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Abstract

:

At the beginning of 2020, coronavirus disease 2019 (COVID-19) emerged as a new pandemic, leading to a worldwide health crisis and overwhelming healthcare systems due to high numbers of hospital admissions, insufficient resources, and a lack of standardized therapeutic protocols. Multiple genetic variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been detected since its first public declaration in 2020, some of them being considered variants of concern (VOCs) corresponding to several pandemic waves. Nevertheless, a growing number of COVID-19 patients are continuously discharged from hospitals, remaining symptomatic even months after their first episode of COVID-19 infection. Long COVID-19 or ‘post-acute COVID-19 syndrome’ emerged as the new pandemic, being characterized by a high variability of clinical manifestations ranging from cardiorespiratory and neurological symptoms such as chest pain, exertional dyspnoea or cognitive disturbance to psychological disturbances, e.g., depression, anxiety or sleep disturbance with a crucial impact on patients’ quality of life. Moreover, Long COVID is viewed as a new cardiovascular risk factor capable of modifying the trajectory of current and future cardiovascular diseases, altering the patients’ prognosis. Therefore, in this review we address the current definitions of Long COVID and its pathophysiology, with a focus on cardiovascular manifestations. Furthermore, we aim to review the mechanisms of acute and chronic cardiac injury and the variety of cardiovascular sequelae observed in recovered COVID-19 patients, in addition to the potential role of Long COVID clinics in the medical management of this new condition. We will further address the role of future research for a better understanding of the actual impact of Long COVID and future therapeutic directions.
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1. Introduction


Since the outbreak at the end of 2019, coronavirus disease 2019 (COVID-19) continues to exert a significant impact worldwide. More than 700 million infections have been reported globally, and up to 10% of recovered patients have described the persistence of symptoms months after their first episode of COVID-19 infection, irrespective of the referred pandemic wave [1]. Moreover, some studies have reported the presence of recurrent symptoms in up to 87% of recovered COVID-19 patients [2]. This inconsistency in data regarding the prevalence of symptoms following an acute episode of COVID-19 is due to the ongoing evolution of the definitions used to explain the post-acute coronavirus disease or post-acute sequelae of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection employed by different studies as well as to the diversity of research protocols, population characteristics or type of COVID-19 variant analyzed.



Post-acute coronavirus disease 19 or Long COVID consists of more than 200 symptoms, with a high discrepancy in the multitude of symptoms and the actual clinical examination data and, consequently, its medical management. The current Long COVID definition remains vague and difficult to use in clinical practice.



To date, post-acute coronavirus disease 19 or Long COVID includes a high variety of symptoms, for example, shortness of breath, fatigue, muscle weakness or brain fog, present after 3 months from the index event, with a minimum of 2 months duration and without specific criteria for an alternative diagnosis [2,3]. Earlier reports suggested a possible correlation between Long COVID and the severity of COVID-19 pneumonia; however, it was also observed in patients with mild forms of COVID-19 infections [4]. In a study comprising more than 800 patients, residual symptoms following an acute episode of COVID-19 were described in 29.6% of patients, mostly observed in female patients, without being associated to the severity of the initial episode [5]. Although several clinical and epidemiological factors have been linked to the presence of sequelae after acute COVID-19 pneumonia, the underlying causes of Long COVID remain to be determined.



In light of this, a recent study analyzed the plasma samples of 63 Long COVID patients, emphasizing the presence of three SARS-CoV-2 antigens months after the acute episode, where the most frequently detected SARS-CoV-2 antigen was the spike [6]. The above-mentioned study sheds some light on potential causes of long-lasting symptoms in recovered COVID-19 patients by outlining the possibility of a latent active virus reservoir.



Nowadays, it is acknowledged that COVID-19 is more likely a multisystemic disease, with several anatomic sites responsible for virus replication [7] explaining the heterogeneity of symptoms both during the acute and chronic phases of COVID-19 pneumonia. The presence of the SARS-CoV-2 spike is known to alter pericytes, endothelial cells and the blood–brain barrier, promoting microthrombosis, heightened by local inflammation processes, and therefore acting as the pathophysiological substrate for the long-lasting symptoms in a significant proportion of patients [8,9]. Another potential cause related to the presence of Long COVID is the ongoing low-grade inflammation dysregulations in terms of the neutrophils count, neutrophil to lymphocyte ratio, C-reactive protein and fibrinogen [10], which were observed in several cohorts of patients recovering from the acute infection and still presenting residual symptoms.



Despite the newly emerging data on the mechanisms attributed to various acute cardiovascular and respiratory complications, during the index COVID-19 event, the amount of information on its long-term impact and Long COVID onset remains insufficient. In a post-COVID-19 pandemic era where the health and economic sectors are still recovering due to the redistribution of resources, the exact role of Long COVID programs and clinics remains debatable. Therefore, understanding the multisystemic effects of COVID-19 pneumonia and how to prevent them remains the cornerstone for a proper and timely medical treatment strategy to improve patients’ quality of life.



The aim of the present review is to assess the long-term consequences of SARS-CoV-2 infection in discharged patients, with a focus on cardiovascular complications. Furthermore, we will address the role of future research for a more in-depth evaluation of the actual impact of post-acute COVID-19 syndrome and, subsequently, potential therapies, including the role of Long COVID multidisciplinary clinics in this new clinical setting.



An extensive review of the current literature focused on COVID-19, published in English and indexed in Medline (PubMed), was conducted for the present article. The following key search words were included but were not limited to: COVID-19 residual symptoms, Long COVID, Long Haulers, post-acute COVID-19 syndrome, COVID-19 sequelae, COVID-19 myocardial injury, COVID-19 chronic fatigue, COVID-19 cardiac arrhythmias, COVID-19 neurological injury, COVID-19 residual dyspnoea, COVID-19 postural orthostatic tachycardia, heart failure and COVID-19, cardiomyopathy and COVID-19.




