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Abstract: In the context of new therapeutic protocols and vaccines developed in the past 3 years,
coronavirus 2019 (COVID-19) continues to exert an important impact on the healthcare systems
worldwide. Age and a history of cardiovascular or respiratory diseases remain relevant in terms of
prognosis for all COVID-19 patients, independent of the viral strain, by conveying a worse outcome
and increased rates of in-hospital mortality. Previous studies reported heterogenous cardiovascular
manifestations in COVID-19 patients from acute myocarditis or myopericarditis, acute coronary
syndromes, stress cardiomyopathy, de novo arrhythmias to pulmonary embolism, or in some rare
cases, endocarditis. In this review, we assessed the potential acute, in-hospital and long-term cardiac
complications in patients diagnosed with COVID-19.
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1. Introduction

In the context of new therapeutic protocols and vaccines developed in the past 3 years,
coronavirus 2019 (COVID-19) continues to exert an important impact on the healthcare
systems worldwide. The clinical spectrum of COVID-19 varies from asymptomatic cases
described in almost a quarter of patients to severe forms of pneumonia and acute res-
piratory distress syndrome requiring intensive care unit (ICU) admission and advanced
medical management [1]. Moreover, the variability in COVID-19 clinical scenarios depends
as well on the concerned viral strain. The Omicron variant is associated with a lower
severity risk and fewer ICU admissions in comparison to Delta variant, emphasizing the
additional value of genomic analysis in these patients [2]. Nevertheless, age and a his-
tory of cardiovascular or respiratory diseases remain relevant in terms of prognosis for
all COVID-19 patients, independent of the viral strain, by conveying a worse outcome
and increased rates of in-hospital mortality [3]. One of the most frequent complication
described in patients hospitalized with COVID-19 is myocardial injury, which is suggested
by an elevation of cardiac biomarkers, in particular, cardiac troponinsand is associated
with increased morbidity and mortality [4–6]. However, initial studies focused, in general,
on a single cardiac troponin determination, conducted frequently at admission, without
considering its dynamicity, which may be indicative of various types of cardiovascular and
non-cardiovascular pathologies [7]. The elevation of cardiac biomarkers in patients with
COVID-19 is a reflection of several pathophysiological mechanisms, such as cytokine storm,
microangiopathy due to prothrombotic state and endothelial dysfunction or hypoxemia,
further leading to the destabilization of previously silent coronary artery diseases or de
novo type 2 myocardial infarction and newly onset acute myocarditis, pulmonary em-
bolism, sepsis or acute kidney injury, which are frequently observed in COVID-19-positive,
hospitalized patients [8–10]. Hence, understanding the multisystem effects of COVID-19

COVID 2023, 3, 715–727. https://doi.org/10.3390/covid3050053 https://www.mdpi.com/journal/covid

https://doi.org/10.3390/covid3050053
https://doi.org/10.3390/covid3050053
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/covid
https://www.mdpi.com
https://orcid.org/0000-0002-0816-2317
https://orcid.org/0000-0002-0871-8303
https://orcid.org/0000-0003-3985-3249
https://orcid.org/0000-0002-9168-2398
https://doi.org/10.3390/covid3050053
https://www.mdpi.com/journal/covid
https://www.mdpi.com/article/10.3390/covid3050053?type=check_update&version=3


COVID 2023, 3 716

plays a crucial role in making a proper and timely decision regarding various medical
treatment strategies, including the transfer to intensive care units, invasive mechanical ven-
tilation or vasopressor support and the improvement of patients’ survival and diminishing
the potential long-term consequences.

In a meta-analysis comprising 20 studies, the prevalence of myocardial injury in hospi-
talized COVID-19 patients was up to 22% with distinctive differences between patients with
severe forms of disease compared to non-severe COVID-19 patients (from 10.2% to 69.2%
versus from 1% to 9%, respectively) [11]. Moreover, when comparing different viral strains,
the lowest rates of mortality, ICU admission and mechanical ventilation were described in
patients with myocardial injury and the Omicron variant due to decreased virulence, different
medical management methods and the effectiveness of vaccination strategies [12].

Previous studies reported heterogenous acute cardiovascular manifestations predomi-
nantly in hospitalized COVID-19 patients, from acute myocarditis or myopericarditis, acute
coronary syndromes, stress cardiomyopathy, de novo arrhythmias to pulmonary embolism,
or in some rare cases, endocarditis. Furthermore, the presence of a cardiac injury was
reported in several follow-up studies. Post-acute cardiovascular [13] complications are
considered to be common after viral infections, particularly among patients with cardiovas-
cular risk factors and chronic diseases [14]. In comparison to patients without a history of
COVID-19, patients who already experienced an acute COVID-19 infection are at a higher
risk of cardiovascular diseases, including de novo arrhythmias, ischemic heart diseases or
thromboembolic events at one-year follow-up [15]. On top of that, the same study outlined
the burden of cardiovascular diseases in recovered COVID-19 patients without common
cardiovascular risk factors, such as arterial hypertension or obesity, who are considered to
have a poor cardiovascular risk profile [15].

Although our knowledge on coronavirus has improved since the outbreak in 2019,
there are gaps in evidence regarding COVID-19 severity, in-hospital management and
outcomes, as well as long-term complications following an acute episode. Therefore, in this
review, we assessed the potential acute, in-hospital and long-term cardiac complications
among patients diagnosed with COVID-19.

An extensive review of literature derived from research involving human subjects,
published in English and indexed in MEDLINE (through PubMed) was conducted (Supple-
mental Table S1). Key search words were included, but were not limited to the following:
COVID-19 myocarditis, COVID-19 myocardial injury, COVID-19 pericarditis, COVID-19
acute coronary syndrome, COVID-19 myocardial infarction, COVID-19 cardiac arrythmias,
COVID-19 infective endocarditis, COVID-19 stress-induced cardiomyopathy, COVID-19
takotsubo cardiomyopathy, COVID-19 postural orthostatic tachycardia, COVID-19 chronic
fatigue syndrome, long COVID and COVID-19 cardiovascular diseases

2. Acute and Delayed Myocardial Injury

Cardiac injury is common in viral infections, including COVID-19. However, the
presented evidence is conflicting whether this is induced by direct viral action or caused
by the consequences of several indirect factors from the reactivation of the underlying dis-
eases to an overexaggerated inflammatory response [16]. The presence of microthrombosis
induced by COVID-19 outlines the cytotoxic effect of the virus on endothelial cells [16].
Moreover, autopsy studies have rarely described the presence of interstitial macrophages
at the level of the myocardium in patients presenting, for example, myocarditis; therefore,
a potential direct mechanism cannot be entirely excluded [17]. Nevertheless, the high
level of macrophages at the level of myocardium in autopsies performed on patients with
COVID-19 pneumonia may be due to the increased inflammatory response with the re-
lease of proinflammatory cytokines, which is not a unique characteristic for COVID-19
infections [17]. Importantly, it is well known that angiotensin-converting enzyme 2 plays
a central role in the processes of inflammation, oxidative stress, vasoconstriction and
fibrosis [18], as well as the affinity of SARS-CoV 2 virus to angiotensin-converting en-
zyme 2 receptor with the hyperactivation of the renin–angiotensin–aldosterone system,
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thereby promoting the inflammation process [19]. The mixed effect of the direct viral effect
and the inflammation process with cytokine storm, endothelitis and thrombosis occurring at
different stages in the evolution of the disease represent the substrate for cardiac injury [10]
Subsequently, some patients recovering from COVID-19 may develop long-term conse-
quences with a variable prevalence at different time points [20]. For example, post-COVID
lymphocytic and eosinophilic myocarditis was reported between one and five months
following the acute infection, with SARS-CoV-2 ribonucleic acid (RNA) being detected in
association with parvovirus B19 DNA [21]. Other studies emphasized subclinical cardiac
damage following acute pneumonia, which was translated by the chronic elevation of
cardiac biomarkers and asymptomatic changes at the level of myocardium and depicted in
cardiac magnetic follow-up exams or via positron emission tomography [22]. Although
high levels of cardiorespiratory fitness seem to be protective of severe forms of COVID-19
infection, athletes are susceptible to cardiovascular complications that often remain silent,
such as myocarditis or a pre-myocardial injury. Moreover, this population might have an
increased arterial stiffness and decreased vascular function. These data raise concern about
myocardial inflammation as an additional cause of cardiac injury among athletes [23–27].

