamente la morbimortalidad. El dafio miocardico agudo, detectado por la elevacion de troponinas cardiacas, se presenta
en el 10-25% de los pacientes hospitalizados y es un predictor independiente de mortalidad, especialmente en pacientes
criticos y aquellos con enfermedad cardiovascular preexistente. Las complicaciones agudas incluyen miocarditis aguda, tras-
tornos del ritmo, insuficiencia cardiaca y cor pulmonale. La fisiopatologia es multifactorial, involucrando dafio viral directo via
receptores ACE2, desequilibrio entre demanda y aporte de oxigeno, y la «tormenta de citocinas». En la fase postaguda (> 4
semanas) persiste un riesgo elevado de eventos arritmicos, insuficiencia cardiaca y alteraciones de la coagulacion. El perfil de
seguridad cardiovascular de las terapias antivirales e inmunomoduladores actuales varia desde mayor riesgo de arritmias, hasta
la reduccidn del riesgo de complicaciones cardiacas a largo plazo. Las complicaciones cardiovasculares de la COVID-19 son
frecuentes y heterogéneas. La vigilancia estrecha de biomarcadores y la evaluacion ecocardiografica son fundamentales para
el manejo oportuno, tanto en la etapa critica como en el seguimiento a largo plazo de los supervivientes.
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Introduction

The American College of Cardiology and the
American Heart Association recognize that COVID-19
causes various cardiovascular complications affecting
patients with or without pre-existing cardiovascular
disease. Approximately 10 to 20% of hospitalized
patients present evidence of myocardial injury." Myocar-
dial damage or injury was a concept established in the
2018 European Society of Cardiology consensus on the
fourth universal definition of myocardial infarction; it is
defined as the detection of cardiac troponins with at least
one value above the 99th percentile upper reference
limit; acute myocardial injury is considered when there
is a rise or fall in cardiac troponin values on serial mea-
surements. The causes that may lead to this are diverse
and include cardiac and extracardiac conditions.?

Cardiovascular complications of COVID-19 extend
beyond the acute phase, affecting multiple organ sys-
tems. Table 1 summarizes the complications associa-
ted with severe acute COVID-19 infection. Myocardial
injury occurs in approximately 25% of hospitalized
patients and is associated with an increased risk of
mortality.®> The mechanisms are heterogeneous and
include oxygen supply-demand mismatch, direct viral
invasion of the myocardium, inflammation, coronary
plaque rupture with acute myocardial infarction, micro-
vascular thrombosis, and adrenergic stress.®

Acute myocardial injury was progressively documented
as reports and studies emerged from China, Europe,
and the United States. Some registries report an inci-
dence of between 7 and 17%,* while other reports
place it between 20 and 29%.5 Myocardial injury was
more frequent in patients admitted to the intensive care
unit (ICU) (22 vs. 2%) and more common among
patients who had died (59 vs. 1%).* Subsequent studies
found that patients without cardiovascular disease and
normal troponin had a mortality rate of 7.62%, while
patients with cardiovascular disease and normal troponin
had a mortality rate of 13.3%, patients without cardiovas-
cular disease and elevated troponin had a mortality rate
of 37.5%, and patients with cardiovascular disease and
elevated troponin had a mortality rate of 69.4%.° In ano-
ther study including 671 patients with severe COVID-19, it
was found that the risk of in-hospital death could be pre-
dicted by markers of myocardial injury such as myoglobin,
troponin 1, and the MB fraction of creatine phosphokinase
(CPK-MB), since when these are elevated in plasma,
survival decreases. The risk is greater in patients of
advanced age, with cardiovascular comorbidities, and with
increased expression of pro-inflammatory molecules.”

