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Abstract: Atrial fibrillation (AF) is characterized by disorganized rapid atrial electrical activity, which
leads to impaired atrial function, adverse hemodynamic effects, and increased thromboembolic
risk. The paroxysmal forms of AF can be effectively treated with current pharmacological and non-
pharmacological modalities by targeting the arrhythmia triggers. Persistent AF, however, is more
difficult to treat due to remodeling processes which may become major factors in the maintenance of
the arrhythmia, rendering trigger-targeting treatment options less effective. We will systematically
review the recent findings of the development and maintenance of persistent AF, including genetic,
cellular, organ level, and systemic processes. As AF remains the most common sustained arrhythmia
with the ongoing need to find effective treatment, we will also discuss potential treatment options
targeting the remodeling processes.
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1. Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia, affecting a large
population and increasing morbidity and mortality. The disorganized, high-frequency atrial
activity rapidly leads to a loss of atrial contractile function and an irregular ventricular rate.
Long-term consequences of AF include thrombogenicity (increased risk of thromboembolic
complications) and remodeling processes of the heart, perpetuating the arrhythmia and
leading to maintenance of AF and non-arrhythmogenic issues (such as functional mitral
regurgitation). AF—independently of other risk factors—increases mortality 1.5–3.5-fold,
dementia 1.4–1.6-fold, causes 20–30% of all ischemic strokes, impairs quality of life in more
than 60% of affected patients, and has a 10–40% annual hospitalization rate. Age is one of
the strongest risk factors for AF—the predicted incidence and prevalence will continue to
increase due to the increasing ratio of elderly in the general population [1].

This arrhythmia is a non-homogenous entity, commonly classified according to its tem-
poral characteristics (Figure 1). Recurrent AF is described as paroxysmal (PAF, episodes
lasting ≤7 days, terminating spontaneously or with intervention), persistent (PeAF, episodes
lasting >7 days), or long-standing persistent (LPeAF, the arrhythmia persisting beyond 1 year).

The pulmonary veins (PV) have been identified as a source of premature atrial contrac-
tions, triggering PAF. Ablation of these foci has led to the improvement or elimination of
AF in some patients [2]. However, it was recognized early that these patients represented
only a small subset of the general AF population, and ablation was much less effective
in PeAF. Extensive research and development have improved the safety and efficacy of
AF ablation in the past two decades—today, durable PV isolation can be performed by
experienced operators in under two hours, using advanced mapping systems and safe
energy sources (radiofrequency or cryoablation), often without the use of fluoroscopy.
However, expanding these techniques to address non-PV triggers did not consistently
improve the efficacy of ablation in PeAF [1].
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Figure 1. Classification of atrial fibrillation based on its temporal pattern. Red arrows indicate 

deterioration, green arrows indicate improvement. The width of the arrows represents the most 

common clinical course. After a first episode, AF commonly becomes paroxysmal. Remission or 

primary persistent AF may occasionally occur. Paroxysmal AF may remain paroxysmal, go into 

remission, or progress into persistent AF. Persistent AF, if not treated effectively, becomes long-

standing persistent AF. Without active treatment, persistent or long-standing persistent AF almost 

never improves to the paroxysmal form or remission. 
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One of the drivers in the development of non-pharmacological management of AF 

was the low efficacy of medical arrhythmia management and the lack of new medications. 

As the ablation procedure also struggles to effectively treat PeAF, new therapeutic targets 

will need to be identified. Electrophysiological changes of the atrial myocardium—caused 

by prolonged AF—lead to remodeling and the progressive nature of the arrhythmia, “AF 

begets AF” [3]. This discovery led to intense research in the pathophysiology of 
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The literature search for this review has been performed according to the PRISMA 
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Figure 1. Classification of atrial fibrillation based on its temporal pattern. Red arrows indicate
deterioration, green arrows indicate improvement. The width of the arrows represents the most
common clinical course. After a first episode, AF commonly becomes paroxysmal. Remission or
primary persistent AF may occasionally occur. Paroxysmal AF may remain paroxysmal, go into
remission, or progress into persistent AF. Persistent AF, if not treated effectively, becomes long-
standing persistent AF. Without active treatment, persistent or long-standing persistent AF almost
never improves to the paroxysmal form or remission.

One of the drivers in the development of non-pharmacological management of AF
was the low efficacy of medical arrhythmia management and the lack of new medications.
As the ablation procedure also struggles to effectively treat PeAF, new therapeutic targets
will need to be identified. Electrophysiological changes of the atrial myocardium—caused
by prolonged AF—lead to remodeling and the progressive nature of the arrhythmia, “AF
begets AF” [3]. This discovery led to intense research in the pathophysiology of remodeling
in PeAF, which may identify new treatment options. The objective of this review is to
synthesize the research findings published within the past 10 years.

2. Methods

The literature search for this review has been performed according to the PRISMA
guidelines [4]. We performed Pubmed, Web of Science, and Cochrane electronic database
searches using the terms “persistent atrial fibrillation” and “remodeling.” The search limits
were confined to the English language and the date of publication of 2012 or more recent.
The databases were accessed on 29 October 2022. Abstracts of all search results were
reviewed and screened by each author. Articles with abstracts relevant to this systematic
review were then accessed, and all available full-text publications were reviewed. Re-
view articles were included where they were relevant to the discussion of background
information (Figure 2).

The eligibility criteria for full-text review were experimental or clinical studies of
a pathophysiological process in PeAF or a review of this topic. Editorials and short
letters were excluded from the full-text review. To provide a comprehensive review of the
discussed topic, we included in vivo (human and animal), in vitro, and in silico (simulation)
studies (Figures 3 and 4).

Data from review articles were used to briefly summarize known pathophysiological
processes. Data from original research articles were used to present novel findings or to
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expand the knowledge of a given process. In the case of multiple studies investigating
the same process with similar results, larger or more recent studies were presented. In the
case of studies with conflicting results, each study was presented. Small studies, where
the only correlation was assessed without an attempt to clarify the pathophysiological
mechanism, were excluded from this review. Structured comparative meta-analysis with
statistical methods was not feasible due to the heterogeneity of research methods, study
designs, and outcome measures. Synthesis was provided primarily by grouping studies by
pathophysiological processes and secondarily by study design and methodology [5].

Physiologia 2023, 3, FOR PEER REVIEW 3 
 

 

were reviewed and screened by each author. Articles with abstracts relevant to this 

systematic review were then accessed, and all available full-text publications were 

reviewed. Review articles were included where they were relevant to the discussion of 

background information (Figure 2). 

 

Figure 2. Literature search process. 

The eligibility criteria for full-text review were experimental or clinical studies of a 

pathophysiological process in PeAF or a review of this topic. Editorials and short letters 

were excluded from the full-text review. To provide a comprehensive review of the 

discussed topic, we included in vivo (human and animal), in vitro, and in silico 

(simulation) studies (Figures 3 and 4). 

 

Figure 3. Species analyzed in the cited literature. One study may have investigated more than one 

species. The majority (78%) of the studies investigated human experimental or clinical processes. 

Figure 2. Literature search process.

Physiologia 2023, 3, FOR PEER REVIEW 3 
 

 

were reviewed and screened by each author. Articles with abstracts relevant to this 

systematic review were then accessed, and all available full-text publications were 

reviewed. Review articles were included where they were relevant to the discussion of 

background information (Figure 2). 

 

Figure 2. Literature search process. 

The eligibility criteria for full-text review were experimental or clinical studies of a 

pathophysiological process in PeAF or a review of this topic. Editorials and short letters 

were excluded from the full-text review. To provide a comprehensive review of the 

discussed topic, we included in vivo (human and animal), in vitro, and in silico 

(simulation) studies (Figures 3 and 4). 

 

Figure 3. Species analyzed in the cited literature. One study may have investigated more than one 

species. The majority (78%) of the studies investigated human experimental or clinical processes. 
Figure 3. Species analyzed in the cited literature. One study may have investigated more than one
species. The majority (78%) of the studies investigated human experimental or clinical processes.
Several studies (4%) included mathematical models and simulations. Canine and mouse models
were the most studied animal models of persistent AF in the past 10 years (5% each).
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Figure 4. Pathophysiological processes analyzed in the reviewed studies. One study may have
investigated more than one process. The majority of the studies investigated organ (44%) and cellular
level (33%) processes. Genetic level analysis was pursued in 15% of the studies, while general
characteristics of patient populations with persistent AF were investigated in 8% of the studies.

3. Progression of AF

The progression of AF is individually variable and may be affected by the combined
effects of risk factors and treatment (Figure 5).
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Figure 5. Examples of the clinical course of AF in patients with implanted dual chamber cardiac
pacemakers or defibrillators. These devices provide the capability of continuous heart rhythm
monitoring after implant. Pacing provides treatment for symptomatic bradycardia and may also
enable the use of medical or non-pharmacological treatment for AF if a low heart rate was limiting
their use prior to the device implant. One-year follow-up is marked with the green line. Daily
AF burden varies from 0 to 24 h. (a) Remission of paroxysmal atrial fibrillation a few weeks after
device implant. (b) The pacemaker was implanted in a patient with persistent atrial fibrillation.
Cardioversion was performed several weeks after the implant, and the AF remained in remission
thereafter. (c) Paroxysmal atrial fibrillation with a stable burden after implant. (d) Progression of
paroxysmal AF into persistent AF.

