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Abstract: 

Background - Human atrial fibrillation (AF) can terminate after ablating localized regions, that 

supports the existence of localized rotors (spiral waves) or focal drivers.  However, it is unclear 

why ablation near a spiral wave tip would terminate AF and not anchor reentry. We addressed 

this question by analyzing competing mechanisms for AF termination in numerical simulations, 

referenced to clinical observations. 

Methods and Results - Spiral wave reentry was simulated in monodomain 2D myocyte sheets 

using clinically realistic rate-dependent values for repolarization and conduction. Heterogeneous

models were created by introduction of parameterized variations in tissue excitability.  Ablation 

lesions were applied as non-conducting circular regions. Computational models confirmed

localized ablation may anchor spiral wave reentry, producing organized tachycardias.  Several 

mechanisms also explained termination of AF to sinus rhythm. First, lesions may create an 

excitable gap vulnerable to invasion by fibrillatory waves. Second, ablation of rotors in regions 

of low-excitability (from remodeling) produced reentry in more excitable tissue allowing

collision of wave-front and back. Conversely, ablation of rotors in high-excitability regions 

migrated spiral waves to less excitable tissue, where they detached to collide with non-

conducting boundaries.  Third, ablation may connect rotors to non-conducting anatomic orifices.

Fourth, reentry through slow conducting channels may terminate if ablation closes these 

channels.

Conclusions - Limited ablation can terminate AF by several mechanisms.  These data shed light 

on how clinical AF may be sustained in patients’ atria, emphasizing heterogeneities in tissue 

excitability, slow-conducting channels and obstacles that are increasingly detectable in patients 

and should be the focus of future translational studies. 
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Introduction

Atrial fibrillation (AF) is the commonest sustained arrhythmia, affecting 30 million patients 

worldwide 1. AF increases morbidity and mortality yet therapy remains suboptimal, partly due to 

incomplete mechanistic understanding. Recent clinical studies show sources in the form of spiral 

wave reentry (rotors) or focal drivers sustaining AF2, 3 and improved success with their ablation.

However, in traditional basic science and simulation studies, ablation should not terminate such 

sources, instead even anchoring an AF rotor. 

We studied mechanisms by which limited ablation may terminate AF, testing competing 

hypotheses in numerical models referenced to clinical observations.  Our central hypothesis was 

that increasingly recognized functional and anatomic heterogeneities in human atria 3-8 may 

enable the elimination of AF sustaining regions by localized interventions. 

In traditional theories, AF results from self-sustaining, non-hierarchical disordered 

waves, yet several clinical studies show AF may terminate with localized 2, 9 ablation. Strategies

insufficient to limit critical mass such as focal lesions, lines, incomplete PV isolation or patchy 

ablation of complex electrograms 10-12 are often successful. New data from in vivo contact 

mapping 2 and the ECG-based inverse solution 3 and very recently optical mapping of human AF 

13 support an alternative explanation – in which disordered activity is driven by localized rotors 

or focal sources. In the case of Focal Impulse and Rotor Mapping (FIRM), 2.1±1.1 cm2 of tissue 

area is ablated per source 14 which, given 2-4 sources per patient, represents a small fraction of 

the ~100-130 cm2 left atrial area in persistent AF patients 15.  These data challenge the non-

hierarchical model of AF in which successful therapy must limit critical mass 16, 17. 

 Conversely, it is undefined how localized ablation eliminates reentrant sources for AF18

without anchoring them. Termination of micro-reentrant AT with localized ablation without 

hat increasingly recognized functional and anatomic heterogeneities in human attrtriaiaia 3-3-3-88 mamamay y y 

enablee the elimi innata ion of AF sustaining regions byyy lolocalized interventionns.s  
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connecting to non-conducting obstacles or limiting critical mass 19 - a common result - offers a 

similar conundrum. . 

 In this study, we numerically investigated the effects of ablation lesions on spiral wave 

reentry, incorporating increasingly appreciated non-uniformities in atrial physiology that may 

enable ablation to terminate AF, using clinical results to corroborate numerical findings.  

Methods

Simulations

Simulations were carried out in isotropic 2-dimensional (2D) sheets using the monodomain 

equation:  

   (1)

Here, V is the membrane voltage, Cm
2 represents the membrane capacitance, D 

the diffusion tensor with diagonal entries of D=0.001 cm2/ms, and Iion the membrane currents. 

Membrane currents were implemented by the Fenton-Karma (FK) model 20, 21. Parameter values 

for the FK model were chosen from set #3 of Ref 21 and excitability was modified through the 

parameter d. As demonstrated 21, this set and variations in d, can capture different spiral wave 

dynamics, including non-meandering and meandering spiral tips as well as spiral wave breakup. 

Notably, other parameter sets or detailed electrophysiological models give similar dynamics, and 

termination mechanisms discussed are not unique to a specific parameter set or model.