Acute myocardial injury is observed most frequently
in the critically ill patients most severely affected by
SARS-CoV-2, approximately 5% of all those infected; it
generally occurs between 12 and 20 days after symp-
tom onset. The age group most affected is those over
65 years of age. It is at this stage that severe acute
respiratory distress syndrome (ARDS) and multiple
organ failure may develop.® Based on these findings,
some investigators have proposed treatment algorithms
in which, faced with an increase in plasma troponin
(I or T), ICU admission is recommended, along with
close hemodynamic monitoring and adequate echocar-
diographic evaluation, in order to limit the negative impact
of acute myocardial injury on survival.® The various
cardiovascular complications may be present in any
patient affected by COVID-19 and may manifest in both
acute and long-term forms.5

Acute cardiovascular complications
associated with COVID-19

Acute cardiovascular complications include myo-
carditis, acute coronary syndrome, heart failure (HF),
cardiogenic shock, rhythm disorders (both atrial and
ventricular arrhythmias), and thromboembolic and cere-
brovascular complications.! The proposed mechanisms
involve the activation of inflammatory and thrombotic
cascades, direct viral damage to myocytes or the vas-
cular endothelium, and worsening of underlying athe-
rosclerotic and structural abnormalities.! COVID-19 can
trigger acute HF or cardiogenic shock through new-on-
set left ventricular systolic dysfunction (related to myo-
carditis, endothelial and microvascular injury, myocardial
stress due to increased demand and reduced oxyge-
nation, and a sudden surge in pro-inflammatory cyto-
kines) or new-onset right ventricular dysfunction (due
to acute pulmonary embolism or ARDS-related pres-
sure overload).! The infection is associated with an
increased risk of stroke, transient ischemic attack (TIA),
and venous and arterial thromboembolic events.'

Acute myocarditis

Acute myocarditis is a significant cardiovascular
complication in the context of COVID-19, contributing
notably to increased morbidity and mortality. This con-
dition is characterized by myocardial injury, which may
result from direct damage to cardiac tissue caused by
the virus as well as from extrapulmonary migration of
infected alveolar macrophages, predisposing patients
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Table 1. Acute cardiovascular complications associated with COVID-19

Cardiovascular Main pathophysiological mechanisms Manifestations/relevant Clinical impact
complication findings

Acute myocarditis

Rhythm disorders
(arrhythmias)

Heart failure

Cardiogenic
shock

Thromboembolic
and
cerebrovascular
complications

ACP in ARDS

Myocardial injury

Direct viral damage to the myocardium,
migration of infected macrophages, cytokine
storm (IL-1, IL-6, TNF-at), CD8 T-lymphocyte
activation

Systemic inflammation, direct viral damage,
sympathetic activation, hemodynamic
impairment

Inflammatory storm, hypoxemia, increased
oxygen demand, type 1 and type 2
myocardial infarction, right ventricular
dysfunction due to ARDS or PE

Left or right ventricular systolic dysfunction,
severe inflammation, myocardial injury

Endothelial dysfunction, inflammation,
oxidative stress, platelet activation

Increased right ventricular afterload,
mechanical ventilation, pulmonary
hypertension, ACE2 dysregulation

Inflammation, hypoxia, endothelial and

Myocardial inflammation, QT
prolongation, inflammatory
channelopathies, arrhythmias

Atrial fibrillation, ventricular
fibrillation, ventricular
tachycardia, premature
ventricular contractions

De novo acute HF or
decompensation of pre-existing
HF, cardiogenic shock, sudden
death

Systemic hypoperfusion,
multiorgan failure

Stroke, TIA, venous and arterial
thromboembolism

Right ventricular dysfunction,
severe hypoxemia

Elevated troponin and CK-MB

Increased morbidity and
mortality and elevated risk of
arrhythmias

Atrial fibrillation is associated
with higher in-hospital
mortality

High mortality, particularly
associated with septic shock

Very high mortality

Increased risk of thrombotic
events and mortality

Frequent complication of
COVID-19-associated ARDS

Associated with worse

microvascular damage

prognosis and higher mortality

ACE2: angiotensin-converting enzyme 2; TIA: transient ischemic attack; CK-MB: MB fraction of creatine kinase; ACP: acute cor pulmonale; HF: heart failure; IL-6: interleukin 6;
ARDS: acute respiratory distress syndrome; PTE: pulmonary thromboembolism; TNF-o.: tumor necrosis factor alpha.

