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Abstract

The coronavirus disease 2019 (COVID-19) pandemic has revealed a close and multifaceted
relationship between viral infection, systemic inflammation, and cardiovascular health.
Among the cardiac complications of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), atrial fibrillation (AF)—especially new-onset atrial fibrillation (NOAF)—
has emerged as a major determinant of disease severity and prognosis. Clinical studies
and meta-analyses show that 5-10% of hospitalized COVID-19 patients develop AF, with
markedly higher rates in critically ill individuals. Both pre-existing and NOAF are indepen-
dently associated with increased risks of intensive care admission, mechanical ventilation,
thromboembolic events, and mortality. The underlying mechanisms involve a combination
of cytokine-mediated inflammation, endothelial dysfunction, microvascular injury, and
dysregulation of the renin-angiotensin-aldosterone system (RAAS). Viral downregulation
of angiotensin-converting enzyme 2 (ACE2) receptors contributes to myocardial fibrosis,
while hypoxia, oxidative stress, and autonomic imbalance further promote electrical remod-
eling and arrhythmogenesis. Post-infectious studies indicate that atrial structural changes
and autonomic dysfunction may persist for months, predisposing survivors to recurrent
arrhythmias. Technological advances in telecardiology and digital medicine have provided
new tools for early detection and long-term monitoring. Wearable electroencephalography
(ECG) devices, implantable loop recorders (ILRs), and artificial intelligence (Al)-based diag-
nostic algorithms enable continuous rhythm surveillance and individualized management,
improving outcomes in post-COVID patients. This review summarizes current evidence on
the epidemiology, pathophysiology, clinical implications, and monitoring strategies of AF
in COVID-19. It underscores the importance of integrating telemedicine and Al-assisted
diagnostics into cardiovascular care to mitigate the long-term arrhythmic and systemic
consequences of SARS-CoV-2 infection.

Keywords: COVID-19; atrial fibrillation; new-onset atrial fibrillation; telecardiology; heart
rate turbulence; transthoracic echocardiography

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has profoundly affected global
health, exposing intricate interactions between viral infections and cardiovascular health.
While the primary clinical focus has often been on respiratory complications, increasing
evidence demonstrates that cardiovascular involvement is both common and clinically
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significant, particularly in patients with pre-existing heart conditions. Among the various
cardiovascular complications associated with severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) infection, new-onset atrial fibrillation (NOAF) has emerged as a
major concern. A large multicenter study involving 30,999 hospitalized patients across
120 centers reported that 5.4% developed new-onset atrial fibrillation (NOAF) during
hospitalization, with nearly half of these patients dying during their first hospital stay,
underscoring the urgent need for effective monitoring and management [1,2]. Similarly,
a meta-analysis of over 39 million patients estimated the incidence of NOAF at approxi-
mately 10.3% and demonstrated that the presence of atrial fibrillation is associated with an
increased risk of mortality [3].

The pathophysiological mechanisms underlying NOAF in COVID-19 patients are
multifactorial. Viral-induced inflammatory responses, myocardial injury, and electrolyte
disturbances contribute to atrial electrical remodeling, creating a substrate for arrhythmia
development [4]. Comorbidities such as arterial hypertension, diabetes mellitus, and
pre-existing cardiovascular disease, commonly observed in COVID-19 patients, further
increase susceptibility to arrhythmia. Comparative studies have also demonstrated that
the incidence of NOAF is higher in COVID-19 patients than in those with pneumonia or
acute respiratory distress syndrome (ARDS) unrelated to SARS-CoV-2, suggesting that the
virus itself may exert a direct arrhythmogenic effect, independent of pulmonary pathology.
Beyond immediate mortality, NOAF has been associated with an elevated risk of major
adverse cardiovascular events (MACE), including stroke and heart failure, making early
recognition and timely intervention essential to reduce morbidity and mortality in this
vulnerable population [5].

The COVID-19 pandemic has also highlighted the need for innovative solutions to
monitor and manage cardiovascular conditions remotely, particularly in the context of
hospital strain and restricted patient mobility. Telecardiology, a specialized branch of
telemedicine, has emerged as a transformative tool in the diagnosis, monitoring, and
management of cardiovascular diseases. The origins of telecardiology trace back to the
early 1990s, when the first electrocardiograms (ECGs) were transmitted over telephone
lines, marking the beginning of remote cardiac care. Since then, rapid advancements
in digital communication, wearable devices, mobile health (mHealth) applications, and
artificial intelligence (AI) have greatly expanded the potential and scope of telecardiology,
establishing it as a critical component of modern cardiovascular medicine [6,7].

Telecardiology now encompasses a broad spectrum of applications, including remote
patient monitoring, teleconsultations, virtual cardiac rehabilitation, and structured telere-
habilitation programs. These technologies enable continuous assessment of vital signs such
as blood pressure, heart rate, oxygen saturation, and weight, allowing for early detection
of decompensation in chronic conditions like heart failure and arrhythmias. Studies have
demonstrated that early identification and intervention through telecardiology can reduce
hospitalizations, mortality, and healthcare costs while improving patients’ quality of life,
treatment adherence, and engagement in self-management practices. Telemedicine plat-
forms also provide educational resources, lifestyle coaching, and personalized treatment
support, empowering patients to actively participate in their care [8].

Technological innovations have further strengthened the impact of telecardiology.
Wearable sensors and smart devices provide real-time data, while secure video conferenc-
ing facilitates remote consultations and continuous monitoring. In recent studies, ECG
recordings and remote cardiac monitoring were performed using devices compatible with
the PMcardio application (PM-Cardio, Vilnius, Lithuania), as well as wearable ECG devices
used in the TeleCheck-AF project across multiple European centers. Artificial intelligence
and machine learning enhance analytical capacity, enabling automated ECG interpretation,
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predictive risk modeling, and early identification of potentially life-threatening cardiac
events, including myocardial infarction and atrial fibrillation. These tools also facilitate
collaboration among multidisciplinary healthcare teams, enabling more comprehensive and
timely patient care. Despite these advancements, challenges remain, including disparities
in access to digital infrastructure, particularly in rural and low-income regions, as well as
concerns regarding data security and patient privacy. Addressing these barriers is essential
to ensure equitable and sustainable implementation of telecardiology [9,10].

By integrating telecardiology into cardiovascular care models, clinicians can provide
timely, patient-centered interventions, optimize chronic disease management, and mitigate
the risks associated with viral infections such as COVID-19. This review aims to provide a
comprehensive overview of the cardiovascular complications associated with COVID-19,
particularly NOAF, while examining the historical development, technological innovations,
and clinical applications of telecardiology. Through this synthesis, we aim to inform
strategies for improved patient outcomes, enhanced healthcare efficiency, and equitable
access to advanced cardiac care in the ongoing pandemic and beyond.

2. Epidemiology of AF in Patients with COVID-19

The COVID-19 outbreak in 2019 became a serious global problem as it affected a
massive number of people in over 180 countries [11]. According to the World Health
Organization, by 17 October 2025, over 770 million people worldwide were affected by
SARS-CoV-2, and over 7.1 million deaths were noted. Infection caused by SARS-CoV-2 is
mostly associated with pulmonary manifestation; however, based on studies, the cardiovas-
cular system is considered as the most common non-pulmonary manifestation. The level of
cardiac biomarkers is increased in 20-30% cases of COVID-19 [12].

At the beginning of the global pandemic, Chinese reports stated that the prevalence of
arrhythmias in COVID-19 was 17%, with even higher number in intensive care unit (ICU)
patients—up to 44% [13]. Some other investigations from the beginning of the pandemic
(2020-2021) showed an occurrence of NOAF around 4-8%. [14,15]. For example, in the
study conducted by Bhatla et al. [14], 700 COVID-19 patients were taken into consideration
(with a mean age of 50, 45% men, 71% African American, and 11% of them hospitalized in
ICU). Among the patients, there were observed 25 AF occurrences, 9 cardiac attacks (all in
ICU patients), 9 clinically significant bradyarrhythmias, and 10 non-sustained ventricular
tachycardias (NSVTs). It was observed that hospitalization in the ICU was correlated with
the prevalence of AF and NSVT [15].

Paris Sara et al. [16] conducted a study in which 696 Italian patients with COVID-19
were taken into consideration from 13 different cardiology centers. Among the patients,
15% (n = 106) had a previous history of AF. It was observed that the prevalence of AF was
correlated with more in-hospital clinical events such as acute heart failure (25.3% patients
with AF vs. 6.3% non-AF patients), multiorgan failure (13.9% patients with AF vs. 5.8%
non-AF patients), and especially NOAF (36.8% patients with AF vs. 7.9% non-AF patients).
Moreover, an increased risk of death was correlated with the prevalence of AF [16].

In order to estimate possible NOAF in patients with COVID-19, Slipczuk et al. [17]
conducted a study investigating a coronary artery calcium (CAC) and epicardial adipose
tissue (EAT). The study included 379 patients with the median age 68 years, and males
and females were 48.3% and 51.7%, respectively, and 39.3% were Hispanic. Among the
comorbidities, the most popular were arterial hypertension—86.8%, hyperlipidemia—
70.7%, diabetes—59.9%, asthma or chronic obstructive pulmonary disease (COPD)—49.5%,
and coronary artery disease (CAD)—39.8%. The statistical analysis between the groups
with and without NOAF showed that there was no significant difference in CHA2DS2-
VASc score, age, body mass index (BMI), and incidence of previously listed comorbidities.
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NOAF was more common in male patients. Patients with NOAF had longer hospitalization,
and they needed pressors, intubation, and 1V steroids. There was a small difference in
potassium level as well (4.7 mEq/1 patients with AF vs. 4.4 mEq/1 in non-AF patients;
p = 0.027). The level of EAT was compared to median volume in the population (92 mL
with the norm range of 60-130 mL). It was observed that patients with NOAF had a higher
EAT level, and patients who had an EAT level higher than median were in worse condition
with a need for intubation or pressors, or deaths were even observed [17].

Marco Zuin et al. [7] conducted a meta-analysis study in which 19 478 173 patients
were taken into consideration from five different studies (with a mean age of 56.5 years
and where 63% of them were male) in order to estimate the risk of AF incident in COVID-
19-recovered patients compared to non-infected patients who developed AF. In this group,
there were 5,692,510 patients who recovered from the infection caused by SARS-CoV-2.
After a 14.5-month-long follow-up, the pooled occurrence of NOAF was equal to 2.6% of
cases compared to non-infected patients in the same period of time. It was concluded that
there is a risk of AF incidents in recovered COVID-19 patients [7].

The meta-analysis conducted by Nan-Nan et al. [3] included 80 articles with a total of
39,062,868 patients. Among them, 15 articles were from Asia (6 from Turkey, 4 from China,
2 from India, 2 from Korea, and 1 from Saudi Arabia), 22 studies were performed in North
America (all of them from the USA), and 43 studies were performed in Europe (19 from
Italy, 7 from Spain, 7 from the UK, 4 from Denmark, 2 from Poland, and 1 article each from
France, Portugal, Switzerland, and the Netherlands). Among these investigations, most of
them were focused on the occurrence of pre-existing AF (n = 74), some were focused on
NOAF (n = 3), and some of them were focused on both of these clinical situations (1 = 3).
According to the results, the estimated occurrence of pre-existing AF was shown to be
equal to 10.5%. However, in this group, it was observed that elderly patients had a 2.5-fold
higher prevalence of AF compared to others. Moreover, there were significant differences
calculated in the occurrence of AF among different regions—the highest prevalence was
shown in European populations, followed by North Americans and Asians. A correlation
between the severity of COVID-19 and the occurrence of AF was also observed—the
prevalence was about 2.5-fold higher in severe patients [3].

3. Pathophysiology and Mechanisms of AF Development in COVID-19

The pathogenesis of AF is complex and multifactorial. Various factors contribute
to structural and functional atrial changes that promote its onset and progression. The
exact mechanisms remain incompletely understood [18]. AF development is closely as-
sociated with both electrical and structural atrial remodeling [19]. Evidence indicates
that stretch-induced fibrosis, epicardial adipose tissue, chronic inflammation, autonomic
imbalance, and genetic factors play roles [18,20]. Both modifiable and non-modifiable
cardiovascular risk factors—including obesity, arterial hypertension, diabetes mellitus,
hyperthyroidism, surgery, alcohol use, smoking, and sedentary lifestyle—contribute to AF
development [21,22]. AF often first manifests as a paroxysmal arrhythmia, triggered by
alcohol, drugs, or inflammation [23].

The underlying pathophysiological mechanisms linking SARS-CoV-2 infection and
AF remain incompletely understood [24]. Several mechanisms have been proposed to
explain NOAF in COVID-19, including the cytokine storm, downregulation of angiotensin-
converting enzyme 2 (ACE2) receptors, endothelial injury, and heightened sympathetic
nervous system activation [2,19].

One of the main mechanisms connecting SARS-CoV-2 infection to AF is the induction
of systemic inflammation. The infection triggers a strong immune response characterized
by the release of proinflammatory cytokines and chemokines, which can affect the heart
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and cause myocarditis, leading to electrical instability and an increased susceptibility to
AF [25,26]. Consistent with this inflammatory response, a study by Stasiak et al. [27] in
2024 involving 51 pediatric patients with pediatric inflammatory multisystem syndrome
temporally associated with SARS-CoV-2 (PIMS-TS) demonstrated diverse cardiovascular
abnormalities, including pericardial effusion, valvular insufficiency, coronary artery dilata-
tions or aneurysms, and myocardial hypokinesis. AF and COVID-19 share overlapping
pathophysiological mechanisms driven by immune-mediated processes, with inflammatory
markers such as C-reactive protein (CRP) and interleukin (IL)-6 correlating with disease
severity and mortality [19].

