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Abstract

Evidence accumulated over the last 25 years suggests that, whether in the atria or ventricles, 

fibrillation may be explained by the self-organization of the cardiac electrical activity into rapidly 

spinning rotors giving way to spiral waves that break intermittently and result in fibrillatory 

conduction. The dynamics and frequency of such rotors depend on the ion channel composition, 

excitability and refractory properties of the tissues involved, as well as on the thickness and 

respective three-dimensional fiber structure of the atrial and ventricular chambers. Therefore, 

improving the understanding of fibrillation has required the use of multidisciplinary research 

approaches, including optical mapping, patch clamping and molecular biology, and the application 

of concepts derived from the theory of wave propagation in excitable media. Moreover, translation 

of such concepts to the clinic has recently opened new opportunities to apply novel mechanistic 

approaches to therapy, particularly during atrial fibrillation ablation. Here we review the current 

understanding of the manner in which the underlying myocardial structure and function influence 

rotor initiation and maintenance during cardiac fibrillation. We also examine relevant underlying 

differences and similarities between atrial fibrillation and ventricular fibrillation and evaluate the 

latest clinical mapping technologies used to identify rotors in either arrhythmia. Altogether, the 

data being discussed have significantly improved our understanding of the cellular and structural 

bases of cardiac fibrillation and pointed toward potentially exciting new avenues for more efficient 

and effective identification and therapy of the most complex cardiac arrhythmias.
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INTRODUCTION

Atrial fibrillation (AF) and ventricular fibrillation (VF) are the most complex arrhythmias 

seen by the clinician. They both have important clinical consequences either in the context 

of cardioembolic events due to AF, (1) or more dramatically during VF leading to sudden 

death. (2) In addition, they are both incompletely understood and require combining 

multiple research approaches to achieve at least a partial understanding of their dynamic 

behavior and their interaction with their respective myocardial substrates. The atria and 

ventricles differ from each other in many respects, including myocardial mass, wall 

thickness and size, but they also differ functionally in their intracavitary pressures, 

contractile properties, ionic channel composition and electrophysiological characteristics. 

(3–5) Structural changes (e.g. fibrosis) and functional parameters (e.g. refractory period) 

also vary depending on the clinical or experimental scenario, (6,7) which increases 

complexity and precludes extrapolation from one setting to another.

Despite the above differences, common theoretical considerations may be applied to help 

explain the dynamics of wave propagation for either AF or VF occurring within the three-

dimensional myocardial structure. Experimental and clinical findings strongly support the 

concept that fibrillation is maintained by a small number of highly localized reentrant 

sources (rotors) that activate the atria or ventricles at exceedingly high frequencies, which 

results in spatially distributed intermittent block processes manifested as fibrillatory 

conduction. (8–12) The latter has yielded new mechanistic strategies based on detecting and 

targeting AF drivers, which are currently emerging as promising alternatives to the classical 

anatomical approach of pulmonary vein isolation. (13–15)

This review focuses on current knowledge on the interactions between the underlying 

myocardial structure and function that may result in rotor formation and AF/VF 

maintenance. We examine relevant underlying differences and similarities between atria and 

ventricles and evaluate the latest clinical mapping technologies used to identify rotors 

underlying AF or VF. Our main objective is to help clarify for both basic scientists and 

clinicians the often perplexing information that has appeared in the clinical literature about 

the current state of knowledge regarding the relative contribution of sustained or transient 

rotors to the mechanism of cardiac fibrillation. (16)

MECHANISMS UNDERLYING CARDIAC FIBRILLATION

Multiple studies in experimental animal models have contributed to the idea that, whether in 

the atria or ventricles, fibrillation may be explained in terms of highly periodic rotors that 

activate the atria at exceedingly high frequencies and generate turbulent electrical activity. 

(17) However, while a growing number of prestigious clinical laboratories are finding 

evidence that rotors may underlie human atrial and ventricular fibrillation, as demonstrated 

by targeted ablation of rotor sites, (13,14,18,19) the idea remains under intense debate, 

particularly in the field of AF. Of note, recent data from two different laboratories have 

failed to identify rotors in human AF. (20,21) Instead, multiple randomly occurring foci (20) 

or focal non-reentrant fibrillation waves due to epicardial breakthrough of waves 
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propagating in deeper layers of the atrial wall (21) have been observed in such studies. 

