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While isolation of the pulmonary veins is firmly established as effective treatment for the majority of paroxysmal atrial fibrillation (AF) patients, there is recognition that patients with persistent AF have substrate for perpetuation of arrhythmia existing outside of the pulmonary veins. Various computational approaches have been used to identify targets for effective ablation of persistent AF. This paper aims to discuss the clinical aspects of computational approaches that aim to identify critical sites for treatment. Various analyses of electrogram characteristics have been performed with this aim. Leading techniques for electrogram analysis are Complex Fractionated Atrial Electrograms (CFAE) and Dominant Frequency (DF). These techniques have been the subject of clinical trials of which the results are discussed. Evaluation of the activation patterns of atria in AF has been another avenue of research. Focal Impulse and Rotor Modulation (FIRM) mapping and forms of Body Surface Mapping aim to characterize multiple atrial wavelets, macro-reentry and focal sources which have been proposed as basic mechanisms perpetuating AF. Both invasive and non-invasive activation mapping techniques are reviewed. The presence of atrial fibrosis causes non-uniform anisotropic impulse propagation. Therefore, identification of fibrosis by imaging techniques is an avenue of potential research. The leading contender for imaging-based techniques is Cardiac Magnetic Resonance (CMR). As this technology advances, improvements in resolution and scar identification have positioned CMR as the mode of choice for analysis of atrial structure. AF has been demonstrated to be associated with obesity, inactivity and diseases of modern life. An opportunity exists for detailed computational analysis of the impact of risk factor modification on atrial substrate. This ranges from microstructural investigation through to examination at a population level via registries and public health interventions. Computational analysis of atrial substrate has moved from basic science toward clinical application. Future directions and potential limitations of such analyses are examined in this review.
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INTRODUCTION

While isolation of the pulmonary veins (PVI) is firmly established as effective treatment for the majority of paroxysmal atrial fibrillation (AF) patients,(Calkins et al., 2017) there is recognition that patients with persistent AF have substrate for perpetuation of arrhythmia existing outside of the pulmonary veins. Computational approaches have been attempted in the search to identify targets for effective ablation of persistent AF. We aim to discuss the clinical aspects of computational approaches that seek to identify critical sites for ablation in the treatment of persistent AF. We explore the initial approach of electrogram-based analyses through to more topical panoramic mapping of AF substrate. We look at the role of imaging to identify atrial scar as a potential AF ablation target and the recent recognition that lifestyle management is very important in reducing AF burden. Lastly, we explore potential future directions to advance AF care via computational approaches.

Electrogram-Based Approach

Complex Fractionated Atrial Electrograms

Electrophysiologists skilled in ablation of arrhythmias have sought to look for characteristics of electrograms that might identify critical sites for ablation. The elimination of complex fractionated atrial electrograms (CFAE) has been shown in some studies to be an effective strategy of catheter ablation (Nademanee et al., 2004, 2008) Fractionated or prolonged electrograms have been demonstrated to identify areas acting as pivot points, slowed conduction, anisotropy, localized circuits or rotors, all of which are capable of sustaining re-entry (Spach and Dolber, 1986; Konings et al., 1994; Haïssaguerre et al., 2006). Accurately identifying such electrograms may allow targeted ablation to halt wavelet re-entry and prevent the perpetuation of AF.

Initially, CFAE were defined as fractionated electrograms composed of ≥2 deflections, perturbation of the baseline with continuous deflection of a prolonged activation complex, or atrial electrograms with a cycle length ≤ 120 ms (Nademanee et al., 2004) However, as this method of ablation became more widespread, a more consistent definition of ablation targets was desired, particularly if one wanted to perform a multi-center trial where standardization across hospitals was paramount. Hence, computer algorithms were designed to provide consistent definitions of CFAE, independent of the operator's discretion. These included the CFAE software module (CARTO, Biosense Webster, CA, USA) and the CFE-mean tool (NavX, Abbott, CA, USA).

The CFE-mean tool was used to test the usefulness of CFAE ablation in addition to PVI and linear lesions in the BOCA study of 130 persistent AF patients (Wong K. C. et al., 2015) This trial found no additional benefit in the patients randomized to CFAE ablation, despite longer procedure and ablation times. There was an excess of organized atrial arrhythmia, in particular gap-related macro-re-entrant flutter, in the patients randomized to CFAE ablation. In the multi-center STAR-AF II trial (Verma et al., 2015) the use of a computerized algorithm to detect standardized CFAE electrograms was employed. This trial showed no additional benefit of CFAE ablation as guided by the CFE-mean tool in addition to PVI alone, in patients with persistent AF. Indeed, some have used this trial to suggest that CFAE-targeted ablation is detrimental to long-term outcome (Conti and Verma, 2016) The CHASE-AF trial produced similar conclusions, where no benefit from the addition of a CFAE-based ablation strategy over non-CFAE ablation was seen (Vogler et al., 2015) A recent meta-analysis confirmed that the addition of extra-pulmonary substrate ablation such as that of CFAE in persistent AF patients, was associated with declining efficacy as compared to PVI ablation alone (Clarnette et al., 2017).

However, strong proponents of CFAE-based ablation argue that computer-derived 3D maps of fractionation are inaccurate and lead to different areas being targeted, compared to the areas targeted when visual recognition of CFAEs are made by experienced operators (Oketani et al., 2016) For example, the semi-automated CFAE algorithms from the NavX and CARTO systems were found to correlate poorly with each other or AF complexity measures that may explain the variable results of CFAE-based ablation. Furthermore, the dynamic nature of CFAE with poor temporal stability may be another challenge for CFAE-based ablation based on point-by-point mapping (Lau et al., 2012) Novel indices such as unipolar fractionation index or spatiotemporal stability index of CFAE have been shown to demonstrate superior physiological relevance to AF dynamics (Lau et al., 2015; Thanigaimani et al., 2017a) Therefore, there perhaps remains a role for novel computerized algorithms used in combination with higher density mapping catheter that could better direct electrophysiologists to critical AF-sustaining sites.

Dominant Frequency

Dominant frequency (DF) analysis aims to distill the local activation frequency from highly complex electrograms. This utilizes computer algorithms (usually fast fourier transform) to assign a fundamental frequency of electrical activation. The DF can then be displayed on a 3D map to guide the ablator to sites of high DF thought to be driving the AF (focal source or rotor). The aim of such analysis is to detect sites of high frequency that have been hypothesized to “drive” the fibrillation process (Jalife et al., 2002) These sites have been shown by retrospective analysis to identify effective ablation areas (Sanders et al., 2005) In an elegant animal study by Kalifa et al, areas of fractionation were demonstrated at the periphery of areas of high dominant frequency (Kalifa et al., 2006) The proximity of high DF and CFAE sites has also been demonstrated in high-density mapping of human AF (Stiles et al., 2008) Of note, most studies examining DF guided ablation have used off-line analysis, although real-time analysis has also been reported albeit without incremental outcome (Atienza et al., 2014) In a systematic review of DF-based approaches, Gadenz et al concluded that DF-based approaches are a useful marker of ablation outcome; however, direct intervention targeting DF sites appears premature with mixed results and too few studies (Gadenz et al., 2017) A more recent study using a novel frequency analysis algorithm and longer duration of AF electrograms in search for temporally stable AF drivers has shown some promise (Kimata et al., 2018) Ongoing work will help refine our armamentarium toward future targeting of high DF sites to improve outcomes (Sanders et al., 2018).

Shannon Entropy

The detection of points of high Shannon Entropy has been postulated as a way of mapping drivers of AF (Ganesan et al., 2014) In particular, ablation at the point of “phase singularity” has been shown to lead to termination of atrial fibrillation (Narayan et al., 2012) Recordings at the center of a rotor should have less directional information in the local bipolar electrogram than recordings away from the center. Maximum Shannon Entropy has been shown to be co-located at the center of rotational activity from experimental models of atrial fibrillation (Ganesan et al., 2014) Furthermore, Shannon Entropy of bipolar electrograms has been shown to be consistent across models and differences in electrode spacing, signal filtering and rotor meander (Ganesan et al., 2014) Studies examining ablation outcome based on Shannon Entropy guided ablation are ongoing.

