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Abstract

:

With the onset of the COVID-19 pandemic, it became apparent that, in addition to pulmonary infection, extrapulmonary manifestations such as cardiac injury and acute cerebrovascular events are frequent in patients infected with SARS-CoV-2, worsening clinical outcome. We reviewed the current literature on the pathophysiology of cardiac injury and its association with acute ischaemic stroke. Several hypotheses on heart and brain axis pathology in the context of stroke related to COVID-19 were identified. Taken together, a combination of disease-related coagulopathy and systemic inflammation might cause endothelial damage and microvascular thrombosis, which in turn leads to structural myocardial damage. Cardiac complications of this damage such as tachyarrhythmia, myocardial infarction or cardiomyopathy, together with changes in hemodynamics and the coagulation system, may play a causal role in the increased stroke risk observed in COVID-19 patients. These hypotheses are supported by a growing body of evidence, but further research is necessary to fully understand the underlying pathophysiology and allow for the design of cardioprotective and neuroprotective strategies in this at risk population.
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1. Introduction


Acute ischemic stroke (AIS) is an emerging vascular complication in patients with COVID-19 with reports on incidence ranging between 1 and 6% of hospitalized patients [1]. Among pathophysiological causes of AIS in COVID-19, SARS-CoV-2 related cardiac injury, mediated by a thrombotic and inflammatory milieu, seems to play a major role. Frequently reported manifestations of cardiac injury in COVID-19 patients comprise right ventricular dysfunction, heart failure, circulatory shock, myocarditis, cardiomyopathy, arrhythmia and/or thromboembolic events [2,3,4]. Cardiac injury occurs in up to 46.3% of COVID-19 patients and may be even more frequent in SARS-CoV-2 positive AIS patients [5]. Moreover, cardiac structural damage related to SARS-CoV-2 is associated with increased mortality, as shown in a cohort study in Wuhan (42 of 82 [51.2%] vs. 15 of 334 [4.5%]; p < 0.001) [6]. Hence, biomarkers of cardiac injury might be helpful when designing strategies of intensified monitoring of COVID-19 patients to prevent cardiovascular and cerebrovascular complications such as AIS.



The disease progression of COVID-19 can be divided into three, possibly overlapping, phases: early infection (stage I), pulmonary phase (stage II) and hyperinflammation (stage III) [7]. In an initial infection phase, the primary target of the virus is the lung parenchyma. The innate immune defense is immediately activated. Consequently, an inflammatory reactive process occurs resulting in damage to the vessel walls, which leads to vasodilatation and endothelial permeability. This leads to pulmonary restriction and subsequently to further hypoxemia, forming a vicious circle and finally leading to increased cardiovascular stress [7]. In the case of systemic (hyper-) inflammation, the damage to organs (to multiple organ failure) as the myocardium comes into focus [7]. Vascular involvement starts in stage II and is characterized by endothelial damage due to inflammatory reaction. In addition, in stage III, cardiac stress occurs due to respiratory failure and mechanisms of cardiac injury. These mechanisms include viral infiltration into myocardial tissue as well as secondary reactions to hypoxemia and cardiac inflammation, subsequently leading to cardiac complications [7]. Biomarkers as indicators of (hyper-)inflammation include IL (interleukin)-6, IL-2, IL-7, TNF (tumor necrosis factor)-α, IFN (interferon)-γ IP (inducible protein)-10, MCP (monocyte chemoattractant protein)-1, MIP (macrophage inflammatory protein)-1α, G-CSF (granulocyte-colony stimulating factor), CRP (C-reactive protein), procalcitonin and ferritin. Elevations of these markers are associated with an increase in mortality [7]. The results of a cohort study with 84 patients diagnosed with COVID-19 from Wuhan, China, demonstrated that the level of cardiac enzymes, as well as the abnormalities in the ECG, correlate positively with the level of inflammation values, in particular CRP (p = 0.004) and procalcitonin (p = 0.012) [8]. It can therefore be assumed that common, overlapping and interacting mechanisms of heart and brain axis pathology are associated with COVID-19 disease determining the severity of the disease.



We performed a narrative review of the current literature on the association of cardiac injury and acute ischemic stroke in patients with COVID-19 with a focus on pathophysiological mechanisms and potential biomarkers of cardiac involvement in this population at risk.




2. Search Strategy


A literature search was performed by using Medline via the PubMed interface and the Cochrane Library (Cochrane Database of Systematic Reviews, Cochrane Central Register of Controlled Trials [CENTRAL] and Cochrane Methodology Register). Furthermore, we screened the reference lists of the included studies. We only included literature in the English language. The literature search was performed between 2 April 2021 and 22 April 2021. We included randomized and non-randomized clinical trials, prospective and retrospective observational studies as well as previous reviews and meta-analyses. We applied the Medical Subject Headings “COVID-19” and “COVID” in combination with each of the following terms; “cardiac injury,” “cardiac” “cardial” “cardiovascular,” “Troponin” “ischemic stroke” “stroke” using the Boolean operators “AND” as well as “OR” and their combinations. The initial search provided 19,090 results, which were screened according to content aspects related to the topic of the review and evaluated according to relevance. Explicit exclusion criteria were not defined. A selection bias cannot be ruled out.




3. Pathophysiology and Clinical Manifestations of Cardiac Injury in COVID-19


The systemic inflammatory virus disease COVID-19 is associated with impaired cardiac function and can subsequently lead to persistent structural myocardial damage [9]. According to the European society of cardiology (ESC), myocardial injury is defined as “detection of elevated cardiac troponin (cTn) values above the 99th percentile upper reference limit“. The injury is considered acute “if there is a rise and/or fall or cTn values”. This definition applies to a variety of situations, e.g., after a coronary procedural intervention [10]. In COVID-19, virus infection leads to systemic inflammation. This inflammatory milieu causes cardiac structural damage mediated by inflammatory cytokines. In rare cases, this leads to fulminant myocarditis even without respiratory involvement [11]. Moreover, coronary vessel inflammation leads to cardiac ischaemia. Furthermore, respiratory failure increases the imbalance of oxygen supply and demand, ultimately leading to cardiopulmonary failure. In a recent prospective cohort study of 18 COVID-19 patients with elevated troponin levels, myocardial injury was assessed using cardiac magnetic resonance (CMR), echocardiography and endomyocardial biopsy (EMB). Structural and dynamic cardiac changes observed in this population included a mildly reduced median left ventricular ejection fraction of 52.5% [46.5–60.5%], moderately to severely reduced left ventricular global longitudinal strain of −11, 2% [−7.6% to −15.1%], myocardial tissue damage in 16 patients (83.3%) and myocardial oedema in 7 patients (38.9%) on magnetic resonance imaging, and lymphocytic myocarditis in 1/5 biopsied patients [12]. This observation supports the hypothesis of functional and morphological changes following structural damage of cardiomyocytes initially indicated by elevated troponin levels.