Inflammation and reactive oxygen species disrupt the homeostasis of the atrial my-
ocardium, contributing to both the initiation and persistence of AF. In patients with AF,
infiltration of inflammatory cells and elevated serum levels of mediators such as tumor
necrosis factor-o (TNF-«), IL-1f3, IL-6, IL-8, and IL-10 have been observed, correlating with
the duration and severity of the arrhythmia [15]. In a 2012 study by Pena et al. [28] involv-
ing 17,120 participants, higher CRP levels were significantly associated with an increased
risk of incident AF, with each one-unit increase in CRP corresponding to a 28% higher risk
after adjustment for confounders. Similarly, in a study by Gundlund et al., 30,304 patients
with infection-related AF were compared to 90,912 patients with infection but without AF.
During the first year, 36.4% of patients with infection-related AF experienced recurrent
AF and 7.6% had thromboembolic events, compared with 1.9% and 4.4%, respectively, in
patients without AF. Infection-related AF was associated with a substantially higher long-
term risk, suggesting that AF during infection may require management and follow-up
similar to non-infection-related AF [23,29].

According to a study by Conen et al. in 2010 [30], systemic inflammation was sig-
nificantly associated with an increased risk of incident AF in women without prior car-
diovascular disease. In this large-scale prospective cohort including 24,734 participants,
elevated levels of inflammatory biomarkers such as CRP, soluble intercellular adhesion
molecule-1, and fibrinogen were independently correlated with AF incidence. A com-
bined inflammation score integrating these biomarkers demonstrated a strong, graded, and
independent relationship between systemic inflammation and AF development during
a median follow-up of 14.4 years. In a study conducted by Kallergis in 2007 [31], CRP
levels were shown to predict recurrence of AF after electrical cardioversion in patients
with persistent AF. Restoration and maintenance of sinus rhythm were associated with
a significant decrease in CRP, suggesting that inflammation may be both a cause and a
consequence of AF.

Immune activation may further contribute to AF development in COVID-19. Hemo-
dynamic stress and pericyte signaling can trigger myocardial inflammation, with CD4+
T cells playing a role in atrial remodeling. Impaired regulatory T cell function, partic-
ularly in patients with chronic inflammatory conditions, may exacerbate microvascular
dysfunction and increase AF susceptibility. This bidirectional interplay between AF and im-
mune responses links chronic inflammation to worse COVID-19 outcomes and arrhythmic
risk [24].

In severe COVID-19, flow cytometry studies have shown reduced circulating lympho-
cytes, including CD3+, CD4+, and CD8+ T cells, with lower CD4+ counts linked to worse
outcomes. This decrease may result from enhanced CD4+ cell trafficking to inflamed tissues
and a shift toward Th1 interferon-gamma-producing cells in the myocardium. Additionally,
circulating CD4+ T cells often exhibit exhaustion, a dysfunctional state that can exacerbate
inflammation [24].

In a study by Musikantow et al. in 2021 [15], which included 1 420 patients with
influenza and 3970 patients hospitalized with confirmed COVID-19, the incidence of AF



Biomedicines 2025, 13, 2889

6 of 24

in COVID-19 patients was comparable to that observed in influenza patients, suggesting
that these atrial arrhythmias likely reflect a nonspecific response to severe viral respiratory
illness rather than a COVID-19-specific effect.

SARS-CoV-2 may also directly interact with cardiac cells expressing ACE2 recep-
tors [24]. A study by Chen et al. in 2020 [32] demonstrated that ACE2 is highly expressed
in pericytes of adult human hearts, indicating a particular vulnerability of the myocardium
to SARS-CoV-2 infection. Patients with pre-existing heart failure exhibit even higher ACE2
expression, which may predispose them to cardiac complications and more severe disease
progression following infection. Pericytes, which envelop endothelial cells and maintain
microvascular stability, play a crucial role in vascular homeostasis. Their injury during
infection can disrupt endothelial-pericyte interactions, leading to inflammation, fibrosis,
thrombosis, and microvascular leakage [24].

Endothelial damage and pericyte activation in COVID-19 stimulate the release of
growth factors such as vascular endothelial growth factor (VEGF), angiopoietin-2 (Ang2),
and transforming growth factor beta 1 (TGF-$1), all of which promote inflammation,
fibrosis, and electrophysiological alterations conducive to atrial fibrillation development.
Increased hydrostatic pressure further shortens action potential duration and enhances AF
susceptibility via activation of the renin—-angiotensin—aldosterone system (RAAS) [24].

ACE2 normally converts angiotensin I and II into Ang(1-9) and Ang(1-7), peptides
with protective effects that counteract the classical RAAS pathway. However, when SARS-
CoV-2 binds to ACE2 for cellular entry, the receptor is downregulated, impairing an-
giotensin II (ATII) degradation and tipping the balance toward ATII dominance. This shift
promotes cardiac hypertrophy, vasoconstriction, oxidative stress, and fibrosis. Furthermore,
ACE2 catabolizes TGF-f31, and its reduced activity during infection may contribute to atrial
remodeling and increased vulnerability to AF in COVID-19 patients [19].

CD147 may facilitate SARS-CoV-2 entry into cardiomyocytes and promote AF by
upregulating cytokine expression, inducing oxidative stress, and activating IL-18, which,
in turn, stimulates matrix metalloproteinases (MMPs) such as MMP-9. Elevated MMP-
9 levels contribute to extracellular matrix degradation, TGF-$1 activation, and adverse
myocardial remodeling, and they are also observed in COVID-19 patients. Additionally,
viral spike proteins binding to sialic acid, particularly N-acetylneuraminic acid, may
activate Ras homolog family member A (RhoA) signaling, promoting cardiac fibrosis
and atrial enlargement, further contributing to AF pathophysiology [19].

In severe cases of COVID-19, patients frequently experience marked hypoxia, a sig-
nificant reduction in blood oxygen levels. Sustained hypoxia can adversely affect cardiac
function, leading to structural and electrical remodeling of the heart and increasing the
risk of arrhythmias, including new-onset AF [26]. Hypoxia plays a critical role in both the
initiation and maintenance of AF. Hypoxia-inducible factor (HIF), the master regulator of
cellular oxygen homeostasis, modulates multiple chemokines and cytokines involved in
structural remodeling, such as fibrosis, and can also contribute to electrical remodeling of
the atria [33].

According to a study by Gramley et al. in 2010 [34], AF is closely associated with
increased expression of hypoxia- and angiogenesis-related markers in atrial tissue. The
authors observed significant progression of atrial fibrosis in AF patients compared to
those in sinus rhythm, accompanied by elevated cytoplasmic levels of hypoxia-inducible
factors (HIF1x and HIF2¢«), VEGEF, and its kinase insert domain receptor (KDR). These
findings suggest that hypoxia and angiogenic signaling may play a role in atrial remodeling,
potentially contributing to the initiation and maintenance of AF.

In COVID-19, as in other viral infections, sympathetic nervous system activation
occurs. The enhanced sympathetic tone may contribute to AF by increasing Ca2* influx and
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overload in cardiomyocytes, which promotes spontaneous diastolic Ca2* release through
ryanodine receptors (RyR). This, in turn, generates delayed afterdepolarizations and action
potentials, thereby raising the likelihood of AF episodes [19,26].

Mitochondrial dysfunction, characterized by nicotinamide adenine dinucleotide
(NAD™) depletion, impaired Ca?* handling, and disrupted microtubule networks, reduces
adenosine triphosphate (ATP) production and promotes oxidative stress, creating a proar-
rhythmic substrate that may link COVID-19-induced cellular stress to the development of
atrial fibrillation [35,36].

Finally, emotional and psychological stress linked to SARS-CoV-2 infection can indi-
rectly impact cardiac function. Stress and anxiety may activate the sympathetic nervous
system, increasing atrial excitability and potentially triggering AF in predisposed indi-
viduals [26]. In a study conducted in the South Sinai Governorate of Egypt involving
382 COVID-19 patients, 91.6% experienced symptoms of depression, anxiety, and stress
within six months after infection. Severe or extremely severe anxiety was reported in
89.6% of participants, depression in 69.1%, and stress in 58.1%. Hospital admission was
identified as the strongest predictor of these psychiatric disorders [37]. Similarly, in a
meta-analysis and systematic review conducted by Wu et al. in 2022, including 13 studies
with 5,329,908 participants, adverse psychological factors were found to significantly in-
crease the risk of AF, by 10% for anxiety, 15% for anger, 25% for depression, and 18% for
work-related stress [38].

4. Clinical Significance and Prognosis

AF has emerged as a clinically relevant cardiac manifestation in patients with
COVID-19, representing a frequent complication during infection and hospitalization.
Approximately one in five patients with COVID-19 have a prior history of AF, whereas
NOAF commonly develops during hospitalization. Clinical evidence indicates that AF,
whether pre-existing or newly developed during COVID-19, is associated with adverse
in-hospital outcomes and may predispose to recurrent or persistent arrhythmic events
beyond the acute phase [19].

Accumulating clinical data indicate that AF in patients with COVID-19 correlates
with a more severe clinical course. Large cohorts and meta-analyses consistently link AF,
particularly NOAE, to higher rates of critical illness and respiratory failure [39,40]. A recent
meta-analysis of critically ill COVID-19 patients admitted to the ICU demonstrated that
NOAF was significantly associated with higher risks of in-hospital and ICU mortality,
as well as increased incidence of complications, including mechanical ventilation, acute
myocardial infarction (AMI), acute kidney injury (AKI), and the need for renal replacement
therapy (RRT). In contrast, the risk of pulmonary embolism was not significantly different
between groups. Overall, NOAF in severe COVID-19 appears to reflect systemic illness
and multiorgan dysfunction rather than isolated cardiac pathology [39].

In a retrospective cohort of 647 hospitalized COVID-19 patients, new-onset atrial
arrhythmias occurred in 6.3% (NOAF 5.4%, atrial flutter (AFL) 0.9%). Older age (>65 years)
and sepsis were identified as independent predictors of NOAF/AFL [40]. Several large
studies have reported that AF is associated with higher mortality and adverse clinical
outcomes. In a multicenter retrospective cohort of over 23,000 hospitalized COVID-19
patients, NOAF occurred in approximately 5% and was independently associated with
adjusted in-hospital and 30-day mortality rates of 16.5% and 22.7%, respectively, reflecting
nearly a twofold higher risk of death compared with patients without or pre-existing AF
(adjusted odds ratio (aOR) 2.24; 95% CI 1.93-2.60) [41].

Consistent observations were also reported in the large multicenter COVID-PREDICT
study, which included more than 3000 hospitalized patients. In this cohort, NOAF occurred
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in 5.4% of patients and was significantly associated with a higher risk of death (aOR 1.71;
95% CI 1.17-2.59), ICU admission (aOR 5.45; 95% CI 3.90-7.61), and complications such
as ARDS and thromboembolic events, which occurred more frequently in patients with
NOAF [42]. Although this association remained statistically significant after adjustment, it
is believed to reflect the underlying severity and systemic prothrombotic state of COVID-19
rather than a direct causal effect of AF itself [1,42,43]. By contrast, pre-existing AF showed
no independent effect on survival, and its associations with ICU admission and compli-
cations were less pronounced than for NOAF [42]. Overall, these findings suggest that
NOAF is more frequently observed in patients with severe systemic illness and correlates
with poorer clinical outcomes [42]. A summary of the major clinical studies evaluating the
prognostic impact of AF in COVID-19 is presented in Table 1.

Further evidence comes from a multicenter cohort analysis, in which patients with
AF/AFL had significantly higher peak levels of inflammatory and myocardial injury
markers, including CRP, cardiac troponin I, B-type natriuretic peptide (BNP), ferritin and
D-dimer, compared with those without AF/AFL. In this cohort, atrial arrhythmias were
closely associated with elevated markers of systemic inflammation and cardiac injury and
were independently linked to an almost twofold increase in 30-day mortality, with newly
detected AF/AFL conferring the highest risk [44].

Additionally, a pooled analysis including 80 studies and more than 39 million
COVID-19 patients assessed the prevalence of AF and its association with mortality. The
prevalence of pre-existing and NOAF was approximately 10% each, with markedly higher
rates among elderly individuals and those with severe disease. Severe COVID-19 cases
exhibited around a 2.5-fold higher incidence of AF compared with non-severe cases. Both
pre-existing and NOAF were independently and significantly associated with increased
mortality, suggesting a potential prognostic role of AF in COVID-19, particularly for NOAF.
Subgroup analysis showed the highest mortality risk among Asian cohorts, although this
difference did not reach statistical significance [3].

Registry data indicate, however, that this observed association may in part reflect
confounding by disease severity. In a multicenter analysis of over 30,000 hospitalized
patients from the American Heart Association COVID-19 Cardiovascular Registry, NOAF
occurred in 5.4% of cases. These patients exhibited markedly higher in-hospital mortality
(45.2% vs. 11.9%) and major adverse cardiovascular events (MACE; 23.8% vs. 6.5%) than
those without AF. After multivariable adjustment for comorbidities and illness severity, the
excess mortality risk was no longer significant (adjusted hazard ratio (aHR) 1.10; 95% CI
0.99-1.23), while the association with MACE remained but was attenuated (aHR 1.31; 95%
CI 1.14-1.50) [1].

Additional data from a cohort of patients with severe COVID-19 further suggest that
not all AF phenotypes carry the same prognostic weight. Persistent and permanent AF
were associated with the highest mortality risk and represented independent predictors
of death in multivariable analysis, whereas paroxysmal AF carried a comparatively lower
risk. These findings suggest that AF burden and the chronic atrial substrate may modulate
prognosis in patients with severe COVID-19 [45].