With the number of promising computational approaches seeking to gather additional information from electrograms, some have sought to show which technique is best, or whether a hybrid approach combining multiple approaches is superior. Hwang et al looked at phase singularity, DF, Shannon entropy and CFAE cycle length with subsequent ablation in 2D and 3D simulation models and found that DF-based ablation was superior for AF termination (Hwang et al., 2016) However, no human AF studies have been able to replicate such data and it remains an area where computational based approaches to electrogram analysis may yet yield insights into effective ablation targets for human AF.

Panoramic Mapping of AF Mechanisms

Over the last decade, the field has progressed from electrogram-based AF mapping to focus on activation and phase mapping to detect AF drivers in the form of rotational (“rotors”) and ectopic focal (“foci”) activations. First descriptions of rotational activations were from studies that undertook sequential mapping with multi-polar spiral catheter (Atienza et al., 2011; Ghoraani et al., 2013) The Focal Impulse and Rotor Modulation (FIRM) guided technique was the first panoramic mapping study that showed high success rates with ablating AF drivers (Narayan et al., 2012). Other panoramic mapping techniques included body surface potentials mapping with inverse-solution electrocardiographic imaging (ECGI) (Haissaguerre et al., 2014) mapping of wavefront propagation using intracardiac multipolar catheter (CARTOFINDER) (Honarbakhsh et al., 2018) and non-contact mapping using a multielectrode array catheter (ENSITE) (Yamabe et al., 2016; Lee et al., 2017). Table 1 summarizes the different panoramic mapping techniques utilized toward detection of AF rotors and foci.


Table 1. Clinical panoramic mapping for AF rotors and foci.

[image: image]



Focal Impulse and Rotor Modulation (FIRM)

The FIRM technique is facilitated by a 64-pole basket type catheter with phase-based signal processing to detect AF rotors or foci. The algorithm has remained proprietary, with utilization of electrogram data such as local refractoriness and restitution. The initial study reported a mean of 2.1 sources (rotors or foci) per patient that conserved for tens of minutes. In this study, FIRM-guided ablation was superior to conventional ablation with 86 vs. 20% acute termination or slowing of AF, and 82.4% vs. 44.9% freedom from AF after a median of 9 months (Narayan et al., 2012). Further, follow-up of these patients to 3 years showed durable success with 77.8% of the FIRM-guided ablation group remained free of AF vs. 38.5% in the conventional group after a mean of 1.2 procedures (Narayan et al., 2014).

However, subsequent studies have shown a wide variability in the reported outcomes from FIRM-guided ablation. A recent meta-analysis (10 studies, n = 527 patients) showed a pooled estimate of single-procedure freedom from AF of only 59.2% in non-paroxysmal AF at a mean follow-up of 12.9 months, with a high level of heterogeneity seen among studies (I2 = 88.3%) (Parameswaran et al., 2018). The variability in outcomes could be due to the limitations in the use of the basket type catheter including suboptimal electrode contact or chamber coverage where potential absence of septal coverage and <25% of overall left atrial surface area coverage have been reported (Pathik et al., 2018). The assumption that the electrodes of the basket catheter are evenly spread over a 2-D grid as opposed to the actual variable spread in a 3-D orientation may contribute to potential errors in phase-based signal analysis of focal sources (Pathik et al., 2018). Further, it is unclear whether electrode density or spacing of the basket catheter may also affect detection of focal sources (Walters et al., 2016; Kuklik et al., 2017). There are also concerns regarding the validity of the FIRM technique whereby comparative assessments failed to identify the same temporally stable rotors as identified by FIRM, with absence of distinctive electrophysiological characteristics of rotors in terms of dominant frequency and Shannon Entropy (Benharash et al., 2015; Halbfass et al., 2017). Several ongoing randomized trials will provide further guidance on the utility of FIRM guided ablation.

Electrocardiographic Imaging (ECGI)

The ECGI is a non-invasive body surface potentials mapping technique using a 252-electrode vest with inverse solution to derive virtual potentials on the epicardial atrial surface localized with thoracic computed tomography. Additional signal processing of wavelet transform and phase mapping are then applied to detect AF sources. Initial report of ECGI mapping in 26 AF patients found mainly multiple wavelets and ectopic foci with rare rotor activities seen in 15% only (Cuculich et al., 2010). More recent ECGI mapping study of 103 persistent AF patients showed a median of 4 driver regions per patient that consisted of non-sustained repetitive rotors (median 2.6 rotations) with substantial meandering as well as ectopic focal sources that fired a mean of 6 times. In this study, the rotors accounted for 80.5% of all AF drivers with the remaining 19.5% consisted of ectopic foci. Importantly, ablation of these drivers resulted in AF termination in 80% and in these cohort of patients, AF freedom was 85% at 1 year follow-up (Haissaguerre et al., 2014). In addition, the ECGI data from the same group also demonstrated increased complexity of these AF drivers with prolonged AF duration. Specifically, longer duration of AF was associated with increased numbers of rotors and ectopic foci, increased number of regions with these AF drivers and extrapulmonary drivers, such as from the infero-posterior left atrium and the anterior left atrium/septal region. Ablation targeting these driver sites resulted in AF termination in 70% of the persistent AF patients (Lim et al., 2017). However, there are several shortcomings with this mapping modality such as the inability to detect activations in the interatrial septum or the ridge between the pulmonary vein and left atrial appendage, reduced ability to detect low amplitude signals as well as the inability to distinguish between micro-entry and epicardial breakthrough activations (Cuculich et al., 2010; Haissaguerre et al., 2014).

CARTOFINDER

This is a mapping approach that utilizes existing CARTO 3-D electroanatomical mapping system (Biosense Webster, CA, USA) with a module called CARTOFINDER which is still in the development phase. The first report using this system included 13 persistent AF patients where mapping was performed with the PentaRay catheter in both the right and left atrium. In brief, it utilizes unipolar electrograms for phase analysis using Hilbert Transform to detect rotors as well as bipolar electrograms for dominant frequency analysis to gauge ablation efficacy. A mean of 1.8 rotor domains (mean 9.2 rotations) was seen in each patient while ablation of these sites resulted in reduction in dominant frequency, acute termination to sinus rhythm in 2 out of 13 patients (15%) and 1-year freedom from AF rate of 70% (Calvo et al., 2017). In another CARTOFINDER study, activation mapping was performed with the basket catheter in 20 persistent patients without using phase based analysis. Here, the AF drivers were transient (mostly ≤ 4 cycles) but repetitive in separate maps while ablation of these resulted in significant effect of termination or slowing of cycle length in 85% (Honarbakhsh et al., 2018). More outcome data are awaited as this system matures in its development.

Ensite Non-contact Multi-Electrode Array

Several groups have used the Ensite multi-electrode array catheter (St Jude Medical, MN, USA) for panoramic non-contact AF mapping (Yamabe et al., 2016; Lee et al., 2017). This is a commercially available system that affords recording of unipolar virtual electrograms that can be superimposed onto the 3-D endocardial geometry to display wavefront propagation as animated isopotential color map. Using this technique, transient AF rotors were seen in 1 out of 15 persistent AF and 10 out of 60 paroxysmal AF patients that lasted for a mean of 6.1 s in one study (Yamabe et al., 2016). In another study, the Ensite non-contact mapping system failed to identify any focal sources in 15 persistent AF patients (Lee et al., 2017). There are no data available regarding ablation of AF rotors or foci detected with this system.

Electrophysiological Characterization of AF Drivers

The various panoramic mapping methods described above represent intensive research in the field in search of AF driver sites. Many studies have provided increasing insights regarding the electrophysiological characteristics of these drivers despite apparent differences seen in the dynamics of AF drivers. For example, all panoramic mapping modalities have found AF driver sites to be non-sustained except for the FIRM technique where AF drivers lasted for tens of minutes. The transient nature of AF drivers is in keeping with direct contact mapping studies in long-lasting persistent AF patients (Lee et al., 2014; Walters et al., 2015). Nevertheless, there appears to be agreement on the meandering nature of these drivers that appear repetitively at similar locations in the same patient, namely near the pulmonary vein ostia, left atrial appendages, septum and coronary sinus-inferior left atrium. The anatomical clustering of AF drivers is in keeping with the known importance of structures annexed to the left atrium and the presence of complex muscle fiber orientations at such sites (Haïssaguerre et al., 2005).

