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Abstract: SARS-CoV-2 has been circulating in population worldwide for the past year and a half,
and thus a vast amount of scientific literature has been produced in order to study the biology of
the virus and the pathophysiology of COVID-19, as well as to determine the best way to prevent
infection, treat the patients and eliminate the virus. SARS-CoV-2 binding to the ACE2 receptor is
the key initiator of COVID-19. The ability of SARS-CoV-2 to infect various types of cells requires
special attention to be given to the cardiovascular system, as it is commonly affected. Thorough
diagnostics and patient monitoring are beneficial in reducing the risk of cardiovascular morbidity
and to ensure the most favorable outcomes for the infected patients, even after they are cured of the
acute disease. The multidisciplinary nature of the fight against the COVID-19 pandemic requires
careful consideration from the attending clinicians, in order to provide fast and reliable treatment to
their patients in accordance with evidence-based medicine principles. In this narrative review, we
reviewed the available literature on cardiovascular implications of COVID-19; both the acute and
the chronic.

Keywords: SARS-CoV-2; cardiology; prevention; diagnostics

1. Introduction

With over 240 million confirmed cases worldwide and over 4.5 million confirmed
deaths since 12 October 2021, the COVID-19 pandemic is, without doubt, the most im-
portant event of the 21st century so far [1]. The coronavirus family is one of the major
pathogens responsible for acute respiratory tract infections. Six known coronaviruses
cause disease in humans, and the SARS-CoV and MERS-CoV viruses cause severe acute
respiratory syndrome (SARS). In contrast, four other types that cause human diseases
(HCoV-OC43, HCoV-229E, HCoV-NL63, and HCoV-HKU1) lead to mild upper respiratory
tract infections, against which most adults have antibodies [2]. Earlier studies have found
that serum antibodies begin to rise one week after contracting a coronavirus infection,
reaching a peak after two weeks, and persisting for a long time and protecting individuals
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from reinfection from more severe forms of the disease [3]. The majority of known coron-
aviruses circulate among animals. It is still unclear why some types of coronaviruses switch
to infecting humans, and many theories have been suggested; one of them warns that in
some places, such as in very specific markets in Asia, contact occurs between animal species
that do not regularly interact in nature. Such conditions create the potential for interactions
between individual bacteria or viruses from different animal species, as well as for possible
genetic recombination between them. This could lead to individual viruses assuming dif-
ferent behavioral patterns, regardless of the species involved. Since SARS-CoV-2 is a new
virus that the human population has not been in contact with before, a population-wise lack
of effective antibodies is our reality. Based on a mathematical approach from the reports of
new cases from Wuhan and from traveling data from January 2019, it was calculated that
the doubling time of spread was 2.4 days and that initially reported R from 2.2 to 2.7 was
higher and is 4.7 to 6.6 [4]. The latest R value from the UK government reports indicates a
relatively lower value for England, ranging from 1.2 to 1.5, with the latest infection growth
rate from +3% to +7% per day [5]. A notable difference between SARS-CoV-2 and SARS
viruses is that SARS-CoV-2 is able to replicate in the upper respiratory tract and that it
reaches maximal viral load in nasal swabs much sooner, up to 5 days from the appearance
of first symptoms with peak RNA concentrations up to 1000 times higher than in SARS [6].
Symptoms that arise due to COVID-19 infection mostly are caused by the infection of the
respiratory epithelium and by the infection of angiotensin-converting enzyme 2 (ACE2)
expressing tissues. Typical symptoms include cough, fever, shortness of breath, lost sense
of smell and taste, nausea and diarrhea [7]. Apart from the usual symptoms found in
most of COVID-19 infected individuals, certain conditions can be seen in patients that are
critically ill or were admitted to the ICU. These include respiratory failure, coagulation
abnormalities with subsequent thrombosis, thromboembolism, acute kidney injury and
neurological symptoms with marked hypercoagulation and systemic inflammation seen in
routine laboratory tests [7].

Asymptomatic individuals present a danger for the rapid spreading of the disease.
Therefore, preventive measures to stop disease spreading should be equally applied to
both symptomatic and asymptomatic individuals [8]. Knowing that a great proportion of
infected individuals will develop COVID-19 it is of utmost importance for our patients that
we have a firm understanding of its pathophysiology and its implications for various organ
systems. In this review, we give an overview of cardiovascular implications of COVID-19
infection, the available diagnostics and management options of cardiovascular patients
with COVID-19.

2. Pathophysiology of COVID-19
2.1. The Role of Angiotensin-Converting Enzyme 2 (ACE2) in the Pathophysiology of COVID-19

ACE2 is an important part of the angiotensin-renin-aldosterone system (RAAS) that
controls blood pressure and fluid and electrolyte balance by inducing vasoconstriction or
vasodilation, and which equilibrium is important for maintaining normal cardiac func-
tion [9,10]. Angiotensin-converting enzyme (ACE) converts angiotensin I (Ang-I) to an-
giotensin II (Ang-II) that activates angiotensin II type 1 receptor (AT1R) to promote vaso-
constriction, fibrosis, and inflammation. ACE2 counterbalances the whole mechanism
by targeting Ang-II and converting it to Ang 1–7, a vasodilator peptide that acts on Mas
receptors to achieve vasodilatation, anti-inflammatory, antioxidative and antithrombotic
effect, as well as reverse myocardial remodeling [10,11]. As ACE2 is the main entry receptor
for SARS-CoV-2 infection in human tissues, it is important to know the biological features
of the virus to better understand the underlying mechanisms of COVID-19, especially the
cardiovascular implications of the disease [12].

SARS-CoV-2 is a single-stranded RNA virus consisting of four structural proteins
known as spike (S), envelope (E), membrane (M) and nucleocapsid (N) proteins and
belongs to Betacoronavirus genus together with SARS-CoV and MERS-CoV, which are also
highly pathogenic coronaviruses in humans. Among structural proteins, spike (S) protein
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plays a crucial role in mediating the virus fusion with the host cell membrane and disease
pathogenesis [12]. During SARS-CoV-2 infection, viral protein S binds to transmembrane
ACE2 receptor, which triggers virus entry into the host cell [13]. Widespread expression of
ACE2 as the SARS-CoV-2 entry receptor in numerous tissues, including the pulmonary,
cardiac, renal and gastrointestinal systems, can explain multiorgan affection in COVID-
19 [9,12]. The S protein has two subunits; the S1 subunit with receptor-binding domain
(RBD) binds to angiotensin-converting enzyme 2 (ACE2), while the S2 subunit is responsible
for the fusion between the membranes of the virus and the host cell. This process requires
priming of viral S protein by cellular transmembrane protease serine 2 (TMPRSS2). It is
important to note that infection with SARS-CoV-2 infection requires co-expression of ACE2
and TMPRSS2 in the same cell, again explaining viral tissue tropism. Besides the direct
fusion of the cell membranes through priming of the S protein at novel furin cleavage
sites specific for SARS-CoV-2, endocytosis is another possible entry pathway for the viral
genome [12,13]. After viral and membrane fusion, the viral ssRNA is released in the cytosol,
replicated and translated into viral structural proteins. So far, unknown viral mediators
induce downregulation of ACE2 and upregulation of ADAM metallopeptidase domain 17
(ADAM-17) that sheds ACE2, a pathway further supported by increased cytokine levels [9].
The ACE2 downregulation induced by viral entry leads to prevailed angiotensin II effects
that include inflammation, vasoconstriction, and increased risk of thrombosis. This can
be partially explained by the host’s defense mechanism trying to limit viral proliferation,
but conversely, diminished ACE2 activity in the heart enhances the susceptibility of heart
failure [14].

Each step of the viral life cycle, including S protein priming by TMPRSS2 (serine
protease inhibitor camostat mesylate), membrane fusion and endocytosis (antimalarial
drug chloroquine and anti-influenza drug umifenovir) and RNA replication (antiviral
agents favipiravir, remdesivir and ribavirin) is a potential therapeutic target [12].

Renin-angiotensin system inhibition is proven protective of the cardiovascular system
because of its beneficial effect on blood pressure and ventricular remodeling. Since RAAS
inhibitors such as angiotensin-converting enzyme inhibitors (ACEI) and angiotensin re-
ceptor blockers (ARBs) may increase the expression of ACE2 in type 2 alveolar epithelial
cells in the lungs due to upregulation, the concern was raised that these medications could
increase the risk of developing a more severe form of COVID-19, enhancing the suscepti-
bility to viral entry through ACE2 binding of SARS-CoV-2. Conversely, ACEI and ARB
decrease the production of angiotensin II, whose expression is responsible for lung injury
by activating type 1 angiotensin receptor (AT1R), leading to the enhanced generation of an-
giotensin 1–7 which attenuates inflammation and fibrosis in the lungs [15]. A cohort study
including 8.3 million people showed that neither ACE inhibitors nor ARBs are associated
with increased risks of severe forms of COVID-19 and ICU admission [16]. Furthermore,
a Wuhan study showed that neither ACEIs nor ARBs are associated with the severity or
mortality of patients with hypertension hospitalized for COVID-19 [17]. There are still
no findings that showed the protective effect of ACEIs or ARBs withdrawal in COVID-19
patients [12]. Since there is no clinical or scientific evidence supporting potential harmful
effect of ACEIs or ARBs so far, both the European Society of Cardiology (ESC) Guidance for
the Diagnosis and Management of CV Disease during the COVID-19 Pandemic and The Council
on Hypertension of the European Society of Cardiology recommend continuation of usual
antihypertensive therapy if indicated [18].

2.2. Endotheliopathy and Microvascular Injury

In the last few decades, many studies were published linking endothelial dysfunc-
tion with cardiovascular diseases [19]. The endothelium regulates the intensity of local
inflammation by controlling leukocyte adhesion and their entry into various tissues [20].
Moreover, endothelium serves as an autocrine and a paracrine cell that secretes various
cytokines and locally acting substances [21]. Known cardiovascular risk factors, including
smoking, hypercholesterolemia, and aging are associated with endothelial dysfunction;
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these and other risk factors lead to increased production of vasoconstricting substances
and prothrombotic factors and decreased production of antithrombotic factors. Endothelial
dysfunction is characterized by increased leukocyte-endothelial interaction, the release
of inflammatory mediators and a procoagulant state [19]. Besides being caused by car-
diovascular risk factors, endothelial dysfunction that promotes local inflammation can be
also caused directly by inflammation itself. Disorders such as autoimmune diseases and
systemic inflammatory response triggered by the release of systemically and locally acting
inflammatory cytokines promote further deterioration of endothelial function [22]. These
risks then lead to the formation of atherosclerotic plaques, vessel damage, or thrombus
formation. Reversal of endothelial dysfunction is a key point in today’s treatment of dis-
eases such as diabetes, hypertension, hyperlipidemia and many others [19]. It seems that
pericytes (mural endothelial cells) are having an important role during the inflammatory
process, most likely via different cytokines, chemokines, etc. [23]. Furthermore, it has been
demonstrated that pericyte-specific vascular expression of SARS-CoV-2 receptor ACE2 is
playing a critical role in microvascular inflammation and hypercoagulopathy in COVID-19
patients [24].

Epidemiologic analysis of over 20,000 COVID-19 patients admitted to UK hospitals
found that comorbidities including chronic cardiac disease, non-asthmatic chronic pul-
monary disease, chronic kidney disease, liver disease and obesity were associated with
higher mortality in hospital [25]. Interestingly, most of these states correlate with chronic
endothelial dysfunction, therefore we can hypothesize that the acute damaging effect of
SARS-CoV-2 on the endothelium aggravates this chronic condition, ultimately leading
to a severe disease manifestation and worse outcomes. Cytokines, destabilized coronary
plaque, severe hypoxia, and viral infection of pericytes could contribute to myocardial
damage, formation of microscopical thrombi and emboli, and in the lymphatic vessels,
lymphocyte leakage causing lymphopenia, which is frequently observed in COVID-19 [26].
The endothelium can be a target for infection by microorganisms, such as Rickettsia or
Bartonella species and if not directly infected by a microorganism, an acute inflammatory
response caused by a microorganism can generate endothelial dysfunction systemically [27].
The ACE2 receptor, which is vastly concentrated in lung alveolar cells, can also be found
on the endothelium of blood vessels and cardiac myocytes [28,29]. Therefore, it must be
hypothesized that novel coronavirus can infect the endothelial cells and therefore cause
endothelial dysfunction by a local inflammation (endothelitis). If not directly infected by
viral particles, the systemic inflammatory response generated by severe infection could
cause a generalized endothelial dysfunction.

The endothelium can also cause and contribute to a rapidly spreading cytokine storm
that is formed when the body’s protective and antioxidative system cannot suppress the
spread of cytokines and prooxidative substances across the body as a whole. Higher levels
of interleukin 6 (apart from higher levels of all other cytokines that usually accompany
cytokine storm) are associated with shorter survival [30]. Whereas it was speculated during
the start of the COVID-19 pandemic that anti-IL6 drugs could perhaps alleviate or even
stop the symptoms of critically ill patients, a recent study by Rosas et al. showed that there
was no significant difference regarding clinical status or mortality between the tocilizumab-
given and placebo-given group [31]. In contrast, a study performed by Gupta et al. showed
that a group of critically ill patients who were given tocilizumab in the first 2 days of
ICU admission had a lower in-hospital risk of mortality, but it must be underlined that
tocilizumab treated patients were generally younger and had fewer comorbidities [32]. A
study conducted on autopsied testicular and epididymal specimens of deceased COVID-19
patients showed histologically increased levels of interleukin-6, TNF-α and MCP-1, de-
creased sperm concentration and a wide presence of microinflammation-caused interstitial
edema, congestion, red blood cell exudation compared to control males [33]. Besides
higher levels of cytokines and prooxidative substances, markers of endothelial and platelet
activation are likewise increased in those suffering from COVID-19 infection, especially
in patients with severe disease courses. Von Willebrand factor and P-selectin levels were
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markedly increased in a study conducted by Goshua et al. in both ICU patients and non-
ICU patients. In addition, levels of VWF and soluble thrombomodulin correlated with
patient mortality [34].

The increasing body of evidence suggests that chronic endothelial dysfunction is the
crucial pathophysiological mechanism leading to a severe course of COVID-19 and worse
patient outcomes. These findings should guide the patient approach in the future. Multiple
studies conducted during the COVID-19 pandemic tried to find a correlation between
certain angiogenic cytokines and potentiation of the systemically and locally produced
inflammation. A study by a group of authors from France found that increased levels (over
5000 pg/mL) of angiopoietin 2, a marker of endothelial dysfunction, is a good predictor
of disease outcome and ICU admission with the sensitivity of 80.1% and specificity of
70% [35]. Another study conducted by Alay et al. showed that serum levels of markers such
as angiopoietin 2 and surfactant protein D are associated with clinical severity of COVID-19
patients. Patients with severe/critical COVID-19 disease had highest measured levels of
given markers whereas those that were asymptomatic or had mild disease had lesser count.
Cut-off values were determined statistically for each of the markers for differentiating
COVID-19 cases and healthy individuals, for SP-D cut-off value was 37.7 ng/mL and for
angiopoeitin 2 was 4208.3 pg/mL. Surfactant protein D is a protein released via alveolar
type II cells that regulates pulmonary inflammatory response and defense [36]. A study
conducted by Villa et al. showed that increased levels of angiopoetin 2 measured on the 3rd
day of hospitalization are a good predictor with in-hospital mortality whereas increased
levels on the 10th day were a predictor of nonresolving chronic pulmonary condition [37].
A retrospective study by Kweon et al. has showed that a myriad of laboratory markers
such as procalcitonin, D-dimers, angiopoietin-2, tumor necrosis factor-α, endocan 4-day
and 7-day increasment were significantly higher in the weaning failure group. Weaning
failure was defined as death, discharge with oxygen therapy before day 28 and requirement
of oxygen support as of day 28. ARDS and mechanical ventilation were more prevalent
in the weaning failure group, and the quick Sequntial Organ Failure Assessment (qSOFA)
score was higher in the same group. The best predictor for weaning failure was the 7-day
increase in endocan with 78% sensitivity and 79% specificity [38]. Encouraging results
such as these showcase the potential for a more precise treatment algorithm in the future,
which would enable better treatment individualized for patients. Considering the future,
it is plausible that pulmonary fibrosis could affect the patients’ daily life, but to which
extent this is a case for mild and moderate cases is yet to be determined. Therefore, careful
monitoring of asymptomatic cases and younger patient groups that are more physically
active and use more of their cardiac and pulmonary functional capacity, such as athletes,
should be considered given our past knowledge, high-intensity sport and physical activity
suppress the immune system and stimulate the production of oxidants [39].