While NOAF is thought to primarily reflect acute systemic illness during hospital-
ization, AF also appears to have relevance beyond discharge, with emerging evidence
indicating an increased risk of incident AF in the post-acute phase. In a large nationwide
cohort of more than 150,000 survivors compared with over 11 million controls, AF risk
remained elevated for at least 12 months (aHR 1.71; 95% CI 1.64-1.79). This excess was
present even among non-hospitalized cases and rose with greater acute illness severity.
It was also observed in individuals without prior cardiovascular disease, suggesting a
longer-term post-infectious susceptibility to arrhythmia [46].
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Table 1. Prognostic impact of atrial fibrillation in COVID-19: overview of major clinical studies.

Type of AF . . .. .
Study/Year S.a mple (Atrial Fib- Incidence/ Main Clinical Adj u'ste.d Interpretation
Size (N) 11 g Prevalence Outcomes Association
rillation)
) 1ICU/in-hospital
ICIU I?le[?g] ICU cohort NOAF ~5-6% mortality; TAMI, Yes NltOAF ref}e.clt S
analysis AKI RRT: PE ns multiorgan failure
Retrospective Older age and Arrhythmia driven by
P 647 NOAF/AFL 6.3% sepsis = strongest Yes systemic illness/
cohort [40] . .
predictors sepsis burden
Multicenter o . Independent predictor
study [41] >23,000 NOAF ~5% 130-day mortality aOR~2.24 of short-term mortality
COVID- 1ICU admission, NOAF tracks severity
3064 NOAF 5.4% ARDS, aOR 1.71 rather than primary
PREDICT [42] . .
thromboembolism cardiac cause
Crude mortality 1 Mortality signal largely
R I?I;II‘A [1] >30,000 NOAF 5.4% but attenuated aH(lfl 1)'10 confounded by
caIstry after adjustment s illness severity
AF functions as a
Pooled meta- Pre-existing o TMortality in both .
analysis [3] >39,000, 000 AF + NOAF 10% each AF phenotypes Yes global prognostic
marker
VA cohort 150,000 vs. Post-acute persists > 12 Long-term AF 2HR 1.71 Persistent vulnerability
(long-term) [46] 11,000,000 AF months susceptibility ’ beyond acute phase

Abbreviations: AF—atrial fibrillation; NOAF—new-onset atrial fibrillation; AFL—atrial flutter; ICU—intensive
care unit; ARDS—acute respiratory distress syndrome; TE—thromboembolic events; PE—pulmonary embolism;
AMI—acute myocardial infarction; AKI—acute kidney injury; RRT—renal replacement therapy; aOR—adjusted
odds ratio; aHR—adjusted hazard ratio; ns—non-significant; {—increased risk /higher incidence.

Mechanistic insights further support this vulnerability. In a Holter-based study, atrial
heart rate turbulence (HRT), an index of autonomic baroreflex function derived from short-
term fluctuations in sinus cycle length after supraventricular premature beats, was assessed
using turbulence onset (early acceleration) and turbulence slope (subsequent recovery).
Individuals who had recovered from severe COVID-19 demonstrated significantly more
frequent abnormal HRT onset compared with both controls and those with mild or moder-
ate disease. The impairment correlated with chest computed tomography (CT) severity
but not with time since infection or the number of previous PCR-confirmed episodes.
Severe disease, hypertension, and smoking remained independent predictors of abnormal
atrial HRT, indicating that autonomic dysfunction after severe COVID-19 may contribute
to an elevated long-term risk of AF. These findings are consistent with early autonomic
dysfunction that may be relevant to later AF risk [47].

Beyond the development of new-onset AF, observational data also show that a history
of AF itself confers a worse long-term prognosis in COVID-19 survivors, particularly with
respect to all-cause mortality. In a large nationwide cohort, patients with pre-existing AF
had a significantly higher short- and long-term mortality risk following hospitalization for
COVID-19, even after adjustment for age and comorbidities. This indicates that AF may
identify a subgroup of patients with persistently elevated post-discharge risk that extends
beyond the acute infectious phase [48].

Clinical data further support this interpretation: AF during COVID-19 occurs predom-
inantly in patients experiencing the greatest systemic and cardiopulmonary stress, and
in observational cohorts it closely parallels illness severity and multiorgan dysfunction,
suggesting that AF reflects a global rather than isolated atrial process [14].

Taken together, these data suggest that AF in the context of COVID-19 functions
primarily as a marker of systemic and autonomic vulnerability rather than an isolated
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arrhythmic event. Its presence identifies patients in whom the inflammatory and multi-
organ burden of COVID-19 is greater and more sustained and who may therefore benefit
from closer post-discharge clinical follow-up, particularly when additional risk factors are
present [14,48].

5. Treatment and Management Strategies

AF is associated with an increased risk of major cardiovascular events, including
ischemic stroke or systemic embolism, heart failure, hospitalizations, reduced quality
of life, and higher mortality. It is a complex condition requiring comprehensive, multi-
disciplinary, and long-term management, posing a substantial burden for patients and
healthcare systems [49]. AF is not only linked to chronic cardiovascular morbidity but may
also complicate acute illnesses such as COVID-19. In patients with SARS-CoV-2 infection,
AF has been associated with worse clinical outcomes, including higher mortality, increased
risk of heart failure, and prolonged hospitalizations [50]. Patients with AF are more likely
to be hospitalized due to COVID-19 and to receive antiviral therapy. Additionally, up to
10% of individuals with acute respiratory distress syndrome develop NOAF. AF has been
reported in approximately one in five patients hospitalized with COVID-19, with higher
prevalence in severe cases [51].

While arrhythmia-directed interventions are largely investigational in this context,
understanding AF’s prognostic significance can help refine risk stratification and guide
therapy, particularly when healthcare resources are constrained. In critically ill COVID-19
patients with AF, management typically involves rate control combined with anticoag-
ulation. Procedures such as transesophageal echocardiography (TEE) or cardioversion
are challenging in critically ill individuals and are further complicated by the risk of viral
exposure to healthcare personnel [50].

AF patients may be asymptomatic or experience symptoms at normal, high, or low
ventricular rates. When choosing between rhythm control (restoring and maintaining sinus
rhythm) and rate control (regulating ventricular rate while allowing AF to persist), the
main goal is symptom relief and maintaining appropriate ventricular rates [52-54]. In a
2002 study by Van Gelder et al. [53] involving 522 patients with persistent AF after prior
cardioversion, rate control was non-inferior to rhythm control in preventing cardiovascular
death and related complications. After a mean follow-up of 2.3 years, sinus rhythm was
maintained in 39% of the rhythm control group versus 10% of the rate control group. The
composite endpoint—including cardiovascular death, heart failure, thromboembolism,
bleeding, pacemaker implantation, and serious drug side-effects—occurred slightly less
often with rate control (17.2% vs. 22.6%), supporting it as a reasonable option for recurrent
persistent AF. A meta-analysis by Chatterjee et al. similarly found no significant difference
between rate and rhythm control regarding mortality, stroke, or heart failure. Rate control
reduced rehospitalizations, while rhythm control showed a potential mortality benefit in
patients under 65 years [54]. Evidence on the effectiveness of rhythm and rate control
strategies in patients with AF and concurrent COVID-19 infection remains limited [10].

According to the 2023 ACC/AHA/ACCP/HRS Guideline for the Diagnosis and
Management of AF, shared decision-making is recommended to weigh rhythm versus rate
control strategies, considering clinical presentation, comorbidities, medications, and patient
preferences. In suitable patients without heart failure, rate control aims for individualized
targets based on symptoms; a resting heart rate <100-110 bpm is generally reasonable [55].
Rhythm control can be achieved using antiarrhythmic drugs (AADs; classes Ia, Ic, or III),
cardioversion, or AF ablation. Beta-blockers are first-line agents for rate control, with
calcium channel blockers and digoxin as alternatives or adjuncts [56].
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Electrical cardioversion is rapid and effective, particularly in hemodynamically unsta-
ble patients, and its success can be enhanced by pretreatment with AADs, energy optimiza-
tion, and proper electrode positioning [55]. Catheter ablation is an effective rhythm control
option for symptomatic patients, especially when AADs are ineffective, contraindicated,
or not preferred. In selected younger patients with few comorbidities, ablation may be
considered first-line to improve symptoms and prevent AF progression. Ablation is also
useful in patients with symptomatic atrial flutter or during procedures for other supraven-
tricular arrhythmias [55]. In the context of COVID-19 infection, chemical cardioversion is
preferred over electrical cardioversion as an initial treatment for hemodynamically stable
patients [57]. Hypoxemia, inflammation, and electrolyte imbalances (hypokalemia, hypo-
magnesemia, acidosis) can trigger AF in COVID-19 and should be corrected; persistent AF
may require AAD therapy [5].

Urgent cardioversion should be considered in hemodynamically unstable patients,
including those with acute myocardial infarction or heart failure, when new-onset AF
contributes to instability. In critically ill patients with AF-related instability, intravenous
amiodarone is the antiarrhythmic of choice but should be used cautiously due to pulmonary
toxicity and hypotension risks. Intravenous diltiazem may provide adequate rate control
in selected cases. Transthoracic echocardiography (TTE) is recommended when cardiac
dysfunction or hemodynamic instability is suspected, and early anticoagulation can often
replace TEE. Cardiac computed tomography may serve as an alternative to evaluate left-
atrial appendage thrombus before cardioversion in stable patients [10].

In hospitalized patients receiving antiviral therapy who develop new-onset or re-
current AF without hemodynamic instability, discontinuation of AADs and initiation
of rate control therapy—preferably with beta-blockers or, if not contraindicated, non-
dihydropyridine calcium channel blockers, with or without digoxin—is recommended to
enable safe antiviral treatment and reduce QT prolongation risk. QT prolongation risk
may be further increased by concomitant use of QT-prolonging agents (e.g., hydroxy-
chloroquine, azithromycin, lopinavir/ritonavir), myocardial inflammation, and electrolyte
disturbances [10]. Therefore, potential drug-drug interactions between antivirals and
AADs should always be assessed before therapy [10,51].

Amiodarone (class III AAD) is metabolized by CYP3A4 and CYP2C8, and inhibitors
of these enzymes can increase plasma levels [58]. Guidelines recommend caution with co-
administration due to amiodarone’s long half-life [47]. Nirmatrelvir-ritonavir (Paxlovid),
a protease inhibitor with strong CYP3A4 inhibition, can elevate amiodarone levels and
associated adverse effects [59]. Propafenone (class Ic AAD), metabolized by CYP2D6,
CYP3A4, and CYP1A2, may also interact with enzyme inhibitors, increasing the risk of
QRS prolongation, ventricular arrhythmias, and interactions with beta-blockers [50]. Close
monitoring and dose adjustment are advised, with ECG surveillance for QTc prolongation
or torsades de pointes. Overall, AADs exhibit mild interactions with tocilizumab, moderate
with corticosteroids, and moderate-to-severe with antibiotics, while no interactions have
been reported with remdesivir [51].

Verapamil and diltiazem inhibit CYP3A4 and P-glycoprotein; co-administration with
inhibitors may necessitate dose reduction. Beta-blockers (metoprolol, carvedilol, propra-
nolol) are metabolized via CYP2D6; digoxin is eliminated via P-glycoprotein, requiring
monitoring. No dose adjustment is needed with tocilizumab. Based on clinical experience
and drug-drug interaction risk, beta-blockers are first-line for rate control [51].

Initial observations in Wuhan, China, followed by worldwide reports, suggested that
thromboembolic complication incidence ranged from 15% to 85% [58]. Current guide-
lines recommend anticoagulation for patients with AF and CHA2DS2-VASc score >2 in
men (>3 in women), and it should be considered for those with scores >1 in men (>2 in
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women) [55]. Hospitalized COVID-19 patients are typically over 65 years old and present
with two or more comorbidities in approximately 70% of cases, so most AF patients require
long-term anticoagulation [60,61].

In hemodynamically stable hospitalized COVID-19 patients with AF, anticoagula-
tion may be achieved using unfractionated heparin (UFH), low-molecular-weight heparin
(LMWH), or direct oral anticoagulants (DOACs), depending on oral intake, renal function,
and clinical status. Some investigational COVID-19 therapies, such as lopinavir/ritonavir
(CYP3A4) and antimalarials (P-glycoprotein), may interact with DOACs, increasing bleed-
ing risk; in such cases, DOACs should be avoided. DOACs are generally preferred over
vitamin K antagonists (VKAs) due to fixed dosing and better safety profiles [10].

According to Tomaszuk-Kazberuk et al., AF patients receiving VKA therapy hospi-
talized for COVID-19 pneumonia—including those with prosthetic valves or moderate-
to-severe mitral stenosis—should be transitioned to LMWH or UFH, primarily due to
drug-drug interaction risk [51]. VKA therapy requires frequent international normalized
ratio (INR) monitoring, increasing infection risk, so VKAs are reserved for patients with
mechanical valves or antiphospholipid syndrome [10]. Vitamin K deficiency, affecting
proteins C, S, and matrix Gla protein, may worsen COVID-19 outcomes; Dutch data show
low vitamin K is associated with higher ventilation needs and mortality [62].

COVID-19 treatment has evolved significantly. Experimental therapies including
azithromycin, chloroquine, hydroxychloroquine, convalescent plasma, interferon beta,
and lopinavir/ritonavir have proven ineffective, and some interact with anticoagulants or
AADs. Current management of mild cases focuses on rehydration, antipyretics, antitus-
sives, and inhaled budesonide. Moderate-to-severe pneumonia is treated with remdesivir,
tocilizumab, dexamethasone, or methylprednisolone. Most hospitalized patients require
respiratory support, from supplemental oxygen to mechanical ventilation or extracorpo-
real membrane oxygenation (ECMO). Antibiotics are reserved for confirmed or suspected
bacterial co-infections [51].