2. Post-Acute COVID-19 Syndrome—Mechanisms Hypothesis


2.1. COVID-19 Virus Strain and Vaccination


A growing number of patients are continuously recovering from SARS-CoV-2 infection, remaining symptomatic weeks or months after the initial episode, having a crucial impact on their quality of life and centered by the inability to return to the same health level as the one before the COVID-19 pneumonia, with significant reverberations across healthcare and economical systems worldwide. Factors linked to developing Long COVID are characterized by high diversity, from the health status of the patient, gender or age to the type of viral strain involved in the acute infectious process or vaccination status. Recent studies have emphasized major differences in terms of the concerned virus variant of the acute episode and the Long COVID susceptibleness. A case–control observational study with more than 90,000 patients showed a higher incidence of Long COVID cases within the COVID-19 population infected with the Delta variant than in patients with the Omicron variant, irrespective of the vaccination period [11]. Furthermore, patients with historical variant and higher COVID-19 disease severity were more likely to develop Long COVID, as opposed to patients infected with other variants such as the Alpha, Delta or Omicron variant or with less severe cases [12]. Although several reports attempted to diminish the effects on the study’s analysis of external factors such as the number of cases infected with a certain variant for a designed COVID-19 pandemic period, comorbidities, type of hospitalization or vaccination status, one must consider the high variability of the study population’s characteristics and the research methodology. Further, the accessibility to vaccination in addition to the medical treatment strategies used along the COVID-19 pandemic’s waves varied not only within different geographical areas but also within the same geographical region.



Patients infected with the historical variants were older and had more comorbidities, having an increased susceptibility to potential acute COVID-19 complications and subsequently to a higher number of long-lasting symptoms in comparison to COVID-19 patients infected by a more recent virus variant [12]. Additionally, one of the most common symptoms observed in the Long COVID population, dyspnoea, was highly expressed in patients recovering from the first waves [12]. In a study including 739 COVID-19 patients, 229 patients developed Long COVID, predominantly unvaccinated patients [13]. Moreover, having a COVID-19 vaccination booster was associated with a protective effect against Long COVID [13]. These findings are further strengthened by the results of an extensive survey including more than 300,000 participants with a sample analysis of 28,356 COVID-19-positive patients having at least one dose of COVID-19 vaccine [14]. Almost a quarter of the study’s population developed at least one symptom belonging to the Long COVID clinical spectrum during the follow-up [14]. Moreover, the same study showed that the presence of at least one dose of vaccine reduced the odds of developing Long COVID by 12.8%; furthermore, it was linked to a decreased risk of activity-limiting Long COVID, thus reducing the effects of Long COVID on the patients’ quality of life [14]. Hence, vaccination might induce a ‘reset mechanism’ on the dysregulated immune process due the acute SARS-CoV-2 infection, followed by the annihilation of any residual viral reservoir which may contribute to chronic inflammation [14]. Therefore, a possible substrate for future therapies in patients with residual symptoms after a viral infection might be represented by the modulation of the immune response by vaccination.



On the other hand, the results of the current study revealed no significant differences between the type of vaccine strategy or sociodemographic characteristics such as age, gender or ethnicity and the risk of Long COVID occurrence [14].



Although a recent meta-analysis comprising more than 6,000,000 patients showed no beneficial effect of vaccination after developing Long COVID symptoms, it outlined the same positive outcome of COVID-19 vaccination on reducing the severity of diseases and the Long COVID incidence [15]. Nevertheless, further prospective studies are necessary to confirm these results, especially in vaccinated patients.




2.2. Inflammation and Virus Reservoir—Potential Substrates for Long COVID


Several hypotheses on Long COVID substrates have been issued, ranging from multiple virus reservoirs, inflammation aberrations and coagulopathy to autoimmunity and multiple virus infections as underlying mechanisms for the persistence and the high discrepancy of symptoms in recovered COVID-19 patients. These processes may coexist, making it even more difficult to assess them in clinical practice in order to design therapeutic algorithms.



Vascular thromboinflammation may be one of the contributing mechanisms described in Long COVID [16]. The contribution of microvascular dysfunction is already acknowledged due to endothelial injury or platelet hyperreactivity and thrombocytosis, promoting the formation of circulating micro clots in the acute phase of SARS-CoV-2 infection, which is responsible for cardiovascular and respiratory complications in a significant number of patients [16,17,18,19,20]. Little is known if those mechanisms also persist during the post-acute COVID-19 period. Subsequently, the current data on potential pathophysiological mechanisms involving the immune system, inflammation and coagulation cascade in the onset of Long COVID symptomatology remain limited and conflicting. Most of the reported anomalies interfering with coagulation and inflammation processes were described in patients with an acute episode of COVID-19 pneumonia, as previously mentioned [7,9,20,21,22,23], being associated with worse prognosis, including higher rates of in-hospital mortality. Emerging from the previous data on the modulating effect of COVID-19 infection on the endothelial cells’ functions, researchers stipulated the ongoing procoagulant activity in convalescent patients as the cadre for Long COVID occurrence. A study consisting of 50 convalescent COVID-19 patients, predominantly hospitalized due to the severity of the acute SARS-CoV-2 pneumonia, showed coagulation plasma abnormalities, such as increased levels of plasma FVIII factor and endothelial cell activators including thrombin generation potential, when compared with a COVID-19-negative control group after 10 weeks following the acute episode [24]. Moreover, some studies reported the presence of persistent immunological disturbances in convalescent COVID-19 patients, from repressed levels of cortisol partially induced by the steroid therapy administered in the acute phase of the disease to reactivation of latent viral diseases, Epstein–Barr virus (EBV) or cytomegalovirus (CMV) [25], delineating potential treatment pathways for post-acute COVID-19 syndrome. Currently, there are several ongoing studies addressing various therapeutic regimens to treat Long COVID patients, such as Stimulate-ICP: Symptoms, Trajectory, Inequalities and Management: Understanding Long COVID to Address and Transform Existing Integrated Care Pathways, a multi-center randomized trial involving antihistamines (e.g., loratadine and famotidine), colchicine and rivaroxaban in Long COVID patients with chronic fatigue as the dominant symptom but not limited to it [26]. Other studies are focused on antiviral therapy, e.g., nirmatrelvir/ritonavir, in highly symptomatic Long COVID patients, with results to be published [27]. A simple search showed more than 150 ongoing registered studies on Long COVID. Chronic viral coinfections such as CMV, EBV or human immunodeficiency virus may be linked to some variants of post-acute COVID-19 syndrome phenotypes, consisting predominantly in neurological and gastrointestinal symptoms [28,29]. These results may further influence therapeutic decisions when it comes to medical management of Long COVID patients.



