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Abstract 
 

Atrial fibrillation (AF) is a major cause of morbidity and mortality, and is the most 

prevalent cardiac arrhythmia, affecting 1-2% of the worldwide population. Over the past 

couple decades, catheter ablation has emerged as a potential treatment for AF by 

electrically isolating pro-arrhythmic triggers in the pulmonary veins. Although this strategy 

is more effective than antiarrhythmic drugs in suppressing AF, the outcomes of this 

procedure are poor, particularly in persistent AF (PsAF) where recurrence rates are 

approximately 50%. In patients with PsAF, there is often extensive atrial fibrosis, which 

confounds strategies to determine AF-suppressing ablation targets. This challenge is 

exacerbated by variability in the fibrosis spatial pattern between patients.  

In this dissertation, we used a combination of patient-specific computational 

modeling, multielectrode catheter mapping, and inverse electrocardiography to uncover the 

mechanistic links between the fibrosis spatial pattern and AF dynamics, and use these 

insights to improve catheter ablation treatment planning for this arrhythmia.  

In the first half of this dissertation, we established the framework for building 

patient-specific models of fibrotic atria reconstructed from late-gadolinium enhanced 

magnetic resonance imaging, which incorporate biophysically-realistic representations of 

remodeled atrial electrophysiology. After applying programmed electrical stimulation in 

these models, we discovered that AF was perpetuated by spatially-confined reentrant 

drivers that localize to specific regions, characterized by boundary zones between fibrotic 

and non-fibrotic tissue where there is high fibrosis density and entropy. We compared these 

findings to studies of reentrant drivers using inverse electrocardiography and discovered 

that there was a strong correlation between the reentrant driver locations detected by 



iii 
 

computer simulations and inverse electrocardiography, and that ablation of sites observed 

by both methodologies improve post-procedural outcomes. 

In the second half of this dissertation, we evaluated ablation strategies that eliminate 

AF-perpetuating regions in the fibrotic substrate. We first demonstrated that ablation of 

reentrant drivers that only manifest during an AF episode is insufficient to terminate 

arrhythmia and prevent AF recurrence. We then test a novel simulation-guided ablation 

strategy that prevents the formation of any potential reentrant driver from persisting in the 

fibrotic substrate with a prospective clinical trial.   

Advisor: Natalia Trayanova, Ph.D. 

Thesis Committee and Readers: Natalia Trayanova, Ph.D., Saman Nazarian, M.D. Ph.D., 

and David Spragg, M.D.  
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Chapter 1 

Organization and summary of the dissertation 

 The organization and summary of this dissertation, which elucidates the 

mechanistic role of fibrosis in atrial fibrillation dynamics and explores new potential 

catheter ablation treatment strategies, is as follows: 

 Chapter 2 presents a brief background of cardiac electrophysiology, which are 

essential to the interpretation and understanding of the research presented in this 

dissertation. Additional information regarding atrial fibrillation, fibrogenic remodeling, 

and current catheter ablation strategies to treat this arrhythmia is also included.  

 In collaboration with the University of Bordeaux, Chapter 3 describes our 

methodology to build patient-specific models of fibrotic atria that incorporate patient atrial 

geometry and fibrosis distributions as well as biophysically accurate representations of 

atrial electrophysiology. Furthermore, in Chapter 3, we use these models to study the 

relationship between fibrosis spatial patterns and reentrant drivers that underlie atrial 

fibrillation.  

 Chapter 4 presents a follow up study to that in Chapter 3.  In this study, we 

compared reentrant driver behavior and location observed between computational 

modeling and inverse electrocardiography, and furthermore assess the potential 

implications for improving catheter ablation treatment planning.  

 Chapters 5 and 6 presents our work in collaboration with Johns Hopkins Hospital. 

In this chapter, we present clinical outcomes after applying reentrant driver ablation based 

on measurements from multielectrode basket catheter mapping. We use the computational 
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modeling framework described in Chapter 3 to understand the reasons why this ablation 

strategy may fail to prevent atrial fibrillation termination and recurrence. Finally, we 

present and evaluate a new modeling-guided ablation strategy with a prospective clinical 

trial.  

 Lastly, Chapter 7 provides concluding remarks regarding the significance of the 

research presented in this dissertation and discusses future directions needed to further 

improve our current understanding and treatment of atrial fibrillation.  
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Chapter 2 

Background 

2.1  The human heart 

The heart is an essential organ that delivers oxygen and vital nutrients to the rest of the 

body through regularly timed contractions. The heart is composed of four chambers: the 

right atrium, right ventricle, left atrium, and left ventricle (Figure 2.1).1 In a normal 

sequence of blood flow, deoxygenated blood is delivered to the right atrium from the 

inferior and superior vena cavae, which receive blood from the rest of the body. Blood flow 

continues through the tricuspid valve to the right ventricle. The right ventricle contracts to 

send blood, via the pulmonary arteries, to the lungs where carbon dioxide is exchanged 

with oxygen. Oxygen-rich blood is then delivered back through the pulmonary veins into 

the left atrium. After passing through the mitral valve, the left ventricle contracts and 

delivers oxygenated blood to the rest of the body.  

 

Figure 2.1. Schematic of heart anatomy. Reprinted with permission from Lilly.1 

2.2  Normal cardiac rhythm 
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Regularly timed rhythmic contraction of the heart depends on the propagation of 

electrical signals along a specialized conduction pathway (Figure 2.2).1 In the heart, 

electrical propagation originates from specialized pacemaker cells in the sinoatrial node, 

which initiates electrical impulses at a rate of 60 to 100 beats/min. These impulses spread 

to surrounding cardiac tissue through intercellular gap junctions that transmit ions between 

cells. In normal sinus rhythm, electrical impulses then propagate to the atrioventricular 

node, which is the only conduit of electrical communication between the atria and the 

ventricles. After traversing the atrioventricular node, impulses spread via the rapidly 

conducting bundle of His and Purkinje fibers to the ventricles, thus causing precisely timed 

stimulation and contraction of ventricular myocytes.  

 
Figure 2.2. The heart conduction pathway. Reprinted with permission from Lilly.1 

2.3  Cardiac action potential 
 

There are three major electrically active myocytes in the heart: atrial cells, ventricular 

cells, and pacemaker cells. Atrial cells and ventricular cells have five distinct phases in the 

action potential, starting with phase 4 (Figure 2.3).1 In phase 4, the myocyte remains at the 

resting membrane potential of approximately -80 mV, which is established by the 
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electrochemical gradient of primarily sodium, calcium, and potassium ions. After sodium 

channels open, sodium ions enter the cell, causing a sudden increase in the membrane 

potential (phase 0). Following phase 0, sodium channels inactivate and there is a brief 

activation of transiently activated potassium channels, which repolarize the membrane 

potential (phase 1). Phase 2 is characterized by the simultaneous activation of potassium 

and calcium channels, which results in a plateau in the membrane potential. After calcium 

channels become inactivated, the cell repolarizes back to the membrane resting potential 

in phase 3. The main difference between atrial and ventricular cell action potential 

morphologies is that phase 2 plateau phase in atrial action potentials is shorter than that in 

ventricular cells.  

 In contrast, pacemaker cells have three main phases: 4, 0, and 3 (Figure 2.4).1 Phase 

4 is characterized by a gradual, spontaneous depolarization governed by special channels 

called hyperpolarization-activated cyclic nucleotide gated channels. In phase 0, there is a 

depolarization primarily driven by calcium influx in the cell. Phase 3 is characterized by 

repolarization back to membrane resting potential after the activation of potassium 

channels.  

 
Figure 2.3. Components of a cardiac action potential in atrial and ventricular cells. 
Reprinted with permission from Lilly.1 
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Figure 2.4. Component of cardiac action potential in nodal cells. Reprinted with 
permission from Lilly.1 

2.4  Excitation-contraction coupling 
 

Excitation-contraction coupling describes the process how electrical action potentials 

lead to physical contraction of cardiac myocytes (Figure 2.5).2 After calcium ions enter the 

cell in phase 2 of the action potential, specialized sensors on the sarcoplasmic reticulum 

called ryanodine receptors bind to the calcium ions and undergo a conformational change. 

This change results in the release of a much greater amount of calcium ions from the 

sarcoplasmic reticulum into the cytoplasm, a process called calcium-induced calcium 

release. Calcium ions bind to Troponin C, which inhibits Troponin I and causes a 

conformational change in tropomyosin. As a result, the active site between actin and 

myosin becomes exposed. The heads of myosin bind to actin filaments and then engage in 

a process called cross-bridge cycling, which results in the contraction of tissue. After cross-

bridge cycling is complete, calcium returns from the cytosol to the sarcoplasmic reticulum, 

mitochondria, and extracellular space through specialized channels. 
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Figure 2.5. Schematic of excitation contraction coupling. RyR = ryanodine receptor; SR 
= Sarcoplasmic reticulum; NCX = sodium calcium exchanging ion channel; PLB = 
phosholamban. Reprinted with permission from Bers.2  
 
2.5  Cardiac activation on an electrocardiogram 
 

An electrocardiogram (ECG) is a noninvasive measurement of the electrical activity 

of the heart. 10 electrodes are placed on the surface of the chest to measure heart electrical 

potentials. In a normal sequence of cardiac activation, the electrocardiogram records three 

major deflections: the P wave, the QRS complex, and the T wave (Figure 2.6).1 The P wave 

represents depolarization of the atrium, which typically lasts between 0.12 to 0.2 seconds. 

The QRS complex corresponds to the depolarization of the ventricular muscle cells, which 

lasts less than 0.1 seconds. Finally, the T wave corresponds to the repolarization of 

ventricular tissue. 
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Figure 2.6. Components of normal cardiac activation in an electrocardiogram. Reprinted 
with permission from Lilly.1 

 

2.6  Atrial fibrillation 
 

Atrial fibrillation (AF) is a chaotic cardiac arrhythmia with an atrial rate of 350 to 600 

discharges/min (Figure 2.7).1 In an electrocardiogram recording of AF, distinct P waves 

are not discernible and the ventricular QRS complexes appear in a characteristically 

“irregularly irregular” pattern. The average ventricular rate in AF is approximately 140 to 

160 beats/min.  

AF is an emerging global health crisis. 1-2% of the worldwide population currently 

suffers from AF,3 and the prevalence of AF is expected to increase 2.5-fold in the next 40 

years.4 AF is particularly dangerous because rapid ventricular rates compromise cardiac 

output leading to hypotension and pulmonary congestion and the lack of organized atrial 

contraction promotes blood stasis in the atria, which increases the chances of thrombus 

formation.3 Patients with AF have a higher morbidity and mortality rate as well as a five-

fold increased risk of thrombo-embolic stroke.3 Furthermore, AF is associated with 
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impaired quality of life,5 increased rates of cognitive impairment,6 and high treatment 

costs.7 

 
Figure 2.7. Atrial fibrillation as observed by chaotic atrial activity with irregularly 
irregular ventricular activation. Reprinted with permission from Lilly.1 

 
 
2.7  Treatments for atrial fibrillation 
 

 The two main ways to treat AF are with medications or through procedures. 

Medications to prevent blood clot formation include antiplatelets and anticoagulants.8 

Medications to address AF risk include rate controlling drugs such as beta blockers and 

calcium channel blockers or rhythm controlling drugs, which attempt to restore cardiac 

rhythm by blocking sodium or potassium channels. 

In some patients, AF symptoms can be terminated with catheter ablation to 

electrically isolate arrhythmia triggers located in the pulmonary veins, a procedure called 

pulmonary vein isolation (PVI) (Figure 2.8).8 Unfortunately, AF commonly recurs after 

PVI in patients (~50% of cases) with persistent AF (PsAF),9 for whom AF episodes last at 

least 7 days.8 Treatment of PsAF is further encumbered by its progressive nature - every 

year, at least 5% of patients with less severe forms of AF develop PsAF.10 Patients with 

PsAF often have significant atrial structural remodeling, with an extensive fibrotic 

substrate that promotes arrhythmia formation and perpetuation outside of the pulmonary 

veins.11 Because there is little mechanistic knowledge detailing how the fibrotic substrate 
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influences AF dynamics, it is still unknown where ablation lesions should be optimally 

placed.  Thus, there is an urgent need to develop mechanistic knowledge about the fibrotic 

substrate so that more effective ablation strategies to terminate PsAF can be developed. 

 
Figure 2.8. Electroanatomical map showing pulmonary vein isolation. 

2.8 The fibrotic substrate  
 

Progression to PsAF is associated with structural remodeling, including increased 

atrial fibrosis.12 Once initiated by one of many AF-associated factors,13, 14 the fibrogenic 

signaling cascade causes fibroblasts to proliferate and differentiate into myofibroblasts, 15, 

16 which deposit collagenous extracellular matrix and release paracrine signaling factors, 

including transforming growth factor (TGF)-β1.17-19 The fibrogenic signaling pathway also 

alters gap junction function via down-regulation, lateralization, and hypo-phosphorylation 

of connexin proteins.20, 21 
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Collagen deposition and gap junction remodeling have major effects on 

electrophysiological behavior, leading to slowed conduction and abnormal excitation in 

fibrotic regions.21-23 Moreover, increased TGF-β1 leads to reduction in the fast sodium, L-

type calcium, and inward rectifier potassium currents (INa, ICaL, and IK1),24, 25 leading to 

increased action potential duration (APD), depolarized resting transmembrane potential, 

and decreased upstroke velocity in fibrotic regions.24 All of these changes provide 

mechanisms for conduction block and slowed propagation,26 consequently promoting RD 

formation.27-30 

AF recurs after PVI more frequently in patients with at least a 30% left atrial 

fibrosis burden,31 as assessed by late-gadolinium enhanced magnetic resonance imaging 

(LGE-MRI) (Figure 2.9). Previous studies have demonstrated a strong correlation between 

atrial areas with high LGE and fibrotic regions identified through histology and intra-

cardiac bipolar voltage mapping.32 In patients who also received electrocardiographic 

imaging (ECGI), increased fibrosis burden identified via LGE-MRI is correlated with 

longer uninterrupted AF episodes and a larger number of RD domains.33 These results 

show that LGE-MRI can be used to obtain diagnostically useful patient-specific 

information about the fibrotic substrate and AF characteristics. 