2.3. Coagulopathy and Thromboembolic Issues in COVID-19

Coagulopathy and thromboembolic complications are common characteristics of
COVID-19, especially in critically ill patients, but can cause death even in asymptomatic
patients. COVID-19 associated coagulopathy (CAC) is based on a complex thromboin-
flammatory process including endotheliopathy due to direct endothelial infection with
SARS-CoV-2 and the indirect damage caused by inflammation resulting in both microvascu-
lar and macrovascular thrombotic complications that may lead to multiorgan dysfunction
(Figure 1) [40]. The prothrombotic state in COVID-19 may be explained by several mecha-
nisms that include direct damage (microvasculitis), indirect damage (downregulation of
ACE2 receptor, hypoxia, and DIC) and possibly even behavioral mechanisms (prolonged
bed restriction, especially for ICU patients, and social isolation) [41]. SARS-CoV-2 infects en-
dothelial cells through ACE2 receptors causing direct damage, cell apoptosis and decreased
antithrombotic activity of the disrupted luminal surface leading to subendothelial tissue
exposure which then activates von Willebrand Factor (VWF), platelet adhesion, and the co-
agulation cascade. In addition to this, inflammation causes plasminogen activator inhibitor
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1 (PAI-1) elevation, leading to increased endothelial fibrin deposition and reduced throm-
bolysis [42,43]. This disruption of the normal homeostasis of vascular endothelial cells
results in microangiopathy, microvascular clot formation, and systemic hypercoagulability
that may cause major thromboembolic complications, including pulmonary embolism [40].
ACE2 downregulation due to viral entry leads to increased effects of angiotensin II and
decreased conversion to angiotensin 1-7, resulting in suppressed nitric oxide production,
vasoconstriction, and platelet adhesion, further contributing to prothrombotic state [44].
Excessive proinflammatory cytokine production causing cytokine storm in severe forms
of COVID-19 can induce hemophagocytic lymphohistiocytosis (HLH) and macrophage
activation syndrome (MAS), which also promotes coagulation disorder [45].
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Figure 1. Schematic representation of COVID-19 induced endothelitis. SARS-CoV-2 binding to ACE2 on endothelial
cells induces inflammatory-mediated changes and endothelial dysfunction that causes the characteristic hypercoagulative
state. In turn, causing micro- and macrovascular thrombotic events often seen in severe COVID-19 patients. Created
in Biorender.com (accessed on 6 November 2021). TMPRSS2—transmembrane protease serine 2; ACE2—angiotensin-
converting enzyme 2; ATII—angiotensin II; PAI1—plasminogen activator inhibitor 1; VWF—von Willebrand factor; IL-
6—interleukin 6; IL-2—interleukin 2; IL-7—interleukin 7; TNF-α—tumor necrosis factor-α; GCSF—granulocyte colony-
stimulating factor; CCL2—chemokine (C-C motif) ligand 2; CXCL10—C-X-C motif chemokine 10; ARDS—acute respiratory
distress syndrome.

SARS-CoV-2 induced hypercoagulability, platelet activation, and endothelial dys-
function have similarities with disseminated intravascular coagulation (DIC) as seen in
bacterial-induced sepsis, but with some differences [46]. Typical CAC can be diagnosed by
increased D-dimer, which is the most common finding, then elevated fibrinogen and von
Willebrand factor (VWF) levels, while prothrombin time (PT), activated partial thromboplas-
tin time (aPTT), and platelet count are usually within the normal range [40]. Abnormally
increased D-dimer levels according to studies were found in 46.4%, with a prevalence of
43% in non-severe patients compared with 60% in critically ill ICU patients [47]. Except for
D-dimer, VWF and factor VIII are typically increased in CAC, as they are released from the
Weibel–Palade body of endothelial cells as a response to SARS-CoV-2 infection, but their
monitoring is limited in everyday clinical practice [48–50]. Goshua et al. reported signifi-
cantly higher levels of VWF antigen/antibody, FVIII activity, and thrombin-antithrombin
complex (TAT) in severe cases of COVID-19 and, these are likely associated with a poor
prognosis [34]. Moreover, angiopoietin-2 released from damaged endothelial cells is also
associated with hypercoagulability and is a relevant predictive factor for ICU admission in
COVID-19 patients [35,51]. Thrombocytopenia is not a common initial finding in COVID-
19 [52]. According to one study, platelet counts of less than 100 × 109/L were reported in
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only 8% of ICU and 4% in non-ICU patients at admission, while another study that com-
pared the platelet count between COVID-19-associated ARDS patients and non-COVID-19
ARDS patients showed no significant difference in platelet count [53,54]. The lack of
thrombocytopenia differs CAC from disseminated intravascular coagulopathy (DIC) that
is typically consumptive coagulopathy [40]. D-dimers and fibrinogen levels should be reg-
ularly monitored, and all hospitalized patients should be treated with thromboembolism
prophylaxis, usually low molecular heparin (LWMH) if no contraindications [40].

2.4. SARS-CoV-2-Induced Immune Dysregulation of the Cardiovascular System and Cytokine
Storm

SARS-CoV-2 infection can cause a maladaptive immune response due to excessive
proinflammatory cytokine production leading to cytokine release syndrome (CRS) or cy-
tokine storm in severe COVID-19 contributing to mortality, as described in SARS and MERS.
Since both monocytes and macrophages express ACE2, SARS-CoV-2 infection results in the
activation and transcription of proinflammatory genes [55]. Cytokine storm, as observed
in severe forms of COVID-19, is a consequence of immune system overactivation caused
by infection leading to hyperproduction of numerous cytokines and chemokines, such as
IL-6 IL-2, IL-7, granulocyte colony-stimulating factor, C-X-C motif chemokine 10 (CXCL10),
chemokine (C-C motif) ligand 2, and tumor necrosis factor-α (TNF- α) whose uncontrolled
release into circulation contribute to the development of acute respiratory distress syn-
drome, multiorgan dysfunction and fatal outcome [53,56–58]. Exaggerated circulation of
proinflammatory cytokines causes endothelial damage, leading to vasoconstriction, coagu-
lation disorder and thrombus formation [59–61]. Interleukin-6 (IL-6), produced mainly by
activated macrophages, seems to be the key cytokine involved in SARS-CoV-2 mediated
cytokine storm and its levels correlate with mortality in critically ill patients, making IL-6
an important biomarker of disease severity and prognosis [58,62]. Many proinflammatory
cytokines were found to be significantly increased in critically ill COVID-19 patients, but
elevated levels of IL-6 were the most frequently detected [55]. IL-6 plays an important
role in the pathogenesis of coronary artery disease. Its chronically increased levels in-
duced by obesity and smoking strongly correlate with hypertension, dyslipidemia and
glucose alterations promoting atherosclerosis, explaining the positive association between
elevated levels of IL-6 and risk of cardiovascular mortality [62,63]. Since its important role
in SARS-CoV-2 induced cytokine release syndrome, the IL-6 signaling pathway has become
a promising therapeutic target for severe forms of COVID-19. There are ongoing studies
with IL-6 receptor blockers, such as tocilizumab, sarilumab, olokizumab and sirukumab,
that are still unproven in terms of their benefit in treating COVID-19 patients, although
tocilizumab has proven to reduce the proatherogenic effects of IL-6, therefore suggesting
it may improve survival among COVID-19 patients [62,64]. In COVID-19, besides high
cytokine levels, lymphocyte count is usually reduced with elevations in levels of D-dimer,
C-reactive protein (CRP), ferritin, and procalcitonin that also support the development
or continuation of cytokine storm in COVID-19 patients [47,65]. Furthermore, there is
a marked decrease in circulating T and B lymphocytes, particularly in severe forms of
COVID-19 infection due to aberrant activation of monocytes and macrophages, and an
increase of neutrophils [55]. According to numerous clinical reports, lymphopenia, espe-
cially the decreased amount of CD4+ and CD8+ T cells, is closely related to disease severity
of COVID-19, and CD8+ T cells appear to be an independent predictor for COVID-19
severity, as well as their dysfunction may contribute to cardiovascular disease develop-
ment [18,66,67]. When it comes to T cells, CD4+ T cells are helper cells that help B cells in
the production of antibodies, while CD8+ T cells are killer cells that mediate the elimination
of infected cells. Lymphopenia is a common finding in COVID-19, affecting both CD4+
T cells and CD8+ T cells, more significantly in critically ill patients, considering that T
cell response may be either diminished or overactivated. Since the majority of COVID-19
convalescents develop a strong T cell response, this could be a foundation for long-term
immunity, as some of them have a memory phenotype [55,68].
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2.5. Direct SARS-CoV-2 Cardiomyocyte Toxicity

Cardiovascular disease (CVD) has an important role in COVID-19, not only as a
risk factor but also as a predictor of mortality. Preexisting CVD was noted in previous
studies with a variable prevalence from 2% to 40%, although new reports suggest that
the prevalence of CVD in COVID-19 tends to be higher than in the general population,
especially in severe and critical cases [69,70]. A recent meta-analysis including 6270 COVID-
19 patients found that 41.1% had associated comorbidities such as hypertension (20.9%),
diabetes (9.96%), and CVD (4.8%). The history of CVD was associated with an increased
risk of severe COVID-19 with OR 4.81 (95% CI: 3.43–6.74), where the severity was defined
as the need for hospitalization, admission to the ICU, and death. Additionally, a significant
association with the disease severity was found in patients with cerebrovascular disease,
chronic lung disease, cancer, diabetes, and hypertension [71]. High mortality risk in COVID-
19 patients with a history of CVD can be due to the possibility that those patients are more
prone to hemodynamic deterioration in severe and critical cases because of preexisting
ventricular dysfunction. System inflammatory response might turn chronic coronary
artery disease (CCS) into acute coronary syndrome (ACS) due to hypercoagulative state,
atherosclerotic plaque rupture and subsequent thrombotic events [72]. A large study from
China with 44,672 confirmed cases reported an overall case fatality rate of 2.3% and a much
higher fatality rate of 10.5% for patients with CVD [73]. Male sex and advanced age are
also associated with higher mortality [74].

The underlying mechanisms of cardiac injury are still not clearly understood, but
it has been hypothesized that they are most likely multifactorial. Direct cardiotoxicity
of SARS-CoV-2 can occur due to the ACE2 expression on myocardial cells and cardiac
pericytes inducing capillary endothelial and microvascular dysfunction. Downregulation
of ACE2 has a potential protective role for the heart by negatively regulating the renin-
angiotensin system. Hypoxemia, as a consequence of lung involvement, can contribute to
direct cardiac injury [75,76].

The SARS-CoV-2 infection causes a maladaptive immune system response and cy-
tokine storm leading to excessive proinflammatory cytokines release that depresses my-
ocardial function immediately through activation of the neural sphingomyelinase pathway
and subacutely via nitric oxide-mediated blunting of beta-adrenergic signaling. An excess
of proinflammatory cytokines could result in vascular inflammation, plaque instability,
myocardial inflammation, hypercoagulable state such as DIC, and supply–demand mis-
match [58,75].

Cardiovascular manifestations of COVID-19 include myocardial injury, myocardi-
tis, ACS, arrhythmias, heart failure, arterial and venous thromboembolism (VTE), and
cardiogenic shock [69].

3. Cardiovascular Manifestation and Clinical Course of COVID-19
3.1. Arrhythmias

There is growing evidence showing that arrhythmias are a major cardiovascular man-
ifestation in COVID-19. Mechanisms for arrhythmogenicity in viral infections include
altered intercellular signaling, ion channel dysfunction, electrophysiological and structural
remodeling due to interstitial edema and cardiac fibrosis resulting in repolarization abnor-
malities and action potential conduction abnormalities [77]. Arrhythmia in COVID-19 can
be secondary to electrolyte imbalance (especially hypokalaemia and hypomagnesemia),
pulmonary disease, medication side effects, activated protein kinase C (PKC), or direct
oxidized Ca2+/calmodulin-dependent protein kinase II (CAMKII) [43]. A recently pub-
lished study compared COVID-19 ICU patients with ICU patients who were COVID-19
negative and showed that atrial tachyarrhythmia is associated with increased mortality in
critically ill patients with COVID-19 (OR 5.0, 95% CI 1.9–13.5) [78]. Interestingly, COVID-
19 patients who were mechanically ventilated were more vulnerable to hemodynamic
compromise after atrial tachyarrhythmia onset than COVID-19 negative patients. The
incidence of arrhythmias has been associated with disease severity. According to a study
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from Wuhan, China, patients with severe/critical COVID-19 had more atrial arrhyth-
mias compared with those with non-severe symptoms. When they compared COVID-19
ICU patients with patients who were admitted to the ICU due to bacterial pneumonia in
the pre-COVID era, those with COVID-19 had higher total, mean, and minimum heart
rates, and no significant difference in the incidence of arrhythmias, including premature
atrial/ventricular contractions, atrial fibrillation, nonsustained ventricular tachycardia,
and atrioventricular block [79]. Studies from China, the USA and Europe showed that
non-specifical arrhythmia was the most common in COVID-19 patients. To be more precise,
the overall incidence was about 17%, non-specifical arrhythmia were 12%, atrial fibrillation
8%, conduction abnormalities 11%, premature contractions 9% and about 3% ventricular
tachycardia/fibrillation [80].

A global survey of a total of 1197 electrophysiology (EP) professionals from 76 coun-
tries and 6 continents reported atrial fibrillation as the most common tachyarrhythmia in
COVID-19 patients (in 21% of the reports), and severe sinus bradycardia and complete heart
block as the most common bradyarrhythmias (in 8% and 5.9% of the reports, respectively).
Regarding life-threatening arrhythmias, ventricular tachycardia/ventricular fibrillation
arrest and pulseless electrical activity were reported by 4.8% and 5.6% of respondents,
respectively [81]. The use of chloroquine, hydroxychloroquine (HCQ) and azithromycin
in COVID-19, because of their potential ability to interfere in the cell endocytosis of the
virus, their immunomodulatory and anti-inflammatory effects, raised the question of their
safety regarding their proarrhythmic effects and direct myocardial toxicity via impairment
in intracellular degradation and accumulation of pathological metabolic products such as
phospholipid and glycogen [82]. Chloroquine and HCQ can cause irreversible cardiomy-
opathy and arrhythmias, such as high-grade atrioventricular block, bundle branch block,
QT prolongation and torsades de pointes (TdP). Furthermore, American Heart Association
has listed chloroquine and HCQ as agents which can cause direct myocardial toxicity man-
ifesting as restrictive or dilated cardiomyopathy and exacerbates underlying myocardial
dysfunction [82]. As mentioned in a European Society of Cardiology review paper about
cardiac safety of COVID-19 drug therapy, Favipiravir, Lopinavir/Ritonavir, Azithromycin
and Piperacillin-Tazobactam can also cause prolonged QT and TdP. Patients with COVID-
19 receiving those agents should be closely monitored, especially when combining more
agents at a time or having congenital long QT, electrolyte imbalances, preexisting heart
disease, and renal or hepatic dysfunction [83]. The last update of Survival Sepsis Campaign
COVID-19 Guidelines stated a strong recommendation against the use of hydroxychloro-
quine for the treatment of severe or critical COVID-19. The rationale behind is that for
now the use of HCQ in hospitalized adults with COVID-19 did not reduce mortality or the
need for invasive ventilation, but instead increased adverse events, and even the risk of
death [84].

3.2. Acute Cardiac Injury and Acute Coronary Syndrome

Myocardial injury, defined by the Fourth Universal Definition of Myocardial Infarction
as cardiac troponin (cTn) concentrations >99th percentile upper reference limit (URL) is
a common and consistent finding among patients with COVID-19 infection. An increase
in cTn is caused by acute non-ischemic myocardial injury, ACS or a chronic myocardial
injury [85,86].

According to a cohort study on 416 patients with COVID-19, acute myocardial injury
was found in 19.7% of patients during hospitalization, and it was an independent risk
factor for in-hospital mortality [87]. In a meta-analysis including 10 studies with a total of
3118 patients, the prevalence of myocardial injury during hospitalization was 15% to 44%.
Furthermore, patients with elevated troponin levels had a significantly higher mortality risk
than those with normal troponin levels, with an unadjusted odds ratio of 21.15 suggesting
that elevated cTn may be considered as a mortality risk among COVID-19 patients [72].

Myocardial injury associated with COVID-19 can be seen as a reflection of the disease
severity because it is related mainly to indirect mechanisms of cardiac tissue damage such
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as to non-ischemic myocardial processes due to hypoxia, sepsis, systemic inflammation,
VTE, and cardiac adrenergic hyperstimulation during cytokine storm [72].

A study on 187 patients with COVID-19 showed a significant increase in mortality
during hospitalization in those who had elevated cTn (37.5%), especially when combined
with underlying CVD (69.44%). Patients with elevated cTn levels had more frequent
malignant arrhythmias, and indications for mechanical ventilation [88]. In an early study
from China that enrolled 101 cases, the acute myocardial injury was present in 15.8% of
COVID-19 patients who were older, with a higher prevalence of preexisting cardiovascular
disease, more frequently classified as severe/critical, and was more likely to require
admission to ICU, mechanical ventilation and vasoactive agents [89]. Because of the
higher prevalence of myocardial injury than that of underlying CVD, it can be speculated
that SARS-CoV-2 affects the cardiovascular system, not only through exacerbation of the
preexisting state but also directly causing myocardial inflammation due to extensive release
of proinflammatory cytokines, which, in some cases, leads to fulminant myocarditis [90].
According to the current European Society of Cardiology Guidance for the Diagnosis and
Management of CV Disease, during the COVID-19 pandemic admission and peak troponin
appear to be predictors for outcomes in COVID-19 patients. The use of serial cTn could
facilitate risk stratification and help make decisions about when to use imaging [18].