Persistence of virus reservoirs is an emerging hypothesis, contoured in autopsy and biopsy COVID-19 studies that demonstrated the presence of SARS-CoV-2 in PCR tissue analysis and tissue culture from various anatomic sites including stool samples [30]. Several reports indicated the presence of post-acute COVID-19 syndrome in patients with persistent viral antigens. A study conducted by Zollner A. et al. involving patients with inflammatory bowel disease showed SARS-CoV-2 ribonucleic acid in the gut mucosa at approximately 7 months after mild acute COVID-19, being further linked to the presence of Long COVID symptoms [31]. Contrastingly, the presence of long-lasting symptoms was not significantly correlated to the severity of the acute COVID-19 episode, immunosuppressive treatment or gut inflammation [31], hence strengthening the hypothesis of a virus reservoir as a substrate for Long COVID. Patients with residual symptoms exhibit chronic inflammation patterns after acute infection with persistent activated innate immune cells, diminished activity of naive T and B cells and elevated interferon type I IFN (IFN-β) and type III IFN (IFN-λ1) after the infection, in contrast to fully recovered COVID-19 patients or even to non-exposed patients, thus highlighting the abnormalities within the immune system at different time points in the evolution of the disease, driven by the autoimmunity and antigenic cross-reactivity [32].



Moreover, one key element supporting the Long COVID multitude of mechanisms hypothesis is the presence of gut microbiota disturbances in convalescent COVID-19 patients.



Two principal and opposite conditions were observed: an increase in opportunistic pathogens and a loss of commensal bacteria [33,34,35,36]. Supporting this statement, several opportunistic pathogens, including unclassified Escherichia, Intestinibacter bartlettii, Clostridium aldenense, inflammation-related pathogens including Clostridium bolteae and Flavonifractor plautii and a COVID-19-severity-related pathogen (Clostridium ramosum) were identified in convalescent COVID-19 patients, whereas a depletion of beneficial commensal bacteria was observed as well, being further associated with recurrent symptoms, e.g., fatigue and muscle weakness [33,35,36]. Although the role of gut microbiota and recovery after COVID-19 have been extensively studied, there are still missing data on its real impact on Long COVID.



Hence, the presence of chronic inflammation due to the acute infectious process and the persistence of virus reservoirs in different anatomical sites, promoting unbalanced gut microbiota, may represent another important aspect to be considered for future strategies on prevention and Long COVID treatment.





3. The Clinical Spectrum of Long COVID


Several studies have shown a discrepancy in Long COVID prevalence around the world, with the highest number of reported cases in Asia, followed by Europe and America [37]. Moreover, it appears there is a small difference between hospitalized and non-hospitalized COVID-19 patients at risk of developing Long COVID. The highest risk of mortality and post-acute COVID-19 sequelae was observed in hospitalized patients in intensive care units, followed by normal ward hospitalization and ambulatory treated patients [38]. The most frequent sequelae reported in several studies are attributed to the cardiorespiratory system, followed by hematological and neurological abnormalities [38]. Initial symptoms of Long COVID predominantly encompass fatigue and dyspnoea in up to 50% of patients, followed by muscle weakness, palpitations, thoracic pain or anxiety and cognitive impairment to various degrees [38,39] (Figure 1). Concentration difficulties or compromised sleep to anxiety and depression induced by potential brain hypometabolism, cerebral cortex hypoperfusion or brain structure and functional connectivity disruptions are some of the neurological sequelae that COVID-19 survivors experience after an acute episode, leading to accentuated fatigue and an inability to continue normal activity [37,38,40,41].



Some studies were able to distinguish dissimilarities in terms of the debut of Long COVID symptoms and their duration. According to a recent meta-analysis of 63 studies, in the first 3 to 6 months, in addition to fatigue and dyspnoea, convalescent COVID-19 patients exhibited various levels of concentration difficulties and sleep disturbances, whereas in the period 6 to 9 months, Long COVID patients mainly described effort intolerance [42]. After one year, the prevailing symptoms were fatigue, dyspnoea, sleep disorder, muscle pain or weakness [42].



Gender-specific differences were also outlined in various reports. However, it remains debatable whether women present a higher susceptibility to Long COVID than men [40,41,42,43].