Several clinical risk factors have a strong correlation with AF progression, such as
valvular heart disease, hypertension, coronary artery disease, heart failure, advancing
age, male sex, dilated left atrium (LA), congenital heart disease, and acute pericarditis.
Strong extracardiac factors include hyperthyroidism and alcohol consumption. More
recently identified risk factors are pulmonary disease, sleep apnea, obesity, ethnicity, chronic
kidney disease, and diastolic dysfunction [6]. Progression from PAF to PeAF occurred
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in 5.5% of older patients (mean age 65) each year in the Reappraisal of AF study. The
strongest clinical risk factors were prolonged PR interval, impaired LA function, mitral
valve regurgitation, and high waist circumference. Male sex, lower levels of factor XIIa:
C1-esterase inhibitor and tissue factor pathway inhibitor, higher levels of N-terminal pro-
brain natriuretic peptide, proprotein convertase subtilisin/kexin type 9, and peptidoglycan
recognition protein 1 were also associated with AF progression [7]. In patients with
implanted defibrillators or cardiac resynchronization devices, the rate of progression was
4.3% over a median follow-up of 3.4 years [8].

After the initial discoveries that the pathophysiology of PeAF may be different from
its paroxysmal form, research has been intensified to identify processes that may lead to
the progression of the disease. The initial focus was on the electrophysiological properties
of the arrhythmia, as this was one of the most readily measurable abnormalities. As the
complexity and diversity of this condition became apparent, studies have been expanded
to include non-electrophysiological factors. The role of genetics, inflammation, fibrotic
processes, and contribution from extracardiac remodeling have been under intense investi-
gation recently. Multiple individual steps have been investigated in the pathogenesis and
progression of AF. A synthesis suggests initiation by high-frequency excitation, followed
by multiple modulating factors, such as oxidative stress, calcium overload, atrial dilatation,
inflammation, and myofibroblast activation. These lead to transcriptionally mediated
changes in cardiac myocytes and fibroblasts and remodeling of the extracellular matrix [9].

4. Electrophysiological Remodeling
4.1. Arrhythmia Mechanisms—Initiation and Maintenance of AF

AF is initiated by triggers; then, other mechanisms contribute to its perpetuation.
The PVs have been identified as common triggers in early clinical/ablation studies [2].
The myocardial cells extending into the PVs have a higher resting membrane potential,
a lower depolarization velocity, and a shorter action potential duration—these features
make them more sensitive to stressors such as atrial stretch or neurogenic stimulation. The
PVs were shown to be prone to developing action potential propagation blocks due to
the presence of fibroblasts in a simulation study [10]. Premature beats may occur due to
calcium handling abnormalities, leading to delayed afterdepolarization and triggered or
automatic arrhythmia mechanisms. Atrial myocytes at the ostium of the PVs have abrupt
changes in fiber orientation, promoting reentrant arrhythmia. Non-PV triggers of ectopy,
initiating AF, can be observed in 20% of premature beats: ligament of Marshall, vena cava,
crista terminalis, interatrial septum, or the atrial appendages. The prevalence of these
triggers increases with the duration of AF [11].

The main mechanism of AF maintenance is still debated. Multiple waves prop-
agate seemingly randomly through the atria, breaking up and creating new wavelets.
The AF sustains as long as the number of wavelets remains above a critical level (mul-
tiple wavelet hypothesis). However, these may not be the primary drivers for main-
tenance of the arrhythmia, just results of independent mechanisms, such as functional
reentry (spiral wave—rotors) or anatomical reentry (intramural reentry due nonuniform
conduction—initially due to anatomical orientation of fibers, and later fibrosis) [11].

4.2. Electrical Remodeling

During sustained AF, progressive changes can be observed in the atrial electrical
activity with electrocardiography or surface mapping. These changes do not affect all
atrial components uniformly. Generally, shortening of the effective refractory period
(an effect of cellular level remodeling) leads to increased fibrillatory frequency. Atrial
fibrillatory rate, measured on a surface electrocardiogram (ECG), correlated with risk of AF
recurrence after pharmacological or direct current cardioversion in a study of 195 horses:
rate above 380 fibrillations per minute was significantly associated with AF recurrence
(hazard ratio = 2.4, p = 0.01) [12].
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Areas with sustained rapid reentrant or focal activity have dominant frequencies
(DF) on ECG or intracardiac electrograms (EGM). DF analysis may be used to quantify
remodeling—in a study of 40 patients with PeAF, higher DF values correlated with ablation-
refractory AF [13]. In a sheep model of induced PeAF, the dominant frequency increased
progressively during the paroxysmal-to-persistent AF transition period and stabilized
when AF became persistent. The rate of DF increase over time correlated strongly with the
time to PeAF. The cellular mechanisms were action potential duration shortening due to
functional ion channel protein expression changes (CaV1.2, NaV1.5, and KV4.2 decrease;
Kir2.3 increase) [14]. A link between electrical and structural remodeling was analyzed in
a canine model of PeAF. Spatial maps of high DF probability were constructed and then
correlated with fibrotic regions determined by T1 Mapping on MRI—regions of stable high
DF bordered regions of fibrosis 82% of the time (p < 0.05) [15].

LA effective conducting size (a function of LA area, conduction velocity, and refractori-
ness) has been proposed as a marker for electrical remodeling: it predicted AF inducibility
in patients with PeAF after pulmonary vein isolation (PVI) but not in PAF. LA effective con-
ducting size >4 cm was required for the continuation of AF after ablation [16]. Low voltage
areas in sinus rhythm show decremental conduction, which were shown to form rotational
drivers during AF [17]. Prolonged P wave duration >120 ms (a marker of prolonged atrial
depolarization time) after ablation of PAF or PeAF predicts AF recurrence with a sensitivity
of 75% and specificity of 69%, hazard ratio 2.00 (p = 0.03) [18].

Mapping limited to the endocardial surface may not fully describe the degree of electri-
cal remodeling. Endocardial-epicardial dissociation could be observed in a swine model of
induced AF—this was more pronounced in the left vs. right atrium and persistent vs. acute
AF. The LA appendage and posterior LA wall showed the most marked dissociation [19].

Remodeling also affects the right atrium, with electrophysiological changes similar
to the LA (except for higher global unipolar voltage in the LA and decreased conduc-
tion velocity in the RA) [20]. This explains why atrial electrical remodeling can also be
observed using implanted pacemakers and defibrillators (sensing right atrial electrical
activity). The atrial activation rate (frequency of the dominant peak in the signal spectrum
of bipolar EGMs of AF episodes) was 30% faster in patients who progressed to PeAF in
a multicenter longitudinal study of patients with implanted pacemakers or defibrillators
over a median follow-up of 3.4 years [8]. The role of the right atrium in the initiation and
maintenance of AF is less known. However, higher right ventricular afterload (pulmonary
hypertension), affecting right atrial function, was a risk factor for AF, independent of LA
and left ventricular remodeling parameters in a study of 2246 elderly patients (mean age
75 years) [21].

Not all areas of the atria are equally prone to or affected by remodeling. The atrioven-
tricular (AV) node showed only a mild decrease in AV nodal function (increased effective
refractory period and Wenckebach cycle length) in patients with PeAF, compared to PAF,
which was not dependent on the duration of AF. The presence of dual AV node physiology
was similar in both groups [22]. In 117 patients with LPeAF, post-cardioversion sinus node
recovery time correlated with AF recurrence: recovery time ≥1100 ms was an independent
predictor of clinical recurrence of AF (HR 5.426, p < 0.001). The recovery time did not
correlate with other electroanatomical remodeling parameters of LA [23]. Patients with
a prolonged sinus node recovery time also have higher inducibility of non-PV triggers
of AF [24].

5. Genetic Processes in Atrial Remodeling
5.1. Genomic Risk of AF

The first genetic studies in the early 2000s used segregation analysis and candidate
gene sequencing to identify mutations associated with AF. Later, genome-wide associa-
tion studies allowed an unbiased detection of common genetic variants. Most recently,
transcriptome analysis (mRNA expression) allowed the study of dynamic changes in the
remodeling process [25].
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The first single nucleotide variant that was shown to have a significant association
with AF is rs2200733 on chromosome 4q25. In a study of 102 patients who underwent AF
ablation, 40% carried this variant. Carriers had higher conduction velocity heterogene-
ity (p = 0.001), complex LA signals (p = 0.002), and arrhythmia recurrence after ablation
(p = 0.019). This locus appears to be a regulator for the PITX2 gene (homeodomain tran-
scription factor 2), which has a diverse role in cardiac and extracardiac functions (including
development)—however, the exact mechanism of increased AF susceptibility has not yet
been elucidated [26]. KCNN3 and ZFHX3 were also suspected as AF susceptibility genes in
early studies. In a genome-wide association study of 660 patients with PAF or PeAF, only
ZFHX3 was associated with LA dilatation and AF recurrence after catheter ablation [27]. In
another similar study, only the calcium signaling pathway (hsa04020) reached statistical
significance for correlation with LA size, low voltage areas, and AF type. Within this
pathway, there were 39 genes, such as CACNA1C and ryanodine receptor 2 (RyR2), that
showed a good correlation with the structural changes and AF type [28]. Variations in the
atrial-specific phosphoinositide 3-kinase p110α gene, which reduces the activity of this
enzyme, can cause pathological atrial enlargement and increased susceptibility in AF in
mouse models [29].