Possible mechanism of myocardial injury in COVID-19 involves ischemic etiology as
in ACS. Plaque rupture and subsequent thrombus formation due to activated macrophages,
platelets and coagulation cascade as a part of the systemic immune response lead to my-
ocardial infarction (MI) in the affected vessel irrigation territory (type I), i.e., ST-elevation
myocardial infarction (STEMI). Although it seems plausible, only a few cases of STEMI in
patients with COVID-19 have been reported [91]. Supply–demand mismatch in patients
with underlying coronary artery disease is believed to cause the majority of MI cases
(type II) because of hypoxemia, acidosis, hypotension, and arrhythmias that accompany se-
vere/critical COVID-19 presentation [90]. A recently published case series described three
patients with STEMI and a coronary angiogram consistent with type II MI [92]. Moreover,
a case of STEMI in the setting of COVID-19 was described as caused by microvascular
thrombi in the absence of epicardial coronary artery disease [93]. An observational study
that included 39 COVID-19 patients with STEMI showed higher levels of troponin T and
lower lymphocyte count, but elevated D-dimer and C-reactive protein compared to patients
without COVID-19. There were significantly higher rates of multivessel thrombosis, stent
thrombosis, a requirement of higher use of glycoprotein IIb/IIIa inhibitors, higher doses
of heparin to achieve therapeutic activated clotting times, suggesting a higher thrombus
burden. Levels of D-dimer were found to correlate with thrombus grade, myocardial blush
grade, and levels of heparin requirement during the primary PCI procedure. Also, patients
with STEMI and COVID-19 had longer in-patient admission and higher rates of intensive
care admission [94].

Although COVID-19 has a great potential to cause ACS or exacerbate previous chronic
conditions, there are reports from Italy, Spain, and the USA showing a significant reduction
in hospitalization for ACS (40–48%), and also a reduction in percutaneous coronary inter-
vention (38–40% for STEMI, 57% for diagnostic procedures) [95–97]. The report from Italy
also showed a 26.5% reduction in STEMI admissions and a 65.4% reduction in NSTEMI
admissions with a disproportionately greater decrease in STEMI reductions for women
(41.2%), than for men (25.4%). The STEMI case fatality rate increased to 13.7% from 4.1% in
2019 and the rate of major complications increased to 18.8% from 10.4% in 2019 [95]. In
central Germany, comparing lockdown in 2020 to 2019 cardiac death, pulmonary embolism,
and stroke rose about 8%; however, fatal pulmonary embolism was about 11% higher [98].
Some of the reasons for this trend could be avoidance of medical facilities because of social
distancing, concerns of contracting COVID-19 in healthcare settings, and less physical
activity. Conversely, the rate of out-of-hospital cardiac arrest increased. A study from Italy
showed a 58% increase in out-of-hospital cardiac arrest compared with the pre-COVID-19
period. The cumulative incidence of out-of-hospital cardiac arrest in 2020 was strongly
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associated with the cumulative incidence of COVID-19. Interestingly, there was a decrease
of 15.6% in cardiopulmonary resuscitation from bystanders possibly showing the side ef-
fects of social distancing [99]. The even greater difference was found in a population-based
cross-sectional study from New York City with the number undergoing resuscitation 3-fold
higher during the 2020 COVID-19 period compared with the non-COVID-19 period in
2019. Patients suffering an out-of-hospital cardiac arrest during 2020 were older, nonwhite
race/ethnicity, and more likely to have specific comorbidities, such as diabetes and hy-
pertension. There was a significant increase in non-shockable presenting rhythms and a
substantial reduction in return of spontaneous circulation (ROSC) [100]. It is becoming
evident that not only COVID-19 itself, but the social and economic circumstances that
follow the pandemic have a significant impact on cardiovascular health, bringing new
challenges for the healthcare system in the post-COVID-19 era.

3.3. Vasculitis/Coagulopathy

A review by Zhang et al. highlighted the possibility that SARS-CoV-2 infection can
generate vasculitis and thrombosis in severe COVID-19 patients. Pathological examination
in these patients showed congested and edematous blood vessels of alveolar septa with infil-
tration of monocytes and lymphocytes. Small vessels showed hyperplasia, wall thickening,
lumen stenosis, occlusion and focal hemorrhage. Moreover, some patients tested positive
with antiphospholipid antibodies and were associated with severe thrombosis [101].

A study from China analyzing postmortal renal histopathology showed no findings
of viral particles inside the endothelium of glomeruli, whereas podocytes of glomeruli and
proximal renal tubules cells did show viral particles as a sign of an infection. Even though
no sign of endothelium infection was recorded, researchers found signs of obstruction in
peritubular capillaries caused by erythrocyte stagnation. This can be caused by a locally
induced inflammation around the infected podocytes and proximal renal tubules [102]. In
the myocardium, the cells that express ACE2 the most are pericytes, who interact the most
with endothelial cells in the human heart. This finding points to the fact that the infection
of pericytes by SARS-CoV-2 causes endothelial dysfunction and could be the reason for
the observed correlation of severe disease course and history of cardiac illness. Another
key fact in this consideration is that ACE2 is expressed in greater quantities in patients
suffering from heart failure, making them more susceptible to infection [28].

Once a microorganism enters host endothelial cells it starts a chain reaction leading
to a procoagulant state with the risk of causing disseminated intravascular coagulation
(DIC). This was observed in autopsy reports of patients who died from COVID-19, where
the pathohistology revealed exudative/proliferative diffuse alveolar damage, with intense
epithelial viral cytopathic effects involving alveolar and small airway epithelium, and little
lymphocytic infiltration. Thrombosis of small vessels alongside endothelial tumefaction
with an increased count of megakaryocytes was observed in 8 out of 10 patients. These
findings are highly suggestive of a hypercoagulative state in critically ill patients [103].

A study from the Netherlands followed 184 ICU patients diagnosed with SARS-CoV-2
pneumonia, during their hospital stay and found a high incidence (31%) of thrombotic
complications. These included pulmonary embolism, as the most frequent (81%), other
venous thromboembolic events and arterial thrombotic events, all of which were ischemic
strokes. The authors also emphasized that venous thromboembolism could have had a
higher incidence since strict isolation made VTE screening more difficult [104]. In recent
research published in JAMA, the authors reported that up to 79% of patients admitted to
the ICU had signs of deep vein thrombosis when a venous ultrasonographic examination
was performed [105].

A study by Oxley et al. recorded 5 cases of large vessel strokes in patients younger
than 50 years of age in New York hospitals. The authors emphasized that the number
of people younger than 50 years old, who suffered from large vessel stroke 12 months
before the COVID-19 epidemic was much smaller in opposition to the recorded cases.
Systemic endothelial dysfunction was thought of as causative for two COVID-19 patients



Biomedicines 2021, 9, 1691 12 of 29

who suffered an ischemic stroke in a study by Barrios-López et al. [106]. A study comparing
patients admitted with COVID-19 infection versus those admitted with influenza virus
infection showed that whereas only 3 out of 1486 patients (0.2%) with influenza had an
ischemic stroke, 31 out of 1916 patients (1.6%) with COVID-19 had it, likewise. Out of 31
patients hospitalized for COVID-19, 8 patients were admitted because of stroke symptoms
and the rest developed the symptoms while hospitalized [107].

A study from Bergamo province, Italy reported a 30-fold increased incidence of
Kawasaki-like disease in children. The study included all the children diagnosed with a
Kawasaki-like disease divided into two groups. The first group included 19 patients who
were diagnosed with Kawasaki-like disease between 1 January 2015, and 17 February 2020,
and the second group, which included 10 patients, between 18 February and 20 April
2020. The second group was more likely to develop cardiac involvement, Kawasaki disease
shock syndrome, macrophage activation syndrome during the disease course, and the
need for adjunctive steroid treatment was likewise higher. SARS-CoV-2 infection was
proven in the second group via serology in 8 of 10 patients, with either using IgM or IgG
titers, whereas nasopharyngeal swab was positive in 2 out of 10 patients. This finding
can be hypothesized that Kawasaki-like disease is a late-onset event in disease course
compared with primary infection [108]. Dermatological manifestations can also be caused
by vascular pathology and underlying endothelial dysfunction. Two case reports from
Italy recorded skin involvement in subjects with moderate-to-severe lung infection. The
first patient developed a widespread urticarial rash, whereas the second patient first
presented with vasculitic purpura of legs, which evolved into an erythematous rash [109].
A retrospective study from France reported that 7 of 14 patients included in the study
had vascular lesions of the skin, whereas the other 7 patients had inflammatory lesions.
Reported vascular lesions were livedo, violaceous macules, non-necrotic purpura, necrotic
purpura, chilblain, chilblain with Raynaud’s phenomenon and an eruptive cherry angioma.
Reported inflammatory lesions were exanthema (4 patients), chickenpox-like vesicles (2
patients) and cold urticaria (1 patient). Pathophysiology of the lesions could include
immune dysregulation, vasculitis, vessel thrombosis, or neo-angiogenesis [110]. Vascular
angiogenesis was proven postmortem in lungs analyzed during autopsy in a study by
Ackermann et al. which proved that in lungs of COVID-19 critically ill patients angiogenesis
(mostly intussusceptive) produced 2.7 times larger amounts of vessels contrary to lungs of
deceased from equally severe influenza infection [111].

3.4. COVID-19-Related Myocarditis

Acute non-ischemic myocardial injury due to primary cardiac illness can occur in
COVID-19 patients presenting with myocarditis, stress cardiomyopathy and acute heart
failure. The epidemiology and pathogenesis of myocarditis in COVID-19 are currently
unknown. The largest study to date regarding acute myocarditis in COVID-19 is a system-
atic review of 38 reported cases which does not reflect the true incidence of myocarditis in
COVID-19. It is a challenge to differentiate between myocardial injury in severe/critical
COVID-19 and acute myocarditis, especially because of the lacking availability of diag-
nostic procedures, such as endomyocardial biopsy (EMB) or cardiac magnetic resonance
(CMR), during the COVID-19 pandemic [112]. The possible mechanism of myocardial
damage is the pathway via ACE2 receptors and a hyperimmune response. Early studies
from China reported five cases of myocardial damage resulting in circulatory failure as
a possible consequence of fulminant myocarditis, although the diagnosis of myocarditis
was not confirmed [58]. Suspicion of acute myocarditis should be raised when the levels of
cTn do not correlate with the hyperinflammatory state. High levels of cTn and N-terminal
Pro-B-type Natriuretic Peptide (NT-pro BNP) accompanied with a generalized increase in
inflammatory markers are a sign of multiorgan failure rather than acute myocarditis [112].
There are no pathognomonic electrocardiographic changes in COVID-19 myocarditis. The
most common ECG changes in COVID-19 are ST-segment abnormalities (40%), followed
by cardiac arrhythmias (38%) including sinus tachycardia, sinus bradycardia, conduction
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blocks, atrial premature complex, atrial tachycardia, atrial fibrillation, and ventricular
premature complex [113]. Echocardiographic features of COVID-19 myocarditis are global
and regional hypokinesia with a decreased left ventricular ejection, and an increase in wall
thickness suggesting edema. A normal echocardiographic exam is possible, especially in
the early stages [112]. Cardiac magnetic resonance (CMR) imaging can show increased T2
values and positive short T1 inversion recovery (STIR), subepicardial or transmural late
gadolinium enhancement (LGE) along with hypokinesis, left ventricular dysfunction and
pericardial effusion [114]. In a cohort study including 39 consecutive autopsy cases from
patients positive for SARS-CoV-2, the virus RNA was confirmed in 24 of 39 patients (61.5%).
None of the patients in the study were diagnosed with fulminant myocarditis, and there
were no massive cell infiltrates or necrosis [115]. A study including 104 EMB of patients
with suspected myocarditis or unexplained heart failure detected SARS-CoV-2 genome in
5 cases, and only 2 of them met the Dallas criteria for myocarditis [116]. In an international
multicentre study assessing cardiac tissue from the autopsies of 21 COVID-19 patients,
lymphocytic myocarditis was present in 3 (14%) and increased interstitial macrophage
infiltration was present in 18 (86%) of the cases [117]. There is still not enough evidence
supporting the direct destruction of cardiomyocytes through virus-mediated lysis. Other
mechanisms involving direct entry of the virus into endothelial cells in the heart or hy-
peractivation of the immune system have been proposed. Some authors suggest EMB
should not be routinely performed due to scarce evidence of histological evidence typical
for myocarditis, and actual virus RNA in cardiac tissue together with unclear therapeutic
implications [118].

3.5. Takotsubo Cardiomyopathy

As already mentioned, myocardial injury in COVID-19 can be non-ischemic, i.e.,
stress-induced. Takotsubo cardiomyopathy or takotsubo syndrome (TTS), reversible my-
ocardial dysfunction that can sometimes lead to acute heart failure, is usually caused by
a stressful event, physical or psychological. In COVID-19 excessive catecholamine surge
due to anxiety and immune response can result in typical and atypical myocardial stun-
ning [43]. The prevalence of TTS in COVID-19 is not known yet, but there were several
cases described [119–123]. There are some indications that the prevalence of TTS during
the COVID-19 pandemic is rising, irrelevant of SARS-CoV-2 patient status. A retrospective
cohort study, which included 1914 patients presenting with ACS in the Cleveland Clinic
health system, showed a significant increase in the incidence of TTS during the COVID-19
period compared with the pre-COVID-19 period (7.8% vs. 1.5–1.8%). Because all the pa-
tients with TTS in the COVID-19 period were SARS-CoV-2 negative, the authors suggested
that psychological, social, and economic distress accompanying the pandemic could be the
factors associated with the increase in TTS cases [124].

3.6. Heart Failure in COVID-19

Heart failure (HF) in COVID-19 can be the consequence of myocardial injury, ACS,
TTS, acute myocarditis, and arrhythmias. Moreover, HF can be caused by deterioration
of preexisting myocardial dysfunction or unmasking of subclinical HF in individuals
with underlying risk factors. It is a relatively common complication noted in 49% of
patients who had severe/critical COVID-19 [125]. Similarly, in a retrospective, multicentre
cohort study including 191 COVID-19 hospitalized patients, HF was developed in 23% of
patients, 52% of non-survivors and 12% of survivors [126]. It seems that in COVID-19 heart
failure with preserved ejection fraction (HFpEF) is more common than heart failure with
reduced ejection fraction (HFrEF), both in the acute phase and chronic recovery phase [127].
Echocardiography study showed that in COVID-19 left ventricular systolic function is
preserved in the majority of the patients (90%). Right ventricular abnormalities (dilatation
and dysfunction) were found in 39%, and left ventricular diastolic dysfunction in 16% of
patients [128]. NT-proBNP is a biomarker of hemodynamic myocardial stress and HF. It is
frequently elevated among patients with severe/critical COVID-19, and according to some
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authors related to poor prognosis and increased mortality [88]. Current European Society
of Cardiology Guidance for the Diagnosis and Management of CV Disease during the
COVID-19 pandemic suggests a careful interpretation of NT-proBNP levels. They should
be seen as the combination of the presence or extent of preexisting cardiac disease and/or
the acute hemodynamic stress related to COVID-19. It should also be taken into account
that NT-proBNP levels can be associated with the right ventricular hemodynamic stress,
especially in the setting of VTE [18].

3.7. Venous Thromboembolism (VTE)

Hypercoagulability, supported by inflammation, activated coagulation cascade and
immobilization, is a common manifestation of COVID-19 and increases the risk of throm-
boembolic events, such as deep vein thrombosis and pulmonary embolism, especially in
critically ill patients [40]. The alveolar damage and the pulmonary microvascular thrombo-
sis contribute to acute lung injury and respiratory dysfunction in COVID-19. According
to some reports, autopsies performed in COVID-19 patients found thrombus formation
in small and mid-sized pulmonary arteries despite the absence of clinical indicators of
thromboembolism, while another series of autopsy findings showed an approximately 9
times higher incidence of pulmonary microvascular thrombosis compared to influenza
cases [103,111,129]. As reported in one study, 31% of patients treated in ICU developed
thrombotic complications despite prophylactic anticoagulation, and these thrombotic
events were associated with 5.4 times higher risk of mortality [130]. Another study re-
ported the prevalence of thrombosis in asymptomatic lower limbs by ultrasonography
of 25% in ICU treated patients [131]. Furthermore, Wang et al. reported a high risk of
VTE in 40% of hospitalized patients with COVID-19 using the Padua model, while a study
with 191 COVID-19 patients found that 50% of patients who died had evidence of coagu-
lopathy and that D-dimer levels greater than 1000 µg/L were likely associated with fatal
outcome [42,132]. The prevalence of venous thromboembolism and pulmonary embolism
is likely underestimated since the access to diagnostics, primarily computed tomography,
may be limited for critically ill patients. All this data support the fact that all critically
ill patients should receive anticoagulation prophylaxis, preferably using low molecular
weight (LMW) [40].

4. Cardiovascular Diagnostics of COVID-19
4.1. Biomarkers

Biomarkers that are being widely used in the diagnosis of cardiovascular diseases, such
as cardiac troponin T/I (cTn), B-Type Natriuretic Peptide/N-Terminal B-Type Natriuretic
Peptide (BNP/NT-proBNP) and D-dimers, have to be carefully interpreted according to
patients’ symptoms, comorbidities and acute settings. These biomarkers are not specific
for just one clinical entity, but rather give additional information to the clinician that has to
be put in a jigsaw puzzle. There are still no biomarkers specific to COVID-19 patients with
cardiovascular disease (Table 1).

Elevated cTn and D-dimer levels have been found more often in COVID-19 patients
with severe illness who were admitted to the ICU and in non-survivors (cTn was elevated
in 46% patients in the non-survivor group and in 1% in the survivor group; D-dimer was
elevated in 81% patients in the non-survivor group vs. 24% in survivor group) [126].