4. Cardiac Injury and Long COVID


Persistent cardiac injury after an acute episode of COVID-19 pneumonia continues to be an important research focus for clinicians, especially in COVID-19 survivors with long-lasting symptoms. The clinical significance of persistent elevation of cardiac biomarkers such as cardiac troponin (cTn) or NT-proBNP is not fully understood, irrespective of the chosen clinical topic. Nevertheless, cTn persistence without diagnostic criteria for specific cardiovascular diseases is associated with higher rates of major cardiovascular events (heart failure, stroke or infarction), including all-cause mortality [44]. Subsequent studies showed a significant liaison between cTn levels suggestive of myocardial injury and poor outcomes in hospitalized COVID-19 patients [22,45,46,47] (Figure 2). However, its incremental value in Long COVID patients is insufficiently investigated. Different patterns of cardiac injury have been associated with mid- and long-term consequences following acute COVID-19 [48,49,50,51,52,53,54]. During convalescence, patients recovering from COVID-19 may exhibit a great variety of symptoms, as previously mentioned, that may be partially correlated to clinical and subclinical heart dysfunction, suggesting a possible background for Long COVID physiopathology. Cardiovascular imaging including cardiac magnetic resonance (CMR) and echocardiographic examinations represented the foundation of the majority of short-term follow-up studies focusing on the predictive value of acute cardiac injury in COVID-19. During the acute phase of COVID-19 pneumonia, the clinical manifestations of cardiac injury have included: acute cardiac ischemia, myopericarditis, acute onset of arrhythmias, stress cardiomyopathy or heart failure associated with various degrees of left ventricle function, global or segmental abnormalities, right ventricle dysfunction, diastolic dysfunction or pericardial effusion [48,55,56,57,58,59,60,61]. Moreover, the highest prevalence of major cardiovascular events including mortality was observed in COVID-19 patients with elevated cardiac biomarkers and functional cardiac imaging abnormalities [48,62]. Furthermore, CMR abnormalities varying from ischemic to non-ischemic late gadolinium enhancement patterns to pericardial enhancement were reported from 26% up to 60% of recovered COVID-19 patients, with a significant difference between hospitalized versus non-hospitalized patients [63]. In patients without previous comorbidities and a mild form of COVID-19 pneumonia, cardiac involvement on CMR studies remained exceptional, without a relation to the ongoing symptoms [64,65,66]. Moreover, when compared to the healthy control group, no significant structural or functional cardiac abnormalities including strain, perfusion or advanced tissue characteristic differences were found [65,66]. However, these data remain contradictory due to population heterogeneity, study protocols and methodology. For example, some CMR studies described higher myocardial native T1 mapping values in symptomatic Long COVID patients at one-year follow-up, suggestive of chronic cardiac inflammation, without signs of a specific cardiac structural disease or detectable cTn [67]. In a consecutive cohort of 121 patients with a history of COVID-19 pneumonia, almost half of the study participants, predominantly those with more severe forms of pneumonia requiring hospitalization, presented non-ischemic cardiac injury [68]. However, according to the authors, further clinical evaluation may not be required, as these findings were common in COVID-19 survivors without a correlation to a specific symptom or a structural cardiac disease [67,69,70]. A more recent study attempted to better classify Long COVID patients based on the symptomatology, presence of chronic cardiac injury defined by the persistence of elevated cTn and NT-proBNP and CMR abnormalities during the acute episode and at 6- and 1-year follow-up [71]. In a cohort of 534 patients, 1% of patients had detected biomarkers at 6 months follow-up, whereas 19% of the patients with normal values of biomarkers presented various degrees of cardiac dysfunction, identified on CMR follow-up exams at 6 months [71]. The most recurrent CMR abnormalities described in Long COVID were reduced left ventricle and right ventricle ejection fraction in up to 21% of the patients and reduced left global longitudinal strain and T1 elevation, with similar findings being described in echocardiographic studies [71,72,73]. The residual symptoms such as fatigue, breathlessness or thoracic pain were predominantly reported by patients with cardiac dysfunction on CMR; however, there was no correlation between the presence of abnormal biomarkers, CMR findings and Long COVID symptomatology [71]. In 42% of the patients, a resolution of cardiac abnormalities was observed at one-year follow-up, with no correlation with the improvement of Long COVID symptoms [71]. Importantly, the onset of Long COVID was not linked to the type of medical management, hospitalization or ambulatory treatment. [71].



During the acute phase, the dominant cardiovascular clinical scenarios were represented by myocarditis, pericarditis, myocardial infarction and pulmonary embolism or tachyarrhythmias, whereas in the Long COVID population the typical scenarios are centered around arrythmias, systolic and diastolic left ventricle function, new onset or aggravation of the pre-existing heart failure and ischemic and non-ischemic cardiomyopathies including silent myocarditis [74]. The substrate of the acute cardiac dysfunction described during acute COVID-19 pneumonia was attributed especially to the myocardial injury induced by direct virus action in combination with other mechanisms such as abnormalities in the host immune response, dyselectrolytemia, hypoxia-induced injury, microvascular damage due to a perfusion defect exacerbated in patients with advanced age, obesity and previous cardiac comorbidities [75,76,77]. Earlier reports showed the presence of increased levels of inflammatory biomarkers such as interleukin 6, C-reactive protein, fibrinogen or procalcitonin in patients with COVID-19, being associated with a worse outcome [78]. Dysfunction of the endothelial cells, which express the angiotensin-converting enzyme 2 (ACE 2) receptor, known as the entry site for SARS-CoV-2, triggers an overexaggerated immune response, with an extensive production of proinflammatory and prothrombotic factors [24,79,80]. Further, this induces coagulopathies, imbalanced prothrombotic response and microthrombus formation leading to the multisystemic consequences seen in clinical practice [79,80]. One interesting aspect of the multisystemic mechanistic approach of the acute and long-term outcomes of SARS-CoV-2 infection is represented by the capacity to release autoantibodies against cardiac antigens, which is a process triggered by uncontrolled inflammation [81]. The presence of anti-cardiac autoantibodies may be responsible to some extent for the long-term consequences of COVID-19. In one study of 104 hospitalized COVID-19 patients, 68% (71 patients) had anti-cardiac autoantibodies, irrespective of the patients’ comorbidities or age [81]. Moreover, several reports mentioned the presence of antiphospholipid antibodies, especially during the acute phase of COVID-19 pneumonia, which are already acknowledged as important actors of immune-mediated thrombosis [82]. These results should be cautiously interpreted, considering that the presence of specific antibodies was not assessed before COVID-19.



Having this multisystemic approach when analyzing COVID-19 phenotypes, it seems plausible that after an acute episode of COVID-19 the duration of an increased risk of cardiovascular events may be prolonged. Within the US Veterans Health Administration study, the investigators showed a prolonged risk of cardiovascular events, especially acute coronary syndromes (hazard ratio, 1.63 [95% CI, 1.51–1.75]) and stroke (hazard ratio, 1.52 [95% CI, 1.43–1.62]) surpassing 30 days [83]. Moreover, over 2 years of follow-up, the risk of all-cause health consequences including cardiovascular sequelae in non-hospitalized COVID-19 patients remained increased for 31% when compared to patients without a history of COVID-19 infections, suggesting that irrespective of the severity of the disease, COVID-19 exerts a long-term effect on health status, including cardiovascular health [84]. Furthermore, the same study reported an augmented risk of all-cause mortality and hospitalization at 2 years follow-up in the COVID-19 hospitalized group when compared to patients without COVID-19 infection or non-hospitalized COVID-19 patients [84]. However, during the period of 2 years after the first episode of COVID-19, the risk of organ damage, hospitalization and mortality decreases, especially in non-hospitalized COVID-19 patients, whereas in hospitalized COVID-19 patients the risk of death, hospitalization and organ sequelae including the cardiovascular, hematological or respiratory system remained significantly elevated, showing the difficult and enduring road to recovery [84].



Whether the severity of COVID-19 pneumonia plays a key role in developing long-term cardiac sequelae in COVID-19 survivors with residual symptoms, more prospective studies with a longer follow-up duration are mandatory.