A 2022 study by Bistrovic et al. [63] in 1752 hospitalized COVID-19 patients (876 treated
with remdesivir, 876 matched controls) found that 188 patients had AF. AF patients had
higher mortality than non-AF patients (50.5% vs. 29.2%). Remdesivir improved survival
(29.2% vs. 33.8%); among AF patients, mortality was lower with remdesivir compared
to controls (43.2% vs. 57%), particularly when administered before high-flow oxygen
therapy or mechanical ventilation. No benefit was observed when given during advanced
respiratory support. Early remdesivir may improve survival in COVID-19 patients with
and without AF, possibly via antiviral effects and better heart rate control.

The COVID-19 pandemic has profoundly impacted medicine. Despite telemedicine
and hospital protocols, access to care remains limited, especially for chronic patients, risking
exacerbations and complications. Clinicians must remain vigilant for COVID-19’s early and
late effects, its impact on chronic diseases, and potential therapy interactions [51]. During
the pandemic, in-person visits were often replaced by video consultations, and medical
information was provided digitally to ensure safe care. Hospitals increasingly adopted
telemedicine and remote monitoring tools, including personal ECG devices. However,
many countries still lack regulatory frameworks for authorization and reimbursement, and
the efficacy and safety of these solutions, particularly in emergencies, remain uncertain.
Further research is needed before telemedicine can be fully implemented in routine AF
management [64].

6. Monitoring and Future Directions

The key issue after suffering COVID-19 is that patients, especially those with heart rate
disorders such as AF, should be constantly monitored because of possible unpredictable
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process and outcomes of this supraventricular arrhythmia, like ischemic stroke or heart
failure [65,66]. In the research from 2022 by Dewland et al. [67], 51 adult patients with
no significant medical history were submitted to 14-day continuous ambulatory electro-
cardiographic monitoring after a COVID-19 diagnosis (median time between the viral
test and the examination was 75 days). In the study by Khan et al. [50], it is shown that
temporary transient rhythm disturbances referred to almost all patients. Most of the situa-
tions were associated with sinus rhythm and sinus tachycardia. This means that although
atrial fibrillation is probably not one of the most common short-term consequences of
COVID-19 infection, other heart rhythm disorders may appear. Moreover, there is a need
for discovering long-term side-effects of this viral disease, and monitoring can help in
reaching this goal.

The study by Hamdy et al. [68] from 2024 is concentrated basically on detecting
ventricular arrhythmias, but it emphasizes the clinical rationale to prevent them from more
serious consequences. A group of 60 people with no earlier cardiac disorders who were
between one and six months after recovering from COVID-19 and underwent ventricular
arrhythmias during the infection were submitted to 24 h ambulatory Holter ECG and
TTE. Scientists propounded a conclusion that this group of patients frequently suffer from
prolonged systemic inflammation with increased CRP and troponins as well as subclinical
myocarditis and impairment of left ventricle function. These parameters may predispose
to development of hypertension, heart failure, enlargement of left atrium, and, finally,
atrial fibrillation.

COVID-19 infection can trigger arrythmias probably because of cytotoxic injury and
microvascular damage, which cause increased fibroblast proliferation, reduced myocardial
compliance, receptor and mediator dysfunction, and gap junction disorders. This leads to
uncontrolled propagation of electric impulses within the myocardium [69]. Heart structure
remodeling is a long-lasting issue, so patients should be observed for many months, which
raises the chance of noticing expanding complications.

Unfavorable structural changes of the left atrium were also mentioned in a study from
2023 by ZeinElabdeen et al. [70]. Usage of speckle tracking echocardiography (STE) in
63 COVID-19 patients with no significant past medical history 4-12 weeks after recovery
shows that nearly one-third of examined people experienced breathlessness and deteriora-
tion of exercise tolerance connected with impaired left-atrial strain, which can contribute to
disorder of left-ventricular diastolic function.

A useful option in non-invasive monitoring is wearable sensors [71]. Participants
downloaded the application ‘MyDataHelps’ to their smartphones. The measured param-
eters were step count, resting heart rate, and sleep quantity. They were also encouraged
to complete a survey about their symptoms in case of COVID-19 infection or vaccination.
In this study above, it is illustrated that there is a significant difference in results between
groups of people with and without long-COVID; moreover, the disease process was more
severe in women, younger people, and unvaccinated patients. The data gathered by the
sensors help doctors observe the well-being of their patients and help patients cope with
long-term consequences of the viral disease.

There are also studies based on observations of heart rate variability (HRV) [72]. These
are subtle (millisecond-long) differences in periods between two heart beats dependent
on organism’s adaptability to different situations and on the balance between work of the
sympathetic and parasympathetic nervous systems. Greater fluctuations in this indicator
suggest more effective functioning of the autonomic nervous system. Among factors that
have an impact on HRV are age, gender, alcohol, smoking, circadian rhythm, elements, or
the work environment, such as electromagnetic devices, as well as infections. Measuring
HRYV during COVID-19 infection can be valuable because systemic inflammation caused
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by the disease has an influence on the parasympathetic nervous system’s work. Natarajan
et al. [73] conducted their examination using a Fitbit and photoplethysmogram (PPG) and
noticed that, in most cases, HRV decreases after a positive reverse-transcriptase polymerase
chain reaction (RT-PCR) COVID-19 test. Similar results appeared in the study organized by
Hasty et al. [74]. The applied technologies were Warfighter Monitor and ECG. Observed
decreases in HRV correlated with elevation of CRP level during the infection. Another
article’s authors deal with continuous monitoring of pregnant women with COVID-19
diagnosis [75]. Participants wore Ava bracelets. There was also usage of PPG. Apart from
changes in HRYV, it was noticed that resting heart rate (RHR) and respiratory rate (RR)
increased when HRV reached lower values. Additionally, duration of deep sleep was
reduced. There were also trials to predict onset of COVID-19 disease based on measured
HRV level. Hijazi et al. present an Al model that consisted of two blocks that were
helpful in differentiation in terms of whether a person is probably SARS-CoV-2-affected or
not [76]. The first part of this system is focused on measuring HRV and beats per minute
(BPM), and the second block is responsible for very accurate sequential data processing
(for example, time series data). Following the scientists’ conclusions, these algorithms offer
a possibility to suspect developing COVID-19 around 2 days before symptom exposure.
An analogous study was conducted by Hirten et al. [77]. They described an association
between data gathered with the aim of Apple Watches worn by patients (HRV) and the
onset of viral infection. Noticeable changes in this parameter took place even 7 days before
initial symptomes.

Artificial intelligence algorithms were also a part of remote monitoring of ECG in a
group of patients using a biosensor—S-Patch EX [78]. The idea of this project was to help
general practitioners make appropriate treatment decisions in case the patients suffered
from cardiovascular disorders as a result of COVID-19 infection. In a group of 40 partici-
pants, almost one-third (13 patients) experienced arrhythmias, such as atrial fibrillation,
supraventricular tachycardia, or ventricular tachycardia. In comparison, standard monitor-
ing led to detecting abnormalities only in 7 people out of 200—but, finally, more of them
(25) had to visit a medical care institution because of dyspnea, palpitations, or chest pain.

There was also a comparison between usage of a 72 h wearable ECG patch and 24 h
Holter ECG monitoring in cardiogenic vertigo detection (health discomfort connected
mostly to bradyarrhythmias) [79]. The results of the study showed that the effective-
ness of these methods of patient remote monitoring is similar, although more patients
preferred to wear patches for their convenience. Other important methods necessary in
preventing serious consequences of arrhythmias are Mobile Cardiac Outpatient Telemetry
(MCOT; externally located monitor registering heart electrical activity) and Implantable
Loop Recorder (ILR; ECG-measuring device implanted subcutaneously) [80]. They are
mostly used to detect atrial fibrillation in patients after incident of ischemic stroke to avoid
similar events. The authors of the study demonstrate that both of them, especially MCOT,
contribute to a decrease in patient readmissions to hospital and to higher survivability. The
conclusion is that for detecting intermittent (including asymptomatic) periods of AF, the
best options are ECG patches or ECG Holter recorders worn for 72 h-14 days, whereas
smartwatches (PPG/PPG + ECG) can play a significant role in population screening and
continuous oversight over convalescents. On the other hand, ILR could be successfully
used in long-term control (years). A general summary of the mentioned methods of patient
monitoring is presented below in Table 2.
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Table 2. Comparison of methods of patient ECG monitoring [79,80].
Typical .
Method Type of Record Monitoring Main Advantages Main Limitations Typical Usage After
. COVID-19
Duration
Short monitoring First-line test for
24 h Holter Continuous Widely available, dura'tlor'1—1t is easy to patients w1§h .
ECG 2 three-lead /two- 24h inexpensive miss intermittent symptoms persisting
lead ECG P episodes of for a short time after
arrhythmias hospitalization
Continuous Longer recordin More expensive; Ambulatory detection
ECG patch . 72h-14d 8" & obligatory digital of intermittent
single-lead ECG better patient tolerance - . 1
analysis episodes of AF
PPG may generate
Smartwatch (.:01‘1’[11‘11.10115/ . Highly scalable, ability false n9t1f1cat10ns; Screening and
4 intermittent Continuous/ . required ECG long-term remote
(PPG* +1- . of passive long- . L o
lead ECG) PPG + on-demand passive alerts term detection confirmation; monitoring of
single-lead ECG differences in quality convalescents
between devices
Monitoring of patients
Continuous Detects most events; with high risk of
ILR3 subcutaneous Years effective in long- Invasive, expensive cardiovascular
ECG term monitoring incidents (for example,

after ischemic stroke)

Event-/patient-
activated ECG
(smartphone-
based)

Short single-lead
ECG,
patient-activated

Days-weeks

Good for symptomatic
episodes; encourages
patients to cooperate

with doctors; low cost

Missing asymptomatic
incidents

Registering recurrent
episodes in patients
who are willing to
report their symptoms

1 Atrial fibrillation, 2 electrocardiogram, ® implantable loop recorder, * photoplethysmogram.

According to these issues, there is an undeniable need for leading long-held registries
of patients” post-COVID-19 health implications. This will contribute not only to deepen
scientists” knowledge but also to effective development of medical care services offered
to convalescents. The key issue is to encourage patients to report their symptoms system-
atically and cooperate with their doctors [81]. These solutions can be priceless in cases of
another pandemic occurrence [82]. Gérska et al. mention noting variable categories (before,
during, and after infection) like demographics and lifestyle habits, genomics, quality of
life, comorbidities, vaccination, exposure, physical examination, presentation, vital signs,
laboratory tests, imaging, hospitalization, complications, treatment, immune response, and
functional tests [83].

It is important to diversify sources of information—surveys, clinical data, official
registries, electronic health records (EHRs), images, or biomarkers. In the PARTMO study
(mentioned above) led by Chow et al. [78], a virtual model was proposed that can be
useful in primary healthcare to telemonitor COVID-19 convalescents—even young, asymp-
tomatic people with no significant medical history—in terms of potential cardiovascular
repercussions, especially arrhythmias, with the aim of a wearable S-Patch biosensor.

Moreover, scientists introduced an application called PMcardio Al, which specializes in
detecting episodes of AF in hospitalized patients with COVID-19, reaching the effectiveness
of an experienced cardiologist and outdoing infectious disease specialists. The diagnostic
accuracy was 100% in an examined group of 116 patients [9].

There were also other trials that make use of gathered information and create Al
algorithms that will bond and interpret information, supporting general practitioners. Hid-
den Markov Models (HMMs) are tools which define a set of hidden conditions and judge
the probability of changes between them and the probability of appearance of expected
observations [84]. They can be based on different data such as ECG, ambulatory blood
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pressure (ABP), or PPG. There are also models consisting of neural network structures [85].
A Convolutional Neural Network (CNN) is a type of one-directional neural network that
learns thanks to filter optimization. They are used in data processing (including, for exam-
ple, text, image, and sound) and creating prognoses. Then, Recurrent Neural Networks
(RNNSs) focus on signal feedback—stimulation of one element can trigger the generation
of a lot of new sequences of features. A Deep Convolutional Neural Network (DCNN)
is a kind of CNN with multiple layers. Long Short-Term Memory (LSTM) is a variation
of RNN that is effective in information selection. It controls which data should be saved
and which should be deleted from memory. A similar solution is a Gated Recurrent Unit
(GRU), which uses gating in managing the flow of information. It reduces the problem of
ignoring some data from the past. Authors of a study comparing these models noticed that
matching of an eight-layer CNN with a short-cut connection and one-layer LSTM (8CSL) is
not only especially efficient in capturing demanded features but also in finding long-term
associations between pieces of information.

There is no clear-cut evidence that vaccination against SARS-CoV-2 has a direct impact
on reducing risk of atrial fibrillation as a consequence of COVID-19 infection, but it is safe
to say that it is definitely worth receiving such a vaccine. It gives the possibility of avoiding
serious implications of the disease because it helps the human organism prepare for quick
reaction and to eradicate virions thanks to the entered specific antibodies.