An additional analysis of biomarkers of cardiac stress aside cardiac troponin B-type showed elevation of natriuretic peptide (BNP) in patients with cardiac injury hospitalized for COVID-19 [13]. Both biomarkers were correlated with illness severity and increased mortality. The hypothesis of cardiac injury related to COVID-19 is further supported by a recent retrospective observational study in 416 patients hospitalized for COVID-19 in Wuhan, China, which detected cardiac injury in 19.7% of patients. In this study, cardiac injury was associated with a higher risk of in-hospital mortality (42 of 82 [51.2%] vs. 15 of 334 [4.5%]; p  < 0.001) [6]. However, reported frequency of cardiac damage in COVID-19 patients shows high heterogeneity with incidences varying from 8% to 46.3% [5,9,14].



3.1. Direct Mechanisms of Cardiac Injury in COVID-19


Possible pathomechanisms of cardiac injury associated with COVID-19 affect the heart via direct and indirect pathways [4]. Direct mechanisms have been identified in several studies. An in vitro study demonstrated that SARS-CoV-2 infects cardiomyocytes via a cathepsin and angiotensin-converting enzyme 2 (ACE2) in a dependent manner [15]. Another experiment using artificially produced human capillary organoids was able to show that SARS-CoV-2 virus directly infects blood vessel cells [16]. At the cellular level, it is therefore possible that direct infection occurs in both cardiomyocytes and endothelial cells. A study in 39 autopsy cases of patients with COVID-19 confirmed an infection with SARS-CoV-2 in myocardial tissue, with highest activity in interstitial cells in addition to invading macrophages [17]. The presence of inflammation ultimately determines tissue damage.



According to a histological analysis in COVID-19 patients, recruitment of immune cells leads to endothelial dysfunction in several organs in which the ACE receptor is expressed including lung, heart, kidney and intestine. This in turn causes apoptosis and pyroptosis and thereby structural damage [18]. Furthermore, an autopsy study, comparing seven lungs of COVID-19 infected patients with lungs of patients who died from acute respiratory distress syndrome (ARDS) secondary to influenza A(H1N1) infection, revealed that endothelial damage and ruptured cell membranes as well as alveolar capillary microthrombi occur nine times more frequently in patients with COVID-19 than in patients with influenza [19]. Interestingly, the extent of new angiogenesis (“intussusceptive angiogenesis”) was 2.7 times higher than in the lungs of patients with influenza A(H1N1) infection [19]. Therefore, in addition to the initial predominant inflammatory reaction, there seem to be distinctive vascular features of severe endothelial injury in COVID-19 disease that differ from those in influenza infection.




3.2. Indirect Mechanisms of Cardiac Injury in COVID-19


Myocardial damage in patients with COVID-19 may also result from indirect mechanisms. These include conditions resulting in increased myocardial demand (tachycardia, hypotension, e.g., in sepsis, hypoxemia) and cardiac dysfunction (arrythmias, myocardial infarction), vascular thrombogenic structural changes (acute atherothrombosis, microthrombi) as well as a stress-induced cardiomyopathy (Takotsubo syndrome). In a retrospective analysis of 138 hospitalized patients with SARS-CoV-2 pneumonia in Wuhan, 17% developed cardiac arrhythmias (n = 23 of 138 total) among other cardiac complications and 16 patients (44%) required intensive care [20]. In fact, a variety of dysrhythmias have been observed in patients with COVID-19, including tachyarrhythmias, atrial fibrillation, flutter, ventricular arrhythmias, sustained ventricular tachycardia, ventricular fibrillation and atrial or ventricular ectopy as well as sinus tachycardia [21]. The possible causes of arrhythmogenicity in the context of COVID-19 include myocardial injury, hypoxia, systemic inflammation as well as therapy with QT prolonging drugs, drug interactions as well as common risk factors of arrhythmia, such as electrolyte abnormalities and cardiovascular comorbidities [22].



Another major pathophysiological aspect in the development of cardiac injury when infected with SARS-CoV-2 is a thrombotic milieu causing myocardial infarction among other thrombotic complications such as acute pulmonary embolism, deep-vein thrombosis, ischemic stroke and myocardial infarction [23]. The incidence of thrombotic complications in patients with COVID-19 is relatively high, ranging from 5% to 10% of critically ill patients [24], and amounting to up to 43% in those admitted at ICU [25]. The thrombotic milieu leads to a (hyper-)coagulopathic state that is linked to impaired microvascular perfusion and consecutive risk of myocardial infarction. In addition, atherothrombosis due to plaque instability and inflammatory endothelitis might contribute to increased risk of thromboembolic events [26].



Furthermore, cases of Takotsubo cardiomyopathy were reported in patients with COVID-19. In a recent report, a 72-year-old SARS-CoV-2 positive patient with cardiovascular risk factors and a history of recent stroke was diagnosed with Takotsubo cardiomyopathy [27]. The authors discussed a possible association of an increase in catecholamine levels induced by COVID-19 and recent acute stroke [27]. Takotsubo syndrome (TTS) is a stress-induced cardiomyopathy and has been associated with two causative conditions in the context of COVID-19, i.e., a direct complication of the infection and an indirect consequence of general psychological stress (such as social isolation and quarantine) [28]. In concordance with these hypotheses, TTS has also been reported in other infectious diseases, such as influenza virus and (bacterial) sepsis [29]. In addition to the usual stress factors and physical stressors related to systemic inflammatory diseases, isolation in quarantine and consecutive psychological distress might be additional stressors that are more specific for COVID-19. This is consistent with the observation that prevalence of mental health problems in the general population showed a substantial increase during the COVID-19 pandemic [30].