5.2. Transcriptome Changes Affecting AF Risk

Genome-wide mRNA microarray profiling of LA appendages from 239 patients
showed that AF susceptibility was associated with decreased expression of the targets of
CREB/ATF family, heat-shock factor 1, ATF6, SRF, and E2F1 transcription factors. Persistent
AF activity was associated with decreased expression in genes and gene sets related to
ion channel function, consistent with reported functional changes, suggesting that tran-
scriptional remodeling marks susceptibility to AF, while the remodeling of ion channel
expression occurs later in persistent AF [30]. Altered (lower) expression of circadian genes
(BMAL1, CRY2, NR1D1, NR1D2, PER2, RORA, RORC, and TIM) was observed in 15 pa-
tients with implanted pacemakers and PeAF, compared to a control pacemaker group [31].
Esophageal Cancer Related Gene-4, a tumor suppressor gene, may also play a role in the
pathogenesis of AF. It is homogenously highly expressed in the atria and the conduction
system. The expression is decreased in the atrial appendages of AF patients. In a canine
model of pacing-induced AF, the atrial expression was significantly decreased compared
to controls. In a knock-down mouse model, atrial myocytes showed shortened action
potential duration, activated proinflammatory cascades, and genes involved in cardiac
remodeling [32].

The risk of AF is paradoxically increased in endurance athletes. A study of intensely
exercised mice showed that exercise promotes tumor necrosis factor (TNF)-dependent
transcriptome remodeling of the extracellular matrix and mechanosensing pathways in
a time-dependent manner. Chronically, both collagen and collagen turnover genes were
downregulated, similar to changes observed during aging [33]. In human atrial cells
from patients with rheumatic PeAF, upregulation of intracellular chloride channels (type
1, 4, and 5) was noted, co-located with a rise in type IV collagen, suggesting that this
mechanism may play a role in the fibrosis of myocyte membrane [34]. TNF-α, p53, EMT,
and SYDECAN1 signaling are highly affected pathways in persistent AF [35]. These
findings, however, may not be specific to the pathophysiology of AF, as similar changes
were observed in atrial myocytes in patients with primary mitral regurgitation (leading to
chronic pressure/volume overload of the left atrium), even without AF [36].

Transcriptome changes during remodeling are not uniform in all atrial cells: in a sheep
PeAF model, the LA underwent more profound changes in expression than the right atrium.
Genes involving extracellular matrix remodeling, inflammation, ion channel, myofibril
structure, mitochondria, chromatin remodeling, neural function, and cell proliferation
were affected [37].

Compared to the genome analysis, the proteome may be even more closely related to
the disease phenotype and may signify the progression of the disease. Proteomic analysis of
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resected human LA appendage samples showed a difference in the expression of multiple
proteins between patients in sinus rhythm of PAF/PeAF, including proteins playing roles
in cardiomyocyte necrosis/apoptosis, oxidative stress, and cytoskeleton/protein binding:
AKR1A1, LYZ, H2AFY, DDAH1, FGA, FGB, LAMB1, LAMC1, MYL2, MYBPC3, MYL5,
MYH10, HNRNPU, DKK3, COPS7A, YWHAQ, and PAICS [38].

5.3. microRNA Abnormalities

MicroRNAs (miRNA, a non-coding RNA) regulate gene expression at the post-
transcriptional level and may play a role in the pathogenesis of AF. Patients with PeAF
show a different expression profile than those with PAF; the dysregulated pathways include
MAPK and TGF-β signaling pathways [39].

Abnormally expressed miRNAs were noted in the pericardial fluid of patients
with PeAF—the 3 most dysregulated miRNAs were miR-382-3p, miR-3126-5p, and
miR-450a-2-3p, which are involved in pathways associated with cardiac fibrosis, such as the
AKT1/glycogen synthase kinase-3β and TGF-β/MAPK1 pathways [40]. Decreased circu-
lating miRNA-21 expression was noted to be associated with AF but not with AF subtypes,
suggesting that molecular mechanisms responsible for the onset and progression of AF
may be different [41]. However, another study showed a positive correlation between cir-
culating miRNA-21 levels with a higher risk of AF and LA fibrosis, measured by MRI [42].
Upregulation of miR-30d was observed in patients with PeAF and may play a role in ion
channel remodeling. Its role in post-transcriptional downregulation of IK,Ach (acetylcholine-
sensitive potassium channel) was elucidated in a study using atrial tissue samples from
older (60–79 years) male patients: miR-30d was upregulated, whereas KCNJ3, a target gene
of miR-30d, was down-regulated. Overexpression of miR-30d suppressed the expression of
KCNJ3 mRNA and Kir3.1 protein and, consequently, IK.Ach [43]. miR-425-5p was suggested
as a biomarker for atrial fibrosis in AF—plasma miR-425-5p level negatively correlated
with LA fibrosis in patients with PeAF; catheter ablation restored the decreased plasma
miR-425-5p. miR-425-5p differentiated AF from healthy controls (area under the curve,
AUC 0.921) and PeAF from PAF (AUC 0.888). CREB1 was identified to be a direct target for
miR-425-5p in a mouse model, suggesting its role in the remodeling process [44].

6. Remodeling of Cellular Functions
6.1. Energy Homeostasis and Oxidative Stress

Frequent atrial depolarization increases the energetic demands of the cells. In a sheep
model of persistent AF, glucose metabolism was upregulated, while lipid metabolism
was downregulated to sustain tricarboxylic acid cycle anaplerosis. Eplerenone partially
reversed the metabolic remodeling [45].

Mitochondrial dysfunction may play a role in the progression of AF—short term,
mitochondria may increase the synthesis of adenosine triphosphate; however, longer-term
the production, affecting the intracellular ionic equilibrium and energy-requiring enzymatic
reactions, impair contraction and relaxation and activation of adenosine monophosphate
protein kinase (AMPK), shifting metabolic pathways toward glycolysis and inhibiting
anabolic processes. AMPK can also affect ionic channels (such as IK, ATP, and slow inward
calcium channels). Dysfunctional mitochondria are also a source of free radicals, such
as superoxide anion, which oxidizes multiple intracellular targets, including RyR2 of
the sarcoplasmic reticulum and the sarcolemmal inward sodium channel, changing the
cardiomyocyte’s excitability. Cytokine release may lead to the activation of fibroblasts and
the promotion of fibrosis [46].

Oxidative stress may play a role in remodeling. Cystathionine γ-lyase (CTH) is
the primary enzyme producing hydrogen sulfide (H2S), a gasotransmitter that reduces
oxidative stress. In a case-control study, patients with PeAF had lower plasma acid-labile
sulfide and plasma-free sulfide levels compared to patients without AF. In a follow-up
mice model study, CTH-knockout mice had decreased atrial sulfide levels, increased atrial
superoxide levels, atrial electrical remodeling, and increased vulnerability for induced
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PeAF. Rescuing the hydrogen sulfide signaling with diallyl trisulfide or reconstitution with
endothelial cell-specific CTH overexpression reduced atrial superoxide, increased sulfide
levels, and lowered AF inducibility [47]. Exogenous H2S supplementation in diabetic rats
was able to mitigate atrial fibrosis and lowered AF incidence and duration [48].

Reduction of mitochondrial oxidative stress may help to counteract its contribution
to remodeling. A crossbred mouse model was used to investigate this mechanism: ani-
mals expressing human F1759A-NaV1.5 channels were crossbred with ones expressing
human mitochondrial catalase. The persistent Na+ current induced ryanodine recep-
tor oxidation and dysfunction, which was attenuated in animals that also expressed the
catalase—reduction in mitochondrial stress, cellular reactive oxygen species, and structural
remodeling, were noted [49].

Changes due to intracellular remodeling may also affect response to pharmacological
agents. In isolated human atrial myocytes, those obtained from patients with persistent AF
showed diminished cAMP response to 5-HT4 receptor stimulation. cAMP and contractile
response were recovered after inhibition of PDE3 and PDE4; however, arrhythmic responses
were not recovered—regulation of these pathways in different subcellular domains was
hypothesized [50].

