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Abstract


New-onset atrial fibrillation (NOAF) is the most frequently encountered cardiac arrhythmia observed in patients with COVID-19 infection, particularly in Intensive Care Unit (ICU) patients. The purpose of the present review is to delve into the occurrence of NOAF in COVID-19 and thoroughly review recent, pertinent data. However, the causality behind this connection has yet to be thoroughly explored. The proposed mechanisms that could contribute to the development of AF in these patients include myocardial damage resulting from direct virus-induced cardiac injury, potentially leading to perimyocarditis; a cytokine crisis and heightened inflammatory response; hypoxemia due to acute respiratory distress; disturbances in acid-base and electrolyte levels; as well as the frequent use of adrenergic drugs in critically ill patients. Additionally, secondary bacterial sepsis and septic shock have been suggested as primary causes of NOAF in ICU patients. This notion gains strength from the observation of a similar prevalence of NOAF in septic non-COVID ICU patients with ARDS. It is plausible that both myocardial involvement from SARS-CoV-2 and secondary sepsis play pivotal roles in the onset of arrhythmia in ICU patients. Nonetheless, there exists a significant variation in the prevalence of NOAF among studies focused on severe COVID-19 cases with ARDS. This discrepancy could be attributed to the inclusion of mixed populations with varying degrees of illness severity, encompassing not only patients in general wards but also those admitted to the ICU, whether intubated or not. Furthermore, the occurrence of NOAF is linked to increased morbidity and mortality. However, it remains to be determined whether NOAF independently influences outcomes in critically ill COVID-19 ICU patients or if it merely reflects the disease’s severity. Lastly, the management of NOAF in these patients has not been extensively studied. Nevertheless, the current guidelines for NOAF in non-COVID ICU patients appear to be effective, while accounting for the specific drugs used in COVID-19 treatment that may prolong the QT interval (although drugs like lopinavir/ritonavir, hydrochlorothiazide, and azithromycin have been discontinued) or induce bradycardia (e.g., remdesivir).
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1. Introduction


The primary manifestation of Coronavirus Disease 2019 (COVID-19) is pneumonia, which can lead to Acute Respiratory Distress Syndrome (ARDS) in 6% of cases [1,2,3]. Moreover, cardiovascular complications are frequently observed in COVID-19 patients, although, cardiac involvement is primarily indicated by mildly elevated troponin levels [4,5,6,7,8]. Cardiac arrhythmias, particularly new-onset atrial fibrillation (NOAF), have been documented in COVID-19 patients, but the incidence varies widely, ranging from 3% to 10% in patients hospitalized in general wards, and from 16% to 44% in Intensive Care Unit (ICU) patients [9,10,11,12,13,14,15,16]. Hence, NOAF is common in ICU COVID-19 patients and tends to manifest later in the disease course, typically after respiratory deterioration leading to ICU admission [1,14,15]. Notably, NOAF has been identified in severe COVID-19 cases, often after the patients are already admitted to the ICU [4].



COVID-19 per se could be the cause, but in ICU patients, multiple triggers may be implicated in AF occurrence. Pre-existing AF is typically found among the elderly population with multiple comorbidities, having numerous risk factors for intensive care admission. Nonetheless, NOAF can emerge during critical illness in patients with no prior history of AF, often lacking significant cardiac disease or structural changes [17]. Therefore, it is suggested that the pathophysiology and causes of NOAF during critical illness differ from AF in non-critically ill patients, primarily due to the presence of reversible factors like hypoxemia, inflammation, electrolyte imbalances, fluid overload, excessive adrenergic stimulation, and the use of vasopressors [17,18].



NOAF is believed to be the most prevalent arrhythmia in non-COVID-19 ICU patients, occurring in 19–35% of cases, with sepsis being a key triggering factor [17,19,20]. Walkey et al. reported a heightened incidence (35%) of NOAF among septic patients, which further rises with disease severity [19]. Given that all these factors exist in non-COVID-19 ICU patients, they are also relevant to patients with COVID-19. We recently proposed that both myocardial involvement due to SARS-CoV-2 infection and sepsis participate in the onset of NOAF in intubated ARDS patients, particularly later in the disease course [21].



Furthermore, NOAF appears to be linked to adverse outcomes, including mortality, increased ICU stays, and longer hospital stays [22,23,24]. However, it remains uncertain whether these adverse outcomes are related to NOAF occurrence per se or are depicted in the increased disease severity.



Nevertheless, evidence regarding the optimal management strategy for NOAF in the ICU setting, whether in COVID-19 or non-COVID-19 patients, is limited [17,18]. However, critical care guidelines for AF should be followed in cases of NOAF in COVID-19 patients, considering the co-administration of COVID-19 drugs. Direct cardioversion should be attempted in cases of hemodynamic instability, and amiodarone infusion appears to be one of the preferred treatment options for rate and rhythm control in case of heart failure, otherwise, b-blockers or calcium channel blockers may be used for rate control [25].



In this literature review, our objective is to summarize the most recent evidence regarding the incidence of NOAF in critically ill COVID-19 ICU patients and analyze the current state of knowledge regarding the underlying mechanisms leading to its occurrence. Specifically, we aim to investigate existing data and diagnostic evidence that could support the presence of cardiac damage from the virus itself, ARDS, mechanical ventilation, and other risk factors common in the ICU, and their association with NOAF. Additionally, we intend to present the prognostic significance of NOAF on mortality and explore the current management of NOAF in the ICU.




2. Incidence of New-Onset Atrial Fibrillation in Patients with Severe COVID-19


Cardiovascular diseases have emerged as prominent contributors to clinical deterioration and unfavorable outcomes in COVID-19 patients [26]. The correlation between COVID-19 and cardiac arrhythmias has also been highlighted (Table 1) [11]. In a cohort study involving 137 patients admitted to tertiary hospitals in China, 7.3% of them initially presented with heart palpitations [27]. Atrial fibrillation (AF) is the most prevalent form of atrial arrhythmia in COVID-19 patients, with the prevalence of NOAF ranging from 3% to 10% in non-ICU patients [10,11].