to cardiac arrhythmias. A key element in the develop-
ment of myocarditis is the so-called “cytokine storm,”
in which large quantities of pro-inflammatory cytokines
are released into the circulation and T-lymphocyte acti-
vation is amplified. CD8 T-lymphocytes migrate to car-
diomyocytes, causing myocardial inflammation.!®"
The most relevant cytokines in this process include
interleukin (IL)-1, IL-6, and tumor necrosis factor alpha
(TNF-a); these molecules can modulate the expression
and function of potassium and calcium channels,
generating inflammatory cardiac channelopathies and
causing prolongation of the ventricular action potential.
Inflammatory cytokines are a well-known trigger of
cardiac arrhythmias. This results from overactivation of
the cardiac sympathetic nervous system, mediated
both by the inflammatory reflex involving the hypotha-
lamus and by peripheral activation via the stellate gan-
glion pathway, which can prolong the QT interval on the
electrocardiogram. It is important to note that IL-6
inhibits cytochrome P450 (CYP450), thereby increasing
the bioavailability of drugs that prolong the QT interval,
thus raising the risk of arrhythmias in patients with

acute myocarditis; this mechanism may be similar to
that observed in acute myocarditis associated with
COVID-19."?

Rhythm disorders

Arrhythmias are common, and cases of atrial fibrillation
(AF) and ventricular fibrillation (VF), as well as ventricular
tachyarrhythmias, have been reported.”® The American
Heart Association notes that the mechanisms include
direct autonomic effects, hemodynamic impairment,
inflammation, and direct viral damage, with SARS-CoV-2
cardiac infiltration occurring primarily in the interstitium.'
Increased sympathetic activation and adverse hemody-
namic consequences persist during recovery.'

A single-center observational study, whose objective
was to investigate the incidence of AF in hospitalized
patients with COVID-19 and understand its impact on
the in-hospital mortality rate, reported that 17.6% pre-
sented AF (12.5% new-onset). AF was an independent
predictor of in-hospital mortality (relative risk: 1.56).' It
remains unknown whether this high incidence of AF
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and the associated excess mortality are specific to
CQVID-19 or, rather, manifestations of disease severity
and systemic inflammation. A multicenter retrospective
cohort study of 3,970 patients hospitalized with
COVID-19 found an AF incidence of approximately 13%,
similar to that of a comparative cohort admitted with
severe influenza.'s

Premature ventricular contractions, non-sustained
ventricular tachycardia (VT), and sustained VT/VF have
been observed in patients with acute SARS-CoV-2
infection. Myocardial injury was associated with morta-
lity, whereas those with underlying heart disease but
without myocardial injury had a more favorable prog-
nosis. In patients with COVID-19, the overall prevalence
of ventricular arrhythmias ranges from 0.1 to 8% accor-
ding to primarily retrospective data.”” In a retrospective
study of 187 patients hospitalized with confirmed
COVID-19 at the beginning of the pandemic in China,
patients with elevated troponin T levels had a higher
probability of VT/VF compared to those with normal
troponin levels (11.5 vs. 5.2%).5 In a prospective obser-
vational study of 143 patients hospitalized in the United
States with COVID-19 and monitored by telemetry,
1.4% presented sustained VT and 0.7% presented VF.'8

Heart failure

SARS-CoV-2 infection can cause or worsen HF
through a wide variety of mechanisms that can simul-
taneously lead to arrhythmias, cardiogenic shock, and
sudden cardiac death.”® Acute infections trigger the
release of pro-inflammatory cytokines and the recruit-
ment of pro-inflammatory macrophages and granulo-
cytes, leading to a severe inflammatory storm that can
exacerbate the initial injury. In combination with hypoxe-
mic respiratory failure and increased myocardial oxy-
gen demand, these processes can cause an oxygen
supply-demand mismatch and precipitate a type 2 myo-
cardial infarction; both can trigger decompensation of
pre-existing HF or the development of de novo acute
HF. Right ventricular failure may also develop secon-
dary to elevated pulmonary pressures in the context of
ARDS and/or pulmonary thromboembolism (PTE).2°
Another contributing factor to cardiac depression may be
coagulation dysfunction induced by sepsis.?! Patients
with COVID-19 have an increased risk of thrombosis in
both the arterial and venous circulations due to endo-
thelial dysfunction, inflammation, oxidative stress, and
platelet activation.? In this context, acute coronary syn-
dromes with plaque rupture leading to type 1 myocar-
dial infarction may occur. Generally, the combination of

HF and septic shock leads to a mortality rate of 70 to
90%, compared to 20% in septic patients without car-
diovascular deterioration.?