However, a clearly defined mechanism of AF maintenance was not put forth by either group 

particularly in the light of knowledge that localized AF ablation is capable of terminating AF 

in large numbers of patients. As we have argued previously, (22) it is possible that 

interpretation of activation maps based solely on the analysis of electrogram morphology 

and timing obscures rotation evident in other approaches (e.g. phase mapping), at the 

resolution used in those studies.

We define a “rotor” as a singularity point that rotates in cardiac muscle at high speed 

organizing the electrical activity around it in the form of spiral waves; its spinning rate 

determines the degree of turbulence (fractionation) around it: The higher the spinning rate 

the greater the amount of spiral wave fractionation. Therefore, a rotor can be the organizing 

center of fibrillation, but also of flutter or reentrant tachycardia. The difference lies simply in 

the rotor frequency. Rotors may be stationary or drift depending on the electrical (e.g., 

wavelength) and structural (e.g., fibrosis) properties of the tissue in which they occur. (23) A 

drifting rotor may also anchor to an anatomical obstacle in its path to begin rotating around 

it, converting the arrhythmia from one depending on functional reentry, to one that depends 

on anatomical reentry. (24,25) Importantly, in the three-dimensional atria or ventricles, 

rotors may span the entire myocardial wall and manifest as scroll waves (see below).

ROTOR FORMATION AND SUBSTRATE RELATED-STABILITY

Rotor formation requires that a propagating wave front encounters an anatomical or 

functional obstacle in its path. For example, the interaction of a wave front with an area of 

transient refractoriness may lead to wavebreak and curling of the wavefront. (26) This 

phenomenon enables the wave front to acquire the shape of an involute spiral with 

increasing convex curvature toward the wavebreak (the tip near the spiral center). At the tip 

the curvature becomes critical forming a singularity point (SP) that organizes the reentrant 

spiral wave activity. This is important because the velocity of a wave depends on its 

curvature: waves whose front is concave propagate faster than planar waves, and the latter 

move faster than convex waves. (27) In the case of a spiral wave front, its progressively 

increasing curvature toward the center results in a progressive decrease in the conduction 

velocity. Near the center (i.e., at the SP) the curvature is so extreme that the amount of 

current available to depolarize tissue ahead is negligible and velocity is zero. Therefore, 

instead of moving further into the center, the SP (i.e., the rotor) swirls rapidly with a 

trajectory that outlines the perimeter of the spiral wave center (the core) and determines the 

activation frequency. Since at the core cells are unexcited, a voltage gradient develops that 

establishes a continuous electrotonically mediated repolarizing influence on excited cells in 

the immediate core vicinity, shortening their action potential duration (APD). (28) 

Consequently, wavelength is not unique during spiral wave (i.e., functional) reentry. In other 

words, in addition to wave front velocity, APD and wavelength also decrease toward the 

center of the spiral. The latter explains why the smaller the core the shortest the wavelength 

in its immediate surroundings, which allows a higher frequency of rotation.

The walls of the atria and ventricles are three-dimensional structures, where spiral waves 

organize into scroll waves whose axis of rotation is not a point but a filament. (29) The 
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filament may adopt a linear I-shape straddling perpendicularly from endocardial to 

epicardial surfaces, which will result in identical spiral patterns of activation at both 

surfaces. (30) However, filaments may adopt varying other shapes (e.g., L-shape, U-shape or 

O-shape) that may generate different patterns of activation at each surface, but still underlie 

a scroll wave within the three-dimensional structure of the atrial or ventricular myocardium 

(Figure 1). (11,31) The orientation of the filament may also change, which introduces 

additional complexity when it comes to attempting to track rotors in three-dimensions. 

Computer simulations have shown that after a certain transitional period, the filament aligns 

with the local fiber orientation, which provides support to the presence of intramural reentry. 