In an initial study conducted by Wang et al., it was observed that arrhythmias were more frequent among ICU patients with COVID-19 (44.4%) compared to non-ICU patients (6.9%); however, the specific nature of these arrhythmias was not detailed [5]. In a retrospective multicenter study by Kantasamy et al., which encompassed 109 consecutive patients admitted to the ICU with confirmed COVID-19 pneumonia and a definitive outcome (death or discharge), 14.6% developed NOAF during their ICU stay. This risk was more pronounced in older patients with underlying chronic heart failure and chronic kidney disease. It is worth noting that three-fourths of the population had two or more comorbidities [28].



In a study conducted by Colon et al., which involved 115 COVID-19 patients admitted to the hospital, including 69 in the medical ICU and 46 in a general medicine ward, a tachyarrhythmia, primarily NOAF, that was not present upon admission was identified in 19 patients (16.5%). All these cases were among ICU patients (27.5% of ICU patients), while no such arrhythmias were reported among patients admitted to general wards [13]. A multicenter cohort study covering critically ill adult patients admitted to ICUs in five hospitals in Saudi Arabia found that 10.7% developed NOAF during their ICU stay [29].



In our recent prospective study [21], focusing solely on intubated patients with COVID-19-induced ARDS, which represents the most severely ill ICU population, the incidence of NOAF was 24%. This aligns with the higher incidences reported in ICU COVID-19 patients [9,11,12,15,16]. Our study demonstrated that factors like hypertension history, time since COVID-19 onset, ferritin levels, and corticosteroid treatment, did not significantly influence NOAF occurrence. Additionally, demographic details, Charlson comorbidity index, ARDS severity, respiratory mechanics, mechanical ventilation modes, and electrolyte levels did not exhibit notable differences between the groups. Importantly, our study stands out as the only one, to our knowledge, focusing exclusively on intubated severe ARDS patients, presenting detailed information on mechanical ventilation modes, which could impact cardiac function and, consequently, arrhythmia occurrence.



In another retrospective study encompassing ICU-admitted COVID-19 patients, the incidence of NOAF was 14.9%, with the median age of the NOAF group being 79.0 years. The risk of NOAF correlated with older age and the presence of comorbidities [30]. Similarly, among COVID-19 patients admitted to two hospitals in New York City, atrial arrhythmias (without specifying the type) were reported in 17.7% of the patients who received mechanical ventilation, in contrast to 1.9% of patients without mechanical ventilation [14].



In their meta-analysis of 31 studies exploring NOAF in hospitalized COVID-19 patients, Romiti et al. found that NOAF was present in 8% of cases, suggesting that the actual prevalence of atrial fibrillation could be as high as 27%, considering the substantial heterogeneity among the studies. AF in COVID-19 patients was more likely to occur in older individuals with conditions such as hypertension, diabetes, concurrent coronary artery disease, congestive heart failure, and critical clinical status [31]. It may reflect a direct viral invasion or a result of RV dysfunction, yet NOAF is frequently encountered in nonCOVID-19 ARDS ICU patients.



NOAF is a common complication of critical illness, emerging as the predominant cardiac arrhythmia in non-COVID-19 ICUs [39,40], and significantly impacting management and prognosis [41,42].



In an early study, ICU physicians observed NOAF in almost one out of three critically ill patients [43]. This percentage remains consistent in subsequent studies as well. The incidence of NOAF in mixed ICUs, encompassing both surgical and medical cases, varies widely in the literature, ranging between 19% and 35% [17,18,19,20,39,40,41,42].



As suggested by the aforementioned findings, the prevalence of NOAF in COVID-19 patients does not significantly differ from that observed in non-COVID-19 ICU patients with ARDS. However, there exists a substantial variation in the reported prevalence across different studies. In patients with community acquired pneumonia, NOAF occurrence has been reported in 7–12%; yet most of the patients were being hospitalized in the general ward. Patients with severe CAP presented a higher NOAF incidence of 23% [44,45,46]. Additionally, one study claimed that the incidence of NOAF was comparably lower in COVID-19 patients compared to those treated in the ICU for severe sepsis [29]. It is important to note that the age of the COVID-19 patients in this study was lower than that of patients admitted to general ICUs, and it is well established that age, among other factors, influences the occurrence of arrhythmias [17].



Lastly, only a limited number of studies have reported on the occurrence of NOAF in ICU patients with COVID-19-related ARDS (Table 1), and most of these studies are retrospective in nature. Moreover, these studies often include a mixed population of patients from both wards and ICUs, failing to distinguish between intubated and non-intubated ICU patients. Furthermore, the initial studies did not provide detailed insights into the specific types of arrhythmias observed (Table 1).




3. Pathophysiological Mechanisms Assumed to Be Involved in the Appearance of NOAF


In the available literature, the specific types and underlying mechanisms of reported arrhythmias related to critically ill patients with COVID-19 have not yet been thoroughly elucidated.



There are numerous proposed pathogenetic mechanisms, including direct viral myocardial injury (myocarditis), imbalances in myocardial oxygen supply and demand, hypoxemia due to acute respiratory distress, an increased inflammatory response, elevated right ventricular afterload, diffuse endothelialitis, procoagulant activity, acid-base imbalances, and electrolyte abnormalities (Figure 1) [4,47,48].



Myocarditis could reasonably serve as a primary explanation for new-onset arrhythmias in COVID-19 patients who undergo cardiac injury, leading to the development of arrhythmias. A study revealed that the prevalence of heart failure was 23% among patients with COVID-19 [49]. However, it remains unclear whether the new cardiomyopathy (potentially due to myocarditis) or the exacerbation of underlying myocardial dysfunction could account for the high prevalence of heart failure reported in a few studies within this population [50,51].