3. Myocarditis in COVID-19 Pneumonia

Direct viral injury together with a generalised inflammatory response, diffuse vas-
culitis and/or cardiotoxic anti-viral therapies are considered to induce COVID-19-related
myocarditis [28]. However, its pathogenesis remains a subject of debate. Potential mecha-
nisms associated with the onset of myocarditis are separated, as previously mentioned, into
two main categories: direct viral action and its indirect effects [19]. Direct viral invasion has
been described in isolated cases of fulminant myocarditis associated with COVID-19, where
RNA was present at the level of cardiomyocytes [29]. Fulminant myocarditis, which is char-
acterized by a lymphocytic infiltrate on endomyocardial biopsies, remains an infrequent
complication of COVID-19 infections [30]. One of the pathophysiological mechanisms
linked to the onset of acute myocarditis among patients with COVID-19 is the viral in-
vasion via the spike protein that connects to angiotensin-converting enzyme 2 receptors
expressed by various cells including macrophages, thereby promoting inflammation at
this level [4,19]. Moreover, in specific clinical situations where an endomyocardial biopsy
was performed to confirm the diagnosis of myocarditis, COVID-19 RNA was identified
supporting the theory of direct viral invasion [13,30]. The mortality rate among COVID-19
patients is considered to be less than 1%, with myocarditis being a potential cause of a
worse outcome [31,32]. However, the prevalence of acute myocarditis is considered to be
low, being considered as an uncommon finding among patients with COVID-19 [33]. A
recent study described the occurrence of myocarditis in COVID-19 between 2.4 and 4.1 out
of 1000 hospitalized patients, which is in contrast with earlier data where the prevalence
was up to 60% based mainly on presumed myocarditis diagnosis without actual estab-
lished diagnosis criteria [34,35]. A multicentric report including 1047 patients described
the myocarditis pattern via cardiac magnetic resonance (CMR) in 7.9% of the patients [36];
however, it was limited by the retrospective nature and variability in the CMR protocols
used in various centres, along with the absence of previous CMR examinations prior to
COVID-19 to exclude pre-existing abnormalities. Nevertheless, the incidence of myocarditis
was 42.3% higher in 2020 than it was in 2019, with an increased risk of 0.146% among
patients with COVID-19 versus 0.009% among COVID-19-negative patients, respectively.
However, it was not possible to determine causality based on the abovementioned data [33].
In the same report, patients with COVID-19 have a 16 times higher risk of developing
myocarditis than patients without COVID-19 do [33]. Additionally, several reports evalu-
ated its prevalence among young competitive athletes with a history of COVID-19 due to
the high risk of sudden death in this particular population. In one of the largest studies
involving 1597 competitive athletes, 37 (2.3%) patients presented clinical and subclinical
characteristics suggestive of myocarditis [37]. Other reports consisting of smaller cohorts
described a prevalence of myocarditis associated with a COVID-19 infection in up to 15%
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of them [38–41]; however, they were limited by differences in the time of examination
following the acute episode of COVID-19 or the protocols used for CMR evaluation. In
a recent study focusing on myocardial involvement among COVID-19 patients, the au-
thors concluded that excess scarring described during CMR evaluation is predominantly
due to myocardial infarction and microinfarction, emphasizing the prothrombotic state of
COVID-19 [42]. Additionally, the same report concluded that the prevalence of myocarditis
was low, and the pathogenesis of cardiac troponin elevation in this population remains
diverse [42]. Nevertheless, COVID-19-associated myocarditis remains a difficult diagnosis
to establish in the context of COVID-19 pneumonia due to the similarity of symptoms; one
distinguished characteristic would be the early shock state that accompanies the onset of
myocarditis in COVID-19 patients [43].

4. Pericarditis in COVID-19 Pneumonia

Acute pericarditis and cardiac tamponade are considered to be rare manifestations
associated with a COVID-19 infection. Importantly, patients with acute myocarditis and
pericarditis are at a higher risk of a worse prognosis during the COVID-19 acute episode
of pneumonia, including developing acute heart failure, and subsequently, left ventricle
dysfunction [44].

A possible cause of acute pericarditis among COVID-19 patients may be the inflam-
matory response due to an acute injury at the level of pericardial mesothelial cells, with it
being, in some cases, associated with pericardial effusion [45]. It is already acknowledged
that some cardiotropic viruses (e.g., Influenza and adenoviruses) may cause inflammation
at the level of myocardial tissue, overstimulating the local inflammatory response, leading
to myopericarditis [46]. In the CAPACITY-COVID registry, the reported overall incidence
of cardiovascular events was 11.7% (349 patients out of 3011 patients included), out of
which, 0.3% represented acute pericarditis and 0.9% represented myocarditis [47]. Pericar-
dial effusion was described in 4.55% of cases via chest computed tomography performed
on hospitalized COVID-19 patients [48]. Following the acute episode, several studies
described the presence of pericardial late enhancement with pericardial effusion in up to
40% of the recovered COVID-19 patients [49,50]. The contradictory data are related to
the differences in the study populations across the studies, lack of standardized protocols
and the retrospective nature of the reported information. Moreover, due to the restrictive
measurements taken to avoid the unnecessary exposure of healthcare professionals during
the first months of the pandemic, pericardial involvement in COVID-19 patients remained
often underdiagnosed [51].

5. Stress-Induced Cardiomyopathy and COVID-19 Pneumonia

During the COVID-19 pandemic, stress cardiomyopathy or Takotsubo syndrome
was frequently described in both COVID-19 and non-COVID-19 patients. Takotsubo
syndrome onset is triggered by severe emotional stress, which promotes catecholamine
excess release [52]. In the context of the COVID-19 pandemic, the mechanisms behind stress
cardiomyopathy are multifactorial and complex, including the association between physical
and emotional stresses, together with endothelial dysfunction, cytokine storm, excessive
inflammation response, coagulopathy disorder and microthrombosis, and induced by
the infection itself [53,54]. The stress cardiomyopathy prevalence was 4-5 times higher
in COVID-19 pandemic era in comparison to pre-pandemic period [55]. Even though it
is reversible, patients with Takotsubo syndrome may develop long-term consequences,
leading to the onset of heart failure [54,56].

6. Acute Coronary Syndromes in COVID-19 Pneumonia

The potential mechanisms attributed to COVID-19 pneumonia are diverse, and they in-
clude thrombosis due to atherosclerosis plaque rupture, mismatch between oxygen supply
and demand, referred to as type II coronary syndromes, and uncontrolled inflammation re-
sponse, cytokine storm, sepsis induced myocardial injury and endothelial dysfunction [57]
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(Figure 1). At the beginning of the pandemic, a peculiar evolution of acute coronary
syndrome prevalence was noted.
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A downward trend of acute coronary syndromes prevalence was observed worldwide.
In 2020, the Italian Society of Interventional Cardiology reported a reduction of up to 50% of
the number of procedures for, e.g., coronarography, angioplasty, transcatheter aortic valve
replacement or transcatheter edge-to-edge mitral valve repair, in comparison to that of the
pre-pandemic period [58]. Consequently, a delayed presentation to hospital was noticed,
with an augmentation of the subacute forms of acute coronary syndromes and related
complications, such as malignant arrhythmias, mechanical complications or refractory acute
heart failure, conveying a worse prognosis for these patients, with higher mortality and
cardiogenic shock rates in comparison to those in the pre-COVID-19 era [57,59,60]. There
are several explanations for this trend observed worldwide during the first waves of the
COVID-19 pandemic, which are related to the psychological impact of the pandemic on the
general population and reluctance to seek medical help, causing delayed presentations to
hospitals and the reorganization of medical services focusing on managing the high influx
of COVID-19 patients. Unfortunately, in the same context, the year 2020 of the COVID-19
pandemic may be defined as well by an increased incidence of number of out-of-hospital
cardiac arrest (OHCA), most of them going unwitnessed or with a late presentation to
hospital, and subsequently, with a three-fold increase in the 30-day mortality rates [61–64].
In comparison to 2019, the in-hospital cardiac arrest (IHCA) incidence was also higher
in 2020, with a two times higher 30-day mortality rate [63]. Venous thrombotic events,
such as deep vein thrombosis (DVT) or pulmonary embolism (PE), were observed more
often than arterial thrombosis. These events were associated with a g worse prognosis
such as the need for ICU admission, and increased risk of mortality, up to 24.5% [65,66]. A
systematic review of 42 studies encompassing 8271 patients described a higher number
of venous thrombotic events (21%), whereas the incidence of arterial thromboembolism
was much lower (2%); there was a 0.5% rate of myocardial infarction and a 1% rate of
ischemic stroke [67]. In addition to the abovementioned mechanisms attributed to the onset
of a myocardial injury among those patients, several external factors, such as prolonged
immobilization, mechanical ventilation and central venous catheters, led to a worsened
prothrombotic state in COVID-19 patients [66–69].