(32) Rotor behavior may be partially unraveled using simultaneous endocardial and 

epicardial mapping in localized areas, (30,33) which is the closest one can get to three-

dimensional mapping using current technology. In the atria, scroll waves form and meander 

around regions of sharp transition in myocardial thickness, although they tend to be more 

stable in the presence of atrial remodeling. (30)

Stationarity is another important issue to consider with respect to sustainment of scroll 

waves in both AF and VF. Scroll wave filaments often do not remain stationary in one spot 

but drift. (34) Sometimes they meander within specific regions of the myocardial tissue. (11) 

Other times, one end of a scroll wave filament (e.g., on the epicardium) may meander while 

the other end (i.e., on the endocardium) remains anchored. Recent data by Krummen et al. 
underscored the importance of rotor stationarity in sustaining VF episodes that eventually 

require defibrillation. (11) The authors studied in vivo VF dynamics after burst-pacing 

induced-VF in patients undergoing VT ablation. Using multipolar endocardial recordings in 

both ventricles and phase analysis, they observed that self-limited VF episodes correlated 

with short-life-span rotors and focal activation. The latter is consistent with computer 

simulations reporting the role of the Purkinje system during initial stages of VF episodes. 

The data suggested that shortly after reentry initiates Purkinje fibers are no longer needed to 

sustain fibrillation. (35) In sustained VF rotors persisted for more consecutive VF cycles. 

Although from the intracardiac recordings of Krummen et al. one cannot confirm that the 

rotors were the endocardial manifestation of scroll wave filaments spanning the myocardial 

wall, the behavior they demonstrated obeys predictions of the theory of scroll wave 

dynamics in excitable media. (36,37)

Rotor stationarity is also crucial for AF maintenance. The latter has been demonstrated by 

targeting rotor dynamics using either pharmacological approaches in isolated Langendorff-

perfused hearts, or radiofrequency delivery at certain rotor locations during clinical AF 

ablation procedures. (12,38) Rotors with small core sizes are more stationary and rotate at 

higher frequencies than rotors with large core sizes, and certain drug treatments lead to 

unstable and short-life-span rotors by generating APD or conduction velocity changes that 

increase the rotor core size (Figure 2). (38,39) In the presence of such treatments the rotor 

can slow down as it begins to drift slowly at first and then more rapidly to end colliding with 

an anatomical or functional boundary that annihilates it. (38,40) On the other hand, while the 

behavior of rotors during radiofrequency delivery in clinical procedures has not been 

documented, computer simulations and high-resolution optical mapping experiments 

provide some clues. They show that when a drifting spiral wave approaches a small obstacle, 

it pins to it and begins to rotate around it at a cycle length that depends on the perimeter of 
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the obstacle. Therefore, at first glance it would seem pointless to use ablation that 

specifically targets the core; the rotor frequency would become slower, converting the rotor 

to anatomical reentry, but reentry would not be expected to stop. However, a recent 

simulation study predicts that by decreasing the frequency of rotation, widening the core and 

making it unexcitable may also widen the excitable gap, and enable an external wave to 

penetrate the circuit and displace the source toward colliding with a boundary, forcing it to 

terminate. (41) Another potentially exciting approach to force rotor termination that may lie 

in the future would be to use myocyte–specific photodynamic therapy (PDT), which utilizes 

photosensitizing nanoparticles injected intravenously. Upon laser illumination of a target 

area of a rat atrial appendage responsible for an atrial tachyarrhythmia, PTD was shown to 

induce localized, myocyte-specific ablation with 85% efficiency, restoring sinus rhythm 

without collateral damage to other cell types in the heart, such as fibroblasts. The results 

demonstrated the feasibility of cell specific photoablation, which might eventually become 

an alternative, or at least complementary therapy for rotor ablation using radiofrequency. 

(42)

Rotors tend to station or else meander within confined areas where the underlying substrate 

is optimal. This was first demonstrated in optical mapping experiments in isolated guinea 

pig hearts, in which stationary rotors with the highest frequency always localized on the 

mid-anterior wall of the left ventricle. (4) Gene expression studies and patch-clamp 

experiments in myocytes isolated from that region demonstrated that they expressed 

significantly larger densities of inward rectifier potassium channels, which enabled them to 

undergo excitation at much higher frequencies than those of the right ventricle. (4) In 

humans, rotors identified during sustained VF episodes repeatedly re-emerged at stable 

locations after burst pacing, (11) which suggested that certain regions of pathologic 

structural or functional substrate are particularly amenable to harbor formation of stable 

rotors. Rotors may also anchor to convert to anatomical reentry using the same scar substrate 

identified during mapping procedures for VT ablation. In fact, one case report has shown 

that after targeting the VT isthmus, VF might no longer be inducible. (43) Nair et al. have 

studied in high detail the relationship between fibrosis and intramural reentry in isolated 