Undoubtedly, the COVID-19 virus invades the myocardium. An initial post-mortem pathological study discovered myocardial tissue positive for SARS-CoV-2 through reverse transcription polymerase chain reaction (RTPCR) and electron microscopy in one out of four patients examined [52]. Nevertheless, cardiac involvement is primarily based on mildly increased troponin levels in most studies [5,6,7,8]. More detailed echocardiographic examinations are relatively scarce [53,54], with conflicting results concerning the correlation between increased troponin levels and cardiac function impairment [55,56].



Even fewer studies present echocardiographic data in critically ill COVID-19 patients, especially without differentiating between mechanically ventilated (MV) and non-MV patients, which represent the more severe COVID-19 cases. Furthermore, when these data are presented, they often lack information regarding the presence of arrhythmias, including NOAF, and their association with heart function. However, it appears that both the right and left ventricles are significantly impaired in COVID-19 patients.



The ECHO-COVID study, a multicenter research effort across European ICUs employing conventional echocardiography, reported that among the 69% of MV patients, 34.5% exhibited right ventricular (RV) dysfunction, and 22% displayed left ventricular (LV) systolic dysfunction, based on rough visual estimation. However, 30% of these patients had a previous history of cardiomyopathy and were not excluded from the study [57].



Notably, speckle-tracking echocardiography seems to be a more reliable method for assessing myocardial damage. This approach showed severe impairment in most COVID-19 patients, even when the ejection fraction (EF) seemed normal. For instance, Janus et al. discovered a severely depressed global longitudinal strain of the left ventricle (LV-LS) at −11.8% in 31 COVID-19 patients, which is severely depressed although concerned COVID -19 patients hospitalized in the general ward, obviously without severe ARDS [58]. Similarly, Van den Heuvel et al. assessed LV function using strain imaging in 51 patients, 17 of whom required MV. Among them, 14 patients (27%) displayed impaired LV function, with 11 having a low LV-LS and a normal EF [55]. In a multicenter study by Karagodin et al., in a large multicenter study around the world, the mean LV-LS was reported at −17.9% in ICU patients. However, only a subset of these patients required mechanical ventilation (15% in the whole cohort) [59].



During the pandemic, the right ventricle has been widely recognized as one of the most frequently affected cardiovascular areas in COVID-19 [48,60,61]. This, as already reported in the ECHO-COVID study, employing only conventional echocardiography, has been noted [57]. The reported prevalence of right ventricular dysfunction ranges from 6% to almost 50%, the wide variability being explained by differences in the severity of the included population and the definitions used for ventricular dysfunction [62,63]. Current COVID-19 data using comprehensive echocardiography, especially in the most severe subset of patients, indicate a significant impairment of the right ventricular strain in more severe patients. Specifically, the RV longitudinal strain (RV-LS) has been found to be lower in patients with COVID-19-related ARDS compared to those without ARDS (−21.3% vs. −24.6%), in patients in the ICU compared to those not in the ICU (−17.5% vs. −19.8%), and in non-survivors compared to survivors (−19% vs. −14%) [64,65,66]. However, the mechanical ventilator settings and respiratory system mechanics were not reported, which prevents conclusive remarks on the effects of mechanical ventilation on the observed outcomes. Moreover, an association between right ventricular dysfunction and increased mortality has also been proposed [63,67].



The involvement of the right ventricle in COVID-19 ARDS is likely multifactorial, possibly more than the left ventricle. This is due to factors such as the disease itself, increased afterload resulting from lung impairment, pulmonary vascular microthrombosis, and the potential impact of mechanical ventilator settings. It is widely acknowledged that mechanical ventilation can notably affect both RV myocardial performance and RV afterload. When airway pressure is not restricted, it often leads to pulmonary arterial hypertension [68]. Notably, Schmitt et al. have pointed out that positive end-expiratory pressure (PEEP) obstructs RV outflow and influences RV systolic function, possibly by escalating pulmonary vascular resistance [69]. This phenomenon is likely exacerbated in COVID-19 ARDS, where there is an increased occurrence of dead space formation and relatively preserved compliance of the respiratory system [70,71]. Recent findings indicate that in COVID-19 ARDS patients with mostly preserved respiratory system mechanics, PEEP impairs RV function and has an amplified effect on RV afterload by inducing non-zone three conditions [72].



Pericardial effusion serves as a direct indicator of cardiac involvement in COVID-19 patients. It might also reflect the severity of infection, as it has been more frequently reported in ICU patients compared to non-ICU patients (23.2% vs. 16.3%) [59].



Considering the aforementioned factors and the significant impact on cardiac function during the COVID-19 era, especially in critically ill patients, one would expect an increased incidence of NOAF in such cases. Conversely, patients in the ICU who experience NOAF may demonstrate more compromised cardiac function, which could be evident through troponin levels, echocardiography, and other examinations.



Indeed, NOAF is increased in critically ill patients, especially those on mechanical ventilation, when compared to less severe patients, as previously mentioned [11,13]. However, there is no strong association between heart impairment and NOAF.



Therefore, Kanthasamy et al. [29] found that over 90% of severe COVID-19 patients in their study had elevated troponin levels above the normal range. However, they did not observe a significant association with NOAF or left ventricular systolic function (Table 1).



The meta-analysis of Romiti et al. [31], which included a large number of COVID-19 patients with an increased incidence of NOAF, did not find any difference in new heart function impairment.