7. Endocarditis and COVID-19 Pneumonia

Concomitant infective endocarditis was rarely reported in patients with COVID-19.
As seen in the case of acute coronary syndromes, a downward trend was also described for
the number of infective endocarditis cases. There are several case reports on concomitant
infective endocarditis and COVID-19, most of them due to Staphylococcus and Entero-
coccus infections at the level of the aortic valve [70,71]. The explanations for the available
reported data on the incidence of infective endocarditis during the COVID-19 pandemic are
numerous, from limitations of the number transesophageal echocardiography examinations
to the insidious clinical manifestations of both pathologies, where a fever was a central
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symptom [72]. Nevertheless, clinicians should be aware that one does not exclude the other
one, and proper management should be started as soon as a clinical suspicion exists.

8. Cardiac Arrhythmias and COVID-19 Pneumonia

As assumed, arrhythmic events accompany COVID-19 pneumonia. Several potential
mechanisms related to the onset of acute arrhythmias, such as destabilized chronic cardiac
diseases, hypoxemia, electrolyte or intravascular volume imbalances, an abnormal immune
response, cardiac injury in acute coronary syndromes, acute heart failure or myocarditis
and pulmonary or drug-induced hypertension, were previously observed in other viral
diseases and also seen in COVID-19 patients [73].

A large meta-analysis comprising 12.499 hospitalized COVID-19 patients showed
that 8.7% of patients presented cardiac arrhythmias during the acute infection, with atrial
fibrillation being the most prevalent one [74]. There is a higher incidence of atrial fibrillation
or atrial flutters in patients hospitalized with COVID-19 in comparison with non-COVID-19
patients, thereby outlining the importance of screening particularly this population [75].
The new onset of atrial fibrillation among hospitalized COVID-19 patients was commonly
reported. In a recent study involving more than 30,000 patients, 5.4% of the patients
developed de novo atrial fibrillation during the acute episode, leading to doubling the
risk of in-hospital death and developing acute cardiovascular events, including the new
onset of heart failure [76]. Hence, the presence of cardiac arrhythmias, especially atrial
fibrillation, is associated with a worse outcome and potential long-term consequences.

An important aspect to be considered is the fact that at the beginning of pandemic, one
of the initial therapies considered for COVID-19 was hydroxychloroquine with or without
concomitant azithromycin and lopinavir/ritonavir, which is known to induce QT prolongation,
leading to Torsade des Pointes and sudden cardiac death [77]. To support this, a study
showed that 20% of patients treated with hydroxychloroquine with or without concomitant
azithromycin developed QT prolongation [78]. With more and more patients recovering from
COVID-19 and still being symptomatic, this is a crucial aspect to be considered.

9. Long COVID and Cardiovascular Diseases

There are several definitions for the persistence of symptomatology in COVID-19
survivors; however, most of the follow-up studies define post-acute COVID syndrome
as the persistence of symptoms beyond 4 weeks following the acute episode of infection,
without any other clinical explanation [79]. Moreover, this can be further separated into dif-
ferent categories based on the duration of the symptoms in subacute or ongoing COVID-19,
which is defined between 1 month following the acute episode up to 3 months and chronic
COVID-19, which is characterized by ongoing symptoms more than 3 months after the
acute infection [79]. This newly described syndrome is characterized by a variety of symp-
toms, suggesting the multisystemic impact of COVID-19 infection. Follow-up studies
reported the presence of Long COVID in more than half of the patients, with the most
frequent complaints being shortness of breath, fatigue, chest pain, palpitations, cognitive
abnormalities, e.g., brain fog, and sleep disturbances, as well psychological effects, for
example, anxiety or depression [79,80]. Six-month chest computed tomography follow-up
reports showed abnormalities in more than half of the recovered COVID-19 patients, with
abnormalities described even at one-year follow-up [81,82]. The following chest computed
tomography findings were often detailed in the COVID-19 follow-up studies: lung fibrosis,
consolidation and reticulation, or in some cases, atelectasis [81,83,84].

As cardiovascular diseases remain the leading cause of mortality worldwide, the
presence of cardiac events during the acute episode of COVID-19 pneumonia should
increase the use of screening for potential long-term cardiac sequels in these patients. As
inflammation plays a central and crucial role both in COVID-19 and heart failure, one
would correctly assume that there will be a future increase in heart failure prevalence in
recovered COVID-19 patients.
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To support this, a recent study involving COVID-19 survivors emphasized the aug-
mented risk of developing heart failure after the acute episode of COVID-19 infection.
Post-recovery, COVID-19 patients had 69% higher unadjusted hazard of developing heart
failure after COVID-19, and this remained significantly as well after adjusting for age, risk
factors or race/ethnicity, with it being 45% [85]. The same study reported a higher risk
among the younger population that is under 65 years old, following the diagnosis of acute
COVID-19 [85]. Subclinical cardiac dysfunction may be one of the underlying mechanisms
behind the persistence of symptoms among discharged COVID-19 patients [81]. Recovered
patients reported the persistence of symptoms such as chest pain, dyspnoea or palpitations
even months after the acute episode [81,86]. Studies focusing on recovered COVID-19
patients reported non-ischemic late gadolinium enhancement patterns via CMR linked to
a chronic inflammation state and higher vascular rigidity, which is potentially related to
post-acute COVID-19 chronic syndrome or long COVID [87]. The persistence of a cardiac
injury after the initial episode may be translated into clinical practice in newly onset or
unmasked heart failure, acute coronary syndromes or stroke associated with an increased
mortality among recovered COVID-19 patients [87,88]. A recent study evaluated the inci-
dence of cardiovascular events in non-hospitalized COVID-19 patients versus hospitalized
patients, highlighting the increased incidence of venous thrombotic events for the first
category, with hazard ratio of 2.74, whereas in the latter group of patients, the number of
both arterial and venous thrombotic events was heightened, irrespective of age, gender or
comorbidities [88,89].

10. Postural Orthostatic Tachycardia Syndrome in COVID-19 Patients

Another complex disorder frequently observed among patients recovering from viral
diseases is postural orthostatic tachycardia syndrome. Postural orthostatic tachycardia
syndrome is characterized by excessive tachycardia in orthostatism, usually an increase of
30 beats per minute of the resting heart frequency or a heart rate of more than 120 beats per
minute in the first ten minutes of standing or in a head-up tilt test and generally without
having orthostatic hypotension, with it being accompanied by several symptoms such as
headaches, bloating, sleep disorders, fatigue and palpitations [90].

Recent studies described the incidence of postural orthostatic tachycardia syndrome
in up to 14% of recovered COVID-19 patients and up to 61% of patients who presented
with symptoms such as fatigue, palpitations, shortness of breath/dyspnoea, hypotension
intolerance or cognitive impairments/brain fog following the acute episode [91].