While previous results demonstrate that atrial fibrosis creates a substrate for AF 

perpetuation, there is little understanding how the specific distribution of fibrosis affects 

arrhythmia dynamics. The proposed research project will use atrial models personalized 

with information from LGE-MRI to thoroughly explore effects of the individual fibrotic 

distribution on AF dynamics. 
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Figure 2.9. Fibrotic tissue as identified from LGE-MRI scans. Reprinted with permission 
from McGann et al.31 
 
2.9 Catheter ablation to modify the fibrotic substrate 
 
 

The success rate of PVI ablation to terminate AF in patients with extensive atrial 

fibrosis is low (≈30%).11, 31, 34, 35 As a result, clinicians and scientists have investigated new 

ablation protocols to target non-PV arrhythmia-perpetuating aspects of the AF substrate. 

One technique, still in the initial stages of clinical use, is mapping of RD activity during 

AF, which are then ablated.36-39 In the past, locations of complex fractionated atrial 

electrograms (CFAEs) have also been targeted,9, 40, 41 but recent studies have shown that 

mechanisms unrelated to arrhythmia give rise to electrogram fractionation and that CFAE 

sites are usually remote from RD locations.37 A third approach identifies low-voltage areas 
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(correlated with fibrotic tissue) then targets these regions for ablation.42 Although some of 

the techniques discussed above lead to better ablation outcomes than PVI alone in patients 

with PsAF, clinical trial success rates remain low and inter-center reproducibility is poor.9, 

36, 37, 39-43 Two reasons for this low efficacy include the poor understanding of how 

structural remodeling influences AF dynamics and failure of low-resolution mapping to 

fully capture complex arrhythmia dynamics in each patient. Importantly, all of these 

approaches so far are invasive, tedious, and time-consuming,44 thus leading to extended 

procedure times and potentially higher rates of complications.45 
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Chapter 3 
 

Patient-derived models link reentrant drivers in persistent 

atrial fibrillation to spatial fibrosis patterns 

3.1 Introduction 

Atrial fibrillation (AF) is the most common cardiac arrhythmia and a major 

contributor to mortality and morbidity, affecting 1-2% of the worldwide population.3 Over 

the past decade, catheter ablation has emerged as a potential approach to treat AF; however, 

the efficacy of this procedure remains limited, with a particularly low success rate (~50%) 

in patients with persistent AF (PsAF).9 Treatment of this disease is further encumbered by 

its progressive nature – each year, at least 5% of patients with less severe forms of AF 

develop PsAF.10 

Evidence from recent clinical and experimental studies suggests that PsAF might 

be maintained by reentrant drivers (RDs) (i.e., rotors), but the mechanisms linking RD 

formation and PsAF perpetuation remain unknown.43, 46, 47 A large number of patients with 

PsAF have extensive atrial structural remodeling, especially fibrosis, 11, 35, 48 which can lead 

to slow propagation, reduced excitability, and unidirectional block,26, 27 and thus to the 

establishment of an arrhythmogenic atrial substrate and increased likelihood of RD 

formation.21, 22, 30, 49 Since spatial patterns of atrial fibrosis are complex and vary widely 

between individuals,35, 48 the precise mechanistic link between fibrotic remodeling and RDs 

in patients with PsAF remains elusive. Better understanding of this relationship will 

increase the understanding of PsAF pathophysiology and help pave the way towards 

personalized anti-arrhythmia treatment planning. 
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This study used a personalized computer simulation approach based on atrial 

fibrosis characterization to test the hypothesis that AF induced by programmed electrical 

stimulation in the fibrotic substrate is perpetuated by RDs persisting in regions with 

specific fibrosis spatial pattern. To achieve this goal, we developed 20 patient-derived 

three-dimensional (3D) atrial models that incorporated individualized representations of 

fibrosis derived from late-gadolinium enhanced magnetic resonance (LGE-MRI) scans. 

Simulations of programmed electrical stimulation were then used to determine how the 

locations where the organizing centers of RDs (i.e., phase singularities; RD-PSs) persist 

relate quantitatively to the fibrosis spatial patterns. The study thus provides a unique insight 

into the potential role of the fibrotic substrate in PsAF dynamics. 

3.2 Methods 

Patient population 

From June 2013 to October 2014, 20 patients who had PsAF (uninterrupted AF 

lasting longer than 7 days) were enrolled in this study. Patients who had contra-indications 

to MRI, history of prior catheter ablation or atrial surgery, or intra-cardiac thrombi 

observed during trans-esophageal echocardiography were excluded. This study was 

approved by the Institutional Ethics Committee at the University of Bordeaux, and all 

patients gave informed consent. This investigation conformed to the principles outlined in 

the Declaration of Helsinki. 

Reconstruction of 3d patient-derived atrial models from LGE-MRI 

Cardiac magnetic resonance was performed on a 1.5T scanner (Magnetom Avanto, 

Siemens Medical Systems, Erlangen, Germany) equipped with a 32 channel cardiac coil. 

LGE-MRI was performed 15 min after the administration of gadolinium chelates using a 
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3D, ECG-gated, respiratory-navigated, and inversion recovery-prepared Turbo Fast Low 

Angle Shot sequence with fat saturation (voxel size: 1.25x1.25x2.5mm3). In the resulting 

images, the biatrial wall was manually contoured and LGE and non-LGE regions were 

segmented using an adaptive histogram thresholding algorithm as described previously,50 

implemented in MUSIC software (LIRYC Institute, University of Bordeaux, Inria Sophia-

Antipolis, France). Details of LGE Segmentation are provided in Supplemental Material. 

LGE segmentation was blinded to clinical characteristics and results from computer 

simulations. The fibrosis burden derived from LGE segmentation was expressed as a 

percentage of the atrial wall. Left atrial (LA) fibrosis burden was categorized according to 

Utah staging, as described previously.11 Segmented images were up-sampled to an 

isotropic voxel size of 400 µm3 using shape-based interpolation,51 and 3D finite element 

meshes were generated from the resulting high-resolution data sets using a previously-

developed approach.52 In each patient-derived model, myocardial fiber orientations were 

assigned using a rule-based method.53 Image processing and model generation are 

illustrated in Figure 3.1. Details on mesh characteristics are provided in supplementary 

material (Table 3.S1). A detailed description of the geometrical model construction 

methodology can be found in prior publications.54-56 The patient-derived atrial models are 

powerful tool to not only dissect the underlying dynamics of AF, but could also be used to 

explore sinus rhythm activation in these patients, which might be difficult to accomplish 

in the clinic if a patient is permanently in AF.  
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Figure 3.1. Model generation. (A) Pipeline used to construct image-based models of the 
fibrotic human atria. (i) Representative LGE-MRI slice of the human atria. (ii) 
Segmentation of atrial tissue into fibrotic (green) and non-fibrotic (grey) regions based on 
voxel intensity, as described in Methods. (iii) 3D reconstruction of atrial geometry with 
anatomical features labelled (RIPV/RSPV/LIPV/LSPV, right/left inferior/superior 
pulmonary veins; LAA, left atrial appendage; IVC/SVC, inferior/superior vena cava). (B) 
Schematic of multi-scale framework for cardiac electrophysiology modelling. Electrical 
coupling of atrial cells at the tissue scale mediates propagation of bioelectric impulses, 
which originate at membrane level (action potentials in the cellular ionic model). Atrial 
fiber orientations, shown in the top right image, govern the preferential direction of 
electrical propagation. (C) Atrial action potentials obtained at a basic cycle length of 500 
ms in fibrotic (green), non-fibrotic tissue (grey), and healthy tissue (dashed). 
 

Modelling of atrial electrophysiology in fibrotic and non-fibrotic regions 

Myocyte membrane kinetics in non-fibrotic regions were represented with a human 

atrial action potential model under chronic AF conditions57 modified58 to fit clinical 

monophasic action potential recordings in patients with AF (Fig 3.1C, grey), resulting in 

action potential duration shorter than that of normal atrial myocytes (Fig 3.1C, dashed); 
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further model detail is provided in Supplemental Material. At the tissue level, conductivity 

values were assigned so that an effective longitudinal conduction velocity of 43.39 cm/s 

was achieved in the non-fibrotic myocardium, which was within the range of values 

recorded in patients with AF. 59  

Fibrotic regions were represented with remodeled electrophysiology, anisotropy, 

and conduction properties. The non-fibrotic chronic AF action potential model described 

above was further modified as follows to represent the regional electrophysiological 

changes due to fibrotic remodeling:17, 60, 61 50% reduction in inward rectifier potassium 

current [IK1]; 50% reduction in L-type calcium current [ICaL]; and 40% reduction in sodium 

current [INa]. These ionic current modifications were consistent with changes in atrial 

myocytes subjected to elevated transforming growth factor β1, a key component of the 

fibrogenic signaling pathway. 25, 62 The resulting changes to the action potential (+15.4% 

action potential duration [APD]; –7.18% resting transmembrane voltage [Vm]; –49.6% 

upstroke velocity) were consistent with those documented in fibrotic myocardium in vitro24 

(Fig 3.1C, green). Conductivity values in fibrotic regions were reduced by 30% to represent 

decreased intercellular coupling due to replacement fibrosis, collagen deposition 

(interstitial fibrosis), and gap junction remodeling.21, 22 Since fibrosis results in greater 

conduction velocity impairment in the direction transverse to cardiac fibers, the 

conductivity values were further modified to achieve a longitudinal-transverse anisotropy 

ratio of 8:1.21, 22 All relevant cell- and tissue-scale model parameters are provided in 

Supplementary Material, Table 3.S1. 

Simulation protocol 



19 
 

Electrical wave propagation was governed by the monodomain formulation, and 

finite-element simulations were executed with the CARP software package (Johns Hopkins 

University and University of Bordeaux); numerical detail can be found in previous 

publications. 63, 64 In each patient-derived model, 30 pacing sites were distributed uniformly 

throughout the atria (Fig 3.2A). At each pacing site, a clinically relevant programmed 

electrical stimulation pacing sequence36 of 14 stimulation pulses with cycle lengths 

decreasing from 300 ms to 150 ms in 25 ms intervals was applied to induce AF and assess 

the arrhythmogenic propensity of the fibrotic substrate. For each of the 20 patient-derived 

models, we simulated 30 AF induction protocols (1 for each pacing site). A patient model 

was categorized as inducible for AF if at least 2.5 s of self-sustained AF was observed after 

the last pacing stimulus. 

Analysis of arrhythmia dynamics and identification of reentrant drivers in 

simulations 

Phase singularities were identified throughout the patient atrial models via phase-

space analysis during a one second interval of AF; this involved converting transmembrane 

potential (Vm) maps into action potential phase maps and identifying points around which 

the line integral of the phase was equal to ±2π. 65 An unsupervised density-based spatial 

clustering algorithm66 was then used to spatio-temporally cluster all phase singularities. If 

a cluster persisted throughout the entire analysis interval, the corresponding phase 

singularities were defined to be associated with an RD. Clusters of phase singularities that 

did not persist throughout the entire analysis interval were categorized as transient. In all 

cases, RDs had at least two rotations and lasted at least 200 ms, which is consistent with 

the definition of RDs in previous publications.36, 47 In addition, for each RD, the dynamic 
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locations of its phase singularities (RD-PS) were tracked to compute RD-PS trajectory 

length. Pseudo-electrograms in AF were reconstructed by subtracting extracellular 

potential signals recovered from points 4 cm in the inferolateral direction from the right 

and left atrial appendages67 (additional details in Supplemental Material).  

Quantitative characterization of fibrosis spatial patterns 

To quantitatively characterize the fibrosis spatial pattern in each patient-derived 

atrial model, we constructed 3D maps of fibrosis density (FD) and fibrosis entropy (FE). 

FD and FE values at each location in each atrial model were calculated based on the 

corresponding characteristics of the local tissue element as well as on those of the 

surrounding tissue elements within a 2.5 mm-radius, which corresponds to the maximum 

distance between two adjacent voxels in the LGE-MRI scans. The local FD value was 

calculated as the proportion of fibrotic elements among all elements within the surrounding 

sub-volume. The local FE in the ith element was calculated as the level of disorganization 

within the surrounding sub-volume, quantified via Shannon entropy: FE = ∑
−𝑝𝑖 ln(𝑝𝑖)

N

N
𝑖=1 . 

N was the number of elements within the sub-volume surrounding the ith element. 

Pi was fraction of elements neighboring the ith element that was a different tissue type than 

the ith element. For example, in the case of a non-fibrotic element with three out of four 

fibrotic neighboring elements, the value of pi was 0.75.  

Statistical analysis 

Continuous variables are expressed as mean ± SD. Categorical variables are 

expressed as percentages. Continuous variables were compared using independent-sample 

non-parametric tests (Wilcoxon Signed-Rank tests). Relationships between continuous 

variables were assessed using Pearson’s correlation coefficient. All statistical tests were 



21 
 

two-tailed. A P value <0.05 was considered to indicate statistical significance. Analyses 

were performed using NCSS 8 (NCSS Statistical Software, Kaysville, UT, USA). A 

supervised machine learning algorithm was used to identify a polynomial equation that 

best classified RD and Non-RD regions based on combined FD and FE values; this method 

is detailed in the machine learning protocol subsection in supplementary material. 

Comparison of simulation results with clinical data 

 Simulation results regarding the relationship between RD localization and fibrosis 

pattern distribution in atrial models were compared to clinical mapping data obtained via 

electrocardiographic imaging (ECGI) in the same PsAF patients. ECGI mapping was 

performed using a commercially available system (CardioInsight Technologies, Inc., 

Cleveland, OH) and recorded 10 to 15s of AF activity in each patient. Unipolar 

electrograms were reconstructed from body surface potentials, as previously described. 

From unipolar electrograms, local phase was computed to visualize electrical activity 

during AF, and RD-associated phase singularities were detected using a validated 

algorithm.68 More information about the methods underlying ECGI acquisition is available 

in prior publications.47, 68, 69  

3.3 Results 
 

Patient characteristics 

The population studied comprised of 20 patients (age 52±12 years, 3 women). All 

patients presented with PsAF, with a maximum uninterrupted duration of 9.3±6.7 months. 

Five (25%) patients had longstanding PsAF (duration >12 months). LA volume assessed 

via LGE-MRI was 73±22mL/m2 (normalized to body surface area); biatrial and LA-only 

fibrosis burdens were 19.7±5.7% and 22.8±6.1%, respectively. LA fibrosis burden was 
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categorized as Utah stage I in 0 (0%), stage II in 7 (35%), stage III in 9 (45%), and stage 

IV in 4 (20%) patients. The biatrial fibrosis burden was not correlated to the LA volume 

(R=0.38, P=0.07) or age (R=0.34, P=0.10). A summary of patient characteristics is 

presented in Table 3.S2. 

Patient-derived model generation and in silico AF induction 

The generation of personalized 3D atrial models was successful for all 20 patients. 

The in silico stimulation protocol induced AF in 13 out of 20 patient-derived atrial models. 