NT-proBNP as a biomarker of hemodynamic myocardial stress is more often ele-
vated in COVID-19 patients with a cardiac injury who have a higher risk of in-hospital
mortality [87].
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Table 1. Diagnostic approach for the cardiovascular complications of COVID-19 and their characteristic findings.

Diagnostic Modality Indication/Characteristic Findings

Biomarkers

There are still no biomarkers specific to COVID-19 patients with cardiovascular disease.
cTn, BNP/NT-proBNP and D-dimers are widely used but are not specific to just one clinical entity.

The levels of cTn and NT-proBNP correlate with disease severity and mortality.
Serial measurements of D-dimers may be useful in the selection of patients who may need additional VTE-imaging or

the use of therapeutic doses of anticoagulation.

Electrocardiogram (ECG)

There are no specific ECG characteristics in COVID-19 patients.
Atrial fibrillation is the most common tachyarrhytmia.

Severe sinus bradycardia and complete heart block are the most common bradyarrhythmias.
Monitoring-higher risk for prolonged QT and TdP when on COVID-19 drug therapy.

Exercise test Discouraged in the COVID-19 pandemic (wearing a mask during exercise).

Echocardiography

The most common indications are suspected heart failure and elevated cardiac biomarkers.
The most common findings on TTE are right ventricular dilatation and dysfunction.

The use of TEE has been discouraged because of aerosol production.
FoCUS is reasonable option for cardiovascular complications screening.

Computed tomography (CT)

Used for evaluation and progression of lung pathology.
Useful for differentiation of COVID-19 pneumonia and acute decompensated heart failure.

May be used instead of TEE for the exclusion of LAA thrombus, evaluation of endocarditis and paravalvular
complications.

Possible alternative for invasive coronary angiography.

Cardiac magnetic resonance (CMR)
T2-weighted imaging, early gadolinium enhancement, and late gadolinium enhancement signal intensities are the

preferred imaging modalities for identifying COVID-19-related myocarditis.
Can help distinguish between ischemic and non-ischemic myocardial injury.

Nuclear imaging Requires longer acquisition times and exposure.
PET-CT can be an alternative to TEE for patients with suspected endocarditis.

BNP/NT-proBNP—B-Type Natriuretic Peptide/N-Terminal B-Type Natriuretic Peptide; cTn—cardiac troponin; FoCUS—focused cardiac ultrasound study; LAA—left atrial appendage; PET-CT—positron-
emission tomography; TEE—transesophageal echocardiography; TTE—transthoracic echocardiography; TdP—torsades de pointes.
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According to ESC Guidance for the Diagnosis and Management of CV Disease during
the COVID-19 pandemic, the levels of cTn and NT-proBNP correlate with disease severity
and mortality but should be interpreted as quantitative variables. Mild elevations (<2–3
times the times the upper limit of normal) should be seen as a consequence of preexisting
cardiac disease, acute injury or stress related to COVID-19, and do not require any addi-
tional workup or treatment if there are no symptoms such as chest pain or ECG changes.
Pre-test probability assessment and serial measurements of D-dimers may be useful in
the selection of patients who would benefit from additional VTE-imaging or the use of
higher than prophylactic doses of anticoagulation. Routine measurements of cTn and
BNP/NT-proBNP are discouraged [18].

4.2. Electrocardiographic Changes in COVID-19

There are no specific ECG characteristics in COVID-19 patients that were found so
far (Table 1). Because of that, the ECG diagnostic criteria for cardiac conditions should
be the same in COVID-19 patients and the general population [18]. According to a study
from Wuhan, China, the most common ECG features found in COVID-19 patients were
ST-T abnormalities (40%) and arrhythmias (38%). They were also associated with increased
odds of ICU admission [113].

4.3. Noninvasive Imaging
4.3.1. Echocardiography

Transthoracic echocardiography (TTE) is the most used imaging modality for cardiac
evaluation in COVID-19 as it is can be easily performed at the patient’s bedside, providing
information about cardiac structure and function [133]. One survey showed that the most
common indications for TTE among 1216 examined COVID-19 patients were suspected
heart failure, cardiac biomarker elevation and right-sided heart failure (Table 1) [134]. An
abnormal finding on TTE together with myocardial injury, rather than the myocardial injury
alone, is associated with higher mortality [135]. Moreover, another study showed that the
most common findings on TTE were right ventricular (RV) dilation and dysfunction in
39%, followed by left ventricular diastolic dysfunction in 16% and left ventricular systolic
dysfunction in only 10% of COVID-19 patients examined within 24 h of admission [128].
A right ventricular impairment that is associated with poor outcomes may be due to
extensive use of mechanical ventilation and positive end-expiratory pressures for ARDS
patients, as well as hypercoagulability, which both cause damage to lung parenchyma and
pulmonary microvasculature resulting in pulmonary hypertension [133,136]. According to
a study that included 120 COVID-19 patients right ventricular longitudinal strain (RVLS)
is a strong predictor of higher mortality in patients with COVID-19, as patients with
impaired RV strain are more prone to ARDS development needing high flow oxygen
therapy and mechanical ventilation [137]. In addition to that, right ventricular ejection
fraction measured by three-dimensional echocardiography (3D-RVEF) showed an even
higher predictive value over standard RV function parameters and RV free wall longitudinal
strain (RVFWLS) that may help to identify patients at higher mortality risk [138]. It is also
reported that almost all critically ill COVID-19 patients (98%) and most non-critical patients
(78.3%) have a detectable reduction of global longitudinal strain (GLS) measured by two-
dimensional speckle-tracking echocardiography, which shows that strain is a very sensitive
indicator of myocardial injury [139]. The use of transesophageal echocardiography (TEE)
has been discouraged since the outbreak of the COVID-19 pandemic because of aerosol
production and increased risk of viral spreading, and alternative imaging modalities are
recommended instead. Focused cardiac ultrasound study (FoCUS) performed at bedside is
reasonable option for cardiovascular complications screening in COVID- 19 infection as it
reduces exposure time and direct contact with the patient [18].
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4.3.2. Computed Tomography (CT)

The role of computed tomography (CT) in COVID-19 patients is important, espe-
cially chest CT for evaluation and progression of lung pathology but can also be use-
ful in helping differentiate COVID-19 pneumonia and acute decompensated heart fail-
ure [133,140]. Cardiac CT should be used to rule out cardiac thrombus and in acute chest
pain to rule out obstructive coronary disease and in cases of LVAD dysfunction [18]. CT-
pulmonary angiography (CTPA) enables detection of pulmonary embolism, a common
finding in COVID-19 infection with incidence ranging from 2.6 to 24% according to some
studies [133]. Cardiac CT angiography (CTA) may be used instead of TEE for the exclusion
of left atrial appendage thrombus, evaluation of endocarditis and paravalvular complica-
tions. Coronary CTA can be an alternative to invasive coronary angiography [133,141].

4.3.3. Cardiac Magnetic Resonance (CMR)

Cardiac magnetic resonance (CMR) imaging is a very sensitive tool for identifying
COVID-19-related myocardial injury, but also for detection of post-COVID-related long-
term cardiovascular consequences (Table 1) [133,142]. CMR can help distinguish between
ischemic and non-ischemic myocardial injury and is useful for the diagnosis of myocardi-
tis showing myocardial edema with late gadolinium enhancement, inflammation, and
fibrosis [133]. According to one study, changes in ventricular function were less common
than changes in T1/T2 mapping. This may be explained by inflammation, which is the
most common way of cardiac involvement. The most common diagnosis made by CMR
in COVID-19 patients was myocarditis (40%). On the other hand, approximately 20% of
patients with “cardiac” symptoms had a normal MR [114]. Another study showed that
78% of recently recovered COVID-19 patients had abnormalities on CMR, and 60% had
evidence of myocardial inflammation, even in asymptomatic patients, indicating the need
for investigation of possible long-term cardiovascular consequences of COVID-19 [142,143].
A similar study reported evidence of myocardial inflammation or prior myocardial injury
on CMR after either asymptomatic or mildly symptomatic COVID-19 in competitive ath-
letes [144]. Therefore, CMR can be potentially used for making exercise recommendations
post-COVID-19 [133].

4.3.4. Nuclear Imaging

Nuclear imaging requires longer acquisition times and exposure of both patients
and health care providers. The use of positron-emission tomography (PET-CT) can be
an alternative to TEE for patients with suspected endocarditis of prosthetic valves or
intracardiac devices (Table 1) [18,133].

4.4. Exercise Testing

Exercise testing is discouraged in the COVID-19 pandemic because of its serious
limitations such as wearing a mask during the performance (Table 1). Still, it remains the
method of choice for the indication to heart transplantation in patients with heart failure
and for the diagnosis of heart failure with preserved ejection fraction (HFpEF) [18,145].

5. COVID-19 Treatment Strategies
5.1. Current Best Practice

Currently, there are different medications administered or under evaluation for use in
treatment of SARS-CoV-2 infection, including antiviral, anti-inflammatory agents and im-
munosuppressants, increasing the risk of possible adverse effects or drug-drug interaction,
especially in patients with chronic treatment for preexisting cardiovascular comorbidities
or cardiovascular manifestation of COVID-19 requiring adequate guideline-directed phar-
macotherapy (acute coronary syndrome, heart failure, myocarditis, arrhythmias and coag-
ulopathy) [146,147]. According to the National Institutes of Health COVID-19 Treatment
Guidelines (last updated on 21 April 2021), chronic therapy in COVID-19 patients such as
ACEIs, ARBs, statins, systemic or inhaled corticosteroids, nonsteroidal anti-inflammatory
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drugs and acid-suppressive therapy should not be discontinued during acute management
of COVID-19 [7].

As already discussed, SARS-CoV-2 infection may lead to excessive inflammatory
response, platelet activation and endothelial disfunction, which then predisposes those
patients to thrombotic events, both in venous and arterial circulation.

According to the COVID-19 Treatment Guidelines Panel, chronic anticoagulation or
antiplatelet therapies should be continued in COVID-19 patients, unless there are con-
traindications, such as active bleeding or may be changed to shorter acting agents whose
effect can be rapidly reversed if needed. Furthermore, COVID-19 patients not requiring
hospitalization should not be given anticoagulation or antiplatelet therapy for prevention
of venous thromboembolism. Prophylactic rather than therapeutic dose anticoagulation is
appropriate for hospitalized COVID-19 patients, preferably low molecular weight heparin
since clinical trials have not yet demonstrated a clear benefit of a higher dosing regimen. In
case of severe renal impairment or renal replacement therapy, unfractioned heparin may
be used, while fondaparinux is preferred in patients with heparin-induced thrombocy-
topenia. In COVID-19 patients with strongly suspected thromboembolism, thrombolytic
therapy may be an option, preferably tenecteplase due to low bleeding risk and single-dose
administration strategy [7,148].

When considering antiplatelet therapy with P2Y12 inhibitors and possible drug
interactions with protease inhibitors, prasugrel is recommended in patients receiving
lopinavir/ritonavir treatment, while clopidogrel is preferred in patients with coagulopathy
due to lowest bleeding risk. Glycoprotein IIb/IIIa inhibitors should generally be avoided
in COVID-19 patients [146].

As already mentioned in this review, since there is no evidence of possible harmful
effect of ACEi and ARBs in COVID-19 patients, ESC Guidance for the Diagnosis and
Management of CV Disease during the COVID-19 pandemic recommends continuation
of antihypertensive treatment if indicated [18]. ACEi are not involved in significant cy-
tochrome P450 (CYP450)-mediated metabolism so their interaction with antiviral agents is
unlikely, while in coadministration with lopinavir/ritonavir decreased effect of losartan
and irbesartan can be expected [149].

Loop diuretics can be safely administered in patients with COVID-19, while caution
is required with mineralocorticoid receptor antagonists in patients receiving antiviral
treatment that may increase the concentration of eplerenone, which then favors the use
of spironolactone in these patients. For the same reason, coadministration of indapamide,
ivabradine and digoxin with lopinavir/ritonavir should be avoided or requires closer
surveillance [146,150].

When it comes to beta-blockers, beta-1 selective beta-blockers, mainly metoprolol and
bisoprolol, are preferred in COVID-19 patients. With concomitant use of protease inhibitors,
via involvement of the CYP450, there is a higher risk of bradyarrhythmias and hypotension
which may require beta blocker dose down titration or drug cessation [146,149].

Statins are useful in primary and secondary cardiovascular prevention not only for
their lipid lowering effect, but also anti-inflammatory effects which may explain their
potential benefit in patients with acute viral respiratory infections. Since there are still no
evidence of potential harm in COVID-19 patients, statin therapy should be continued with
periodical liver function monitoring and advisable dose reduction in patients receiving
lopinavir/ritonavir treatment [150,151].

Since cardiovascular complications are not rare in COVID-19 patients, pharmacother-
apy needs to be tailored based on patients’ comorbidities (Table 2). Moreover, possible
drug interactions between cardiovascular treatment and antiviral agents should be consid-
ered [146]. Arrhythmological considerations should be considered if antiviral medications
such as chloroquine, hydroxychloroquine, azithromycin, lopinavir/ritonavir are used for
acute COVID-19 management because of their impact on atrioventricular conduction, QTc
prolongation and potential TdP risk. Identifying risk factors and correcting the modifiable
ones, such as hypocalcemia, hypokalaemia and hypomagnesemia, together with reevalua-
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tion of concomitant therapy with drugs that have a bradycardic effect (e.g., beta-blockers,
digoxin, ivabradine) are crucial [18]. Treatment strategies during the COVID-19 outbreak
are based on early patient stratification according to the immediate health risk. According
to the ESC Guidance, patients should be divided into one of the subgroups (Emergency,
Urgent, Low priority, Elective) regarding their clinical condition [18]. Invasive cardiac
procedures should not be postponed for the patients in the Emergency group who suffer
from myocardial infarction (STEMI or very high/high risk NSTE-ACS), cardiogenic shock,
symptomatic atrioventricular block, symptomatic sinus node dysfunction with asystolic
pauses or cardiac tamponade. Furthermore, surgery in aortic dissection, cardiac trauma
or acute failing of a native or prosthetic valve causing shock should not be postponed.
Other invasive procedures can be done within days (in the Urgent group), within 3 months
(Lower priority group) and after more than 3 months (Elective group).

5.2. Emerging Treatment Options (MSCs)

Mesenchymal stem cells can be derived from various tissues, all of which are able to
produce a strong paracrine effect in vivo that has an anti-apoptotic, anti-scarring, antibiotic,
immunomodulatory and regenerative effect [152,153]. Previously, systemic MSC applica-
tion was used to treat various degenerative and immune diseases across medical specialties,
including cardiology [154]. Meta-analysis of MSC treatment for heart failure demonstrated
a 36% mortality reduction, 34% readmission incidence, left ventricle ejection fraction (LVEF)
increase of more than 5.25% in a total of 612 patients that were included [155]. In another
meta-analysis of patients with ischemic heart disease, LVEF was increased by 3.84%, which
was maintained 24 months after treatment, scar formation was reduced 6 months after
treatment, while there was no statistically significant difference between mortality rates
and hospital readmission incidence in MSC group compared to the placebo group. A total
of 950 patients were included in this meta-analysis [156]. Knowing that the overaggressive
immune response is one of the key features in patients who have severe COVID-19, MSC
therapy was used for its immunomodulatory effects. A number of clinical trials are under-
way to evaluate the effect of MSC therapy for COVID-19, however, the available evidence
at the time of writing this review indicates an overall positive effect of MSC treatment for
patients with severe COVID-19 patients, including those who developed ARDS [157–164].
A combined positive effect for COVID-19 patients who have cardiovascular comorbidities
is yet to be evaluated.
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Table 2. Current therapeutic considerations and concerns with cardiovascular treatment in COVID-19.