The mechanisms associated with postural orthostatic tachycardia syndrome have not
been fully elucidated, but they overlap the potential pathophysiological mechanisms be-
hind post-acute COVID-19 syndrome (Figure 2). Dysautonomia symptoms were previously
described in patients recovering from severe acute respiratory syndrome [92]. The most
frequent symptoms observed among these patients were exercise intolerance, concentra-
tion difficulties, tachycardia, chest discomfort or breathlessness, which are similar to the
symptoms seen in patients with long COVID [91,92]. Both syndromes are presumably
characterized by the presence of chronic inflammation, potential myocardial injury, autoim-
munity mechanisms against adrenergic and muscarinic receptors, hyperadrenergic states in
the context of stress and anxiety, hypovolemia and deconditioning after the acute COVID-
19 infection, which are being translated into clinical practice in a diverse and contradictory
symptomatology with a significant impact on the quality of life of those patients [91].
Furthermore, this has crucial reverberations on all aspects of the lives of patients, implying
additionally difficulties in the medical management from diagnosis criteria to treatment
options. It is important to mention that COVID-19 dysautonomia may be reported also in
patients with less severe forms of COVID-19 infection; therefore, a direct relation between
long COVID-related symptoms, postural orthostatic tachycardia syndrome and the severity
of the index episode is difficult to establish [93]. Although the mortality rate and the
number of admissions due to COVID-19 have declined significantly due to the vaccination
strategy as well due to its natural evolution, an increasing number of patients recovering
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from COVID-19 remain symptomatic. A study of 1773 patients reported the persistence
of symptoms following the acute episode in up to 76% at the 6 month follow-up, with
fatigue, muscle weakness, sleep disturbances and psychological complaints being the most
common ones [94], which are symptoms that have frequently been described in patients
with postural orthostatic tachycardia syndrome.
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COVID-19 dysautonomia may be reported also in patients with less severe forms of 
COVID-19 infection; therefore, a direct relation between long COVID-related symptoms, 
postural orthostatic tachycardia syndrome and the severity of the index episode is difficult 
to establish [93]. Although the mortality rate and the number of admissions due to 
COVID-19 have declined significantly due to the vaccination strategy as well due to its 
natural evolution, an increasing number of patients recovering from COVID-19 remain 
symptomatic. A study of 1773 patients reported the persistence of symptoms following 
the acute episode in up to 76% at the 6 month follow-up, with fatigue, muscle weakness, 
sleep disturbances and psychological complaints being the most common ones [94], which 
are symptoms that have frequently been described in patients with postural orthostatic 
tachycardia syndrome. 

 

Figure 2. Potential mechanisms associated with postural orthostatic tachycardia syndrome in
COVID-19 patients.

11. Chronic Fatigue Syndrome and Long COVID

Viral diseases such as Epstein–Barr virus, enteroviruses or coronaviruses may trig-
ger chronic fatigue syndromes or myalgic encephalomyelitis in recovered patients [95].
According to some studies, the prevalence of chronic fatigue syndrome is considered to
be 0.3–0.8% [95]. Similar to postural orthostatic tachycardia syndrome, chronic fatigue
syndrome is characterized by orthostatic intolerance, headaches, different degrees of cog-
nitive impairments and sleep disturbances, in addition to chronic fatigue as the name
suggests [95]. For many patients, the symptoms are debilitating, affecting their quality
of life at all levels. What is more important is the lack of general awareness of chronic
fatigue syndrome and specific medical management. Data on chronic fatigue syndrome
after COVID-19 acute episode showed a prevalence of 45.2%, with a higher incidence
among women than men [96]. In a recent study on the impact of COVID-19 pandemic
on the healthcare professionals, 8% of participants reported that there was a direct effect
on their work life, whereas 15% of study population reported a negative impact on their
social life [84]. Importantly, the abovementioned report consisted of a study population
characterized by individuals with mild COVID-19 [96]. Other reports showed no direct
link between the severity of COVID-19 and the persistence of symptoms, such as fatigue,
dyspnoea or brain fog, following the acute infection [80]. Although there are contradictory
data regarding the acute episode of COVID-19 and the risk of developing Long COVID, a
general agreement exists regarding the pathophysiology behind it Changes in the immune,
cardiovascular, neurological, gastrointestinal and metabolic systems are considered to be
the substrates for Long COVID onset in recovered patients [80].

12. Controversial and Unresolved Issues

Despite the recent advances, there are still many unanswered questions regarding
COVID-19 and cardiovascular complications.

It is reasonable to believe that treatment should be adapted in view of the evolution
of the disease, and also the patients’ characteristics. There is, however, still a lack of data
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regarding the association of several drugs and the role of the treatment of cardiovascular
diseases prior to infection in preventing complications due to COVID-19.

Moreover, there are still some uncertainties regarding vaccination: who should we
vaccinate, how often and what type of vaccine should we use, taking into consideration the
fact that the severity of the disease changes and patients with high comorbidities are still at
risk to lose immunity quickly and are more vulnerable to the disease?

Finally, one of the major questions remains long COVID-19. It is not yet known if the
symptoms post-COVID will fully disappear or if they will have life-long sequalae. More
research in this field is needed; however, it is still difficult to perform due to high loss
to follow-up rates, unvalidated and heterogenous methods and a lack of control groups.
Additionally, differential diagnoses between long COVID-related symptoms and other
possible diseases remains challenging.

13. Conclusions and Future Perspectives

In this context of newly emerged data on the COVID-19 pandemic, there is still an
insufficient amount of information on the mechanisms behind long COVID, and we are
still too early in the evolution of the pandemic to see its long-term consequences. Therefore,
screening for potential cardiovascular diseases in this specific population would be ben-
eficial to early implement preventive strategies to decrease the burden of cardiovascular
diseases worldwide.

Following up with discharged COVID-19 patients is essential for a better understand-
ing and improved management of Long COVID-19 by identifying the patients at risk of
developing cardiovascular diseases in order to create and implement targeted medical
programs, including individualized treatments with cardiopulmonary rehabilitation for
patients with or at risk of developing long COVID-19.

The myocardial implications of COVID-19 are multifactorial, with them being a con-
sequence of a variety of pathophysiological mechanisms from direct viral action to an
overexaggerated inflammatory response, with a diversity of clinical scenarios affecting
the prognosis and survival of those patients. Long-term cardiac complications have been
reported in COVID-19 survivors; therefore, screening for cardiovascular diseases remains
the cornerstone for the prompt and individualized medical management of those patients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/covid3050053/s1, Table S1: Literature Summary Table.

Author Contributions: Conceptualization, M.-L.L. and A.M., methodology, M.-L.L. and A.M.;
writing—original draft preparation: M.-L.L., F.D., J.H. (Julien Higny), Y.B., J.H. (Jean Henry), A.G., G.L.,
L.S., A.H., B.R., S.D., B.C. and A.M.; writing—review and editing: M.-L.L., F.D., J.H. (Julien Higny),
Y.B., J.H. (Jean Henry), A.G., G.L., L.S., A.H., B.R., S.D., B.C. and A.M.; visualization, M.-L.L., F.D., J.H.
(Julien Higny), Y.B., J.H. (Jean Henry), A.G., G.L., L.S., A.H., B.R., S.D., B.C. and A.M.; supervision: S.D.,
B.C. and A.M. 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. Alene, M.; Yismaw, L.; Assemie, M.A.; Ketema, D.B.; Mengist, B.; Kassie, B.; Birhan, T.Y. Magnitude of asymptomatic COVID-19

cases throughout the course of infection: A systematic review and meta-analysis. PLoS ONE 2021, 16, e0249090. [CrossRef]
[PubMed]

2. Van Goethem, N.; Chung, P.Y.; Meurisse, M.; Vandromme, M.; De Mot, L.; Brondeel, R.; Stouten, V.; Klamer, S.; Cuypers, L.;
Braeye, T.; et al. Clinical Severity of SARS-CoV-2 Omicron Variant Compared with Delta among Hospitalized COVID-19 Patients
in Belgium during Autumn and Winter Season 2021–2022. Viruses 2022, 14, 1297. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/covid3050053/s1
https://doi.org/10.1371/journal.pone.0249090
https://www.ncbi.nlm.nih.gov/pubmed/33755688
https://doi.org/10.3390/v14061297
https://www.ncbi.nlm.nih.gov/pubmed/35746768


COVID 2023, 3 724

3. Sabatino, J.; De Rosa, S.; Di Salvo, G.; Indolfi, C. Impact of cardiovascular risk profile on COVID-19 outcome. A meta-analysis.
PLoS ONE 2020, 15, e0237131.