6.2. Intracellular Ca2+

Intracellular Ca2+ affects multiple cellular functions in atrial cells, including excitability,
action potential characteristics, and metabolic pathways as a second messenger. Changes
in Ca2+ homeostasis (Ca2+ overload) may promote arrhythmia mechanisms, mainly by trig-
gered activity. In a simulated model of remodeled human atria, the role of calcium handling
instability was investigated: this instability led to Ca2+-driven alternans, rendered the atria
vulnerable to ectopy-induced arrhythmia, and increased the complexity and persistence of
arrhythmias induced by fast pacing [51]. In a simulation model, increased activity of the
late Na+ current (INa,L)—although it does not have a major contribution to human atrial
myocyte excitability in physiological conditions—led to the cellular accumulation of Ca2+,
with subsequent dysregulation of Ca2+/calmodulin-dependent protein kinase II signaling
and RyR2-mediated Ca2+ release [52].

Increased Ca2+/calmodulin-dependent protein kinase II activity may be observed in
PeAF. In an atrial gene transfer porcine AF model, increased activity was observed in the
early stages of AF and heart failure; inhibition preserved atrial contractile function and
attenuated atrial hypertrophy, fibrosis, and apoptosis, while it did not affect inflammation
or myolysis [53]. Another remodeling pathway—clustering of RyR2 channels—was investi-
gated in human surgical right atrial appendage specimens from patients with PeAF in a
nanoscale study using superresolution imaging. Despite advanced macroscale remodeling
(atrial dilation and cardiomyocyte hypertrophy), clustering was not observed [54].

6.3. Proteostasis

Heat shock proteins help to maintain proteostasis (homeostasis of protein produc-
tion, function, and degradation). They act as ATP-independent chaperones to prevent
irreversible protein aggregation, stabilize cytoskeletal structures, increase resistance to
stress situations and inhibit the activation of proteolytic enzymes. In the atrial tissues of
patients with PeAF, exhaustion involving small heat shock proteins was observed. Genetic
or pharmacological induction of small heat shock proteins protected against cardiomyocyte
remodeling in experimental models for AF [55].

The role of autophagy—which plays an important role in proteostasis by degrading
aberrant proteins and organelles—has been investigated in the pathogenesis of AF. Atrial
tissue from patients with PeAF reveals activation of autophagy and induction of endoplas-
mic reticulum stress, which correlates with markers of cardiomyocyte damage. Tachypaced
HL-1 atrial cardiomyocytes show gradual activation of autophagy: enhanced LC3B-II
expression, autophagic flux, autophagosome formation, and degradation of p62, resulting
in a reduction of Ca2+ amplitude. Using a sodium salt of phenyl butyrate protected atrial
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dog cardiomyocytes from electrical remodeling due to high-frequency pacing. Changes in
Ca2+- handling, contractile dysfunction, autophagy, and attenuated AF progression were
noted [56]. Autophagy-mediated electrical remodeling (degradation of L-type calcium
channel) was also observed in a rabbit model of persistent AF [57].

7. Organ Level Remodeling
7.1. Contractile Function

The electrical remodeling in PeAF also leads to impaired mechanical function due
to reduced intracellular Ca2+ transients [58]. These changes in contractile function can be
measured using echocardiography as motion velocity or ejection fraction (EF) and can be
used as markers of mechanical remodeling.

Low values of LA appendage wall motion velocity (measured by transesophageal
echocardiography) predict unsuccessful cardioversion and recurrence of AF [59]. Atrial EF
was investigated in a study of 50 patients who underwent AF ablation with pulmonary
vein isolation (PVI); LA or LA appendage ejection fraction was lower in patients who had
AF recurrence after successful ablation: LA 16% vs. 36%, p < 0.001; LA appendage: 16% vs.
42%, p < 0.001. Patients with atrial/appendage ejection fraction below 23% had a 77.8% AF
recurrence rate over a median follow-up of 229 days [60].

7.2. Atrial Geometry and Wall Thickness

Atrial dilatation has been observed frequently in PeAF and may be related due to
multiple factors, including chronic pressure and/or volume overload and changes in the
cellular composition of atrial tissues. This is a readily measurable clinical parameter, which
is discussed in depth in the section describing the reversibility of remodeling. Atrial
dilatation also contributes to functional mitral regurgitation.

LA wall thickness may be a sign of compensatory hypertrophy, which correlates with
the degree of remodeling in PeAF. In 100 patients who underwent ablation, preprocedural
CT scans showed wall thickness ranging from 1.7 to 3.9 mm. LA roof thickness >3.1 mm
predicted a strong atrial AF maintenance substrate—poor response to PVI or even complex
fractionated atrial electrogram ablation (sensitivity 90.2%, specificity 94.9%) [61]. Increased
wall thickness, leading to endo-epicardial dissociation, provides a 3D substrate for arrhyth-
mia maintenance [62,63]. Epicardial breakthrough waves were observed in an epicardial
mapping study in a third of patients, even in sinus rhythm, leading to endo-epicardial
dyssynchrony and presenting a substrate for AF maintenance [64].

Besides the LA, geometrical changes of other atrial structures have also been evaluated
in PeAF. The thickness of the interatrial septum correlates with other parameters with LA
remodeling; however, its ability to predict the risk of AF recurrence after ablation is contro-
versial [65,66]. The contribution of right atrial remodeling to PeAF is less known. In the
Multi-Ethnic Study of Atherosclerosis study, higher right atrial volume indices, evaluated
by MRI, were independently associated with AF (not just persistent) after adjustment for
conventional cardiovascular risk factors and LA parameters [67]. The shape of the LA
appendage may also affect susceptibility to AF progression. In an echocardiographic study
of 225 patients, PeAF was associated with a higher prevalence of non-chicken wing–type
appendages. It is unknown whether the shape of the LA appendage affects AF progression
or whether PeAF leads to a change in the shape [68].

7.3. Fibrosis

Fibroblasts that are normally present in the myocardium provide a cellular scaffold
for normal mechanical function and contribute to the uniformity of the excitable substrate.
They also play a role in the regulation of cardiomyocyte function by slowing down the con-
duction in response to mechanical stretch. In pathological conditions, they may proliferate
and differentiate into myofibroblasts, increase production of the extracellular matrix and
lead to fibrosis. The fibrotic myocardium is heterogeneous, leading to changes in electrical
conduction and functional and structural blocks, creating an arrhythmia substrate [69].
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Fibrotic changes of the LA also affect its mechanical functions. Patients with AF and
extensive atrial fibrosis had impaired LA reservoir and conduit strain in an MRI study of
105 patients [70].

The source of the fibroblasts in atrial remodeling has been investigated in resected LA
appendages obtained from 38 patients with AF who underwent cardiac surgery. Fibrotic
depositions positively correlated with LA dimensions. The endothelial–mesenchymal
transition was noted by using Western blot and immunofluorescence multilabeling by
confirming the transition to a mesenchymal phenotype, which can produce collagen in
endocardial (CD31+) cells [71]. Epithelial-to-mesenchymal transition and activation of
non-cardiomyocyte mesenchymal cells in the epicardium and perivascular space contribute
to remodeling by collagen synthesis and increased turnover of the extracellular matrix [72].

Remodeling may initiate in specific locations. The posterior LA wall and floor around
the antrum of the left inferior PV areas were mostly affected by fibrosis in an MRI study.
However, only 68% of patients had adequate image quality for analysis [73]. A mapping
study of 36 patients showed differences in regional voltage between patients with PAF or
PeAF: LA structural remodeling in PeAF was suggested to initiate from the right PVs, the
LA septum, roof, or posterior wall [74].

Comorbidities may affect the degree of atrial fibrosis. In a pathological study, the
degree of fibrotic changes was most severe in mitral valve disease-related PeAF and
correlated with the LA volume index and AF duration. The fibrotic areas mainly con-
sisted of type I collagen, with only a minor cellular component of a few fibrocytes. The
cardiomyocytes inside the fibrotic areas showed sarcolemmal damage and connexin
43 redistribution/internalization [75].

The severity and type of fibrosis affect the degree of electrical remodeling. Endomysial
fibrosis (surrounding individual muscle fibers) correlated with the complexity of AF pattern
(larger number of narrower waves, more breakthroughs, and a higher fractionation index)
in PeAF compared to PAF (r = 0.57, p = 0.001) in a study which used epicardial high-density
mapping during cardiac surgery. The amount of overall fibrosis did not correlate with AF
complexity (r = 0.23, p = 0.20) in this study [76].

The electrophysiology of myofibroblasts has not been studied as extensively as that
of cardiomyocytes. Ion channel expression was noted in atrial fibroblasts: voltage-gated
Na+, K+, and Ca2+ channels, Ca2+-activated K+ channels, and transient receptor potential
channels. A simulation study confirmed that the presence of an L-type Ca2+ current could
trigger automaticity in myofibroblasts, and myocyte action potentials were prolonged when
coupled to myofibroblasts with Ca2+ handling components. Different spatial myofibroblast
distribution patterns increased the vulnerable window to induce arrhythmias [77]. Gap
junction proteins (connexins 43, 45, and 40) play a role in cardiac myocyte-to-myocyte
interaction, impulse propagation, and determine conduction velocity. They also link
fibroblasts to myocytes and may be affected by remodeling [78].