In addition, critical illnesses such as strokes, encephalitis/meningitis or seizures are potential physical stressors linked with TTS [31]. Further, in COVID-19, disease activation of the autonomic or “extended autonomic system” (EAS) may play an important role in developing TTS [32].



Figure 1 depicts factors and mechanisms whereby infection with SARS-CoV-2 might induce structural cardiac damage.





4. Pathophysiology and Clinical Manifestations of AIS in COVID-19


The frequency of stroke among COVID-19 patients shows heterogeneity in the literature with incidences up to 6% in cohort studies [33]. The inflammatory milieu is an integral part of stroke in COVID-19 patients. In a retrospective case series of 214 patients with COVID-19, neurologic events such as stroke were linked with a more severe infection, which may contribute to a higher mortality rate [34]. Importantly, incidence of stroke in COVID-19 seems to exceed a degree that can be explained by virus-mediated systemic inflammation alone. A retrospective cohort study of patients from two hospitals in New York (n = 1916) identified a higher rate of stroke patients with COVID-19 than in those with influenza infection (1.6% vs. 0.2%) [35]. These potentially known and additional mechanisms in COVID-19 disease will be discussed below. The interplay of mechanisms between cardiac injury and ischaemic stroke in COVID-19 is illustrated in Figure 2.



4.1. The Interplay of Coagulpathy and Inflammation in COVID-19 Related Stroke


Coagulopathy and cytokine storm are important factors in cardiovascular but also in cerebrovascular complications of COVID-19. Coagulopathy has been associated with the severity of COVID-19 disease [36]. Most case reports (n = 29) identified a large vessel occlusion, the middle artery and the anterior circulation being most common [37]. Large artery occlusion mediated strokes were connected with the hypercoagulable state in some case reports [38,39,40] The coagulopathy associated with COVID-19 ultimately underlies the known pathophysiological mechanisms, the Virchow triad—endothelial cell damage, abnormal blood flow dynamics and platelet activation [41]. Interestingly, in a retrospective cohort study of 3556 hospitalized patients with COVID-19 (ischemic stroke occurring in 0.9%) cryptogenic stroke was the most frequent stroke etiology found (65.6%) [42]. However, it needs to be acknowledged that the applied TOAST classification of stroke etiology does not differentiate cryptogenic stroke from embolic stroke of undetermined source, the latter being frequently linked to cardiac embolism. The pathophysiological characteristics of COVID-19-related stroke are yet to be defined. Neuropathological studies revealed vascular congestion, micro-thrombotic infarction and microhaemorrhage in addition to hypoxic-ischemic changes [37]. The autopsy of a patient infected with SARS-CoV-2 revealed the presence of virus-like particles in the cytoplasm of a neuronal cell body (localized in the frontal lobe in this particular case) as well as in capillary endothelial cells—possibly enabling entry in CNS via a hematogenous route [43]. In this case report, the authors proposed that the virus may infect endothelial cells of the blood–brain barrier or epithel cells of the blood–cerebrospinal fluid barrier [43,44]. The primary haematogenous pathway would also be consistent with an autopsy study in brain tissue that found ACE2 expressed solely in endothelium and vascular smooth muscle cells [45]. However, there are several investigations that promote a neural pathway whereby SARS-CoV-2 pathology propagates to the brain as well. Among postulates, a neuronal route via afferent olfactory nerves and transsynaptic spread (endo-/exocytosis) has been frequently discussed [44,46]. This might be a complementary mechanism contributing to stroke risk by inducing brain damage and vulnerability in COVID-19 patients. After entry into the CNS, systemic inflammatory induced pathomechanisms of COVID-19 also play a role in the development of ischaemic stroke. Following activation of immune system after infection, a release of proinflammatory factors (such as cytokines, e.g., IL-6) consecutively activates the coagulation cascade, resulting in fibrin deposition and platelet activation and ultimately microthrombus formation [37]. In presence of a diffuse endothelial dysfunction, the balance of the coagulation process, including the natural formation of anticoagulants, such as antithrombin, protein C and tissue factor pathway inhibitor (TFPI), is disturbed [47]. Furthermore, an acute fibrinolytic reaction (induced by tissue plasminogen activator (t-PA) and urokinase-type plasminogen activator (u-PA)) results in the formation of plasmin, which breaks down fibrin into fibrin degradation products—leading to an increase in D-dimers [37].




4.2. Role of the ACE2 Receptor in Stroke Related to COVID-19


Downregulation of the ACE2 receptor seems to be involved in the stimulation of inflammation, coagulation and endothelial dysfunction [37]. The ACE2 receptor causes cleavage and thus degradation of angiotensin II. When the ACE2 receptor is downregulated, angiotensin II, which is known as a vasoconstrictor, increases and causes hypertension. This can lead to rupture of aneurysms consequently causing subarachnoid haemorrhage, and—in the longer term—become a risk factor for stroke via endothelial damage. Angiotensin II acts as a prothrombotic mediator (e.g., activation of macrophages and other immune cells) and inhibits fibrinolysis (by increasing Plasminogen activator inhibitor-1 (PAI-1) production) [48]. Both the expression level and pattern of ACE2 in different tissues, are thought to be important for susceptibility and therapeutic response in patients with COVID-19 [49]. Thus, the Angiotensin-converting enzyme (ACE)-Angiotensin II (Ang II)-Angiotensin II type 1 receptor (AT1R) axis seems to be involved in worsening of hypertension, atherosclerosis and thrombogenesis [50]. In contrast, ACE2 is converted to angiotensin, which is neuroprotective. Binding the Mas receptor, angiotensin has positive effects on blood pressure (via nitric oxide and bradykinin), progression of atherosclerosis, antithrombotic effects and positive effects on infarct size via antioxidant and anti-inflammatory effects [50]. Under normal conditions there is an interaction of the axes with the ACE2→Angiotensin1–7→Mas receptor axis balancing and weakening the (adverse) ACE→Angiotensin II→AT1 receptor axis [37]. Ultimately, after SARS-CoV-2 infection, this balance is dysregulated [51].