4. Shi, S.; Qin, M.; Cai, Y.; Liu, T.; Shen, B.; Yang, F.; Cao, S.; Liu, X.; Xiang, Y.; Zhao, Q.; et al. Characteristics and clinical significance
of myocardial injury in patients with severe coronavirus disease 2019. Eur. Heart J. 2020, 41, 2070–2079. [CrossRef] [PubMed]

5. Shi, S.; Shi, S.; Shi, S.; Qin, M.; Cai, Y.; Liu, T.; Liu, T.; Liu, T.; Shen, B.; Shen, B.; et al. Cardiovascular Implications of Fatal
Outcomes of Patients with Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 811–818. [CrossRef] [PubMed]

6. Luchian, M.-L.; Motoc, A.I.; Lochy, S.; Magne, J.; Roosens, B.; Belsack, D.; Bussche, K.V.D.; Von Kemp, B.; Galloo, X.;
François, C.; et al. Troponin T in COVID-19 hospitalized patients: Kinetics matter. Cardiol. J. 2021, 28, 807–815. [CrossRef]

7. Cosyns, B.; Lochy, S.; Luchian, M.L.; Gimelli, A.; Pontone, G.; Allard, S.D.; De Mey, J.; Rosseel, P.; Dweck, M.; Petersen, S.E.; et al.
The role of cardiovascular imaging for myocardial injury in hospitalized COVID-19 patients. Eur. Heart J.-Cardiovasc. Imaging
2020, 21, 709–714. [CrossRef]

8. Santoso, A.; Pranata, R.; Wibowo, A.; Al-Farabi, M.J.; Huang, I.; Antariksa, B. Cardiac injury is associated with mortality and
critically ill pneumonia in COVID-19: A meta-analysis. Am. J. Emerg. Med. 2020, 44, 352–357. [CrossRef]

9. Li, J.-W.; Han, T.-W.; Woodward, M.; Anderson, C.S.; Zhou, H.; Chen, Y.-D.; Neal, B. The impact of 2019 novel coronavirus on
heart injury: A Systematic review and Meta-analysis. Prog. Cardiovasc. Dis. 2020, 63, 518–524. [CrossRef]

10. Hanson, P.J.; Liu-Fei, F.; Ng, C.; Minato, T.A.; Lai, C.; Hossain, A.R.; Chan, R.; Grewal, B.; Singhera, G.; Rai, H.; et al. Characterization
of COVID-19-associated cardiac injury: Evidence for a multifactorial disease in an autopsy cohort. Lab. Investig. 2022, 102, 814–825.
[CrossRef]

11. Fu, L.; Liu, X.; Su, Y.; Ma, J.; Hong, K. Prevalence and impact of cardiac injury on COVID-19: A systematic review and
meta-analysis. Clin. Cardiol. 2020, 44, 276–283. [CrossRef]

12. Case, B.C.; Shea, C.; Rappaport, H.; Cellamare, M.; Zhang, C.; Zhu, M.; Medranda, G.A.; Satler, L.F.; Ben-Dor, I.; Hashim, H.; et al.
The Evolving Impact of Myocardial Injury in Patients with COVID-19 Amid the Omicron Wave of the Pandemic. Am. J. Cardiol.
2022, 190, 54–60. [CrossRef]

13. 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
Heart Fail. 2020, 7, 2440–2447. [CrossRef]

14. Khan, M.S.; Shahid, I.; Anker, S.D.; Solomon, S.D.; Vardeny, O.; Michos, E.D.; Fonarow, G.C.; Butler, J. Cardiovascular implications
of COVID-19 versus influenza infection: A review. BMC Med. 2020, 18, 403. [CrossRef] [PubMed]

15. Xie, Y.; Xu, E.; Bowe, B.; Al-Aly, Z. Long-term cardiovascular outcomes of COVID-19. Nat. Med. 2022, 28, 583–590. [CrossRef]
[PubMed]

16. Bois, M.C.; Boire, N.A.; Layman, A.J.; Aubry, M.-C.; Alexander, M.P.; Roden, A.C.; Hagen, C.E.; Quinton, R.A.; Larsen, C.;
Erben, Y.; et al. COVID-19–Associated Nonocclusive Fibrin Microthrombi in the Heart. Circulation 2021, 143, 230–243. [CrossRef]
[PubMed]

17. 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]

18. 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]

19. 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, 27, 251–261. [CrossRef]

20. Orbach, A.; Ghugre, N.R.; Biswas, L.; Connelly, K.A.; Chan, A.; Strauss, B.H.; Wright, G.A.; Roifman, I. Low Prevalence of Late
Myocardial Injury on Cardiac MRI Following COVID-19 Infection. J. Magn. Reson. Imaging, 2023, online ahead of print. [CrossRef]

21. Blagova, O.; Lutokhina, Y.; Kogan, E.; Kukleva, A.; Ainetdinova, D.; Novosadov, V.; Rud’, R.; Savina, P.; Zaitsev, A.; Fomin, V.
Chronic biopsy proven post-COVID myoendocarditis with SARS-CoV-2 persistence and high level of antiheart antibodies.
Clin. Cardiol. 2022, 45, 952–959. [CrossRef]

22. Parhizgar, P.; Yazdankhah, N.; Rzepka, A.M.; Chung, K.Y.C.; Ali, I.; Fur, R.L.F.; Russell, V.; Cheung, A.M. Beyond Acute COVID-19:
A Review of Long-term Cardiovascular Outcomes. Can. J. Cardiol. 2023, online ahead of print. [CrossRef]

23. Brawner, C.A.; Ehrman, J.K.; Bole, S.; Kerrigan, D.J.; Parikh, S.S.; Lewis, B.K.; Gindi, R.M.; Keteyian, C.; Abdul-Nour, K.;
Keteyian, S.J. Inverse Relationship of Maximal Exercise Capacity to Hospitalization Secondary to Coronavirus Disease 2019.
Mayo Clin. Proc. 2021, 96, 32–39. [CrossRef] [PubMed]

24. Zbinden-Foncea, H.; Francaux, M.; Deldicque, L.; Hawley, J.A. Does High Cardiorespiratory Fitness Confer Some Protection
Against Proinflammatory Responses After Infection by SARS-CoV-2? Obesity 2020, 28, 1378–1381. [CrossRef] [PubMed]

25. Goergen, J.; Bavishi, A.; Eimer, M.; Zielinski, A.R. COVID-19: The Risk to Athletes. Curr. Treat. Options Cardiovasc. Med. 2021, 23, 68.
[CrossRef] [PubMed]

26. Bauer, P.; Kraushaar, L.; Dörr, O.; Keranov, S.; Nef, H.; Hamm, C.W.; Most, A. Vascular alterations among male elite athletes
recovering from SARS-CoV-2 infection. Sci. Rep. 2022, 12, 8655. [CrossRef]

27. Alosaimi, B.; AlFayyad, I.; Alshuaibi, S.; Almutairi, G.; Alshaebi, N.; Alayyaf, A.; Alturaiki, W.; Shah, M.A. Cardiovascular
complications and outcomes among athletes with COVID-19 disease: A systematic review. BMC Sports Sci. Med. Rehabil. 2022, 14, 74.
[CrossRef]

https://doi.org/10.1093/eurheartj/ehaa408
https://www.ncbi.nlm.nih.gov/pubmed/32391877
https://doi.org/10.1001/jamacardio.2020.2456
https://www.ncbi.nlm.nih.gov/pubmed/32639516
https://doi.org/10.5603/CJ.a2021.0104
https://doi.org/10.1093/ehjci/jeaa136
https://doi.org/10.1016/j.ajem.2020.04.052
https://doi.org/10.1016/j.pcad.2020.04.008
https://doi.org/10.1038/s41374-022-00783-x
https://doi.org/10.1002/clc.23540
https://doi.org/10.1016/j.amjcard.2022.11.041
https://doi.org/10.1002/ehf2.12805
https://doi.org/10.1186/s12916-020-01816-2
https://www.ncbi.nlm.nih.gov/pubmed/33334360
https://doi.org/10.1038/s41591-022-01689-3
https://www.ncbi.nlm.nih.gov/pubmed/35132265
https://doi.org/10.1161/CIRCULATIONAHA.120.050754
https://www.ncbi.nlm.nih.gov/pubmed/33197204
https://doi.org/10.1093/eurheartj/ehaa664
https://doi.org/10.1007/s40292-021-00439-9
https://doi.org/10.1007/s10741-021-10087-9
https://doi.org/10.1002/jmri.28668
https://doi.org/10.1002/clc.23886
https://doi.org/10.1016/j.cjca.2023.01.031
https://doi.org/10.1016/j.mayocp.2020.10.003
https://www.ncbi.nlm.nih.gov/pubmed/33413833
https://doi.org/10.1002/oby.22849
https://www.ncbi.nlm.nih.gov/pubmed/32324968
https://doi.org/10.1007/s11936-021-00941-2
https://www.ncbi.nlm.nih.gov/pubmed/34690485
https://doi.org/10.1038/s41598-022-12734-z
https://doi.org/10.1186/s13102-022-00464-8


COVID 2023, 3 725

28. Mele, D.; Flamigni, F.; Rapezzi, C.; Ferrari, R. Myocarditis in COVID-19 patients: Current problems. Intern. Emerg. Med. 2021,
16, 1123–1129. [CrossRef]