Eq. 1 was simulated on a square grid using a standard finite difference scheme with 

spatial discretization of 0.025 cm and time-step of 0.05 ms. These values of spatial and temporal 

discretization ensured conduction velocity (CV) and action potential durations were <3% of their 

converged values with resulting activation waves qualitatively unchanged 20. During 1000ms 

equation:  

  (1))

Here, V is the membrane voltage, CmCC 2 reprprese ents the membrane capap citance, D 

he diffusion n tensoro  witi h h diagonalal eentries of f D=D=0.0011 cmm2/m/ms,s  andd IionII the mem mbmbraranee curu rentnts.s  

Membrane e currene tsts wwere imimplplemmenenteed d byby thehe Fene tonn-KaK rmrma (F(FK)K) mmoddelel 200, 21. PaPararamem teter r values 

for the FK model were chosen from set #3 of Ref 21 and ed xcitability was modified through the
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cycle length pacing, CV and action potential duration for the parameter set were 42.5 cm/s and 

270 ms, respectively. These values can be adjusted arbitrarily by multiplying all time constants 

and the diffusion coefficient with a constant. Computational details are detailed in Table 1. 

Ablation lesions were modeled as circular regions of radius Rabl with zero conductivity, 

rendering the tissue inexcitable. Rabl was varied in in steps of 0.05 cm (range 0.2cm -1.0 cm). To 

account for zero-flux boundary conditions at the edge of the disk-like region we employ the 

phase-field method 22, which is well suited to model appropriate boundary conditions on curved 

interfaces while using a finite difference grid 23, 24. The edges of the computational domain are 

assumed to have zero-flux boundary conditions unless otherwise specified. 

Cardiac tissue can exhibit significant non-uniformities as a result of local differences in 

APD restitution, conduction 5-8, or fibrosis 4. In our model, heterogeneity of tissue excitability 

was introduced by spatially varying one parameter of the FK model, d. Low values correspond 

to highly excitable tissue while large values indicate reduced excitability. To vary this parameter 

in tissue, we defined two circles with radii R1 and R2, centered in the computational domain. The 

value of the excitability parameter was varied in a linear and radial fashion from d1 to d2: 

d = d1 + ( d2 – d1)(r - R1)/(R2 - R1) 

where r is location in the computational domain relative to its center.  

Reentry arose from either cross-stimulation or using a broken wave as initial conditions. 

Several perturbations were then introduced as described in Results. Typical simulation times 

ranged from 1-7mins on a workstation equipped with a dual 2.4 GHz quad-core Intel Xeon 

processor. Spiral tip trajectories were computed using a standard tracking algorithm 20. 

Clinical Studies

An institutional review committee approved all clinical studies and subjects gave informed

Cardiac tissue can exhibit significant non-uniformities as a result of locall dididifffff erererenenencececesss iiin 

APD rrestitutiion, , , coc nduction 5-8, or fibrosis 4. In ourr mmodel, heterogeneity y y of tissue excitability 
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n tissue,,, wewew ddefeffinini eedd twtwtwo o o cicircrclelees s s wiwith rradadiiii RRR11 andndnd RRR222, , , cecentntnterere eded iin n thththeee cocompmpputututatatioioonananal l dodomamaini . The

vavavalululueee ofofof ttthehehe eeexcxcxcitititabababilililititityyy papaparararamememeteteterrr wawawasss vvvarararieieieddd ininin aaa lllininineaeaearrr anananddd rararadididialalal fffasasashihihiononon fffrororommm d1d1d1 tototo d2d2d2:::
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consent.  The approach to mapping human AF and ablating localized sources has been detailed 

by our group 2 and others 3, 25-27. We studied patients referred for ablation of symptomatic 

paroxysmal or persistent AF for standard indications2. After discontinuation of anti-arrhythmic 

medications2, AF was recorded from bi-atrial multipolar contact catheters. Recordings were 

analyzed using methods described 2 to interpret electrograms based on human repolarization28

and conduction5, 7 dynamics.

Electrical rotors were defined as phase singularities that radiate electrical waves into 

surrounding tissue at high rate causing wavebreak into fibrillation 29, while focal impulses

showed centrifugal activation from an origin. AF sources identified using contact mapping 

precess (‘wobble’) in reproducible and limited areas 14 for long periods of time30, while drivers 

mapped by the inverse solution also occur in reproducible and limited regions for days3.

Ablation of each AF source involved application of radiofrequency energy to the -3 

cm2 precession area 14. This process (Focal Impulse and Rotor Modulation, FIRM) was repeated 

for each source (2.1±1.1 per patient)2.  Subsequent clinical care included conventional ablation10.

In this report we focus only on the impact of limited FIRM-guided ablation to acutely terminate 

AF. We illustrate modeling-predicted mechanisms of AF termination with examples from our 

experience of FIRM-guided ablation. 