4.3. Laboratory Markers in Stroke Related to COVID-19


The clinical value of laboratory chemical markers is closely related to the pathogenesis of COVID-19. In the context of coagulopathy elevated D-dimer levels (≥2-fold above the normal range), higher lactate dehydrogenase levels, prolonged prothrombin time, thrombocytopenia and decreased fibrinogen levels (especially with consumption coagulopathy that occurs with disseminated intravascular coagulation (DIC)) have been reported [36,52]. In addition, the prevalence of antiphospholipid antibodies in critically ill patients was high (85% to 87.7%) compared to other viral or bacterial infections [53,54]. It has been demonstrated that anti-phospholipid antibodies, including lupus anticoagulants (which are also associated with anti-phospholipid syndrome (APS)) increase thromboembolic risk in both arterial and venous system [55]. Furthermore, the presence of antiphospholipid antibodies has been associated with stroke [56]. So far, elevated levels of antiphospholipid antibodies have been particularly associated with severe cases of COVID-19 [57,58]. In a case series of patients with COVID-19 hospitalized for stroke, in 5 of 6 patients positive antiphospholid antibodies (Anticardiolipin (aCL), Anti-β2-glycoprotein-1 (aβ2GPI), Lupus anticoagulant) were noted [58]. However, a prospective observational study confirmed the high prevalence of antiphospholipid antibodies in COVID-19, but was not able to link this to the occurrence of thrombosis [53]. Severe cases of COVID-19 were associated with increased platelet activation in laboratory tests (plated surface expression of CD62P (P-selectin) and CD63), while mildly affected or asymptomatic patients did not show this association [59]. In addition, ex vivo experiments showed that the inflammatory milieu in severe COVID-19 disease contributes to platelet activation [59]. Furthermore, neutrophil extracellular traps (NETs), networks of chromatin, microbicidal proteins and oxidizing enzymes released by neutrophils, can promote microvascular thrombosis [60]. Hypercoagulation, as well as endothelial activation and infection, contribute to coronary microvascular dysfunction [61]. Perhaps, microvascular dysfunction is a general phenomenon in COVID-19 patients that includes cerebral vessels, but this assumption remains speculative.




4.4. The Role of SARS-CoV-2 Related Cardiac Injury in COVID-19 Patients with AIS


Structural changes occur due to the SARS-CoV-2 infection connecting the cardiopulmonary with the cerebral vascular system. The question arises, whether pre-existing cardiac damage is relevant to the consequences of COVID-19 disease. In a large retrospective cohort study including 1162 patients with acute coronary syndrome (ACS), reduced LVEF was associated with increased susceptibility to COVID-19 [62]. However, in a multicenter cohort study with 305 COVID-19 patients, cardiac structural abnormalities were detected in nearly two-thirds of the patients receiving transthoracic echocardiography—contributing to a higher mortality rate [63]. In addition, commonly known risk factors may further increase the co-occurrence of cardiac disease and ischaemic stroke. Risk factors such as hypertension, dyslipidemia and diabetes are associated with a pathological downregulation in ACE2 [64]. An Italian study characterized the baseline statistics of patients with COVID-19 (n = 1591) [65]. They found, that COVID-19 patients had an increased rate of common comorbidities, such as hypertension in 49% [95% CI, 46–52%], cardiovascular disease in 21% [95% CI, 19–24%] and hypercholesterolemia in 18% [95% CI, 16–20%] of cases [65]. In a study using image-based AI to characterize the tissues of a COVID-19 patient and classify the severity of infection, multiple pathways of cardiac and brain involvement in COVID-19 infection were detected [66].



In the so-called “hypoxia pathway”, the primary cause is a respiratory infection, which can lead to ARDS. This respiratory hypoxia can ultimately lead to both myocardial ischaemia and hypoxia in the brain [66]. In consequence, hypoxemia and the increase in CO2 in the brain leads to cerebral vasodilation and oedema. Another unifying concept is the endothelial dysfunction, which is triggered, among other things, by deregulation of the RAAS system [66] The third overlapping pathway is the immune response to the SARS-CoV-2 virus, which can lead to an increase in inflammatory parameters with possible cytokine storm, causing plaque rupture affecting the heart and brain vessels [66]. Infection with SARS-CoV-2 thus induces key changes including immune response, hypoxia and endothelial dysfunction and multiple overlapping pathways may ultimately lead to cerebral involvement including cerebral ischaemia.





5. Discussion


Pathomechanisms of COVID-19, including downregulation of ACE2, the inflammatory and thrombotic milieu as well as respiratory dysfunction seem to be connected with cardiac injury and risk of ischaemic stroke on multiple levels.



In general, neurological manifestations in COVID-19 are highly variable (including headache, impaired consciousness, ataxia, tremor, meningitis, encephalitis, cerebral haemorrhage, subarachnoid haemorrhage, seizures) and are associated with different MRI findings involving ischemic lesions [67]. It is conceivable that the number of unreported stroke patients with COVID-19 infection is higher due to the availability and increased expense of imaging as well as possible “silent” clinical presentation. Finally, in a review, it was found that about 17.85% of patients who underwent neuroimaging had ischaemic changes suggestive for a stroke [68]. The inflammatory as well as the thrombogenic milieu seems to be a joint condition of cardiac and cerebrovascular injury in COVID-19 patients. Common patterns of damage including primary endothelial damage as well as plaque rupture as a result of inflammation. Other coexisting pathways include microvascular dysfunction, possibly contributing to ischaemic lesions in functionally relevant areas, a “last meadow”. Coronary microvascular dysfunction is discussed to cause the Takotsubo syndrome [69]. In the case of large vessel occlusion, the focus is on potential sources of embolism, which in the case of COVID-19 related stroke frequently seems to be of cardiac origin. The outlined structural changes and rhythm disturbances could lead to the development of thrombi. In the case of COVID-19 disease, concomitant hypercoagulopathy could be a key contributor. In addition, existing cardiovascular risk factors such as diabetes, arterial hypertension, a lipid metabolism disorder or nicotine excess can additionally increase the risk of cardiovascular diseases including stroke. As pointed out recently, care of stroke patients is challenging during the COVID-19 pandemic not only because a past history of stroke is a risk factor of severe COVID-19 whereas severe COVID-19 is a risk factor of stroke, forming a vicious circle on a pathophysiological level, but also because infection control measures may impact care of stroke patients [70,71,72,73].