29. Kesici, S.; Aykan, H.H.; Orhan, D.; Bayrakci, B. Fulminant COVID-19-related myocarditis in an infant. Eur. Heart J. 2020, 41, 3021.
[CrossRef]

30. Rajpal, S.; Kahwash, R.; Tong, M.S.; Paschke, K.; Satoskar, A.A.; Foreman, B.; Allen, L.A.; Bhave, N.M.; Gluckman, T.J.; Fuster, V.
Fulminant Myocarditis Following SARS-CoV-2 Infection: JACC Patient Care Pathways. J. Am. Coll. Cardiol. 2022, 79, 2144–2152.
[CrossRef]

31. Meyerowitz-Katz, G.; Merone, L. A systematic review and meta-analysis of published research data on COVID-19 infection
fatality rates. Int. J. Infect. Dis. 2020, 101, 138–148. [CrossRef]

32. Siripanthong, B.; Nazarian, S.; Muser, D.; Deo, R.; Santangeli, P.; Khanji, M.Y.; Cooper Jr, L.T.; Chahal, C.A.A. Recogniz-
ing COVID-19-related myocarditis: The possible pathophysiology and proposed guideline for diagnosis and management.
Heart Rhythm 2020, 17, 1463–1471. [CrossRef]

33. Boehmer, T.; Kompaniyets, L.; Lavery, A.; Hsu, J.; Ko, J.; Yusuf, H.; Romano, S.; Gundlapalli, A.; Oster, M.; Harris, A. Association
Between COVID-19 and Myocarditis Using Hospital-Based Administrative Data—United States, March 2020–January 2021.
MMWR. Morb. Mortal. Wkly. Rep. 2021, 70, 1228–1232. [CrossRef] [PubMed]

34. Szarpak, L.; Pruc, M.; Filipiak, K.J.; Popieluch, J.; Bielski, A.; Jaguszewski, M.J.; Gilis-Malinowska, N.; Chirico, F.; Rafique, Z.;
Peacock, F.W. Myocarditis: A complication of COVID-19 and long-COVID-19 syndrome as a serious threat in modern cardiology.
Cardiol. J. 2022, 29, 178–179. [CrossRef] [PubMed]

35. Ammirati, E.; Lupi, L.; Palazzini, M.; Hendren, N.S.; Grodin, J.L.; Cannistraci, C.V.; Schmidt, M.; Hekimian, G.; Peretto, G.;
Bochaton, T.; et al. Prevalence, Characteristics, and Outcomes of COVID-19–Associated Acute Myocarditis. Circulation 2022, 145,
1123–1139. [CrossRef] [PubMed]

36. Vidula, M.K.; Rajewska-Tabor, J.; Cao, J.J.; Kang, Y.; Craft, J.; Mei, W.; Chandrasekaran, P.S.; Clark, D.E.; Poenar, A.-M.;
Gorecka, M.; et al. Myocardial Injury on CMR in Patients with COVID-19 and Suspected Cardiac Involvement. JACC Cardiovasc.
Imaging, 2023; online ahead of print. [CrossRef]

37. Daniels, C.J.; Rajpal, S.; Greenshields, J.T.; Rosenthal, G.L.; Chung, E.H.; Terrin, M.; Jeudy, J.; Mattson, S.E.; Law, I.H.;
Borchers, J.; et al. Prevalence of Clinical and Subclinical Myocarditis in Competitive Athletes with Recent SARS-CoV-2 Infection:
Results from the Big Ten COVID-19 Cardiac Registry. JAMA Cardiol. 2021, 6, 1078–1087. [CrossRef] [PubMed]

38. Martinez, M.W.; Tucker, A.M.; Bloom, O.J.; Green, G.; DiFiori, J.P.; Solomon, G.; Phelan, D.; Kim, J.H.; Meeuwisse, W.;
Sills, A.K.; et al. Prevalence of Inflammatory Heart Disease Among Professional Athletes with Prior COVID-19 Infection Who
Received Systematic Return-to-Play Cardiac Screening. JAMA Cardiol. 2021, 6, 745. [CrossRef]

39. Starekova, J.; Bluemke, D.A.; Bradham, W.S.; Eckhardt, L.L.; Grist, T.M.; Kusmirek, J.E.; Purtell, C.S.; Schiebler, M.L.; Reeder, S.B.
Evaluation for Myocarditis in Competitive Student Athletes Recovering from Coronavirus Disease 2019 with Cardiac Magnetic
Resonance Imaging. JAMA Cardiol. 2021, 6, 945–950. [CrossRef]

40. 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]

41. Clark, D.E.; Parikh, A.; Dendy, J.M.; Diamond, A.B.; George-Durrett, K.; Fish, F.A.; Slaughter, J.C.; Fitch, W.; Hughes, S.G.;
Soslow, J.H. COVID-19 Myocardial Pathology Evaluation in Athletes with Cardiac Magnetic Resonance (COMPETE CMR).
Circulation 2021, 143, 609–612. [CrossRef]

42. Artico, J.; Shiwani, H.; Moon, J.C.; Gorecka, M.; McCann, G.P.; Roditi, G.; Morrow, A.; Mangion, K.; Lukaschuk, E.; Shan-
muganathan, M.; et al. Myocardial Involvement After Hospitalization for COVID-19 Complicated by Troponin Elevation: A
Prospective, Multicenter, Observational Study. Circulation 2023, 147, 364–374. [CrossRef]

43. Haussner, W.; DeRosa, A.P.; Haussner, D.; Tran, J.; Torres-Lavoro, J.; Kamler, J.; Shah, K. COVID-19 associated myocarditis: A
systematic review. Am. J. Emerg. Med. 2021, 51, 150–155. [CrossRef]

44. Kariyanna, P.T.; Sabih, A.; Sutarjono, B.; Shah, K.; Peláez, A.V.; Lewis, J.; Yu, R.; Grewal, E.S.; Jayarangaiah, A.; Das, S.; et al. A
Systematic Review of COVID-19 and Pericarditis. Cureus 2022, 14, e27948. [CrossRef] [PubMed]

45. Chiabrando, J.G.; Bonaventura, A.; Vecchié, A.; Wohlford, G.F.; Mauro, A.G.; Jordan, J.H.; Grizzard, J.D.; Montecucco, F.;
Berrocal, D.H.; Brucato, A.; et al. Management of Acute and Recurrent Pericarditis: JACC State-of-the-Art Review. J. Am. Coll.
Cardiol. 2020, 75, 76–92. [CrossRef] [PubMed]

46. Imazio, M.; Spodick, D.H.; Brucato, A.; Trinchero, R.; Adler, Y. Controversial Issues in the Management of Pericardial Diseases.
Circulation 2010, 121, 916–928. [CrossRef] [PubMed]

47. Linschoten, M.; Peters, S.; van Smeden, M.; Jewbali, L.S.; Schaap, J.; Siebelink, H.-M.; Smits, P.C.; Tieleman, R.G.; van der Harst, P.; van
Gilst, W.H.; et al. Cardiac complications in patients hospitalised with COVID-19. Eur. Heart J. Acute Cardiovasc. Care 2020, 9, 817–823.
[CrossRef]

48. Bao, C.; Liu, X.; Zhang, H.; Li, Y.; Liu, J. Coronavirus Disease 2019 (COVID-19) CT Findings: A Systematic Review and
Meta-analysis. J. Am. Coll. Radiol. 2020, 17, 701–709. [CrossRef] [PubMed]