Further analysis of the ECGI detected driver sites have unveiled increased electrogram fractionation and their proximity to areas with increased fibrosis as assessed by late gadolinium-enhanced magnetic resonance imaging (LGE-MRI) (Haissaguerre et al., 2016). However, others have not been able to show the same relationship between AF drivers and LGE-MRI detected fibrotic regions (Chrispin et al., 2016; Sohns et al., 2017). Nevertheless, novel 3-D computational framework provides evidence that AF drivers may be identifiable by a distinct structural “fingerprints” that consist of intermediate wall thickness, intermediate fibrosis and twisted myofiber orientation (Zhao et al., 2017). Taken together, further work is needed to refine our understanding of AF drivers and resolve the differences seen in the their dynamics to guide ablative therapy. The non-disclosures of proprietary algorithms in the detection of AF drivers may be a major obstacle toward rapid translation into clinical practice. Advancement in catheter technology and design to afford better chamber coverage with higher electrode density will also aid in the search of AF drivers amidst the irregularly irregular atrial activations of this highly complex arrhythmia.

Targeting Atrial Fibrosis

Atrial fibrosis is known to result in non-uniform anisotropic impulse propagation and increased conduction heterogeneity that may perpetuate AF by favoring re-entry and anchoring of AF drivers (Maesen et al., 2013; Haissaguerre et al., 2016). These structural and conduction changes have been consistently seen in different atrial substrates such as hypertension, obesity, heart failure, valvular heart disease, diabetes, aging and obstructive sleep apnea (Sanders et al., 2003; Kistler et al., 2004; Kato et al., 2006; John et al., 2008; Lau et al., 2010, 2011a, 2013b; Medi et al., 2011; Dimitri et al., 2012; Abed et al., 2013a; Iwasaki et al., 2014). In addition, AF itself can result in increased atrial fibrosis in the absence of any risk factors (Stiles et al., 2009; Verheule et al., 2013; Corradi et al., 2014). The signaling mechanisms involved in atrial fibrosis are highly complex and remain incompletely understood (Thanigaimani et al., 2017b). Several agents have been studied in experimental models and have been found to be effective in attenuating or preventing atrial fibrosis: renin-angiotensin-aldosterone inhibitors,(Li et al., 2001; Milliez et al., 2005) n-3 polyunsaturated fatty acids, (Lau et al., 2011b) HMG-CoA reductase inhibitors,(Shiroshita-Takeshita et al., 2007) and various anti-fibrotics such as tranilast, pirfenidone and relaxin (Lee et al., 2006; Nakatani et al., 2013; Parikh et al., 2013; Henry et al., 2016). Unfortunately, human studies of these agents remain lacking for translation into clinical practice.

Traditional assessment of atrial electrical changes has been facilitated by 3-D electroanatomical maps to evaluate atrial voltage, conduction velocity and electrogram fractionation (Figure 1; Lau et al., 2017). Advances in cardiac imaging have facilitated non-invasive quantification of atrial fibrosis by means of LGE-MRI (Oakes et al., 2009). Atrial fibrosis assessed with LGE-MRI has been shown to associate well with regions of low bipolar left atrial voltage as determined by 3-D electroanatomical systems (Malcolme-Lawes et al., 2013; Zghaib et al., 2018). In addition, it has been demonstrated that the degree of atrial fibrosis detected by LGE-MRI increased with AF persistence and the presence of more AF risk factors (Daccarett et al., 2011; McGann et al., 2014). Importantly, atrial fibrosis defined by LGE-MRI has been shown to be independently associated with AF recurrence in patients undergoing catheter ablation in the delayed-enhancement MRI determinant of successful radiofrequency catheter ablation of AF (DECAAF) study (Marrouche et al., 2014). Further analysis of 177 of the DECAAF patients who underwent repeat LGE-MRI scanning 90 days post-ablation showed that the greater overlap of ablation induced scarring over pre-ablation fibrosis, the better the arrhythmia free survival (Akoum et al., 2015). Ongoing prospective multi-center randomized controlled trial (DECAAF-II) will examine the efficacy of targeting LGE-MRI detected atrial fibrosis in persistent AF patients.
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FIGURE 1. Electroanatomical maps and electrophysiological changes in various AF substrates. 3-D electroanatomical maps from various AF substrates are shown with bipolar voltage scaled from <0.05 mV (red) to >5 mV (purple). Points with fractionated or double potentials or scar are annotated with red, blue, and gray dots respectively. Figure used by permission from Lau et al. (2017) © American Heart Association.



However, several technical challenges with LGE-MRI detection of atrial fibrosis have been acknowledged. These include issues such as spatial resolution given the thin atrial walls, motion artifact especially when the patient is not in sinus rhythm, the lack of standardized image acquisition protocols and the all-important quantitation of the amount of LGE that can be subjective and labor intensive even if signal intensity thresholding was employed over visual assessment (Appelbaum and Manning, 2014; Pontecorboli et al., 2017). It is also noted that there remains a paucity of good quality data whereby LGE-MRI detected atrial fibrosis or post-ablation scars have been histologically validated (Harrison et al., 2014; McGann et al., 2014). Therefore, it is of no surprise that the reproducibility of LGE-MRI analysis has been questioned and the diagnostic accuracy of this modality to detect ablation lesions has been shown to be suboptimal (Hunter et al., 2013; Pontecorboli et al., 2017). Alternatively, post-contrast cardiac MRI atrial T1 relaxation time mapping has been shown to be a reliable index of atrial fibrosis that correlated with atrial voltage and ablation outcome (Ling et al., 2014). However, the inability of T1 mapping technique to provide spatial distribution of atrial fibrosis will hamper its ultimate usage to guide ablative therapy. Hopefully, the LGE-MRI technique will mature toward standardization of image acquisition, automation of image analysis, improved image resolution and validation in the not too distant future.

Targeting the AF Risk Factors

Despite the advances in catheter ablation technology and strategies over the last two decades, the field has not witnessed a significant improvement in ablation success especially in those with persistent AF (Brooks et al., 2010; Clarnette et al., 2017). It is well recognized that there is a long-term attrition in sinus rhythm maintenance following initially successful catheter ablation (Ganesan et al., 2013). In addition, progressive atrial substrate changes have been documented in individuals despite a successful AF ablation procedure (Teh et al., 2012). A myriad of AF risk factors have been identified to contribute to the progressive AF substrate and recurrences post catheter ablation procedures. These include: aging, left atrial enlargement, heart failure, hypertension, aortic stiffness, valvular heart disease, obesity, pericardial fat, diabetes mellitus, dyslipidemia and obstructive sleep apnea (de Vos et al., 2010; Ng et al., 2011; Wong et al., 2011; Mohanty et al., 2012; Lau et al., 2013a; Jacobs et al., 2015; Proietti et al., 2015; Wong C. X. et al., 2015; Linz et al., 2018). Therefore, efforts must be placed to target these risk factors to maximize rhythm control outcome in patients with AF.

There is prospective randomized evidence showing that a targeted weight loss intervention reduced atrial dilatation, left ventricular hypertrophy, and AF symptom burden and severity in highly symptomatic overweight and obese patients with AF (Abed et al., 2013b). Tight control of systolic blood pressure to under 130 mmHg has been shown to reduce incident and recurrent AF in hypertensive subjects although a more recent study reported neutral results (Thomas et al., 2008; Okin et al., 2015; Parkash et al., 2017). Continuous positive airway pressure therapy has been shown to improve sinus rhythm maintenance in patients with obstructive sleep apnea undergoing electrical cardioversion and catheter ablation (Linz et al., 2018). A structured, physician-driven, and goal-directed weight and risk factor management strategy has been applied in overweight and obese patients with AF to good success, as seen in the ARREST-AF (Aggressive Risk Factor Reduction Study for Atrial Fibrillation and Implications for the Outcome of Ablation) and LEGACY (Long-Term Effect of Goal Directed Weight Management on an Atrial Fibrillation Cohort) studies (Figure 2). In brief, this program involved weight management by dietary modification, tailored moderate-intensity exercise to improve cardiorespiratory fitness, targeted strict systolic blood pressure control to <130 mm Hg, lipid and glycemic management aiming for low-density lipoprotein <2.6 mmol/L and hemoglobin A1c <6.5%, active screening and treatment of obstructive sleep apnea with continuous positive airways pressure therapy, smoking cessation and alcohol reduction to <3 standard drinks per week. In addition, gain in cardiorespiratory fitness was found to confer greater freedom from AF independent of weight loss.
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FIGURE 2. Beneficial effects of various lifestyle modifications. The benefits of lifestyle and risk factor modifications on AF-free survival are evident from these Kaplan-Meier survival graphs: (A) Greater freedom from AF was seen with greater degree of weight loss (WL) in the LEGACY study. (B) Risk factor management (RFM) confers greater AF-free survival following catheter ablation procedure vs. usual care in the ARREST-AF Cohort Study. (C) Gain in cardiorespiratory fitness (MET, metabolic equivalent) confers independent and incremental AF free survival to WL in the CARDIO-FIT study.