Results

Computational simulations revealed several mechanisms by which limited ablation interfered

with spiral wave reentry, converting AF to organized tachycardias, or terminating AF to sinus 

rhythm. These mechanisms were consistent with several observed clinical cases of rotor targeted 

(FIRM-guided) ablation. 

precess (‘wobble’) in reproducible and limited areas 14 for long periods of time300,, , whwhwhililileee drdrdriviviveree s 

mappede  by yy thhe innvev rse solution also occur in reprododucu ible and limited reegigig ons for days3.
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Conversion of AF to AT 

Targeted ablation (a non-conducting obstacle) may pin a spiral wave to fixed reentry around the 

obstacle. Figure 1A shows a numerical example of a spiral wave with meander (green line,

shown for ~ 900 ms) causing AF in surrounding tissue. An ablation lesion (blue disk) alters tip 

trajectory (red line) and after ~ 1200 ms the spiral tip is stably anchored at the lesion. This spiral 

wave produces regular atrial tachycardia (AT) with cycle length 210 ms. As reported in other 

computational studies 31, 32, spiral wave anchoring requires a minimum lesion size, dependent on

location. Figure 1B presents more complex activation with three co-existing meandering spiral 

waves, created by increasing the computational domain and introducing periodic boundary 

conditions in the horizontal direction (see Table 1 for details). The rotors were initiated using 

conditions containing broken waves and coexisted for an extended duration (>4 s). An ablation 

lesion anchors one of the spirals and, after a period of ~ 2000 ms, annihilation of other spirals 

(Figure 1C). Activation is now regular and consistent with AT of cycle length 230 ms. 

Next, simulations revealed several mechanisms enabling limited ablation to terminate

spiral wave reentry, consistent with conversion of AF to sinus rhythm. 

Elimination of reentry by creation of an excitable gap 

First, we studied the impact of ablation creating an excitable gap near the rotor core. Figure 2A

shows a snapshot of simulations in which the excitability parameter d produced multiple spiral 

waves, d=0.34. Creating a lesion (Figure 2B) anchored one spiral wave leaving a small excitable 

gap (Figure 2C). Activation from surrounding fibrillatory waves invaded this excitable gap, with 

a stochastic likelihood of wave collision causing block and terminating reentry (Figure 2D and 

Supplementary Movie 1). We have verified other values of d and domain sizes display the same 

termination mechanism. For example, simulations using d=0.32 in a 5x5cm domain and d=0.36 

conditions in the horizontal direction (see Table 1 for details). The rotors were innnitititiaiaiateteted d d usususinining gg

condittions cono taainining broken waves and coexisted fforo  an extended durattioion d (>4 s). An ablation 
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in a 7.5x7.5cm result in spiral wave dislodgement by surrounding waves, followed by 

termination. 

Elimination of reentry related to gradients in tissue excitability

To address mechanisms based on spatial heterogeneities in tissue, we varied the FK model 

excitability parameter, d, in a radial fashion (see methods). Initially, we created a spiral wave

stably attached to a non-conducting zone with a radius of 0.4 cm (Figure 3) and investigated two 

scenarios: one in which excitability increased with distance from the non-conducting zone and 

one in which it decreased. An ablation lesion introduced over the initial non-conducting zone but 

of larger radius was able to unpin the anchored spiral in both scenarios. 

Figure 3A-B illustrates the first scenario, with excitability higher within the dashed circle 

than in surrounding tissue ( d1=0.3 to d2=0.42, with corresponding CVs of 36.7 cm/s and 26.3 

cm/s, respectively). Ablating the heterogeneous high-excitability domain results in a non-

conducting zone (radius 0.8 cm), detachment of the spiral wave, consequent migration and

collision with anatomic obstacles (modeled as no-flux boundaries).  This resulted in termination 

of the rotor and AF (Supplementary Movie 2). Varying ablation radius in steps of 0.05 cm 

revealed minimum ablation radius for the parameters in Fig. 3A as 0.65 cm. We have verified 

other combinations of d1, d2, R1, and R2, result in successful termination as well. For example,

creating sufficiently large ablation lesions when changing either d1 (to 0.25) or R1 (to 0.6 cm) 

only causes spiral wave termination. Clearly, minimum ablation size will depend on precise 

parameter values but the qualitative termination behavior of Fig. 3 is insensitive to parameter 

choices. 

Figure 3C-E illustrates the second scenario when ablation may terminate a spiral wave 

whose tip is located in a region of low excitability (R1=0.4 cm, d1 = 0.35 and CV=33.0 cm/s) 

Figure 3A-B illustrates the first scenario, with excitability higher within ttthehehe ddasasashehehed d d cicc rcle

han iinn n sususurrrrrrououundddinining tissue ( d1=0.3 to d2=0.42, wwititith h h corresponding CVs s s ofofo  36.7 cm/s and 26.3 

cmcmm//s/s, respectitiivevevelylyly))). AbAbAblalalatititinngng ttthehehe hhheteteterererogogo eneneneoeoeouuus hiighhh-exexxcicicitatatabibibilil tyyy domomomaiaiainnn rrresuuultltltsss ininin aaa nnononon-

cooondndnducuu ting zzonoo ee e (rrradiuuuss 0.8 cmcmcm),),)  deeetatatachchhmmmentntt ooof thhhe spspiririraalal wwwavvve, cococonseqequeueuentn  mimimigrg atioioionnn aaanddd

collisionn wwwititith h h anananatatatomomomicicic ooobsbsbstatataclclcleseses (((momoodededeleleled d d asasas nnnooo-f-f-flululuxx x boboboununundadadariririeseses).).).  ThThThisiss  rereresususultltltededed ininin tttererermimiminann tion 

ofofof ttthehehe rrrotototororor aaandndnd AAAFFF (S(S(Supupupplplplemememenenentatataryryry MMMovovovieieie 222))). VVVarararyiyiyingngng aaablblblatatatioioionnn rararadididiususus iiinnn stststepepepsss ofofof 000 00.0555 cmcmcm 
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surrounded by higher excitability ( d2 = 0.25 and CV=42.6 cm/s). Initially, the activation front is 

anchored at a small, circular non-conducting obstacle. Creating an ablation lesion of larger radius

results in the activation front propagating in tissue with higher excitability and correspondingly

higher wave speed, allowing activation front and back to eventually meet, leading to block 