Similarly, in our study involving severely ill COVID-19 ARDS ICU patients, NOAF developed late in the ICU course (18 ± 4.8 days from COVID-19 symptom onset and on day 8.5 ± 2.1 of ICU stay). Myocardial dysfunction was present on ICU admission in these patients, despite having no history of cardiac disease, as depicted by the echocardiographic findings—mainly through LV and RV longitudinal strain—of impaired left and right ventricular function, mild pericardial effusion, and mild elevation of troponin levels. However, NOAF was found to be independently associated only with secondary infections that led to severe sepsis. Notably, 84.2% of NOAF cases occurred concurrently with a septic episode, typically involving septic shock resulting from ventilator-associated pneumonia (VAP) and/or bacteremia. Our suggestion is that sepsis triggered the occurrence of NOAF, given the compromised myocardium due to COVID-19. Interestingly, this notion is reinforced by the fact that the resolution of sepsis was vital in maintaining sinus rhythm (under amiodarone infusion) [21]. Consistent with our findings, histological examinations reveal macrophage infiltration without a clear link to myocardial injury. Although troponin levels were elevated, true myocarditis was only established in 4.5% of severely ill COVID-19 patients with heart failure who underwent endomyocardial biopsies. This suggests that the virus seems to directly invade cardiac cells to initiate AF in a minority of patients [73]. In all likelihood, inflammation, sepsis, and septic shock are critical initiators of NOAF.



To our knowledge, most studies reporting NOAF in critically ill patients fail to address potential secondary conditions and the timing of NOAF onset during the course of COVID-19. Although increased inflammatory markers and the need for vasopressors were reported during AF episodes, they do not specify whether the appearance of AF coincided with a secondary infection episode [4,11,13]. Similarly, studies confirming the heightened incidence of NOAF in ICU COVID-19 patients do not specify whether the virus or other factors often present in critically ill patients are associated with its occurrence [9,10,11,12,13,14,15,16]. Just as we did, Ergun et al., who included only critically ill patients with severe illness, also found that NOAF was predominantly detected in patients who developed secondary bacterial infections during ICU follow-ups [30].



Furthermore, there have been consistent reports of troponin elevation in bacterial sepsis, indicating altered cardiomyocyte permeability or some degree of necrosis, either with or without evident cardiac dysfunction [74,75]. Additionally, sepsis-induced myocardial dysfunction is highly prevalent among ICU patients, attributed to heightened circulating levels of catecholamines and cytokines, commonly found in cases of severe sepsis and septic shock [76,77], thereby justifying an increased occurrence of arrhythmias. Nonetheless, reduced systemic vascular resistance might obscure the altered myocardial performance. Sepsis-induced vasoplegia could account for a seemingly preserved LV Ejection Fraction in such instances [21,78]. In our study, markers of inflammation, the requirement for vasopressors, and lactate levels exhibited a gradual increase leading up to the onset of NOAF, while hypoxemia notably improved in NOAF patients on the day AF manifested. However, apparent dysfunction of the RV or LV was not evident (though sepsis cardiomyopathy cannot be ruled out since both LV and RV myocardial strain were significantly impaired). Moreover, troponin levels exhibited a significant increase on the day of AF compared to admission, further supporting the connection between NOAF and secondary sepsis [21].



Consistent with the above, patients who underwent invasive mechanical ventilation were more prone to requiring vasopressor support (95.4% vs. 1.5%) and experiencing other complications, including arrhythmias [14], while cardiac arrests and arrhythmias are likely the consequence of systemic illness and not solely the direct effects of COVID-19 infection [11].



In the general ICU, NOAF occurs more frequently among septic patients receiving vasopressor agents, those with electrolyte imbalances, and those with more severe disease states [17,79,80,81]. Hypokalemia and alterations in autonomic activity balance due to vasopressors can modify ion channel behavior and cellular automaticity, increasing susceptibility to AF [82,83]. Particularly, epinephrine has chronotropic effects that can lead to increased atrial ectopic discharges, thus triggering more NOAF episodes [82]. Greater illness severity is also linked to a higher risk of NOAF development, likely due to increased release of catecholamines and progressively severe autonomic dysfunction [42,80,84]. However, phenomena such as the cytokine storm and oxidative stress, possibly contributing to atrial remodeling, are among the potential triggers for AF onset, particularly in individuals with a predisposition [40]. Elevated serum levels of inflammatory mediators, including tumor necrosis factor-alpha (TNF-α) and interleukins (IL)-1β, IL-6, IL-8, and IL-10, have been observed in non-COVID-19 patients with NOAF, showing a correlation with AF duration and severity [85]. Consequently, treatments aimed at reducing inflammatory responses and oxidative stress have shown promising results in mitigating atrial structural and electrical remodeling [86,87].



All these phenomena are also commonly reported, and indeed, more exaggerated, in COVID-19 patients [88]. COVID-19 has been characterized from the outset as an inflammatory condition [89], and targeting the dysregulated immune response has been proposed as a promising therapeutic strategy [90,91,92,93,94]. A link between AF and COVID-19 might be explained by the heightened burden of systemic inflammation, at least in the initial disease stage. Similarly, like in non-COVID-19 patients, higher levels of C-reactive protein and interleukin-6 were observed in COVID-19 patients with NOAF compared to those without AF [95]. Moreover, COVID-19 patients exhibited elevated levels of proinflammatory cytokines, such as interleukin (IL)-1, IL-6, interferon gamma (IFN-g), IFN-inducible protein-10 (IP-10), and monocyte chemoattractant protein-1 (MCP-1), possibly driving the activated T-helper-1 cell response [96]. Additionally, it was reported that patients requiring ICU admission had higher concentrations of granulocyte colony-stimulating factor (GCSF), IP10, MCP-1, macrophage inflammatory protein-1A (MIP-1A), and tumor necrosis factor-alpha (TNF-a) compared to non-ICU patients [97]. Inflammation may also trigger arrhythmias through determining a more severe clinical course of COVID-19. The inflammatory burden of a cytokine storm during COVID-19 was associated with critical illness, greater disease severity, and outcome [96,97,98].