Additional evidence on the benefits of exercise in AF can be seen from the study by Malmo and co-workers with aerobic interval training for 12 weeks (Malmo et al., 2016). Similarly, weight and exercise intervention has been shown to confer equivalent benefits to re-do catheter ablation in a study in patients with post-ablation AF recurrences (Mohanty et al., 2014). More recently, in persistent AF patients with heart failure, a multi-center prospective randomized study has demonstrated that additional intervention targeting the underlying conditions with cardiac rehabilitation including physical activity, dietary restrictions, and counseling, mineralocorticoid receptor antagonist, HMG-CoA reductase inhibitor and angiotensin converting enzyme inhibitors and/or receptor blockers resulted in improved sinus rhythm maintenance at 1 year (Rienstra et al., 2018). Taken together, the mounting evidence regarding the benefits of these lifestyle and risk factor management approaches and their cost-effectiveness warrants their incorporation as routine “4th pillar” of AF care to maximize outcomes (Lau et al., 2017; Pathak et al., 2017). This can be achieved by combining the risk factor management component with a wider integrated AF clinic to optimize care delivery (Hendriks et al., 2012).

Future Directions

Novel computational approaches that help identify the arrhythmogenic substrate of AF have the potential to advance the field of AF ablation. The progression of electrogram analysis through to dynamic substrate mapping has been increasingly reliant on the computational approach. Recognition that atrial microstructure is critical to the maintenance of persistent AF should stimulate future analyses to benefit from the increasing resolution of imaging studies, particularly MRI. However, with increasing resolution comes reliance on computing power and bespoke algorithms to take best advantage of it.

As we move into the world of meta-data and wearable technology, a computational approach to analysis of the data may afford increased detection of AF as well as giving additional insights to physical activity and its impact on AF incidence. Personalized exercise and weight reduction programmes for patients with AF delivered via smartphone technology will integrate with aggressive risk factor management clinics. Computational analysis of effectiveness and the consequent outcomes for AF will no doubt be an important future application.

CONCLUSION

Recent developments in computational approaches to ablation of atrial fibrillation have focused on identifying drivers for the perpetuation of this arrhythmia. The future of detecting critical sites for ablation depends largely on a computational approach. However, large data analyses may also play a role in lifestyle adjustment which is now recognized to be an important part of a comprehensive patient management programme for AF.

AUTHOR CONTRIBUTIONS

MS and DL wrote sections of the manuscript and proofread each other's section. PS proofread the manuscript and provided guidance on the overall direction of the manuscript. All authors critically appraised the final version of the paper.

FUNDING

DL is supported by the Robert J. Craig Lectureship from the University of Adelaide. PS is supported by Practitioner Fellowships from the NHMRC and NHF of Australia.

REFERENCES

 Abed, H. S., Samuel, C. S., Lau, D. H., Kelly, D. J., Royce, S. G., Alasady, M., et al. (2013a). Obesity results in progressive atrial structural and electrical remodeling: implications for atrial fibrillation. Heart Rhythm 10, 90–100. doi: 10.1016/j.hrthm.2012.08.043

 Abed, H. S., Wittert, G. A., Leong, D. P., Shirazi, M. G., Bahrami, B., Middeldorp, M. E., et al. (2013b). Effect of weight reduction and cardiometabolic risk factor management on symptom burden and severity in patients with atrial fibrillation: a randomized clinical trial. JAMA 310, 2050–2060. doi: 10.1001/jama.2013.280521

 Akoum, N., Wilber, D., Hindricks, G., Jais, P., Cates, J., Marchlinski, F., et al. (2015). MRI Assessment of ablation-induced scarring in atrial fibrillation: analysis from the DECAAF study. J. Cardiovasc. Electrophysiol. 26, 473–480. doi: 10.1111/jce.12650

 Appelbaum, E., and Manning, W. J. (2014). Left atrial fibrosis by late gadolinium enhancement cardiovascular magnetic resonance predicts recurrence of atrial fibrillation after pulmonary vein isolation: do you see what I see? Circ. Arrhythm Electrophysiol. 7, 2–4. doi: 10.161/CIRCEP.114.001354

 Atienza, F., Almendral, J., Ormaetxe, J. M., Moya, A., Martínez-Alday, J. D., Hernández-Madrid, A., et al. (2014). Comparison of radiofrequency catheter ablation of drivers and circumferential pulmonary vein isolation in atrial fibrillation: a noninferiority randomized multicenter RADAR-AF trial. J. Am. Coll. Cardiol. 64, 2455–2467. doi: 10.1016/j.jacc.2014.09.053

 Atienza, F., Calvo, D., Almendral, J., Zlochiver, S., Grzeda, K. R., Martínez-Alzamora, N., et al. (2011). Mechanisms of fractionated electrograms formation in the posterior left atrium during paroxysmal atrial fibrillation in humans. J. Am. Coll. Cardiol. 57, 1081–1092. doi: 10.1016/j.jacc.2010.09.066

 Benharash, P., Buch, E., Frank, P., Share, M., Tung, R., Shivkumar, K., et al. (2015). Quantitative analysis of localized sources identified by focal impulse and rotor modulation mapping in atrial fibrillation. Circ. Arrhythm Electrophysiol. 8, 554–561. doi: 10.1161/CIRCEP.115.002721

 Brooks, A. G., Stiles, M. K., Laborderie, J., Lau, D. H., Kuklik, P., Shipp, N. J., et al. (2010). Outcomes of long-standing persistent atrial fibrillation ablation: a systematic review. Heart Rhythm 7, 835–846. doi: 10.1016/j.hrthm.2010.01.017

 Calkins, H., Hindricks, G., Cappato, R., Kim, Y. H., Saad, E. B., Aguinaga, L., et al. (2017). 2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement on catheter and surgical ablation of atrial fibrillation. Heart Rhythm 14, e275–e444. doi: 10.1016/j.hrthm.2017.05.012

 Calvo, D., Rubín, J., Pérez, D., and Morís, C. (2017). Ablation of rotor domains effectively modulates dynamics of human: long-standing persistent atrial fibrillation. Circ. Arrhythm Electrophysiol. 10:e005740. doi: 10.1161/CIRCEP.117.005740

 Chrispin, J., Gucuk Ipek, E., Zahid, S., Prakosa, A., Habibi, M., Spragg, D., et al. (2016). Lack of regional association between atrial late gadolinium enhancement on cardiac magnetic resonance and atrial fibrillation rotors. Heart Rhythm 13, 654–660. doi: 10.1016/j.hrthm.2015.11.011

 Clarnette, J. A., Brooks, A. G., Mahajan, R., Elliott, A. D., Twomey, D. J., Pathak, R. K., et al. (2017). Outcomes of persistent and long-standing persistent atrial fibrillation ablation: a systematic review and meta-analysis. Europace. doi: 10.1093/europace/eux297. [Epub ahead of print].