(double bars in Figure 3E). This results in detachment of the wave front and termination of 

reentry (Supplementary Movie 3). As in the first scenario, this mechanism is insensitive to 

precise parameter values. Using different values of d1, d2, R1, and R2 (for example, d1=0.40,

d2=0.20, R1=0.4 cm, and R2=2.0 cm or d1=0.40, d2=0.20, R1=0.3 cm, and R2=1.5 cm) can 

result in the termination mechanisms of Fig. 3C-E.  

Terminating reentry by creating a barrier to non-conducting obstacles

Targeted ablation could also terminate spiral waves if lesions connect to a large non-conducting 

obstacle (e.g. an anatomic orifice or a large scar). Figure 4A shows a spiral wave with tip 

trajectory close to a non-conducting zone (the lower boundary of the simulation domain). 

Targeted ablation connecting the spiral wave core to this obstacle terminates reentry. This is 

shown in the snapshots displayed in panels B-C where we highlight wave block occurring in the 

gaps between lesions. The lesions prevent the wave from rotating (B) and push it towards the 

non-conducting boundary where it extinguishes (C). Note that ablation lesions need not overlap, 

as isthmuses require a minimum size to support wave propagation 33, approximately 0.05 cm in 

our simulation.

Terminating reentry by ablation of an isthmus for reentry 

In computational models, AF often exhibits paired spiral waves of opposite chirality, with one 

spiral extinguishing.  We modeled a scenario whereby reentry is supported by a slow-conducting 

isthmus between non-conducting zones (hatched regions in Figure 5). The isthmus region has a 

Terminating reentry by creating a barrier to non-conducting obstacles

Targegegeteteted d d ababablalalatit ononon coc uld also terminate spiral wavevevesss ifi  lesions connect to o o aa a large non-conducting 

oobobststtacle (e.g. ananan annanatototomimimiccc oororififficicice ororor aa lllararrge ssscaaar). FiFiFiggururree 4A4A4A ssshowswsws a sspipipiraraal l wawawavveve wwwititith hh tititipp

rajajajececctory clososose ttto a nononon--conduduductcc inng g g zzozonenene (thhhe lowwwerr r booouunundaaaryryy offf thhhe simmmuululatttioioi nnn domamamainn)). 

Targeteddd aaablblblatatatioioion n n cococonnnnnnececectititingngng thththe e e spspspirralalal wwwavavaveee cocoorerere ttto o o thththisisis ooobsbsbstatataclclcleee tetetermrmrminininatatateseses rrreeeeeentntntryryry... ThThThisisis is

hhhowownn iinin thththee snsnapap hshsh tototss dididispspllalayeyeddd iinin papanenellsls BBB-CCC hwhwhereree wewe hhhiigighlhlhliigighththt wwavavee blblblocockkk ococcucurrriiringng iiinn thththee
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linear gradient in diffusion constant ranging from D=0.0002 cm2/ms (left-side) to D=0.00005 

cm2/ms (right-side). This approximately 10-fold lower diffusion constant results in a CV 

approximately 4 times smaller than surrounding tissue (9.4 cm/s vs. 36.6 cm/s for D=0.0001 

cm2/ms, d=0.30). The mismatch in CV between isthmus and surrounding tissue creates figure-

of-eight reentry (green arrows in Figure 5D and Supplementary Movie 4). In this scenario, 

ablating the slow conduction zone blocks the reentry pathway, terminating reentry. 

Clinical cases illustrating various mechanisms of AF termination

Observations in several patients support the modeling-predicted mechanisms of AF termination.

Figure 6 shows atrial propagation in a 67 year old man with left atrial diameter 62 mm, persistent 

AF and no prior ablation, in whom brief ablation (cumulative duration 6 minutes for 2

cm) at a counter clockwise left atrial rotor anchored spiral wave reentry to produce organized 

tachycardia at this region. The AT was then ablated to sinus rhythm.  This example is consistent 

with the mechanism in Figure 1. 

Figure 7 illustrates a 85 year old man with a long history of AF but no prior ablation, in 

whom ablation at the first catheter position for less than 1 minute (<1 cm diameter) at the rotor 

core destabilized the previously stable rotor, terminating AF to sinus rhythm.  This is consistent 

with the mechanism in figure 3 whereby the destabilized spiral wave tip may collide with the 

mitral annulus, left inferior pulmonary vein or other structural boundary.  