It is worth noting that recent reports have observed an increased incidence of secondary infections in COVID-19 ARDS patients on mechanical ventilation, particularly after the seventh day in the ICU [99,100]. This may be partially attributed to the use of corticosteroids, Tocilizumab, and Anakinra in COVID-19 ARDS treatment [99,100]. Accordingly, sepsis appears to be a primary triggering factor for NOAF in non-COVID-19 ICU patients as well [17,19,20,39,40]. Therefore, the increased sepsis incidence in COVID-19 ICU patients may partly justify the increased NOAF incidence compared to non-COVID-19 ICU patients. Additionally, the increased burden of systemic inflammation may result in increased NOAF incidence in non-ICU COVID-19 patients, as increased levels of systemic inflammation are mainly encountered at the initial disease stages.



The aforementioned data support the notion that a degree of myocardial injury is present in severe COVID-19 patients admitted to the ICU. Taken collectively, these findings may be interpreted as outcomes of a complex interplay between systemic inflammation—mainly secondary sepsis when patients are already in the ICU, which typically occurs relatively late in the course of the initial COVID-19 disease—clinical status, and the onset of AF.



In an attempt to outline the pathophysiology of COVID-19-related NOAF, several other presumed mechanisms have been proposed at the cellular level, which, however, may play a role in the early presentation of NOAF, before the progression to severe ARDS, mechanical ventilation initiation, and admission to ICU (Figure 1) [87]. They include:




	(a)

	
Reduced availability of angiotensin-converting enzyme (ACE) 2: Atrial ACE2 catabolizes transforming growth factor-β1 (TGF-β1), the principal pro-fibrotic cytokine [101]. This may underlie atrial arrhythmogenesis and potentially increase susceptibility to atrial fibrillation (AF) in COVID-19 patients [102].




	(b)

	
CD147 as an adjunctive player: CD147 facilitates SARS-CoV-2 invasion into host cells, including cardiomyocytes, by interacting with the viral spike protein [103,104]. In cardiomyocytes, CD147 strongly induces IL-18, activating matrix metalloproteinases (MMPs), and elevated circulating IL-18 levels are positively correlated with AF development [105]. Moreover, higher plasma levels of MMP-9 found in AF patients suggest that MMP-9 can serve as a marker of atrial remodeling [106]. Increased circulating MMP-9 has also been observed in COVID-19 patients [107]. CD147 also stimulates oxidative stress in cardiomyocytes and promotes negative ionotropic effects [108].




	(c)

	
Role of Galectin-3: Galectin-3 plays a role in the progression of atrial fibrosis and is involved in extracellular matrix formation. Elevated galectin-3 levels correlate with advanced AF and worse outcomes [109]. Notably, galectin-3 levels are increased in the serum of COVID-19 patients and correlate with COVID-19 severity [110,111].




	(d)

	
NLRP3 Inflammasome Activation: SARS-CoV-2, by binding to ACE2, purinergic receptors, and components of the complement-mediated pathway, stimulates the formation of the NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome [112]. A causal link exists between NLRP3 inflammasome activation in atrial cardiomyocytes and the development of AF [85,113,114].




	(e)

	
Systemic Immune Cell Over-Activation: SARS-CoV-2 infection is characterized by systemic immune cell over-activation, leading to an imbalance between T-helper-1 and Th2 cells, elevated levels of various cytokines, including IL-1β, IL-2, IL-6, IL-7, interferons, TNF-α, monocyte chemoattractant protein-1, and macrophage inflammatory protein-1A [115,116,117]. At the cardiac level, pro-inflammatory cytokines, particularly IL-6, stimulate vascular smooth muscle proliferation, endothelial cell and platelet activation, and lead to apoptosis or necrosis of myocardial cells, which could mediate intra-atrial repolarization [118].




	(f)

	
Sympathetic Nervous System Activation: In viral infections like COVID-19, activation of the sympathetic nervous system [119] leads to increased Ca2+ influx and cardiomyocyte overload. Ca2+ release, along with the subsequent generation of delayed afterdepolarizations (DADs) and action potentials, increases the probability of AF events [120].









Another potential pathophysiological mechanism involves electrophysiological changes induced by pharmacological agents commonly used in COVID-19 treatment, which carry a risk of severe and potentially fatal cardiac dysfunction, such as torsades de pointes, ventricular tachycardia, and fibrillation (Figure 1) [32]. While drugs like hydroxychloroquine, lopinavir/ritonavir, and azithromycin (known to prolong the QT interval) have been largely abandoned, remdesivir is an authorized antiviral drug for COVID-19 treatment that requires attention [33]. COVID-19 patients with oxygen saturation levels below 94% receiving intravenous remdesivir have experienced new-onset atrial fibrillation (NOAF), which is more prevalent in patients undergoing mechanical ventilation. However, the interpretation remains inconclusive due to a small sample size, short follow-up duration, and the absence of a control group [34]. Further evidence indicates that remdesivir may act as a blocker of the atrioventricular node and could be pro-arrhythmic, especially in patients with structural heart disease [35]. Therefore, patients on remdesivir therapy, especially those with pre-existing risks, must be closely monitored.



Lastly, AF is an evolving age-related disease globally, influenced significantly by co-morbidities or lifestyle conditions such as hypertension, diabetes mellitus, obesity, chronic kidney disease, and inflammatory diseases (Figure 1) [17,36,37]. These factors also play a significant role in initiating new-onset atrial fibrillation (NOAF) in both COVID-19 and non-COVID-19 ICU patients [31].




4. Outcome of Severely Ill COVID-19 Patients with NOAF


Despite the association of COVID-19-related NOAF with adverse outcomes and mortality, a debate persists regarding whether SARS-CoV-2 NOAF independently influences mortality, or if NOAF merely reflects the severity of the illness.



