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Abstract
Atrial fibrillation (AF) remains a highly prevalent and troublesome cardiac arrhythmia, associated with substantial morbidity and mortality. Restoration and maintenance of sinus rhythm (rhythm-control therapy) is an important element of AF management in symptomatic patients. Despite significant advances and increasing importance of catheter ablation, antiarrhythmic drugs (AADs) remain a cornerstone of rhythm-control therapy. During the last 50 years experimental and clinical research has greatly increased our understanding of AADs. As part of the special issue on paradigm shifts in AF, this review summarizes important milestones in AAD research that have shaped their current role in AF management, including 1) awareness of the proarrhythmic potential of AADs; 2) increasing understanding of the pleiotropic effects of AADs; 3) the development of dronedarone; and 4) the search for AF-specific AADs. Finally, we discuss short- and long-term opportunities for better AF management through advances in AAD therapy, including personalization of AAD therapy based on individual AF mechanisms.
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Atrial fibrillation remains a common and problematic cardiac arrhythmia that is associated with substantial morbidity and mortality, decreased quality of life, and significant healthcare costs.1 AF management is multifaceted and requires an integrated approach addressing underlying risk factors, comorbidities, and stroke risk, as well as control of the arrhythmia itself.1 Despite the increasing importance of catheter ablation for rhythm-control therapy, AADs continue to play an important role in the management of AF. The rate of AAD prescription has nearly tripled between 2004 and 2016 according to an insurance database from the United States covering 63 million individuals.2 In this database, there were approximately 1,100 arrhythmia diagnoses (~70% of which concerned AF or atrial flutter) and 950 AAD prescriptions per 100,000 patients in 2016.2 Similarly, in the RealiseAF survey including 10,523 AF patients from 26 countries, >80% of patients received AADs, with ~50% of patients receiving AADs typically used for rhythm-control therapy.3 Recently, the EAST trial showed that early rhythm-control therapy, primarily with AADs (<20% of patients had received ablation at 2-year follow-up), was associated with a lower risk of cardiovascular outcomes than usual care.4
AADs have a long history. As cited in Karagueuzian et al.5, cinchona extract, the botanical source of quinine was already used to treat palpitations by Jean Baptiste de Sénac in 1749, before AF was recognized as their underlying mechanism. Thereafter, several additional compounds with antiarrhythmic properties were identified through empirical observations and pharmacological approaches were used to obtain more favorable derivatives, giving rise to e.g., lidocaine, procainamide, bretylium and disopyramide, followed by amiodarone, flecainide and propafenone. In the early 1970s, these related antiarrhythmic agents were grouped into three classes based on their functional and electrophysiological effects: Class I drugs reduced myocardial excitability; Class II drugs (beta blockers) had sympatholytic effects; and Class III drugs prolonged repolarization duration.5 The effects of Class I drugs were later attributed to inhibition of cardiac Na+-channels, whereas repolarization prolongation was attributed to inhibition of repolarizing K+-channels, particularly the rapidly activating delayed-rectifier K+ current (IKr). The discovery of the antiarrhythmic potential of verapamil, a Ca2+-channel blocker, subsequently gave rise to Class IV. The organization of AADs in these four classes is commonly attributed to Vaughan Williams and Singh and remains extensively used to date, with members of all four classes used in AF management (Figure 1).
Since the development of the Vaughan Williams classification of AADs, 50 years of experimental and clinical research have greatly increased our understanding of AADs. The mechanism-of-action and pharmacological properties of individual AADs has been described in detail in previous work.6, 7 The remainder of this review provides a short conceptual overview of paradigm shifts in AAD research that have shaped their current role in AF management (Table 1) and discusses opportunities for better AF management through advances in AAD therapy. For a more detailed overview of AF mechanisms, novel therapeutic targets and translational considerations for the development of new AADs, the interested reader is referred to comprehensive recent reviews.8-10