Understanding the multiple pathophysiological links to cardio- and cerebrovascular diseases in COVID-19 might help optimize cardioprotection and neuroprotection in these patients. For instance, statins have, among others, pleiotropic anti-inflammatory effects and may attenuate endothelial dysfunction via upregulation of ACE. The potential benefit of these features in COVID-19 patients have been discussed [74]. The involvement of the renin-angiotensin system (RAS), an interaction with cholinergic neurotransmission via neuronal nicotinic acetylcholine receptors (nAChR) has also been proposed as a potential treatment target in COVID-19 [75,76]. While multiple hypotheses in cardioprotection and neuroprotection in COVID-19 exist, further studies are needed to understand the connecting pathomechanisms and facilitate robust data on effective treatment of COVID-19 patients with cardiac injury and those with AIS.




6. Conclusions


The COVID-19 pandemic has presented new challenges to medicine. Ultimately, understanding the individual pathomechanisms of the disease may be crucial in preventing cardiac and cerebral damage in those patients at risk.







Author Contributions


T.S. and D.S.; methodology, T.S. and D.S.; resources: T.S.; writing—original draft preparation, D.S. and T.S.; writing—review and editing, L.G.S., L.-P.P., J.B., V.P., K.B. and T.S.; visualization, D.S. and T.S.; supervision, T.S.; project administration, T.S. All authors have read and agreed to the published version of the manuscript.




Funding


This review received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Siepmann received grants from the German Federal Ministry of Health, Kurt Goldstein Institut, German Parkinson Association that were not related to this study. Siepmann received royalties from Astrazeneca for consulting and from Dresden International University for serving as program director and lecturer of the Master’s Program in Clinical Research.




Conflicts of Interest


Siepmann and Barlinn are Special Issue Editors of the Special Issue “Stroke and COVID-19: Pathophysiological Links, Clinical Implications and Stroke Care in Times of the Pandemic” of Life.




References


	



Stein, L.K.; Mayman, N.A.; Dhamoon, M.S.; Fifi, J.T. The emerging association between COVID-19 and acute stroke. Trends Neurosci. 2021, 44, 527–537. [Google Scholar] [CrossRef] [PubMed]

	



Mahenthiran, A.K.; Mahenthiran, A.K.; Mahenthiran, J. Cardiovascular system and COVID-19: Manifestations and therapeutics. Rev. Cardiovasc. Med. 2020, 21, 399–409. [Google Scholar] [CrossRef] [PubMed]

	



Long, B.; Brady, W.J.; Koyfman, A.; Gottlieb, M. Cardiovascular complications in COVID-19. Am. J. Emerg. Med. 2020, 38, 1504–1507. [Google Scholar] [CrossRef]

	



Goha, A.; Mezue, K.; Edwards, P.; Nunura, F.; Baugh, D.; Madu, E. COVID-19 and the heart: An update for clinicians. Clin. Cardiol. 2020, 43, 1216–1222. [Google Scholar] [CrossRef] [PubMed]

	



Habets, M.A.W.; Sturkenboom, H.N.; Tio, R.A.; Belfroid, E.; Hoogervorst-Schilp, J.; Siebelink, H.J.; Jansen, C.W.; Smits, P.C. How often and to what extent do admitted COVID-19 patients have signs of cardiac injury? Neth. Heart J. 2021, 29, 5–12. [Google Scholar] [CrossRef]

	



Shi, S.; Qin, M.; Shen, B.; Cai, Y.; Liu, T.; Yang, F.; Gong, W.; Liu, X.; Liang, J.; Zhao, Q.; et al. Association of Cardiac Injury with Mortality in Hospitalized Patients with COVID-19 in Wuhan, China. JAMA Cardiol. 2020, 5, 802–810. [Google Scholar] [CrossRef]

	



Akhmerov, A.; Marbán, E. COVID-19 and the Heart. Circ. Res. 2020, 126, 1443–1455. [Google Scholar] [CrossRef] [PubMed]

	



Ma, K.-L.; Liu, Z.-H.; Cao, C.-F.; Liu, M.-K.; Liao, J.; Zou, J.-B.; Kong, L.-X.; Wan, K.-Q.; Zhang, J.; Wang, Q.-B.; et al. COVID-19 Myocarditis and Severity Factors: An Adult Cohort Study. medRxiv, 2020; unpublished eprint. [Google Scholar] [CrossRef]

	



Cremer, P.C. SARS-CoV-2 and myocardial injury: Few answers, many questions. Clevel. Clin. J. Med. 2020, 87, 521–525. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Inciardi, R.M.; Lupi, L.; Zaccone, G.; Italia, L.; Raffo, M.; Tomasoni, D.; Cani, D.S.; Cerini, M.; Farina, D.; Gavazzi, E.; et al. Faculty Opinions recommendation of Cardiac Involvement in a Patient With Coronavirus Disease 2019 (COVID-19). Fac. Opin. Post-Publ. Peer Rev. Biomed. Lit. 2020, 5, 819–824. [Google Scholar] [CrossRef]

	



Weckbach, L.T.; Curta, A.; Bieber, S.; Kraechan, A.; Brado, J.; Hellmuth, J.C.; Muenchhoff, M.; Scherer, C.; Schroeder, I.; Irlbeck, M.; et al. Myocardial Inflammation and Dysfunction in COVID-19–Associated Myocardial Injury. Circ. Cardiovasc. Imaging 2021, 14, 19–27. [Google Scholar] [CrossRef]

	



Gordon, J.S.; Drazner, M.H. Biomarkers of Cardiac Stress and Cytokine Release Syndrome in COVID-19: A Review. Curr. Heart Fail. Rep. 2021, 18, 163–168. [Google Scholar] [CrossRef] [PubMed]

	



Bansal, M. Cardiovascular disease and COVID-19. Diabetes Metab. Syndr. Clin. Res. Rev. 2020, 14, 247–250. [Google Scholar] [CrossRef]

	



Bojkova, D.; Wagner, J.U.G.; Shumliakivska, M.; Aslan, G.S.; Saleem, U.; Hansen, A.; Luxán, G.; Günther, S.; Pham, M.D.; Krishnan, J.; et al. SARS-CoV-2 infects and induces cytotoxic effects in human cardiomyocytes. Cardiovasc. Res. 2020, 116, 2207–2215. [Google Scholar] [CrossRef] [PubMed]

	