Prior research has demonstrated a link between NOAF and worse clinical outcomes in COVID-19 patients [30,38,121,122,123,124,125,126]. However, in most of these studies, NOAF has not been identified as an independent risk factor for death, particularly among ICU patients (Table 1).



An American multicenter registry involving over 30,000 COVID-19 patients found no significant connection between NOAF and mortality, though the study encompassed both ICU and non-ICU patients [38]. Thus, results from the study by Rosenblatt et al. suggest that NOAF in COVID-19 patients is likely an indicator of disease severity rather than an independent predictor of mortality [38]. Similarly, an initial study encompassing both ICU and non-ICU patients showed that incident AF, whether new-onset or recurrent, did not increase the risk of severe adverse events like ARDS or death during hospitalization [126].



In Ergun et al.’s study [30], mortality in critically ill COVID-19 patients was higher in the NOAF group (87% vs. 67%, respectively; p = 0.019). Nevertheless, in multivariate analysis, NOAF did not emerge as an independent risk factor for hospital mortality.



Similarly, among intubated COVID-19 ARDS patients, we observed no difference in 28-day mortality between intubated patients with NOAF and the control group [21].



Among the 14 studies reporting on all-cause mortality in COVID-19 patients, in the meta-analysis of Romiti et al., AF correlated with a fourfold higher risk of death. However, heterogeneity existed among the studies, and as the study encompassed both ICU and non-ICU patients and critical illness is linked to a higher NOAF incidence, a safe conclusion can not be easily drawn. [31]



A recent multicenter retrospective cohort study exclusively focused on COVID-19 adult patients admitted to ICUs revealed no significant differences in 30-day mortality. The MV duration, ICU length of stay (LOS), and hospital LOS were longer in patients who developed NOAF; yet, they had finally higher odds of in-hospital mortality. However, these NOAF patients were older, exhibited higher APACHE II and Multi-Organ Dysfunction Syndrome (MODS) scores on the third ICU day, experienced acute kidney injury (AKI), and more patients required mechanical ventilation and inotropes/vasopressors within 24 h of ICU admission. These findings support the notion that NOAF actually reflects critical illness severity and serves as a prognostic marker in this context [29].



Abdulrahman et al. [121] studied 492 severe COVID-19 patients, among whom 30 were diagnosed with NOAF. After adjusting for confounders in the multivariate regression model, NOAF emerged as a risk factor for worse outcomes (mechanical ventilation or death) in ICU-admitted COVID-19 patients. Similarly, in a group of 109 consecutive patients admitted to the ICU with confirmed COVID-19 pneumonia, NOAF strongly correlated with increased in-hospital mortality (OR 5.4; 95% CI 1.7–17; p = 0.004) [28].



Hence, the results remain inconclusive regarding whether severely ill ICU COVID-19 patients face an increased likelihood of death due to the occurrence of NOAF. However, conflicting results are also present concerning NOAF and mortality in non-COVID contexts.



In reality, one would expect NOAF to independently impact survival in severely ill patients, whether COVID-related or not. New AF episodes have detrimental effects, including increased heart rate, irregular rhythm, and loss of atrial systole. Consequently, NOAF development can further complicate critical illness or even impede response to therapy [127]. Cardiac output may decrease due to the loss of atrial systole and tachycardia, potentially leading to acute heart failure [127,128].



Nonetheless, certain previous studies found no independent relationships between NOAF and hospital mortality in ICU patients [24,129,130]. Furthermore, in the study by Seguin et al., NOAF development correlated with critical illness severity in a surgical ICU [24]. In a multicenter prospective study by Annane et al., involving 1341 patients in general ICUs, only ventricular arrhythmias increased the risk of death, not supraventricular arrhythmias or NOAF [129].



Conversely, other studies suggested that NOAF was linked to increased hospital mortality irrespective of critical disease severity [20,131]. The FROG-ICU study encompassed 1841 critically ill patients. During their ICU stay, NOAF occurred in 12% of patients, with a 47% in-hospital mortality rate, as opposed to 23% in patients without AF. After multivariable adjustment, NOAF exhibited an increased risk of in-hospital death compared to no AF (adjusted odds ratio (OR) 1.6, p = 0.003) [20].



Likely, the varying percentages of NOAF occurrence in different studies (ranging from 5% to 35%), coupled with differences in shock incidence, levels of hypoxemia, and other factors, as well as variations in the timing of outcomes/mortality assessment (e.g., ICU mortality, 28-day mortality, or hospital mortality), could contribute to the disparity in the independent role of NOAF in survival.



Klein Klouwenberg et al. [42] developed a prediction tool for NOAF based on clinical factors. These factors include time since admission, age, obesity, immunocompromised state, elevation of inflammatory markers, shock, renal failure, potassium level, and fraction of inspired oxygen (FIO2). This tool has the ability to identify the risk of atrial fibrillation in sepsis patients, yielding a C-statistic of 0.81. To our knowledge, this tool has not been validated in COVID-19 ICU or non-ICU patients. It might have rendered interesting data if this tool had been used in COVID-19 ARDS patients, presenting an increased (compared to non-COVID-19 ARDS) NOAF incidence.