5. Different Cardiac Clinical Scenarios in Long COVID


5.1. Postural Orthostatic Tachycardia Syndrome


Palpitations and chest pain remain one of the most frequent complaints seen in Long COVID patients. As previously mentioned, acute cardiac damage was frequently described during COVID-19 pneumonia, being associated with a poor prognosis [85,86]; however, its relation to residual symptoms is still argued. Several reports have emphasized a high incidence of orthostatic intolerance (OI), including orthostatic hypotension (OH), defined as a reduction in blood pressure of at least 20 mm Hg of systolic blood pressure or 10 mm Hg of diastolic blood pressure within 3 min of standing, and postural orthostatic tachycardia syndrome (POTS), an increase in heart rate of more than 30 bpm within 10 min of standing or during a tilt test in Long COVID patients, probably due to hypovolemia or deconditioning after prolonged bed rest [87,88]. Abnormal autonomic nervous system response to orthostatism, in addition to exaggerated levels of epinephrine and norepinephrine, contributes to the pathophysiological spectrum of mechanisms in OI that may be further accentuated by multiple factors such as excessive venous pooling in the lower extremities, volume dysregulations, autoimmunity and hyperadrenergic status [89]. Earlier reports emphasized a downregulation of renin activity and abnormal levels of angiotensin II in POTS patients [90,91,92,93]. This is further intensified in COVID-19 infection, as previous studies reported [94,95]. The renin angiotensin aldosterone system (RAAS) imbalance triggered by SARS-CoV-2 infection may have a fundamental role in Long-COVID-related POTS [91,95,96,97]. Moreover, SARS-CoV-2 may damage the extracardiac postganglionic sympathetic nervous system, promoting dysautonomia and leading to POTS [91,92,98]. Other mechanisms such as autoimmunity or chronic inflammation have also been attributed to COVID-19 long-term sequelae including OI onset [99]. The true prevalence of OI in Long COVID patients is difficult to determine, considering it still remains an underdiagnosed syndrome. Yet, several reports described symptoms consistent with OI in up to 41% of recovered COVID-19 patients [100,101]. Potential limitations of these reports are represented by the retrospective design, with missing data prior to COVID-19 infection and a limited number of patients [102]. However, most of these reports are based on symptoms evaluation after COVID-19, implying newly diagnosed conditions. One report described a prevalence of 38% of OI in Long COVID patients [103]. These data are being supported by previous research on Long COVID and OI, suggesting autonomic dysfunction, which is known as a common finding during patients’ recovery after bacterial or viral infections [87,104]. Although several standard factors such as deconditioning, presence of venous insufficiency or hypovolemia may aggravate the symptomatology, the presence of OI was also observed in COVID-19 patients that did not require prolonged hospitalization and were apparently healthy before COVID-19 pneumonia [105,106].



As there is no specific treatment for POTS, current lifestyle measurements include: adequate hydration, specific exercise training and various pharmacotherapies, depending on POTS subtypes such as ivabradine or β-blockers, in combination with compression stockings when tachycardia is the dominant symptom to midodrine for persistent OH due to venous polling or fludrocortisone if hypovolemia and orthostatic intolerance are associated [87,107].




5.2. Arrhythmias and COVID-19


During the acute phase of COVID-19 pneumonia, acute cardiac injury was commonly described, especially in critically ill patients. Several clinical scenarios have been outlined from acute onset of arrhythmia, especially atrial fibrillation, to myocardial infarction or myopericarditis [18,47]. The majority of these reports defined acute cardiac injury based on the values of a biomarkers assessment, predominantly upon admission and cardiovascular imaging assessment, especially echocardiography or CMR, during cardiovascular complications. Considering the abnormalities in the coagulation and inflammation processes triggered by the viral action as the background for the high diversity of complications observed during an acute episode and also the conglomeration of symptoms reported during post-COVID-19, it is no surprise that different degrees of myocardial strain imaging deformation abnormalities may be identified in COVID-19 patients [108]. COVID-19 patients with persistent dyspnoea and exercise intolerance after an acute episode had impaired left atrium (LA) strain functions, particularly LA reservoir strain and LA stiffness suggesting LA myopathy, as indirect signs of diastolic dysfunction [72,108]. These changes in LA function are consistent with the onset and the severity of atrial fibrillation (AF) and the subsequent atrial fibrosis [108,109,110,111,112]. However, the spectrum of cardiac arrhythmias is characterized by a high diversity and complexity, from supraventricular arrhythmias, especially atrial fibrillation, to ventricular tachyarrhythmias, bradyarrhythmias (BAs) and conduction defects [113].