‘First, do no harm’ – the proarrhythmic potential of AADs
The adverse potential of AADs was already known before the Vaughan Williams classification was established, with ‘quinidine syncope’ attributed to life-threatening Torsade de Pointes (TdP) arrhythmias in 1964.11 However, in the early 1990s, two landmark clinical trials changed the future of AADs. The Cardiac Arrhythmia Suppression Trial (CAST) and Survival with Oral D-Sotalol (SWORD) study revealed increased mortality in post myocardial infarction patients receiving certain Class I or Class III AADs, respectively, in part due to drug-induced ventricular proarrhythmia.12 Also when used for rhythm control of AF, many of the currently used AADs have considerable proarrhythmic potential.13 Because AF itself is not immediately life-threatening, drug-induced ventricular proarrhythmia is one of the major factors limiting the clinical use of AADs. For example, amiodarone and dofetilide (in the USA) are the only AADs approved in patients with heart failure.1 In addition, the pro-arrhythmia implications from the CAST and SWORD trial have had a major impact on currently available AADs, resulting in suspended development (e.g., indecainide, recainam), failure to move from proof-of-concept to pivotal studies (e.g., budiodarone), failure to progress development from intravenous to oral formulation (e.g., vernakalant,), failed approval (e.g., tedisamil, vernakalant), choice not to further develop and seek approval (e.g., ranolazine), limited indications (e.g., dronedarone), restricted marketing (e.g., dofetilide, ibutilide, moricizine), or even withdrawal of several compounds (e.g., procainamide and quinidine). Some agents that did enter a development programme were ineffective (e.g., BMS 914392) or were complicated by unexpected off-target adverse effects (e.g., S66913). Overall, the development of AADs was severely hindered by these important trials that highlighted that a successful antiarrhythmic agent might do more harm than good. Therefore, hard outcome trials became required for every compound targeted directly at arrhythmia mechanisms. 
Around the same time, it became clear that besides cardiovascular drugs also non-cardiovascular drugs could cause TdP; the most common underlying mechanism being unwanted off-target inhibition of IKr. This gave rise to the field of preclinical cardiac safety testing, which continues to play a major role in drug development and has itself provided relevant information on pro- and antiarrhythmic mechanisms.14 

From Vaughan Williams to the Sicilian Gambit – understanding pleiotropic AAD effects
The traditional AADs were developed in the absence of knowledge about their molecular targets, but were selected empirically, based on observed antiarrhythmic characteristics, and grouped according to their effects on normal cardiac electrophysiological properties. Experimental research in the early 1990s revealed that most AADs in fact inhibit multiple molecular targets.15 The Sicilian Gambit classification of AADs was proposed to integrate the mechanistic actions of AADs with their clinical effects.15 Although the Sicilian Gambit and other, more recent classifications, more accurately capture the complexity of AADs, they have not been able to replace the Vaughan Williams classification in everyday use. However, the increasing awareness of pleiotropic effects, with different potencies for different channels (Table 2), did explain some of the challenges with predicting the exact electrophysiological effects of an AAD and their potential pro- or antiarrhythmic consequences.15 AADs also have important extra-cardiac effects, either because their molecular target in the heart is also expressed in other organs, or because their affinity profile is broad and includes non-cardiac targets. For example, the Class IB AAD lidocaine is more commonly known as a local anesthetic. In turn, extra-cardiac effects may indirectly affect an AAD’s pro- or antiarrhythmic effects, e.g., by altering autonomic regulation of cardiac electrophysiology.
Amiodarone is a prime example of an AAD with pronounced pleiotropic effects (Table 2).16 Although traditionally considered a Class III AAD, it affects a wide range of cardiac Na+, K+, and Ca2+ channels, as well as - and -adrenoceptors, thus in fact showing effects of all four Vaughan Williams classes. This unique combination of electrophysiological effects likely contributes to amiodarone’s relatively high antiarrhythmic efficacy and low proarrhythmic potential. Amiodarone also has significant extra-cardiac effects. For example, amiodarone has vasodilatory properties16 and is active against pathogenic fungi, notably those involved in leishmaniasis, by destabilization of intracellular Ca2+ homeostasis and collapse of mitochondrial membrane potential.17 However, amiodarone’s extreme lipophilic nature and iodine moieties also contribute to pronounced extra-cardiac toxicity, including thyroid dysfunction and pulmonary fibrosis,16 which limit its use for AF management.1 For more information on pleiotropic AAD effects, the interested reader is referred to previous work.7, 18, 19 