Langendorff-perfused myopathic human hearts. Interestingly, the authors observed that 

during early phases of human VF episodes, transmural scroll waves were the dominant 

driver in sustaining VF, without significant evidence for multiple reentrant wavelet patterns. 

The percentage of fibrosis and the presence of intramural reentry were also intimately 

related (44). In isolated perfused-human hearts some data have also suggested that rotors co-

localize to the boundaries of scars and low-to-high dominant frequency locations. (45)

Certain atrial regions are also more suitable to initiate and sustain AF. Thus, the pulmonary 

veins are certainly involved in AF maintenance, especially in paroxysmal AF episodes, in 

which conventional ablation procedures aiming at pulmonary vein isolation may achieve 

success rates of up to 70% after 1 year of follow up. (46) However, as AF becomes 

persistent and long-term persistent, fibrosis and atrial dilation progressively evolve and 

different regions of the atria become suitable for harboring reentrant sources. Rotors may be 

identified over widespread locations in the left atrium including sites outside the pulmonary 

veins, and less often in the right atrium (≈33%). (12) Of note, patients with a longer history 

of AF and larger right atrial diameter have higher chances of having their AF terminate 
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during radiofrequency delivery at right atrial locations, after unsuccessful conversion to 

sinus rhythm by ablation at the left atrium. (47) In very advanced cases, patients with severe 

atrial remodeling might develop fast spinning regular reentrant activity that propagates much 

slower and irregularly toward the periphery throughout extensive areas of scar. (Figure 3A, 

3B) In those cases, atrial activation is irregular but slow in many regions of the atria, except 

at the fast rotor location, which may be completely regular. Such a clear distinction between 

areas of high frequency reentry and areas of fibrosis allows the demonstration that 

specifically targeting the reentrant spot for ablation terminates the arrhythmia. (Figure 3A, 

3C) Altogether the above example is consistent with phase-analysis data showing that the 

number of rotors is associated with the time in AF. (12)

Hansen et al. have recently reported more detailed information about rotor location and the 

underlying substrate in coronary perfused human atrial preparations. (33) Atrial areas with 

increased fibrosis and transmural fiber angle discontinuities were identified as suitable for 

driving AF and reentry. Combining high-resolution gadolinium-enhanced magnetic 

resonance with simultaneous endocardial and epicardial optical mapping, they showed data 

compatible with AF drivers anchored to micro-anatomic tracks, which consisted of a central 

pectinate muscle and a sub-epicardial neighboring pectinate muscle and/or the atrial 

vestibule. Small intramural bundles connected these two pathways where the re-entrant 

driver repetitively made a U-turn (Figure 4). Fibrosis distribution played an important role in 

partially insulating the reentrant track. These data have been obtained from isolated atrial 

preparations under pinacidil perfusion, which may not reflect the main reentrant activity 

while mapping both atria and under different physiological or experimental conditions. 

However, the results provided yet another piece of evidence supporting the role of intramural 

reentrant activity on maintaining AF. As expected, radiofrequency delivery targeting the 

micro-reentrant drivers terminated AF.

From the foregoing, it seems clear that patients with significant atrial or ventricular fibrosis 

are more prone to fibrillation. (48,49) It also explains why successful elimination of the 

main driving rotor in one procedure does not preclude subsequent formation of new rotors in 

other regions during follow-up, (14) especially if the underlying pathologic condition 

persists and the myocardial substrate evolves.

ION CHANNEL DETERMINANTS OF ROTOR DYNAMICS IN THE ATRIA AND 

THE VENTRICLES

Functional or structural obstacles may favor the initiation of rotors and scroll-waves. 

However, the highest-frequency spinning rotor needs to be self-sustained to keep the atria or 

ventricles fibrillating. Specific pathologic myocardial substrates and the modulation of rotor 

dynamics by ion channel properties explain why reentry may terminate spontaneously or is 

sustained.