AF-Inducible models had significantly larger fibrosis burdens than non-inducible models 

(16.1±4.4 vs. 21.6±5.6, P=0.04). In the 13 inducible patient-derived models, the number of 

pacing sites from which AF could be induced was highly variable (mean 5/30 sites, ranging 

from 1 to 20) and correlated to biatrial fibrosis burden (R=0.62, P<0.001). Patient-derived 

models in which AF was induced had significantly larger APD gradients (see 

Supplementary Materials, Fig 3.S1) (54.0±5.5 ms vs. 42.0±7.0 ms, p < 0.05) and total atrial 

activation times (381.8±45.3 ms vs. 338.6±41.9 ms, p < 0.05) in sinus rhythm than those 

that were not inducible for arrhythmia. Table 3.S3 in Supplementary Materials details the 

differences in patient-derived model characteristics and electrophysiological variables 

from simulations in models inducible and non-inducible for AF. 
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Figure 3.2. Induction of AF. (A) Locations of 30 sites where rapid pacing was applied for 
patient model no. 3. (B) Activation map of induced AF episode. The location of the RD is 
in the posterior right atrium (green arrow). There were instances of transient re-entries near 
the superior and inferior vena cava (red arrows) and conduction block in the posterior left 
atrium (yellow arrows). (C) Pseudo-electrogram recording of the arrhythmia reconstructed 
by differencing extracellular potential signals from points 4 cm away from the right and 
left atrial appendages. (D) Sequence of transmembrane potential (Vm) maps at four 
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different time instants during the AF episode. The reference time (tref) of these Vm maps 
are indicated by blue dashed arrows in (C). The RD in the posterior right atrium is indicated 
with white arrows. 
 

Characteristics of simulated AF episodes 

In silico AF induction by programmed electrical stimulation and the subsequent 

activation patterns are illustrated in Figure 3.2. In all 13 AF-inducible models, and for all 

AF morphologies, AF was driven by persistent RDs that formed in only a few atrial regions 

(Fig 3.2B, green arrow); there were 1 to 5 such RDs in each model (average 2.7±1.5). The 

activation pattern distal from each persistent RD was disorganized and fibrillatory, with 

multiple instances of transient reentry (Fig 3.2B, red arrows) and areas of conduction block 

(Fig 3.2B, yellow arrows). The complex activation pattern observed during simulated AF 

was associated with irregular pseudo-electrograms (Fig 3.2C). Vm maps in Fig 3.2D detail 

an episode of AF maintained by an RD in the posterior right atrium of patient model #3 

(white arrows). When myocyte membrane kinetics in fibrotic regions were represented 

with the same atrial action potential model used in non-fibrotic regions in all 13 AF-

inducible models, reapplication of programmed electrical stimulation at the 30 distinct sites 

did not induce arrhythmia in any of the models (see Supplementary Material, Fig 3.S2). 

Figs 3.3A and 3.3C show Vm maps during AF in models #1 and #16, respectively. 

The dynamic locations of RD-PSs over time for these AF episodes show that RDs persisted 

in spatially confined regions. For all unique AF morphologies observed in all models, the 

maximum RD-PS trajectory length was <10 mm (average: 7.57 ± 2.33 mm). Figs 3.3B and 

3.3D show RD-PS trajectories for all unique AF morphologies observed in models #1 and 

#16, respectively (red circles correspond to AF episodes shown in Figs 3.3A and 3.3C). 
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Figure 3.3. Locations of RD-PSs. (A) Sequence of Vm maps during AF for atrial model 
no. 1. The locations of RD-PSs and direction of RD propagation are indicated with purple 
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circles and black arrows, respectively. (B) The aggregate locations of RD-PSs for all AF 
episodes observed in patient model no. 1 (distinct colors reflect distinct AF morphologies). 
Red circles correspond to RD-PSs in the AF episode in (A). (C) Sequence of Vm maps 
during AF for patient model no. 16. (D) The aggregate locations of RD-PSs for all AF 
episodes in patient model no. 16. Red circles correspond to the RD-PSs in the AF episode 
in (C). 
 
Local fibrosis characteristics at reentrant driver sites 

To better understand the dynamics of RDs induced in each atrial model, we 

analyzed the relationship between RD-PSs and the fibrosis spatial pattern. Fig 3.4A shows 

the activation sequence (left) of an AF episode maintained by an RD near the inferior vena 

cava in model #1, with inset panels (right) highlighting Vm maps of the same RD and its 

RD-PS locations at four different time instants, along with the outlines of fibrotic tissue. 

At these time instants and throughout the reentry (Fig 3.4B), the RD-PS dynamic location 

was along a trajectory that followed a boundary between fibrotic and non-fibrotic tissue 

(Fig 3.4B).  

 

Figure 3.4. Dynamic (i.e. time-varying) locations of RD-PS during an AF episode. (A) 
Activation map showing an RD in patient model no. 1 near the inferior vena cava. Inset 
panels show a zoomed-in view of Vm maps near the RD location at four time instants (as 
labelled). RD-PSs are marked with purple circles. The fibrotic tissue region boundaries are 
indicated by black outlines. (B) Trajectory of RD-PS movement over time superimposed 
on the activation map of the re-entry and the fibrosis spatial pattern (green regions). Each 
discretely colored circle marks an RD-PS location at a unique instant of time. 
 

Maps of the distributions of fibrosis metrics FD and FE in each atrial model were 

used to quantify the spatial characteristics of the regional fibrosis pattern where RDs 



27 
 

persisted. Figs 3.5A and 3.5C show the distribution of fibrotic tissue in models #6 and #8 

(left); inset panels present zoomed-in views of FD and FE maps together with RD-PS 

trajectories and outlines of fibrotic regions (right). As the figure demonstrates, RD-PSs 

were in atrial tissue with relatively high values of both FD and FE (>0.45, corresponding 

to orange colored regions). Regions with this characteristic corresponded to a subset of 

fibrotic tissue boundaries with extensive intermingling between fibrotic and non-fibrotic 

tissue. RD-PSs were not observed in regions of dense fibrotic tissue (e.g., sites marked by 

asterisks in Figs 3.5A and 3.5C). Figs 3.5B and 3.5D show time series plots of FD and FE 

values at RD-PS locations during one second of AF for the episodes shown in Figs 3.5A 

and 3.5C, respectively.  

 

Figure 3.5. FD and FE characteristics at RD-PS locations. (A) Left panel shows the fibrotic 
tissue distribution near the left pulmonary veins for patient model no. 6, where an RD was 
observed. Inset panels show maps of FD (left) and FE (right) in this area; fibrotic tissue 
boundaries are outlined in black. The locations of RD-PSs at each time instant are indicated 
with purple circles. RD-PSs were dynamically located in regions with high FD and FE 
values (orange areas). Black and white asterisks mark regions of dense fibrotic tissue with 
high FD, but low FE–RD-PSs were not observed in these areas. (B) Time series plot of FD 
and FE at RD-PS locations for the case shown in (A); FD and FE values range from 0.45 
to 0.8. (C) Left panel shows the fibrotic tissue distribution in the posterior left atrium for 
patient model no. 8, where an RD was observed in an AF episode. Inset panels show maps 



28 
 

of FD and FE, fibrotic tissue boundaries, RD-PS locations, and regions of dense fibrotic 
tissue as described in (A). (D) Time series plot of FD and FE at RD-PS locations for the 
case shown in (C); FD and FE values range from 0.45 to 0.8. 
 

In the 13 AF-inducible atrial models, regions containing the RD-PS trajectories 

(i.e., RD-PS regions) had significantly higher FD (inter-quartile range [IQR]: 0.59-0.769 

vs. 0.00-0.33, p < 0.05) (Fig 3.6A) and FE (IQR: 0.42-0.60 vs. 0.00-0.40, p < 0.05) (Fig 

3.6B) values compared to regions where RD-PSs did not occur (i.e., non-RD-PS regions). 

RD-PS regions had an FD of 0.63 ± 0.17 and FE of 0.51 ± 0.14. (Fig 3.6C). Non-RD-PS 

regions had an FD of 0.13 ± 0.19 and FE of 0.18 ± 0.22 (Fig 3.6D). 

 

Figure 3.6. Summary of FD and FE characteristics at RD-PS locations for all AF episodes 
in all atrial models. (A) Boxplot of FD values in regions of atrial tissue where RD-PSs 
persisted (RD-PS regions, n = 20 767) and where RD-PSs did not occur (non-RD-PS 
regions, n = 1 657 133) for all AF episodes in all atrial models. FD in RD-PS regions is 
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significantly higher than FD in non-RD-PS regions (IQR: 0.59–0.769 vs. 0.00–0.33, P < 
0.05). (B) Boxplot of FE at RD-PS regions and non-RD-PS regions for all AF episodes in 
all atrial models. FE values in RD-PS regions (n = 20 767) are significantly higher than 
those in non-RD-PS regions (n = 1 657 133, IQR: 0.42–0.60 vs. 0.00–0.40, P < 0.05). (C) 
2D Histogram of the FE and FD values at RD-PS regions for all AF episodes in all atrial 
models. Right and top panels show the respective 1D histogram of just FE (right) and FD 
(top). Boxed region encloses FE and FD values (0.37 ≤ FE ≤ 0.65; 0.46 ≤ FD ≤ 0.80) within 
1S.D. of the mean of the FD and FE in RD-PS regions. (D) 2D Histogram of FE and FD 
values at non-RD-PS regions for all AF episodes in all atrial models. Right and top panels 
show the respective 1D histogram of just FE (right) and FD (top). Boxed region encloses 
FE and FD values (0 ≤ FE ≤ 0.40; 0 ≤ FD ≤ 0.32) within 1S.D. of the mean of the FD and 
FE in non-RD-PS regions. 
  

To examine the sensitivity of RD localization to the signal intensity threshold value 

used to discriminate fibrotic from non-fibrotic tissue in the LGE-MRI scans, we repeated 

the simulations with the models that were originally non-inducible for AF using a different 

signal intensity threshold. Specifically, we decreased the signal intensity threshold on 

average by 5.4 percent, which increased the biatrial fibrosis burden from 16.1±4.4 to 

21.5±4.2 percent. After application of programmed electrical stimulation, AF was induced 

in 5 of the 7 models. The RDs that perpetuated AF persisted in spatially confined regions, 

characterized with significantly higher fibrosis density (IQR: 0.70-0.92 vs. 0.00-0.33, p < 

0.05) and entropy (IQR: 0.25-0.51 vs. 0.00-0.40, p < 0.05) than non-RD-PS regions (see 

Supplementary Material, Fig 3.S3). Furthermore, activation times and APD gradients in 

sinus rhythm in these 5 AF-inducible models with the new fibrosis distributions increased 

to 397.3±70.9 ms and 54.0±3.0 ms, respectively, becoming like those in the original 13 

AF-inducible models (381.8±45.3 ms and 54.0±5.5 ms, respectively, p = 0.67); see also 

Supplementary Materials, Fig 3.S1C. These results demonstrate that increasing the spatial 

extent of the fibrotic regions resulted in increases in activation times, APD gradients, and 

AF inducibility.  
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A supervised machine-learning algorithm was used to identify a polynomial 

equation that best classified RD-PS and non-RD-PS regions based on FD and FE values 

(Fig 3.7A; algorithm details in Supplement). Receiver operating characteristic analysis 

demonstrated that the resulting classification had minimal false positive selection of RD-

PS regions (area under the curve [AUC]=0.91) (Fig 3.7B); precision-recall analysis 

indicated that the approach had minimal false negative selection of non-RD-PS regions 

(AUC=0.84) (Fig 3.7C). Taken together, the latter two analyses demonstrated that our 

approach to identifying RD-PS regions was robust to over- and under-fitting. To test the 

sensitivity of the machine learning classification to the kernel size radius used to calculate 

FD and FE, we increased the kernel size radius by 50% and repeated the classification 

algorithm. Machine learning classification remained robust, as assessed by the receiver 

operating characteristic (AUC=0.91) and precision recall curves (AUC=0.86) (see 

Supplementary Material, Fig 3.S4). Atrial tissue with the specific FD and FE characteristics 

identified by the machine-learning algorithm (i.e., Pro-RD regions with an FD/FE 

properties in the green region of Fig 3.7A) corresponded to a subset of fibrotic region 

boundary zones (Fig 3.7D). These Pro-RD regions (i.e., regions with high FD and FE 

values) had significantly larger APD variance than other regions of the atria (101.1 vs. 90.2 

ms; Levene statistic = 308586, p<0.05). This suggests APD gradients are larger in regions 

characterized by high FD and FE values. Although only 13.79±4.93% of all atrial tissue 

had this characteristic fibrosis spatial pattern, such tissue was present in 83.50±2.35% of 

all locations where RD-PSs occurred dynamically in the 13 AF-inducible patient-derived 

atrial models.  
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Finally, the predicted Pro-RD regions, as identified from the above simulation 

results by the machine-learning algorithm, were compared to clinically-observed regions 

of most frequent RD-PS occurrence. Fig 3.7E presents example ECGI maps from two 

patients from the cohort used in this study. When regions with the Pro-RD fibrosis spatial 

pattern, as identified by machine-learning trained on simulation results, were mapped from 

the patient-derived atrial geometry onto the corresponding ECGI atrial geometry (Fig. 

3.7E), we observed significant co-localization of those regions (marked by black cross-

hatching) with regions where RD-PSs were observed most frequently during clinical 

mapping (red areas). Two additional examples are presented in Supplementary Material 

(Fig. 3.S5). Overall, 56.7±9.1% of all areas where RD-PD were observed in ECGI maps 

were located in Pro-RD areas.  
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Figure 3.7. Machine learning classification of RD-PS and non-RD-PS regions based on 
FD and FE. (A) Classification of RD-PS and non-RD-PS regions. The polynomial equation 
that separated RD-PS (purple circles) and non-RD-PS regions (yellow circles) is indicated 
with a black line. The FD and FE values that characterized RD-PS regions and non-RD-PS 
regions are indicated in green (Pro-RD) and blue (Not Pro-RD), respectively. (B) Receiver 
operating characteristic analysis of the machine learning algorithm. The AUC for this plot 
was 0.91. (C) Precision-recall analysis of the machine learning algorithm. The AUC for 
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this plot was 0.84. Together, (B) and (C) indicate robust classification. (D) Location of 
RD-PSs in patient model no. 8 overlaid on the regions of the atria with the characteristic 
FD and FE values predicted to contain RD-PSs (green). 13.79 ± 4.93% of all atrial tissue 
had this characteristic fibrosis pattern; 83.50 ± 2.35% of all RD-PSs were in these regions. 
(E) Comparison with clinical results. Example atrial ECGI maps are shown for patients no. 
8, left, and no. 5, right. Red color indicates regions of greatest frequency of RD-PSs 
occurrence. Pro-RD regions (regions favorable to RD-PS localization, marked with black 
cross-hatching), as identified by machine learning trained on simulation results, were 
transferred from the patient-derived atrial geometry and onto the ECGI atrial geometry of 
the same patient for comparison. 
 