5.3. Bradyarrhythmia and Atrioventricular Blocks


During the acute phase, more than 10% of COVID-19 patients developed AF during hospitalization [114]. A similar number of patients developed ventricular arrhythmias [115]. The electrocardiogram (ECG) presentations seen in COVID-19 patients were predominantly represented by sinus tachycardia, followed by supraventricular tachycardia atrial fibrillation/flutter, ventricular tachycardia, QT prolongation and BA [116]. BA and atrioventricular blocks (AVBs) were less frequently observed in COVID-19 patients when compared to the prevalence of sinus tachycardia or supraventricular arrythmias [116]. BAs reported during the acute phase of the disease were mainly due to myocardial inflammation and endothelial injury in the context of a cytokine storm, hypoxia and electrolytes imbalance, all processes leading to the aggravation of pre-existing conduction abnormalities or the onset of new ECG changes [116,117]. Importantly, approximately 7.5% of myocardial cells express ACE 2 receptors [116]; therefore, direct virus action on myocardial cells leading to cardiac injury and consequently to the onset of arrythmias may represent one key element of the underlying pathophysiology. Moreover, several medications used during the first waves of the COVID-19 pandemic such as chloroquine, hydroxychloroquine and azithromycin may induce QT interval prolongation, leading to torsade de pointes [116,118]. The term viral channelopathy has recently emerged, explaining this subset of arrythmias occurring during viral diseases. Viruses are able to encode their own ion channels called viroporins in the host cell [119]. Consequently, some ion-channel-blocking drugs may demonstrate antiviral activity [119]. By understanding this new virus mechanistic concept, the medication used to treat viral diseases my contribute not only to virus annihilation but also to bypassing virus-induced channelopathies [119]. The host ion channels, especially the K+ and Ca2+ channels, participate at different stages of virus cycle; therefore, some dormant channelopathies may be exacerbated by viral infections [118]. Moreover, viral-modulated channel action may impact the cell contractility, inducing arrythmias, further enhanced by indirect factors, e.g., cytokine actions, endothelial hypoxia-induced injury or due to the treatment performed [118]. In this perspective, ongoing inflammation may act as the dominant substrate for long-term consequences of COVID-19 infection, where one key element of the chronic low-grade inflammation hypothesis is represented by the transforming growth factor beta (TGF-β) activity [120]. Activation of TGF-β is linked to inflammation, apoptosis and fibrosis, hence playing a crucial role in the acute and long-term effects of COVID-19 [120]. By modulating the cascade of signaling of TGF-β pathways, the deleterious effects may be circumvented. Irrespective of COVID-19 severity, the plasma levels of TGF-β, especially TGF-β1, were heightened in hospitalized COVID-19 patients, with an abnormal and uncontrolled immune response induced by the SARS-CoV-2 infection [121]. TGF-β1 dysregulation is associated with cardiac myofibroblast arrhythmogenicity [119,121] as a substrate for high-degree AVB in COVID-19 survivors [122]. Additionally, the presence of fibrosis facilitates re-entry circuits, which further triggers arrythmia genesis [113]. Nevertheless, data on arrhythmic events after the COVID-19 pandemic remain limited and divergent. Most reports on the prevalence of arrhythmic events are during acute infection, when the medical management may be encountering difficulties due to acute decompensation of other pathologies. During an acute episode of COVID-19 pneumonia, arrhythmic events were reported in approximately 5% to 10% of the patients [123]. In post-acute COVID-19 syndrome, the prevalence is difficult to establish due to limitations regarding study designs, including population characteristics, duration of the follow-up and patients lost to follow-up. In a Swedish cohort including more than 3000 patients with a history of severe COVID-19 infection, the incidence rates per 1000 persons-years of ventricular tachycardia, atrial fibrillation, other tachyarrhythmias and bradycardia/pacemaker implantation were 15.4, 78.4, 99.3 and 8.5, respectively, when compared to the general population, at 9 months follow-up [124]. A larger report including more than 600,000 COVID-19 survivors, without previous cardiovascular diseases prior to COVID-19 infection, showed a higher 12-month risk of arrythmias, especially atrial fibrillation and flutter (HR = 2.407 [2.296–2.523]), followed by tachycardia (HR = 1.682 [1.626–1.740]), ventricular arrhythmias (HR = 1.600 [1.535–1.668]) and bradycardia (HR = 1.599 [1.521–1.681]) when compared to the matched control group without a history of SARS-CoV-2 infection [125]. Although a trend in overestimation, the severity of cardiovascular outcomes in COVID-19 survivors was observed in smaller cohort studies; when compared to a population without documented COVID-19 infection, COVID-19 survivors have a higher risk of cardiovascular complications including mortality, irrespective of the severity of the acute episode [126,127]. Therefore, individualized medical management including referral to specific departments (electrophysiology, POTS clinics, heart failure clinics), especially in patients with persistent symptomatology following COVID-19 pneumonia, should be implemented.




5.4. Relative Bradycardia and COVID-19


Relative bradycardia (RB) is another phenomenon different from BA, being characterized by an abnormal response to high body temperature observed in various infectious diseases, including COVID-19 [128]. Several definitions have been proposed to characterize RB. In general, RB is defined by a less than 10 beats/minute rise in body temperature [128,129]. The prevalence of RB in the COVID-19 population is between 36% and 76% [128], depending on various factors from age, associated comorbidities like diabetes or use of antipyretic drugs to the release of inflammatory cytokines, increased vagal tone, direct virus effect on the myocardium and electrolyte disturbances, which are frequently described in COVID-19 pneumonia [129].




5.5. Heart Failure and COVID-19


As the central mechanisms for COVID-19 and cardiovascular involvement are represented by inflammation, heart failure (HF) and COVID-19 during the acute and post-acute phase may coexist.



Common risk factors for poor prognosis in both pathologies remain older age, obesity and diabetes [130,131,132]. Importantly, the absence of systematic HF follow-up during the COVID-19 pandemic due to restrictions and the fear of patients contracting COVID-19 pneumonia contributed to the severity of both conditions, acute cardiac injury induced by COVID-19 and HF [132,133]. Consequently, during the COVID-19 pandemic, the post-discharge mortality among HF patients was especially augmented due to insufficient access to specialized care [134]. In one study analyzing the incidence of new HF onset or HF worsening before and after lockdown during the first COVID-19 pandemic wave, the investigators showed a significant decrease in the number of new HF diagnoses or HF worsening when compared to the pre-pandemic period, raising concerns about HF undertreatment and potential long-term consequences following COVID-19 [135].



Considering all those factors, several reports outlined a 2% HF incidence in COVID-19 survivors [133,136]. A meta-analysis comprising a large population showed an additional risk of 90% developing HF after COVID-19 infection that rises with age and the presence of arterial hypertension [136].



Endothelial dysfunction, microvascular damage, ongoing inflammation and prothrombotic state following acute COVID-19 pneumonia may play a significant role in multiorgan dysfunction, including new-onset or aggravating a pre-existing HF [137,138]. Several cardiac abnormalities have been reported in post-acute follow-up COVID-19 studies, highlighting the importance of continuous evaluation. The presence of subclinical cardiac dysfunction was a common finding in those studies, focusing on COVID-19 survivors. Nevertheless, a current limitation encountered in numerous studies focusing on discharged COVID-19 patients was represented by insufficient data on cardiac function prior to or even during COVID-19, due to a lack of systematically transthoracic echocardiography evaluations or incomplete diagnosis work-up in order to reduce cross-infection of the healthcare professional or transmission to other patients. During acute setting of the disease, studies have shown a significant correlation between the presence of right ventricle (RV) dysfunction and the onset of major cardiovascular events and in-hospital mortality [139]. At follow-up, CMR studies showed the persistence of abnormalities with lower RV and LV ejection fractions and higher ventricle volumes when compared to healthy controls, suggesting potential cardiac dysfunction associated with Long COVID [50]. Although the majority of discharged patients presented normal LV function at 3 to 6 months, abnormal echocardiographic findings such as RV adverse remodeling with RV dilatation or biventricular dysfunction were predominantly observed in patients with acute cardiac events (e.g., pulmonary embolism) during hospitalization [140], suggesting a correlation between the severity of the acute infection and the mid- and long-term consequences.