Monteil, V.; Kwon, H.; Prado, P.; Hagelkrüys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.; Del Pozo, C.H.; Prosper, F.; et al. Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues Using Clinical-Grade Soluble Human ACE2. Cell 2020, 181, 905–913.e7. [Google Scholar] [CrossRef]

	



Lindner, D.; Fitzek, A.; Bräuninger, H.; Aleshcheva, G.; Edler, C.; Meissner, K.; Scherschel, K.; Kirchhof, P.; Escher, F.; Schultheiss, H.-P.; et al. Association of Cardiac Infection With SARS-CoV-2 in Confirmed COVID-19 Autopsy Cases. JAMA Cardiol. 2020, 5, 1281–1285. [Google Scholar] [CrossRef]

	



Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka, F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [Google Scholar] [CrossRef]

	



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

	



Wang, D.; Hu, B.; Hu, C.; Zhu, F.; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics of 138 Hospitalized Patients with 2019 Novel Coronavirus—Infected Pneumonia in Wuhan, China. JAMA J. Am. Med. Assoc. 2020, 323, 1061–1069. [Google Scholar] [CrossRef] [PubMed]

	



Alsatli, R.A. Cardiovascular complications related to COVID-19 disease. Anesth. Essays Res. 2020, 14, 359. [Google Scholar] [CrossRef]

	



Manolis, A.S.; Manolis, T.A.; Apostolopoulos, E.J.; Papatheou, D.; Melita, H. COVID-19 infection and cardiac arrhythmias. Trends Cardiovasc. Med. 2020, 30, 451. [Google Scholar] [CrossRef] [PubMed]

	



Al-Samkari, H.; Leaf, R.S.K.; Dzik, W.H.; Carlson, J.C.T.; Fogerty, A.E.; Waheed, A.; Goodarzi, K.; Bendapudi, P.K.; Bornikova, L.; Gupta, S.; et al. COVID-19 and coagulation: Bleeding and thrombotic manifestations of SARS-CoV-2 infection. Blood 2020, 136, 489. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.C. COVID-19 Sepsis: Pathogenesis and Endothelial Molecular Mechanisms Based on “Two-Path Unifying Theory” of Hemostasis and Endotheliopathy-Associated Vascular Microthrombotic Disease, and Proposed Therapeutic Approach with Antimicrothrombotic Therapy. Vasc. Heal. Risk Manag. 2021, 17, 273–298. [Google Scholar] [CrossRef] [PubMed]

	



Pluta, J.; Cieniewicz, A.; Trzebicki, J. COVID-19: Coagulation disorders and anticoagulant treatment in patients hospitalised in ICU. Anaesthesiol. Intensiv. Ther. 2021, 53, 153–161. [Google Scholar] [CrossRef]

	



Correale, M.; Tricarico, L.; Fortunato, M.; Dattilo, G.; Iacoviello, M.; Brunetti, N.D. Infection, atherothrombosis and thromboembolism beyond the COVID-19 disease: What similar in physiopathology and researches. Aging Clin. Exp. Res. 2021, 33, 273–278. [Google Scholar] [CrossRef] [PubMed]

	



Kariyanna, P.T.; Chandrakumar, H.P.; Jayarangaiah, A.; Khan, A.; Vulkanov, V.; Ashamalla, M.; Salifu, M.O.; McFarlane, S.I. Apical Takotsubo Cardiomyopathy in a COVID-19 Patient Presenting with Stroke: A Case Report and Pathophysiologic Insights. Am. J. Med Case Rep. 2020, 8, 350–357. [Google Scholar] [CrossRef]

	



Moady, G.; Atar, S. Takotsubo Syndrome During the COVID-19 Pandemic: State-of-the-Art Review. CJC Open 2021, 3, 1249–1256. [Google Scholar] [CrossRef]

	



Sato, R.; Nasu, M. A review of sepsis-induced cardiomyopathy. J. Intensiv. Care 2015, 3, 48. [Google Scholar] [CrossRef]

	



Lakhan, R.; Agrawal, A.; Sharma, M. Prevalence of Depression, Anxiety, and Stress during COVID-19 Pandemic. J. Neurosci. Rural. Pract. 2020, 11, 519. [Google Scholar] [CrossRef]

	



de Chazal, H.M.; Del Buono, M.G.; Keyser-Marcus, L.; Ma, L.; Moeller, F.G.; Berrocal, D.; Abbate, A. Stress Cardiomyopathy Diagnosis and Treatment. J. Am. Coll. Cardiol. 2018, 72, 1955–1971. [Google Scholar] [CrossRef]

	



Goldstein, D.S. The extended autonomic system, dyshomeostasis, and COVID-19. Clin. Auton. Res. 2020, 30, 299–315. [Google Scholar] [CrossRef]

	



Ellul, M.A.; Benjamin, L.; Singh, B.; Lant, S.; Michael, B.D.; Easton, A.; Kneen, R.; Defres, S.; Sejvar, J.; Solomon, T. Neurological associations of COVID-19. Lancet Neurol. 2020, 19, 767–783. [Google Scholar] [CrossRef]

	



Mao, L.; Jin, H.; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic Manifestations of Hospitalized Patients With Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683–690. [Google Scholar] [CrossRef] [PubMed]

	



Merkler, A.E.; Parikh, N.S.; Mir, S.; Gupta, A.; Kamel, H.; Lin, E.; Lantos, J.; Schenck, E.J.; Goyal, P.; Bruce, S.S.; et al. Risk of Ischemic Stroke in Patients With Coronavirus Disease 2019 (COVID-19) vs Patients With Influenza. JAMA Neurol. 2020, 77, 1366–1372. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.G.; Fralick, M.; Sholzberg, M. Coagulopathy associated with COVID-19. Can. Med Assoc. J. 2020, 192, E583. [Google Scholar] [CrossRef] [PubMed]

	



Rahmawati, P.L.; Tini, K.; Susilawathi, N.M.; Wijayanti, I.S.; Samatra, D.P. Pathomechanism and Management of Stroke in COVID-19: Review of Immunopathogenesis, Coagulopathy, Endothelial Dysfunction, and Downregulation of ACE2. J. Clin. Neurol. 2021, 17, 155–163. [Google Scholar] [CrossRef] [PubMed]

	



Robles, L.A. Bilateral Large Vessel Occlusion Causing Massive Ischemic Stroke in a COVID-19 Patient. J. Stroke Cerebrovasc. Dis. 2021, 30, 105609. [Google Scholar] [CrossRef] [PubMed]