Figure 8 shows cases of AF rotors near non-conducting boundaries.  In figure 8A, rotor 

ablation near the left superior pulmonary vein, during the first ablation of a patient with 

persistent AF, enabled AF termination after a cumulative of 2.5 minutes ener

cm diameter).  In figure 8B, in a gentleman with AF despite prior left atrial ablation (none in 

right atrium), ablation commenced at a rotor near the inferior vena cava.  The first lesions 

AF and no prior ablation, in whom brief ablation (cumulative duration 6 minutesss foroo 2

cm) atatt aaa cococoununntet r r clclclockwise left atrial rotor anchorededed spiral wave reentryy tototo produce organized 

aaachhhycardia atatt thththisisis regeggioioionnn... ThTT e e e ATATAT wawawasss thththennn ababablateeed tot sssinininususus rrrhyhyhythththm.m.m.  ThThThiiisss exxamamamplplple e e isisi  cococonsnsnsisisistetetentnn  

wiwiwithhh the mecchahh nnnismm innn FFFigurrere 111. 
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delivered terminated AF to sinus rhythm after a total cumulative ablation time of 48 seconds (<1 

cm diameter).  These data are consistent with ablation connecting rotor cores to these non-

conducting boundaries as illustrated in Figure 4. 

Finally, the Supplementary Figure illustrates a case of paired rotors of opposite chirality 

in the right atrium in a 63 year old man with persistent AF, left atrial diameter 54 mm and a dual 

chamber pacemaker. We performed ablation at the medial rotor core only, as the lateral core lay 

at a pacemaker lead site.

Discussion 

This work provides a novel theoretical foundation for AF, illustrating for the first time how

limited ablation targeted to the site(s) of localized sources can terminate AF to sinus rhythm or 

organized atrial tachycardia.  Although the clinical literature is replete with cases where limited 

ablation terminates AF, there has previously been no theoretical foundation explaining this 

phenomenon – using either non-hierarchical (i.e. multiwavelet reentry) or hierarchical (i.e. 

source) models of AF. The present study illustrates how increasingly recognized structural 

heterogeneities and functional non-uniformities in remodeled human atria may enable ablation to 

terminate AF, by non-uniform excitability, conduction, repolarization and non-conducting 

obstacles. Clinically, these data may help to guide improved ablation strategies and,

mechanistically, suggest specific approaches to modify AF substrates by ionic, anti-fibrotic or 

regenerative therapies. 

Disorganized or localized mechanisms sustaining AF: A fundamental dilemma

Whether AF is maintained by non-hierarchical self-sustaining disorganization or is hierarchical 

such that localized regions 29 drive disorganization remains a central mechanistic debate.

Answers to this question will affect decision making in AF therapy. 
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Disorganized sustaining mechanisms were proposed by Moe et al. 29 and are supported by 

surgical studies demonstrating re-entry without hierarchy using recording plaques 34. However, 

these studies have limitations as clinical AF signals may reflect non-local activation35, complex 

signals are often ignored34 and plaques only simultaneously map small regions (<10-20% of both 

atria). This mechanism also cannot reconcile how AF is modulated by limited ablation9, 25, why 

outcomes are worse when performing more ablation12 (i.e. undergoing greater mass reduction), 

and data directly challenging the critical mass concept17. 

Localized sources for fibrillation were demonstrated directly by the pioneering work of 

Jalife et al. in the early 1990s 29 and by recent optical mapping studies in human AF 13.Sources 

readily explain modulation of AF by ablation2, 9, insufficient to limit critical mass 10, 12, AF 

termination by localized intervention 36 and increasing data showing stability of propagation. A

hierarchical model also explains success during extensive ablation – if it coincidentally modifies

sources 37. One major question for the source hypothesis is how localized ablation at rotors can 

abolish AF18. The present study provides the first potential answers to that question. 

Reconciling our studies with prior work

First, the present study confirms prior computational 31, 32, 38, 39 and in vitro 40-42 studies where 

limited ablation converted an AF rotor to anatomical reentry. This is consistent with clinical 

cases (Figure 6) using FIRM 2 or an ECG-based inverse solution3, supporting the localized 

source hypothesis.  Studies are required to exclude ablation modulating “high densities of 

multiple wavelets” 18, although this would not explain why the unablated lower density wavelets 

do not perpetuate AF.   

Second, this study provides the first set of mechanisms to explain how limited ablation 

terminates AF directly to sinus rhythm.  Most numerical simulations studied anchoring of spiral 

eadily explain modulation of AF by ablation2, 9, insufficient to limit critical masss 101010,, 121212,,, AFAFAF 
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waves to obstacles in uniform tissue 31, 32, 38, 39, 43, revealing how both low and high excitability 

limit the minimum obstacle size around which reentry is stable. In tissue with uniformly low 

excitability, spiral tips cannot follow trajectories with high curvature44. Thus, stable attachment 

to a circular obstacle requires a minimum radius – if smaller, spiral waves will detach. In tissue 

with uniformly high excitability, the CV determines the minimum size of an anchoring obstacle. 

The CV is large (small) for high (low) excitability and, accordingly, highly excitable tissue can 

only support activation if the path around the obstacle has a minimum size – if smaller,activating

‘head meets tail’, detaching wavefronts. Thus, in uniform tissue, it is unlikely that limited 

ablation can dislodge an anchored spiral wave. 