 Conti, S., and Verma, A. (2016). Ablation of complex fractionated electrograms may not be useful for catheter ablation of persistent atrial fibrillation. Heart Rhythm 13, 2101–2103. doi: 10.1016/j.hrthm.2016.06.037

 Corradi, D., Callegari, S., Manotti, L., Ferrara, D., Goldoni, M., Alinovi, R., et al. (2014). Persistent lone atrial fibrillation: clinicopathologic study of 19 cases. Heart Rhythm 11, 1250–1258. doi: 10.1016/j.hrthm.2014.02.008

 Cuculich, P. S., Wang, Y., Lindsay, B. D., Faddis, M. N., Schuessler, R. B., Damiano, R. J., et al. (2010). Noninvasive characterization of epicardial activation in humans with diverse atrial fibrillation patterns. Circulation 122, 1364–1372. doi: 10.1161/CIRCULATIONAHA.110.945709

 Daccarett, M., Badger, T. J., Akoum, N., Burgon, N. S., Mahnkopf, C., Vergara, G., et al. (2011). Association of left atrial fibrosis detected by delayed-enhancement magnetic resonance imaging and the risk of stroke in patients with atrial fibrillation. J. Am. Coll. Cardiol. 57, 831–838. doi: 10.1016/j.jacc.2010.09.049

 de Vos, C. B., Pisters, R., Nieuwlaat, R., Prins, M. H., Tieleman, R. G., Coelen, R. J., et al. (2010). Progression from paroxysmal to persistent atrial fibrillation clinical correlates and prognosis. J. Am. Coll. Cardiol. 55, 725–731. doi: 10.1016/j.jacc.2009.11.040

 Dimitri, H., Ng, M., Brooks, A. G., Kuklik, P., Stiles, M. K., Lau, D. H., et al. (2012). Atrial remodeling in obstructive sleep apnea: implications for atrial fibrillation. Heart Rhythm 9, 321–327. doi: 10.1016/j.hrthm.2011.10.017

 Gadenz, L., Hashemi, J., Shariat, M. H., Gula, L., and Redfearn, D. P. (2017). Clinical role of dominant frequency measurements in atrial fibrillation ablation - a systematic review. J. Atr. Fibrillation 9:1548. doi: 10.4022/jafib.1548

 Ganesan, A. N., Kuklik, P., Gharaviri, A., Brooks, A., Chapman, D., Lau, D. H., et al. (2014). Origin and characteristics of high Shannon entropy at the pivot of locally stable rotors: insights from computational simulation. PLoS ONE 9:e110662. doi: 10.1371/journal.pone.0110662

 Ganesan, A. N., Shipp, N. J., Brooks, A. G., Kuklik, P., Lau, D. H., Lim, H. S., et al. (2013). Long-term outcomes of catheter ablation of atrial fibrillation: a systematic review and meta-analysis. J. Am. Heart. Assoc. 2:e004549. doi: 10.1161/JAHA.112.004549

 Ghoraani, B., Dalvi, R., Gizurarson, S., Das, M., Ha, A., Suszko, A., et al. (2013). Localized rotational activation in the left atrium during human atrial fibrillation: relationship to complex fractionated atrial electrograms and low-voltage zones. Heart Rhythm 10, 1830–1838. doi: 10.1016/j.hrthm.2013.09.007

 Haïssaguerre, M., Hocini, M., Sanders, P., Takahashi, Y., Rotter, M., Sacher, F., et al. (2006). Localized sources maintaining atrial fibrillation organized by prior ablation. Circulation 113, 616–625. doi: 10.1161/CIRCULATIONAHA.105.546648

 Haïssaguerre, M., Sanders, P., Hocini, M., Takahashi, Y., Rotter, M., Sacher, F., et al. (2005). Catheter ablation of long-lasting persistent atrial fibrillation: critical structures for termination. J. Cardiovasc. Electrophysiol. 16, 1125–1137. doi: 10.1111/j.1540-8167.2005.00307.x

 Haissaguerre, M., Hocini, M., Denis, A., Shah, A. J., Komatsu, Y., Yamashita, S., et al. (2014). Driver domains in persistent atrial fibrillation. Circulation 130, 530–538. doi: 10.1161/CIRCULATIONAHA.113.005421

 Haissaguerre, M., Shah, A. J., Cochet, H., Hocini, M., Dubois, R., Efimov, I., et al. (2016). Intermittent drivers anchoring to structural heterogeneities as a major pathophysiological mechanism of human persistent atrial fibrillation. J. Physiol. 594, 2387–2398. doi: 10.1113/JP270617

 Halbfass, P., Müller, P., Nentwich, K., Sonne, K., Hamm, K., Barth, S., et al. (2017). Repetitive atrial activation during ongoing atrial fibrillation-comparison using different mapping algorithms: preliminary findings. J. Interv. Card Electrophysiol. 49, 67–74. doi: 10.1007/s10840-017-0244-8

 Harrison, J. L., Jensen, H. K., Peel, S. A., Chiribiri, A., Grøndal, A. K., Bloch, L. Ø., et al. (2014). Cardiac magnetic resonance and electroanatomical mapping of acute and chronic atrial ablation injury: a histological validation study. Eur. Heart J. 35, 1486–1495. doi: 10.1093/eurheartj/eht560

 Hendriks, J. M., de Wit, R., Crijns, H. J., Vrijhoef, H. J., Prins, M. H., Pisters, R., et al. (2012). Nurse-led care vs. usual care for patients with atrial fibrillation: results of a randomized trial of integrated chronic care vs. routine clinical care in ambulatory patients with atrial fibrillation. Eur. Heart J. 33, 2692–2699. doi: 10.1093/eurheartj/ehs071

 Henry, B. L., Gabris, B., Li, Q., Martin, B., Giannini, M., Parikh, A., et al. (2016). Relaxin suppresses atrial fibrillation in aged rats by reversing fibrosis and upregulating Na+ channels. Heart Rhythm 13, 983–991. doi: 10.1016/j.hrthm.2015.12.030

 Honarbakhsh, S., Schilling, R. J., Dhillon, G., Ullah, W., Keating, E., Providencia, R., et al. (2018). A novel mapping system for panoramic mapping of the left atrium: application to detect and characterize localized sources maintaining atrial fibrillation. JACC Clin. Electrophysiol. 4, 124–134. doi: 10.1016/j.jacep.2017.09.177

 Hunter, R. J., Jones, D. A., Boubertakh, R., Malcolme-Lawes, L. C., Kanagaratnam, P., Juli, C. F., et al. (2013). Diagnostic accuracy of cardiac magnetic resonance imaging in the detection and characterization of left atrial catheter ablation lesions: a multicenter experience. J. Cardiovasc. Electrophysiol. 24, 396–403. doi: 10.1111/jce.12063

 Hwang, M., Song, J. S., Lee, Y. S., Li, C., Shim, E. B., Pak, H. N., et al. (2016). Electrophysiological rotor ablation in in-silico modeling of atrial fibrillation: comparisons with dominant frequency, shannon entropy, and phase singularity. PLoS ONE 11:e0149695. doi: 10.1371/journal.pone.0149695

 Iwasaki, Y. K., Kato, T., Xiong, F., Shi, Y. F., Naud, P., Maguy, A., et al. (2014). Atrial fibrillation promotion with long-term repetitive obstructive sleep apnea in a rat model. J. Am. Coll. Cardiol. 64, 2013–2023. doi: 10.1016/j.jacc.2014.05.077

 Jacobs, V., May, H. T., Bair, T. L., Crandall, B. G., Cutler, M., Day, J. D., et al. (2015). The impact of risk score (CHADS2 versus CHA2DS2-VASc) on long-term outcomes after atrial fibrillation ablation. Heart Rhythm 12, 681–686. doi: 10.1016/j.hrthm.2014.12.034

 Jalife, J., Berenfeld, O., and Mansour, M. (2002). Mother rotors and fibrillatory conduction: a mechanism of atrial fibrillation. Cardiovasc. Res. 54, 204–216. doi: 10.1016/S0008-6363(02)00223-7

 John, B., Stiles, M. K., Kuklik, P., Chandy, S. T., Young, G. D., Mackenzie, L., et al. (2008). Electrical remodelling of the left and right atria due to rheumatic mitral stenosis. Eur. Heart J. 29, 2234–2243. doi: 10.1093/eurheartj/ehn329

 Kalifa, J., Tanaka, K., Zaitsev, A. V., Warren, M., Vaidyanathan, R., Auerbach, D., et al. (2006). Mechanisms of wave fractionation at boundaries of high-frequency excitation in the posterior left atrium of the isolated sheep heart during atrial fibrillation. Circulation 113, 626–633. doi: 10.1161/CIRCULATIONAHA.105.575340

 Kato, T., Yamashita, T., Sekiguchi, A., Sagara, K., Takamura, M., Takata, S., et al. (2006). What are arrhythmogenic substrates in diabetic rat atria? J. Cardiovasc. Electrophysiol. 17, 890–894. doi: 10.1111/j.1540-8167.2006.00528.x

 Kimata, A., Yokoyama, Y., Aita, S., Nakamura, H., Higuchi, K., Tanaka, Y., et al. (2018). Temporally stable frequency mapping using continuous wavelet transform analysis in patients with persistent atrial fibrillation. J. Cardiovasc. Electrophysiol. 29, 514–522. doi: 10.1111/jce.13440

 Kistler, P. M., Sanders, P., Fynn, S. P., Stevenson, I. H., Spence, S. J., Vohra, J. K., et al. (2004). Electrophysiologic and electroanatomic changes in the human atrium associated with age. J. Am. Coll. Cardiol. 44, 109–116. doi: 10.1016/j.jacc.2004.03.044