It has also been reported that in 15 to 29% of patients
with COVID-19, the virus causes renal failure in the
context of acute kidney injury, which can lead to volume
overload that may exacerbate chronic HF.>* On the
other hand, COVID-19-induced ARDS (parenchymal
lung disease) can cause pulmonary hypertension and
consequent right-sided HF.#

Elevated natriuretic peptides suggest HF with a
worse prognosis in COVID-19 and justify performing an
echocardiogram to better evaluate cardiac function. If
HF is present as part of the infectious process, optimi-
zing loading conditions is essential. Cardiac injury mar-
kers (MB fraction of creatine kinase [CK-MB] and
troponin) tend to increase significantly more in patients
with cerebrovascular disease risk factors and are asso-
ciated with significantly higher mortality.

Acute cor pulmonale in COVID-19-related
ARDS

The pathophysiology of cardiovascular dysfunction
related to SARS-CoV-2 may be attributed to the recog-
nition of human angiotensin-converting enzyme 2
(ACE2) by SARS-CoV-2. The virus uses ACE2 as a
functional receptor to enter the cell.?> Furthermore, the
ACE2 receptor is not only present in alveolar cells of
the lung, but also in many extrapulmonary tissues, par-
ticularly the heart and vascular endothelium. Therefore,
direct viral effects on the heart and blood vessels can
cause right ventricular (RV) dysfunction. Another possi-
ble cause is the impact of acute respiratory distress
syndrome (ARDS) and mechanical ventilation on the RV.
Acute cor pulmonale (ACP) is a well-known complication
of ARDS despite protective ventilation, with an incidence
of 25%. Therefore, ACP may be related to high driving
pressure, leading to increased RV afterload.?® Some
authors have hypothesized that hypoxemia related to
SARS-CoV-2 is due to impairment of hypoxic pulmonary
vasoconstriction and dysregulation of pulmonary blood
flow, leading to intrapulmonary shunting responsible for
severe hypoxemia.?” ACP may occur in patients with
SARS-CoV-2-related ARDS, and echocardiography is
the primary tool for diagnosing ACP.?

Long-term cardiovascular complications

Long-term cardiovascular manifestations occurring
> 4 weeks after initial infection (post-acute COVID-19
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Table 2. Comparison of cardiac effects of drugs used in COVID-19

m Reported cardiac risks Cardiovascular benefits

Remdesivir Bradycardia and hypotension

Paxlovid Primarily critical drug interactions with cardiovascular
(nirmatrelvir/  medications. Cases of mild hypertension have been
ritonavir) reported

Molnupiravir ~ Minimal effects; no substantial cardiovascular risks

have been identified in current studies

syndrome) may include chest pain, palpitations, inappro-
priate sinus tachycardia, postural orthostatic tachycar-
dia syndrome, atrial arrhythmia, cardiomyopathy, and
thromboembolism." The possible mechanisms include
direct and indirect virus-mediated cellular damage, a
procoagulant state, an immune response affecting the
structural integrity of the myocardium and pericardium,
and downregulation of ACE2." Myocardial abnormali-
ties on magnetic resonance imaging and cardiac tropo-
nin elevations > 2 months after COVID-19 diagnosis
have been reported, with myocardial fibrosis or scarring
potentially leading to arrhythmias."

Post-COVID-19 syndrome

Post-acute cardiovascular complications occur even
in non-hospitalized individuals or those with mild symp-
toms. The risk of cardiovascular complications increases
significantly during the first six months following infec-
tion, with evidence of myocardial injury, HF, arrhythmias,
and coagulation disorders persisting beyond 30 days.?°
Older patients with hypertension, diabetes, and a
history of vascular disease have worse outcomes and
are more likely to develop long-term cardiovascular
complications.?®

Cardiac arrhythmias and peripheral arterial disease
have been associated with acute, subacute, and post-
COVID-19 infection.'” Patients who develop COVID-19
myocarditis may also have an increased risk of VT
or VF and may require more prolonged arrhythmia
follow- up.2° Long-term arrhythmic outcomes following
SARS-CoV-2 infection were evaluated in approximately
4.1 million patients in the United States Collaborative
Network (TriNetX). During one-year follow-up (initiated
30 days after the initial positive test), COVID-19 survivors
presented a significantly higher risk of developing arr-
hythmic events. A higher hazard ratio (HR) was observed
for atrial fibrillation/flutter (HR: 2.41; 95% CI: 2.30-2.52),
sinus tachycardia (HR: 1.68; 95% CI: 1.63-1.74),