49. Brito, D.; Meester, S.; Yanamala, N.; Patel, H.B.; Balcik, B.J.; Casaclang-Verzosa, G.; Seetharam, K.; Riveros, D.; Beto, R.J.;
Balla, S.; et al. High Prevalence of Pericardial Involvement in College Student Athletes Recovering from COVID-19. JACC
Cardiovasc. Imaging 2021, 14, 541–555. [CrossRef]

https://doi.org/10.1007/s11739-021-02635-w
https://doi.org/10.1093/eurheartj/ehaa515
https://doi.org/10.1016/j.jacc.2022.03.346
https://doi.org/10.1016/j.ijid.2020.09.1464
https://doi.org/10.1016/j.hrthm.2020.05.001
https://doi.org/10.15585/mmwr.mm7035e5
https://www.ncbi.nlm.nih.gov/pubmed/34473684
https://doi.org/10.5603/CJ.a2021.0155
https://www.ncbi.nlm.nih.gov/pubmed/34811716
https://doi.org/10.1161/CIRCULATIONAHA.121.056817
https://www.ncbi.nlm.nih.gov/pubmed/35404682
https://doi.org/10.1016/j.jcmg.2022.10.021
https://doi.org/10.1001/jamacardio.2021.2065
https://www.ncbi.nlm.nih.gov/pubmed/34042947
https://doi.org/10.1001/jamacardio.2021.0565
https://doi.org/10.1001/jamacardio.2020.7444
https://doi.org/10.1001/jamacardio.2020.4916
https://doi.org/10.1161/CIRCULATIONAHA.120.052573
https://doi.org/10.1161/CIRCULATIONAHA.122.060632
https://doi.org/10.1016/j.ajem.2021.10.001
https://doi.org/10.7759/cureus.27948
https://www.ncbi.nlm.nih.gov/pubmed/36120210
https://doi.org/10.1016/j.jacc.2019.11.021
https://www.ncbi.nlm.nih.gov/pubmed/31918837
https://doi.org/10.1161/CIRCULATIONAHA.108.844753
https://www.ncbi.nlm.nih.gov/pubmed/20177006
https://doi.org/10.1177/2048872620974605
https://doi.org/10.1016/j.jacr.2020.03.006
https://www.ncbi.nlm.nih.gov/pubmed/32283052
https://doi.org/10.1016/j.jcmg.2020.10.023


COVID 2023, 3 726

50. 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]

51. Diaz-Arocutipa, C.; Saucedo-Chinchay, J.; Imazio, M. Pericarditis in patients with COVID-19: A systematic review. J. Cardio-
vasc. Med. 2021, 22, 693–700. [CrossRef]

52. Citro, R.; Okura, H.; Ghadri, J.R.; Izumi, C.; Meimoun, P.; Izumo, M.; Dawson, D.; Kaji, S.; Eitel, I.; Kagiyama, N.; et al.
Multimodality imaging in takotsubo syndrome: A joint consensus document of the European Association of Cardiovascular
Imaging (EACVI) and the Japanese Society of Echocardiography (JSE). Eur. Heart J. Cardiovasc. Imaging 2020, 21, 1184–1207.
[CrossRef]

53. Angelini, P.; Postalian, A.; Hernandez-Vila, E.; Uribe, C.; Costello, B. COVID-19 and the Heart: Could Transient Takotsubo
Cardiomyopathy Be Related to the Pandemic by Incidence and Mechanisms? Front. Cardiovasc. Med. 2022, 9, 919715. [CrossRef]

54. Salah, H.M.; Mehta, J.L. Takotsubo cardiomyopathy and COVID-19 infection. Eur. Heart J. Cardiovasc. Imaging 2020, 21, 1299–1300.
[CrossRef]

55. Shah, R.M.; Shah, M.; Shah, S.; Li, A.; Jauhar, S. Takotsubo Syndrome and COVID-19: Associations and Implications. Curr. Probl.
Cardiol. 2020, 46, 100763. [CrossRef] [PubMed]

56. Scally, C.; Rudd, A.; Mezincescu, A.; Wilson, H.M.; Srivanasan, J.; Horgan, G.; Broadhurst, P.; Newby, D.E.; Henning, A.; Daw-
son, D. Persistent Long-Term Structural, Functional, and Metabolic Changes After Stress-Induced (Takotsubo) Cardiomyopathy.
Circulation 2018, 137, 1039–1048. [CrossRef] [PubMed]

57. Esposito, L.; Cancro, F.P.; Silverio, A.; Di Maio, M.; Iannece, P.; Damato, A.; Alfano, C.; De Luca, G.; Vecchione, C.; Galasso, G.
COVID-19 and Acute Coronary Syndromes: From Pathophysiology to Clinical Perspectives. Oxidative Med. Cell. Longev. 2021,
2021, 4936571. [CrossRef] [PubMed]

58. Quadri, G.; Rognoni, A.; Cerrato, E.; Baralis, G.; Boccuzzi, G.; Brscic, E.; Conrotto, F.; De Benedictis, M.; De Martino, L.;
Di Leo, A.; et al. Catheterization laboratory activity before and during COVID-19 spread: A comparative analysis in Piedmont,
Italy, by the Italian Society of Interventional Cardiology (GISE). Int. J. Cardiol. 2020, 323, 288–291. [CrossRef]

59. Tam, C.-C.F.; Siu, D.; Tse, H.F. COVID-19 and Acute Coronary Syndrome: Lessons for Everyone. Lancet Reg. Health-West. Pac.
2021, 19, 100346. [CrossRef]

60. Kite, T.A.; Ludman, P.F.; Gale, C.P.; Jianhua, W.; Adriano, C.; Jacques, M.; Manel, S.; Pilar, J.-Q.; Luciano, C.; Parham, S.; et al.
International Prospective Registry of Acute Coronary Syndromes in Patients with COVID-19. J. Am. Coll. Cardiol. 2021, 77, 2466–2476.
[CrossRef]

61. Acharya, P.; Ranka, S.; Sethi, P.; Bharati, R.; Hu, J.; Noheria, A.; Nallamothu, B.K.; Hayek, S.S.; Gupta, K. Incidence, Predictors,
and Outcomes of In-Hospital Cardiac Arrest in COVID-19 Patients Admitted to Intensive and Non-Intensive Care Units: Insights
from the AHA COVID-19 CVD Registry. J. Am. Heart Assoc. 2021, 10, e021204. [CrossRef]

62. Marijon, E.; Karam, N.; Jost, D.; Perrot, D.; Frattini, B.; Derkenne, C.; Sharifzadehgan, A.; Waldmann, V.; Beganton, F.;
Narayanan, K.; et al. Out-of-hospital cardiac arrest during the COVID-19 pandemic in Paris, France: A population-based,
observational study. Lancet Public Health 2020, 5, e437–e443. [CrossRef]

63. Sultanian, P.; Lundgren, P.; Strömsöe, A.; Aune, S.; Bergström, G.; Hagberg, E.; Hollenberg, J.; Lindqvist, J.; Djärv, T.;
Castelheim, A.; et al. Cardiac arrest in COVID-19: Characteristics and outcomes of in- and out-of-hospital cardiac arrest. A report
from the Swedish Registry for Cardiopulmonary Resuscitation. Eur. Heart J. 2021, 42, 1094–1106. [CrossRef]

64. 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]

65. Bilaloglu, S.; Aphinyanaphongs, Y.; Jones, S.; Iturrate, E.; Hochman, J.; Berger, J.S. Thrombosis in Hospitalized Patients with
COVID-19 in a New York City Health System. JAMA 2020, 324, 799. [CrossRef] [PubMed]

66. Price, L.C.; McCabe, C.; Garfield, B.; Wort, S.J. Thrombosis and COVID-19 pneumonia: The clot thickens! Eur. Respir. J. 2020,
56, 2001608. [CrossRef] [PubMed]

67. Malas, M.B.; Naazie, I.N.; Elsayed, N.; Mathlouthi, A.; Marmor, R.; Clary, B. Thromboembolism risk of COVID-19 is high
and associated with a higher risk of mortality: A systematic review and meta-analysis. Eclinicalmedicine 2020, 29–30, 100639.
[CrossRef] [PubMed]

68. Xiong, X.; Chi, J.; Gao, Q. Prevalence and risk factors of thrombotic events on patients with COVID-19: A systematic review and
meta-analysis. Thromb. J. 2021, 19, 32. [CrossRef]

69. Liao, S.-C.; Shao, S.-C.; Chen, Y.-T.; Chen, Y.-C.; Hung, M.-J. Incidence and mortality of pulmonary embolism in COVID-19: A
systematic review and meta-analysis. Crit. Care 2020, 24, 464. [CrossRef]

70. George, A.; Alampoondi Venkataramanan, S.V.; John, K.J.; Mishra, A.K. Infective endocarditis and COVID-19 coinfection: An
updated review. Acta Biomed. 2022, 93, e2022030.