3.4 Discussion 
 

To the best of our knowledge, this is the largest 3D, biophysically-detailed 

computational modelling study ever undertaken on atrial electrophysiology. In 20 patient-

derived atrial models with individualized fibrosis distributions derived from LGE-MRI, we 

showed that (i) AF is inducible by programmed electrical stimulation in models that have 

a sufficient amount of fibrosis, (ii) the induced AF is perpetuated by RDs that persist in 

spatially confined regions, and (iii) the latter regions constitute boundary zones between 

fibrotic and non-fibrotic tissue that are characterized with high fibrosis density and entropy 

values. 

Generation of patient-derived atrial models and AF induced in the fibrotic substrate 

The characteristics of the studied population were like those of the usual population 

presenting with PsAF in terms of age, gender, and PsAF duration, as well as atrial volume 

and fibrosis burden.33, 35 The method used to segment fibrosis from LGE-MRI data is based 

on prior reports,11, 33, 50 and the relationship between fibrosis burden and PsAF duration is 

consistent with past studies.35 In the atrial models constructed from the patient LGE-MRI 

scans, representation of atrial electrophysiology at the cell, tissue, and organ level in 

fibrotic and non-fibrotic regions were based on a large body of evidence from human,58 
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animal,17, 60, 61 and computational studies.54-56 Arrhythmogenic properties of the fibrotic 

substrate were evaluated by programmed electrical stimulations using a dynamic pacing 

train delivered from many locations throughout the atria. Using this protocol, AF was 

induced in 13/20 models, which contained a greater amount of fibrosis than the seven non-

inducible models. No arrhythmia was induced in any model when the fibrotic regions were 

represented with tissue-level remodeling only, via reduction in intercellular coupling and 

increase in longitudinal-transverse anisotropy. Thus, cell-level changes in fibrotic regions, 

such as those in excitability and refractoriness, need to be incorporated to properly 

recapitulate the arrhythmogenic propensity of the fibrotic substrate in patient–derived atrial 

models.  

After pacing tissue at normal sinus rhythm rates at the sinoatrial node, patient-

derived models inducible for AF had APD gradients and total atrial activation times that 

were significantly larger than those in non-inducible models. Thus, assessing APD 

gradients and total atrial activation times may be beneficial in probing the arrhythmogenic 

propensity of the fibrotic substrate in a clinical setting without inducing AF.  

AF was not inducible in 7 of the 20 patient-derived models. The fibrosis burden in 

the 7 non-inducible models was significantly smaller than that in the 13 AF-inducible 

models. However, the signal intensity threshold used here to discriminate fibrotic from 

non-fibrotic tissue has a level of uncertainty associated with it; it is dependent on scan 

quality and operator experience.11 This could potentially decrease the extent of the fibrotic 

regions in these models and make them less susceptible to arrhythmia. To test this 

hypothesis, we decreased the signal intensity threshold discriminating fibrotic tissue on 

average by 5.4% in these 7 models. Following programmed electrical stimulation in these 
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originally non-inducible models, AF was induced in 5 of 7 cases. In addition, activation 

times and APD gradients in the 5 newly AF-inducible models with re-calculated fibrosis 

distribution increased and became like those in the original 13 AF-inducible models. These 

results demonstrate that increasing the fibrosis burden is the primary cause of increased AF 

inducibility in this study. The remaining two non-inducible models had a small amount of 

fibrotic remodeling even after changing the signal intensity threshold, indicating that 

mechanisms other than arrhythmogenesis arising from fibrosis were most likely 

responsible for perpetuating AF in these patients. 

The RDs induced in the 5 newly AF-inducible models persisted in spatially 

confined regions characterized with high FD and FE values, which echoes findings in 

optical mapping49 and ECGI studies.33 This suggests that the central finding of our study 

is relatively insensitive to the inherent limitations of LGE-MRI – if models were 

reconstructed using a different segmentation threshold, the absolute locations of RDs 

would potentially change, but their relation to the underlying fibrosis spatial pattern would 

be the same. 

Characteristics of simulated AF episodes induced by programmed electrical 

stimulation 

The analysis of AF dynamics in inducible atrial models showed a combination of 

sustained RDs, transient reentries, wave collisions, and functional blocks all of which have 

been described in mapping studies of PsAF in humans.70 These complex activation patterns 

were associated with irregular pseudo-electrograms, which were qualitatively like clinical 

electrograms of PsAF.71 Our results confirm that PsAF can be perpetuated by RDs that 

dynamically emerge in a limited number of locations (1 to 5 unique RD domains per 
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patient; average: 2.69 ± 1.54). In simulations, RDs persisted for the duration of the entire 

simulation period (2.5s). Phase singularities associated with each RD were not stationary 

but meandered within spatially restricted regions (average extent: 7.57 ± 2.33 mm). These 

findings are consistent with observations of RD dynamics in PsAF from recent clinical 

studies in terms of the number, size, and stability of RD domains. Haïssaguerre et al.47 used 

inverse electrocardiography (ECGI) in pre-ablation PsAF patients and identified between 

2 and 6 distinct RD domains in each individual. Furthermore, regions where RDs were 

observed most frequently were found to be small, and therefore amenable to catheter 

ablation. Likewise, FIRM-guided ablation studies43 in PsAF patients reported a small 

number of drivers (total of 2.2 ± 1.0 per patient, although reentrant and focal sources were 

not separately reported), with RDs that meandered within compact regions (1-2 cm2).  

Consistent with the goals of the research, the present study did not include, by 

design, automatic focal activity, so that the contribution of the fibrotic substrate to AF can 

be assessed in the absence of all other confounding factors. We used programmed electrical 

stimulation and explored the relationship between fibrosis distribution and the locations of 

the RD(s) induced from each pacing site in each patient-derived model. Although in 

patients with AF there would also be contributions to overall activity from paroxysmal 

triggered activations and simultaneously occurring RDs,47 we expect nonetheless that our 

primary finding, that RDs persist in spatially confined regions characterized with high FD 

and FE values would remain valid. We expect, however, that in PsAF patients RD-RD 

interactions and RD interactions with focal sources would have de-stabilizing influence, 

shortening RD residence at a spatial location. Specifically, we expect that a focal driver or 

impinging activity from another RD might dislodge an RD from one fibrotic region, 



37 
 

leading it to re-anchor to a different location with the same characteristics of the fibrosis 

pattern. Such dynamics of PsAF would be consistent with findings from ECGI,47 where 

RDs occur most frequently in spatially restricted regions but also move between such 

regions, with shorter lifespans at each anchoring site (typically <1s).  

Characteristics of the fibrosis pattern in regions where RDs persist 

Fibrosis architecture is highly variable from patient to patient in the PsAF 

population, as well as from region to region within the atria of a given patient.35, 48 In our 

simulations of AF in the fibrotic atria RDs were only observed in a limited number of atrial 

sites. Therefore, we hypothesized that the fibrosis spatial pattern necessary to anchor 

reentry was highly specific. For all induced AF episodes in all atrial models, the confined 

regions within which the RD-PSs meandered had a consistent fibrosis spatial pattern, 

characterized by high values of both FD and FE (0.37 ≤ FE ≤ 0.65; 0.46 ≤ FD ≤ 0.80). This 

combination of metrics corresponds to atrial locations with a high degree of intermingling 

between fibrotic and non-fibrotic tissue. RD-PSs were conspicuously absent from both 

completely non-fibrotic sites and regions of deep fibrosis (i.e., locations with high FD and 

low FE, such as those marked by asterisks in Fig. 3.5). This is a key observation because 

it expands upon the recent clinical finding that RDs identified by ECGI are co-localized 

with fibrosis boundary zones identified by LGE-MRI.50 Our results demonstrate that only 

a limited subset of fibrosis border zones has the characteristics (i.e., high FD and high FE) 

needed to sustain RDs. The use of sophisticated machine learning tools enabled us to devise 

a sensitive and specific classification scheme capable of pinpointing the combination of 

FD and FE metric values associated with RD localization. Overlaying machine learning-

predicted Pro-RD areas on clinical ECGI maps displaying areas where RD-PSs were 
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observed most frequently in each patient’s atria showed very good co-localization. This 

supports the predictions of the simulations regarding the relationship between fibrosis 

spatial pattern and the locations of reentrant drivers of AF. Indeed, given that nearly 60% 

of reentrant drivers identified clinically fell in machine-learning-predicted regions 

covering on average only about 13% of the atrial volume, the correspondence between 

simulation results and clinical data can be considered very good. Over all the models, this 

co-localization is not, however, excellent because ECGI maps also reflect, in the dynamics 

of the RD-PSs, the influence of the presence of focal sources and other simultaneously 

occurring reentrant drivers, as discussed above. 

Regions with both high FD and high FE are a potent substrate for the initiation and 

perpetuation of RDs because such locations are associated with steep spatial gradients in 

excitability, refractoriness, and APD, rendering them highly prone to conduction failure26 

due to the extensive intermingling of fibrotic and non-fibrotic tissue. As part of the border 

zones of fibrotic remodelling, these RD regions are in contact with both non-fibrotic tissue, 

which allows propagating wavefronts to rapidly pivot around zones of functional block,72 

and with more fibrotic regions that ensure sufficient conduction slowing21, 22, 27 to sustain 

reentry. The average size of the RD-perpetuation regions in our study (7.57 ± 2.33 mm) is 

consistent with findings from previous simulation and experimental work demonstrating 

that RDs are attracted to and/or anchored by inhomogeneties of a similar spatial scale (4.5 

to 10 mm) resulting from gradients in ion channel expression73, APD74, or micro-fibrosis.49 

Clinical perspectives 

Knowledge regarding the link between dynamic RD localization and the spatial 

characteristics of the fibrotic substrate, as acquired in this study, has important implications 
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for clinical strategies to manage and treat PsAF in patients. Multiple centers have reported 

that ablation of RD-harboring sites can terminate PsAF or convert it to a more clinically 

manageable tachycardia,43, 47 but it remains unclear why this type of targeting has 

therapeutic value. Our results suggest that this success may be attributable to the fact that 

such ablations homogenize the tissue in a RD-anchoring region, rendering it more like a 

deeper fibrotic region with less interdigitation of fibrotic and non-fibrotic tissue (i.e. lower 

values of FD/FE). It is also conceivable that locations with FD/FE favoring RD 

localization, as identified by processing the LGE-MRI images, could be directly targeted 

for ablation, consistent with current clinical concepts of substrate modification75 for PsAF 

ablation. Of note, the total amount of atrial tissue with such high FD/FE combination in 

each patient was relatively small (13.8±4.9% of the atria). RDs in our study were found to 

persist in not all, but a portion of the regions with high FD/FE (see Fig. 3.7D); the 

simulation results were supported by the comparison to the clinical ECGI maps. It is likely 

that pacing from other sites, in addition to the 30 used in each patient-derived model, will 

result in the formation of persistent RDs in the reminder of high FD/FE tissue. We further 

speculate that following ablation of a region sustaining an RD, new emergent RDs will 

localize to sites with the same (high FD/FE) fibrosis spatial characteristics. As such, the 

percentage cited above should be interpreted as the theoretical maximum amount of tissue 

that must be ablated to eliminate the RD-perpetuating properties of the fibrotic substrate. 

Future work will be needed to determine whether and how this tissue subset could be 

further narrowed towards achieving truly optimal ablation lesion sets. 

Study limitations 
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One limitation of this study is related to the reconstruction of personalized models 

from LGE-MRI data, in which LGE-MRI abnormalities are taken as surrogates for fibrosis. 

Despite histological validation in a small number of patients,76 it remains debated whether 

LGE-MRI abnormalities truly represent fibrosis. Another inherent limitation of LGE-MRI 

is the inability to detect diffuse, homogeneously distributed fibrosis or microfibrosis,77 

which have been shown to anchor micro-reentries.49 Although these limitations require a 

careful evaluation when considering the potential use of personalized MRI-tailored 

ablation therapy, we believe they do not impact the main finding of our study that RDs 

persist in regions with greater levels of FD and FE.  

In addition to correctly representing the arrhythmogenic propensity of the fibrotic 

substrate, modelling AF dynamics in patients may need to incorporate other aspects of 

electrophysiological remodeling. Specifically, inflammation78 and heart failure22 have been 

shown to induce changes in ionic current expression and modify myocyte action potential 

durations.22, 78, 79 Furthermore, Haissaguerre et al.47 and Narayan et al.43 have shown that 

focal impulses alone can sustain AF in patients with persistent forms with this disease. 

Inclusion of these components may be necessary to match AF dynamics in patient-derived 

models to clinical characteristics, especially in cases where patients do not have LGE-MRI 

abnormalities or low voltage regions in the atria.  

In this study, fibrotic tissue is represented with remodeled electrophysiology, 

anisotropy, and conduction properties based on evidence from experimental studies. 

Previous studies have represented fibrotic remodeling with discontinuous finite elements, 

80 single elements modelled as passive resistors,81 or the effect of myofibroblasts.55 We 

believe that our representation of fibrotic remodeling is the most appropriate for use in 
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patient-derived models that are based on and have the resolution of clinical imaging data 

since it incorporates experimentally derived parameter values and ensures computational 

tractability.  

3.5 Conclusion 
 

We demonstrated that reconstruction of personalized 3D atrial models with 

individualized fibrosis patterns from LGE-MRI is feasible. Dynamic pacing from a number 

of locations was able to induce AF in atrial models that included sufficient amounts of 

fibrosis. Simulations demonstrated that AF in the fibrotic substrate is perpetuated by RDs 

localized in boundary zones between fibrotic and non-fibrotic tissue that are characterized 

with high fibrosis density and entropy. These results provide new insights into the 

mechanisms of PsAF perpetuation and pave the way towards an MRI-based approach for 

the personalization of clinical management in patients with PsAF. 