Myofibroblasts contribute to atrial myocyte electromechanical remodeling via physical
contact and platelet-derived growth factor (PDGF) signaling in a co-cultured sheep cell
study. Myocytes contacting myofibroblasts showed a shortening of action potential dura-
tion, a decrease in calcium transients, and were responsive to tachypacing. These effects
were blocked by pre-treatment with neutralizing PDGF antibody [79]. Fibroblasts obtained
from the right atrial appendages of patients with persistent AF have higher connective
tissue growth factor mRNA expression compared to those in sinus rhythm, promoting
fibrosis [80]. Activation of cyclin-dependent kinase 1 was suggested as an important
intermediary step in this process [81].

The association of biomarkers and imaging parameters with atrial fibrosis has been
investigated in several studies. Late gadolinium enhancement is commonly used to assess
the amount of fibrosis in cardiac structures. Left intraatrial dyssynchrony—measured with
MRI—is associated with LA late gadolinium enhancement (a conventional MRI marker
of fibrosis) but can be more easily obtained (analysis time 5 ± 9 min vs. 60 ± 20 min) [82].
The level of myeloperoxidase, a pro-fibrotic enzyme, is elevated in patients with AF; the
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level in the LA is 10 times higher than in the femoral vein, suggesting a direct origin
from the LA [83]. Venous troponin T levels predict low voltage areas in patients with
AF, both in PAF and PeAF (AUC 0.675, p < 0.001), however, the odds ratio is low, 1.044
(p = 0.016) [84]. Plasma microfibrillar-associated protein 4 level correlates with the presence
and degree of AF (control, paroxysmal or persistent) and the degree of LA enlargement in
humans. In a rat model, both plasma and atrial levels of this protein correlated with atrial
fibrosis severity [85].

7.4. Epicardial Fat

Multiple population studies have shown the correlation between the amount of epi-
cardial adipose tissue (EAT) with AF risk, independently of total body fat [86,87]. A
meta-analysis of 7 studies found that there was a significant difference in the amount of
EAT in patients with AF, compared to control groups (32.0 mL difference, 95% confidence
interval 21.5–42.5), the highest amount of fat was observed in the PeAF group (29.6 mL
difference vs. the PAF group) [88]. In an echocardiography/CT study of 205 patients, the
thickness of whole heart and left atrial EAT was increased in AF: whole heart EAT in con-
trols 6.31 ± 0.63 mm vs. 6.76 ± 0.79 mm in PAF vs. 7.01 ± 1.18 mm in PeAF, p < 0.001). LA
EAT positively correlated with the LA size, P wave duration, and dispersion. Conversely,
LA EAT negatively correlated with LA EF and peak strain rate [89].

EAT may influence LA function and remodeling through paracrine and inflammatory
effects. In epicardial adipose samples collected from patients with non-valvular PeAF,
655 mRNAs and 57 long non-coding RNAs were differentially expressed between AF and
SR (p < 0.05; fold change >1.5) [90]. Besides the paracrine and electrical effects, a large
amount of epicardial fat may also interfere with the mechanical function. In a case-match
study of 27 patients with PeAF and cardioembolic stroke, the amount of epicardial fat also
correlated with the degree of atrial dysfunction [91].

Remodeling of epicardial fat may also contribute to structural remodeling. In patients
with PeAF, fibrotic transformation of the subepicardial fat was observed. This was con-
firmed in a sheep model of PeAF; a process involving cytotoxic T lymphocytes, leading to
adipocyte cell death, was suspected [92].

7.5. Functional Mitral Regurgitation

Functional mitral regurgitation (MR) may occur even with a structurally intact mitral
valve in the context of ventricular or atrial dysfunction. MR contributes to elevated atrial
pressure and volume overload. Left ventricular dysfunction causes papillary muscle
dysfunction and mitral leaflet tethering, resulting in reduced leaflet coaptation. In PeAF,
the mechanism of MR is due to atrial enlargement and mitral annular dilatation [93].

In PeAF, both the mitral annular area and the mitral leaflet area increase, even with
preserved left ventricular function. Functional MR occurs when the increase in leaflet area
fails to compensate for the annular dilatation [94]. Mitral annular contractile dysfunction,
disruption of the annular saddle shape, and iatrogenic posterior mitral leaflet tethering
also play a role in the mechanism [95].

Functional tricuspid regurgitation may also develop in PeAF: in a study of 83 patients,
right atrial dilation was detected in 93%, while only 27% and 12% of them showed dilated
or dysfunctional right ventricles, respectively. The end-diastolic tricuspid annular area had
the strongest correlation with the minimum volume of the right atrium, suggesting that
right atrial dilatation is an important component in functional tricuspid regurgitation. The
correlation between RV and tricuspid valve dysfunction was weaker [96].

8. Extracardiac Factors Affecting Remodeling
8.1. Vegetative Nervous System

Autonomic changes can promote and maintain AF through various mechanisms,
including the promotion of enhanced automaticity, early and delayed after-depolarizations,
and spatially heterogenous abbreviation of refractoriness [86]. Vagus nerve stimulation
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exacerbated the deterioration of electrical remodeling in a canine PeAF model; ablation of
the epicardial neural network blocked or reversed these changes [97].

PeAF also leads to changes in the vegetative nervous system. Both the sympathetic
and parasympathetic nervous cardiac activity may increase in PeAF. In a rabbit model, per-
sistent rapid atrial pacing led to heterogeneous autonomous neural remodeling (increased
heterogeneity of tyrosine hydroxylase and choline acetyl transferase positive nerves, mostly
affecting the right atrium); these changes were suppressed by using rosuvastatin [98]. In a
human pathological study, patients with permanent AF had increased density of fibers of
the intrinsic cardiac autonomic nervous system, especially atrial sympathetic nerve fibers,
M1 muscarinic receptors, β3, and GRK-5 sympathetic receptors [99].

The remodeling process involves multiple levels of the vegetative nervous system.
Ganglionated plexi ablation in a canine PeAF model effectively prolonged the atrial effective
refractory period for a short time. However, the effects on atrial effective refractory period
and suppression of AF induction were only transient—local atrial neuronal remodeling
may also play an important role [100]. Local extensive cardioneuroablation (functional left
and right atrial denervation, sparing right atrial pacemaker areas) was more effective in the
prevention of repolarization changes in a similar canine model [101].

8.2. Renin-Angiotensin-Aldosterone System

The renin-angiotensin-aldosterone system (RAAS)—mainly angiotensin II (Ang II)—is
involved in the process of atrial remodeling in AF. Ang II is a promoter of atrial fibrosis
in animal models. In a canine model of PeAF, Ang II induced the proliferation of atrial
fibroblasts and upregulated the expression of both the connective tissue growth factor and
ROCK-1 in a dose-dependent manner. Their expression was upregulated by TGF-β1 and
downregulated by simvastatin or losartan. Losartan and simvastatin also attenuated the
effects of TGF-β1 [102]. The integral membrane protein angiotensin-converting enzyme
2 (ACE2) plays a protective role as it degrades Ang II into Angiotensin-(1–7) and may
diminish this pro-remodeling effect. Plasma ACE2 levels are elevated in patients with AF
and have a weak but significant correlation with the degree of LA remodeling: LA bipolar
voltage, a high proportion of complex fractionated electrograms, or long LA activation
time [103]. In a canine PeAF model, ACE2 overexpression suppressed atrial electrical
remodeling and improved atrial function through the TRPM7 signaling pathway [104].

9. Systemic Factors in Remodeling
9.1. Inflammation

Inflammation may contribute to electrical and structural remodeling of the atria.
Several inflammatory markers, such as C reactive protein, IL-6, IL-8, TNF, myeloperoxidase,
cfDNA, and beta-galactoside binding lectin galectin (galectin-3) levels were elevated in
patients with AF in multiple studies, depleted protective heat shock proteins (such as
hsp27) were also noted [105]. Only myeloperoxidase had a weak but significant predictive
value for AF recurrence after cardioversion or ablation [106]. An immunohistochemical
study of patients undergoing open heart surgery showed a site-specific increase of CD45+

inflammatory cells in the atrial myocardium of patients with AF, compared to those in
SR—mostly from the monocyte-macrophage lineage [107].

The NLRP3-inflammasome is an intracellular sensor that detects various environmen-
tal irritants and mediates caspase-1 activation and interleukin-1β release in immune cells.
It may also play a mechanistic role in the association of AF and inflammation: NLRP3-
inflammasome activity is increased in atrial cardiomyocytes in patients with PAF or PeAF.
A knock-in mouse model expressing constitutively active NLRP3 showed spontaneous
premature atrial contractions and inducible AF. The cellular mechanism included ectopic
activity, abnormal sarcoplasmic-reticulum Ca2+ release, shortening of the atrial effective
refractory period, and atrial hypertrophy. Specific inhibition of NLRP3 attenuated the re-
sponse. Genetic inhibition of NLRP3 also prevented AF development in another transgenic
mice model (CREM) of AF [108].
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Inflammation may not play a role in all atrial remodeling processes. Resolvin-D1, an
inflammation-resolution promoter, suppressed inflammatory changes and fibrotic/electrical
remodeling in the right atria of rats with induced pulmonary hypertension; however, it did
not prevent atrial enlargement [109].