 Konings, K. T., Kirchhof, C. J., Smeets, J. R., Wellens, H. J., Penn, O. C., and Allessie, M. A. (1994). High-density mapping of electrically induced atrial fibrillation in humans. Circulation 89, 1665–1680. doi: 10.1161/01.CIR.89.4.1665

 Kuklik, P., Zeemering, S., van Hunnik, A., Maesen, B., Pison, L., Lau, D. H., et al. (2017). Identification of rotors during human atrial fibrillation using contact mapping and phase singularity detection: technical considerations. IEEE Trans. Biomed. Eng. 64, 310–318. doi: 10.1109/TBME.2016.2554660

 Lau, D. H., Mackenzie, L., Kelly, D. J., Psaltis, P. J., Worthington, M., Rajendram, A., et al. (2010). Short-term hypertension is associated with the development of atrial fibrillation substrate: a study in an ovine hypertensive model. Heart Rhythm 7, 396–404. doi: 10.1016/j.hrthm.2009.11.031

 Lau, D. H., Maesen, B., Zeemering, S., Kuklik, P., van Hunnik, A., Lankveld, T. A., et al. (2015). Indices of bipolar complex fractionated atrial electrograms correlate poorly with each other and atrial fibrillation substrate complexity. Heart Rhythm 12, 1415–1423. doi: 10.1016/j.hrthm.2015.03.017

 Lau, D. H., Maesen, B., Zeemering, S., Verheule, S., Crijns, H. J., and Schotten, U. (2012). Stability of complex fractionated atrial electrograms: a systematic review. J. Cardiovasc. Electrophysiol. 23, 980–987. doi: 10.1111/j.1540-8167.2012.02335.x

 Lau, D. H., Middeldorp, M. E., Brooks, A. G., Ganesan, A. N., Roberts-Thomson, K. C., Stiles, M. K., et al. (2013a). Aortic stiffness in lone atrial fibrillation: a novel risk factor for arrhythmia recurrence. PLoS ONE 8:e76776. doi: 10.1371/journal.pone.0076776

 Lau, D. H., Nattel, S., Kalman, J. M., and Sanders, P. (2017). Modifiable risk factors and atrial fibrillation. Circulation 136, 583–596. doi: 10.1161/CIRCULATIONAHA.116.023163

 Lau, D. H., Psaltis, P. J., Carbone, A., Kelly, D. J., Mackenzie, L., Worthington, M., et al. (2011b). Atrial protective effects of n-3 polyunsaturated fatty acids: a long-term study in chronic heart failure. Heart Rhythm 8, 575–582. doi: 10.1016/j.hrthm.2010.12.009

 Lau, D. H., Psaltis, P. J., Mackenzie, L., Kelly, D. J., Carbone, A., Worthington, M., et al. (2011a). Atrial remodeling in an ovine model of anthracycline-induced nonischemic cardiomyopathy: remodeling of the same sort. J. Cardiovasc. Electrophysiol. 22, 175–182. doi: 10.1111/j.1540-8167.2010.01851.x

 Lau, D. H., Shipp, N. J., Kelly, D. J., Thanigaimani, S., Neo, M., Kuklik, P., et al. (2013b). Atrial arrhythmia in ageing spontaneously hypertensive rats: unraveling the substrate in hypertension and ageing. PLoS ONE 8:e72416. doi: 10.1371/journal.pone.0072416

 Lee, G., Kumar, S., Teh, A., Madry, A., Spence, S., Larobina, M., et al. (2014). Epicardial wave mapping in human long-lasting persistent atrial fibrillation: transient rotational circuits, complex wavefronts, and disorganized activity. Eur. Heart J. 35, 86–97. doi: 10.1093/eurheartj/eht267

 Lee, G., McLellan, A. J., Hunter, R. J., Lovell, M. J., Finlay, M., Ullah, W., et al. (2017). Panoramic characterization of endocardial left atrial activation during human persistent AF: insights from non-contact mapping. Int. J. Cardiol. 228, 406–411. doi: 10.1016/j.ijcard.2016.11.085

 Lee, K. W., Everett, T. H., Rahmutula, D., Guerra, J. M., Wilson, E., Ding, C., et al. (2006). Pirfenidone prevents the development of a vulnerable substrate for atrial fibrillation in a canine model of heart failure. Circulation 114, 1703–1712. doi: 10.1161/CIRCULATIONAHA.106.624320

 Li, D., Shinagawa, K., Pang, L., Leung, T. K., Cardin, S., Wang, Z., et al. (2001). Effects of angiotensin-converting enzyme inhibition on the development of the atrial fibrillation substrate in dogs with ventricular tachypacing-induced congestive heart failure. Circulation 104, 2608–2614. doi: 10.1161/hc4601.099402

 Lim, H. S., Hocini, M., Dubois, R., Denis, A., Derval, N., Zellerhoff, S., et al. (2017). Complexity and distribution of drivers in relation to duration of persistent atrial fibrillation. J. Am. Coll. Cardiol. 69, 1257–1269. doi: 10.1016/j.jacc.2017.01.014

 Ling, L. H., McLellan, A. J., Taylor, A. J., Iles, L. M., Ellims, A. H., Kumar, S., et al. (2014). Magnetic resonance post-contrast T1 mapping in the human atrium: validation and impact on clinical outcome after catheter ablation for atrial fibrillation. Heart Rhythm 11, 1551–1559. doi: 10.1016/j.hrthm.2014.06.012

 Linz, D., McEvoy, R. D., Cowie, M. R., Somers, V. K., Nattel, S., Lévy, P., et al. (2018). Associations of obstructive sleep apnea with atrial fibrillation and continuous positive airway pressure treatment: a review. JAMA Cardiol. 3, 532–540. doi: 10.1001/jamacardio.2018.0095

 Maesen, B., Zeemering, S., Afonso, C., Eckstein, J., Burton, R. A., van Hunnik, A., et al. (2013). Rearrangement of atrial bundle architecture and consequent changes in anisotropy of conduction constitute the 3-dimensional substrate for atrial fibrillation. Circ. Arrhythm Electrophysiol. 6, 967–975. doi: 10.1161/CIRCEP.113.000050

 Malcolme-Lawes, L. C., Juli, C., Karim, R., Bai, W., Quest, R., Lim, P. B., et al. (2013). Automated analysis of atrial late gadolinium enhancement imaging that correlates with endocardial voltage and clinical outcomes: a 2-center study. Heart Rhythm 10, 1184–1191. doi: 10.1016/j.hrthm.2013.04.030

 Malmo, V., Nes, B. M., Amundsen, B. H., Tjonna, A. E., Stoylen, A., Rossvoll, O., et al. (2016). Aerobic interval training reduces the burden of atrial fibrillation in the short term: a randomized trial. Circulation 133, 466–473. doi: 10.1161/CIRCULATIONAHA.115.018220

 Marrouche, N. F., Wilber, D., Hindricks, G., Jais, P., Akoum, N., Marchlinski, F., et al. (2014). Association of atrial tissue fibrosis identified by delayed enhancement MRI and atrial fibrillation catheter ablation: the DECAAF study. JAMA 311, 498–506. doi: 10.1001/jama.2014.3

 McGann, C., Akoum, N., Patel, A., Kholmovski, E., Revelo, P., Damal, K., et al. (2014). Atrial fibrillation ablation outcome is predicted by left atrial remodeling on MRI. Circ. Arrhythm Electrophysiol. 7, 23–30. doi: 10.1161/CIRCEP.113.000689

 Medi, C., Kalman, J. M., Spence, S. J., Teh, A. W., Lee, G., Bader, I., et al. (2011). Atrial electrical and structural changes associated with longstanding hypertension in humans: implications for the substrate for atrial fibrillation. J. Cardiovasc. Electrophysiol. 22, 1317–1324. doi: 10.1111/j.1540-8167.2011.02125.x

 Milliez, P., Deangelis, N., Rucker-Martin, C., Leenhardt, A., Vicaut, E., Robidel, E., et al. (2005). Spironolactone reduces fibrosis of dilated atria during heart failure in rats with myocardial infarction. Eur. Heart J. 26, 2193–2199. doi: 10.1093/eurheartj/ehi478