Rotor instability has been observed during paroxysmal AF and short-lasting episodes of VF. 

(11,12) In a sheep model of fast-pacing induced persistent AF, the main changes in 

sarcolemmal ion channels that contributed to rotor acceleration and stability were the 

decrease in L-type calcium and inward sodium currents (ICaL and INa, respectively), and the 

Filgueiras-Rama and Jalife Page 6

JACC Clin Electrophysiol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase in inward rectifier potassium current (IK1). Interestingly, INa reduction, despite 

reducing excitability slightly, contributed to rotor stabilization. Simulations in the absence of 

INa reduction exhibited considerable meandering, leading to their eventual annihilation. The 

transient outward K+ current (Ito) also decreased significantly during persistent AF. 

However, it had a minor role on rotor stability compared with ICaL and IK1. (50) Simulations 

incorporating ionic differences between paroxysmal and persistent AF animals showed that 

during paroxysmal AF, rotors were short lived and exhibited low rotation frequencies (≈5.0 

Hz), along with considerable meandering and eventually self-terminating on collision with a 

boundary. Conversely, rotors were stable and persisted throughout the length of the 

simulation when ionic changes observed in animals with persistent AF were incorporated 

into the simulation, with significantly less rotor meandering and higher dominant frequency 

(≈7.6 Hz). (50) Simulations including ion channel conductance values of myocytes from the 

left atrium-pulmonary vein junction of dogs showed that rotors drifted toward the pulmonary 

veins and stabilized within the region with shortest APD and lowest excitability. Moreover 

through its impact on the excitability gradient, IK1 heterogeneity was dominant compared 

with other currents in determining the drift direction. (51)

Complete characterization of human atrial remodeling as a consequence of AF is difficult to 

achieve. Moreover, different underlying substrates among patients may also lead to different 

types of ion channel remodeling. Despite these limitations, some data from human atrial 

myocytes have documented: i) decreases in Ito and the ultrarapid component of the delayed 

rectifier current (IKur);(52) and ii) increases in slow delayed rectifier current (IKs), IK1, and 

the constitutively active acetylcholine-activated potassium current (IKACh). (52,53) The main 

changes demonstrated in human samples from AF patients are somewhat similar to ion 

channel remodeling observed in sheep with persistent AF, although the role of IKs, IKur, and 

IKACh had not been studied in the sheep. IKur is important in human atrial repolarization and 

might have a role in sustaining reentry. However, the influence on rotor dynamics may be 

very limited when K+ conductance is increased by inward rectifier currents as IKACh, (40) 

and probably IK1 too.

The crucial role of IK1 in rotor dynamics is consistent in both animals and humans. A Kir2.1 

gain-of-function mutation has been associated with familial AF. The mutation may play a 

role in initiating and/or maintaining AF by increasing the outward component of IK1. (54) 

Simulations with IK1 overexpression show fast and stable rotors because of both greater 

outward conductance at the core and shortened action potential duration in the core vicinity, 

as well as increased excitability, in part due to faster recovery of INa. (55)

Similar to IK1, IKACh exerts significant effects on rotor dynamics. IKACh increases the 

frequency of rotors, hyperpolarizes the cell membrane, and abbreviates the action potential 

duration and the refractory period. (56) The role of IKACh as AF becomes persistent seems to 

progressively decrease, while the constitutively active IKACh increases. (53)

Regarding IKs and the fast component of the delayed rectifier current (IKr), experimental 

data obtained from neonatal rat ventricular myocytes transferred with genomic sequences of 

KvLQT1-minK via adenovirus, showed that IKs overexpression did not increase rotor 

frequency at all. However, the excessive IKs caused an increase in the number of wavebreaks 
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occurring during rotor mapping in monolayers. (57) Using the same approach but 

transferring hERG via adenovirus, showed that overexpression of IKr significantly 

accelerated rotors compared with control monolayers, (58) although at a lower level of rotor 

acceleration than caused by IK1 overexpression in mice. (9)