Shortens recovery time in hospitalized patients with severe
disease

Significant reduction in the risk of cardiovascular mortality
and complications such as arrhythmias and myocardial
infarctions in the short and long term (up to 1 year)

Reduction of short-term cardiac complications (first 21 days),
although its long-term benefit is less than that of Paxlovid

bradycardia (HR: 1.60; 95% CI: 1.52-1.68), and ventri-
cular arrhythmias (HR: 1.60; 95% Cl: 1.54-1.67).%°

COVID-19 treatments and their
cardiovascular implications

The high mortality of COVID-19 required rapid drug
approval, but cardiovascular adverse effects may not
emerge in initial trials due to small sample sizes and
short durations. Post-marketing surveillance is essen-
tial for detecting cardiovascular safety signals from
COVID-19 therapies, particularly because these medi-
cations may be repurposed for future pandemics.®!
Small-molecule antivirals (remdesivir, molnupiravir, nir-
matrelvir/ritonavir) and immunomodulators (baricitinib,
tocilizumab) have been developed or repurposed to
suppress viral replication and ameliorate cytokine
storms, respectively.®' The cardiovascular safety profi-
les of these antivirals vary significantly. Whereas rem-
desivir is associated with an increased risk of arrhythmias
(such as bradycardia), Paxlovid and molnupiravir gene-
rally demonstrate a reduction in long-term cardiac com-
plications derived from COVID-19, as summarized in
table 2.3

Funding

The present study did not receive any funding.

Conflicts of interest

The authors declare no conflicts of interest.

Ethical considerations

Protection of persons and animals. The authors
declare that no experiments involving human beings or
animals were performed for this investigation.

Confidentiality, informed consent, and ethical
approval. The study does not involve personal patient



J.G. Emeterio-Alcézar et al. Cardiovascular complications

data and does not require ethical approval. SAGER
guidelines do not apply.

Statement on the use of artificial intelligence. The
authors declare that they did not use any form of gene-
rative artificial intelligence in the writing of this article.

References

1.

10.

11.

12.

13.

14.

15.

16.

Xie Y, Xu E, Bowe B, Al-Aly Z. Long-term cardiovascular outcomes of
COVID-19. Nat Med. 2022;28(3):583-90. https://doi.org/10.1038/s41591-
022-01689-3.

. Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ, Morrow DA, et al.

Grupo Ejecutivo en representacién del Grupo de Trabajo de la Sociedad
Europea de Cardiologia. Consenso ESC 2018 sobre la cuarta definicion
universal del infarto. Rev Esp Cardiol. 2019;72(1):72.e1-e27. https://doi.
org/10.1016/j.recesp.2018.11.011.

. Castanares-Zapatero D, Chalon P, Kohn L, Dauvrin M, Detollenaere J,

Maertens de Noordhout C, et al. Pathophysiology and mechanism of long
COVID: a comprehensive review. Ann Med. 2022;54(1):1473-87. https://
doi.org/10.1080/07853890.2022.2076901.

. Driggin E, Madhavan MV, Bikdeli B, Chuich T, Laracy J, Biondi-Zoccai

G, et al. Cardiovascular considerations for patients, health care workers,
and health systems during the COVID-19 Pandemic. J Am Coll Cardiol.
2020;75(18):2352-71. https://doi.org/10.1016/}.jacc.2020.03.031.

. Hendren NS, Drazner MH, Bozkurt B, Cooper LT Jr. Description and

proposed management of the acute COVID-19 cardiovascular syndrome.
Circulation. 2020;141(23):1903-14. https://doi.org/10.1161/circulationaha.
120.047349.

. Guo T, Fan Y, Chen M, Wu X, Zhang L, He T, et al. Cardiovascular

implications of fatal outcomes of patients with coronavirus disease 2019
(COVID-19). JAMA Cardiol. 2020;5(7):811-8. https://doi.org/10.1001/
jamacardio.2020.1017.