Targeted drug development: Dronedarone and budiodarone
Several AADs were specifically developed to overcome the toxicity-related limitations of amiodarone. Dronedarone is an amiodarone analogue lacking the iodine moieties and with reduced lipophilicity, resulting in a compound with significantly shorter half-life. Like amiodarone, dronedarone inhibits targets of all four Vaughan Williams classes, although there are some differences in the relative affinities for different targets between amiodarone and dronedarone. As a relatively recent drug, dronedarone is the most extensively studied AAD for rhythm control of AF.20 The DAFNE (Dronedarone Atrial Fibrillation Study after Electrical Cardioversion) trial published in 2003 and the twin studies EURIDIS (European Trial in Atrial Fibrillation or Flutter Patients Receiving Dronedarone for the Maintenance of Sinus Rhythm) and ADONIS (American-Australian-African Trial with Dronedarone for the Maintenance of Sinus Rhythm), published in 2007, revealed delayed recurrence and reduced incidence of AF in patients with paroxysmal or persistent AF treated with dronedarone.21 A recent post-hoc analysis showed that patients requiring baseline cardioversion in EURIDIS/ADONIS represent a distinct population with more underlying cardiovascular disease and shorter AF/AFL-recurrence time. However, dronedarone was associated with improved efficacy regardless of cardioversion status.22
Importantly, a post-hoc analysis of EURIDIS/ADONIS highlighted a significant reduction in hospitalizations and deaths in AF patients treated with dronedarone.21 This prompted the large-scale ATHENA (A Placebo-Controlled, Double-Blind, Parallel Arm Trial to Assess the Efficacy of Dronedarone 400 mg bid for the Prevention of Cardiovascular Hospitalization or Death from any Cause in Patients with Atrial Fibrillation/Atrial Flutter) trial, which confirmed that dronedarone reduced the incidence of hospitalization due to cardiovascular events or death in patients with paroxysmal/persistent AF compared to placebo.20 Interestingly, a post-hoc analysis suggested that this beneficial effect was also present in patients with permanent AF throughout the study period, suggesting that it was at least in part due to pleiotropic, rhythm-control-independent effects of dronedarone.23
	The potential beneficial effects of dronedarone in permanent AF prompted the PALLAS (Permanent Atrial Fibrillation Outcome Study Using Dronedarone on Top of Standard Therapy) trial. However, this trial was halted prematurely due to a 2.29-fold increase in the combined primary endpoint (stroke, myocardial infarction, systemic embolism, or cardiovascular death) with dronedarone therapy after enrollment of 3236 of the planned 10,800 patients. At least in part, this outcome could be attributed to interactions between dronedarone and digoxin increasing the number of arrhythmic deaths substantially.20 A similar increase in adverse outcomes with dronedarone had already been observed in heart failure patients in the ANDROMEDA trial (Antiarrhythmic Trial with Dronedarone in Moderate to Severe CHF Evaluating Morbidity Decrease).20 Thus, despite being the only AAD with positive impact on hard clinical endpoints in a large randomized controlled trial, dronedarone is only approved for use in non-permanent AF in patients without heart failure.
Budiodarone is another amiodarone analogue with reduced half-life. In contrast to dronedarone, budiodarone retains amiodarone’s iodine moieties. Budiodarone blocks multiple ion channels and significantly reduced AF burden in paroxysmal AF patients with pacemakers in the PASCAL trial.24 Despite these initial promising results, the development of budiodarone was halted, in part due to the requirements for large-scale outcome trials and the negative results of ANDROMEDA and PALLAS. 

The search for AF-specific drugs
At the turn of the century, the concern about ventricular proarrhythmic effects of AADs together with the characterization of electrophysiological differences between atrial and ventricular cardiomyocytes launched a search for AF-specific drugs. In theory, a lack of ventricular effects should create an improved safety profile, while also allowing higher doses to increase the antiarrhythmic efficacy against atrial arrhythmias. 
Atrial-selective K+-channel inhibition
The first compounds developed for this purpose primarily targeted the atrial-selective ultra-rapid delayed-rectifier K+ current (IKur) and acetylcholine-activated inward-rectifier K+ current (IK,ACh).25 While drugs against both targets showed promise in cellular experiments and animal models, prolonging atrial refractory periods without affecting ventricular repolarization, their antiarrhythmic efficacy in clinical studies was limited.25 For example, in the randomized, placebo-controlled DIAGRAF-IKUR trial with the IKur blocker S66913 (XEN-D0103) in patients with symptomatic paroxysmal AF that was terminated prematurely, there was no meaningful reduction in AF burden assessed using implantable continuous monitoring.26 It has been suggested that IKur is downregulated in patients with AF, potentially contributing to the limited efficacy of IKur blockers.6
Atrial-predominant Na+-channel inhibition 
The state-dependent block of cardiac Na+ channels by different Class I AADs, in combination with the high atrial rates during AF and more depolarized resting membrane potential in atrial compared to ventricular cardiomyocytes (both favoring channel inactivation), creates an opportunity for AF-predominant Na+-channel inhibition. Vernakalant is a relatively recent addition to the list of available AADs that combines atrial-predominant Na+-channel inhibition with inhibition of several K+ channels, including atrial selective IKur and IK,ACh.27 However, only an intravenous formulation is available. Vernakalant has been evaluated in several clinical trials and recent meta-analyses confirm that it is safe and effective for restoration of sinus rhythm in patients with recent-onset AF.28 Despite widespread regulatory approval around the world, the resubmission of vernakalant for regulatory approval was rejected by the Food & Drug Administration due to safety concerns.