In one study of 367 participants, 53% of discharged COVID-19 patients without known cardiovascular diseases or other significant comorbidities prior to COVID-19 and mild episodes of COVID-19 pneumonia, followed-up at 109 days and 329 days with echocardiography and CMR, developed cardiac symptoms after COVID-19, whereas 23% remained asymptomatic during the entire follow-up, and only 20% converted from symptomatic to asymptomatic status [67]. The echocardiographic evaluation showed preserved LV and RV systolic functions and low values of LV global longitudinal strain, though still in the normal range irrespective of the presence of residual symptoms [67]. Compared to asymptomatic patients, patients with Long COVID and cardiac symptoms showed higher myocardial native mapping values, suggestive of inflammation and pericardial enhancement, suggesting pericardial inflammatory involvement [67]. Although mapping values improved by the end of the follow-up, they showed a trend toward higher values when compared to asymptomatic patients or the ones who became asymptomatic during the follow-up, emphasizing persistent low-grade inflammation without the presence of ischemic or structural cardiac disease [67]. Although more than half of the study population had traceable levels of cardiac troponin, its presence did not correlate with the ongoing cardiac symptoms [67]. Additionally, structural heart disease, e.g., reduced LVEF or reduced RV ejection fraction or dilated cardiomyopathy, was rarely reported in this study [67]. In the same direction, a 10-week follow-up study of 139 healthcare workers with confirmed past SARS-CoV-2 infection showed 75% CMR abnormalities incidence in asymptomatic patients [141]. Moreover, the same report showed evidence of pericarditis or myocarditis patterns in up to 40% of cases following an acute episode of SARS-CoV-2 [141]. Although the presented study is limited by the small sample size, the value of the research comes from the exhaustive examinations of the patients, including CMR, ECG and laboratory exams. Nevertheless, some of the findings reported by those follow-up studies may be incidental, due to a lack of previous imaging data before COVID-19 infection.



Contrastingly, earlier reports focusing on myocardial injury defined by increased plasma levels of cardiac biomarkers, e.g., cardiac troponin, showed no significant echocardiographic differences between discharged COVID-19 patients with cardiac injury during hospitalization and patients with normal values of cardiac biomarkers [142]. Moreover, they suggested a full recovery of cardiac function and no evidence of cardiac dysfunction. Hence, data on cardiac dysfunction attributed to COVID-19 are conflicting. Small cohort studies tend to overestimate or to underestimate the actual cardiovascular impact of COVID-19. For example, in a large cohort of more than 1500 participants, CMR screening for myocardial abnormalities after COVID-19 showed an incidence of 2.3% clinical and subclinical myocarditis, with reduced left ventricular systolic function, pericardial inflammation and effusion, out of which 1.8% were asymptomatic during the follow-up [143]. The incomplete recovery with residual dysfunction and negative remodeling after COVID-19 may represent the framework for HF onset. The lack of prospective studies with a sufficient sample size makes it difficult to assess the true impact of COVID-19 on heart function. HF was a constant finding in patients with acute COVID-19, irrespective of the presence of other comorbidities [133,144]. One report consisting of 100 patients hospitalized with COVID-19 showed a normal echocardiogram only in 32% of the patients, whereas 16% presented LV diastolic dysfunction, 39% RV dilatation or dysfunction and 10% LV systolic dysfunction [145]. Subsequently, patients with COVID-19 are at a higher risk of HF exacerbations. New onset of HF was also reported in almost a quarter of COVID-19 patients, and it was heightened in patients with severe forms of COVID-19 admitted to intensive care units [144]. Acute cardiovascular events during COVID-19, e.g., pulmonary embolism leading to RV dysfunction, stress cardiomyopathy or acute myocarditis, may represent the framework for HF development, having a significant impact on survival and promoting long-lasting cardiac dysfunction attributed to partial recovery of COVID-19 survivors [144].




5.6. Coagulation Abnormalities and COVID-19


Several reports focusing on lung parenchyma abnormalities following an acute episode of SARS-CoV-2 infection emphasized increased lung density and glycolytic metabolic activity, advocating for increased inflammation and endothelial activation, leading to a procoagulability status [146]. Detected levels of D-dimer were reported in COVID-19 survivors even at 4 months after the acute episode [147]. In hospitalized patients, circulation of hyperreactive platelets may contribute to the hypercoagulability state that may persist even after the resolution of the acute episode [147]. Additionally, COVID-19 survivors presented high plasma viscosity and fibrin amyloids [146,147]. Those microthrombi express α2-antiplasmin, an enzyme that blocks proteolytic activity of plasmin and subsequently their degradation [146,147]. The morphofunctional abnormalities described in Long COVID patients on chest computed tomography follow-up studies coupled with functional respiratory tests included: fibrotic-like and non-fibrotic abnormalities, perfusion defects or areas of increased perfusion [148].



It is difficult to estimate the true prevalence of thrombotic events in Long COVID, as the majority of information is obtained from sporadic events or series of case reports. In the post-acute phase of COVID-19 pneumonia, the incidence of venous thromboembolic events was considered to be below 5% [149]. Other post-discharge reports described an incidence of combined thrombotic events (venous thromboembolism, stroke, pulmonary embolism, intracardiac thrombi) in up to 2.5%, whereas for venous thrombotic events it was 0.6% [150]. It remains high in the first 45 days after discharge and diminishes progressively [151]. In addition to the intrinsic factors, the susceptibility to developing thrombotic events is influenced by the standard risk factors from the severity of the disease, intensive care unit admission or duration of hospitalization to the comorbidities of the patients [149].



An important aspect to be considered is represented by the coagulation abnormalities attributed to COVID-19 and their impact on RV function. RV dysfunction is associated with a worse outcome in COVID-19 patients [152]. Moreover, RV dysfunction may appear as a continuous phenomenon in recovered patients with a history of COVID-19-related pulmonary embolism, alveolar and endothelial injury and thrombotic microangiopathy [153]. Up to 42% of recovered COVID-19 patients may present abnormal RV free wall strain, without the presence of other RV structural modifications or in the absence of criteria for pulmonary hypertension, being linked to ongoing inflammation, ischemic lesions due to hypoxia or consequently RV injury post-mechanical ventilation [153]. Yet, it remains difficult to understand their clinical significance in the context of Long COVID.