. Shi S, Qin M, Cai Y, Liu T, Shen B, Yang F, et al. Characteristics and

clinical significance of myocardial injury in patients with severe corona-
virus disease 2019. Eur Heart J. 2020;41(22):2070-9. https:/doi.org/
10.1093/eurheartj/ehaa408.

. Hu B, Guo H, Zhou P, Shi ZL. Characteristics of SARS-CoV-2 and

COVID-19. Nat Rev Microbiol. 2020;19(3):141-54. https://doi.org/10.1038/
$41579-020-00459-7.

. Costa IBSDS, Bittar CS, Rizk SI, Araujo Filho AE, Santos KAQ, Machado

TIV, et al. The heart and COVID-19: what cardiologists need to know.
Arg Bras Cardiol. 2020;114(5):805-16. https://doi.org/10.36660/abc.
20200279.

Hamam O, Goda A, Eldalal M, Ussama A, Elmandouh O, Fahmy M,
et al. Cardiac arrhythmias in patients with COVID-19: a systematic review
and meta-analysis. medRxiv. 2020. https://doi.org/10.1101/2020.10.09.
20209379.

Dherange P, Lang J, Qian P, Oberfeld B, Sauer WH, Koplan B, et al.
Arrhythmias and COVID-19: a review. JACC Clin Electrophysiol. 2020;
6(9):1193-204. https://doi.org/10.1016/j.jacep.2020.08.002.

Lazzerini PE, Capecchi PL, Laghi-Pasini F. Long QT syndrome: an
emerging role for inflammation and immunity. Front Cardiovasc Med.
2015:2:26. https://doi.org/10.3389/fcvm.2015.00026.

Lo Re V 3rd, Dutcher SK, Connolly JG, Perez-Vilar S, Carbonari DM,
Defor TA, et al. Association of COVID-19 vs influenza with risk of arterial
and venous thrombotic events among hospitalized patients. JAMA.
2022;328(7):637-51. https://doi.org/10.1001/jama.2022.13072.

Piazza G, Campia U, Hurwitz S, Snyder JE, Rizzo SM, Pfeferman MB,
et al. Registry of arterial and venous thromboembolic complications in
patients with COVID-19. J Am Coll Cardiol. 2020;76(18):2060-72. https://
doi.org/10.1016/j.jacc.2020.08.070.

Mountantonakis SE, Saleh M, Fishbein J, Gandomi A, Lesser M, Chelico
J, et al. Atrial fibrillation is an independent predictor for in-hospital mor-
tality in patients admitted with SARS-CoV-2 infection. Heart Rhythm.
2021;18(4):501-7. https://doi.org/10.1016/j.hrthm.2021.01.018.
Musikantow DR, Turagam MK, Sartori S, Chu E, Kawamura I, Shivamurthy
P, et al. Atrial fibrillation in patients hospitalized with COVID-19: inci-
dence, predictors, outcomes, and comparison to influenza. JACC Clin
Electrophysiol. 2021;7(9):1120-30. https://doi.org/10.1016/j.jacep.2021.
02.009.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Gopinathannair R, Olshansky B, Chung MK, Gordon S, Joglar JA, Marcus
GM, et al. American Heart Association Electrocardiography and Arrhyth-
mias Committee of the Council on Clinical Cardiology; Council on Basic
Cardiovascular Sciences; Council on Cardiovascular and Stroke Nursing;
Council on Genomic and Precision Medicine; and Council on Hyperten-
sion. Cardiac arrhythmias and autonomic dysfunction associated with
COVID-19: a scientific statement from the American Heart Association.
Circulation. 2024;150(21):e449. https://doi.org/10.1161/cir.00000000
00001290.

. Cho JH, Namazi A, Shelton R, Ramireddy A, Ehdaie A, Shehata M, et al.

Cardiac arrhythmias in hospitalized patients with COVID-19: a prospec-
tive observational study in the western United States. PLoS One.
2020;15(12):0244533. https://doi.org/10.1371/journal.pone.0244533.

. Clerkin KJ, Fried JA, Raikhelkar J, Sayer G, Griffin JM, Masoumi A, et al.