3.6 Supplementary Material 

Supplementary Methods 

Segmentation of Fibrotic Tissue from LGE-MRI Scans 

In our study, LGE and non-LGE regions were segmented using an adaptive 

histogram thresholding algorithm as described in Jadidi et al.50 A histogram analysis of 

voxel intensities was first performed in each LGE-MRI slice. As shown in Jadidi et al.,50 

voxel intensities in each slice are bimodally distributed, with two distinct populations 

corresponding to LGE and non-LGE regions. An operator, blinded to the results in this 

study, selected a voxel intensity threshold that best separated the two populations of LGE 

and non-LGE regions. 
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Action Potential Model 

The details for the action potential model used to represent membrane kinetics in 

non-fibrotic tissue regions are in Krummen et al.58 Briefly, ionic currents in the 

Courtemanche et al.57 model of the human atrial action potential were modified to fit 

monophasic action potentials recorded near pulmonary vein ostia in the left atrium of 

patients with AF. In order to account for the electrophysiological consequences of chronic 

AF, Krummen et al. decreased Ito, ICa,L, and IKur by 50%, 70%, and 50% respectively.58 

These changes were based on patch clamp studies by Van Wagoner et al.82, 83 in biopsied 

atrial tissue obtained from patients with persistent AF at the time of surgery. 

Pseudo-Electrogram Calculation 

The method used to calculate pseudo-electrograms is described in Boyle et al.67 In 

brief, signals were generated from electrical potentials 4 cm in the infero-lateral direction 

from the left and right atrial appendages.  The limb lead pseudo-ECG approximations were 

obtained by subtracting these signals. 

Machine Learning Protocol 

 In order to perform supervised machine learning, we used a support vector machine 

with a second-degree polynomial kernel to classify RD-PS and non-RD-PS regions based 

on FD and FE values. A second degree polynomial kernel was chosen because the feature 

space of all FD and FE values in all 13 PsAF-inducible atrial models resembled a concave 

down parabola (Fig 3.S6) and there were no distinct populations of FD and FE values that 

could be directly separated (i.e., with a line). We trained the machine-learning algorithm 

on 50% of all RD-PS and non-RD-PS regions and tested the algorithm’s effectiveness on 

the remaining data. To assess the sensitivity of the machine learning algorithm, we changed 
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the percentage of data on which we trained (ranging from 10% to 90% of all RD-PS and 

non-RD-PS regions) and reassessed the algorithm’s effectiveness by analyzing the receiver 

operating characteristic and precision recall for each training set selection. Between 

different training sets, the algorithm’s effectiveness was unchanged since the area under 

the curve for the receiver operator characteristic (Fig 3.S7, A) and the precision recall 

analysis (Fig 3.S7, B) remained 0.91 and 0.84, respectively. 
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Supplementary Tables 
Table 3.S1. Mesh characteristics, electrophysiological parameters, and simulation times. 
Category Parameter(s) Value 
Geometry Average Number of Vertices 

Average Number of Elements 
Average Edge Length (µm) 

1638120.38 
1812802.61 
464.39 

Monodomain 
conductivity 
(mS/mm) 

Longitudinal (σL, non-fibrotic) 
Longitudinal (σL, fibrotic) 
Transverse (σT, non-fibrotic) 
Transverse (σT, fibrotic) 
Normal (σN, non-fibrotic) 
Normal (σN, fibrotic) 

0.1264 
0.0546 
0.0252 
0.0068 
0.0252 
0.0068 

Computation Number of Intel X5660 CPUS at 2.8 
GHz 
Wall time to Simulate 1 Second (min) 

24 
47.33 

 
Table 3.S2. Summary of patient characteristics. 
Category Value 
Number of Patients 
Age (years) 
Maximum Uninterrupted AF Duration (months) 
Number of Women 
LA Volume (ml/m2) 
Biatrial Fibrosis Burden (% of wall) 
LA-only Fibrosis Burden (% of wall) 
Utah Stage I Patients 
Utah Stage II Patients 
Utah Stage II Patients  
Utah Stage IV Patients 

20 
52±12 
9.3±6.7  
3 
73±22 
19.7±5.7 
22.8±6.1 
0 
7 
9 
4 

  
Table 3.S3. Differences in patient-derived model characteristics and electrophysiological 
variables from simulations in models inducible and non-inducible for AF 
 AF-Inducible Models Non-Inducible Models 
Fibrosis Burden  
(% of wall) 

21.6±5.6 
 

16.1±4.4 
 

Action Potential 
Gradient (ms) 

54.0±5.5  
 

42.0±7.0 
 

Total Atrial 
Activation Time (ms) 

381.8±45.3 338.6±41.9  
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Supplementary Figures 
 

 

Figure 3.S1. Action potential duration maps in (A) AF-inducible models, (B) non-
inducible models, and (C) non-inducible models that became inducible for AF after 
applying a slightly lower signal intensity threshold to segment fibrotic tissue from non-
fibrotic. 
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Figure 3.S2. Result of programmed electrical stimulation in patient-derived models #3 (A), 
#1 (B), and #16 (C) when electrophysiological remodelling of fibrotic tissue regions was 
represented with only tissue-level changes (i.e., reduction in intercellular coupling and 
increase in longitudinal-transverse anisotropy). Asterisks denote the locations of 
programmed electrical stimulation. Circular arrows indicate locations where RDs were 
induced by applying the same pacing protocol in the original patient-derived models (i.e., 
with both cell- and tissue-level remodelling in fibrotic tissue regions), as highlighted in 
Figs. 2D, 3A, and 3B, respectively.   
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Figure 3.S3. Sensitivity of RD localization to fibrosis threshold selection. (A) Original 
spatial distribution of fibrosis (green) in models #11 (left) and #12 (right). (B) RD-PS 
locations in models #11 (left) and #12 (right) superimposed on the fibrosis spatial pattern 
(green) after the signal intensity threshold to discriminate fibrotic tissue from non-fibrotic 
was reduced on average by 5.4 percent. (C) RD-PS locations in models #11 (left) and #12 
(right) superimposed on activation maps showing one cycle of reentry.  
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Figure 3.S4: Machine learning classification of RD-PS and non-RD-PS regions based on 
FD and FE after a 50% increase in the kernel radius size. A: Classification of RD-PS and 
non-RD-PS regions. The polynomial equation that separated RD-PS (purple circles) and 
non-RD-PS regions (yellow circles) is indicated with a black line. The FD and FE values 
that characterised RD-PS regions and non-RD-PS regions are indicated in green (Pro-RD) 
and blue (Not Pro-RD), respectively. B: Receiver operating characteristic analysis of the 
machine learning algorithm. The area under the curve (AUC) for this plot was 0.92. C: 
Precision-recall analysis of the machine learning algorithm. The area under the curve 
(AUC) for this plot was 0.86. Together, (B) and (C) indicate robust classification. 

 
Figure 3.S5: Comparison with clinical results. Example atrial ECGI maps are shown for 
patients #9, left, and #20, right).  Red colour indicates regions of greatest frequency of RD-
PSs occurrence. Pro-RD regions (regions favourable to RD-PS localization, marked with 
black cross-hatching), as identified by machine learning trained on simulation results, were 
transferred from the patient-derived atrial geometry and onto the ECGI atrial geometry of 
the same patient for comparison. 
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Figure 3.S6. Feature space of all FD and FE values in the atria in all AF-inducible models.  

 
Figure 3.S7. Sensitivity analysis of the machine learning algorithm effectiveness when the 
algorithm was trained on different training sets (i.e., different percentages of all RD-PS 
and non-RD-PS regions). Algorithm effectiveness was assessed by the area under the curve 
in (A) receiver operating characteristic and (B) precision recall analyses. 
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Chapter 4 
 

Comparing reentrant drivers predicted by image-based 

computational modeling and electrocardiographic imaging in 

persistent atrial fibrillation 

4.1 Introduction 

Atrial fibrillation (AF), a major cause of morbidity and mortality, is the most 

prevalent cardiac arrhythmia, affecting 1-2% of the population worldwide.3 Over the past 

two decades, catheter ablation to electrically isolate pro-arrhythmic triggers in the 

pulmonary veins (PVs) has emerged as a treatment for AF.8, 84 In persistent AF (PsAF), 

where AF episodes last ≥7 days, catheter ablation outcomes are poor, with recurrence rates 

of 40-60%.9 In PsAF, there is significant atrial remodeling, and arrhythmia mechanisms 

are no longer confined only to PVs due to both structural and electrophysiological 

heterogeneity.85 Thus, scientists and clinicians have searched for new strategies to improve 

PsAF ablation outcomes.  

A promising non-invasive approach uses electrocardiographic mapping (ECGI) to 

reconstruct atrial activations from body surface potentials and identify reentrant drivers 

(RDs; i.e., rotors) sustaining AF, which are then targeted for ablation.33, 47 Although initial 

studies show that patient outcomes after ECGI-driven ablation are promising, AF recurs 

within one year in 20% of patients.47 In cases of failed ablation, AF is typically sustained 

by persistent RDs at different locations.86 This indicates that the ECGI-driven RD ablation 

did not modify the arrhythmogenic substrate enough to eliminate its capacity to sustain 

RDs and thus achieve freedom from AF. 
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Atrial fibrosis is a major characteristic of pro-AF remodeling. 60 Recently, our team 

developed a new imaging/simulation methodology for assessing AF in patient-derived 

mechanistic (from the protein to the organ) atrial models reconstructed from late 

gadolinium-enhanced magnetic resonance imaging (LGE-MRI).54, 87, 88 This methodology 

was used to evaluate the characteristics of each patient’s fibrosis distribution that result in 

propensity to AF.87 This non-invasive methodology can identify all potential locations 

within the fibrotic substrate capable of sustaining RDs, and not only those where RDs are 

manifested in the patient’s current clinical episode. However, this ability and the potential 

for AF non-inducibility following ablation at the predicted sited has not been assessed.  

The aim of this study was to compare the two non-invasive ablation prediction 

strategies, ECGI and imaging/simulation-driven ablation, in patients with AF and fibrosis, 

and to investigate potential implications for catheter ablation of PsAF. Since the 

imaging/simulation methodology is based on the fibrotic substrate, we aimed to also use 

the comparison to derive insights on whether RDs observed in a clinical AF episode are 

fibrosis-mediated. 

4.2 Methods 

Population 

12 PsAF patients with fibrosis as identified by LGE-MRI were retrospectively 

included. The same patient cohort was used in a previous study,87 which aimed to explore 

how AF dynamics relate to spatial characteristics of the individual fibrosis distribution. 

Here, the cohort is used to compare two ablation strategies with different mechanistic 

underpinnings, the imaging/simulation-driven ablation, and ECGI-driven ablation. 

Inclusion criteria for this population can be found in Zahid et al.87 
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Identification of clinical reentrant drivers via ECGI 

Detailed description of ECGI methodology is provided in previous publications. 

33, 47, 69 In brief, body surface potentials were acquired over 15s of AF with a 252-

electrode vest (Fig. 4.1A) (CardioInsight Technologies Inc., Cleveland, OH). Computed 

tomography assessed locations of electrodes with respect to bi-atrial geometry, and 

epicardial unipolar electrograms were reconstructed89 (Fig. 4.1B). Phase mapping was 

applied to visualize AF activation dynamics69 (Fig. 4.1C), and phase singularities were 

detected over the mapping period. Phase singularities were displayed via histogram maps 

to identify RDs (RDECGI).47 (Fig. 4.1D). RDECGI sites were targeted with catheter 

ablation.47  

Identification of reentrant drivers mediated by the fibrotic substrate via 

imaging/simulation  

Details regarding patient-derived model construction are provided in prior 

publications.54, 87 Briefly, the biatrial wall was segmented from the LGE-MRI and 3-

dimensional finite-element meshes were constructed (Fig. 4.1F).54 Electrophysiological 

properties in fibrotic and non-fibrotic regions were represented using a previously 

described biophysically-realistic approach.57, 87 In each patient-derived model, 

programmed electrical stimulation was applied at 30 sites evenly distributed across both 

atria to induce AF (Fig. 4.1G); when inducible, each AF episode was simulated for 2.5s. 

Phase singularity trajectories were tracked over time using spatiotemporal clustering to 

identify RDs (RDsim), defined as spatially-confined trajectories persisting ≥2 rotations and 

≥200ms87 (Fig. 4.1H). This definition was consistent with criteria used to define RDs by 
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ECGI. 43, 47 All RDsim sites identified by the approach were targeted in silico catheter 

ablation. 

Comparison of reentrant driver locations between the two approaches 

We compared the locations of RDsim and RDECGI on a region-wise basis. Each 

patient’s atrium was divided into seven segments: 47 four regions in the left atrium (LA), 

two in the right atrium (RA), and one in the interatrial septum (Fig. 4.2). In both 

approaches, an RD was classified to an anatomical region if its phase singularities persisted 

predominantly within that region. Atrial regions in which both RDsim and RDECGI were 

observed were categorized as ECGI+/Sim+; following the same convention, other regions 

were categorized as ECGI+/Sim–, ECGI–/Sim+, or ECGI–/Sim–. It is important to note 

that we did not expect RDsim and RDECGI locations to fully agree, since RDECGI are drivers that 

sustain the current clinical AF episode in the patient, while RDsim are all potential drivers 

that the fibrotic substrate can sustain. However, we hypothesized that some RDs 

maintained by the fibrotic substrate would also manifest in clinical AF episodes and thus 

be detected by ECGI. The individuals who categorized RDECGI locations were independent 

and blinded to those who conducted simulations and classified RDsim locations. 

Catheter ablation in patients 

ECGI-driven RD ablation was performed as described by Haissaguerre et al. 

Briefly, ablation using an irrigated-tip catheter was performed on all regions exhibiting 

high RD activity. The endpoint of regional ablation was local electrogram slowing and 

organization. AF cycle length was measured before and after ablation, with termination or 

cycle length prolongation >10ms indicating a positive response to ablation. The procedural 

endpoint was AF termination. The protocol followed RD ablation has been described 

previously.47 AF recurrence was assessed during follow-up at 3, 6, 9 and 12 months.  
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In-silico ablation in patient-derived models 

In silico ablation targeted all RDs in each patient-derived model, this is the first 

study in which ablation is executed in individualized models. In-silico ablation was 

modeled by rendering non-excitable tissue along RD phase singularity trajectories, by 

applying lesions of 1.7mm radius. After in-silico ablation of all RDsim targets in each 

patient-derived model, AF inducibility was assessed by repeating the multi-site pacing 

protocol. The number and location of the RDsim that emerged post-ablation were recorded. 