 Mohanty, S., Mohanty, P., Di Biase, L., Bai, R., Pump, A., Santangeli, P., et al. (2012). Impact of metabolic syndrome on procedural outcomes in patients with atrial fibrillation undergoing catheter ablation. J. Am. Coll. Cardiol. 59, 1295–1301. doi: 10.1016/j.jacc.2011.11.051

 Mohanty, S., Mohanty, P., Di Biase, L., Bai, R., Trivedi, C., Santangeli, P., et al. (2014). Long-term outcome of catheter ablation in atrial fibrillation patients with coexistent metabolic syndrome and obstructive sleep apnea: impact of repeat procedures versus lifestyle changes. J. Cardiovasc. Electrophysiol. 25, 930–938. doi: 10.1111/jce.12468

 Nademanee, K., McKenzie, J., Kosar, E., Schwab, M., Sunsaneewitayakul, B., Vasavakul, T., et al. (2004). A new approach for catheter ablation of atrial fibrillation: mapping of the electrophysiologic substrate. J. Am. Coll. Cardiol. 43, 2044–2053. doi: 10.1016/j.jacc.2003.12.054

 Nademanee, K., Schwab, M. C., Kosar, E. M., Karwecki, M., Moran, M. D., Visessook, N., et al. (2008). Clinical outcomes of catheter substrate ablation for high-risk patients with atrial fibrillation. J. Am. Coll. Cardiol. 51, 843–849. doi: 10.1016/j.jacc.2007.10.044

 Nakatani, Y., Nishida, K., Sakabe, M., Kataoka, N., Sakamoto, T., Yamaguchi, Y., et al. (2013). Tranilast prevents atrial remodeling and development of atrial fibrillation in a canine model of atrial tachycardia and left ventricular dysfunction. J. Am. Coll. Cardiol. 61, 582–588. doi: 10.1016/j.jacc.2012.11.014

 Narayan, S. M., Baykaner, T., Clopton, P., Schricker, A., Lalani, G. G., Krummen, D. E., et al. (2014). Ablation of rotor and focal sources reduces late recurrence of atrial fibrillation compared with trigger ablation alone: extended follow-up of the CONFIRM trial (Conventional Ablation for Atrial Fibrillation With or Without Focal Impulse and Rotor Modulation). J. Am. Coll. Cardiol. 63, 1761–1768. doi: 10.1016/j.jacc.2014.02.543

 Narayan, S. M., Krummen, D. E., Shivkumar, K., Clopton, P., Rappel, W. J., and Miller, J. M. (2012). Treatment of atrial fibrillation by the ablation of localized sources: CONFIRM (Conventional Ablation for Atrial Fibrillation With or Without Focal Impulse and Rotor Modulation) trial. J. Am. Coll. Cardiol. 60, 628–636. doi: 10.1016/j.jacc.2012.05.022

 Ng, C. Y., Liu, T., Shehata, M., Stevens, S., Chugh, S. S., and Wang, X. (2011). Meta-analysis of obstructive sleep apnea as predictor of atrial fibrillation recurrence after catheter ablation. Am. J. Cardiol. 108, 47–51. doi: 10.1016/j.amjcard.2011.02.343

 Oakes, R. S., Badger, T. J., Kholmovski, E. G., Akoum, N., Burgon, N. S., Fish, E. N., et al. (2009). Detection and quantification of left atrial structural remodeling with delayed-enhancement magnetic resonance imaging in patients with atrial fibrillation. Circulation 119, 1758–1767. doi: 10.1161/CIRCULATIONAHA.108.811877

 Oketani, N., Seitz, J., Salazar, M., Pisapia, A., Kalifa, J., Smit, J. J., et al. (2016). Ablation of complex fractionated electrograms is useful for catheter ablation of persistent atrial fibrillation: protagonist point of view. Heart Rhythm 13, 2098–2100. doi: 10.1016/j.hrthm.2016.06.036

 Okin, P. M., Hille, D. A., Larstorp, A. C., Wachtell, K., Kjeldsen, S. E., Dahlöf, B., et al. (2015). Effect of lower on-treatment systolic blood pressure on the risk of atrial fibrillation in hypertensive patients. Hypertension 66, 368–373. doi: 10.1161/HYPERTENSIONAHA.115.05728

 Parameswaran, R., Voskoboinik, A., Gorelik, A., Lee, G., Kistler, P. M., Sanders, P., et al. (2018). Clinical impact of rotor ablation in atrial fibrillation: a systematic review. Europace. 20, 1099–1106 doi: 10.1093/europace/eux370

 Parikh, A., Patel, D., McTiernan, C. F., Xiang, W., Haney, J., Yang, L., et al. (2013). Relaxin suppresses atrial fibrillation by reversing fibrosis and myocyte hypertrophy and increasing conduction velocity and sodium current in spontaneously hypertensive rat hearts. Circ. Res. 113, 313–321. doi: 10.1161/CIRCRESAHA.113.301646

 Parkash, R., Wells, G. A., Sapp, J. L., Healey, J. S., Tardif, J. C., Greiss, I., Tang, S. L., et al. (2017). Effect of aggressive blood pressure control on the recurrence of atrial fibrillation after catheter ablation: a randomized, open-label clinical trial (smac-af [substrate modification with aggressive blood pressure control]). Circulation 135, 1788–1798. doi: 10.1161/CIRCULATIONAHA.116.026230

 Pathak, R. K., Evans, M., Middeldorp, M. E., Mahajan, R., Mehta, A. B., Meredith, M., et al. (2017). Cost-effectiveness and clinical effectiveness of the risk factor management clinic in atrial fibrillation. JACC Clin. Electrophysiol. 3, 436–447. doi: 10.1016/j.jacep.2016.12.015

 Pathik, B., Kalman, J. M., Walters, T., Kuklik, P., Zhao, J., Madry, A., et al. (2018). Absence of rotational activity detected using 2-dimensional phase mapping in the corresponding 3-dimensional phase maps in human persistent atrial fibrillation. Heart Rhythm 15, 182–192. doi: 10.1016/j.hrthm.2017.09.010

 Pontecorboli, G., Figueras Ventura, R. M., Carlosena, A., Benito, E., Prat-Gonzales, S., Mont, L., et al. (2017). Use of delayed-enhancement magnetic resonance imaging for fibrosis detection in the atria: a review. Europace 19, 180–189. doi: 10.1093/europace/euw053

 Proietti, R., Hadjis, A., AlTurki, A., Thanassoulis, G., Roux, J. F., Verma, A., et al. (2015). A systematic review on the progression of paroxysmal to persistent atrial fibrillation. JACC: Clin. Electrophysiol. 1, 105–115. doi: 10.1016/j.jacep.2015.04.010

 Rienstra, M., Hobbelt, A. H., Alings, M., Tijssen, J. G. P., Smit, M. D., Brügemann, J., et al. (2018). Targeted therapy of underlying conditions improves sinus rhythm maintenance in patients with persistent atrial fibrillation: results of the RACE 3 trial. Eur. Heart J. doi: 10.1093/eurheartj/ehx739. [Epub ahead of print].

 Sanders, P., Berenfeld, O., Hocini, M., Jaïs, P., Vaidyanathan, R., Hsu, L. F., et al. (2005). Spectral analysis identifies sites of high-frequency activity maintaining atrial fibrillation in humans. Circulation 112, 789–797. doi: 10.1161/CIRCULATIONAHA.104.517011

 Sanders, P., Mishima, R. S., Linz, D., and Lau, D. H. (2018). In search of atrial fibrillation driver sites: is temporally stable frequency mapping a new armamentarium? J. Cardiovasc. Electrophysiol. 29, 523–525. doi: 10.1111/jce

 Sanders, P., Morton, J. B., Davidson, N. C., Spence, S. J., Vohra, J. K., Sparks, P. B., et al. (2003). Electrical remodeling of the atria in congestive heart failure: electrophysiological and electroanatomic mapping in humans. Circulation 108, 1461–1468. doi: 10.1161/01.CIR.0000090688.49283.67

 Shiroshita-Takeshita, A., Brundel, B. J., Burstein, B., Leung, T. K., Mitamura, H., Ogawa, S., et al. (2007). Effects of simvastatin on the development of the atrial fibrillation substrate in dogs with congestive heart failure. Cardiovasc. Res. 74, 75–84. doi: 10.1016/j.cardiores.2007.01.002

 Sohns, C., Lemes, C., Metzner, A., Fink, T., Chmelevsky, M., Maurer, T., et al. (2017). First-in-Man analysis of the relationship between electrical rotors from noninvasive panoramic mapping and atrial fibrosis from magnetic resonance imaging in patients with persistent atrial fibrillation. Circ. Arrhythm Electrophysiol. 10:e004419. doi: 10.1161/CIRCEP.116.004419