Ion channel expression and functional properties differ between atria and ventricles: i) in 

humans IKur is present in the atria but not in ventricles;(59) ii) in human atrium, Ito is 

encoded entirely by Kv4.3 (responsible for Ito,fast), whereas both fast and slow Ito 

components are detected in human ventricles;(60) iii) the IKACh channels Kir3.1/Kir3.4 are 

predominantly found in the atria, (61) and iv) in the atria INa displays more negative steady-

state half inactivation membrane voltage properties than in the ventricles. (5) Despite such 

differences, IK1 remains a fundamental player in rotor maintenance and stability in the 

ventricles. In guinea pig hearts, Samie et al (4), and later Warren et al. (62) showed that 

persistent rotor activity was located in the left ventricle, which was consistent with more 

abundant Kir2.1 and Kir2.3 proteins (Kir2.x is the molecular correlate of IK1 in the left 

ventricle). (62) Remarkably, IK1 blockade using Ba2+ terminated VF in a dose-dependent 

manner. Similar results have been obtained in other experimental settings (atria and 

ventricles) using preferential blockade of IK1 by chloroquine to terminate either AF or VF, 

(38,39) which further supports the role of IK1 in rotor maintenance (Figure 2C, 2D).

In the ventricles, the ATP-dependent K+ current (IKATP) may also be important in rotor 

dynamics under certain conditions such as ischemia. In isolated Langendorff-perfused pig 

hearts, IKATP channel opening by cromakalim significantly accelerated rotors and 

highlighted areas of very rapid activation with a high spectral organization of action 

potentials, whereas adjacent areas were poorly organized mainly related to fibrillatory 

conduction and peripheral wavebreak. (63) Moreover, Farid et al. demonstrated that mean 

mRNA expression of Kir6.1, Kir6.2, SUR1 and SUR2A, were less strongly expressed in the 

epicardium than the endocardium of the left ventricle of cardiomyopathic human hearts 

obtained from patients undergoing cardiac transplantation. The latter was consistent with 

faster VF activation rates in the endocardium than in the epicardium of the left ventricle as 

ischemia progressed for 180 s. Interestingly, IKATP channel blockade during VF promoted 

spontaneous defibrillation of Langendorff-perfused hearts, which was explained by 

attenuation of ischemia-dependent spatiotemporal dispersion of refractoriness during early 

VF. (64)

CLINICAL TOOLS FOR TRACKING ROTOR DYNAMICS

Mapping and understanding complex patterns of propagation in AF and VF require modern 

tools and computational analysis, which are not available in conventional clinical 

electrophysiology labs. Current options may be classified in two different technologies: i) 

identification of the dominant rotor footprint using spectral analysis; ii) phase mapping and 

direct visualization of rotors. Both strategies share the need of multisite recordings to 

identify the region of interest.
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Spectral Analysis

Experimental studies have demonstrated that high-frequency rotors in the atria manifest as 

localized areas of organization that may be identified using spectral analysis and dominant 

frequency mapping. The region with the fastest rotors activates at the highest frequency and 

drives the overall arrhythmia. (65) A similar hierarchical organization in the rate of 

activation of different regions of the atria has also been demonstrated in patients with AF. 

(56) Targeting the highest dominant frequency areas can achieve the same success rate as 

pulmonary vein isolation in patients undergoing paroxysmal AF ablation. However, 

pulmonary vein isolation plus ablation of the dominant frequency regions did not 

demonstrate additional benefit in patients with persistent AF. In fact, there was a trend 

toward more complications due to ablation at larger areas of the atria. (15)

Spectral analysis is a powerful tool to understand the underlying mechanism of AF. A recent 

report has shown that at the same atrial spot, the same dominant frequency after spectral 

analysis can give a fibrillation pattern on the ECG and intracardiac recordings, but also 

appear as atrial tachycardia after the region had been modified by radiofrequency (Figure 5). 

(66) Meandering of the reentrant source before modification of the substrate by 

radiofrequency may have explained spatially distributed intermittent wave fractionation and 

fibrillatory conduction.