Statistical analysis 

Continuous variables were expressed as mean±SD. Categorical variables were 

expressed as percentages. Continuous variables were compared using independent sample 

non-parametric tests (Wilcoxon Signed-Rank tests). After classifying RDECGI and RDsim 

within the seven anatomical segments shown in Fig. 4.2, inter-rater agreement between 

RDECGI and RDsim locations (i.e. anatomical segments) was assessed by calculating 

Cohen’s Κ0.90 ANOVA was used to determine whether agreement between the two 

modalities significantly varied between patients. All statistical tests were two-tailed; p-

values <0.05 indicated statistical significance.  
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Figure 4.1. Study design to compare locations of AF-perpetuating reentrant drivers in 
MRI-derived fibrosis-based models (RDsim) and clinical AF episodes in ECGI (RDECGI). 
Torso electrodes recorded 15s of AF in PsAF patients before ablation procedure (A), and 
unipolar electrograms were reconstructed (B). 3D phase maps (C) were analyzed to 
construct RD-PS histograms (D). Each patient underwent LGE-MRI (E), which was used 
to reconstruct 3D atrial models (F). Programmed electrical stimulation induced in-silico 
AF (G), and fibrosis-driven RD-PS trajectories in simulations were determined (H). RDs 
from ECGI and simulations were compared. 
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Figure 4.2. Biatrial region classification (modified with permission from 47). RDECGI and 
RDsim were classified into atrial regions as follows: (1/2) left/right PVs; (3) posterior LA; 
(4/5) superior/inferior RA; (6) anterior LA; and (7) inter-atrial groove. RDECGI- and RDsim-
harboring regions in this example correspond to those shown for the case in Figs. 4.1D and 
4.1H. See text for further discussion of regional descriptors.  

 

4.3 Results 

Reentrant drivers identified by the two modalities 

AF episodes in ECGI and in simulations exhibited similar activation dynamics, 

including RDs, wavebreaks, and transient reentries. Table 4.1 shows the fibrosis burden, 

anatomical regions where RDsim and RDECGI were observed, and acute outcomes of 

ECGI-driven ablation for all 12 patients considered in the study. During ECGI recording 

of AF, RDECGI were detected in a total of 42 atrial regions (3.5±1.3 regions per patient). 

The distribution of RDECGI-harboring regions was as follows: 33 (79%) in the LA, 5 in 

the RA (12%), and 4 (10%) in the inter-atrial groove. Within the LA, RDECGI were most 

frequently observed in the left and right PV regions (29% in each). In patient-derived 



57 
 

models, RDsim were detected in a total of 26 atrial regions (2.2±1.3 regions per model). 

The distribution of RDsim-harboring regions was as follows: 14 (54%) in the LA, 11 in the 

RA (42%), and 1 (4%) in the inter-atrial groove. 85% of RDsim were observed in four 

regions: 23% each in the left PV and superior RA, 19% each in the posterior LA and 

inferior RA. Across all 12 patients, a significant correlation (R=0.55, p<0.05) was found 

between the number of RDECGI- and RDsim-harboring regions (Fig. 4.3). 

 

Figure 4.3.  Relationship between the numbers of RD-harboring regions as detected by 
ECGI vs. those predicted by simulations conducted in corresponding patient-derived 
models. Solid and dotted lines indicate best fit for linear regression and 95% confidence 
intervals, respectively. 

 

Relationship Between Clinical and Simulated Reentrant Drivers Sites 

Statistical assessment showed a fair degree of agreement between RDECGI- and 

RDsim-harboring regions (κ0=0.212). RD location correspondence is provided for each 

patient in Supplementary Materials (Table 4.S1). Agreement between RDsim and  RDECGI-

harboring regions did not differ between patients (F=0, P=1). Co-localization between 
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RDsim and RDECGI is illustrated for three patients in Fig. 4.4. Four additional examples are 

presented in Supplementary Materials (Fig. 4.S1). There were 19 anatomical regions where 

RDs were found by both approaches (ECGI+/Sim+), 23 regions where ECGI detected an 

RD while simulations did not (ECGI+/Sim–), 7 regions where simulations identified an 

RD while ECGI did not (ECGI–/Sim+), and 35 regions where RDs were not found by 

either approach (ECGI–/Sim–) (Table 4.2).  

The co-localization of RDECGI and RDsim has important implications for 

understanding PsAF mechanisms: it indicates that these RDECGI are fibrosis-driven. RDsim 

not detected in ECGI suggest the presence of fibrosis-mediated RDs that are not currently 

manifested in the patient’s AF episode (i.e. latent RDs), but which might be unmasked post 

initial ablation. RDECGI that do not have RDsim equivalent suggest AF mechanisms other 

than fibrotic remodeling.  

Examples of ECGI+/Sim+, ECGI+/Sim–, ECGI–/Sim+ and ECGI–/Sim– regions 

are shown in Fig. 4.5. The overall distribution of the different region types by atrial location 

is provided in Supplementary Materials (Fig. 4.S2). The most frequent ECGI+/Sim+ 

regions were the left PVs and posterior LA (32% and 26%, respectively). The most 

frequent ECGI+/Sim− regions were the right and left PVs (36% and 23%, respectively). 

The only ECGI−/Sim+ regions were the lower and upper RA (57% and 43%, respectively). 

Lastly, the most frequent ECGI−/Sim− regions were the LA roof/anterior wall and the 

inter-atrial groove (29% and 20%, respectively). Average fibrosis burden in each region 

type was as follows: ECGI+/Sim+: 26.2±14.0%, ECGI+/Sim−: 13.1±8.7%, ECGI−/Sim+: 

25.5±9.1%, and ECGI−/Sim−: 12.7±10.6%. ECGI+/Sim+ and ECGI−/Sim+ regions had a 

higher fibrosis burden than both ECGI+/Sim− and ECGI−/Sim− regions (P<0.002 for all).  
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Figure 4.4. Spatial co-localization of RDsim (left) and RDECGI (right). Panels A-C 
correspond to patients 1-3. A: Both methods showed RDs in the posterior LA and mitral 
isthmus. B: Both approaches found RDs at RA appendage. C: Both approaches found RDs 
on the anterior RA.  
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Figure 4.5.  Examples of ECGI+/Sim+, ECGI+/Sim–, ECGI–/Sim+, and ECGI–/Sim– 
regions. A: An RD was detected in the posterior LA in both ECGI and simulations (patient 
5). B: An RD was detected by ECGI but not simulations in the inter-atrial groove (patient 
8). C: An RD was induced in simulations in the posterior RA but not detected by ECGI 
(patient 4). D: No RD was detected by either ECGI or simulations in the anterior LA 
(patient 7). 
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Table 4.1. Summary of fibrosis burden, number and distribution of RDsim- and RDECGI-
harboring atrial regions, and acute clinical outcome of ECGI-driven ablation (SR: 
termination to sinus rhythm; AT: termination to atrial tachycardia; AF: no termination). 
Anatomical regions are color-coded: light green = ECGI+/Sim+; red = ECGI+/Sim–; dark 
green = ECGI–/Sim+; blue = ECGI–/Sim–. See text for more details. 

Patient 
ID 

Fibrosis 
Burden 

RD-Harboring 
Regions (#) 

Anatomical Regions Acute 
Clinical 
Outcom

e  1 
L

PV
s 

2 
R

PV
s 

3 
PL

A
 

4 
SR

A
 

5 
IR

A
  

6 
A

L
A

  

7 
IA

G
 

1 16.8% ECGI 5 x x x   x x AT 
Sim 3 x x x     

2 28.7% ECGI 5 x x x x x   SR 
Sim 2    x x   

3 23.3% ECGI 4 x x x    x AT 
Sim 4   x x x  x 

4 25.1% ECGI 3 x x  x    AT 
Sim 2    x x   

5 25% ECGI 2 x x      SR 
Sim 2 x x      

6 17% ECGI 2 x x      SR 
Sim 1 x       

7 22.4% ECGI 5 x x x x   x AT 
Sim 1 x       

8 16.2% ECGI 4 x x x x    AF 
Sim 4 x  x x x   

9 21.3% ECGI 5 x x x   x x AF 
Sim 4  x x x x   

10 14.6% ECGI 3 x x x     SR 
Sim 1   x     

11 16% 
ECGI 2 x x      

SR 
Sim 1 x       

12 20.6% ECGI 2 x x      AT 
Sim 1    x    
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Table 4.2. Inter-rater agreement between RDsim and RDECGI regions in corresponding 
patient-derived models. Cells are color-coded via the same classification scheme used in 
Table 4.1.  
    

    RDECGI  
Region 

Non-
RDECGI 
Region 

 

RDsim  
Region 19 23 

Non-RDsim  
Region 7 35 

 

Acute outcomes of ablation targeting RDs  

Radiofrequency ablation was applied at RDECGI sites during clinical procedures in 

all 12 patients. Ablation targets were in 42 atrial regions (19 ECGI+/Sim–, 23 

ECGI+/Sim+). Differences between acute results of RDECGI target ablation in ECGI+/Sim– 

and ECGI+/Sim+ regions are illustrated in Fig. 4.6. Ablation of targets located in 

ECGI+/Sim+ regions resulted in a positive response to ablation more frequently than for 

ECGI+/Sim– regions (Fig. 4.6A, 13/21 (61.9%) vs. 9/27 (33.3%), P<0.05), leading to 

trends towards greater AF cycle length prolongation (Fig. 4.6B, 11.5±13.6 vs 5.3±6.3 ms, 

P=0.08), and higher AF termination rates (Fig. 4.6C, 6/21 (28.6%) vs. 5/27 (18.5%), 

P=0.21). For all five patients in whom AF terminated to sinus rhythm during ECGI-driven 

ablation, we observed no examples of ECGI–/Sim+ regions (i.e., there was no evidence of 

latent RDs). In contrast, for both patients where ECGI-driven RD ablation failed to 

terminate AF and for 3/5 patients where the acute outcome was conversion to reentrant 

atrial tachycardia, simulations identified at least one potential latent RD that was not 

observed during ECGI (i.e., RDsim in ECGI–/Sim+ regions).  
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Fig. 4.7 shows examples of AF termination in response to in-silico ablation of 

targets located in regions that were found to be RD-harboring in both ECGI and 

simulations. In Fig. 4.7A, ablation at an RDsim in the posterior LA led to a macroscopic 

reentrant circuit with a 320ms cycle length around the lesion. In Fig. 4.7B, ablation of an 

RDsim in the inter-atrial groove led to an anatomical reentry (280ms cycle length) around 

the orifice of the inferior vena cava. Finally, Fig. 4.7C shows an example of AF termination 

after ablation of an RDsim near the right PVs; in this case, the wavefront collided with 

refractory tissue in the posterior LA, resulting in arrhythmia termination.   

 

Figure 4.6. Impact of ECGI-driven reentrant driver ablation in regions with and without 
simulation correspondence. A: Positive response rate to ablation of ECGI+/Sim– vs. 
ECGI+/Sim+ regions. Positive response: AF cycle length prolongation >10 ms or AF 
termination (see text). B and C: Rate of AF termination and AF cycle length prolongation 
(median + upper/lower quartile and max/min lines) in response to ablation of RDECGI 
targets in ECGI+/Sim+ vs. ECGI+/Sim– regions.  

In-silico assessment of the substrate after initial RDsim ablation 

 In silico ablation and subsequent testing of AF inducibility was performed in the 

five models in which both ECGI+/Sim+ and ECGI–/Sim+ were observed. Results of these 

simulations are summarized in Fig. 4.8 and Table 4.3. Following ablation of RDsim sites in 

ECGI+/Sim+ regions only, AF remained inducible in all five models, although the number 

of RDsim-harboring regions was reduced (2.6±0.9 compared to 3.4±0.9 in the same models 

pre-ablation). Interestingly, there were two cases (* in Table 4.3) in which an RDsim was 

induced in an atrial region that was not identified as RDsim-harboring during pre-ablation 
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simulations (i.e., de novo Sim+ regions). After additional ablation of RDsim in ECGI–/Sim+ 

regions, AF was rendered fully non-inducible in two patient-derived models and the 

number of RDsim-harboring regions was further reduced (1.0±1.2). Notably, there were no 

de novo Sim+ regions identified after the second round of ablation. The spatial extent of in 

silico ablation lesions was 2.2±0.81% of the biatrial surface when targeting ECGI+/Sim+ 

regions and 3.4±0.74% when targeting all Sim+ regions. 

 

Figure 4.7. Examples of AF termination after in-silico ablation of RDsim targets in 
ECGI+/Sim+ regions. A: After RD ablation in the posterior LA, there was macroscopic 
reentry around the lesion. B: RD ablation in the inter-atrial groove led to reentry around 
the inferior vena cava. C: RD ablation near right PVs led to spontaneous AF termination. 
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Figure 4.8. Number of RDsim-harboring regions in five patient-derived models before and 
after ablation of RDsim targets. Ablation 1 targeted sites within ECGI+/Sim+ regions only; 
ablation 2 targeted RDs in ECGI–/Sim+ regions as well. Means of the three populations 
differed significantly (Kruskal-Wallis test, P<0.05) with a trend towards fewer RDsim-
harboring regions as more tissue was ablated.  
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Table 4.3. Summary of number and distribution of RDsim in pre-ablation models and after 
two rounds of in silico ablation (1: RDsim targets in ECGI+/Sim+ regions only; 2: all Sim+ 
targets). * indicates de novo Sim+ regions; see text. 

Patient 
ID 

RD-Harboring 
Regions (#) 

Anatomical Regions 

1 
L

PV
 

2 
R

PV
 

3 
PL

A
 

4 
SR

A
 

5 
IR

A
  

6 
A

L
A

  

7 
IA

G
 

1 Pre-ablation 3 x x x     
Post-Ablation 1 3 x x x     

 Post-Ablation 2 0 AF non-inducible 

3 Pre-ablation 4   x x x  x 
Post-Ablation 1 3   x x   x 

 Post-Ablation 2 0 AF non-inducible 

4 Pre-ablation 2    x x   
Post-Ablation 1 3    x x  x* 

 Post-Ablation 2 1    x    

8 Pre-ablation 4 x  x x x   
Post-Ablation 1 1      x*  

 Post-Ablation 2 1     x   

9 Pre-ablation 4  x x x x   
Post-Ablation 1 3  x x  x   

 Post-Ablation 2 3  x x  x   
 

 

4.4 Discussion 

This study compared RDs predicted by LGE-MRI-based patient-derived computational 

models with RDs mapped clinically by ECGI in PsAF patients with fibrotic remodeling. 

The main findings are as follows: 

(i) The number of RD-harboring regions observed via ECGI and identified in 

simulations is significantly correlated and there is fair but statistically non-

trivial agreement between the regional distribution of RDsim and RDECGI. As 

RDSIM represent all drivers that the fibrotic substrate could sustain, and not only 
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those manifested in the patient’s current clinical episode as RDECGI, not all 

RDsim and RDECGI were co-localized.  