	



Pisano, T.J.; Hakkinen, I.; Rybinnik, I. Large Vessel Occlusion Secondary to COVID-19 Hypercoagulability in a Young Patient: A Case Report and Literature Review. J. Stroke Cerebrovasc. Dis. 2020, 29, 105307. [Google Scholar] [CrossRef]

	



Alkhaibary, A.; Abbas, M.; Ahmed, M.E.; Khatri, I.A.; Alkhani, A. Common Carotid Artery Occlusion in a Young Patient: Can Large-Vessel Stroke Be the Initial Clinical Manifestation of Coronavirus Disease 2019? World Neurosurg. 2020, 144, 140–142. [Google Scholar] [CrossRef]

	



Becker, R.C. COVID-19 update: COVID-19-associated coagulopathy. J. Thromb. Thrombolysis 2020, 50, 54–67. [Google Scholar] [CrossRef]

	



Yaghi, S.; Ishida, K.; Torres, J.; Mac Grory, B.; Raz, E.; Humbert, K.; Henninger, N.; Trivedi, T.; Lillemoe, K.; Alam, S.; et al. SARS-CoV-2 and Stroke in a New York Healthcare System. Stroke 2020, 51, 2002–2011. [Google Scholar] [CrossRef] [PubMed]

	



Paniz-Mondolfi, A.; Bryce, C.; Grimes, Z.; Gordon, R.E.; Reidy, J.; Lednicky, J.; Sordillo, E.M.; Fowkes, M. Central nervous system involvement by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). J. Med. Virol. 2020, 92, 699–702. [Google Scholar] [CrossRef] [PubMed]

	



Desforges, M.; Le Coupanec, A.; Dubeau, P.; Bourgouin, A.; Lajoie, L.; Dube, M.; Talbot, P.J. Human Coronaviruses and Other Respiratory Viruses: Underestimated Opportunistic Pathogens of the Central Nervous System? Viruses 2019, 12, 14. [Google Scholar] [CrossRef]

	



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

	



Afshar-Oromieh, A.; Prosch, H.; Schaefer-Prokop, C.; Bohn, K.P.; Alberts, I.; Mingels, C.; Thurnher, M.; Cumming, P.; Shi, K.; Peters, A.; et al. A comprehensive review of imaging findings in COVID-19—Status in early 2021. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 2500–2524. [Google Scholar] [CrossRef] [PubMed]

	



Levi, M.; Van Der Poll, T.; Büller, H.R. Bidirectional Relation Between Inflammation and Coagulation. Circ. 2004, 109, 2698–2704. [Google Scholar] [CrossRef]

	



Hunyady, L.; Catt, K.J. Pleiotropic AT1 Receptor Signaling Pathways Mediating Physiological and Pathogenic Actions of Angiotensin II. Mol. Endocrinol. 2006, 20, 953–970. [Google Scholar] [CrossRef] [PubMed]

	



Kaushik, P.; Kaushik, M.; Parveen, S.; Tabassum, H.; Parvez, S. Cross-Talk Between Key Players in Patients with COVID-19 and Ischemic Stroke: A Review on Neurobiological Insight of the Pandemic. Mol. Neurobiol. 2020, 57, 4921–4928. [Google Scholar] [CrossRef]

	



Jiang, T.; Gao, L.; Lu, J.; Zhang, Y.-D. ACE2-Ang-(1-7)-Mas Axis in Brain: A Potential Target for Prevention and Treatment of Ischemic Stroke. Curr. Neuropharmacol. 2013, 11, 209–217. [Google Scholar] [CrossRef] [PubMed]

	



Verdecchia, P.; Cavallini, C.; Spanevello, A.; Angeli, F. The pivotal link between ACE2 deficiency and SARS-CoV-2 infection. Eur. J. Intern. Med. 2020, 76, 14–20. [Google Scholar] [CrossRef]

	



Spence, J.D.; De Freitas, G.R.; Pettigrew, L.C.; Ay, H.; Liebeskind, D.S.; Kase, C.S.; Del Brutto, O.H.; Hankey, G.; Venketasubramanian, N. Mechanisms of Stroke in COVID-19. Cerebrovasc. Dis. 2020, 49, 451–458. [Google Scholar] [CrossRef]

	



Siguret, V.; Voicu, S.; Neuwirth, M.; Delrue, M.; Gayat, E.; Stépanian, A.; Mégarbane, B. Are antiphospholipid antibodies associated with thrombotic complications in critically ill COVID-19 patients? Thromb. Res. 2020, 195, 74–76. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Radic, M.; Pattanaik, D. Cellular and Molecular Mechanisms of Anti-Phospholipid Syndrome. Front. Immunol. 2018, 9, 969. [Google Scholar] [CrossRef] [PubMed]

	



Urbanus, R.; Siegerink, B.; Roest, M.; Rosendaal, F.R.; de Groot, P.G.; Algra, A. Antiphospholipid antibodies and risk of myocardial infarction and ischaemic stroke in young women in the RATIO study: A case-control study. Lancet Neurol. 2009, 8, 998–1005. [Google Scholar] [CrossRef]

	



Zhang, Y.; Xiao, M.; Zhang, S.; Xia, P.; Cao, W.; Jiang, W.; Chen, H.; Ding, X.; Zhao, H.; Zhang, H.; et al. Coagulopathy and Antiphospholipid Antibodies in Patients with COVID-19. N. Engl. J. Med. 2020, 382, e38. [Google Scholar] [CrossRef]

	



Beyrouti, R.; Adams, M.E.; Benjamin, L.; Cohen, H.; Farmer, S.F.; Goh, Y.Y.; Humphries, F.; Jäger, H.R.; Losseff, N.A.; Perry, R.J.; et al. Characteristics of ischaemic stroke associated with COVID-19. J. Neurol. Neurosurg. Psychiatry 2020, 91, 889. [Google Scholar] [CrossRef]

	



Hottz, E.D.; Azevedo-Quintanilha, I.G.; Palhinha, L.; Teixeira, L.; Barreto, E.A.; Pão, C.R.R.; Righy, C.; Franco, S.; Souza, T.M.L.; Kurtz, P.; et al. Platelet activation and platelet-monocyte aggregate formation trigger tissue factor expression in patients with severe COVID-19. Blood 2020, 136, 1330–1341. [Google Scholar] [CrossRef]