Spectral analysis mapping can also be performed non-invasively from the body surface using 

a vest with multielectrode recordings. The approach has been shown to be useful as an 

adjuvant tool to localize high-frequency sources, which are reflected on a small area of the 

thorax corresponding to the atrium harboring the highest dominant frequency, as 

demonstrated by simultaneous intracardiac mapping. (67)

Spectral analysis has also been used successfully to identify VF and VT sources using the 

precordial ECG leads in patients with Brugada Type-1 syndrome and patients with ischemic 

cardiomyopathy. (68) Interestingly, frequency-phase domain analysis across the standard 

precordial leads demonstrated a hierarchical distribution of frequencies and phases 

suggesting that in many individual patients the arrhythmias were driven from a substrate 

location, with higher source frequency in VF vs. VT. (68) Such a non-invasive approach 

might provide relevant clinical data for targeting specific substrate areas to prevent VF 

recurrences, although clinical validation would require future studies.

Phase mapping and direct visualization of rotors

Recent mechanistic approaches for AF ablation, based on phase mapping and rotor 

identification, have shown high rates (87.5%) of freedom from AF at 1 year follow up. (14) 

Narayan et al. have developed a computational mapping system that generates activation 

movies after processing multiple unipolar electrograms recorded from both atria. Local 

activation times were calculated as the times when each unipolar electrogram crossed a 

certain voltage threshold. Monophasic action potentials at the beginning of the procedure 

were used to determine action potential duration restitution and regional conduction 

restitution to define regions of slow conduction. Movies of activation patterns and isochronal 

maps from individual cycles were obtained after using bilinear interpolation of the phase 
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state between each electrode and its nearest neighbors. (69) The authors identified stable 

electrical rotors (70%) and focal impulses (30%) at the same atrial region, lasting for >10 

min. Interestingly, AF terminated in 56% of cases after ablation of the primary source prior 

to performing pulmonary vein isolation. (12) Similar results have been obtained from a 

multicenter study using the same approach. (14) The same mapping system was used for 

mapping VF episodes in patients undergoing ventricular tachycardia ablation procedures. 

Interestingly, rotors were also identified in the ventricles and stable rotors were common in 

sustained VF episodes requiring defibrillation. (11) It is important to note however, that the 

computational mapping system pioneered by Narayan et al. has important limitations. In 

particular, the approach may oversimplify the interpretation of rotor dynamics within the 

three-dimensional structure of the atria and ventricles. In fact, interpolation of phases is 

inherently biased toward detection of rotors, as the algorithm is devised to demonstrate 

rotational activity. The system also uses a proprietary algorithm that makes the methodology 

difficult to evaluate.

Other approaches have been developed to track rotors non-invasively from the body surface. 

Rodrigo et al. used phase mapping and filtering of the unipolar signals with a narrow 2-Hz 

band-pass around the highest dominant frequency filtering to improve the detection of stable 

rotors. The approach may enable to non-invasively localize regions of interest and atrial 

reentries during AF. (70) Haïssaguerre et al. have recently used a combination of phase 

mapping with electrocardiographic imaging to localize certain regions of the atria that may 

be driving persistent AF before an ablation procedure. (13) Biatrial geometry relative to an 

array of 252 body surface electrodes was obtained from a non-contrast computed 

tomography scan. The authors reported that rotors moved over wide regions of the atria, but 

recurred periodically in the same region. Radiofrequency delivery at those regions 

terminated AF in 75% of persistent AF cases, but only in 15% of longstanding persistent 

(>12 months) AF individuals. (13)

CONCLUSION AND FUTURE DIRECTIONS

Rotor formation and maintenance explains the majority of clinical AF cases, and sustained 

VF episodes. Fibrosis is a major influence on rotor initiation and stability, facilitating 

wavebreak, but also providing the substrate for AF and VF recurrences. Despite the 

underlying substrate, the role of ion channels, especially the inward rectifier K+ currents 

seem crucial to stabilize rotors and lead to either long-lasting episodes of AF or sustained 

VF episodes eventually requiring defibrillation.

New invasive and non-invasive technologies provide the capability to identify and track 

rotors in humans, as was demonstrated in animal studies 20 years ago. Current clinical 

strategies to ablate AF seem to be progressively changing toward mechanistic-based 

approaches targeting AF drivers, rather than conventional anatomic-based approaches. The 

new strategies have also shown high rates of success, with freedom from AF during follow-

up even in persistent and longstanding persistent AF cases.