5. Management of Severely Ill COVID-19 Patients with NOAF


The management approach to new-onset atrial fibrillation (NOAF) in ICU patients depends on various factors, including underlying causes, comorbidities, hemodynamic impacts, and potential risks of treatment options. A comprehensive ICU strategy for NOAF should encompass the following: (1) assessment for potential hemodynamic effects attributable to AF; (2) correction of reversible arrhythmogenic triggers (acid-base and electrolyte abnormalities, hypoxemia if possible, overload-atrial stretch), and removal of offending agents that increase the risk for AF (i.e., beta-agonists); and (3) selection of an initial treatment strategy that maximizes potential benefit and minimizes risk when AF seems to be causing harm [17]. In cases of NOAF associated with hemodynamic compromise, synchronized direct current cardioversion should be utilized to restore sinus rhythm [25,132]. For other instances, it is reasonable to begin with a rate control strategy using beta-blockers (when not contraindicated, e.g., bronchospasm, acute heart failure), calcium channel blockers (in the absence of heart failure), and/or digoxin. In the presence of heart failure, digoxin and/or amiodarone may be considered for rate control. If NOAF has occurred within the last 48 h, the goal is to restore sinus rhythm. Considering interactions with concurrent COVID-19 pharmacotherapies, amiodarone appears to be a favorable option, especially in the presence of underlying structural heart disease or heart failure. It is essential to measure the QT interval before initiating amiodarone, particularly when co-administering QT-prolonging drugs [25]. Other antiarrhythmic drugs (AADs) are also viable options.



Class IC agents, such as flecainide and propafenone, are use-dependent INa blockers with moderate negative inotropic effects [133]. Due to their potential for proarrhythmia, they are limited to patients without coronary artery disease or structural heart issues [134]. Given their arrhythmogenic and negative inotropic effects, it is advisable not to administer them to COVID-19 patients, particularly those in critical condition or prone to myocarditis and heart failure [135]. These agents have interactions with CYP2D6 inducers and inhibitors, necessitating close electrocardiographic monitoring of the QRS complex due to QRS prolongation [133].



Beta-blockers can be employed for rate control in COVID-19 ICU patients with NOAF [134]. However, they should be avoided in patients exhibiting symptoms of acute heart failure or bronchospasm [136]. In cases of bronchospasm, calcium channel blockers like verapamil and diltiazem can serve as rate-control agents for NOAF, excluding patients with heart failure or left ventricular dysfunction due to their negative inotropic effects [134,137].



Among class III agents, amiodarone, a multichannel blocker, is highly effective and widely used in ICU patients despite its known toxicity [138,139,140,141]. Although it prolongs the QT interval, it seldom causes polymorphic ventricular tachycardia (Torsade des pointes) [133,142]. It is preferred for AF rate and rhythm control in critically ill COVID-19 patients with myocardial involvement or borderline blood pressure, as well as for NOAF prevention. Regular monitoring for liver, lung, and thyroid toxicity is recommended, especially during prolonged therapy [143]. However, due to its pulmonary toxicity, there might be concerns regarding amiodarone use in COVID-19 patients with severe pneumonia requiring prolonged mechanical ventilation [143].



The use of other class III agents, such as dronedarone, which shares similar pharmacokinetics with amiodarone [144], or dofetilide/ibutilide (IKr blockers) [145], is generally restricted. Nevertheless, ibutilide might be considered for converting acute symptomatic AF. Sotalol, a dose-dependent IKr blocker with a moderate β-blockade effect [133], is excreted through the kidneys and should thus be used with utmost caution in the ICU, where potentially nephrotoxic agents are administered; in fact, it should be considered a last resort.



For the atrial-selective class III agent Vernakalant, caution is advised in COVID-19 patients prone to hemodynamic compromise due to its known bradycardic and hypotensive effects [146], especially when using remdesivir, known to induce bradycardia, for COVID-19 treatment [147].



Digoxin can be employed in heart failure patients to control heart rate, as it lacks a negative inotropic effect. It can also be considered for patients with borderline blood pressure who cannot tolerate calcium channel blockers or β-blockers [77]. Regular monitoring of digoxin levels is recommended [25].



In COVID-19 patients with NOAF, a study from Columbia University reported that amiodarone was used in 29% of patients referred for electrophysiology consultation, and anticoagulants were employed in 83% [148]. In our study involving intubated COVID-19 ARDS patients [21], sinus rhythm was restored in 84% of the patients, with 68.4% achieving it within the first 24 h and the rest within 48 h. In all patients, amiodarone was used for cardioversion and was continued until ICU discharge or death. Only one patient out of nineteen, who experienced severe hemodynamic instability, required electrical cardioversion an hour after an unsuccessful amiodarone infusion. Interestingly, in patients where sinus rhythm was not restored, sepsis was not resolving. Furthermore, NOAF recurred in three patients, coinciding with new septic episodes, and sinus rhythm was regained upon sepsis resolution.



Finally, NOAF is typically managed with rhythm control, preferably, or rate control, along with anticoagulation for patients who meet criteria and do not have contraindications due to bleeding risk [149].




6. Conclusions


New-onset atrial fibrillation is a prevalent complication in critically ill COVID-19 patients. From a clinical standpoint, data suggest that patients with severe SARS-CoV-2 infections requiring ICU care often experience myocardial injury. Elevated troponin levels and abnormal echocardiography findings, particularly in terms of longitudinal right ventricular and left ventricular strain, are observed in these patients. This phenomenon can be attributed not only to virus invasion but also to factors like sepsis, mechanical ventilation, and adrenergic overstimulation. Nonetheless, troponin levels and echocardiographic results show no significant difference between critically ill COVID-19 ARDS patients with or without the emergence of NOAF, particularly in intubated cases. Therefore, the development of NOAF in these patients likely stems from a combination of various mechanisms, including ARDS-induced hypoxemia, adrenergic stimulation, virus-related cardiac injury, electrolyte imbalances, and inherent AF susceptibility due to factors like age and pre-existing cardiovascular conditions.



We propose that secondary sepsis, accompanied by adrenergic overstimulation resulting from elevated endogenous catecholamine levels and exogenous catecholamine administration (common in septic shock), acts as the second “trigger” to induce AF in a myocardium already affected by SARS-CoV-2. This is especially evident when NOAF occurs later in the course from symptom onset. It is important to consider sepsis as a potential cause when NOAF emerges in severely ill COVID-19 patients.



The currently available data do not provide conclusive insights into the impact of NOAF on the outcomes of critically ill patients in the ICU. Thus, more research is needed to fully understand the prognostic significance of NOAF in relation to ICU and hospital mortality in these patients.