6. Long COVID—Potential Management Directions


Management of Long COVID symptomatology remains a clinical challenge in terms of individual patient care as well as for healthcare and economic institutions. Physical deconditioning and reduced exercise capacity have a crucial impact on patients’ quality of life and long-term prognosis [52]. Rehabilitation centered on individualized exercise training programs may be the first step in improving cardiovascular fitness and diminishing the effects of Long COVID. After 6 weeks of physical and respiratory rehabilitation programs, an amelioration was observed in pulmonary functional tests, quality of life and 6 min walking distance test in COVID-19 survivors [154].



Some studies reported the beneficial effects of vitamin C and L-arginine on walking capacity, muscle strength, endothelial function and fatigue in adults with Long COVID [155,156]. Considering their effects on aerobic and anaerobic performance in patients with cardiopulmonary diseases including HF or heart transplant, their potential efficiency in combination with a physical activity rehabilitation program may be one of the key medical strategies for Long COVID patients. A 12-week inspiratory muscle training program performed at home showed a substantial improvement in patients’ wellbeing and exercise tolerance with an amelioration in peak VO2 [157,158]. Other potential therapies have been evaluated in post-acute COVID-19. Molecular hydrogen (H2) is known for its antioxidative, anti-inflammatory, anti-apoptosis and anti-fatigue properties; therefore, a regimen of 14 days of therapy was proposed in a small cohort of patients, showing positive effects on patients’ physical capacity and wellbeing [159]. Individualized patient treatment and precise diagnosis steps are needed in order to address this new condition. In cases of pulmonary fibrosis following acute COVID-19, targeted therapies including antifibrotic agents are necessary. Several studies focused on the effect of pirfenidone or nintedanib in patients with fibrosis following COVID-19 pneumonia, showing significant amelioration in pulmonary functional tests, oxygen saturation and heart rate, as well as less radiological abnormalities [160,161]. In patients with persistent smell or taste disorders following COVID-19 infection combined treatment, olfactory rehabilitation with oral supplementation of palmitoylethanolamide and luteolin showed beneficial effects on olfactory function recovery [162]. Therefore, due to new emerging therapies in combination with different algorithms designed for rehabilitation programs, there is a potential place for developing Long COVID clinics to address the current issue. The heterogeneity of the Long COVID spectrum needs to be answered in a controlled medical environment, focused on patients’ needs and expectations. Several reports emphasized specific features in order to design Long COVID multidisciplinary clinics capable of addressing the current gaps in healthcare management and reducing the socio-economic factors that may restrain patients from seeking healthcare support [163,164]. Those reports showed the advantage of designing COVID-19 structures centered on rehabilitation programs, including respiratory and cardiology evaluations in addition to neurological and psychological support depending on patients’ main requirements [163,164]. In addition to a faster recovery after COVID-19, those healthcare structures may in time become independent healthcare services, proving management and financial autonomy, by referring patients to other specialized healthcare sectors and by reducing the current burden of Long COVID on the healthcare sector. Importantly, this may promote future research for individualized patient treatment programs after severe infectious diseases including COVID-19.




7. Controversial and Unresolved Issues in COVID-19


Despite a growing body of evidence showing the multisystemic effect of COVID-19 pneumonia, data on cardiovascular involvement and its long-term evolution remain insufficiently understood. It is reasonable to conclude that the management of COVID-19 survivors should be guided based on their core needs and specific profiles, including the evolution of previous comorbidities, vaccination status or potential secondary effects caused by COVID-19 treatment during the acute phase. Moreover, the high spectrum of symptoms reported by patients remains difficult to alleviate in current clinical settings due to diagnostic challenges with potential other diseases and the absence of diagnostic and management algorithms for Long COVID.



There is no certainty that post-acute COVID-19 symptoms will fully disappear or if they will have a long-term impact on the quality of life and, furthermore, on the life expectancy of COVID-19 survivors. Hence, further research is needed in this field to answer all these questions; however, it remains a challenge due to a high loss to follow-up rates and unvalidated and discordant protocol methodologies.




8. Conclusions and Future Perspectives


The importance of early recognition of Long COVID as a distinct clinical entity is crucial in order to develop specific programs for COVID-19 survivors to reduce its burden on quality of life and on healthcare sectors worldwide. Although new evidence on COVID-19 cardiovascular impact has emerged, we are still too early in the evolution of the COVID-19 pandemic to understand its long-term impact. Therefore, active screening for potential new onset of cardiovascular diseases in this specific population is essential in order to implement preventive cardiovascular measurements. Long COVID clinics appear to have a major role in identifying patients at risk of long-term sequelae, including respiratory and cardiovascular complications, in order to design individualized medical management encompassing cardiopulmonary rehabilitation programs and new Long COVID targeted therapies. Therefore, promoting research programs focused on better understanding the heterogeneity of the pathophysiological mechanisms behind Long COVID, such as direct viral action, chronic inflammation or autoimmunity, in addition to developing new treatment algorithms, is mandatory for improving patients’ prognosis in terms of quality of life and survivorship.
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Figure 1. The spectrum of Long COVID symptoms according to the organ involved. The most commonly reported neurological and cognitive symptoms are brain fog, sleep and memory disturbances and cognitive disturbance, followed by respiratory and cardiovascular symptoms such as palpitations, chest pain and dyspnoea, gastrointestinal symptoms (weight loss, vomiting, diarrhea) and musculoskeletal symptoms (muscle pain or weakness), dominated by chronic fatigue [38]. 
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Figure 2. Potential mechanisms associated with acute myocardial injury in COVID-19. A central role in the pathogenesis of COVID-19 cardiovascular involvement is played by endothelial dysfunction due to a variety of pathophysiological mechanisms, from systemic inflammatory response syndrome including cytokine storm to hypoxia-induced injury or microvascular damage due to perfusion defect, translated in a diverse spectrum of clinical scenarios from acute myocarditis to stress cardiomyopathy [47]. 
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