9.2. Hypercoagulability

AF induces hypercoagulability; however, the role of the coagulation cascade compo-
nents in promoting AF remodeling is less known. The presence of low voltage LA areas
correlated with 30 differentially abundant proteins of the coagulation and complement cas-
cades (q < 0.05) in an untargeted proteome analysis study of 48 patients (59% with persistent
AF) [110]. Protease-activated receptors and factor Xa provoked remodeling in persistent
AF animal models, which was prevented by specific inhibitors [86]. Factor Xa promotes
thrombus formation and exacerbates inflammation via the activation of protease-activated
receptor 2 (PAR-2). Inhibition with rivaroxaban showed a cardioprotective effect against
pressure-overload-induced atrial remodeling and AF vulnerability in a mouse model [111].

9.3. Galectin-3

Galectin-3 is expressed in fibrotic tissues and may serve as a marker of fibrosis in
patients with persistent AF [112]. Its pentamers bind to TGF-β receptors causing cell
surface retention and internalization of the receptors, mediating duration and direction-
ality of signaling through Smad and Akt proteins. Galectin-3 induces atrial fibroblast
proliferation, myocyte hypertrophy, and electrical remodeling, which was mitigated with a
specific blocker (GMCT) in a sheep model. High levels also predicted AF recurrence after
ablation [113].

Elevated levels of galectin-3 were observed in a transesophageal echocardiographic
study of 153 patients—patients with PeAF or permanent AF had higher levels compared
to patients with PAF, the levels correlated with the degree of LA appendage remodel-
ing; galectin-3 was an independent predictor for LA appendage thrombus (galectin-3
level > 18.95 ng/mL: sensitivity 90.9% and specificity 96.9%) [114].

9.4. Homocysteine

Homocysteine, an amino acid produced in the process of methionine metabolism,
regulates the activity of the ion channels through their redox state. Elevated homocysteine
levels can lead to electrical remodeling of the cardiomyocytes by affecting Na+ and K+

currents, shortening the action potential duration, and decreasing its rate of adaptation.
In population studies, an elevated homocysteine level was an independent risk factor in
thromboembolic events and AF. Homocysteine can activate TRCP3, a regulation factor of
fibrotic mechanisms, and activate fibrotic changes in the atria [115].

9.5. Uric Acid

Elevated uric acid levels are common in conditions where the risk for AF is also
increased: hypertension, type 2 diabetes mellitus, end-stage renal disease, and heart
failure. Hyperuricemia may act as an independent risk factor for AF progression by
activating xanthine oxidoreductase or lead to intracellular accumulation of soluble uric
acid (increasing oxidative stress). The monosodium urate crystals may also activate the
NLRP3 inflammasome, which then promotes the maturation of active forms of IL-1β and
IL-18, promoting an inflammatory response [116].

The levels of uric acid and components of the RAAS system are elevated in pa-
tients with PeAF, compared to patients with PAF or sinus rhythm. The elevated uric
acid level in these patients was an independent risk factor for elevated renin, Ang II, and
aldosterone [117].
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9.6. Gastrointestinal Effects

Elevated liver enzymes, but not hepatic steatosis, were associated with increased AF
prevalence in the general adult population in a population study of 3090 patients. The
increased levels of serum liver enzymes may correlate with inflammatory, procoagulant,
and fibrinogenic mediators; however, these were not separately evaluated [118].

Chenodeoxycholic acid (a bile acid) level was higher in patients with PeAF than in
those with PAF or other paroxysmal supraventricular tachycardia. The chenodeoxycholic
acid level was positively correlated with the size and proportion of low voltage areas
(r = 0.78 and r = 0.89, p < 0.05) in these patients. In a mouse model, chenodeoxycholic acid
promoted atrial myocyte apoptosis in a concentration-dependent manner. A suggested
mechanism for bile-acid-induced apoptosis is through the activation of the FXR nuclear
receptor signaling pathway [119].

In a mouse model, short-chain fatty acid derived from dietary fiber fermentation by
gut commensals alleviated AF development via GPR43/NLRP3 signaling [120]. Elevated
microbial diversity was noted in patients with PAF or PeAF, compared to patients with-
out AF—this will need further investigation as it may offer a treatment target if the gut
microbiome plays a role in AF progression [121].

10. Clinical Risk Factors for AF Progression
10.1. Age

The increasing age of the general population is one of the main factors in increasing AF
prevalence. Even without AF, remodeling of the LA can be observed with advancing age:
progressive increase in LA dimensions, LA stiffness, and decrease in strain indices were
observed with echocardiography; decreased LA voltage, increased LA surface area and
volume, increased ratio of low voltage areas was noted with electroanatomical mapping in
elderly patients (>65 years old), compared to younger ones [122]. In a study of 122 patients,
who underwent ablation for PeAF, increasing age was associated with electric remodeling
of the LA, characterized by a decrease in the extent of complex fractionated electrogram
area and its index [123].

10.2. Obesity

Obesity is associated with an increased risk of AF; every 5-point increase in body mass
index increases the risk of AF incidence by 20–30%, independently of gender, age, diabetes,
and hypertension. Due to the high prevalence of obesity, it is the second most important
risk factor for AF after hypertension. Processes that contribute to remodeling, independent
from common complications of obesity (metabolic syndrome, sleep apnea), are increased
epicardial adipose tissue, LA enlargement due to increased filling pressure, and systemic
pro-inflammatory state [124].

Impaired conduit and reservoir function was observed even in milder obesity in the
Asklepios Study in younger patients (35–55 years, BMI > 30) [125]. Obesity was associated
with higher LA volumes but did not correlate with mechanical function in an exercise stress
echocardiography study of patients with PAF or PeAF [126].

10.3. Metabolic Syndrome

Metabolic syndrome consists of central obesity, dyslipidemia, hypertension, and
impaired glucose tolerance/diabetes mellitus. Hypertension promotes LA remodeling due
to compensatory hypertrophy, fibrosis, and inflammation. The effect of diabetes is less clear;
gap junction dysfunction and electrical remodeling due to outward K+ channel expression
may contribute. Although total cholesterol or LDL level has an inverse relationship with AF
incidence, metabolic syndrome leads to unfavorable changes in lipoprotein characteristics
(higher oxidized lipid content in VLDL), which has toxic effects on cells expressing VLDL
receptors, such as cardiomyocytes [127]. Other elevated biomarkers in metabolic syndrome
with a suspected or proven role in AF progression elevated include adiponectin, leptin,
TNF-α, IL-6, IL-10, PTX3, ghrelin, uric acid, and oxidized LDL [128].
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10.4. Sleep Apnea

Acute effects of sleep apnea are mainly due to hypoxemia, hypercapnia, exagger-
ated negative intrathoracic pressure, and arousals. Chronic effects include autonomic
dysregulation, inflammation, procoagulant state, insulin resistance, endothelial dysfunc-
tion, oxidative stress and accelerated atherosclerosis. Sleep apnea increased the risk of
AF 4-8-fold in population studies. The prevalence of sleep apnea in the AF population is
43–73%. Increased vagal tone activates the IK,Ach current and decreases the atrial effective
refractory period. Apnea episodes may increase cardiac afterload and stimulate myocyte
hypertrophy and fibrosis. Measures of atrial electromechanical coupling correlate with
sleep apnea severity. Untreated sleep apnea is an independent risk factor for AF recurrence
after ablation. The severity of sleep apnea affects the degree of atrial remodeling in PAF;
however, when the AF becomes persistent, significant atrial remodeling was observed in a
mapping study of 66 patients, independent of sleep apnea severity. Thus, sleep apnea may
play an important note in the earlier stages of AF progression [129]. Treatment with noctur-
nal continuous positive airway pressure reduces LA size and decreases the AF recurrence
rate after ablation to a level comparable to patients without sleep apnea [130].

10.5. Gender

Although the overall risk of AF is 1.5-fold higher in men compared to women, the
risk for complications such as heart failure or stroke is higher in women. Women also have
a higher risk of AF recurrence after ablation [131]. Women have a higher level of fibrosis
which may be an explanation for their increased risk for stroke in AF [132]. Fibrotic areas
correlated with prothrombotic endocardial changes in an MRI study: decreased wall shear
stress, increased oscillatory shear index, endothelial cell activation potential, and relative
residence time (residence time of blood near the LA wall) [133]. In a study of pulmonary
vein sleeves obtained from 166 patients, females with LPeAF had a higher degree of fibrosis
compared to patients without AF, while this difference was less pronounced in males. The
TGFβ/Smad3 pathway was upregulated in the female AF group, promoting fibrosis [134].
Overexpression of TGF-β1 led to an increase in atrial fibrosis, myocyte size, and progressive
P-wave prolongation in a transgenic goat model [135].