When managing AF in critically ill individuals with both NOAF and COVID-19, it is essential to adhere to existing guidelines while considering the medications administered for COVID-19 treatment. Of course, direct cardioversion should be attempted when there is hemodynamic instability.
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Figure 1. Proposed pathophysiological mechanisms and risk factors for new-onset atrial fibrillation in ICU COVID-19 ARDS patients. During SARS-CoV-2 infection, chronic factors (age, pre-existing comorbidities), COVID-19-specific factors (inflammation, cytokine storm, direct viral invasion, treatments received)) and ICU risk factors (secondary sepsis, associated with adrenergic-endogenous/exogenous-overstimulation, right ventricular overload: ARDS/mechanical ventilation, hypoxemia, electrolyte imbalances, and acid-base disturbances) may contribute to NOAF emergence. The most significant factor in ICU patients, in the authors’ opinion, is secondary sepsis (orange box) which typically occurs relatively late in the course since SARS-CoV-2 infection. The arrow width indicates the degree of contribution of each factor in NOAF emergence. ACE2, angiotensin converting enzyme 2; ARDS, acute respiratory distress syndrome; COVID-19, Corona Virus Disease 2019; IL-1, interleucin-1; IL-6, interleukin-6; NLRP3, NOD-like receptor pyrin domain-containing 3; NOAF, new-onset atrial fibrillation; RNA, rivonucleic acid; RV, right ventricle. 
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Table 1. Main findings in NOAF incidence and adverse outcomes of patients in the included studies.
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	Study
	Study Type
	MV (%)
	n
	M%
	ICU %
	NOAF (%)
	NOAF

Ward/ICU
	Age Mean
	HF Troponin

/Echo
	Mortality
	HF Difference
	Mortality 1

No/NOAF





	Liu K 2020 [27]
	Retrospective
	0
	137
	45
	NA
	7.3%

palpitations
	
	57
	NA
	11.7%
	NA
	NA



	Angeli F 2020 [10]
	Retrospective
	0
	50
	72
	0
	3
	NA
	64
	NA
	NA
	NO
	NA



	Bhatla A 2020 [11]
	Retrospective
	NA
	700
	45
	11
	25
	NA
	50
	Troponin
	4%
	NA
	3/23



	Wang Y 2020 [5]
	Retrospective
	0
	319
	48
	30
	20
	NA
	65
	Troponin
	NA
	NA
	NA



	Kanthasamy V 2021 [28]
	Retrospective
	NA
	109
	83
	100
	14.6
	NA/14.6
	59
	Troponin + Echo
	38%
	NO
	29/69



	Colon C 2020 [13]
	Retrospective
	NA
	115
	54
	60
	16.5 (NOAF + AF)
	0/27.5
	57.2
	Troponin
	NA
	NA
	NA



	Kensara R 2023 [29]
	Retrospective
	74.5
	1256
	62.3
	100
	10.7
	NA/10.7
	61
	NA
	
	NA
	50.6/63.3



	Zakynthinos G 2022 [21]
	Prospective
	100
	79
	76
	100
	24
	NA/24
	69
	Troponin + Echo
	45
	NO
	41.7/47



	Ergün B 2021 [30]
	Retrospective
	NA
	248
	78
	100
	14.9
	NA/14.9
	71
	Troponin
	NA
	NO
	67/87



	Goyal P 2020 [14]
	Retrospective
	33
	393
	60.6
	NA
	7.1
	MV 17.7/

NO MV 1.9
	62.2
	NA
	10.2
	NA
	NA



	Romiti G 2021 [31]
	Meta-analysis
	NA
	187,716
	70
	NA
	8
	NA
	NA
	NA
	NA
	NA
	4-fold increase



	Rosenblatt A 2022 [32]
	Registry
	NA
	30,999
	51
	26
	5.4
	NA/11.9
	61.6
	NA
	13.6
	NA
	11.9/45.2



	Abdulrahman A 2021 [33]
	Retrospective
	NA
	492
	NA
	100
	6.1
	NA/6.1
	53.4
	Echo
	16.3
	NO
	13.7/56.7



	Ip R 2021 [34]
	Retrospective
	NA
	171
	57
	100
	18.7
	NA/18.7
	66.1
	Echo
	46.2
	NA
	40.3/72



	Pardo Sanz A 2021 [35]
	Retrospective
	NA
	160
	60
	4
	7.5
	NA
	65.7
	Troponin
	18.8
	NO
	17.6/33.3



	Offerhaus J 2022 [36]
	Retrospective
	NA
	5782
	64
	NA
	11
	NA
	67
	NA
	16
	NA
	1.9-fold increase



	Li Z 2021 [37]
	Meta-analysis
	NA
	2165

13,075 *
	58.7
	NA
	11
	NA
	
	NA
	NA
	NA
	29.3/50.6 *



	Russo V 2020 [38]
	Retrospective
	NA
	414
	61.1
	NA
	17.1
	NA
	66.9
	NA
	25.8
	NA
	ND







The table summarizes the main studies included in the review, mainly epidemiological and mortality data in patients presenting NOAF or no NOAF. The heart function is estimated through troponin levels or echocardiographic data (where applicable). AF = atrial flutter; HF = heart function estimated through troponin and/or echocardiogram (if troponin T was above the 99th percentile of the upper reference range); HF = HF difference between patients with NOAF and no NOAF; ICU = patients hospitalized in Intensive Care Unit; M: Male; 1 mortality = 30 day or hospital mortality; NOAF and no NOAF; NOAF = new-onset atrial fibrillation; NO = no NOAF; NA = not applicable, ND = no difference; ward = hospitalized patients studied in ward; * = 8 articles with a total of 13,075 participants reported the association between AF and mortality.
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