71. Cosyns, B.; Motoc, A.; Arregle, F.; Habib, G. A Plea Not to Forget Infective Endocarditis in COVID-19 Era. JACC Cardiovasc.
Imaging 2020, 13, 2470–2471. [CrossRef]

72. Quintero-Martinez, J.A.; Hindy, J.-R.; Mahmood, M.; Gerberi, D.J.; DeSimone, D.C.; Baddour, L.M. A clinical profile of infective
endocarditis in patients with recent COVID-19: A systematic review. Am. J. Med. Sci. 2022, 364, 16–22. [CrossRef]

73. Bhatla, A.; Mayer, M.M.; Adusumalli, S.; Hyman, M.C.; Oh, E.; Tierney, A.; Moss, J.; Chahal, A.A.; Anesi, G.; Denduluri, S.; et al.
COVID-19 and cardiac arrhythmias. Heart Rhythm 2020, 17, 1439–1444. [CrossRef]

https://doi.org/10.1001/jamacardio.2020.3557
https://doi.org/10.2459/JCM.0000000000001202
https://doi.org/10.1093/ehjci/jeaa149
https://doi.org/10.3389/fcvm.2022.919715
https://doi.org/10.1093/ehjci/jeaa236
https://doi.org/10.1016/j.cpcardiol.2020.100763
https://www.ncbi.nlm.nih.gov/pubmed/33360674
https://doi.org/10.1161/CIRCULATIONAHA.117.031841
https://www.ncbi.nlm.nih.gov/pubmed/29128863
https://doi.org/10.1155/2021/4936571
https://www.ncbi.nlm.nih.gov/pubmed/34484561
https://doi.org/10.1016/j.ijcard.2020.08.072
https://doi.org/10.1016/j.lanwpc.2021.100346
https://doi.org/10.1016/j.jacc.2021.03.309
https://doi.org/10.1161/JAHA.120.021204
https://doi.org/10.1016/S2468-2667(20)30117-1
https://doi.org/10.1093/eurheartj/ehaa1067
https://doi.org/10.1056/NEJMc2010418
https://www.ncbi.nlm.nih.gov/pubmed/32348640
https://doi.org/10.1001/jama.2020.13372
https://www.ncbi.nlm.nih.gov/pubmed/32702090
https://doi.org/10.1183/13993003.01608-2020
https://www.ncbi.nlm.nih.gov/pubmed/32554532
https://doi.org/10.1016/j.eclinm.2020.100639
https://www.ncbi.nlm.nih.gov/pubmed/33251499
https://doi.org/10.1186/s12959-021-00284-9
https://doi.org/10.1186/s13054-020-03175-z
https://doi.org/10.1016/j.jcmg.2020.07.027
https://doi.org/10.1016/j.amjms.2022.02.005
https://doi.org/10.1016/j.hrthm.2020.06.016


COVID 2023, 3 727

74. Garcia-Zamora, S.; Lee, S.; Haseeb, S.; Bazoukis, G.; Tse, G.; Alvarez-Garcia, J.; Gul, E.E.; Çinier, G.; Alexander, B.;
Pinto-Filho, M.M.; et al. Arrhythmias and electrocardiographic findings in Coronavirus disease 2019: A systematic review and
meta-analysis. Pacing Clin. Electrophysiol. 2021, 44, 1062–1074. [CrossRef] [PubMed]

75. Wollborn, J.; Karamnov, S.; Fields, K.G.; Yeh, T.; Muehlschlegel, J.D. COVID-19 increases the risk for the onset of atrial fibrillation
in hospitalized patients. Sci. Rep. 2022, 12, 12014. [CrossRef] [PubMed]

76. Rosenblatt, A.G.; Ayers, C.R.; Rao, A.; Howell, S.J.; Hendren, N.S.; Zadikany, R.H.; Ebinger, J.E.; Daniels, J.D.; Link, M.S.;
de Lemos, J.A.; et al. New-Onset Atrial Fibrillation in Patients Hospitalized with COVID-19: Results from the American Heart
Association COVID-19 Cardiovascular Registry. Circ. Arrhythmia Electrophysiol. 2022, 15, e010666. [CrossRef] [PubMed]

77. Parinita, D.; Joshua, L.; Pierre, Q.; Blake, O.; Sauer, W.H.; Bruce, K.; Usha, T. Arrhythmias and COVID-19. JACC Clin. Electrophysiol.
2020, 6, 1193–1204.

78. Mercuro, N.J.; Yen, C.F.; Shim, D.J.; Maher, T.R.; McCoy, C.M.; Zimetbaum, P.J.; Gold, H.S. Risk of QT Interval Prolongation
Associated with Use of Hydroxychloroquine with or Without Concomitant Azithromycin Among Hospitalized Patients Testing
Positive for Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 1036. [CrossRef]

79. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;
Sehrawat, T.S.; et al. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef]

80. Sukocheva, O.A.; Maksoud, R.; Beeraka, N.M.; Madhunapantula, S.V.; Sinelnikov, M.; Nikolenko, V.N.; Neganova, M.E.;
Klochkov, S.G.; Kamal, M.A.; Staines, D.R.; et al. Analysis of post COVID-19 condition and its overlap with myalgic en-
cephalomyelitis/chronic fatigue syndrome. J. Adv. Res. 2021, 40, 179–196. [CrossRef]

81. Luchian, M.-L.; Motoc, A.; Lochy, S.; Magne, J.; Belsack, D.; De Mey, J.; Roosens, B.; Van den Bussche, K.; Boeckstaens, S.;
Chameleva, H.; et al. Subclinical Myocardial Dysfunction in Patients with Persistent Dyspnea One Year after COVID-19.
Diagnostics 2022, 12, 57. [CrossRef]

82. Parry, A.H.; Wani, A.H.; Shah, N.N.; Jehangir, M. Medium-term chest computed tomography (CT) follow-up of COVID-19
pneumonia patients after recovery to assess the rate of resolution and determine the potential predictors of persistent lung
changes. Egypt. J. Radiol. Nucl. Med. 2021, 52, 55. [CrossRef]

83. Guan, C.-S.; Wei, L.-G.; Xie, R.-M.; Lv, Z.-B.; Yan, S.; Zhang, Z.-X.; Chen, B.-D.; Work, C.-S.G.A.L.-G.W.C.E.T.T. CT findings of
COVID-19 in follow-up: Comparison between progression and recovery. Diagn. Interv. Radiol. 2020, 26, 301–307. [CrossRef]

84. Havervall, S.; Rosell, A.; Phillipson, M.; Mangsbo, S.M.; Nilsson, P.; Hober, S.; Thålin, C. Symptoms and Functional Impairment
Assessed 8 Months After Mild COVID-19 Among Health Care Workers. JAMA 2021, 325, 2015. [CrossRef] [PubMed]

85. Salah, H.M.; Fudim, M.; O’neil, S.T.; Manna, A.; Chute, C.G.; Caughey, M.C. Post-recovery COVID-19 and incident heart failure
in the National COVID Cohort Collaborative (N3C) study. Nat. Commun. 2022, 13, 4117. [CrossRef] [PubMed]

86. Urmeneta Ulloa, J.; Martínez de Vega, V.; Salvador Montañés, O.; Álvarez Vázquez, A.; Sánchez-Enrique, C.; Hernández Jiménez, S.;
Sancho García, F.D.; López Ruiz, L.; Recio Rodríguez, M.; Pizarro, G.; et al. Cardiac magnetic resonance in recovering COVID-19
patients. Feature tracking and mapping analysis to detect persistent myocardial involvement. IJC Heart Vasc. 2021, 36, 100854.
[CrossRef] [PubMed]

87. Puntmann, V.O.; Martin, S.; Shchendrygina, A.; Hoffmann, J.; Ka, M.M.; Giokoglu, E.; Vanchin, B.; Holm, N.; Karyou, A.;
Laux, G.S.; et al. Long-term cardiac pathology in individuals with mild initial COVID-19 illness. Nat. Med. 2022, 28, 2117–2123.
[CrossRef]

88. Raisi-Estabragh, Z.; Cooper, J.; Salih, A.; Raman, B.; Lee, A.M.; Neubauer, S.; Harvey, N.C.; Petersen, S.E. Cardiovascular disease
and mortality sequelae of COVID-19 in the UK Biobank. Heart 2022, 109, 119–126. [CrossRef]

89. Satterfield, B.A.; Bhatt, D.L.; Gersh, B.J. Cardiac involvement in the long-term implications of COVID-19. Nat. Rev. Cardiol. 2021,
19, 332–341. [CrossRef]

90. Zhao, S.; Tran, V.H. Postural Orthostatic Tachycardia Syndrome; StatPearls Publishing: Treasure Island, FL, USA, 2022.
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