In a study of 70 patients with PeAF or LPeAF, older age, greater left atrial area, and
female gender correlated with LA scar, while the duration of AF did not [136]. Gender
differences were also noted in an ablation study of 85 patients with persistent AF: ultra-
high-density mapping showed a higher incidence of focal and rotational activity in men
vs. women (73.4% vs. 38.1%, p = 0.003)—the absence of these areas shows more advanced
remodeling [137].

10.6. Race

The role of race as an AF risk factor has not been elucidated yet. Caucasians have
higher rates of AF, while electrical remodeling occurs earlier in Black hypertensive patients.
Most studies underreport racial characteristics [138].

10.7. Biomarkers

Studies analyzing the correlation of biomarkers with atrial remodeling and AF pro-
gression led to further investigations analyzing their role in the pathogenesis: inflammatory
and metabolic markers have been discussed in the prior sections. Some markers, such
as CRP, may decrease promptly after successful cardioversion, while others may also be
affected by common comorbidities (such as N-terminal pro-BNP in patients with AF and
concomitant heart failure) [139].

Clinically useful biomarkers in PeAF include those that correlate with AF progression
or identify a disease phenotype that may respond to a specific treatment. Atrial natriuretic
peptide (ANP), soluble interleukin 1 receptor-like 1 (ST2), and galectin-3 levels correlate
with the degree of atrial myopathy [112,139]. Proprotein convertase subtilisin/kexin type 9
and peptidoglycan recognition protein 1 are associated with AF progression [7]. From the
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inflammatory markers, myeloperoxidase may have a predictive value for AF recurrence
when attempting rhythm control [106]. Several biomarkers have been studied to assess the
risk of thromboembolic or vascular events beyond the currently used clinical risk scores:
D-dimer, antithrombin-III, high sensitivity troponin T, BNP, IL-6, NADPH oxidase 2, and
CRP. So far, these only had a modest additional predictive value when used together with
clinical risk scores [140].

11. Reversibility of Remodeling

While some processes may be irreversible, several of the described cellular and organ
level changes due to remodeling may be reversible by effective AF suppression or by
targeting factors participating in remodeling.

Reverse electrical remodeling of the PV ostia and the LA can be observed as early as
2–3 months after the successful ablation of PeAF [141,142]. Reduction in atrial conduction
time may correlate with reverse remodeling. The P wave to LA appendage conduction
time, measured with transthoracic echocardiography, can be used to predict AF recurrence
after ablation of PeAF, with cut-off values of >175 ms within 24 h of ablation (sensitivity
75%, specificity 78%), or >166 ms (sensitivity 75%, specificity 75.6%), when measured at
6 months follow up [143].

A long-term (7 year) MRI study of 42 patients who underwent ablation for PeAF
confirmed that reverse LA remodeling occurs after successful ablation in most cases; how-
ever, progressive remodeling was observed despite the successful ablation in patients
with BMI ≥ 30 or left ventricular hypertrophy [144]. The degree of reverse remodeling
is more pronounced in patients with PeAF than in those with PAF [145,146]. Reverse
remodeling of the right atrium and ventricle was also observed in an echocardiography
study 15 ± 7 months after ablation [147]. Improvement in LV systolic function was also
demonstrated after successful ablation of PeAF, even in patients with preserved left ven-
tricular function: EF improved from 56.8 ± 9.8% to 65.1 ± 9.1% (p < 0.0001), along with
strain measures [148].

Reverse remodeling of the mitral apparatus and decreased functional MR were ob-
served in 45 patients who underwent successful ablation of PeAF and maintained SR
6 months after the procedure [149]. Patients with PeAF and functional MR respond to
ablation better if the functional MR is due to atrial remodeling: The composite endpoint of
all-cause death and heart failure hospitalization during the 2-year follow-up of 136 patients
was more frequently observed in the ventricular functional MR than in the atrial functional
MR group (22.6% vs. 3.7%, p < 0.0001) [150]. Surgical repair of class III-IV functional mitral
regurgitation in 82 patients with PeAF was effective to improve heart failure symptoms and
decrease LA and ventricular size over a 3-year follow-up. Concomitant surgical ablation to
prevent recurrent MR, performed in 63% of patients, was effective with LA size <6 cm [151].

Reverse structural remodeling after successful ablation correlates with long-term
arrhythmia-free survival: in a study of 140 patients with enlarged left atria (LA volume
index ≥34 mL/m2), who had no AF recurrence 1 year after ablation, 54% had reverse
remodeling with normal atrial size at 1 year. At a median follow-up of 44 months, 8% of
patients who had reverse structural remodeling had AF recurrence, compared to 40% of
patients with persistently enlarged left atria, p < 0.01. However, persistent LA functional
abnormalities were observed even in patients where the atrial size decreased [152]. More
extensive ablation, such as posterior left atrial wall isolation, is often used in patients with
PeAF, and it did not prevent reverse remodeling when rhythm control was successful in a
study of 105 patients [153].

Despite the rapidity of structural reverse remodeling after successful ablation, mul-
tiple markers of inflammation and collagen turnover show delayed or bimodal response,
especially in patients where the AF relapses: in a study of 60 patients, hsCRP and IL-6
decreased after ablation but returned near to baseline levels by 12 months. TIMP-2 in-
creased in patients where the AF did not recur but did not change substantially in the
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recurrence group. TGF-β1 increased in both groups, but the change was less pronounced
in the recurrence group [154].

Medical management with antagonists of the RAAS system may be useful to promote
reverse remodeling in addition to ablation. Sacubitril/valsartan was superior to valsartan
alone in a randomized controlled study of 64 patients who underwent ablation for PAF
or PeAF: atrial sizes decreased over a 24-week period (left: 4.3 ± 0.5 cm to 3.8 ± 0.5 cm,
p < 0.001; right: 4.4 ± 0.8 cm to 3.9 ± 0.7 cm, p = 0.017), which was not observed in
the valsartan group. The difference in clinical outcomes (AF recurrence, hospitalization,
mortality), however, was not significant [155]. In a sheep model, eplerenone mitigated
fibrosis and atrial dilatation and prolonged transition to PeAF in 26% of animals, but it did
not prevent AF-induced electrical remodeling (rate of dominant frequency and ion channel
densities) or AF persistence [156]. In a mouse model of PeAF, eicosapentaenoic acid and
pitivastatin ameliorated adverse effects of tachypacing by affecting multiple pathways of
electrical remodeling, thrombosis, and oxidative stress [157].

12. Potential Targets for the Treatment of Persistent Atrial Fibrillation
12.1. Simulation Models

Subcellular, cellular, tissue and organ-level models of PeAF have been developed to
clarify the initiation, maintenance, and progression of AF. A future goal is to individualize
AF therapy based on arrhythmia and substrate characteristics [158]. A mathematical model
simulating human atrial cells and tissue analyzed the quantitative contributions of ionic
current remodeling seen in PeAF to action potential shortening and rate adaptation. Ionic
remodeling was simulated by reducing L-type Ca2+ channel current (ICa,L), increasing
inward rectifier K+ current (IK1), and modulating five other ionic currents. A negative
effect of Na+/Ca2+ exchange on action potential duration was only observed in PeAF but
not in controls. Action potential rate adaptation was affected by IKur in control and by
INaCa in the PeAF condition. In a 2D tissue model, a large reduction (70%) of ICaL became a
dominant factor leading to a stable spiral wave in PeAF [159].

The heterogeneity of arrhythmia mechanisms maintaining AF affects the efficacy
of the methods used for termination. In a simulation using 173 mathematical models,
based on data obtained from remodeled human atrial tissue with intersubject variability,
the relationship of ion currents, AF maintenance, and the dynamics of functional reentry
were analyzed. Self-sustained reentries were maintained in 73% of the simulations; AF
maintenance was associated with higher expressions of INa and ICa,L, with no significant
differences in other currents. ICa,L blockade promoted AF termination in 30% of the self-
sustained models [160].

The amount of fibrosis also correlated with the substrate of the arrhythmia mechanism
in simulated atrial tissue: high fibrosis density generated a significant conduction velocity
reduction, intensified vulnerability to multiple re-entries, and increased the amount of
complex propagation patterns [161].

12.2. Pharmacological Targets

Targeting the arrhythmia mechanisms with ion channel blockers, even atrial selec-
tive agents, does not result in efficient rhythm control in patients with PeAF. Upstream
therapies may be useful adjuncts. Based on data from simulation and translational stud-
ies, components of remodeling and its promoting extracardiac factors may be promising
therapeutic targets [162].

The first-generation antiarrhythmics are non-selective (most of them affect multiple
ion channels both in the atria and ventricles), with notable extracardiac side effects. Their
poor efficacy, even in PAF and side effect profile, led to intense research in more selective
agents, specifically targeting ion channels only present in the atrial myocardium: IKAch,
IKur, or INa. Single-channel blockers were largely ineffective. Atrial-selective multichannel
blockers, such as vernakalant (mostly IKur blocker, less effect on IKAc and INa), were used
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with success in acute settings for cardioversion. However, as antiarrhythmics only work on
the electrophysiological pathways of AF, their efficacy in PeAF is even lower [163].