AADs for AF: Quo vadis?
Despite important advances in our understanding of AADs, the armamentarium for pharmacological rhythm control therapy has changed little over the last few decades. The concerns about drug-induced proarrhythmia and the associated regulatory requirements, involving large clinical trials with hard outcomes, have made the development of new AADs extremely costly. Together with the initial disappointments over AF-specific drugs and the simultaneous advances in AF ablation (themselves partially driven by financial considerations), have resulted in a decreased interest in the development of new pharmacological antiarrhythmic strategies for AF. Indeed there has been a relative reduction in the number of papers published on AADs in AF recent years (Figure 2), with many papers only using AADs as comparator or exclusion criterion for catheter ablation studies. At the same time, AADs remain commonly used in clinical practice and there is a clear need for improved pharmacological rhythm-control strategies.2, 8
Tailored therapy
In current guidelines, the choice of AAD is largely based on which drugs cannot be used due to the presence of comorbidities associated with increased risk for adverse AAD effects,1 or due to practical limitations (e.g., differences in availability per country or mode of application). In practice, considerable deviation from guideline recommendations has been reported for AADs,3 which may negatively affect patient outcomes. For example, non-recommended treatment with beta-blockers in patients with vagal AF is associated with progression of AF.29 Thus, a better understanding of AF mechanisms in an individual patient may enable more effective, mechanism-based selection of currently available AADs.6, 8 Clinical and pharmacogenetic information, as well as patient-specific induced pluripotent stem cell (hIPSC)-derived cardiomyocytes and computer models may enable tailored AAD therapy (Figure 3).
Tailored therapy based on comorbidities and pharmacogenetics
Recent work suggests that Class I AADs are less effective in obesity-related AF30 and there is evidence that pharmacogenetic information, e.g., presence of AF susceptibility alleles at chromosome 4q25 (near PITX2), could be used to decide between Class I and Class III AADs, at least in the absence of strong acquired AF-promoting risk factors such as obstructive sleep apnea.31 Similarly, the beta-blocker bucindolol prevents new-onset AF in heart failure patients, with its effect size depending on the presence of polymorphisms in β1 and 2c adrenergic receptors, as well as the duration of AF and heart failure.32 
Tailored therapy using induced pluripotent stem cell (hIPSC)-derived cardiomyocytes
hIPSC-derived cardiomyocytes retain a patient’s genetic information and may therefore help to elucidate patient-specific mechanisms. They can also support tailored therapy based on pharmacogenetics and mechanistic information, e.g., by comparing the effects of different AADs on arrhythmogenic indicators such as repolarization duration, presence of afterdepolarization and conduction velocity in monolayers. However, hIPSC-derived cardiomyocytes have a relatively immature electrophysiological phenotype and hIPSC technology cannot capture the AF-promoting structural remodeling resulting from a wide range of risk factors that is present in most patients with AF. 
Tailored therapy based on computer models
Computer models of cardiac electrophysiology have advanced significantly over the last 20 years and now play an integral part in proarrhythmic risk assessment of new drugs, as part of the Comprehensive In-vitro Proarrhythmia Assay (CiPA) initiative.14 Software tools to assess the pleiotropic effects of AADs on cellular electrophysiology in different cell types and under a wide range of conditions have recently become available.19 Similarly, organ-level computational models with personalized anatomy and fibrosis patterns based on magnetic resonance imaging are being explored for tailored AF ablation therapy.33 In the future, technological advances may enable integration of detailed ion-channel models required for simulation of state-dependent AAD effects in these personalized organ-level models to guide tailored AAD therapy, e.g., by testing inducibility and stability of arrhythmias in the simulated presence of different (combinations of) AADs. 
New therapeutic options
Despite the limited success of AF-specific therapy via IKur or IK,ACh, several promising options remain. Two-pore domain K+ (K2P) channels are upregulated in AF patients (in the absence of concomitant left-ventricular dysfunction), contributing to AF-promoting shortening of repolarization duration and K2P-channel inhibition has antiarrhythmic effects in animal and computational models.25 Inhibition of small-conductance Ca2+-activated K+ (SK) channels similarly prolongs atrial repolarization duration, although the antiarrhythmic properties of available SK-channel blockers may also result from atrial-selective Na+-channel inhibition.34 SK-channel blockers exhibit pronounced antiarrhythmic effects in large-animal models, converting vernakalant-resistant AF in pigs and preventing its reinduction.35 Other potential therapeutic targets have also been suggested based on advances in the understanding of AF mechanisms, notably different components of abnormal atrial Ca2+-handling.6 Thus, numerous opportunities for the development of new therapeutic options remain.
Given the time required and costs associated with the development of a new AAD, repurposing strategies might more readily create new therapeutic options. For example, the antianginal agent ranolazine inhibits a range of ion currents, including IKr and the late Na+ current. Although it is not approved as an AAD, it protects against ventricular arrhythmias and is moderately effective for rhythm control therapy of AF.6, 36 Similarly, the beta-blocker carvedilol (as well as a derivative without beta-blocking properties) has antiarrhythmic properties in atrial and ventricular cardiomyocytes.6, 37 The respiratory stimulant doxapram has been identified as a potent inhibitor of K2P channels25 and is currently being evaluated for pharmacological cardioversion of AF in the DOCTOS trial (EudraCT number 2018-002979-17). Of note, combined inhibition of multiple atrial ion channels may have synergistic effects,38 providing a rationale for combination therapy as an extension of the intrinsic pleiotropic effects of most AADs. As an example, the HARMONY trial showed a synergistic reduction in AF burden for combined dronedarone and ranolazine therapy.39
Besides new AADs, alternative methods of application represent another potential shift in the pharmacological management of AF. For example, pulmonary delivery of flecainide produces a rapid rise in plasma levels and converts AF in pigs and is currently being investigated in the INSTANT trial (NCT03539302).40 Similarly, etripamil nasal spray (a short-acting calcium-channel blocker) rapidly terminates induced supraventricular tachycardia and may theoretically provide urgent rate control in atrial fibrilaiton.41 Finally, botulinum toxin injection in epicardial fat pads during cardiac surgery, modifying atrial cholinergic stimulation, produces a long-term reduction in post-surgery AF burden.42