COVID-19 and cardiovascular disease. Circulation. 2020;141(20):
1648-55. https://doi.org/10.1161/circulationaha.120.046941.

Poissy J, Goutay J, Caplan M, Parmentier E, Duburcq T, Lassalle F, et al.
Lille ICU Haemostasis COVID-19 Group. Pulmonary embolism in patients
with COVID-19: Awareness of an increased prevalence. Circulation.
2020;142(2):184-6. https://doi.org/10.1161/circulationaha.120.047430.
Dellinger RP. Inflammation and coagulation: implications for the septic
patient. Clin Infect Dis. 2003;36(10):1259-65. https://doi.org/10.1086/
374835.

Bikdeli B, Madhavan MV, Jimenez D, Chuich T, Dreyfus I, Driggin E,
et al. Global COVID-19 Thrombosis Collaborative Group, Endorsed by
the ISTH, NATF, ESVM, and the IUA, Supported by the ESC Working
Group on Pulmonary Circulation and Right Ventricular Function. COVID-
19 and thrombotic or thromboembolic disease: implications for preven-
tion, antithrombotic therapy, and follow-up: JACC State-of-the-Art review.
J Am Coll Cardiol. 2020;75(23):2950-73. https://doi.org/10.1016/j.jacc.
2020.04.031.

Merx MW, Weber C. Sepsis and the heart. Circulation. 2007;116(7):
793-802. https://doi.org/10.1161/circulationaha.106.678359.

Yang X, Yu Y, Xu J, Shu H, Xia J, Liu H, et al. Clinical course and
outcomes of critically ill patients with SARS-CoV-2 pneumonia in
Wuhan, China: a single-centered, retrospective, observational study.
Lancet Respir Med. 2020;8(5):475-81. https://doi.org/10.1016/s2213-
2600(20)30079-5.

Wan Y, Shang J, Graham R, Baric RS, Li F. Receptor recognition by the
novel coronavirus from Wuhan: an analysis based on decade-long struc-
tural studies of SARS coronavirus. J Virol. 2020;94(7):e00127-20. https:/
doi.org/10.1128/jvi.00127-20.

Mekontso Dessap A, Boissier F, Charron C, Bégot E, Repessé X, Legras
A, et al. Acute cor pulmonale during protective ventilation for acute res-
piratory distress syndrome: prevalence, predictors, and clinical impact.
Intensive Care Med. 2016;42(5):862-70. https://doi.org/10.1007/s00134-
015-4141-2.

Gattinoni L, Coppola S, Cressoni M, Busana M, Rossi S, Chiumello D.
COVID-19 does not lead to a “typical” acute respiratory distress syn-
drome. Am J Respir Crit Care Med. 2020;201(10):1299-300. https://doi.
org/10.1164/rccm.202003-0817le.

Huette P, Beyls C, Guilbart M, Haye G, Najid FZ, Mestan B, et al. Acute
cor pulmonale in COVID-19-related ARDS: improvement with almitrine
infusion. JACC Case Rep. 2020;2(9):1311-14. https://doi.org/10.1016/j.
jaccas.2020.06.011.

McAlister FA, Nabipoor M, Wang T, Bakal JA. Emergency visits or hos-
pitalizations for cardiovascular diagnoses in the post-acute phase of
COVID-19. JACC Adv. 2023;2(6):100391. https:/doi.org/10.1016/j.
jacadv.2023.100391.

Wang W, Wang CY, Wang SI, Wei JCC. Long-term cardiovascular out-
comes in COVID-19 survivors among non-vaccinated population: a
retrospective cohort study from the TriNetX US collaborative networks.
EClinicalMedicine. 2022;53:101619. https://doi.org/10.1016/j.eclinm.
2022.101619.

Focosi D, Franchini M, Maggi F, Shoham S. COVID-19 therapeutics.
Clin Microbiol Rev. 2024;37(2):e0011923. https://doi.org/10.1128/cmr.
00119-23.

Cheng HK, Lai A, Kwok M, Yan BP, Poon ENY. Cardiovascular safety of
COVID-19 treatments: a disproportionality analysis of adverse event
reports from the WHO VigiBase. Infect Dis Ther. 2025;14(10):2445-63.
https://doi.org/10.1007/s40121-025-01225-z.

309