Due to the non-uniform remodeling of electrophysiological properties of different
atrial structures, even targeting atrial selective ion channels may not have the desired
homogenous effects. In a horse model of PeAF, the effects of the IK;Ca inhibitor NS8593
were studied using epicardial high-density contact mapping. The AF cycle length was
prolonged. However, AF complexity increased due to the slowing of conduction, increased
anisotropy, and electrical dissociation in the right atrium. AF complexity did not change in
the left atrium, and cardioversion was not achieved [164].

Ca2+ homeostasis may provide a selective target for intervention. Downregulation of
ICa, L caused by an alteration in RyR2 kinetics can be observed during atrial remodeling
and facilitates triggered activity. Dantrolene, which decreases Ca2+ leak from RyR2, may
suppress this arrhythmia mechanism, but no clinical data exists yet [163]. Bepridil, a
nonselective Ca2+ channel blocker, can be used to assess the degree of remodeling and
predict response to ablation: in 76 patients with PeAF, those who achieved cardioversion
with bepridil (63.2%) prior to ablation had less low voltage areas noted during mapping
(7.5% vs. 14.0%, p = 0.009) and 1-year AF recurrence-free survival was higher (87.1% vs. 62.3%,
p = 0.03) [165]. In a canine model of persistent AF, a combination of bepridil with aprindine
(a class Ib antiarrhythmic with atrial and ventricular effect) prevented pacing-induced atrial
electrical remodeling [166].

Pharmaceutical agents affecting fibrosis may suppress this mechanism as part of
the remodeling process. Large-scale clinical data are available with blockers of the
RAAS: angiotensin-converting enzyme inhibitors, Ang II receptor blockers, or mineralo-
corticoid receptor blockers [163]. Combination with a statin may be even more effective. In
a randomized trial of 189 patients with hypertension and non-permanent AF, treatment
with fluvastatin and valsartan was more effective in reducing the recurrence rate in non-
permanent AF (79.17%) and in delaying the progression to permanent AF (8.33%) during
24 months of follow up, compared to treatment with a calcium channel blocker (43.9% and
31.7%) or valsartan alone (70.5% and 14.3%) [167].

Sodium–glucose cotransporter-2 (SGLT2) inhibitors, used in the treatment of diabetes
mellitus and cardiomyopathy/congestive heart failure, have a pleiotropic effect which
may make them candidates for upstream therapy in AF. In a diabetic rat model, treatment
with empagliflozin decreased the amount of diabetes-induced atrial remodeling, atrial
fibrosis, and AF inducibility. In addition, the treatment also suppressed diabetes-induced
mitochondrial changes (respiratory function, membrane potential, and biogenesis), likely
via the peroxisome proliferator-activated receptor-c coactivator 1α/nuclear respiratory
factor-1 (NRF-1)/mitochondrial transcription factor A (Tfam) signaling pathway [168]. In
a canine model, canagliflozin suppressed rapid pacing-induced AF susceptibility, atrial
fibrosis, and oxidative stress [169].

Connexin 40, which is an important part of gap junctions in the atria (but not the ven-
tricles), may also become a target for pharmaceutical intervention: rotigaptide, a peptide
antiarrhythmic, increases the conduction velocity in animal models. Decreasing inhomoge-
nous conduction may act against reentry; however, these agents so far have shown no
consistent benefit in AF [163].

12.3. Ablation of Persistent AF

Ablation directly affects the electroanatomical substrate and is very effective in the
treatment of PAF. However, once remodeling occurs in PeAF, the efficacy decreases, and
there is a need to identify patients in whom the remodeling processes play a greater role,
and more extensive ablation is needed. Clinical risk scores may help to determine the
degree of atrial remodeling. In 152 patients who underwent mapping and ablation of long-
standing PeAF, CHA2DS2VASC ≥ 3, CAAP-AF ≥ 7, and DR-FLASH ≥ 4 predicted the
presence of low voltage areas, while ATLAS score ≤ 7 predicted the absence of these [170].
LA stiffness, assessed by echocardiography, provided an additional tool to assess the risk of
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AF recurrence after ablation [171]. Recurrence of AF after epicardial, thoracoscopic ablation
for PeAF was predicted by longer mean AF duration, larger left atrial volume, and higher
BNP and SERCA levels in a study of 27 patients [172].

Quantification of electrical remodeling may help to guide ablation. In a simulated left
atrial bilayer model of PeAF with fibrotic remodeling, machine learning (random forest
classifier) was used to determine AF termination with combined ablation targets: PVI
alone, box ablation, ablation of the largest or all fibrotic areas, ablation of the largest
or all driver hotspots. The predictive value for ablation success was 0.73–0.83 with the
addition of patient-specific and ablation pattern-specific lesion metrics [173]. In a study
of 118 patients with PeAF, those assigned to a computational modeling-guided ablation
(additional lesion sets beyond empirical ablation) had better long-term outcomes than the
empirical group: clinical recurrence rate was significantly lower, 20.8% vs. 40.0%, p = 0.042.
There were no differences in procedural time or complications [174].

Increased right atrial conduction time may show remodeling and predict recurrence
of AF after ablation: in a study of 155 patients, long high right atrium to coronary sinus
conduction time (>151 ms) was a significant risk factor for the recurrence of atrial tach-
yarrhythmia [175]. Inter-atrial conduction time ≥123 ms had a similar predictive value for
AF recurrence after PVI for persistent AF [176].

12.4. Cardiac Resynchronization Therapy

Cardiac resynchronization therapy with biventricular pacing (CRT) is a well-established
treatment modality for patients with congestive heart failure, severe cardiomyopathy, and
intraventricular conduction delay. Reverse cardiac remodeling, including improvement
in the parameters of atrial myopathy, has been observed in responders [139]. These, how-
ever, did not consistently predict lower AF incidence in the CRT trials. Even when LV
reverse remodeling is observed, the LA may not be affected to the same degree: while
>40% of responder patients achieved complete reverse remodeling (LV and LA) in the
MADIT-CRT trial, 11% only had incomplete LA reverse remodeling, despite good LV
response [177]. Reverse electrical remodeling (reduction of P wave duration, 142.7 ms vs.
133.1 ms; p < 0.001) was observed in a study of 41 CRT patients with >92% biventricular
pacing over an average of 55 months follow-up, which did not correlate with the time to
AF onset after CRT implant [178].

AF may interfere with CRT due to rapidly conducted beats, which leads to decreased
amount of biventricular pacing. The presence of an atrioventricular block (either due to
underlying disease or atrioventricular node ablation) may promote CRT. In a study of
75 patients with CRT and complete atrioventricular block, reverse LA remodeling and
decreased duration of AF episodes were observed during a 2-year follow-up: average LA
diameter decreased from 52 to 48 mm (p < 0.001), the ratio of patients experiencing AF
episodes >48 h duration decreased from 76% (first 3 months of CRT) to 33% at the end of
the follow up [179].

13. Conclusions

Abundant data now suggests that atrial/cardiac remodeling in PeAF occurs on genetic,
biochemical/metabolic (cellular), and organ levels. Even extracardiac organ systems are
involved and lead to systemic activation of processes, affecting cardiac remodeling. We have
reviewed the novel pathophysiological findings in these processes, including extracardiac
factors, models developed to study remodeling, reversibility of changes, and potential
targets for therapies to prevent or reverse remodeling. The findings highlight the complexity
of the pathophysiology—persistent AF is not just an ‘electrical disease,’ and its treatment
should involve all aspects of its pathophysiology (Figure 6).
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Important findings from recent studies highlighted the complexity of the AF pro-
gression process and the role of remodeling in the transformation from PAF to PeAF. As
electrical remodeling does not affect all atrial components uniformly, it is unlikely that
effective treatment can be achieved only by using antiarrhythmic medications targeting
ion channels. Components of atrial remodeling can be targeted using existing medications:
the RAAS system is a very promising target for upstream therapies, and statins had a
synergistic effect in experimental studies. SGPLT2 inhibitors may affect multiple metabolic
processes in atrial remodeling. As the anticoagulation pathway also has a role in the re-
modeling process, factor Xa inhibitors may modulate this risk, expanding the indication
for anticoagulation. Simulation models, based on individual patient characteristics, may
help to assess the degree of remodeling and identify targets for ablation beyond pulmonary
vein isolation.

As the global burden of AF will continue to increase due to the high prevalence of its
risk factors and the aging population, the demand will remain high for basic, translational,
and clinical studies to clarify the pathophysiology of AF progression and to develop cost-
effective treatment options.

14. Limitations

We used the PRISMA guidelines for the literature search (Supplementary Materials).
Due to the very heterogenous study designs noted after screening the results of the search
(multiple pathophysiological processes studied using in silico, in vitro, and in vivo studies,
in multiple species), structured statistical meta-analysis was not feasible.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/physiologia3010004/s1, Table S1: PRISMA-P checklist [180].
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