Conclusions
AADs exemplify the need for multidisciplinary team science with a strong collaboration between experimental and clinical research. Due to such collaborations, our understanding of AADs has expanded greatly over the last decades (Figure 4), highlighting a range of pleiotropic effects that can have desirable or adverse consequences, and resulting in paradigm shifts in their clinical use. Despite an increased use of catheter ablation for rhythm control in AF, AAD therapy will continue to play a major role in AF management, often as hybrid therapy in combination with ablation. Although accumulating evidence suggests that rhythm control itself may improve outcomes in certain subpopulations of AF patients,4, 43, 44 the pleiotropic effects of AADs could, theoretically, provide both rhythm control and target the underlying mechanisms contributing to adverse outcomes in AF patients.45 The clinical studies with dronedarone support this idea and suggest that we may have to rethink the concept of AAD therapy. In general, there is reason to remain confident that we can capitalize on the lessons learned for developing novel, personalized rhythm-control strategies involving advances in AAD therapy to improve AF management.
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Table 1. Overview of important paradigm shifts in the use of AADs in AF patients
	#
	Paradigm shift

	1
	Shift from development of AAD for all arrhythmias to AADs for rhythm-control of AF only (Figure 2)

	2
	Shift from reducing symptomatic AF recurrences to reducing both symptomatic and asymptomatic recurrences, made possible by the shift from single ECGs to continuous monitoring

	3
	Shift from treating the arrhythmia (acute cardioversion) to preventing the arrhythmia (rhythm control, upstream therapy and risk-factor modification)

	4
	Shift from preventing arrhythmia recurrence to reducing major adverse cardiovascular events and improving mortality

	5
	Shift from a single primary AAD target (Vaughan Williams and Singh classification) to appreciating pleiotropic drug effects

	6
	Shift from traditional antiarrhythmic drugs targeting ion channels to drugs preventing or reducing substrate development