Drug Consideration Concerns

Antiplatelets

Chronic antiplatelet therapy should be continued if no contraindications
COVID-19 patients not requiring hospitalization should not be given antiplatelet therapy for

prevention of VTE
Active bleeding

Increased risk of bleeding with ticagrelor and decreased
antiplatelet activity with clopidogrel in patients receiving

lopinavir/ritonavir treatment
P2Y12 inhibitors

Clopidogrel is preferred in patients receiving
fibrinolytics

Prasugrel is recommended with lopinavir/ritonavir
treatment

Glycoprotein IIb/IIIa inhibitors Should be avoided Increased risk of bleeding

Anticoagulants

Chronic anticoagulation therapy should be continued if no contraindications
COVID-19 patients not requiring hospitalization should not be given anticoagulation therapy

for prevention of VTE
Prophylactic dose of LMWH is recommended for hospitalized COVID-19 patients

UFH may be considered in case of severe renal impairment or RRT
Fondaparinux is preferred in patients with HIT

Increased risk of bleeding
DOACs not recommended with lopinavir/ritonavir

treatment

ACEi/ARB Chronic therapy should be continued if indicated
Decreased effect of losartan and irbesartan can be
expected in patients receiving lopinavir/ritonavir

treatment

Diuretics Loop diuretics can be safely administered Concentration of indapamide increases with
lopinavir/ritonavir treatment

Mineralocorticoid receptor
antagonists Spironolactone is preferred Increased risk of adverse effect with lopinavir/ritonavir

treatment

Statins Statin therapy should be continued with periodical liver function monitoring Dose reduction should be considered in patients
receiving lopinavir/ritonavir treatment

Beta-blockers Beta-1 selective beta-blockers are preferred (metoprolol and bisoprolol) Higher risk of bradyarrhythmias and hypotension with
concomitant use of protease inhibitors

Antiarrhythmics Monitor ECG and serum electrolyte levels before initiation
Increased risk of QT prolongation and TdP with

chloroquine/hydroxychloroquine
Increased antiarrhythmic effects with protease inhibitors

ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; DOACs: direct oral anticoagulants; HIT: heparin-induced thrombocytopenia.
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6. Long-Term Cardiovascular Effects of COVID-19

The persistence of symptoms in patients recovered from COVID-19 is common. A
single-center study from Italy among 143 hospitalized patients recovered from COVID-
19 found that 87.4% of them reported the persistence of at least one symptom, most
commonly dyspnea and fatigue, even 60 days after acute illness onset, and 44.1% of
patients reported worsened quality of life [165]. Almost one-third of patients hospitalized
with COVID-19 have elevated troponin levels as a marker of myocardial injury, which is
associated with poorer outcomes [166]. Since cardiovascular implications in SARS-CoV-
2 infection are numerous given the multiple possible pathophysiological mechanisms
underlying myocardial injury, both ischemic and non-ischemic, in the acute phase of the
disease, potentially long-term cardiovascular effects are anticipated. These could include
entities such as heart failure, Takotsubo syndrome, arrhythmias, sudden cardiac death,
hypertension, reno-cardiac syndrome, accelerated atherosclerosis and both chronic venous
and arterial thromboembolic disease [167]. Myocardial involvement in COVID-19 can
trigger inflammation leading to possible myocardial fibrosis, which to a greater extent
may be responsible for electrophysiological disturbances predisposing patients to atrial
fibrillation and ventricular arrhythmias (Figure 2). Clinical manifestations of COVID-19
are diverse and hard to predict depending on several factors, including the mechanism
of myocardial injury, severity of acute illness, immune system response and host reaction.
Furthermore, it is not excluded that the treatment given in the initial phase of the disease
may affect future cardiovascular complications [166]. Identifying COVID-19 survivors with
subclinical or manifest myocardial disease and giving optimal treatment is important to
lower the burden of long-term morbidity and mortality and emphasizes the importance of
a proactive and careful approach in follow-up after hospital discharge. Further research is
needed to better evaluate the so-called post-COVID-19 cardiac syndrome and to optimize
patient screening and management [166,167].
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7. Conclusions

Our knowledge of the cardiovascular impact of COVID-19 is evolving rapidly; onethe-
less, it is clear now that SARS-CoV-2 infection has major implications for the cardiovascular
system. Regardless of the precise mechanism of cardiac damage caused by COVID-19,
troponin values bring invaluable prognostic value in predicting mortality and clinical
severity of the disease. Acute non-ischemic myocardial injury due to primary cardiac
illness can occur in COVID-19 patients presenting with myocarditis, stress cardiomyopathy
and acute heart failure. Surprisingly, recent studies suggest that the myocarditis incidence
is significantly lower (less than 1%) than originally thought. However, cardiovascular
consequences of COVID-19 extend the acute phase of infection. The increasing body of
evidence suggests that chronic endothelial dysfunction is the crucial pathophysiological
mechanism leading to a severe course of COVID-19 and worse patient outcomes. Hyperco-
agulability, supported by inflammation, activated coagulation cascade and immobilization,
is a common manifestation of COVID-19 and increases the risk of thromboembolic events,
such as deep vein thrombosis and pulmonary embolism, especially in critically ill patients.
However, there are still no biomarkers specific to COVID-19 patients with cardiovascular
disease. Biomarkers that are being widely used in the diagnosis of cardiovascular dis-
eases, such as cardiac troponin T/I (cTn), B-Type Natriuretic Peptide/N-Terminal B-Type
Natriuretic Peptide (BNP/NT-proBNP) and D-dimers, have to be carefully interpreted
according to patients’ symptoms, comorbidities and acute settings. Noninvasive imaging
to diagnose COVID-19 includes echocardiography, CT, CMR, nuclear imaging, and exercise
testing. Treatment strategies during the COVID-19 outbreak are based on early patient
stratification according to the immediate health risk. The European Society of Cardiology
ESC Guidance for the Diagnosis and Management of CV Disease during the COVID-19
pandemic provided a guidance document covering all aspects of cardiovascular care dur-
ing the COVID-19 pandemic. Nevertheless, the recent development of new technologies,
including treatment with mesenchymal stem cells, is shedding light on novel therapeutic
strategies.

Author Contributions: Conceptualization, J.Š. and D.P.; methodology, J.Š., Z.P., T.F.; investigation,
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preparation, Z.P., T.F., V.M. (Vid Matišić), V.M. (Vilim Molnar), L.V., D.J., N.T.; writing—review and
editing, J.Š. and D.P.; supervision, D.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Dong, E.; Du, H.; Gardner, L. An Interactive Web-Based Dashboard to Track COVID-19 in Real Time. Lancet Infect. Dis. 2020, 20,

533–534. [CrossRef]
2. He, F.; Deng, Y.; Li, W. Coronavirus disease 2019: What we know? J. Med. Virol. 2020, 92, 719–725. [CrossRef] [PubMed]
3. Wu, L.-P.; Wang, N.-C.; Chang, Y.-H.; Tian, X.-Y.; Na, D.-Y.; Zhang, L.-Y.; Zheng, L.; Lan, T.; Wang, L.-F.; Liang, G.-D. Duration of

Antibody Responses after Severe Acute Respiratory Syndrome. Emerg. Infect. Dis. 2007, 13, 1562–1564. [CrossRef] [PubMed]
4. Sanche, S.; Lin, Y.; Xu, C.; Romero-Severson, E.; Hengartner, N.; Ke, R. High Contagiousness and Rapid Spread of Severe Acute

Respiratory Syndrome Coronavirus 2. Emerg. Infect. Dis. 2020, 26, 1470–1477. [CrossRef]
5. The R Value and Growth Rate—GOV.UK. Available online: https://www.gov.uk/guidance/the-r-value-and-growth-rate

(accessed on 12 July 2021).
6. Wölfel, R.; Corman, V.M.; Guggemos, W.; Seilmaier, M.; Zange, S.; Müller, M.A.; Niemeyer, D.; Jones, T.C.; Vollmar, P.;

Rothe, C.; et al. Virological assessment of hospitalized patients with COVID-2019. Nature 2020, 581, 465–469. [CrossRef]
7. COVID-19 Treatment Guidelines Panel. Coronavirus Disease 2019 (COVID-19) Treatment Guidelines. National Institutes of

Health. Available online: https://www.covid19treatmentguidelines.nih.gov/ (accessed on 19 October 2021).

http://doi.org/10.1016/S1473-3099(20)30120-1
http://doi.org/10.1002/jmv.25766
http://www.ncbi.nlm.nih.gov/pubmed/32170865
http://doi.org/10.3201/eid1310.070576
http://www.ncbi.nlm.nih.gov/pubmed/18258008
http://doi.org/10.3201/eid2607.200282
https://www.gov.uk/guidance/the-r-value-and-growth-rate
http://doi.org/10.1038/s41586-020-2196-x
https://www.covid19treatmentguidelines.nih.gov/


Biomedicines 2021, 9, 1691 23 of 29

8. Arons, M.M.; Hatfield, K.M.; Reddy, S.C.; Kimball, A.; James, A.; Jacobs, J.R.; Taylor, J.; Spicer, K.; Bardossy, A.C.; Oakley, L.P.; et al.
Presymptomatic SARS-CoV-2 Infections and Transmission in a Skilled Nursing Facility. N. Engl. J. Med. 2020, 382, 2081–2090.
[CrossRef] [PubMed]

9. Groß, S.; Jahn, C.; Cushman, S.; Bär, C.; Thum, T. SARS-CoV-2 receptor ACE2-dependent implications on the cardiovascular
system: From basic science to clinical implications. J. Mol. Cell. Cardiol. 2020, 144, 47–53. [CrossRef]

10. Sun, H.; Su, X.; Huang, L.; Mu, D.; Qu, Y. Research Progress on the Cardiac Injury from ACE2 Targeting in SARS-CoV-2 Infection.
Biomolecules 2021, 11, 196. [CrossRef] [PubMed]

11. Shukla, A.K.; Banerjee, M. Angiotensin-Converting-Enzyme 2 and Renin-Angiotensin System Inhibitors in COVID-19: An Update.
High Blood Press. Cardiovasc. Prev. 2021, 28, 129–139. [CrossRef] [PubMed]

12. Nishiga, M.; Wang, D.W.; Han, Y.; Lewis, D.B.; Wu, J.C. COVID-19 and cardiovascular disease: From basic mechanisms to clinical
perspectives. Nat. Rev. Cardiol. 2020, 17, 543–558. [CrossRef]

13. Guzik, T.J.; Mohiddin, S.A.; Dimarco, A.; Patel, V.; Savvatis, K.; Marelli-Berg, F.M.; Madhur, M.S.; Tomaszewski, M.; Maffia, P.;
D’Acquisto, F.; et al. COVID-19 and the cardiovascular system: Implications for risk assessment, diagnosis, and treatment options.
Cardiovasc. Res. 2020, 116, 1666–1687. [CrossRef]

14. Liu, P.P.; Blet, A.; Smyth, D.; Li, H. The Science Underlying COVID-19. Circulation 2020, 142, 68–78. [CrossRef]
15. Lopes, R.D.; Macedo, A.V.S.; de Barros e Silva, P.G.M.; Moll-Bernardes, R.J.; Feldman, A.; D’Andréa Saba Arruda, G.;

de Souza, A.S.; de Albuquerque, D.C.; Mazza, L.; Santos, M.F.; et al. Continuing versus suspending angiotensin-converting
enzyme inhibitors and angiotensin receptor blockers: Impact on adverse outcomes in hospitalized patients with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)—The BRACE CORONA Trial. Am. Heart J. 2020, 226, 49–59. [CrossRef]

16. Hippisley-Cox, J.; Young, D.; Coupland, C.; Channon, K.M.; Tan, P.S.; Harrison, D.A.; Rowan, K.; Aveyard, P.; Pavord, I.D.;
Watkinson, P.J. Risk of severe COVID-19 disease with ACE inhibitors and angiotensin receptor blockers: Cohort study including
8.3 million people. Heart 2020, 106, 1503–1511. [CrossRef]

17. Li, J.; Wang, X.; Chen, J.; Zhang, H.; Deng, A. Association of Renin-Angiotensin System Inhibitors with Severity or Risk of Death
in Patients With Hypertension Hospitalized for Coronavirus Disease 2019 (COVID-19) Infection in Wuhan, China. JAMA Cardiol.
2020, 5, 825. [CrossRef] [PubMed]

18. European Society of Cardiology ESC Guidance for the Diagnosis and Management of CV Disease during the COVID-19 Pandemic.
Available online: https://www.escardio.org/Education/COVID-19-and-Cardiology/ESC-COVID-19-Guidance (accessed on
10 July 2021).

19. Hadi, H.A.R.; Carr, C.S.; Al Suwaidi, J. Endothelial dysfunction: Cardiovascular risk factors, therapy, and outcome. Vasc. Health
Risk Manag. 2005, 1, 183–198.

20. Bevilacqua, M.M.P.; Nelson, P.R.M.; Mannori, M.G.; Cecconi, M.O. Endothelial-leukocyte adhesion molecules in human disease.
Annu. Rev. Med. 1994, 45, 361–378. [CrossRef] [PubMed]

21. Nava, E.; Llorens, S. The paracrine control of vascular motion. A historical perspective. Pharmacol. Res. 2016, 113, 125–145.
[CrossRef] [PubMed]

22. Castellon, X.; Bogdanova, V. Chronic Inflammatory Diseases and Endothelial Dysfunction. Aging Dis. 2016, 7, 81. [CrossRef]
23. Zhang, Z.-S.; Zhou, H.-N.; He, S.-S.; Xue, M.-Y.; Li, T.; Liu, L.-M. Research advances in pericyte function and their roles in diseases.

Chin. J. Traumatol. 2020, 23, 89–95. [CrossRef] [PubMed]
24. He, L.; Mäe, M.A.; Muhl, L.; Sun, Y.; Pietilä, R.; Nahar, K.; Liébanas, E.V.; Fagerlund, M.J.; Oldner, A.; Liu, J.; et al. Pericyte-specific

vascular expression of SARS-CoV-2 receptor ACE2—Implications for microvascular inflammation and hypercoagulopathy in
COVID-19. bioRxiv 2020, 8500. [CrossRef]

25. Docherty, A.B.; Harrison, E.M.; Green, C.A.; Hardwick, H.E.; Pius, R.; Norman, L.; Holden, K.A.; Read, J.M.; Dondelinger, F.;
Carson, G.; et al. Features of 20 133 UK patients in hospital with covid-19 using the ISARIC WHO Clinical Characterisation
Protocol: Prospective observational cohort study. BMJ 2020, 369, m1985. [CrossRef]

26. Bermejo-Martin, J.F.; Almansa, R.; Torres, A.; González-Rivera, M.; Kelvin, D.J. COVID-19 as a cardiovascular disease: The
potential role of chronic endothelial dysfunction. Cardiovasc. Res. 2020, 116, e132–e133. [CrossRef]

27. Valbuena, G.; Walker, D.H. The endothelium as a target for infections. Annu. Rev. Pathol. Mech. Dis. 2006, 1, 171–198.
[CrossRef] [PubMed]

28. Chen, L.; Li, X.; Chen, M.; Feng, Y.; Xiong, C. The ACE2 expression in human heart indicates new potential mechanism of heart
injury among patients infected with SARS-CoV-2. Cardiovasc. Res. 2020, 116, 1097–1100. [CrossRef]

29. Hamming, I.; Timens, W.; Bulthuis, M.L.C.; Lely, A.T.; Navis, G.J.; van Goor, H. Tissue distribution of ACE2 protein, the
functional receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 2004, 203, 631–637.
[CrossRef] [PubMed]

30. Fajgenbaum, D.C.; June, C.H. Cytokine Storm. N. Engl. J. Med. 2020, 383, 2255–2273. [CrossRef] [PubMed]
31. Rosas, I.O.; Bräu, N.; Waters, M.; Go, R.C.; Hunter, B.D.; Bhagani, S.; Skiest, D.; Aziz, M.S.; Cooper, N.; Douglas, I.S.; et al.

Tocilizumab in Hospitalized Patients with Severe Covid-19 Pneumonia. N. Engl. J. Med. 2021, 384, 1503–1516. [CrossRef]
32. Gupta, S.; Wang, W.; Hayek, S.S.; Chan, L.; Mathews, K.S.; Melamed, M.L.; Brenner, S.K.; Leonberg-Yoo, A.; Schenck, E.J.;

Radbel, J.; et al. Association Between Early Treatment With Tocilizumab and Mortality Among Critically Ill Patients With COVID-
19. JAMA Intern. Med. 2021, 181, 41. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa2008457
http://www.ncbi.nlm.nih.gov/pubmed/32329971
http://doi.org/10.1016/j.yjmcc.2020.04.031
http://doi.org/10.3390/biom11020196
http://www.ncbi.nlm.nih.gov/pubmed/33573324
http://doi.org/10.1007/s40292-021-00439-9
http://www.ncbi.nlm.nih.gov/pubmed/33635533
http://doi.org/10.1038/s41569-020-0413-9
http://doi.org/10.1093/cvr/cvaa106
http://doi.org/10.1161/CIRCULATIONAHA.120.047549
http://doi.org/10.1016/j.ahj.2020.05.002
http://doi.org/10.1136/heartjnl-2020-317393
http://doi.org/10.1001/jamacardio.2020.1624
http://www.ncbi.nlm.nih.gov/pubmed/32324209
https://www.escardio.org/Education/COVID-19-and-Cardiology/ESC-COVID-19-Guidance
http://doi.org/10.1146/annurev.med.45.1.361
http://www.ncbi.nlm.nih.gov/pubmed/7515220
http://doi.org/10.1016/j.phrs.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27530204
http://doi.org/10.14336/AD.2015.0803
http://doi.org/10.1016/j.cjtee.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32192909
http://doi.org/10.1101/2020.05.11.088500
http://doi.org/10.1136/bmj.m1985
http://doi.org/10.1093/cvr/cvaa140
http://doi.org/10.1146/annurev.pathol.1.110304.100031
http://www.ncbi.nlm.nih.gov/pubmed/18039112
http://doi.org/10.1093/cvr/cvaa078
http://doi.org/10.1002/path.1570
http://www.ncbi.nlm.nih.gov/pubmed/15141377
http://doi.org/10.1056/NEJMra2026131
http://www.ncbi.nlm.nih.gov/pubmed/33264547
http://doi.org/10.1056/NEJMoa2028700
http://doi.org/10.1001/jamainternmed.2020.6252
http://www.ncbi.nlm.nih.gov/pubmed/33080002


Biomedicines 2021, 9, 1691 24 of 29

33. Li, H.; Xiao, X.; Zhang, J.; Zafar, M.I.; Wu, C.; Long, Y.; Lu, W.; Pan, F.; Meng, T.; Zhao, K.; et al. Impaired spermatogenesis in
COVID-19 patients. EClinicalMedicine 2020, 28, 100604. [CrossRef] [PubMed]