The use of multielectrode mapping strategies together with improved algorithms that 

combine DF mapping with phase mapping should greatly improve the clinician’s ability to 
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identify and ablate AF sources. In particular, when complemented with new imaging 

techniques that reconstruct the three-dimensional atrial or ventricular chambers the approach 

should certainly provide even greater capability to identify myocardial regions harboring 

reentry. Non-invasive approaches will be especially relevant to choose optimal ablation 

strategies before the procedure.
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Figure 1. 
Examples of endocardial-epicardial reentrant-breakthrough dissociated activation patterns 

suggesting either an L-shaped filament (A) or a U-shaped filament (B) of scroll waves. 

(Reproduced from Yamazaki et al., Prog Biophys Mol Biol 2012)
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Figure 2. Chloroquine effects on reentry during stretch-induced AF
A, average core width significantly increases in size during chloroquine. B, phase maps 

show a wave break and the initiation of a rotor. However, the rotating front is annihilated by 

a new wave front coming from the posterior left atrium. (Reproduced from Filgueiras-Rama 
et al. Circ Arrhythm Electrophysiol 2012)
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Figure 3. Fast regular reentrant activity with fibrillatory conduction in a patient with severe 
atrial remodeling
A, cardiac computational tomography (CT) and voltage maps showing extensive scar at the 

roof of the left atrium. The ablation catheter is shown underneath the red and green dots, 

where the arrhythmia terminated. A multipolar catheter is shown in yellow. B, regular and 

fast atrial electrograms recorded from the roof of the left atrium by the multipolar catheter 

(ORB 7–8). Lack of electrical activity from the vicinity (ORB 1-to-6 and OBR 9-to-14) also 

demonstrated the scar tissue surrounding the fast and regular rhythm (220 ms cycle length). 
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Irregular and slower electrograms were recorded from the rest of the left atrium. Surface 

ECG (on the top) also showed an irregular rhythm compatible with AF. C, Termination of 

the arrhythmia (red arrow) after radiofrequency application at the roof of the left atrium 

(red dot in panel A). MA: mitral annulus. (Courtesy of Dr. JL Merino)
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Figure 4. Sub-endocardial atrial fibrillation driver and its anatomic track in a human lateral 
right atrial preparation
A, 3-D gadolinium-enhanced magnetic resonance imaging (GE-MRI) showing paths of 

fibrillatory conduction (red arrows) and re-entrant atrial fibrillation (AF) driver (black 
arrow). Driver region outlined in black. B, Re-entrant AF driver (black arrow) along 

pectinate muscles, dotted lines show location of Sections 1, 2, and 3; GE-MRI of Sections 1, 

2, and 3 show interstitial fibrosis (white) between myocardial layers. C, dominant frequency 

map of sustained AF (a:15.6 Hz, b: 8.9 Hz). D, left to right: activation maps during sustained 

AF for Camera #1 (sub-Endo), Camera #2 (sub-Epi), and corresponding transmural 

activation delay. ((Reproduced from Hansen et al., Eur Heart J 2015)
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Figure 5. 
A, isochronal analysis of the right and left ventricles (RV and LV) during ventricular 

fibrillation (VF) in a 73-year-old patient, ejection fraction 25%, presenting for drug-

refractory ventricular tachycardia. LV isochrones show a rotor (cycle length [CL] 220 ms) in 

the septal LV. This rotor persisted for 15 continuous rotations (depicted ≈5 seconds into 

VF); rotor activity was seen in 72% of all VF cycles in this patient. B, basket electrograms 

(EGMs) during VF, numbered (1 to 6) near the rotor core. Note that activation spans >80% 

of the VF CL. Artifact before cycles 3,4 of EGM3 is noise (absent on other EGMs). C, Wave 

front vector analysis of the subsequent VF cycle, showing consistent rotation about the core 

with radial activation of distant tissue. TCL: tachycardia cycle length. (Reproduced from 
Krummen et al., J Am Coll Cardiol 2014)
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Central illustration. 
High-resolution endocardial mapping of the posterior left atrium in an experimental sheep 

model of stretch-induced atrial fibrillation. The experimental setting is shown on the left and 

the presence of a rotor in the posterior left atrium on the right.
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