However, our study shows that incorporating well-recognized non-uniformities in atrial 

tissue reveals several mechanisms whereby limited targeted ablation can terminate AF rotors.

Non-uniformities in atrial tissue are ubiquitous and possibly due to regional variations in APD 

restitution, conduction 5-8, fibrosis 4 or fiber architecture 13. In the scenarios studied (Figure 3),

the initial condition consists of an activation front rotating around a small obstacle. The tissue 

properties close to this obstacle were chosen to differ from those further away. Note this initial 

condition is stable due to this spatial heterogeneity: choosing uniform excitability equal to the 

excitability far from the obstacle would result in detachment in both cases. In the first scenario 

(Figure 3A-B), stable reentry around an obstacle in tissue with an excitability equal to that of the 

tissue further from the initial obstacle ( d2 = 0.42) requires a minimum obstacle radius of R=1.9 

cm, much larger than a single ablation lesion (typical size 0.5-0.7 cm). Tissue with excitability 

corresponding to the parameter value at the periphery of Figure 3C-E ( d2 = 0.25) requires a

minimum radius of R=1.2 cm, again larger than a lesion.  This may explain how hyperkalemia 

terminates fibrillatory rotors 45. 

However, our study shows that incorporating well-recognized non-uniforrrmimimitititieseses ininin atatatriririal 

issue revealss seveveral mechanisms whereby limited d tat rgeted ablation can n tet rminate AF rotors.
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Validating results from this modeling study with clinical observations 

Ablation may lengthen wavepath around lesions, analogous to micro-reentrant AT46.  A rapid 

micro-reentrant source driving AF with fibrillatory conduction may terminate if the excitable gap 

is invaded by fibrillatory waves. The effects of pacing on spiral tips has been studied before 47

and we recently demonstrated in a case study of AF propagation using patient-specific 

geometries that fibrillatory waves can invade an excitable gap 48. This model agrees with clinical 

observation, where even if AF is inducible it may be shorter, with recurrence relating to ATs

depending on the extent of ablated tissue3, 4, 14. Studies are needed to further define our 

description of conduction properties at sites of rotors and surrounding tissue7 to identify patients 

in which gradients of excitability may operate. 

The proposed mechanism of joining the rotor site to a non-conducting obstacle or 

eliminating a non-conducting channel both require direct clinical validation.  However, Figure 8

illustrates rotors whose location would easily enable targeted ablation to connect to non-

conducting boundaries including ‘functional’ boundaries.  Supplementary Figure 1 shows figure-

of-8 activation through slow-conducting channels, that may occur in relation to fibrosis or other 

forms of atrial remodeling, awaiting clinical mapping validation. 

Limitations

There are several limitations of this study.  First, it was performed in computational grids not 

accounting for geometrical curvature, that may provide additional mechanisms for ablation to 

terminate AF 29.  Second, we used the FK model for computational efficiency, so our study was 

not designed to explore effects of derangements in specific ion channels or drugs on AF. Third, 

simulations were performed in isotropic domains, whereas fiber anisotropy can affect spiral tip 

dynamics29, 48. Fourth, ablation lesions were modeled as discrete obstacles to activation and 

n which gradients of excitability may operate.
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conduction, while in practice the necrotic core of an ablation lesion is surrounded by a penumbra 

of inflammation that may shorten APD and alter wave dynamics. Future studies should attempt 

to quantify such inflammation so that it may be incorporated. Fifth, simulations were carried out 

in 2D sheets that did not include transmural components.  Indeed, epicardial and endocardial 

differences in cellular and fiber properties were recently shown in optical mapping of human AF 

13. The study found stable rotors ( 2 precession areas on the endocardium), terminated by 

localized ablation, but less stability on the epicardium, where they appeared as focal 

breakthroughs. It remains to be seen if this transmural difference is consistent.  We did not model 

the impact of ablation on potential focal sources for AF, since this is mechanistically 

straightforward. Clinically, we were unable to directly register clinical cases with computational 

models. Although FIRM-based mapping is sufficient to map human AF at the resolution required 

for ablation 49, it is insufficient to map the dynamics of the rotor core during ablation. In the 

present study, clinical data illustrate model predictions, and are not used to present a definitive 

mechanistic proof or a relationship to the long-term results of rotor ablation as shown by others27, 

50 and for which randomized trials are ongoing. 

Conclusions

This study proposes novel mechanisms by which limited ablation can terminate human AF.  

These data illustrate for the first time how targeted ablation may interact dynamically with the 

anatomical locations of rotors and with tissue characteristics of non-uniform excitability, slow 

conduction and non-conducting boundaries.  Future translational studies should focus on 

mapping and quantifying these tissue heterogeneities in remodeled atria in individual patients in 

order to improve therapy. 
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Table 1: Numerical details

Mechanism Figure Domain size (cm) Boundary conditions d

AF to AT 1 5x5 (A) 
10x5 (B, C) 

Non-conducting in all directions (A) 
Non-conducting in vertical and periodic 
in horizontal direction (B, C) 

0.35

Excitable gap 2 5x5 Non-conducting in vertical and periodic 
in horizontal direction 