Nevertheless, there were some investigations into whether vaccines contribute to the
development of arrhythmias. There was a study by Shi et al. [86] analyzing the frequency
of arrhythmias in COVID-19-vaccinated people and in non-COVID19-vaccinated people.
Rhythm disorders were more common in the first group (3790.4 cases per million doses
versus 13.7 cases per million doses). The overall prevalence of arrhythmia after receiving a
vaccine was 561.3 cases per million doses. The research of Deshmukh et al. [87] revealed
a slight increase in AF incidence during 3 months after first-dose vaccination in a group
of 7757 people with cardiac implantable electronic devices (CIEDs), but this may also be
a result of coexistent age-progressive cardiac disorders. The authors of a summary from
2023 [88] indicate that the most common cardiac adverse effects of COVID-19 messenger
ribonucleic acid (mRNA) vaccines are myocarditis and pericarditis. Besides them, some
cases of arrhythmias were reported after Pfizer-BioNTech vaccine that were predominantly
premature ventricular contraction, non-sustained polymorphic ventricular tachycardia,
sustained unstable ventricular tachycardia, torsade de pointes, ventricular fibrillation,
transient but recurrent complete heart block, and extrasystoles, whereas Moderna vaccine
was associated mostly with ventricular tachycardia storm in long QT. There are some
molecular mechanisms suspected of provoking these disorders. One of them is that spike
protein of SARS-CoV-2 competes for ACE2 with ATII, and then increased accumulation of
ATII contributes to the development of overall inflammation, thrombosis, and endothelial
damage. Moreover, ATII leads to changes in transmembrane conductance and fosters
generation of reentrant rhythms which destabilize the heart’s synchronized work. The
authors of the study of Kattubadi et al. [89] also paid attention to side-effects of vaccines
from several producers. The most cases of atrial fibrillation were connected with Pfizer
(2.6%), followed by Moderna (1.8%) and Astra Zeneca (0.6%), in comparison with influenza
vaccine (0.4%). No correlation was observed between Johnson & Johnson’s vaccine and
incidents of AF.

Ischemic stroke, as well as pulmonary embolism (PE), belong to the most serious conse-
quences of deep vein thrombosis (DVT). According to the study by Kim et al. [90], patients
with COVID-19, regardless of any heart rhythm disorders, have an increased risk of DVT
and PE, which indicates the challenging role of anticoagulation management to avoid these
cardiovascular complications. The trial conducted by Lemos et al. [91] demonstrates that
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administration of enoxaparin in therapeutic doses leads to an increase in the partial pres-
sure of oxygen/fraction of inspired oxygen (PaO,/FiO,) ratio (an indicator of respiratory
efficiency) in mechanically ventilated patients. There is also a need for continuation of oral
thromboprophylaxis, for example, with the usage of rivaroxaban, in ambulatory treatment,
which reduces the risk of thromboembolic events during the first month after COVID-19
disease [92]. Of course, sustained anticoagulation management is highly recommended for
patients suffering from AF, an undeniable risk factor of hypercoagulability and ischemic
stroke [93].

7. Limitations

There is a need for conducting more long-term studies focused on detecting cases of
NOAF connected with COVID-19 infection, including division of patients into age groups.
Moreover, there are not enough studies concentrated on differentiation in terms of which
variant of coronavirus is responsible for most of these cases. The current lack of extensive
research is probably caused by the relatively short period of time (around six years) that
has passed since the beginning of the pandemic.

Usage of telemonitoring and Al is also not free of limitations. The suggested methods
of predicting the onset of COVID-19 infection are not specific for this disease—changes in
HRYV occur in different situations, which have an influence on the parasympathetic system
and lead to systemic inflammation, including infectious diseases, alcohol, smoking, or the
work environment. Additionally, even the most developed Al algorithms are not able to
gather and correlate all of the patient’s data and cannot replace experienced doctor analysis
or medical examination, such that neither physicians nor patients should only rely on
the results shown by wearable devices. There are also differences in effectiveness of the
types of ECG monitoring. Holter ECG is characterized by a short duration (24 h), which
poses a risk of missing periodic episodes of arrhythmias. Usage of ECG patches demands
implementation of digital analysis. PPG is not fully sensitive and specific, so it could
generate inadequate notifications. Smartphone-based ECG may not detect asymptomatic
episodes of AF because it requires activation by the patient who notices symptoms of
arrhythmia, like palpitations or dyspnea.

8. Conclusions

AF is one of the most important cardiovascular complications associated with SARS-
CoV-2 infection, resulting from a complex interplay of systemic inflammation, myocardial
injury, endothelial dysfunction, and autonomic imbalance [15,20,23]. Both pre-existing
AF and NOAF are linked to severe COVID-19 and worse in-hospital outcomes, includ-
ing higher rates of ICU admission, mechanical ventilation, thromboembolic events, and
mortality [1,3,39,42].

In COVID-19, AF represents a marker of global physiological stress and multi-organ
dysfunction rather than an independent pathogenic process [39,41]. Cytokine storm, RAAS
activation, and downregulation of ACE2 promote myocardial fibrosis and electrical remod-
eling [15,20,24], while hypoxia, metabolic disturbances, and sympathetic overactivation
further enhance arrhythmogenesis [33,34].

NOATF significantly increases short-term mortality risk, whereas persistent AF carries
the highest long-term risk [41,45]. After COVID-19, many patients remain vulnerable to AF
and other rhythm disturbances due to lingering myocardial inflammation and structural
remodeling [46,47], with elevated risk lasting at least one year [4,43].

For this reason, long-term rhythm monitoring is essential. Telemedicine and digital
tools—ECG patches, ILRs, MCOT, and PPG-based smartwatches—allow for early detection
of subclinical AF [71,79,80]. Al algorithms, including CNNs, LSTMs, and hybrid models,
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improve diagnostic accuracy and risk stratification [83,84]; for example, PMcardio Al
achieves accuracy comparable to cardiologists [9].

Post-COVID care should focus on early arrhythmia detection, optimization of anti-
coagulation, and management of cardiovascular risk factors. Telecardiology can reduce
rehospitalizations and improve long-term outcomes [6,51,78]. Large registries of COVID-19
survivors are also needed [79,81].

Although vaccination does not directly affect AF incidence, it significantly reduces the
risk of severe infection and cardiovascular complications [86,87]. Continued research on
vaccine safety, viral pathophysiology, and long-term cardiac effects is essential [88,89].

In summary, AF in COVID-19 is both a prognostic marker and a therapeutic target.
Combining traditional cardiology with telemedicine and Al-based monitoring can reduce
complications and improve quality of life in the post-pandemic era.
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ACE2 Angiotensin-Converting Enzyme 2
AAD Antiarrhythmic Drug

AF Atrial Fibrillation

AFL Atrial Flutter

Al Artificial Intelligence

AMI Acute Myocardial Infarction

Ang?2 Angiopoietin-2

ARDS Acute Respiratory Distress Syndrome
ATII Angiotensin II

ATP Adenosine Triphosphate

BMI Body Mass Index

BNP B-type Natriuretic Peptide

BPM Beats Per Minute

CAC Coronary Artery Calcium

CAD Coronary Artery Disease

CaMKII Calcium/Calmodulin-Dependent Protein Kinase II
CIED Cardiac Implantable Electronic Device
COPrD Chronic Obstructive Pulmonary Disease
COVID Coronavirus Disease 2019

CNN Convolutional Neural Network

CRP C-Reactive Protein

CT Computed Tomography

DCNN Deep Convolutional Neural Network
DOAC Direct Oral Anticoagulant

DVT Deep Vein Thrombosis

EAT Epicardial Adipose Tissue

ECG Electrocardiogram

ECMO Extracorporeal Membrane Oxygenation

EHRs Electronic Health Records
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FiO, Fraction of Inspired Oxygen

GRU Gated Recurrent Unit

HIF Hypoxia-Inducible Factor

HMM Hidden Markov Model

HRT Heart Rate Turbulence

HRV Heart Rate Variability

ICU Intensive Care Units

1K1 Inward Rectifier Potassium Current (type 1)
IL Interleukin

ILR Implantable Loop Recorder

INR International Normalized Ratio

KDR Kinase Insert Domain Receptor
LMWH Low-Molecular-Weight Heparin
LST™M Long Short-Term Memory

mRNA Messenger Ribonucleic Acid

MACE Major Adverse Cardiovascular Events
MCOT Mobile Cardiac Outpatient Telemetry
MMP Matrix Metalloproteinase

NAD* Nicotinamide Adenine Dinucleotide
NOAF New-Onset Atrial Fibrillation

PaO, Partial Pressure of Oxygen

PE Pulmonary Embolism

Pediatric Inflammatory Multisystem Syndrome Temporally Associated

PIMS-TS with SARS-CoV-2

PPG Photoplethysmogram

RAAS Renin-Angiotensin—-Aldosterone System

RhoA Ras Homolog Family Member A

RHR Resting Heart Rate

RNN Recurrent Neural Network

RR Respiratory Rate

RRT Renal Replacement Therapy

RT-PCR Reverse-Transcriptase Polymerase Chain Reaction
RyR Ryanodine Receptor

SARS-CoV-2  Severe Acute Respiratory Syndrome Coronavirus 2
STE Speckle Tracking Echocardiography

TEE Transesophageal Echocardiography

TTE Transthoracic Echocardiography

TGF-31 Transforming Growth Factor Beta 1

TNF-« Tumor Necrosis Factor Alpha

UFH Unfractionated Heparin

VEGF Vascular Endothelial Growth Factor

VKA Vitamin K Antagonist

References

1.  Rosenblatt, A.G.; Ayers, C.R.; Rao, A.; Howell, S.J.; Hendren, N.S.; Zadikany, R.H.; Ebinger, J.E.; Daniels, J.D.; Link, M.S.; de
Lemos, J.A,; et al. New-Onset Atrial Fibrillation in Patients Hospitalized with COVID-19: Results from the American Heart
Association COVID-19 Cardiovascular Registry. Circ. Arrhythmia Electrophysiol. 2022, 15, €010666. [CrossRef] [PubMed]

2. Rosh, B.; Naoum, I; Barnett-Griness, O.; Najjar-Debbiny, R.; Saliba, W. Association between SARS-CoV-2 infection and new-onset
atrial fibrillation. Int. J. Cardiol. 2023, 392, 131298. [CrossRef] [PubMed]

3. Shen, N.N.; Wang, J.L.; Liu, X.W,; Fu, Y.P,; Chen, X.F. A pooled analysis of the incidence and mortality risk of atrial fibrillation in
patients with COVID-19. Peer] 2024, 12, e18330. [CrossRef] [PubMed] [PubMed Central]

4. Rathore, S.S.; Atulkar, A.; Remala, K.; Corrales, V.V.; Farrukh, A.M.; Puar, RK.; Yao, S.J.N.; Ganipineni, V.D.P;; Patel, N.; Thota, N.;
et al. A systematic review and meta-analysis of new-onset atrial fibrillation in the context of COVID-19 infection. J. Cardiovasc.
Electrophysiol. 2024, 35, 478-487. [CrossRef] [PubMed]


https://doi.org/10.1161/CIRCEP.121.010666
https://www.ncbi.nlm.nih.gov/pubmed/35475654
https://doi.org/10.1016/j.ijcard.2023.131298
https://www.ncbi.nlm.nih.gov/pubmed/37652274
https://doi.org/10.7717/peerj.18330
https://www.ncbi.nlm.nih.gov/pubmed/39430559
https://pmc.ncbi.nlm.nih.gov/articles/PMC11490229
https://doi.org/10.1111/jce.16169
https://www.ncbi.nlm.nih.gov/pubmed/38185923

Biomedicines 2025, 13, 2889 20 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

Bernstein, H.M.; Paciotti, B.; Srivatsa, U.N. Incidence and implications of atrial fibrillation in patients hospitalized for COVID
compared to non-COVID pneumonia: A multicenter cohort study. Heart Rhythm O2 2023, 4, 3-8. [CrossRef] [PubMed] [PubMed
Central]

Tolu-Akinnawo, O.; Ezekwueme, F.; Awoyemi, T. Telemedicine in Cardiology: Enhancing Access to Care and Improving Patient
Outcomes. Cureus 2024, 16, €62852. [CrossRef] [PubMed] [PubMed Central]

Zuin, M.; Ojeda-Fernandez, L.; Torrigiani, G.; Bertini, M. Risk of incident atrial fibrillation after COVID-19 infection: A systematic
review and meta-analysis. Heart Rhythm 2024, 21, 1613-1620. [CrossRef] [PubMed]

Shakir, M.; Hassan, S.M.; Adil, U.; Abidi, S.M.A.; Ali, S.A. Unveiling the silent threat of new onset atrial fibrillation in COVID-19
hospitalized patients: A retrospective cohort study. PLoS ONE 2024, 19, €0291829. [CrossRef] [PubMed] [PubMed Central]
Vainoryte, R.; Jucevicius, J.; Baubonis, E.; Naudziunas, A.; Alisauskas, A.; Kalinauskiene, E. Electrocardiographic diagnostic
possibilities for atrial fibrillation using artificial intelligence: Differentiation from sinus rhythm and other arrhythmias with the
PMcardio app in COVID-19 patients. J. Electrocardiol. 2025, 91, 154020. [CrossRef] [PubMed]

Gawatko, M.; Duncker, D.; Manninger, M.; van der Velden, RM.].; Hermans, A.N.L.; Verhaert, D.V.M.; Pison, L.; Pisters, R.;
Hemels, M.; Sultan, A.; et al. The European TeleCheck-AF project on remote app-based management of atrial fibrillation during
the COVID-19 pandemic: Centre and patient experiences. Europace 2021, 23, 1003-1015. [CrossRef] [PubMed] [PubMed Central]
Dong, E.; Du, H.; Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 2020, 20,
533-534. Erratum in Lancet Infect. Dis. 2020, 20, e215. https://doi.org/10.1016/51473-3099(20)30509-0. [CrossRef] [PubMed]
[PubMed Central]

Kuck, K.H,; Schliiter, M.; Vogler, J.; Heeger, C.H,; Tilz, R R. Has COVID-19 changed the spectrum of arrhythmias and the incidence
of sudden cardiac death? Herz 2023, 48, 212-217. [CrossRef] [PubMed] [PubMed Central]

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 2020, 323, 1061-1069.
[CrossRef] [PubMed] [PubMed Central]

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

Musikantow, D.R.; Turagam, M.K.; Sartori, S.; Chu, E.; Kawamura, I.; Shivamurthy, P.; Bokhari, M.; Oates, C.; Zhang, C.; Pumill,
C.; et al. Atrial Fibrillation in Patients Hospitalized With COVID-19: Incidence, Predictors, Outcomes, and Comparison to
Influenza. JACC Clin. Electrophysiol. 2021, 7, 1120-1130. [CrossRef] [PubMed] [PubMed Central]