 Spach, M. S., and Dolber, P. C. (1986). Relating extracellular potentials and their derivatives to anisotropic propagation at a microscopic level in human cardiac muscle. Evidence for electrical uncoupling of side-to-side fiber connections with increasing age. Circ. Res. 58, 356–371. doi: 10.1161/01.RES.58.3.356

 Stiles, M. K., Brooks, A. G., Kuklik, P., John, B., Dimitri, H., Lau, D. H., et al. (2008). High-density mapping of atrial fibrillation in humans: relationship between high-frequency activation and electrogram fractionation. J. Cardiovasc. Electrophysiol. 19, 1245–1253. doi: 10.1111/j.1540-8167.2008.01253.x

 Stiles, M. K., John, B., Wong, C. X., Kuklik, P., Brooks, A. G., Lau, D. H., et al. (2009). Paroxysmal lone atrial fibrillation is associated with an abnormal atrial substrate: characterizing the “second factor”. J. Am. Coll. Cardiol. 53, 1182–1191. doi: 10.1016/j.jacc.2008.11.054

 Teh, A. W., Kistler, P. M., Lee, G., Medi, C., Heck, P. M., Spence, S. J., et al. (2012). Long-term effects of catheter ablation for lone atrial fibrillation: progressive atrial electroanatomic substrate remodeling despite successful ablation. Heart Rhythm 9, 473–480. doi: 10.1016/j.hrthm.2011.11.013

 Thanigaimani, S., Brooks, A. G., Kuklik, P., Twomey, D. J., Franklin, S., Noschka, E., et al. (2017a). Spatiotemporal characteristics of atrial fibrillation electrograms: a novel marker for arrhythmia stability and termination. J. Arrhythm 33, 40–48. doi: 10.1016/j.joa.2016.05.009

 Thanigaimani, S., Lau, D. H., Agbaedeng, T., Elliott, A. D., Mahajan, R., and Sanders, P. (2017b). Molecular mechanisms of atrial fibrosis: implications for the clinic. Exp. Rev. Cardiovasc. Ther. 15, 247–256. doi: 10.1080/14779072.2017.1299005

 Thomas, M. C., Dublin, S., Kaplan, R. C., Glazer, N. L., Lumley, T., Longstreth, Jr. W. T., et al. (2008). Blood pressure control and risk of incident atrial fibrillation. Am. J. Hypertens. 21, 1111–1116. doi: 10.1038/ajh.2008.248

 Verheule, S., Tuyls, E., Gharaviri, A., Hulsmans, S., van Hunnik, A., Kuiper, M., et al. (2013). Loss of continuity in the thin epicardial layer because of endomysial fibrosis increases the complexity of atrial fibrillatory conduction. Circ. Arrhythm Electrophysiol. 6, 202–211. doi: 10.1161/CIRCEP.112.975144

 Verma, A., Jiang, C. Y., Betts, T. R., Chen, J., Deisenhofer, I., Mantovan, R., et al. (2015). Approaches to catheter ablation for persistent atrial fibrillation. N. Engl. J. Med. 372, 1812–1822. doi: 10.1056/NEJMoa1408288

 Vogler, J., Willems, S., Sultan, A., Schreiber, D., Lüker, J., Servatius, H., et al. (2015). Pulmonary vein isolation versus defragmentation: the chase-af clinical trial. J. Am. Coll. Cardiol. 66, 2743–2752. doi: 10.1016/j.jacc.2015.09.088

 Walters, T. E., Lee, G., Morris, G., Spence, S., Larobina, M., Atkinson, V., et al. (2015). Temporal stability of rotors and atrial activation patterns in persistent human atrial fibrillation. JACC Clin. Electrophysiol. 1, 14–24. doi: 10.1016/j.jacep.2015.02.012

 Walters, T. E., Lee, G., Spence, S., and Kalman, J. M. (2016). The effect of electrode density on the interpretation of atrial activation patterns in epicardial mapping of human persistent atrial fibrillation. Heart Rhythm 13, 1215–1220. doi: 10.1016/j.hrthm.2016.01.030

 Wong, C. X., Abed, H. S., Molaee, P., Nelson, A. J., Brooks, A. G., Sharma, G., et al. (2011). Pericardial fat is associated with atrial fibrillation severity and ablation outcome. J. Am. Coll. Cardiol. 57, 1745–1751. doi: 10.1016/j.jacc.2010.11.045

 Wong, C. X., Sullivan, T., Sun, M. T., Mahajan, R., Pathak, R. K., Middeldorp, M., et al. (2015). Obesity and the risk of incident, post-operative, and post-ablation atrial fibrillation. JACC: Clin. Electrophysiol. 1, 139–152. doi: 10.1016/j.jacep.2015.04.004

 Wong, K. C., Paisey, J. R., Sopher, M., Balasubramaniam, R., Jones, M., Qureshi, N., et al. (2015). No benefit of complex fractionated atrial electrogram ablation in addition to circumferential pulmonary vein ablation and linear ablation: benefit of complex ablation study. Circ. Arrhythm. Electrophysiol. 8, 1316–1324. doi: 10.1161/CIRCEP.114.002504

 Yamabe, H., Kanazawa, H., Ito, M., Kaneko, S., and Ogawa, H. (2016). Prevalence and mechanism of rotor activation identified during atrial fibrillation by noncontact mapping: lack of evidence for a role in the maintenance of atrial fibrillation. Heart Rhythm 13, 2323–2330. doi: 10.1016/j.hrthm.2016.07.030

 Zghaib, T., Keramati, A., Chrispin, J., Huang, D., Balouch, M. A., Ciuffo, L., et al. (2018). multimodal examination of atrial fibrillation substrate: correlation of left atrial bipolar voltage using multi-electrode fast automated mapping, point-by-point mapping, and magnetic resonance image intensity ratio. JACC Clin. Electrophysiol. 4, 59–68. doi: 10.1016/j.jacep.2017.10.010

 Zhao, J., Hansen, B. J., Wang, Y., Csepe, T. A., Sul, L. V., Tang, A., et al. (2017). Three-dimensional integrated functional, structural, and computational mapping to define the structural “fingerprints” of heart-specific atrial fibrillation drivers in human heart ex vivo. J. Am. Heart Assoc. 6:e005922. doi: 10.1161/JAHA.117.005922

Conflict of Interest Statement: PS reports having served on the advisory board of Biosense-Webster, Medtronic, Abbott, Boston Scientific and CathRx. PS reports that the University of Adelaide receives on his behalf lecture and/or consulting fees from Biosense-Webster, Medtronic, Abbott, and Boston Scientific. PS reports that the University of Adelaide receives on his behalf research funding from Medtronic, Abbott, Boston Scientific, Biotronik and Liva Nova. DL reports that the University of Adelaide has received on his behalf lecture or consulting fees from St Jude Medical, Boehringer Ingelheim, Bayer, and Pfizer.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Stiles, Sanders and Lau. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-09-01158-t001.jpg
Mapping tool

Contact mapping,
Surface

Mapping window,
Electrogram

Signal processing
algorithm

No. of persistent AF
patients studied (n)
Key Findings

FIRM

64-clectrode Basket type catheter

Yes, Endocardial

Unknown, Unipolar and Bipolar

Phase mapping (proprietary)

>500

* AF rotors/foci are sustained
* Variable outcomes from meta-analysis

EcGl
252-electrode body surface vest

No, Epicardial

95, Unipolar surface potentials

Wavelet and phase mapping (proprietary)
>100

* AF Rotors/foci are non-sustained
« Outcome data from single-centre only

CARTOFINDER

20-electrode PentaRay or 64-electrode Basket

type catheter
Yes, Endocardial

30s, Unipolar

Phase or Activation mapping

33

* Rotors/foci are non-sustained
« Variable processing algorithms and limited
outcome data

Ensite

Ensite multielectrode array catheter

No, Endocardial

7.55, Virtual unipolar

Activation mapping only

30

 Limited evidence of transient rotors
* No outcome data to date





OPS/images/fphys-09-01158-g001.gif
o5

Soe0 3000






OPS/images/fphys-09-01158-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Targeting the Substrate in Ablation
of Persistent Atrial Fibrillation:
Recent Lessons and Future
Directions









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