0.34

Heterogeneous excitability 3 5x5 Non-conducting in all directions 0.30-0.42 (A, B) 
0.35-0.25 (C-E)

Connection to non-conducting 
boundary 

4 5x5 Non-conducting in all directions 0.38

Isthmus ablation  5 5x5 Non-conducting in all directions 0.30

in horizontal direction (B, C) 

able gap 2 5x5 Non-conducting in vertical and periodic 
inii  horizontal direction 

0.34

oogeeenneous excitabiililittyty 333 5x5x5x5 NNNonnn-c-ccoono duduuctctting iiin aaall diri eeectiiiono sss 0.00 3000-000.4.42 (A(A(A,,, B
000.3555-000.25 (((C---E

ection to nononon-nn conducucuctit ng 
dary 

4 5x5 NoN n-connducting in aaallllll directionnnsss 0.38

muus ablation 5 5x5 Non-conducting in all directions 0 30
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Figure Legends:

Figure 1: Conversion of AF to AT. A. Snapshot of anchoring of a counter clockwise spiral wave 

(white arrow) by introduction of a non-conducting ablation lesion. Activation is shown using a 

gray scale with white indicating activated tissue and black indicating recovered tissue. The spiral 

tip trajectory before the introduction of the lesion is shown in green and meanders, resulting in 

AF-like activation. The creation of a lesion (blue disk) progressively anchors the trajectory

(shown as the red trajectory) that converges to a regular AT (counterclockwise red arrows). The 

tissue has as size 5cmx5cm, and Rabl=0.4 cm. The direction of the tip trajectories are indicated by 

arrows. B, C. Snapshots before (B) and after (C) the introduction of a circular lesion (blue, 

Rabl=1 cm) in a larger computational domain (10cmx5cm) with period boundary conditions in 

the horizontal direction. Before the introduction of the lesion (B) the domain harbors three 

spirals with tip trajectories indicated in green and direction by arrows. After the lesion (C), a 

single activation front is stably anchored at the lesion, resulting in regular activation. Scalebars: 1 

cm.

Figure 2: An excitable gap created by ablation is invaded by fibrillatory waves to rapidly 

terminate spiral wave reentry. A. Multiple spiral waves exist prior to ablation. B. The abrupt 

creation of an ablation lesion (blue disk, non-conducting zone, Rabl=0.6 cm) leads to an 

activation front that rotates around the zone in a counter-clockwise fashion (indicated by red 

arrows) and an incoming wave (indicated by green arrows). C. The distance between the front 

and back of the wave is large enough that an incoming wave can excite the tissue. This results in 

a wave collision and dislodgement of reentry (D). Domain size 5cmx5cm, periodic boundary  

arrows. B, C. Snapshots before (B) and after (C) the introduction of a circular lessisiononn (((blblblueueue,, , 

Rabl=11 cm))) in n a lalargr er computational domain (10cmxmx5cm) with period bbououndary conditions in 

hhhe hhhorizontalalal dddiririrecee tiiononon.  BeBeBefoff rerere ttthehehe iiintnttrororodudud ctctctioioion offf thhhe lllesesesioioion n n (B(B))) ththhe ee dodoomamamain hhharararboboborsrsrs thrhrhreeeeee 

pppiriralala s with tipipp trararajjjectoororiiies innndididicateddd iinn ggrgreennn aaand dddirrrectctctioioion bybyby arrrrowwws. AAAfttterer ttthehehe lesiioionnn (CCC))), a

ingle actcttivivi ation n n frf ont t t isiss stably y y anaa chored at ththhee lelelesisisionoo , , resuuulting gg in rregegegular actctc ivatatatioi n. Scalebars: 1

cmcmc ...
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conditions in the horizontal direction. Scalebar: 1cm. 

Figure 3: Ablation of a spiral wave in tissue with heterogeneous excitability can result in wave 

detachment with subsequent termination. A-B: A region of high excitability (within dashed 

circle) surrounded by tissue with low excitability (tissue excitability falls linearly in the radial 

direction with R1=0.4 cm, R2=0.8 cm, d1 = 0.3 to d2 = 0.42, 5cmx5cm domain). A: Snapshot of 

an activation front attached to a non-conducting disk of radius R=0.4 cm while B: Snapshot of 

activation following ablation of the region of higher excitability (Rabl=0.8 cm). The wave front 

finds itself in a region of low excitability, detaches from the obstacle and migrates out of the 

computational domain, resulting in the termination of reentry. C-E: Ablation of a spiral wave in 

a region of low excitability. Tissue excitability within the dashed region varies radially and is 

lower closer to the obstacle (R1=0.4 cm, R2=2.5 cm, d1 = 0.35 to d2 = 0.25, 5cmx5cm domain). 

C: Snapshot of a counter clockwise rotating activation front attached to a non-conducting zone of 

radius R=0.4 cm. D, E: Snapshots of the activation following ablation of a disk (radius Rabl=0.8 

cm). The wave front encounters the wave back, resulting in block, indicated by the double bar. 

The wave front subsequently detaches from the obstacle and migrates out of the computational 

domain, resulting in the termination of reentry (not shown). Scalebars: 1cm. 