Paris, S.; Inciardi, R.M.; Lombardi, C.M.; Tomasoni, D.; Ameri, P.; Carubelli, V.; Agostoni, P.; Canale, C.; Carugo, S.; Danzi, G.;
et al. Implications of atrial fibrillation on the clinical course and outcomes of hospitalized COVID-19 patients: Results of the
Cardio-COVID-Italy multicentre study. Europace 2021, 23, 1603-1611. [CrossRef] [PubMed] [PubMed Central]

Slipczuk, L.; Castagna, F.; Schonberger, A.; Novogrodsky, E.; Dey, D.; Jorde, U.P; Levsky, ].M.; Di Biase, L.; Garcia, M.]. Incidence
of new-onset atrial fibrillation in COVID-19 is associated with increased epicardial adipose tissue. J. Interv. Card. Electrophysiol.
2022, 64, 383-391. [CrossRef] [PubMed] [PubMed Central]

Hu, D.; Barajas-Martinez, H.; Zhang, Z.H.; Duan, H.Y,; Zhao, Q.Y.; Bao, M.W.; Du, Y.-M.; Burashnikov, A.; Monasky, M.M.;
Pappone, C.; et al. Advances in basic and translational research in atrial fibrillation. Philos. Trans. R. Soc. Lond B Biol. Sci. 2023,
378, 20220174. [CrossRef] [PubMed] [PubMed Central]

Donniacuo, M.; De Angelis, A.; Rafaniello, C.; Cianflone, E.; Paolisso, P; Torella, D.; Sibilio, G.; Paolisso, G.; Castaldo, G.; Urbanek,
K.; et al. COVID-19 and atrial fibrillation: Intercepting lines. Front. Cardiovasc. Med. 2023, 10, 1093053. [CrossRef] [PubMed]
[PubMed Central]

Hu, Z.; Ding, L.; Yao, Y. Atrial fibrillation: Mechanism and clinical management. Chin. Med. J. 2023, 136, 2668-2676. [CrossRef]
[PubMed] [PubMed Central]

Shamloo, A.S.; Dagres, N.; Arya, A.; Hindricks, G. Atrial fibrillation: A review of modifiable risk factors and preventive strategies.
Romanian ]. Intern. Med. 2019, 57,99-109. [CrossRef] [PubMed]

Wadke, R. Atrial fibrillation. Dis. Mon. 2013, 59, 67-73. [CrossRef] [PubMed]

Liischer, T.E. Challenges in atrial fibrillation: Detection, alert systems, fibrosis, and infection. Eur. Heart J. 2020, 41, 1063-1066.
[CrossRef] [PubMed]

Stone, E.; Kiat, H.; McLachlan, C.S. Atrial fibrillation in COVID-19: A review of possible mechanisms. FASEB ]. 2020, 34,
11347-11354. [CrossRef] [PubMed]

Haissaguerre, M.; Jais, P.; Shah, D.C.; Takahashi, A.; Hocini, M.; Quiniou, G.; Garrigue, S.; Le Mouroux, A.; Le Métayer, P;
Clémenty, ]. Spontaneous initiation of atrial fibrillation by ectopic beats originating in the pulmonary veins. N. Engl. ]. Med. 1998,
339, 659-666. [CrossRef] [PubMed]

Xiao, X. The mechanistic insights into new-onset atrial fibrillation induced by SARS-CoV-2 infection. Int. ]. Cardiol. 2024, 397,
131587. [CrossRef] [PubMed]


https://doi.org/10.1016/j.hroo.2022.10.012
https://www.ncbi.nlm.nih.gov/pubmed/36439283
https://pmc.ncbi.nlm.nih.gov/articles/PMC9675418
https://pmc.ncbi.nlm.nih.gov/articles/PMC9675418
https://doi.org/10.7759/cureus.62852
https://www.ncbi.nlm.nih.gov/pubmed/38912070
https://pmc.ncbi.nlm.nih.gov/articles/PMC11192510
https://doi.org/10.1016/j.hrthm.2024.04.064
https://www.ncbi.nlm.nih.gov/pubmed/38636931
https://doi.org/10.1371/journal.pone.0291829
https://www.ncbi.nlm.nih.gov/pubmed/38241337
https://pmc.ncbi.nlm.nih.gov/articles/PMC10798512
https://doi.org/10.1016/j.jelectrocard.2025.154020
https://www.ncbi.nlm.nih.gov/pubmed/40381607
https://doi.org/10.1093/europace/euab050
https://www.ncbi.nlm.nih.gov/pubmed/33822029
https://pmc.ncbi.nlm.nih.gov/articles/PMC8083545
https://doi.org/10.1016/S1473-3099(20)30120-1
https://www.ncbi.nlm.nih.gov/pubmed/32087114
https://pmc.ncbi.nlm.nih.gov/articles/PMC7159018
https://doi.org/10.1007/s00059-023-05186-2
https://www.ncbi.nlm.nih.gov/pubmed/37277617
https://pmc.ncbi.nlm.nih.gov/articles/PMC10241132
https://doi.org/10.1001/jama.2020.1585
https://www.ncbi.nlm.nih.gov/pubmed/32031570
https://pmc.ncbi.nlm.nih.gov/articles/PMC7042881
https://doi.org/10.1016/j.hrthm.2020.06.016
https://www.ncbi.nlm.nih.gov/pubmed/32585191
https://pmc.ncbi.nlm.nih.gov/articles/PMC7307518
https://doi.org/10.1016/j.jacep.2021.02.009
https://www.ncbi.nlm.nih.gov/pubmed/33895107
https://pmc.ncbi.nlm.nih.gov/articles/PMC7904279
https://doi.org/10.1093/europace/euab146
https://www.ncbi.nlm.nih.gov/pubmed/34297833
https://pmc.ncbi.nlm.nih.gov/articles/PMC8344555
https://doi.org/10.1007/s10840-021-01029-4
https://www.ncbi.nlm.nih.gov/pubmed/34231098
https://pmc.ncbi.nlm.nih.gov/articles/PMC8260236
https://doi.org/10.1098/rstb.2022.0174
https://www.ncbi.nlm.nih.gov/pubmed/37122214
https://pmc.ncbi.nlm.nih.gov/articles/PMC10150218
https://doi.org/10.3389/fcvm.2023.1093053
https://www.ncbi.nlm.nih.gov/pubmed/36755799
https://pmc.ncbi.nlm.nih.gov/articles/PMC9899905
https://doi.org/10.1097/CM9.0000000000002906
https://www.ncbi.nlm.nih.gov/pubmed/37914663
https://pmc.ncbi.nlm.nih.gov/articles/PMC10684204
https://doi.org/10.2478/rjim-2018-0045
https://www.ncbi.nlm.nih.gov/pubmed/30648669
https://doi.org/10.1016/j.disamonth.2012.12.002
https://www.ncbi.nlm.nih.gov/pubmed/23410667
https://doi.org/10.1093/eurheartj/ehaa153
https://www.ncbi.nlm.nih.gov/pubmed/33216858
https://doi.org/10.1096/fj.202001613
https://www.ncbi.nlm.nih.gov/pubmed/33078484
https://doi.org/10.1056/NEJM199809033391003
https://www.ncbi.nlm.nih.gov/pubmed/9725923
https://doi.org/10.1016/j.ijcard.2023.131587
https://www.ncbi.nlm.nih.gov/pubmed/37956761

Biomedicines 2025, 13, 2889 21 of 24

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Stasiak, A.; Kedziora, P; Kierzkowska, B.; Niewiadomska-Jarosik, K.; Perdas, E.; Smolewska, E. Changes in the cardiovascular
system in children with pediatric multisystem inflammatory syndrome temporally associated with COVID-19—A single center
experience. Int. ]. Cardiol. 2022, 361, 126-133. [CrossRef] [PubMed] [PubMed Central]

Pefia, ].M.; MacFadyen, J.; Glynn, R.J.; Ridker, PM. High-sensitivity C-reactive protein, statin therapy, and risks of atrial fibrillation:
An exploratory analysis of the JUPITER trial. Eur. Heart J. 2012, 33, 531-537. [CrossRef] [PubMed] [PubMed Central]

Butt, ].H.; Olesen, ].B.; Havers-Borgersen, E.; Gundlund, A.; Andersson, C.; Gislason, G.H.; Torp-Pedersen, C.; Keber, L.; Fosbel,
E.L. Risk of Thromboembolism Associated With Atrial Fibrillation Following Noncardiac Surgery. J. Am. Coll. Cardiol. 2018, 72,
2027-2036. [CrossRef] [PubMed]

Conen, D.; Ridker, PM.; Everett, B.M.; Tedrow, U.B.; Rose, L.; Cook, N.R.; Buring, ].E.; Albert, C.M. A multimarker approach to
assess the influence of inflammation on the incidence of atrial fibrillation in women. Eur. Heart J. 2010, 31, 1730-1736. [CrossRef]
[PubMed] [PubMed Central]

Kallergis, E.M.; Manios, E.G.; Kanoupakis, E.M.; Mavrakis, H.E.; Kolyvaki, S.G.; Lyrarakis, G.M.; I Chlouverakis, G.; E Vardas,
P. The role of the post-cardioversion time course of hs-CRP levels in clarifying the relationship between inflammation and
persistence of atrial fibrillation. Heart 2008, 94, 200-204. [CrossRef] [PubMed]

Chen, L.; Li, X.; Chen, M.; Feng, Y.; Xiong, C. The ACE2 expression in human heart indicates new potential mechanism of heart
injury among patients infected with SARS-CoV-2. Cardiovasc. Res. 2020, 116, 1097-1100. [CrossRef] [PubMed] [PubMed Central]
Babapoor-Farrokhran, S.; Gill, D.; Alzubi, J.; Mainigi, S.K. Atrial fibrillation: The role of hypoxia-inducible factor-1-regulated
cytokines. Mol. Cell. Biochem. 2021, 476, 2283-2293. [CrossRef] [PubMed]

Gramley, F,; Lorenzen, J.; Jedamzik, B.; Gatter, K.; Koellensperger, E.; Munzel, T.; Pezzella, F. Atrial fibrillation is associated with
cardiac hypoxia. Cardiovasc. Pathol. 2010, 19, 102-111. [CrossRef] [PubMed]

Pool, L.; Wijdeveld, L.E].M.; de Groot, N.M.S.; Brundel, B.J.].M. The Role of Mitochondrial Dysfunction in Atrial Fibrillation:
Translation to Druggable Target and Biomarker Discovery. Int. J. Mol. Sci. 2021, 22, 8463. [CrossRef] [PubMed] [PubMed Central]
Mauriello, A.; Correra, A.; Molinari, R.; Del Vecchio, G.E.; Tessitore, V.; D’Andrea, A.; Russo, V. Mitochondrial Dysfunction in
Atrial Fibrillation: The Need for a Strong Pharmacological Approach. Biomedicines 2024, 12, 2720. [CrossRef]

Gad, B.K,; Arafa, M.A.; Attia, A.F; Farahat, A.H.; Abdou, M.S. Depression, anxiety, and stress among COVID-19 patients in South
Sinai, Egypt: Prevalence and associated predictors. Sci. Rep. 2023, 13, 19193. [CrossRef] [PubMed] [PubMed Central]

Wu, H,; Li, C,; Li, B.; Zheng, T.; Feng, K.; Wu, Y. Psychological factors and risk of atrial fibrillation: A meta-analysis and systematic
review. Int. ]. Cardiol. 2022, 362, 85-92. [CrossRef] [PubMed]

Zhang, T.; Gui, P; Wang, B. Complications of new-onset atrial fibrillation in critically ill COVID-19 patients admitted to the
intensive care unit (ICU): A meta-analysis. BMC Cardiovasc. Disord. 2024, 24, 407. [CrossRef] [PubMed] [PubMed Central]
Bhuiya, T.; Shah, P.P; Lau, W.H.; Park, T.; Munshi, RF; Hai, O.; Zeltser, R.; Makaryus, A.N. EEmergence of Atrial Fibrillation and
Flutter in COVID-19 Patients: A Retrospective Cohort Study. Healthcare 2024, 12, 1682. [CrossRef] [PubMed] [PubMed Central]
Ko, D.; Treu, TM.; Tarko, L.; Ho, Y.-L.; Preis, S.R.; Trinquart, L.; Gagnon, D.R.; Monahan, K.M.; Helm, R.H.; Orkaby, A.R,;
et al. Incidence and prognostic significance of newly-diagnosed atrial fibrillation among older U.S. veterans hospitalized with
COVID-19. Sci. Rep. 2024, 14, 952. [CrossRef] [PubMed] [PubMed Central]

Spruit, J.; Jansen, RW.M.M.; de Groot, J.; de Vries, T.; Hemels, M.; Douma, R.; de Haan, L.R.; Brinkman, K.; Moeniralam, H.S.; de
Kruif, M.; et al. Does atrial fibrillation affect prognosis in hospitalised COVID-19 patients? A multicentre historical cohort study
in the Netherlands. BMJ Open 2023, 13, e071137. [CrossRef]

Gopinathannair, R.; Olshansky, B.; Chung, M.K.; Gordon, S.; Joglar, ].A.; Marcus, G.M.; Mar, PL.; Russo, A.M,; Srivatsa, U.N.;
Wan, E.Y,; et al. Cardiac Arrhythmias and Autonomic Dysfunction Associated with COVID-19: A Scientific Statement From the
American Heart Association. Circulation 2024, 150, e449—e465. [CrossRef] [PubMed]