	7
	Shift from antiarrhythmic monotherapy to hybrid therapy with ablation and (combinations of) AADs

	8
	Shift from oral and intravenous administration to novel formulations to topical application, inhalation and nasal insufflation

	9
	Shift from treating all AF to AF in particular settings (initial steps towards tailored therapy)





Table 2. Summary of pleiotropic effects of AADs commonly used for rhythm control of AF
	AAD
	Class
	Primary target
	Additional targets in atrial cardiomyocytes
	Non-atrial pleiotropic and adverse effects

	Amiodarone
	I-IV
	IKr
	IK2P, IK,ACh, ICa,L, INa, β-AR, IK1, -AR; M2R
	Ventricular rate control; ↓ heart rate; CYP2D6/CYP3A4 inhibition; vasodilation; extra-cardiac toxicity (incl. pulmonary hepatic and thyroid)

	Dofetilide
	III
	IKr
	-
	↑ TdP risk

	Dronedarone
	I-IV
	IKr
	IK,ACh, ICa,L, INa, β-AR, IK2P, IKs, INCX, -AR
	Ventricular rate control; ↓ heart rate; ↓ blood-pressure; CYP2D6/CYP3A4 inhibition; ↓ I/R injury

	Flecainide
	IA
	INa
	IKr, RyR2
	Dizziness and visual disturbance

	Ibutilide
	III
	IKr
	-
	↑ TdP risk

	Propafenone
	IA
	INa
	IKr, RyR2, β-AR
	Dizziness; ↓ heart rate; ↓ blood-pressure

	Sotalol
	II/III
	-AR
	IKr
	Ventricular rate control; ↓ heart rate; ↓ blood-pressure

	Vernakalant
	I/III
	INa
	IKur, IKr, Ito
	↓ blood-pressure


Detailed information on additional cardiomyocyte targets of commonly used AADs can be found in previous studies.7, 18, 19 Abbreviations: -AR: -adrenergic receptor; β-AR: β-adrenergic receptor; ICa,L: L-type Ca2+ current; IK1: inward-rectifier K+ current; IK2P: two pore-domain K+ current; IK,ACh: acetylcholine-activated inward-rectifier K+ current; IKr: rapid delayed-rectifier K+ current; IKs: slow delayed-rectifier K+ current; IKur: ultra-rapid delayed-rectifier K+ current; INa: fast Na+ current; INCX: Na+/Ca2+-exchanger current; I/R: ischemia/reperfusion; Ito: transient-outward K+ current; M2R: muscarinic receptor; RyR2: type-2 ryanodine receptor channel; TdP: torsades de pointes.
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Figure 1. Conceptual mechanisms of atrial fibrillation (AF) and effect of antiarrhythmic drugs (AADs) used for rhythm control or rate control. AADs are grouped according to the classification by Vaughan Williams and Singh, with class I-IV AADs primarily targeting Na+ channels, beta-adrenergic receptors, K+ channels and Ca2+ channels, respectively. However, most AADs affect multiple ion channels and several have pleiotropic extra-cardiac effects.
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Figure 2. Number of publications in PubMed on antiarrhythmic drugs (AADs) and atrial fibrillation (AF) as of September 24, 2020. A. Number of publications per year in PubMed identified using “antiarrhythmic drugs” divided into those related to AF (blue bars), identified using “antiarrhythmic drugs” AND “atrial fibrillation”, and those not related to AF (white bars). There is a drop in publications on AADs following the publication of the CAST and SWORD trials, which is partially compensated by an increasing interest in AADs for the treatment of AF. B. Yearly number of publications in PubMed on AF and AADs (“atrial fibrillation” AND “antiarrhythmic drugs”) shown in green bars, or AF and ablation (“atrial fibrillation” AND “ablation”) shown in grey bars. Following the 1998 description on pulmonary vein (PV) triggers, there is a marked increase in publications on AF ablation.
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Figure 3. Integration of pharmacogenetic information and information about antiarrhythmic efficacy and proarrhythmic risk of different AADs using induced pluripotent stem cell-derived cardiomyocytes (hIPSC-CM) or personalized computer models in clinical decision support systems may enable safer, more effective tailored AAD therapy in AF patients.
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Figure 4. Historical overview of major advances in the available antiarrhythmic drugs (blue), key clinical trials (red) and important concepts and research topics (black) during the past 100 years. Together, these clinical trials and studies have greatly expanded our understanding of AADs, which has resulted in paradigm shifts in their clinical use.
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