(ii) Ablation of drivers in ECGI that are also obtained in-silico is more effective 

than ablation of drivers that are not.  

(iii) In patients for whom ECGI-driven RD ablation did not terminate AF, 

simulations identified RD sites at other regions of the atria, suggesting that 

determining RDsim may identify latent drivers. Conversely, no potential latent 

RD sites were identified in simulations corresponding to patients in whom 

ECGI-driven ablation converted AF to sinus rhythm. 

(iv) In silico ablation that targeted co-localized RDs identified by both modalities 

was more effective than ablation of targets in ECGI+/Sim+ regions alone, 

indicating that targeting latent RDs not observed during clinical mapping may 

be necessary to achieve optimal procedural outcomes.  

(v) Partial co-localization of RDsim and RDECGI suggests that human PsAF is driven, 

at least in part, by fibrosis-mediated RDs.  

These results clarify the role of fibrosis in PsAF maintenance and suggest patient-derived 

modeling could be combined with ECGI to improve ablation.  

AF in ECGI and simulations 
 

Both ECGI and patient-derived electrophysiological modeling have previously 

been validated. For example, ECGI has previously been shown to be consistent with 

invasive point-by-point catheter mapping activation of wavefronts in ventricular 

tachycardia,91 atypical flutter,92 and Wolff-Parkinson-White syndrome.93 Similarly, 

reentrant circuits in biophysically-detailed, personalized models were consistent with 
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reentries mapped during clinical electrophysiology studies of atypical flutter87 and 

ventricular tachycardia;94 such models have also been validated in terms of patient 

outcomes.95 

We found numerous common characteristics between AF episodes recorded by 

ECGI and induced in simulations. Both methodologies show conduction block, 

heterogeneous propagation, and transient reentries in AF, as reported previously.69, 87, 96 In 

all 12 patients in this study, AF was sustained by RDs in simulations, which corroborated 

ECGI findings.  

Comparison of RD Locations in ECGI and simulations 

The left PV and posterior LA regions accounted for the majority of observed 

ECGI+/Sim+ cases (32% and 26%, respectively). Moreover, these two regions accounted 

for 45% of all RDECGI-harboring regions and 42% of all RDsim-harboring regions. Since all 

RDsim are sustained by fibrotic remodeling, ECGI-identified RDs located in the same areas 

must also be driven by fibrosis. This finding is consistent with the previous studies 

demonstrating that the posterior LA and the left PV regions are where fibrotic tissue is 

most predominant, wavebreak is common, and reentrant circuits persist.27 

ECGI+/Sim− RD regions contained a significantly smaller proportion of fibrotic 

tissue as compared to ECGI−/Sim+ and ECGI+/Sim+ RD regions. Thus, RDs detected by 

ECGI in ECGI+/Sim− areas may be sustained by pro-arrhythmogenic mechanisms 

unrelated to the fibrotic substrate. For example, Hansen et al.49 showed in optical mapping 

experiments of ex-vivo human hearts that AF can be driven by reentrant circuits sustained 

by abrupt changes in wall thickness, micro-fibrosis, and sharp fiber angle variation. Such 

micro-structural characteristics cannot be visualized by current LGE-MRI and were not 

incorporated in the patient-derived models. Additionally, sharp changes in action potential 
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morphology97 in tissue between the pulmonary vein sleeves and ostia have been shown to 

promote and maintain reentry.98 Such factors may explain there were many patients in 

whom RDECGI were observed in the left and right PV regions but RDsim were not; in fact, 

these two areas combined accounted for the majority of all ECGI+/Sim– regions (26% and 

39%, respectively).  

Implications for catheter ablation of RDs  

The finding of different response profile to catheter ablation based on simulation 

results has major implications. Our findings show that when RDs are reproduced in 

fibrosis-based models, their ablation is more effective, resulting in significantly greater AF 

organization. Ablation of RDECGI in atrial regions where RDsim were also observed was 

also associated with higher rates of AF termination (28.6% vs. 18.5%), although the 

difference did not reach statistical significance, possibly due to low sample size. This 

suggests that catheter ablation is more effective when it eliminates RDs that are sustained 

by a fibrotic substrate compared to RDs perpetuated by other mechanisms. 

Computational99  and experimental studies100 have shown that anatomical reentry arises 

when scroll waves attach to nonconductive obstacles in tissue (e.g., ablation lesions). 

Previous studies have shown that attachment is more likely when wave meander is small,101 

which occurs when the conducting medium excitability decreases.102 We have previously 

shown that RDs persist in fibrosis boundary zones characterized by high fibrosis density 

and entropy,87 which have decreased excitability compared to non-fibrotic areas. 

Therefore, we surmise that ablation of RDs that are sustained by a fibrotic substrate is more 

likely to cause scroll wave attachment and terminate AF than ablation at RDs perpetuated 

by other mechanisms. Identifying RD sites detected by both ECGI and simulation and 
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targeting these sites with catheter ablation can lead to earlier AF termination and prevent 

excessive ablation, which increases complications,8 creates a pro-arrhythmic substrate,103 

and worsens atrial mechanical function.104   

In two patients considered here, ECGI-driven RD ablation completely failed to 

terminate AF. This suggests AF was driven by a different mechanism (i.e., focal activity 

or multiple wavelets) or sustained by RDs undetected by ECGI. In both of these patients, 

simulations identified RD sites that were undetected by ECGI, which may have perpetuated 

AF post-ECGI-driven ablation. The strength of this conclusion is bolstered by the fact that 

there were no examples of ECGI–/Sim+ regions (i.e., potential latent RDs missed during 

clinical mapping) for the five individual patients in whom the acute outcome of ECGI-

driven RD ablation was AF termination to sinus rhythm. These findings are consistent with 

previous reports indicating that post-ablation AF can be sustained by RDs that occur in 

different locations than pre-ablation RDs. It is also consistent with results from simulations 

performed after in-silico ablation in the present work, which both suggest that ablating 

ECGI–/Sim+ might diminish the ability to sustain AF and that post-ablation AF is 

sustained by de novo RDs. These findings support the notion that ECGI (or other 

methodology that identifies the RDs such as FIRM43) could be combined with simulations 

to identify all potential fibrosis-mediated RDs to devise a more comprehensive ablation 

strategy. The rationale of such a substrate-based ablation approach is like the one adopted 

in ventricular tachycardia,105 aiming at modifying any structural heterogeneity potentially 

able to sustain an arrhythmia. 

Study limitations 
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A limitation of this study is related to the use of LGE-MRI data to reconstruct the 

fibrosis distribution in personalized atrial models. LGE-MRI is less able to identify fibrotic 

tissue along the atrial roof, which would consequently lead to fewer simulation-identified 

RDs in that region. Thus, ECGI-identified RDs in ECGI+/Sim− regions in our study may 

be sustained by fibrotic tissue that was not detected by LGE-MRI. Furthermore, the 

threshold used to discriminate fibrotic from non-fibrotic tissue in LGE-MRI scans is 

dependent on scan quality and operator experience and has a level of uncertainty associated 

with it.11 To prevent the potential of experimenter bias, the individuals who selected the 

fibrosis threshold were blinded from all simulation results and individuals who conducted 

simulations were blinded from all ECGI results, as described in Methods. Lastly, further 

research involving prospective clinical studies with a greater number of patients is needed 

to assess the utility of prioritizing ablation of ECGI+/Sim+ regions and ablating ECGI–

/Sim+ regions. 

4.5 Conclusions 
 

LGE-MRI-based, patient-derived modeling can simulate AF that qualitatively 

resembles AF mapped with ECGI in the same patients. Between ECGI and simulations, 

the number of RD-harboring regions is significantly correlated and the regional distribution 

of these regions shows fair but non-trivial agreement. The ablation of ECGI drivers that 

are also manifested in-silico from fibrosis modeling is more efficient than the ablation of 

drivers that are not. These results clarify the role of fibrosis in the maintenance of PsAF 

episodes and suggest that modeling can improve ECGI-driven catheter ablation. 
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4.6 Supplementary Material 

 

Supplementary Figure 4.S1. Additional Examples of Co-localized Clinical and Simulated 
Reentrant Drivers. RDs phase singularity trajectories as obtained from computer 
simulation are shown in the left column. Histograms of RDs phase singularities as obtained 
from ECGI recordings of clinical AF episodes in the same patients are shown in the right 
column. A: In patient #3, both methods showed RDs in the posterior left atrium and 
posterior right atrium. B: In patient #2, both approaches found RDs on the posterior left 
atrium. C: In patient #8, both approaches found RDs close to left pulmonary veins. D: In 
patient #4, both approaches found RDs on the posterior right atrium.  
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Supplementary Figure 4.S2. Regional distribution of ECGI+/Sim+, ECGI+/Sim-, ECGI-
/Sim+ and ECGI-/Sim- regions. ECGI: electrocardiographic imaging; Sim: simulation. 
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Table 4.S1. Number of regions where ECGI- and simulation- identified RDs corresponded 
in location in each patient. 

 

Patient 
ID 

Number of 
ECGI+/Sim+  

& ECGI–/Sim– 
Regions 

Number of 
ECGI+/Sim–  

& ECGI–/Sim+ 
Regions 

1 5 2 

2 4 3 

3 3 4 

4 4 3 

5 7 0 

6 6 1 

7 3 4 

8 5 2 

9 2 5 

10 5 2 

11 6 1 

12 4 3 
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Chapter 5 
 

Latent reentrant drivers contribute to AF recurrence following 

catheter ablation  

5.1 Introduction 
 

Atrial fibrillation (AF) is the most prevalent sustained cardiac arrhythmia, 

contributing to morbidity and mortality in 1-2% of the worldwide population.3 In patients 

resistant to anti-arrhythmic drugs, the recommended treatment is catheter ablation to 

electrically isolate arrhythmia triggers originating from the pulmonary veins (PVI).8 

However, outcomes of this procedure are poor (~50% recurrence rate) in patients with 

persistent AF (PsAF) due to the presence of extensive atrial fibrosis, which confounds 

ablation strategies.9  

 Additional ablation strategies have been proposed to increase the procedural 

efficacy of catheter ablation in PsAF patients, such as complex fractionated electrogram 

ablation,40 posterior wall isolation,106 and linear ablation to connect PVI lesions.107 Another 

developed approach uses a 64-electrode basket catheter to identify locations of reentrant 

drivers (RDs) that manifest in an AP episode, which are subsequently ablated.38 Initial 

clinical studies with this approach reported significant reduction in AF recurrence,43 but 

recent data from independent groups have shown that this RD-targeted ablation strategy 

has limited success in suppressing AF.108-110 However, it remains unclear why this RD-

targeted strategy may fail to prevent AF recurrence.  
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Our group has recently developed computer modeling methodology for simulating 

AF in patient-derived models, which are reconstructed from late gadolinium enhanced 

magnetic resonance imaging (LGE-MRI).54, 56, 87 Using this methodology, we previously 

demonstrated that in silico RDs persist in spatially-confined regions, localize to fibrosis 

boundary zones characterized by high fibrosis entropy and density, and correlate to RD 

characteristics observed with inverse electrocardiographic imaging.87 This methodology 

can be used to assess where all potential RDs can persist in the fibrotic substrate and 

understand arrhythmia dynamics after RD-targeted ablation.  

The goal of this study was to test the hypothesis that latent RDs, which are RDs 

that can be induced in the fibrotic substrate but do not currently manifest in a clinical AF 

episode, can contribute to arrhythmia recurrence after catheter ablation.  

5.2 Methods 
 
Patient population 

11 patients with PsAF who underwent preprocedural LGE-MRI and focal impulse 

and rotor mapping (FIRM) as an adjunct to PVI in 2015 were included. PsAF was defined 

as sustained AF that lasts > 7 days, as per the 2014 AHA/ACC/HRS guidelines. The Johns 

Hopkins Institutional Review Board approved this study, and all participants provided 

written informed consent.  

 
LGE-MRI 

All patients underwent preprocedural LGE-MRI using a 1.5-T scanner (Avanto, 

Siemens, Erlangen, Germany) with a 6-channel phased array cardiac coil, as previously 

described.32 Briefly, contrast-enhanced 3-dimensional (3D) fast low angle shot magnetic 

resonance images were used to define LA and pulmonary vein anatomy. Images were 
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acquired ~15 minutes after 0.2 mmol/kg gadolinium injection (gadopentetate 

dimeglumine; Bayer Healthcare Pharmaceuticals, Montville, NJ) using a 3D inversion 

recovery prepared fast spoiled gradient recalled sequence that is respiratory triggered and 

navigated, electrocardiogram gated, and fat suppressed (repetition time 2.5–5.5 ms; echo 

time 1.52 ms, flip angle 10°; inplane resolution 1.3 × 1.3; slice thickness 2.0 mm; inversion 

time 240–290 ms). 

Identification and ablation of RDs detected by FIRM 

A detailed description of FIRM methodology to identify RDs is provided in 

previous publications.43 Briefly, a 3D biatrial map was constructed with an 

electroanatomical mapping system (CARTO; Biosense Webster) and merged with the pre-

existing MRI scan. AF was induced in patients presenting in sinus rhythm by atrial burst 

pacing and isoprotenerol infusion. RDs were mapped using a 64-pole basket mapping 

catheter (FIRMap; Abbot, Chicago, IL) in both the left and right atrium as described 

previously111 and projected onto the electroanatomical map. Ablation using a 4 mm, 

irrigated, force-sensing catheter with 25-40 W of radiofrequency energy was applied at all 

RD regions. After RD ablation, PVI was performed. 

 
Identification and ablation of simulated RDs with patient-derived models 

Details regarding patient-derived model construction are provided in prior 

publications.54, 87 Briefly, the biatrial wall was manually contoured, intensity-based 

thresholding was used to segment regions exhibiting LGE, and 3-dimensional finite-

element meshes were constructed.54 Electrophysiological properties in fibrotic and non-

fibrotic regions were represented using a previously described biophysically-realistic 

approach.57, 87 
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In each patient-derived model, programmed electrical stimulation was applied at 

30 sites evenly distributed across both atria to induce AF and evaluate the arrhythmogenic 

propensity of the fibrotic substrate. When inducible, each AF episode was simulated for 

2.5s. Phase singularity trajectories were tracked over time using spatiotemporal clustering 

to identify RDs, defined as spatially-confined trajectories persisting ≥2 rotations and 

≥200ms.87 This definition was consistent with criteria used to define RDs in prior 

publications.43, 47 

We simulated ablation lesions in all models showing AF sustained by RDs. In silico 

RD-only ablation was modeled by rendering non-excitable tissue along RD phase 

singularity trajectories, by applying lesions of 2 mm radius. After ablation, programmed 

electrical stimulation was reapplied to assess the inducibility of de novo RDs.  