Peltzer, B.; Manocha, K.K,; Ying, X.; Kirzner, J.; Ip, J.E.; Thomas, G.; Liu, C.E,; Markowitz, S.M.; Lerman, B.B.; Safford, M.M.;
et al. Outcomes and mortality associated with atrial arrhythmias among patients hospitalized with COVID-19. ]. Cardiovasc.
Electrophysiol. 2020, 31, 3077-3085. [CrossRef] [PubMed] [PubMed Central]

Zajac, A.; Wrona, E.; Kasprzak, J.D. Permanent and Persistent Atrial Fibrillations Are Independent Risk Factors of Mortality after
Severe COVID-19. |. Clin. Med. 2024, 13, 3112. [CrossRef] [PubMed] [PubMed Central]

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

Yilmaz, M.; Mirzaoglu, C. Individuals Recovered from Severe COVID-19 are Predispose to Develop Atrial Fibrillation. Int. J. Gen.
Med. 2025, 18, 4379-4390. [CrossRef] [PubMed] [PubMed Central]

Lim, K.R; Lee, S.; Kim, B.S.; Chun, K.J. Long-Term Clinical Implications of Atrial Fibrillation on Mortality in Patients Hospitalized
with COVID-19: A Nationwide Cohort Study. J. Clin. Med. 2023, 12, 6504. [CrossRef] [PubMed] [PubMed Central]

Potpara, T.; Romiti, G.F; Sohns, C. The 2024 European Society of Cardiology Guidelines for Diagnosis and Management of Atrial
Fibrillation: A Viewpoint from a Practicing Clinician’s Perspective. Thromb. Haemost. 2024, 124, 1087-1094. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ijcard.2022.05.030
https://www.ncbi.nlm.nih.gov/pubmed/35577166
https://pmc.ncbi.nlm.nih.gov/articles/PMC9106401
https://doi.org/10.1093/eurheartj/ehr460
https://www.ncbi.nlm.nih.gov/pubmed/22187510
https://pmc.ncbi.nlm.nih.gov/articles/PMC3279315
https://doi.org/10.1016/j.jacc.2018.07.088
https://www.ncbi.nlm.nih.gov/pubmed/30336826
https://doi.org/10.1093/eurheartj/ehq146
https://www.ncbi.nlm.nih.gov/pubmed/20501475
https://pmc.ncbi.nlm.nih.gov/articles/PMC2903714
https://doi.org/10.1136/hrt.2006.108688
https://www.ncbi.nlm.nih.gov/pubmed/17575330
https://doi.org/10.1093/cvr/cvaa078
https://www.ncbi.nlm.nih.gov/pubmed/32227090
https://pmc.ncbi.nlm.nih.gov/articles/PMC7184507
https://doi.org/10.1007/s11010-021-04082-9
https://www.ncbi.nlm.nih.gov/pubmed/33575876
https://doi.org/10.1016/j.carpath.2008.11.001
https://www.ncbi.nlm.nih.gov/pubmed/19211267
https://doi.org/10.3390/ijms22168463
https://www.ncbi.nlm.nih.gov/pubmed/34445167
https://pmc.ncbi.nlm.nih.gov/articles/PMC8395135
https://doi.org/10.3390/biomedicines12122720
https://doi.org/10.1038/s41598-023-45775-z
https://www.ncbi.nlm.nih.gov/pubmed/37932329
https://pmc.ncbi.nlm.nih.gov/articles/PMC10628151
https://doi.org/10.1016/j.ijcard.2022.05.048
https://www.ncbi.nlm.nih.gov/pubmed/35618103
https://doi.org/10.1186/s12872-024-04086-5
https://www.ncbi.nlm.nih.gov/pubmed/39103764
https://pmc.ncbi.nlm.nih.gov/articles/PMC11299389
https://doi.org/10.3390/healthcare12171682
https://www.ncbi.nlm.nih.gov/pubmed/39273707
https://pmc.ncbi.nlm.nih.gov/articles/PMC11395266
https://doi.org/10.1038/s41598-024-51177-6
https://www.ncbi.nlm.nih.gov/pubmed/38200186
https://pmc.ncbi.nlm.nih.gov/articles/PMC10781702
https://doi.org/10.1136/bmjopen-2022-071137
https://doi.org/10.1161/CIR.0000000000001290
https://www.ncbi.nlm.nih.gov/pubmed/39397661
https://doi.org/10.1111/jce.14770
https://www.ncbi.nlm.nih.gov/pubmed/33017083
https://pmc.ncbi.nlm.nih.gov/articles/PMC7675597
https://doi.org/10.3390/jcm13113112
https://www.ncbi.nlm.nih.gov/pubmed/38892823
https://pmc.ncbi.nlm.nih.gov/articles/PMC11172445
https://doi.org/10.1038/s41591-022-01689-3
https://www.ncbi.nlm.nih.gov/pubmed/35132265
https://pmc.ncbi.nlm.nih.gov/articles/PMC8938267
https://doi.org/10.2147/IJGM.S527058
https://www.ncbi.nlm.nih.gov/pubmed/40822898
https://pmc.ncbi.nlm.nih.gov/articles/PMC12357568
https://doi.org/10.3390/jcm12206504
https://www.ncbi.nlm.nih.gov/pubmed/37892642
https://pmc.ncbi.nlm.nih.gov/articles/PMC10607130
https://doi.org/10.1055/a-2434-9244
https://www.ncbi.nlm.nih.gov/pubmed/39374908

Biomedicines 2025, 13, 2889 22 of 24

50.

51.

52.
53.

54.

55.

56.

57.
58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Khan, H.; Barbhaiya, C. Atrial Fibrillation in COVID-19: Therapeutic Target or Grave Omen? Heart Lung Circ. 2021, 30, 1114-1116.
[CrossRef] [PubMed] [PubMed Central]

Tomaszuk-Kazberuk, A.; Kozifiski, M.; Domienik-Karlowicz, J.; Jaguszewski, M.; Darocha, S.; Wybraniec, M.; Dobrowolski, P;
Kupczyniska, K.; Michalski, B.; Wartha, W.; et al. Pharmacotherapy of atrial fibrillation in COVID-19 patients. Cardiol. J. 2021, 28,
758-766. [CrossRef] [PubMed] [PubMed Central]

Verma, K.P.; Wong, M. Atrial fibrillation. Aust. ]. Gen. Pract. 2019, 48, 694-699. [CrossRef] [PubMed]

Van Gelder, 1.C.; Hagens, V.E.; Bosker, H.A.; Kingma, ].H.; Kamp, O.; Kingma, T.; Said, S.A.; Darmanata, ].I; Timmermans, A.J.;
Tijssen, ].G.; et al. A comparison of rate control and rhythm control in patients with recurrent persistent atrial fibrillation. N. Engl.
J. Med. 2002, 347, 1834-1840. [CrossRef] [PubMed]

Chatterjee, S.; Sardar, P; Lichstein, E.; Mukherjee, D.; Aikat, S. Pharmacologic rate versus rhythm-control strategies in atrial
fibrillation: An updated comprehensive review and meta-analysis. Pacing Clin. Electrophysiol. 2013, 36, 122-133. [CrossRef]
[PubMed]

Joglar, J.A.; Chung, M.K.; Armbruster, A.L.; Benjamin, E.J.; Chyou, ].Y.; Cronin, E.M.; Deswal, A.; Eckhardt, L.L.; Goldberger,
Z.D.; Gopinathannair, R.; et al. 2023 ACC/AHA /ACCP/HRS Guideline for the Diagnosis and Management of Atrial Fibril-
lation: A Report of the American College of Cardiology/American Heart Association Joint Committee on Clinical Practice
Guidelines. Circulation 2024, 149, e1-e156, Erratum in Circulation 2024, 149, e167. https://doi.org/10.1161/CIR.0000000000001207;
Erratum in Circulation 2024, 149, e936. https://doi.org/10.1161/CIR.0000000000001218; Erratum in Circulation 2024, 149, e1413.
https://doi.org/10.1161/CIR.0000000000001263. [CrossRef] [PubMed] [PubMed Central]

Van Gelder, I.C.; Rienstra, M.; Bunting, K.V.; Casado-Arroyo, R.; Caso, V.; Crijns, H.].G.; De Potter, T.].R.; Dwight, J.; Guasti, L.;
Hanke, T.; et al. 2024 ESC Guidelines for the management of atrial fibrillation developed in collaboration with the European
Association for Cardio-Thoracic Surgery (EACTS): Developed by the task force for the management of atrial fibrillation of the
European Society of Cardiology (ESC), with the special contribution of the European Heart Rhythm Association (EHRA) of the
ESC. Endorsed by the European Stroke Organisation (ESO). Eur. Heart ]. 2024, 45, 3314-3414. [CrossRef]

Iisalo, E. Clinical pharmacokinetics of digoxin. Clin. Pharmacokinet. 1977, 2, 1-16. [CrossRef] [PubMed]

Latini, R.; Tognoni, G.; Kates, R.E. Clinical pharmacokinetics of amiodarone. Clin. Pharmacokinet. 1984, 9, 136-156. [CrossRef]
[PubMed]

Chung, Y.S.; Lam, C.Y.; Tan, PH.; Tsang, H.F.; Wong, S.C. Comprehensive Review of COVID-19: Epidemiology, Pathogenesis,
Advancement in Diagnostic and Detection Techniques, and Post-Pandemic Treatment Strategies. Int. |. Mol. Sci. 2024, 25, 8155.
[CrossRef] [PubMed] [PubMed Central]

Ribes, A.; Vardon-Bounes, F.; Mémier, V.; Poette, M.; Au-Duong, J.; Garcia, C.; Minville, V;; Sié, P.; Bura-Riviére, A.; Voisin, S.; et al.
Thromboembolic events and COVID-19. Adv. Biol. Regul. 2020, 77, 100735. [CrossRef] [PubMed] [PubMed Central]

Russo, V.; Rago, A.; Carbone, A.; Bottino, R.; Ammendola, E.; Della Cioppa, N.; Galante, D.; Golino, P.; Nigro, G. Atrial Fibrillation
in COVID-19: From Epidemiological Association to Pharmacological Implications. J. Cardiovasc. Pharmacol. 2020, 76, 138-145.
[CrossRef] [PubMed]

Dofferhoff, A.S.M.; Piscaer, I.; Schurgers, L.].; Visser, M.P].; van den Ouweland, ] M.W,; de Jong, P.A.; Gosens, R.; Hackeng, T.M.;
Van Daal, H.; Lux, P; et al. Reduced Vitamin K Status as a Potentially Modifiable Risk Factor of Severe Coronavirus Disease 2019.
Clin. Infect. Dis. 2021, 73, e4039—-e4046. [CrossRef] [PubMed] [PubMed Central]

Bistrovic, P.; Manola, S.; Papic, I.; Jordan, A.; Ortner Hadziabdic, M.; Lucijanic, M. Atrial fibrillation in COVID-19 patients
receiving remdesivir, matched case-control analysis. Am. ]J. Emerg. Med. 2022, 59, 182-183. [CrossRef] [PubMed] [PubMed
Central]

Blomstrém-Lundqvist, C. Effects of COVID-19 lockdown strategies on management of atrial fibrillation. Eur. Heart . 2020, 41,
3080-3082. [CrossRef] [PubMed] [PubMed Central]

Gladstone, D.J.; Wachter, R.; Schmalstieg-Bahr, K.; Quinn, ER.; Hummers, E.; Ivers, N.; Marsden, T.; Thornton, A.; Djuric, A,;
Suerbaum, J.; et al. Screening for Atrial Fibrillation in the Older Population: A Randomized Clinical Trial. JAMA Cardiol. 2021, 6,
558-567. [CrossRef]

Newman, J.; O'Meara, E.; Bohm, M.; Savarese, G.; Kelly, P.R.; Vardeny, O.; Allen, L.A.; Lancellotti, P.; Gottlieb, S.S.; Samad, Z.;
et al. Implications of Atrial Fibrillation for Guideline-Directed Therapy in Patients with Heart Failure: JACC State-of-the-Art
Review. JACC 2024, 83, 932-950. [CrossRef]

Dewland, T.A.; Whitman, LR.; Win, S.; Sanchez, ] M.; Olgin, ].E.; Pletcher, M.].; Santhosh, L.; Kumar, U.; Joyce, S.; Yang, V.; et al.
Prospective arrhythmia surveillance after a COVID-19 diagnosis. Open Heart 2022, 9, e001758. [CrossRef]

Hamdy, R.M.; Samy, M.; Mohamed, H.S. Clinical utility of ambulatory ECG monitoring and 2D-ventricular strain for evaluation
of post-COVID-19 ventricular arrhythmia. BMC Cardiovasc. Disord. 2024, 24, 429. [CrossRef]