34. Goshua, G.; Pine, A.B.; Meizlish, M.L.; Chang, C.-H.; Zhang, H.; Bahel, P.; Baluha, A.; Bar, N.; Bona, R.D.; Burns, A.J.; et al.
Endotheliopathy in COVID-19-associated coagulopathy: Evidence from a single-centre, cross-sectional study. Lancet Haematol.
2020, 7, e575–e582. [CrossRef]

35. Smadja, D.M.; Guerin, C.L.; Chocron, R.; Yatim, N.; Boussier, J.; Gendron, N.; Khider, L.; Hadjadj, J.; Goudot, G.; Debuc, B.; et al.
Angiopoietin-2 as a marker of endothelial activation is a good predictor factor for intensive care unit admission of COVID-19
patients. Angiogenesis 2020, 23, 611–620. [CrossRef] [PubMed]

36. Alay, H.; Laloglu, E. The role of angiopoietin-2 and surfactant protein-D levels in SARS-CoV-2-related lung injury: A prospective,
observational, cohort study. J. Med. Virol. 2021, 93, 6008–6015. [CrossRef]

37. Villa, E.; Critelli, R.; Lasagni, S.; Melegari, A.; Curatolo, A.; Celsa, C.; Romagnoli, D.; Melegari, G.; Pivetti, A.; Di Marco, L.; et al.
Dynamic angiopoietin-2 assessment predicts survival and chronic course in hospitalized patients with COVID-19. Blood Adv.
2021, 5, 662–673. [CrossRef] [PubMed]

38. Kweon, O.J.; Cha, M.J.; Baek, M.S.; Choi, S.-H.; Kim, W.-Y. Biomarkers Associated with Failure of Liberation from Oxygen
Therapy in Severe COVID-19: A Pilot Study. J. Pers. Med. 2021, 11, 974. [CrossRef]

39. Rahmati-Ahmadabad, S.; Hosseini, F. Exercise against SARS-CoV-2 (COVID-19): Does workout intensity matter? (A mini review
of some indirect evidence related to obesity). Obes. Med. 2020, 19, 100245. [CrossRef]

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

41. Azevedo, R.B.; Botelho, B.G.; Hollanda, J.V.G.d.; Ferreira, L.V.L.; Junqueira de Andrade, L.Z.; Oei, S.S.M.L.; Mello, T.d.S.;
Muxfeldt, E.S. Covid-19 and the cardiovascular system: A comprehensive review. J. Hum. Hypertens. 2021, 35, 4–11. [CrossRef]

42. Wichmann, D.; Sperhake, J.-P.; Lütgehetmann, M.; Steurer, S.; Edler, C.; Heinemann, A.; Heinrich, F.; Mushumba, H.; Kniep, I.;
Schröder, A.S.; et al. Autopsy Findings and Venous Thromboembolism in Patients With COVID-19. Ann. Intern. Med. 2020, 173,
268–277. [CrossRef]

43. Sattar, Y.; Ullah, W.; Rauf, H.; Virk, H.H.; Yadav, S.; Chowdhury, M.; Connerney, M.; Mamtani, S.; Pahuja, M.; Patel, R.D.; et al.
COVID-19 cardiovascular epidemiology, cellular pathogenesis, clinical manifestations and management. IJC Hear. Vasc. 2020, 29,
100589. [CrossRef]

44. Verdecchia, P.; Cavallini, C.; Spanevello, A.; Angeli, F. COVID-19: ACE2centric Infective Disease? Hypertension 2020, 76, 294–299.
[CrossRef] [PubMed]

45. McGonagle, D.; O’Donnell, J.S.; Sharif, K.; Emery, P.; Bridgewood, C. Immune mechanisms of pulmonary intravascular coagu-
lopathy in COVID-19 pneumonia. Lancet Rheumatol. 2020, 2, e437–e445. [CrossRef]

46. Levi, M.; Thachil, J.; Iba, T.; Levy, J.H. Coagulation abnormalities and thrombosis in patients with COVID-19. Lancet Haematol.
2020, 7, e438–e440. [CrossRef]

47. Guan, W.; Ni, Z.; Hu, Y.; Liang, W.; Ou, C.; He, J.; Liu, L.; Shan, H.; Lei, C.; Hui, D.S.C.; et al. Clinical Characteristics of
Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720. [CrossRef]

48. Helms, J.; Tacquard, C.; Severac, F.; Leonard-Lorant, I.; Ohana, M.; Delabranche, X.; Merdji, H.; Clere-Jehl, R.; Schenck, M.; Fagot
Gandet, F.; et al. High risk of thrombosis in patients with severe SARS-CoV-2 infection: A multicenter prospective cohort study.
Intensive Care Med. 2020, 46, 1089–1098. [CrossRef]

49. Escher, R.; Breakey, N.; Lämmle, B. ADAMTS13 activity, von Willebrand factor, factor VIII and D-dimers in COVID-19 inpatients.
Thromb. Res. 2020, 192, 174–175. [CrossRef]

50. Streetley, J.; Fonseca, A.-V.; Turner, J.; Kiskin, N.I.; Knipe, L.; Rosenthal, P.B.; Carter, T. Stimulated release of intraluminal vesicles
from Weibel-Palade bodies. Blood 2019, 133, 2707–2717. [CrossRef]

51. Fisher, J.; Douglas, J.J.; Linder, A.; Boyd, J.H.; Walley, K.R.; Russell, J.A. Elevated Plasma Angiopoietin-2 Levels Are Associated
With Fluid Overload, Organ Dysfunction, and Mortality in Human Septic Shock. Crit. Care Med. 2016, 44, 2018–2027. [CrossRef]

52. Yang, X.; Yu, Y.; Xu, J.; Shu, H.; Xia, J.; Liu, H.; Wu, Y.; Zhang, L.; Yu, Z.; Fang, M.; 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, 475–481. [CrossRef]

53. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

54. Yin, S.; Huang, M.; Li, D.; Tang, N. Difference of coagulation features between severe pneumonia induced by SARS-CoV2 and
non-SARS-CoV2. J. Thromb. Thrombolysis 2021, 51, 1107–1110. [CrossRef] [PubMed]

55. Wang, J.; Jiang, M.; Chen, X.; Montaner, L.J. Cytokine storm and leukocyte changes in mild versus severe SARS-CoV-2 infection:
Review of 3939 COVID-19 patients in China and emerging pathogenesis and therapy concepts. J. Leukoc. Biol. 2020, 108,
17–41. [CrossRef]

56. Tisoncik, J.R.; Korth, M.J.; Simmons, C.P.; Farrar, J.; Martin, T.R.; Katze, M.G. Into the Eye of the Cytokine Storm. Microbiol. Mol.
Biol. Rev. 2012, 76, 16–32. [CrossRef]

57. Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. COVID-19: Consider cytokine storm syndromes
and immunosuppression. Lancet 2020, 395, 1033–1034. [CrossRef]

http://doi.org/10.1016/j.eclinm.2020.100604
http://www.ncbi.nlm.nih.gov/pubmed/33134901
http://doi.org/10.1016/S2352-3026(20)30216-7
http://doi.org/10.1007/s10456-020-09730-0
http://www.ncbi.nlm.nih.gov/pubmed/32458111
http://doi.org/10.1002/jmv.27184
http://doi.org/10.1182/bloodadvances.2020003736
http://www.ncbi.nlm.nih.gov/pubmed/33560382
http://doi.org/10.3390/jpm11100974
http://doi.org/10.1016/j.obmed.2020.100245
http://doi.org/10.1007/s00011-020-01401-6
http://doi.org/10.1038/s41371-020-0387-4
http://doi.org/10.7326/M20-2003
http://doi.org/10.1016/j.ijcha.2020.100589
http://doi.org/10.1161/HYPERTENSIONAHA.120.15353
http://www.ncbi.nlm.nih.gov/pubmed/32476472
http://doi.org/10.1016/S2665-9913(20)30121-1
http://doi.org/10.1016/S2352-3026(20)30145-9
http://doi.org/10.1056/NEJMoa2002032
http://doi.org/10.1007/s00134-020-06062-x
http://doi.org/10.1016/j.thromres.2020.05.032
http://doi.org/10.1182/blood-2018-09-874552
http://doi.org/10.1097/CCM.0000000000001853
http://doi.org/10.1016/S2213-2600(20)30079-5
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1007/s11239-020-02105-8
http://www.ncbi.nlm.nih.gov/pubmed/32246317
http://doi.org/10.1002/JLB.3COVR0520-272R
http://doi.org/10.1128/MMBR.05015-11
http://doi.org/10.1016/S0140-6736(20)30628-0


Biomedicines 2021, 9, 1691 25 of 29

58. Ruan, Q.; Yang, K.; Wang, W.; Jiang, L.; Song, J. Clinical predictors of mortality due to COVID-19 based on an analysis of data of
150 patients from Wuhan, China. Intensive Care Med. 2020, 46, 846–848. [CrossRef] [PubMed]

59. Akhmerov, A.; Marbán, E. COVID-19 and the Heart. Circ. Res. 2020, 126, 1443–1455. [CrossRef]
60. Libby, P.; Lüscher, T. COVID-19 is, in the end, an endothelial disease. Eur. Heart J. 2020, 41, 3038–3044. [CrossRef] [PubMed]
61. Umbrajkar, S.; Stankowski, R.V.; Rezkalla, S.; Kloner, R.A. Cardiovascular Health and Disease in the Context of COVID-19.

Cardiol. Res. 2021, 12, 67–79. [CrossRef]
62. Niculet, E.; Chioncel, V.; Elisei, A.; Miulescu, M.; Buzia, O.; Nwabudike, L.; Craescu, M.; Draganescu, M.; Bujoreanu, F.;

Marinescu, E.; et al. Multifactorial expression of IL-6 with update on COVID-19 and the therapeutic strategies of its blockade
(Review). Exp. Ther. Med. 2021, 21, 263. [CrossRef]

63. Boekholdt, S.M.; Stroes, E.S. The interleukin-6 pathway and atherosclerosis. Lancet 2012, 379, 1176–1178. [CrossRef]
64. Zhang, C.; Wu, Z.; Li, J.-W.; Zhao, H.; Wang, G.-Q. Cytokine release syndrome in severe COVID-19: Interleukin-6 receptor

antagonist tocilizumab may be the key to reduce mortality. Int. J. Antimicrob. Agents 2020, 55, 105954. [CrossRef] [PubMed]
65. Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and clinical

characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive study. Lancet 2020, 395,
507–513. [CrossRef]

66. Tan, L.; Wang, Q.; Zhang, D.; Ding, J.; Huang, Q.; Tang, Y.-Q.; Wang, Q.; Miao, H. Lymphopenia predicts disease severity of
COVID-19: A descriptive and predictive study. Signal Transduct. Target. Ther. 2020, 5, 33. [CrossRef]

67. Wang, F.; Nie, J.; Wang, H.; Zhao, Q.; Xiong, Y.; Deng, L.; Song, S.; Ma, Z.; Mo, P.; Zhang, Y. Characteristics of Peripheral
Lymphocyte Subset Alteration in COVID-19 Pneumonia. J. Infect. Dis. 2020, 221, 1762–1769. [CrossRef] [PubMed]

68. Wen, W.; Su, W.; Tang, H.; Le, W.; Zhang, X.; Zheng, Y.; Liu, X.; Xie, L.; Li, J.; Ye, J.; et al. Immune cell profiling of COVID-19
patients in the recovery stage by single-cell sequencing. Cell Discov. 2020, 6, 31. [CrossRef]

69. Chang, W.-T.; Toh, H.S.; Liao, C.-T.; Yu, W.-L. Cardiac Involvement of COVID-19: A Comprehensive Review. Am. J. Med. Sci.
2021, 361, 14–22. [CrossRef]

70. Liu, X.; Xue, S.; Xu, J.; Ge, H.; Mao, Q.; Xu, X.; Jiang, H. Clinical characteristics and related risk factors of disease severity in 101
COVID-19 patients hospitalized in Wuhan, China. Acta Pharmacol. Sin. 2021, 1–12. [CrossRef]

71. Honardoost, M.; Janani, L.; Aghili, R.; Emami, Z.; Khamseh, M.E. The Association between Presence of Comorbidities and
COVID-19 Severity: A Systematic Review and Meta-Analysis. Cerebrovasc. Dis. 2021, 50, 132–140. [CrossRef]

72. Li, X.; Guan, B.; Su, T.; Liu, W.; Chen, M.; Bin Waleed, K.; Guan, X.; Gary, T.; Zhu, Z. Impact of cardiovascular disease and
cardiac injury on in-hospital mortality in patients with COVID-19: A systematic review and meta-analysis. Heart 2020, 106,
1142–1147. [CrossRef]

73. Epidemiology Working Group for NCIP Epidemic Response. The epidemiological characteristics of an outbreak of 2019 novel
coronavirus diseases (COVID-19) in China. Zhonghua Liu Xing Bing Xue Za Zhi 2020, 41, 145–151. [CrossRef]

74. Madjid, M.; Safavi-Naeini, P.; Solomon, S.D.; Vardeny, O. Potential Effects of Coronaviruses on the Cardiovascular System. JAMA
Cardiol. 2020, 5, 831. [CrossRef] [PubMed]

75. Kang, Y.; Chen, T.; Mui, D.; Ferrari, V.; Jagasia, D.; Scherrer-Crosbie, M.; Chen, Y.; Han, Y. Cardiovascular manifestations and
treatment considerations in COVID-19. Heart 2020, 106, 1132–1141. [CrossRef] [PubMed]

76. Cheng, H.; Wang, Y.; Wang, G. Organ-protective effect of angiotensin-converting enzyme 2 and its effect on the prognosis of
COVID-19. J. Med. Virol. 2020, 92, 726–730. [CrossRef]

77. Tse, G.; Yeo, J.M.; Chan, Y.W.; Lai, E.T.H.L.; Yan, B.P. What Is the Arrhythmic Substrate in Viral Myocarditis? Insights from
Clinical and Animal Studies. Front. Physiol. 2016, 7, 308. [CrossRef]

78. Colon, C.M.; Barrios, J.G.; Chiles, J.W.; Brown, T.M.; Pogwizd, S.M.; McElwee, S.K.; Gandotra, S.; Russell, D.W.; McElderry, H.T.;
Maddox, W.R. Atrial arrhythmia related outcomes in critically ill COVID-19 patients. Pacing Clin. Electrophysiol. 2021, 44, 814–823.
[CrossRef] [PubMed]

79. Han, K.-Y.; Qiao, Q.; Zhu, Y.-Q.; Chen, X.-G.; Kang, X.-X.; Zhang, G.-F.; Cai, X.-C.; Du, Y.; Jin, J.; Di, R.-M.; et al. Atrial Arrhythmias
in Patients with Severe COVID-19. Cardiol. Res. Pract. 2021, 2021, 1–7. [CrossRef] [PubMed]

80. Liao, S.-C.; Shao, S.-C.; Cheng, C.-W.; Chen, Y.-C.; Hung, M.-J. Incidence rate and clinical impacts of arrhythmia following
COVID-19: A systematic review and meta-analysis of 17,435 patients. Crit. Care 2020, 24, 690. [CrossRef] [PubMed]

81. Gopinathannair, R.; Merchant, F.M.; Lakkireddy, D.R.; Etheridge, S.P.; Feigofsky, S.; Han, J.K.; Kabra, R.; Natale, A.; Poe, S.;
Saha, S.A.; et al. COVID-19 and cardiac arrhythmias: A global perspective on arrhythmia characteristics and management
strategies. J. Interv. Card. Electrophysiol. 2020, 59, 329–336. [CrossRef]

82. Page, R.L.; O’Bryant, C.L.; Cheng, D.; Dow, T.J.; Ky, B.; Stein, C.M.; Spencer, A.P.; Trupp, R.J.; Lindenfeld, J. Drugs That May
Cause or Exacerbate Heart Failure. Circulation 2016, 134, e32–e69. [CrossRef]

83. Naksuk, N.; Lazar, S.; Peeraphatdit, T.B. Cardiac safety of off-label COVID-19 drug therapy: A review and proposed monitoring
protocol. Eur. Hear. J. Acute Cardiovasc. Care 2020, 9, 215–221. [CrossRef] [PubMed]

84. Alhazzani, W.; Evans, L.; Alshamsi, F.; Møller, M.H.; Ostermann, M.; Prescott, H.C.; Arabi, Y.M.; Loeb, M.; Ng Gong, M.;
Fan, E.; et al. Surviving Sepsis Campaign Guidelines on the Management of Adults With Coronavirus Disease 2019 (COVID-19)
in the ICU: First Update. Crit. Care Med. 2021, 49, e219–e234. [CrossRef] [PubMed]

85. Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Chaitman, B.R.; Bax, J.J.; Morrow, D.A.; White, H.D.; Thygesen, K.; Alpert, J.S.;
Jaffe, A.S.; et al. Fourth universal definition of myocardial infarction (2018). Eur. Heart J. 2019, 40, 237–269. [CrossRef]

http://doi.org/10.1007/s00134-020-05991-x
http://www.ncbi.nlm.nih.gov/pubmed/32125452
http://doi.org/10.1161/CIRCRESAHA.120.317055
http://doi.org/10.1093/eurheartj/ehaa623
http://www.ncbi.nlm.nih.gov/pubmed/32882706
http://doi.org/10.14740/cr1199
http://doi.org/10.3892/etm.2021.9693
http://doi.org/10.1016/S0140-6736(12)60361-4
http://doi.org/10.1016/j.ijantimicag.2020.105954
http://www.ncbi.nlm.nih.gov/pubmed/32234467
http://doi.org/10.1016/S0140-6736(20)30211-7
http://doi.org/10.1038/s41392-020-0148-4
http://doi.org/10.1093/infdis/jiaa150
http://www.ncbi.nlm.nih.gov/pubmed/32227123
http://doi.org/10.1038/s41421-020-0168-9
http://doi.org/10.1016/j.amjms.2020.10.002
http://doi.org/10.1038/s41401-021-00627-2
http://doi.org/10.1159/000513288
http://doi.org/10.1136/heartjnl-2020-317062
http://doi.org/10.3760/cma.j.issn.0254-6450.2020.02.003
http://doi.org/10.1001/jamacardio.2020.1286
http://www.ncbi.nlm.nih.gov/pubmed/32219363
http://doi.org/10.1136/heartjnl-2020-317056
http://www.ncbi.nlm.nih.gov/pubmed/32354800
http://doi.org/10.1002/jmv.25785
http://doi.org/10.3389/fphys.2016.00308
http://doi.org/10.1111/pace.14221
http://www.ncbi.nlm.nih.gov/pubmed/33738812
http://doi.org/10.1155/2021/8874450
http://www.ncbi.nlm.nih.gov/pubmed/33777449
http://doi.org/10.1186/s13054-020-03368-6
http://www.ncbi.nlm.nih.gov/pubmed/33302973
http://doi.org/10.1007/s10840-020-00789-9
http://doi.org/10.1161/CIR.0000000000000426
http://doi.org/10.1177/2048872620922784
http://www.ncbi.nlm.nih.gov/pubmed/32372695
http://doi.org/10.1097/CCM.0000000000004899
http://www.ncbi.nlm.nih.gov/pubmed/33555780
http://doi.org/10.1093/eurheartj/ehy462


Biomedicines 2021, 9, 1691 26 of 29

86. Sandoval, Y.; Januzzi, J.L.; Jaffe, A.S. Cardiac Troponin for Assessment of Myocardial Injury in COVID-19. J. Am. Coll. Cardiol.
2020, 76, 1244–1258. [CrossRef]

87. Shi, S.; Qin, M.; Shen, B.; Cai, Y.; Liu, T.; Yang, F.; Gong, W.; Liu, X.; Liang, J.; Zhao, Q.; et al. Association of Cardiac Injury With
Mortality in Hospitalized Patients With COVID-19 in Wuhan, China. JAMA Cardiol. 2020, 5, 802. [CrossRef] [PubMed]

88. Guo, T.; Fan, Y.; Chen, M.; Wu, X.; Zhang, L.; He, T.; Wang, H.; Wan, J.; Wang, X.; Lu, Z. Cardiovascular Implications of Fatal
Outcomes of Patients With Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 811. [CrossRef]

89. Wei, J.-F.; Huang, F.-Y.; Xiong, T.-Y.; Liu, Q.; Chen, H.; Wang, H.; Huang, H.; Luo, Y.-C.; Zhou, X.; Liu, Z.-Y.; et al. Acute myocardial
injury is common in patients with COVID-19 and impairs their prognosis. Heart 2020, 106, 1154–1159. [CrossRef] [PubMed]

90. Imazio, M.; Klingel, K.; Kindermann, I.; Brucato, A.; De Rosa, F.G.; Adler, Y.; De Ferrari, G.M. COVID-19 pandemic and troponin:
Indirect myocardial injury, myocardial inflammation or myocarditis? Heart 2020, 106, 1127–1131. [CrossRef]

91. Bangalore, S.; Sharma, A.; Slotwiner, A.; Yatskar, L.; Harari, R.; Shah, B.; Ibrahim, H.; Friedman, G.H.; Thompson, C.;
Alviar, C.L.; et al. ST-Segment Elevation in Patients with Covid-19—A Case Series. N. Engl. J. Med. 2020, 382, 2478–2480. [CrossRef]

92. Saririan, M.; Armstrong, R.; George, J.C.; Olechowski, B.; O’Connor, S.; Byrd, J.B.; Chapman, A.R. ST-segment elevation in
patients presenting with COVID-19: Case series. Eur. Hear. J.-Case Rep. 2021, 5, ytaa553. [CrossRef]

93. Guagliumi, G.; Sonzogni, A.; Pescetelli, I.; Pellegrini, D.; Finn, A.V. Microthrombi and ST-Segment–Elevation Myocardial
Infarction in COVID-19. Circulation 2020, 142, 804–809. [CrossRef]

94. Choudry, F.A.; Hamshere, S.M.; Rathod, K.S.; Akhtar, M.M.; Archbold, R.A.; Guttmann, O.P.; Woldman, S.; Jain, A.K.; Knight, C.J.;
Baumbach, A.; et al. High Thrombus Burden in Patients With COVID-19 Presenting With ST-Segment Elevation Myocardial
Infarction. J. Am. Coll. Cardiol. 2020, 76, 1168–1176. [CrossRef] [PubMed]

95. De Rosa, S.; Spaccarotella, C.; Basso, C.; Calabrò, M.P.; Curcio, A.; Filardi, P.P.; Mancone, M.; Mercuro, G.; Muscoli, S.;
Nodari, S.; et al. Reduction of hospitalizations for myocardial infarction in Italy in the COVID-19 era. Eur. Heart J. 2020, 41,
2083–2088. [CrossRef] [PubMed]

96. Ashraf, S.; Ilyas, S.; Alraies, M.C. Acute coronary syndrome in the time of the COVID-19 pandemic. Eur. Heart J. 2020, 41,
2089–2091. [CrossRef]

97. Braiteh, N.; Rehman, W.; Alom, M.; Skovira, V.; Breiteh, N.; Rehman, I.; Yarkoni, A.; Kahsou, H.; Rehman, A. Decrease in
acute coronary syndrome presentations during the COVID-19 pandemic in upstate New York. Am. Heart J. 2020, 226, 147–151.
[CrossRef] [PubMed]

98. Nef, H.M.; Elsässer, A.; Möllmann, H.; Abdel-Hadi, M.; Bauer, T.; Brück, M.; Eggebrecht, H.; Ehrlich, J.R.; Ferrari, M.W.;
Fichtlscherer, S.; et al. Impact of the COVID-19 pandemic on cardiovascular mortality and catherization activity during the
lockdown in central Germany: An observational study. Clin. Res. Cardiol. 2021, 110, 292–301. [CrossRef] [PubMed]

99. Baldi, E.; Sechi, G.M.; Mare, C.; Canevari, F.; Brancaglione, A.; Primi, R.; Klersy, C.; Palo, A.; Contri, E.; Ronchi, V.; et al.
Out-of-Hospital Cardiac Arrest during the Covid-19 Outbreak in Italy. N. Engl. J. Med. 2020, 383, 496–498. [CrossRef] [PubMed]

100. Lai, P.H.; Lancet, E.A.; Weiden, M.D.; Webber, M.P.; Zeig-Owens, R.; Hall, C.B.; Prezant, D.J. Characteristics Associated With
Out-of-Hospital Cardiac Arrests and Resuscitations During the Novel Coronavirus Disease 2019 Pandemic in New York City.
JAMA Cardiol. 2020, 5, 1154. [CrossRef]

101. Zhang, W.; Zhao, Y.; Zhang, F.; Wang, Q.; Li, T.; Liu, Z.; Wang, J.; Qin, Y.; Zhang, X.; Yan, X.; et al. The use of anti-inflammatory
drugs in the treatment of people with severe coronavirus disease 2019 (COVID-19): The Perspectives of clinical immunologists
from China. Clin. Immunol. 2020, 214, 108393. [CrossRef]

102. Su, H.; Yang, M.; Wan, C.; Yi, L.-X.; Tang, F.; Zhu, H.-Y.; Yi, F.; Yang, H.-C.; Fogo, A.B.; Nie, X.; et al. Renal histopathological
analysis of 26 postmortem findings of patients with COVID-19 in China. Kidney Int. 2020, 98, 219–227. [CrossRef]

103. Dolhnikoff, M.; Duarte-Neto, A.N.; Almeida Monteiro, R.A.; Silva, L.F.F.; Oliveira, E.P.; Saldiva, P.H.N.; Mauad, T.;
Negri, E.M. Pathological evidence of pulmonary thrombotic phenomena in severe COVID-19. J. Thromb. Haemost. 2020, 18,
1517–1519. [CrossRef]

104. Klok, F.A.; Kruip, M.J.H.A.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.A.M.P.J.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.;
Stals, M.A.M.; Huisman, M.V.; et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb.
Res. 2020, 191, 145–147. [CrossRef] [PubMed]

105. Nahum, J.; Morichau-Beauchant, T.; Daviaud, F.; Echegut, P.; Fichet, J.; Maillet, J.-M.; Thierry, S. Venous Thrombosis Among
Critically Ill Patients With Coronavirus Disease 2019 (COVID-19). JAMA Netw. Open 2020, 3, e2010478. [CrossRef] [PubMed]

106. Barrios-López, J.M.; Rego-García, I.; Muñoz Martínez, C.; Romero-Fábrega, J.C.; Rivero Rodríguez, M.; Ruiz Giménez, J.A.;
Escamilla-Sevilla, F.; Mínguez-Castellanos, A.; Fernández Pérez, M.D. Ictus isquémico e infección por SARS-CoV-2, ¿asociación
casual o causal? Neurología 2020, 35, 295–302. [CrossRef] [PubMed]

107. Merkler, A.E.; Parikh, N.S.; Mir, S.; Gupta, A.; Kamel, H.; Lin, E.; Lantos, J.; Schenck, E.J.; Goyal, P.; Bruce, S.S.; et al. Risk
of Ischemic Stroke in Patients with Coronavirus Disease 2019 (COVID-19) vs Patients with Influenza. JAMA Neurol. 2020, 77,
1366. [CrossRef]

108. Verdoni, L.; Mazza, A.; Gervasoni, A.; Martelli, L.; Ruggeri, M.; Ciuffreda, M.; Bonanomi, E.; D’Antiga, L. An outbreak of severe
Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2 epidemic: An observational cohort study. Lancet 2020, 395,
1771–1778. [CrossRef]

109. Castelnovo, L.; Capelli, F.; Tamburello, A.; Faggioli, P.M.; Mazzone, A. Symmetric cutaneous vasculitis in COVID-19 pneumonia.
J. Eur. Acad. Dermatol. Venereol. 2020, 34, e362–e363. [CrossRef]

http://doi.org/10.1016/j.jacc.2020.06.068
http://doi.org/10.1001/jamacardio.2020.0950
http://www.ncbi.nlm.nih.gov/pubmed/32211816
http://doi.org/10.1001/jamacardio.2020.1017
http://doi.org/10.1136/heartjnl-2020-317007
http://www.ncbi.nlm.nih.gov/pubmed/32354798
http://doi.org/10.1136/heartjnl-2020-317186
http://doi.org/10.1056/NEJMc2009020
http://doi.org/10.1093/ehjcr/ytaa553
http://doi.org/10.1161/CIRCULATIONAHA.120.049294
http://doi.org/10.1016/j.jacc.2020.07.022
http://www.ncbi.nlm.nih.gov/pubmed/32679155
http://doi.org/10.1093/eurheartj/ehaa409
http://www.ncbi.nlm.nih.gov/pubmed/32412631
http://doi.org/10.1093/eurheartj/ehaa454
http://doi.org/10.1016/j.ahj.2020.05.009
http://www.ncbi.nlm.nih.gov/pubmed/32569892
http://doi.org/10.1007/s00392-020-01780-0
http://www.ncbi.nlm.nih.gov/pubmed/33219854
http://doi.org/10.1056/NEJMc2010418
http://www.ncbi.nlm.nih.gov/pubmed/32348640
http://doi.org/10.1001/jamacardio.2020.2488
http://doi.org/10.1016/j.clim.2020.108393
http://doi.org/10.1016/j.kint.2020.04.003
http://doi.org/10.1111/jth.14844
http://doi.org/10.1016/j.thromres.2020.04.013
http://www.ncbi.nlm.nih.gov/pubmed/32291094
http://doi.org/10.1001/jamanetworkopen.2020.10478
http://www.ncbi.nlm.nih.gov/pubmed/32469410
http://doi.org/10.1016/j.nrl.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32448674
http://doi.org/10.1001/jamaneurol.2020.2730
http://doi.org/10.1016/S0140-6736(20)31103-X
http://doi.org/10.1111/jdv.16589


Biomedicines 2021, 9, 1691 27 of 29

110. Bouaziz, J.; Duong, T.A.; Jachiet, M.; Velter, C.; Lestang, P.; Cassius, C.; Arsouze, A.; Domergue Than Trong, E.; Bagot, M.;
Begon, E.; et al. Vascular skin symptoms in COVID-19: A French observational study. J. Eur. Acad. Dermatol. Venereol. 2020, 34,
e451–e452. [CrossRef]

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

112. Castiello, T.; Georgiopoulos, G.; Finocchiaro, G.; Claudia, M.; Gianatti, A.; Delialis, D.; Aimo, A.; Prasad, S. COVID-19 and
myocarditis: A systematic review and overview of current challenges. Heart Fail. Rev. 2021, 1–11. [CrossRef]

113. Li, Y.; Liu, T.; Tse, G.; Wu, M.; Jiang, J.; Liu, M.; Tao, L. Electrocardiograhic characteristics in patients with coronavirus infection: A
single-center observational study. Ann. Noninvasive Electrocardiol. 2020, 25, e12805. [CrossRef]

114. Ojha, V.; Verma, M.; Pandey, N.N.; Mani, A.; Malhi, A.S.; Kumar, S.; Jagia, P.; Roy, A.; Sharma, S. Cardiac Magnetic Resonance
Imaging in Coronavirus Disease 2019 (COVID-19). J. Thorac. Imaging 2021, 36, 73–83. [CrossRef] [PubMed]

115. Lindner, D.; Fitzek, A.; Bräuninger, H.; Aleshcheva, G.; Edler, C.; Meissner, K.; Scherschel, K.; Kirchhof, P.; Escher, F.;
Schultheiss, H.-P.; et al. Association of Cardiac Infection With SARS-CoV-2 in Confirmed COVID-19 Autopsy Cases. JAMA
Cardiol. 2020, 5, 1281. [CrossRef]

116. Escher, F.; Pietsch, H.; Aleshcheva, G.; Bock, T.; Baumeier, C.; Elsaesser, A.; Wenzel, P.; Hamm, C.; Westenfeld, R.;
Schultheiss, M.; et al. Detection of viral SARS-CoV-2 genomes and histopathological changes in endomyocardial biopsies. ESC
Hear. Fail. 2020, 7, 2440–2447. [CrossRef] [PubMed]

117. Basso, C.; Leone, O.; Rizzo, S.; De Gaspari, M.; van der Wal, A.C.; Aubry, M.-C.; Bois, M.C.; Lin, P.T.; Maleszewski, J.J.; Stone, J.R.
Pathological features of COVID-19-associated myocardial injury: A multicentre cardiovascular pathology study. Eur. Heart J.
2020, 41, 3827–3835. [CrossRef]

118. Kawakami, R.; Sakamoto, A.; Kawai, K.; Gianatti, A.; Pellegrini, D.; Nasr, A.; Kutys, B.; Guo, L.; Cornelissen, A.; Mori, M.; et al.
Pathological Evidence for SARS-CoV-2 as a Cause of Myocarditis. J. Am. Coll. Cardiol. 2021, 77, 314–325. [CrossRef]

119. Minhas, A.S.; Scheel, P.; Garibaldi, B.; Liu, G.; Horton, M.; Jennings, M.; Jones, S.R.; Michos, E.D.; Hays, A.G. Takotsubo Syndrome
in the Setting of COVID-19. JACC Case Rep. 2020, 2, 1321–1325. [CrossRef]

120. Giustino, G.; Croft, L.B.; Oates, C.P.; Rahman, K.; Lerakis, S.; Reddy, V.Y.; Goldman, M. Takotsubo Cardiomyopathy in COVID-19.
J. Am. Coll. Cardiol. 2020, 76, 628–629. [CrossRef] [PubMed]

121. Roca, E.; Lombardi, C.; Campana, M.; Vivaldi, O.; Bigni, B.; Bertozzi, B.; Passalacqua, G. Takotsubo Syndrome Associated with
COVID-19. Eur. J. Case Rep. Intern. Med. 2020, 7, 001665. [CrossRef]

122. Meyer, P.; Degrauwe, S.; Van Delden, C.; Ghadri, J.-R.; Templin, C. Typical takotsubo syndrome triggered by SARS-CoV-2
infection. Eur. Heart J. 2020, 41, 1860. [CrossRef]

123. Solano-López, J.; Sánchez-Recalde, A.; Zamorano, J.L. SARS-CoV-2, a novel virus with an unusual cardiac feature: Inverted
takotsubo syndrome. Eur. Heart J. 2020, 41, 3106. [CrossRef]

124. Jabri, A.; Kalra, A.; Kumar, A.; Alameh, A.; Adroja, S.; Bashir, H.; Nowacki, A.S.; Shah, R.; Khubber, S.; Kanaa’N, A.; et al. Incidence
of Stress Cardiomyopathy During the Coronavirus Disease 2019 Pandemic. JAMA Netw. Open 2020, 3, e2014780. [CrossRef]

125. Chen, T.; Wu, D.; Chen, H.; Yan, W.; Yang, D.; Chen, G.; Ma, K.; Xu, D.; Yu, H.; Wang, H.; et al. Clinical characteristics of 113
deceased patients with coronavirus disease 2019: Retrospective study. BMJ 2020, 368, m1091. [CrossRef]

126. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors for mor-
tality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062. [CrossRef]

127. Freaney, P.M.; Shah, S.J.; Khan, S.S. COVID-19 and Heart Failure with Preserved Ejection Fraction. JAMA 2020, 324, 1499.
[CrossRef] [PubMed]

128. Szekely, Y.; Lichter, Y.; Taieb, P.; Banai, A.; Hochstadt, A.; Merdler, I.; Gal Oz, A.; Rothschild, E.; Baruch, G.; Peri, Y.; et al. Spectrum
of Cardiac Manifestations in COVID-19. Circulation 2020, 142, 342–353. [CrossRef] [PubMed]

129. Lax, S.F.; Skok, K.; Zechner, P.M.; Trauner, M. Pulmonary Arterial Thrombosis in COVID-19 With Fatal Outcome. Ann. Intern.
Med. 2021, 174, 139–140. [CrossRef]

130. Klok, F.A.; Kruip, M.J.H.A.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.;
Stals, M.A.M.; Huisman, M.V.; et al. Confirmation of the high cumulative incidence of thrombotic complications in critically ill
ICU patients with COVID-19: An updated analysis. Thromb. Res. 2020, 191, 148–150. [CrossRef] [PubMed]

131. Cui, S.; Chen, S.; Li, X.; Liu, S.; Wang, F. Prevalence of venous thromboembolism in patients with severe novel coronavirus
pneumonia. J. Thromb. Haemost. 2020, 18, 1421–1424. [CrossRef]

132. Wang, T.; Chen, R.; Liu, C.; Liang, W.; Guan, W.; Tang, R.; Tang, C.; Zhang, N.; Zhong, N.; Li, S. Attention should be paid to
venous thromboembolism prophylaxis in the management of COVID-19. Lancet Haematol. 2020, 7, e362–e363. [CrossRef]

133. Goerlich, E.; Minhas, A.S.; Mukherjee, M.; Sheikh, F.H.; Gilotra, N.A.; Sharma, G.; Michos, E.D.; Hays, A.G. Multimodality
Imaging for Cardiac Evaluation in Patients with COVID-19. Curr. Cardiol. Rep. 2021, 23, 44. [CrossRef]

134. Dweck, M.R.; Bularga, A.; Hahn, R.T.; Bing, R.; Lee, K.K.; Chapman, A.R.; White, A.; Salvo, G.D.; Sade, L.E.; Pearce, K.; et al.
Global evaluation of echocardiography in patients with COVID-19. Eur. Hear. J.-Cardiovasc. Imaging 2020, 21, 949–958.
[CrossRef] [PubMed]

135. Giustino, G.; Croft, L.B.; Stefanini, G.G.; Bragato, R.; Silbiger, J.J.; Vicenzi, M.; Danilov, T.; Kukar, N.; Shaban, N.; Kini, A.; et al.
Characterization of Myocardial Injury in Patients With COVID-19. J. Am. Coll. Cardiol. 2020, 76, 2043–2055. [CrossRef] [PubMed]

http://doi.org/10.1111/jdv.16544
http://doi.org/10.1056/NEJMoa2015432
http://doi.org/10.1007/s10741-021-10087-9
http://doi.org/10.1111/anec.12805
http://doi.org/10.1097/RTI.0000000000000574
http://www.ncbi.nlm.nih.gov/pubmed/33306666
http://doi.org/10.1001/jamacardio.2020.3551
http://doi.org/10.1002/ehf2.12805
http://www.ncbi.nlm.nih.gov/pubmed/32529795
http://doi.org/10.1093/eurheartj/ehaa664
http://doi.org/10.1016/j.jacc.2020.11.031
http://doi.org/10.1016/j.jaccas.2020.04.023
http://doi.org/10.1016/j.jacc.2020.05.068
http://www.ncbi.nlm.nih.gov/pubmed/32517962
http://doi.org/10.12890/2020_001665
http://doi.org/10.1093/eurheartj/ehaa306
http://doi.org/10.1093/eurheartj/ehaa390
http://doi.org/10.1001/jamanetworkopen.2020.14780
http://doi.org/10.1136/bmj.m1091
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1001/jama.2020.17445
http://www.ncbi.nlm.nih.gov/pubmed/33001179
http://doi.org/10.1161/CIRCULATIONAHA.120.047971
http://www.ncbi.nlm.nih.gov/pubmed/32469253
http://doi.org/10.7326/L20-1276
http://doi.org/10.1016/j.thromres.2020.04.041
http://www.ncbi.nlm.nih.gov/pubmed/32381264
http://doi.org/10.1111/jth.14830
http://doi.org/10.1016/S2352-3026(20)30109-5
http://doi.org/10.1007/s11886-021-01483-6
http://doi.org/10.1093/ehjci/jeaa178
http://www.ncbi.nlm.nih.gov/pubmed/32556199
http://doi.org/10.1016/j.jacc.2020.08.069
http://www.ncbi.nlm.nih.gov/pubmed/33121710


Biomedicines 2021, 9, 1691 28 of 29

136. van Dongen, C.; Janssen, M.; van der Horst, R.; van Kraaij, D.; Peeters, R.; van den Toorn, L.; Mostard, R. Unusually Rapid
Development of Pulmonary Hypertension and Right Ventricular Failure after COVID-19 Pneumonia. Eur. J. Case Rep. Intern. Med.
2020, 7, 001784. [CrossRef] [PubMed]

137. Li, Y.; Li, H.; Zhu, S.; Xie, Y.; Wang, B.; He, L.; Zhang, D.; Zhang, Y.; Yuan, H.; Wu, C.; et al. Prognostic Value of Right Ventricular
Longitudinal Strain in Patients With COVID-19. JACC Cardiovasc. Imaging 2020, 13, 2287–2299. [CrossRef] [PubMed]

138. Zhang, Y.; Sun, W.; Wu, C.; Zhang, Y.; Cui, L.; Xie, Y.; Wang, B.; He, L.; Yuan, H.; Zhang, Y.; et al. Prognostic Value of
Right Ventricular Ejection Fraction Assessed by 3D Echocardiography in COVID-19 Patients. Front. Cardiovasc. Med. 2021, 8,
641088. [CrossRef]

139. Li, R.; Wang, H.; Ma, F.; Cui, G.; Peng, L.; Li, C.; Zeng, H.; Marian, A.J.; Wang, D. Widespread myocardial dysfunction in
COVID-19 patients detected by myocardial strain imaging using 2-D speckle-tracking echocardiography. Acta Pharmacol. Sin.
2021, 42, 1567–1574. [CrossRef]

140. Zhu, Z.W.; Tang, J.J.; Chai, X.P.; Fang, Z.F.; Liu, Q.M.; Hu, X.Q.; Xu, D.Y.; Tang, L.; Tai, S.; Wu, Y.Z.; et al. Comparison of
heart failure and COVID-19 in chest CT features and clinical characteristics. Zhonghua Xin Xue Guan Bing Za Zhi 2020, 48,
467–471. [CrossRef]

141. Singh, V.; Choi, A.D.; Leipsic, J.; Aghayev, A.; Earls, J.P.; Blanke, P.; Steigner, M.; Shaw Phd, L.J.; Di Carli, M.F.; Villines, T.C.; et al.
Use of cardiac CT amidst the COVID-19 pandemic and beyond: North American perspective. J. Cardiovasc. Comput. Tomogr. 2021,
15, 16–26. [CrossRef]

142. Huang, L.; Zhao, P.; Tang, D.; Zhu, T.; Han, R.; Zhan, C.; Liu, W.; Zeng, H.; Tao, Q.; Xia, L. Cardiac Involvement in Patients Recov-
ered From COVID-2019 Identified Using Magnetic Resonance Imaging. JACC Cardiovasc. Imaging 2020, 13, 2330–2339. [CrossRef]

143. Puntmann, V.O.; Carerj, M.L.; Wieters, I.; Fahim, M.; Arendt, C.; Hoffmann, J.; Shchendrygina, A.; Escher, F.; Vasa-Nicotera, M.;
Zeiher, A.M.; et al. Outcomes of Cardiovascular Magnetic Resonance Imaging in Patients Recently Recovered from Coronavirus
Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 1265. [CrossRef]

144. Rajpal, S.; Tong, M.S.; Borchers, J.; Zareba, K.M.; Obarski, T.P.; Simonetti, O.P.; Daniels, C.J. Cardiovascular Magnetic Resonance
Findings in Competitive Athletes Recovering From COVID-19 Infection. JAMA Cardiol. 2020, 6, 116–118. [CrossRef] [PubMed]

145. Pieske, B.; Tschöpe, C.; de Boer, R.A.; Fraser, A.G.; Anker, S.D.; Donal, E.; Edelmann, F.; Fu, M.; Guazzi, M.; Lam, C.S.P.; et al. How
to diagnose heart failure with preserved ejection fraction: The HFA–PEFF diagnostic algorithm: A consensus recommendation
from the Heart Failure Association (HFA) of the European Society of Cardiology (ESC). Eur. Heart J. 2019, 40, 3297–3317.
[CrossRef] [PubMed]

146. Talasaz, A.H.; Kakavand, H.; Van Tassell, B.; Aghakouchakzadeh, M.; Sadeghipour, P.; Dunn, S.; Geraiely, B. Cardiovascular
Complications of COVID-19: Pharmacotherapy Perspective. Cardiovasc. Drugs Ther. 2021, 35, 249–259. [CrossRef]

147. Picchianti Diamanti, A.; Rosado, M.M.; Pioli, C.; Sesti, G.; Laganà, B. Cytokine Release Syndrome in COVID-19 Patients, A
New Scenario for an Old Concern: The Fragile Balance between Infections and Autoimmunity. Int. J. Mol. Sci. 2020, 21, 3330.
[CrossRef] [PubMed]

148. Cuker, A.; Tseng, E.K.; Nieuwlaat, R.; Angchaisuksiri, P.; Blair, C.; Dane, K.; Davila, J.; DeSancho, M.T.; Diuguid, D.;
Griffin, D.O.; et al. American Society of Hematology 2021 guidelines on the use of anticoagulation for thromboprophylaxis
in patients with COVID-19. Blood Adv. 2021, 5, 872–888. [CrossRef]

149. Giguère, P.; Nhean, S.; Tseng, A.L.; Hughes, C.A.; Angel, J.B. Getting to the Heart of the Matter: A Review of Drug Interactions
Between HIV Antiretrovirals and Cardiology Medications. Can. J. Cardiol. 2019, 35, 326–340. [CrossRef] [PubMed]

150. Dixon, D.L.; Van Tassell, B.W.; Vecchié, A.; Bonaventura, A.; Talasaz, A.H.; Kakavand, H.; DAscenzo, F.; Perciaccante, A.;
Castagno, D.; Ammirati, E.; et al. Cardiovascular Considerations in Treating Patients With Coronavirus Disease 2019 (COVID-19).
J. Cardiovasc. Pharmacol. 2020, 75, 359–367. [CrossRef]

151. Antonopoulos, A.S.; Margaritis, M.; Lee, R.; Channon, K.; Antoniades, C. Statins as Anti-Inflammatory Agents in Atherogenesis:
Molecular Mechanisms and Lessons from the Recent Clinical Trials. Curr. Pharm. Des. 2012, 18, 1519–1530. [CrossRef]

152. Guo, Y.; Yu, Y.; Hu, S.; Chen, Y.; Shen, Z. The therapeutic potential of mesenchymal stem cells for cardiovascular diseases. Cell
Death Dis. 2020, 11, 349. [CrossRef]

153. Murphy, M.B.; Moncivais, K.; Caplan, A.I. Mesenchymal stem cells: Environmentally responsive therapeutics for regenerative
medicine. Exp. Mol. Med. 2013, 45, e54. [CrossRef]

154. Rodríguez-Fuentes, D.E.; Fernández-Garza, L.E.; Samia-Meza, J.A.; Barrera-Barrera, S.A.; Caplan, A.I.; Barrera-Saldaña, H.A. Mes-
enchymal Stem Cells Current Clinical Applications: A Systematic Review. Arch. Med. Res. 2021, 52, 93–101. [CrossRef] [PubMed]

155. Fan, M.; Huang, Y.; Chen, Z.; Xia, Y.; Chen, A.; Lu, D.; Wu, Y.; Zhang, N.; Qian, J. Efficacy of mesenchymal stem cell therapy in
systolic heart failure: A systematic review and meta-analysis. Stem Cell Res. Ther. 2019, 10, 150. [CrossRef] [PubMed]

156. Jeong, H.; Yim, H.W.; Park, H.-J.; Cho, Y.; Hong, H.; Kim, N.J.; Oh, I.-H. Mesenchymal Stem Cell Therapy for Ischemic Heart
Disease: Systematic Review and Meta-analysis. Int. J. Stem Cells 2018, 11, 1–12. [CrossRef]

157. Shi, L.; Huang, H.; Lu, X.; Yan, X.; Jiang, X.; Xu, R.; Wang, S.; Zhang, C.; Yuan, X.; Xu, Z.; et al. Effect of human umbilical cord-
derived mesenchymal stem cells on lung damage in severe COVID-19 patients: A randomized, double-blind, placebo-controlled
phase 2 trial. Signal Transduct. Target. Ther. 2021, 6, 58. [CrossRef] [PubMed]

158. Meng, F.; Xu, R.; Wang, S.; Xu, Z.; Zhang, C.; Li, Y.; Yang, T.; Shi, L.; Fu, J.; Jiang, T.; et al. Human umbilical cord-derived
mesenchymal stem cell therapy in patients with COVID-19: A phase 1 clinical trial. Signal Transduct. Target. Ther. 2020, 5,
172. [CrossRef]

http://doi.org/10.12890/2020_001784
http://www.ncbi.nlm.nih.gov/pubmed/32665939
http://doi.org/10.1016/j.jcmg.2020.04.014
http://www.ncbi.nlm.nih.gov/pubmed/32654963
http://doi.org/10.3389/fcvm.2021.641088
http://doi.org/10.1038/s41401-020-00595-z
http://doi.org/10.3760/CMA.J.CN112148-20200218-00093
http://doi.org/10.1016/j.jcct.2020.11.004
http://doi.org/10.1016/j.jcmg.2020.05.004
http://doi.org/10.1001/jamacardio.2020.3557
http://doi.org/10.1001/jamacardio.2020.4916
http://www.ncbi.nlm.nih.gov/pubmed/32915194
http://doi.org/10.1093/eurheartj/ehz641
http://www.ncbi.nlm.nih.gov/pubmed/31504452
http://doi.org/10.1007/s10557-020-07037-2
http://doi.org/10.3390/ijms21093330
http://www.ncbi.nlm.nih.gov/pubmed/32397174
http://doi.org/10.1182/bloodadvances.2020003763
http://doi.org/10.1016/j.cjca.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30825953
http://doi.org/10.1097/FJC.0000000000000836
http://doi.org/10.2174/138161212799504803
http://doi.org/10.1038/s41419-020-2542-9
http://doi.org/10.1038/emm.2013.94
http://doi.org/10.1016/j.arcmed.2020.08.006
http://www.ncbi.nlm.nih.gov/pubmed/32977984
http://doi.org/10.1186/s13287-019-1258-1
http://www.ncbi.nlm.nih.gov/pubmed/31151406
http://doi.org/10.15283/ijsc17061
http://doi.org/10.1038/s41392-021-00488-5
http://www.ncbi.nlm.nih.gov/pubmed/33568628
http://doi.org/10.1038/s41392-020-00286-5


Biomedicines 2021, 9, 1691 29 of 29

159. Xu, X.; Jiang, W.; Chen, L.; Xu, Z.; Zhang, Q.; Zhu, M.; Ye, P.; Li, H.; Yu, L.; Zhou, X.; et al. Evaluation of the safety and efficacy of
using human menstrual blood-derived mesenchymal stromal cells in treating severe and critically ill COVID-19 patients: An
exploratory clinical trial. Clin. Transl. Med. 2021, 11, e297. [CrossRef]

160. Lanzoni, G.; Linetsky, E.; Correa, D.; Messinger Cayetano, S.; Alvarez, R.A.; Kouroupis, D.; Alvarez Gil, A.; Poggioli, R.; Ruiz, P.;
Marttos, A.C.; et al. Umbilical cord mesenchymal stem cells for COVID-19 acute respiratory distress syndrome: A double-blind,
phase 1/2a, randomized controlled trial. Stem Cells Transl. Med. 2021, 10, 660–673. [CrossRef]

161. Shu, L.; Niu, C.; Li, R.; Huang, T.; Wang, Y.; Huang, M.; Ji, N.; Zheng, Y.; Chen, X.; Shi, L.; et al. Treatment of severe COVID-19
with human umbilical cord mesenchymal stem cells. Stem Cell Res. Ther. 2020, 11, 361. [CrossRef] [PubMed]

162. Hashemian, S.-M.R.; Aliannejad, R.; Zarrabi, M.; Soleimani, M.; Vosough, M.; Hosseini, S.-E.; Hossieni, H.; Keshel, S.H.;
Naderpour, Z.; Hajizadeh-Saffar, E.; et al. Mesenchymal stem cells derived from perinatal tissues for treatment of critically ill
COVID-19-induced ARDS patients: A case series. Stem Cell Res. Ther. 2021, 12, 91. [CrossRef]
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