Figure 4: Termination of spiral wave reentry by ablation connecting to a non-conducting 

boundary. A. Snapshot of a spiral wave before ablation, with the tip trajectory in green. Upon 

creating lesions (blue) placed on a line connecting the spiral tip domain to a non-conducting 

boundary, the spiral wave is blocked (B and C, indicated by the double bar), collides with the 

boundary and terminates (C). Rabl=0.4 cm, and domain size 5cmx5cm with no-flux boundary 

computational domain, resulting in the termination of reentry. C-E: Ablation of aaa ssspippirararal l l wawawavvev  in 

a regigig ononon ooof f f looow w exexexcitability. Tissue excitability withththinii  the dashed regionn vvvaries radially and is

ooowwewer closer tttoo thththeee obbbstststacacaclelele (RRR111=0=0=0.4.4.4 ccmmm, RR22=2=2=2.5..  cm,m,m, d1d11 === 000 3.3.355 totoo  d2dd2 == 000.2.2.25, 555cmcmcmx5x5x5cmcmcm dddomomomaiaiain)n)n). 

C:C:C: SSSnann pshot ofoo aaa cccountntterr clockckckwiww se rrrototaaatiiing g acacactivaaatioonon fffrrrontt aattt acchehehed to aaa nnnonnn-ccconduuuctctctinnng zonnne o

adius RR=0=0=0.4.44 cccm.m.m. DDD,, E:E:E: SSSnananapspspshohohotststs oof thththe e e acacactititivavv titiiononon fffololollololowiwiwingngng aaablblblatatatioioion n n ofofof aaa dddisisiskk k (r(r(radadadiuiuiuss s RRRabababl=0.8 

cmcmcm))). TTThehehe wwwavavaveee frfrfronononttt enenencococounununtetetersrsrs ttthehehe wwwavavaveee bababackckck, rereresususultltltinininggg ininin bbblololockckck, ininindididicacacateteteddd bybyby ttthehehe dddouououblblbleee bababarrr. 
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conditions. Note lesions do not have to overlap in order to block the wave and terminate reentry. 

Scalebar: 1cm.

Figure 5: Ablation of a slow-conducting isthmus can terminate spiral wave pairs. A. The 

hatched zones are non-conduction regions that sandwich an area of slow conduction, modeled as 

reduced cell-to-cell coupling that could biologically represent remodeled atrial tissue or patchy 

fibrosis. The mismatch in CV in this channel and the surrounding tissue creates a figure-of-eight 

reentry pattern, indicated by the green arrows in D. Domain size 5cmx5cm, D varies linearly in 

the isthmus from D=0.0002 cm2/ms (left-side) to D=0.00005 cm2/ms (right-side). Scalebar: 

1cm.

Figure 6: Conversion of human AF to AT by localized ablation in left atrium.  A. Electrograms 

show abrupt conversion.  B. Pre-termination FIRM map shows counter clockwise AF rotor, as 

indicated by the arrow, with peripheral disorganization (fibrillatory conduction) in this chamber; 

C. Post-termination FIRM map shows AT at this location.  Note cycle length prolongation and 

regular activation sequence in post ablation AT. 

Figure 7: Termination of AF to sinus rhythm by ablation that detaches AF rotor enabling its 

collision with nearby anatomic structures (mitral annulus or left inferior pulmonary vein orifice). 

(A) Intracardiac. (B) Clockwise rotor that precesses in a limited region of low left atrium before 

ablation; (C) Ablation de-stabilizes the rotor precession locus, causing AF to terminate to sinus 

rhythm. (D) Proximity of rotor to the mitral annulus, in particular, may have enabled rapid AF 

termination.

1cm.

FiFiFiguuure 6: Cooonvnvnvererersiss ononn ooof f f huhuhumamaan n n AFAFAF tto oo ATAA bbby y y loll caaalizzzed d ababablalalatititionon iiin leleleftftf aaatrtrtriuii m.m..  A.A.A. EEElell ctctctrororogrgrgramamams s

hhhowoww abrupt coc nnnveeersioonon..  B. PrPrPre-e termmminnnatttion FFIRMMM mmmaaapp p sshshowowows cooouuunter ccclooockwkwkwisi e AAFAF roootooor, asss aaa

ndicated d d bybyby thee aaarrowww,, wiww th ppperereripipipheral disorgrgrganannizizizatatatioi n (f(( ibibibrillatory y y cocc nductititiono ) inii  this chamber; 

C.C.C. PPPososost-tt tetetermrmrmininatatatioioonn n FIFIFIRMRMRM mmmapapap ssshohoowswsws AAATT T atatat ttthihisss loloocacacatitit ononon... NNNotototee e cycycyclclc eee lelelengngngththt ppprororololoongngngatatatioioionn n ananandd d
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Figure 8: Termination of human AF directly to sinus rhythm by targeting rotors near non-

conducting boundaries, consistent with ablation connecting to the boundary. Elimination of a 

rotor near (A) Left inferior pulmonary vein (PV) in left atrium (subsequent ablation site also 

shown); (B) terminated AF to sinus rhythm; Ablation of rotor near (C) Inferior Vena Cava (IVC) 

in right atrium, (D) terminated AF abruptly to sinus rhythm. 


