Huseynov, A.; Akin, I.; Duerschmied, D.; Scharf, R.E. Cardiac Arrhythmias in Post-COVID Syndrome: Prevalence, Pathology,
Diagnosis, and Treatment. Viruses 2023, 15, 389. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1016/j.hlc.2021.06.001
https://www.ncbi.nlm.nih.gov/pubmed/34215363
https://pmc.ncbi.nlm.nih.gov/articles/PMC8240120
https://doi.org/10.5603/CJ.a2021.0088
https://www.ncbi.nlm.nih.gov/pubmed/34382204
https://pmc.ncbi.nlm.nih.gov/articles/PMC8428936
https://doi.org/10.31128/AJGP-12-18-4787
https://www.ncbi.nlm.nih.gov/pubmed/31569325
https://doi.org/10.1056/NEJMoa021375
https://www.ncbi.nlm.nih.gov/pubmed/12466507
https://doi.org/10.1111/j.1540-8159.2012.03513.x
https://www.ncbi.nlm.nih.gov/pubmed/22978656
https://doi.org/10.1161/CIR.0000000000001193
https://www.ncbi.nlm.nih.gov/pubmed/38033089
https://pmc.ncbi.nlm.nih.gov/articles/PMC11095842
https://doi.org/10.1093/eurheartj/ehae176
https://doi.org/10.2165/00003088-197702010-00001
https://www.ncbi.nlm.nih.gov/pubmed/322907
https://doi.org/10.2165/00003088-198409020-00002
https://www.ncbi.nlm.nih.gov/pubmed/6370540
https://doi.org/10.3390/ijms25158155
https://www.ncbi.nlm.nih.gov/pubmed/39125722
https://pmc.ncbi.nlm.nih.gov/articles/PMC11312261
https://doi.org/10.1016/j.jbior.2020.100735
https://www.ncbi.nlm.nih.gov/pubmed/32773098
https://pmc.ncbi.nlm.nih.gov/articles/PMC7833411
https://doi.org/10.1097/FJC.0000000000000854
https://www.ncbi.nlm.nih.gov/pubmed/32453074
https://doi.org/10.1093/cid/ciaa1258
https://www.ncbi.nlm.nih.gov/pubmed/32852539
https://pmc.ncbi.nlm.nih.gov/articles/PMC7499546
https://doi.org/10.1016/j.ajem.2022.04.051
https://www.ncbi.nlm.nih.gov/pubmed/35577624
https://pmc.ncbi.nlm.nih.gov/articles/PMC9085444
https://pmc.ncbi.nlm.nih.gov/articles/PMC9085444
https://doi.org/10.1093/eurheartj/ehaa538
https://www.ncbi.nlm.nih.gov/pubmed/32614939
https://pmc.ncbi.nlm.nih.gov/articles/PMC7528957
https://doi.org/10.1001/jamacardio.2021.0038
https://doi.org/10.1016/j.jacc.2023.12.033
https://doi.org/10.1136/openhrt-2021-001758
https://doi.org/10.1186/s12872-024-03982-0
https://doi.org/10.3390/v15020389
https://www.ncbi.nlm.nih.gov/pubmed/36851603
https://pmc.ncbi.nlm.nih.gov/articles/PMC9959721

Biomedicines 2025, 13, 2889 23 of 24

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

ZeinElabdeen, S.G.; Sherif, A.; Kandil, N.T.; Altabib, A.M.O.; Abdelrashid, M.A. Left atrial longitudinal strain analysis in long
COVID-19 syndrome. Int. ]. Cardiovasc. Imaging 2023, 39, 939-944. [CrossRef]

Radin, ].M.; Vogel, ] M.; Delgado, F.; Coughlin, E.; Gadaleta, M.; Pandit, ].A.; Steinhubl, S.R. Long-term changes in wearable
sensor data in people with and without Long COVID. NPJ Digit. Med. 2024, 7, 246. [CrossRef] [PubMed]

Sanches, C.A.; Silva, G.A.; Librantz, A.FH.; Sampaio, L.M.M.; Belan, P.A. Wearable Devices to Diagnose and Monitor the
Progression of COVID-19 Through Heart Rate Variability Measurement: Systematic Review and Meta-Analysis. |. Med. Internet
Res. 2023, 25, e47112. [CrossRef] [PubMed] [PubMed Central]

Natarajan, A.; Su, HW.; Heneghan, C. Assessment of physiological signs associated with COVID-19 measured using wearable
devices. NPJ Digit. Med. 2020, 3, 156. [CrossRef]

Hasty, F; Garcia, G.; Dédvila, H.; Wittels, S.H.; Hendricks, S.; Chong, S. Heart Rate Variability as a Possible Predictive Marker for
Acute Inflammatory Response in COVID-19 Patients. Mil. Med. 2021, 186, e34—e38. [CrossRef]

Jimah, T.; Kehoe, P.; Borg, H.; Pimentel, P; Rahmani, A.; Dutt, N.; Guo, Y. A Micro-Level Analysis of Physiological Responses to
COVID-19: Continuous Monitoring of Pregnant Women in California. Front. Public Health 2022, 10, 808763. [CrossRef]

Hijazi, H.; Abu Talib, M.; Hasasneh, A.; Bou Nassif, A.; Ahmed, N.; Nasir, Q. Wearable Devices, Smartphones, and Interpretable
Artificial Intelligence in Combating COVID-19. Sensors 2021, 21, 8424. [CrossRef]

Hirten, R.P; Danieletto, M.; Tomalin, L.; Choi, K.H.; Zweig, M.; Golden, E.; Kaur, S.; Helmus, D.; Biello, A.; Pyzik, R.; et al. Use of
Physiological Data From a Wearable Device to Identify SARS-CoV-2 Infection and Symptoms and Predict COVID-19 Diagnosis:
Observational Study. J. Med. Internet Res. 2021, 23, €26107. [CrossRef] [PubMed] [PubMed Central]

Chow, J.S.F; Maurya, N.; San Miguel, S.; Teramayi, R.; Parameswaran, A.; D’Souza, A.; Melbourne, G.; Descallar, J.; Juhn, Y,;
Chan, E.; et al. Remote, smart telemonitoring of COVID-19 survivors for early detection of deterioration in cardiac health (the
PARTMO study). Front. Med. Technol. 2025, 7, 1534097. [CrossRef] [PubMed] [PubMed Central]

Kim, H.A.; Lee, H.; Park, H.S.; Ahn, J.; Lee, S.-M.; Choi, S.-Y.; Oh, E.H.; Choi, ].-H.; Park, ].-Y.; Choi, K.-D. Wearable ECG patch
monitoring for 72 h is comparable to conventional Holter monitoring for 24 h to detect cardiogenic vertigo. Sci. Rep. 2025, 15,
7744. [CrossRef]

Norlock, V.; Vazquez, R.; Dunn, A ; Siegfried, C.; Wadhwa, M.; Medic, G. Comparing the outcomes and costs of cardiac monitoring
with implantable loop recorders and mobile cardiac outpatient telemetry following stroke using real-world evidence. J. Comp. Eff.
Res. 2024, 13, €240008. [CrossRef] [PubMed] [PubMed Central]

Davies, F; Finlay, I.; Howson, H.; Rich, N. Recommendations for a voluntary Long COVID Registry. J. R. Soc. Med. 2022, 115,
322-324. [CrossRef] [PubMed] [PubMed Central]

Albhaisi, S.; Wenzel, R.P. The Value of Medical Registries and Observational Studies Early in Pandemics: The Coronavirus Disease
2019 (COVID-19) Experience. Clin. Infect. Dis. 2022, 74, 1112-1116. [CrossRef] [PubMed] [PubMed Central]

Gorska, A.; Canziani, L.M.; Rinaldi, E.; Pana, Z.D.; Beale, S.; Bai, F.; Klerk, B.M.B.-D.; de Bruijn, S.; Dona, D.; Ekkelenkamp, M.B.;
et al. Learning from post-COVID-19 condition for epidemic preparedness: A variable catalogue for future post-acute infection
syndromes. Clin. Microbiol. Infect. 2025, 31, 380-388. [CrossRef] [PubMed]

Nurfiez Mejia, S. Hidden Markov Models for early detection of cardiovascular diseases. Ing. Solidar. 2023, 20, 1-31. [CrossRef]
Ping, Y.; Chen, C.; Wu, L.; Wang, Y.; Shu, M. Automatic Detection of Atrial Fibrillation Based on CNN-LSTM and Shortcut
Connection. Healthcare 2020, 8, 139. [CrossRef] [PubMed] [PubMed Central]

Shi, A.; Tang, X.; Xia, P.; Hao, M.; Shu, Y.; Ling, R.R. Cardiac Arrhythmia After COVID-19 Vaccination versus Non-COVID-19
Vaccination: A Systematic Review and Meta-Analysis. Circulation 2023. [CrossRef]

Deshmukh, A.J.; Ahmad, R.; Cha, YM.; Mulpuru, S.K.; DeSimone, C.V;; Killu, A.M.; Mullane, S.; Harrell, C.; Kutyifa, V.; Cheung,
J.W,; et al. Association between COVID-19 vaccination and atrial arrhythmias in individuals with cardiac implantable electronic
devices. J. Cardiovasc. Electrophysiol. 2024, 35, 1828-1836. [CrossRef] [PubMed]

Cocco, N.; Leibundgut, G.; Pelliccia, F.; Cammalleri, V.; Nusca, A.; Mangiacapra, F.; Cocco, G.; Fanale, V.; Ussia, G.P.; Grigioni,
F. Arrhythmias after COVID-19 Vaccination: Have We Left All Stones Unturned? Int. J. Mol. Sci. 2023, 24, 10405. [CrossRef]
[PubMed] [PubMed Central]

Kattubadi, A.; Solorzano, J.; Feng, K.; Brar, V.; Dominic, P. COVID-19 vaccines and atrial fibrillation risk: A pharmacovigilance
analysis. J. Am. Coll. Cardiol. 2022, 79, 1838. [CrossRef] [PubMed Central]

Kim, H.J.; Jeong, S.; Song, ].; Park, S.J.; Park, Y.J.; Oh, YH.; Jung, ]J.; Park, S.M. Risk of pulmonary embolism and deep vein
thrombosis following COVID-19: A nationwide cohort study. MedComm 2024, 5, e655. [CrossRef] [PubMed] [PubMed Central]
Lemos, A.C.B.; do Espirito Santo, D.A ; Salvetti, M.C.; Gilio, R.N.; Agra, L.B.; Pazin-Filho, A.; Miranda, C.H. Therapeutic versus
prophylactic anticoagulation for severe COVID-19: A randomized phase II clinical trial (HESACOVID). Thromb. Res. 2020, 196,
359-366. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1007/s10554-023-02801-5
https://doi.org/10.1038/s41746-024-01238-x
https://www.ncbi.nlm.nih.gov/pubmed/39271927
https://doi.org/10.2196/47112
https://www.ncbi.nlm.nih.gov/pubmed/37820372
https://pmc.ncbi.nlm.nih.gov/articles/PMC10685286
https://doi.org/10.1038/s41746-020-00363-7
https://doi.org/10.1093/milmed/usaa405
https://doi.org/10.3389/fpubh.2022.808763
https://doi.org/10.3390/s21248424
https://doi.org/10.2196/26107
https://www.ncbi.nlm.nih.gov/pubmed/33529156
https://pmc.ncbi.nlm.nih.gov/articles/PMC7901594
https://doi.org/10.3389/fmedt.2025.1534097
https://www.ncbi.nlm.nih.gov/pubmed/40778199
https://pmc.ncbi.nlm.nih.gov/articles/PMC12328397
https://doi.org/10.1038/s41598-025-92472-0
https://doi.org/10.57264/cer-2024-0008
https://www.ncbi.nlm.nih.gov/pubmed/38602503
https://pmc.ncbi.nlm.nih.gov/articles/PMC11145532
https://doi.org/10.1177/01410768221114964
https://www.ncbi.nlm.nih.gov/pubmed/35882253
https://pmc.ncbi.nlm.nih.gov/articles/PMC9340093
https://doi.org/10.1093/cid/ciab634
https://www.ncbi.nlm.nih.gov/pubmed/34270715
https://pmc.ncbi.nlm.nih.gov/articles/PMC8344543
https://doi.org/10.1016/j.cmi.2024.12.001
https://www.ncbi.nlm.nih.gov/pubmed/39662824
https://doi.org/10.16925/2357-6014.2024.01.02
https://doi.org/10.3390/healthcare8020139
https://www.ncbi.nlm.nih.gov/pubmed/32443926
https://pmc.ncbi.nlm.nih.gov/articles/PMC7348856
https://doi.org/10.1161/circ.148.suppl_1.12013
https://doi.org/10.1111/jce.16372
https://www.ncbi.nlm.nih.gov/pubmed/39039649
https://doi.org/10.3390/ijms241210405
https://www.ncbi.nlm.nih.gov/pubmed/37373551
https://pmc.ncbi.nlm.nih.gov/articles/PMC10299473
https://doi.org/10.1016/S0735-1097(22)02829-7
https://pmc.ncbi.nlm.nih.gov/articles/PMC8972584
https://doi.org/10.1002/mco2.655
https://www.ncbi.nlm.nih.gov/pubmed/39006761
https://pmc.ncbi.nlm.nih.gov/articles/PMC11246596
https://doi.org/10.1016/j.thromres.2020.09.026
https://www.ncbi.nlm.nih.gov/pubmed/32977137
https://pmc.ncbi.nlm.nih.gov/articles/PMC7503069

Biomedicines 2025, 13, 2889 24 of 24

92. Ramacciotti, E.; Barile Agati, L.; Calderaro, D.; Aguiar, V.C.R.; Spyropoulos, A.C.; de Oliveira, C.C.C.; dos Santos, J.L.; Volpiani,
G.G.; Sobreira, M.L.; Joviliano, E.E.; et al. Rivaroxaban versus no anticoagulation for post-discharge thromboprophylaxis after
hospitalisation for COVID-19 (MICHELLE): An open-label, multicentre, randomised, controlled trial. Lancet 2022, 399, 50-59.
[CrossRef] [PubMed] [PubMed Central]

93. Hylek, EM. Anticoagulation therapy for atrial fibrillation. Semin. Thromb. Hemost. 2013, 39, 147-152. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0140-6736(21)02392-8
https://www.ncbi.nlm.nih.gov/pubmed/34921756
https://pmc.ncbi.nlm.nih.gov/articles/PMC8673881
https://doi.org/10.1055/s-0033-1334812
https://www.ncbi.nlm.nih.gov/pubmed/23397554

	Introduction 
	Epidemiology of AF in Patients with COVID-19 
	Pathophysiology and Mechanisms of AF Development in COVID-19 
	Clinical Significance and Prognosis 
	Treatment and Management Strategies 
	Monitoring and Future Directions 
	Limitations 
	Conclusions 
	References