	



Zuo, Y.; Yalavarthi, S.; Shi, H.; Gockman, K.; Zuo, M.; Madison, J.A.; Blair, C.N.; Weber, A.; Barnes, B.J.; Egeblad, M.; et al. Neutrophil extracellular traps in COVID-19. JCI Insight 2020, 5, e138999. [Google Scholar] [CrossRef]

	



Yin, J.; Wang, S.; Liu, Y.; Chen, J.; Li, D.; Xu, T. Coronary microvascular dysfunction pathophysiology in COVID-19. Microcirculation 2021, 28, e12718. [Google Scholar] [CrossRef] [PubMed]

	



Matsushita, K.; Marchandot, B.; Carmona, A.; Curtiaud, A.; El Idrissi, A.; Trimaille, A.; Kibler, M.; Cardi, T.; Heger, J.; Hess, S.; et al. Increased susceptibility to SARS-CoV-2 infection in patients with reduced left ventricular ejection fraction. ESC Heart Fail. 2021, 8, 380–389. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Tikellis, C.; Johnston, C.I.; Forbes, J.; Burns, W.C.; Burrell, L.M.; Risvanis, J.; Cooper, M.E. Characterization of Renal Angiotensin-Converting Enzyme 2 in Diabetic Nephropathy. Hypertension 2003, 41, 392–397. [Google Scholar] [CrossRef] [PubMed]

	



Grasselli, G.; Zangrillo, A.; Zanella, A.; Antonelli, M.; Cabrini, L.; Castelli, A.; Cereda, D.; Coluccello, A.; Foti, G.; Fumagalli, R.; et al. Baseline Characteristics and Outcomes of 1591 Patients Infected With SARS-CoV-2 Admitted to ICUs of the Lombardy Region, Italy. JAMA 2020, 323, 1574–1581. [Google Scholar] [CrossRef] [PubMed]

	



Suri, J.S.; Puvvula, A.; Biswas, M.; Majhail, M.; Saba, L.; Faa, G.; Singh, I.M.; Oberleitner, R.; Turk, M.; Chadha, P.S.; et al. COVID-19 pathways for brain and heart injury in comorbidity patients: A role of medical imaging and artificial intelligence-based COVID severity classification: A review. Comput. Biol. Med. 2020, 124, 103960. [Google Scholar] [CrossRef] [PubMed]

	



Meo, S.A.; Abukhalaf, A.A.; Alomar, A.A.; Al-Hussain, F. Magnetic Resonance Imaging (MRI) and Neurological Manifestations in SARS-CoV-2 Patients. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 1101–1108. [Google Scholar] [PubMed]

	



Mohan, N.; Fayyaz, M.A.; del Rio, C.; Khurana, N.K.R.S.; Vaidya, S.S.; Salazar, E.; Joyce, J.; Ali, A. Neurological manifestations and neuroimaging findings in patients with SARS-CoV2—A systematic review. Egypt. J. Neurol. Psychiatry Neurosurg. 2021, 57, 68. [Google Scholar] [CrossRef]

	



Shams, Y.-H. Coronary Microvascular Dysfunction in Takotsubo Syndrome: Cause or Consequence. Am. J. Cardiovasc. Dis. 2021, 11, 184–193. Available online: https://pubmed.ncbi.nlm.nih.gov/34084653/ (accessed on 1 November 2021).

	



Siepmann, T.; Sedghi, A.; Simon, E.; Winzer, S.; Barlinn, J.; de With, K.; Mirow, L.; Wolz, M.; Gruenewald, T.; Schroettner, P.; et al. Increased Risk of Acute Stroke Among Patients with Severe COVID-19: A Multicenter Study and Meta-Analysis. Eur. J. Neurol. 2021, 28, 238–247. [Google Scholar] [CrossRef]

	



Siepmann, T.; Sedghi, A.; Barlinn, J.; de With, K.; Mirow, L.; Wolz, M.; Gruenewald, T.; Helbig, S.; Schroettner, P.; Winzer, S.; et al. Association of History of Cerebrovascular Disease with Severity of COVID-19. J. Neurol. 2021, 268, 773–784. [Google Scholar] [CrossRef] [PubMed]

	



Nogueira, R.G.; Qureshi, M.M.; Abdalkader, M.; Martins, S.O.; Yamagami, H.; Qiu, Z.; Mansour, O.Y.; Sathya, A.; Czlonkowska, A.; Tsivgoulis, G.; et al. Global Impact of COVID-19 on Stroke Care and IV Thrombolysis. Neurology 2021, 96, e2824–e2838. [Google Scholar] [CrossRef] [PubMed]

	



Sedghi, A.; Siepmann, T.; Pallesen, L.P.; Reichmann, H.; Puetz, V.; Barlinn, J.; Barlinn, K. Delayed Comprehensive Stroke Unit Care Attributable to the Evolution of Infection Protection Measures across Two Consecutive Waves of the COVID-19 Pandemic. Life 2021, 11, 710. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.C.H.; Sewa, D.W.; Phua, G.C. Potential Role of Statins in COVID-19. Int. J. Infect Dis. 2020, 96, 615–617. [Google Scholar] [CrossRef] [PubMed]

	



Allahverdi Khani, M.; SalehiRad, M.; Darbeheshti, S.; Motaghinejad, M. Survival of COVID-19 Patients Requires Precise Immune Regulation: The Hypothetical Immunoprotective Role of Nicotinic Agonists. Med. Hypotheses 2020, 143, 109871. [Google Scholar] [CrossRef] [PubMed]

	



Di Maro, M.; Cataldi, M.; Santillo, M.; Chiurazzi, M.; Damiano, S.; De Conno, B.; Colantuoni, A.; Guida, B. The Cholinergic and ACE-2-Dependent Anti-Inflammatory Systems in the Lung: New Scenarios Emerging From COVID-19. Front. Physiol. 2021, 12, 653985. [Google Scholar] [CrossRef] [PubMed]








[image: Life 12 00075 g001 550] 





Figure 1. Mechanisms of cardiac injury in COVID-19. 
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Figure 2. Interplay of mechanisms between cardiac injury and ischaemic stroke in COVID-19. 
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