Statistical analysis 

Continuous variables were expressed as mean±SD. Categorical variables were 

expressed as percentages. Continuous variables were compared using independent sample 

non-parametric tests (Wilcoxon Signed-Rank tests). RD were classified by location within 

one of seven anatomical segments, as previously described. All statistical tests were two-

tailed; p-values <0.05 indicated statistical significance.  

5.3 Results 
 

Patient Characteristics 

 The clinical and procedural characteristics for the 11 patients who received RD 

ablation based on FIRM are summarized in Table 1. The mean patient age was 63.2±9.7 

years, and 9 of the 11 were men. The mean uninterrupted AF duration was 5.76±4.7 years, 
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left atrial diameter was 3.8±1.0 cm, left atrial fibrosis burden was 14.7±13.0%, and 

CHA2DS2-VASc score was 2.3±1.8.  

Table 5.1.  
Clinical characteristics of patients who underwent RD ablation based on FIRM (N = 11) 
 

Characteristic Value 

Age 63.2±9.7 

Body mass index (kg/m2) 31.2±5.5 

AF duration (y) 5.7±4.7 

Left ventricular ejection fraction 50.6±9.0 

Left atrial diameter (cm) 4.8±1.0 

Left atrial fibrosis 14.7±13.0 

Right atrial fibrosis 16.1±10.9 

History of hypertension 8(72.7%) 

History of coronary artery disease 3(27.3%) 

History of stroke 1(0.9%) 

History of obstructive sleep apnea 3(27.3%) 

CHA2DS2-VASc score 2.3±1.8 

Ablation Time (min) 48.5±15.6 

Fluoroscopy time (min) 64.1±10.2 

Procedure time (min) 356.3±79.7 

Male Sex 9 (81.8%) 

Values presented as mean±SD or as n (%) 
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Patient outcomes after FIRM-guided RD ablation  

3.36 ±1.8 RDs were detected in each patient by FIRM. The distribution of RD sites 

is shown in Figure 5.1. The majority of FIRM-detected RDs were located near the left 

pulmonary veins (11 RDs [31%]) or superior half of the right atrium (11 RDs [31%]).   

 
Figure 5.1. Distribution of RDs detected by FIRM. 
 

A summary of patient outcomes after FIRM-guided RD ablation is presented in 

Figure 5.2. In 4 patients, ablation of FIRM-identified RD sites resulted in the organization 

of AF into atrial flutter and in 1 patient, ablation at RD sites led to AF termination. Of the 

4 patients that converted into atrial flutter, 2 converted into typical cavotricuspid isthmus-

dependent flutter and 2 converted into atypical, left-sided flutter. In 6 patients, ablation of 

FIRM-identified RDs did not terminate or slow AF. Only 2 of 11 patients did not have AF 

recurrence after one year of the procedure.  
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Figure 5.2. Acute rhythm (A) and rhythm one year (B) after FIRM-guided RD ablation 
procedure.  
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In Silico RDs 

As described in methods, patient-derived models were reconstructed from LGE-

MRI for every patient who received FIRM-guided RD ablation. In these models, 

programmed electrical stimulation induced between 1 to 10 distinct AF morphologies 

(median of 6 AF morphologies). 6.1 ±3.0 distinct RDs were induced in patient-derived 

models, which was statistically significantly more than the number of RDs detected by 

FIRM. The distribution of RD sites induced in patient-derived models is presented in 

Figure 5.3. The majority of in silico RDs were located in the left pulmonary vein (17 RDs 

[23%]) and superior right atrium (22 RDs [30%]) regions. In total, there were 17 RD 

locations that were observed in both computer simulations and FIRM and 23 RD regions 

induced in simulations but not observed by FIRM. Patients who had AF recurrence had a 

greater number of in silico RDs induced in the fibrotic substrate than patients without AF 

recurrence (Figure 5.4A) (7.5 ±2.1 vs 2.5 ±2.1 RDs, p = 0.06). Similarly, patients who had 

AF recurrence had a greater number of unablated regions where RDs were induced in 

simulations than patients without AF recurrence (Figure 5.4B) (1.6 ±1.1 vs 0.5±0.7 

unablated Sim+ RD regions, p = 0.24). The majority of unablated Sim+ RD regions were 

located in the posterior left atrium (PLA) and the inferior right atrium (4/15 [26.7%] RD 

regions each).  
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Figure 5.3. Distribution of RDs induced in simulations of AF in patient-derived models 
reconstructed from LGE-MRI. 
 

 

Figure 5.4. Number of in silico reentrant drivers (A) and clinically unablated in silico 
reentrant drivers (B) induced in models reconstructed from patients with and without AF 
recurrence following catheter ablation.  
 
 
Latent RDs after RD-Targeted Ablation  

To test the hypothesis that latent RDs can persist after acute termination of AF, we 

reapplied programmed electrical stimulation (PES) after AF converted to quiescence or 

atrial flutter following in silico RD ablation. Figure 5.5A shows an example in which AF 

terminated following ablation of an RD site at the right inferior pulmonary vein (RIPV). 

Reapplication of PES at the RIPV induced AF, which was sustained by an RD in the 
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posterior left atrium (PLA) (Figure5. 5B). Figure 5.6A shows an example in which AF 

converted to figure-of-eight atrial flutter, with one counterclockwise wavefront around the 

left inferior pulmonary vein (LIPV) and a clockwise wavefront around the ablation lesion, 

following RD ablation in the PLA. PES in the PLA led to the formation of a de novo RD 

in the left superior pulmonary vein (LSPV) following wavebreak at the originally ablated 

RD location (Figure 5.6B).  

 

Figure 5.5. (A) Acute termination of in silico AF following ablation at a reentrant driver 
site in the right inferior pulmonary vein. (B) AF sustained by an RD in the posterior left 
atrium following programmed electrical stimulation at the right inferior pulmonary vein. 
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Figure 5.6. (A) Conversion of in silico AF into macro-reentrant left atrial flutter following 
ablation at a RD site in the posterior left atrium. (B) AF sustained by an RD near the left 
superior pulmonary vein was induced following programmed electrical stimulation in the 
posterior left atrium.  
 

Figure 5.7A shows an example where PES from the LSPV initially induced a RD 

in the PLA. Following RD ablation, reapplication of PES at the same pacing location did 

not induce arrhythmia. However, PES from a pacing site in the left atrial roof led to the 

formation of in silico AF, sustained by an RD in the PLA (Figure 5.7B).   

Figure 5.8 shows intracardiac electrograms showing AF can be induced after acute 

termination of arrhythmia in a patient who received FIRM-guided RD ablation. Burst 

pacing in the right atrium induced AF (Figure 5.8A), which converted to typical atrial 

flutter following RD ablation (Figure 5.8B). After terminating the atrial flutter with a 

cavotricuspid isthmus ablation line, burst pacing in the left atrium induced AF (Figure 

5.8C) and RDs were detected near the LIPV (Figure 5.8D).  
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Figure 5.7. (A)  Programmed electrical stimulation from the left superior vein initially 
induced a reentrant driver in the posterior left atrium. Following ablation at that reentrant 
driver site, reapplication of programmed electrical stimulation at the same site did not 
induce arrhythmia. (B) Reapplication of programmed electrical stimulation in the left atrial 
roof induced in silico AF, sustained by an RD in the posterior left atrium. 
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Figure 5.8. (A) Burst pacing in the right atrium induced AF. (B) Ablation of an RD in the 
lateral right atrium converted AF into typical atrial flutter, which was subsequently 
terminated with a cavotricuspid isthmus ablation line. (C) Burst pacing in the left atrium 
induced AF, sustained by RDs near the left inferior pulmonary veins (D). 
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5.4 Discussion 
 

The objective of this study was to show that latent RDs can contribute to arrhythmia 

recurrence following RD-targeted catheter ablation with FIRM. To achieve this goal, we 

examined acute and long term outcomes of RD-targeted ablation based on FIRM 

recordings in 11 patients. Afterwards, we reconstructed biophysically-detailed models 

from LGE-MRI scans of these patients, induced RDs with rapid pacing in these models, 

and examined the effects of in silico RD ablation on AF propensity. If AF terminated with 

RD ablation, we examined whether AF can be reinduced through programmed electrical 

stimulation from a different pacing site.  

 The main findings of this study are the following: 

1. FIRM-guided RD ablation was ineffective in suppressing AF in patients, acutely 

terminating AF in 5/11 patients and resulting in freedom from AF after one year in 

2/11 patients. 

2. Patients with AF recurrence after one year of the ablation procedure had a greater 

number of in silico RD sites and clinically unablated in silico RD sited induced in 

their respective patient-derived models, indicating that the arrhythmogenic 

propensity in the atria may not have been abolished. 

3. RDs can be reinduced by rapid pacing despite acute AF termination or the non-

inducibility of arrhythmia from a single pacing site due to RD ablation, thereby 

suggesting latent AF can be sustained by unablated RDs. 

Our study shows that FIRM-guided RD ablation was not effective in suppressing 

AF in patients with PsAF. Our results agree with recent reports showing negative outcomes 

with FIRM-guided RD ablation.108, 112, 113 Schade et al. observed that 67% of patients had 
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early recurrences of AF or tachyarrhythmias after FIRM ablation without PVI.113 Even in 

patients who received FIRM ablation with PVI, Gianni et al. reported that 80% had AF 

recurrence within a year.112 In a multi-centered experience, Buch et al. reported that only 

30% of patients were completely free from documented AF after 18 months of followup.108 

Notably, patients in our study had increased atrialopathy, with PsAF, significant left and 

right fibrosis burden (14.7±13.0% and 16.1±10.9% respectively), and left atrial size 

(4.8±1.0 cm), which may provide an explanation for poor post-procedural outcomes.109  

Other centers have previously noted numerous technical problems with FIRM-

guided RD ablation, which may explain some of the poor post-procedural outcomes. 

Berenfeld et al. noted that the interpolation of phase maps to identify reentry is sensitive to 

inter-spline distances of electrodes, motion, and far-field electrical potentials.114 Kuklik et 

al. found that the 64-electrode basket catheter was only able to analyze electrograms from 

43% of the left atrial surface area, which would confound detection of RD-associated phase 

singularities.115 Laughner et al. found that “equatorial bunching” of catheters led to a wide 

array of intersplice differences within the basket catheter mapping apparatus, which limit 

the ability to accurately measure spiral wave activation patterns.116 Roney et al. noted that 

basket catheters are prone to inaccurate detection of phase singularities associated with 

RDs due to spatial resolution limitations.117 

In addition to these technical limitations of using basket catheters to record RDs, 

our study notes mechanistic limitations in the principles of FIRM-guided RD ablation 

strategy to suppress AF. The FIRM-guided RD ablation protocol involves the ablation of 

RD sites in an induced AF or clinically presented AF episode.43 However, we have 

previously shown that multiple AF morphologies sustained by distinct RDs can be induced 
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in the same patient by rapid pacing at different sites.87  In this study, we demonstrate that 

the termination of one AF morphology does not preclude the possibility of the emergence 

of another distinct AF morphology. This finding is consistent with observations with other 

arrhythmia morphologies like left atrial flutter118 and ventricular tachycardia,119 in which 

multiple reentrant circuits patterns are detected during entrainment mapping or pace 

mapping. Additionally, we show RD ablation that terminated AF can still be pro-

arrhythmic, leading to wavebreak and the formation of de novo RDs after rapid pacing in 

a different location. The formation of de novo arrhythmia morphologies due to ablation has 

also been observed in left atrial flutter and ventricular tachycardia. For example, Ouyang 

et al. described a transformation of LAFL in several patients, reporting that a bystander 

region in the original reentrant circuit was now the critical isthmus of the new reentry 

following ablation.120 Soejima et al. reported that different ventricular tachycardia 

morphologies are often inducible after placing initial ablation lesions at the critical isthmus 

of the reentrant circuit.119 Consequently, we recommend caution for catheter ablation of 

putative RD sites in the atrium without complete understanding of the potential post-

ablation arrhythmia dynamics because such ablation sites may be insufficient to suppress 

AF and even help facilitate additional RDs.  

Early reports with FIRM-guided RD ablation indicated that acute AF termination 

following RD ablation is predictive of long term freedom from AF.43 Acute AF termination 

as a prognostic for long term freedom from AF is a subject of debate. Using stepwise 

ablation, a few centers showed improved post-procedural outcomes when acute AF 

termination was achieved.121-123 However, in STAR AF II, AF termination was found not 

to be a consistent predictor of freedom from AF at 18 months for patients with PsAF.124 In 
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our study, we show both in simulations and in clinical electrophysiology study that AF can 

still manifest after acute AF termination, thereby indicating that acute AF termination 

should not be used as an endpoint for catheter ablation to treat PsAF.  

Patients with AF recurrence had a greater number of clinically unablated in silico 

RD sites. Unablated RD sites may sustain AF if provoked by ectopic beats, which have 

been shown to be numerous and exist outside the pulmonary veins in patients with PsAF.47, 

125 In cases of failed ablation, previous reports have shown that AF is sustained by 

persistent RDs at different locations.86 This indicates that ablation did not modify the 

arrhythmogenic substrate enough to eliminate the substrate’s capacity to sustain RDs and 

thus achieve freedom from AF. Thus, we recommend that to fully achieve freedom from 

AF, clinicians should apply ablation lesions to prevent the persistence of every possible 

RD (which are safe and feasible to target) that can manifest from every distinct AF 

morphology in the fibrotic substrate. 

Study Limitations 

 One limitation of this study is the threshold identification in LGE-MRI to represent 

fibrotic tissue, which is controversial and dependent on scan quality.11 Modifying the signal 

intensity threshold to segment fibrotic tissue could change the number and location of RDs 

induced in patient-derived models, as discussed in our previous study.126 In this study, 

voxels with an image intensity ratio above 1.22 in LGE-MRI corresponded to fibrotic 

tissue, which was selected based on results from our previous study32 to overcome the 

limitation that LGE-MRI voxel intensities vary between patient scans because of 

differences in surface coil proximity, contrast dose, and body mass index.127  
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 Functional changes in electrophysiology might contribute to AF in patients, which 

our models do not capture. Characteristics such as inflammation, 78 focal impulses,84 and 

heart failure22 have been shown to increase AF propensity and affect arrhythmia dynamics. 

Our study, by design, focused on the impact of the fibrotic substrate on RDs in AF. 

5.6 Conclusions 

We conclude that latent RDs may contribute to AF recurrence in patients who 

received catheter ablation to treat PsAF. Additionally, latent RDs may manifest despite 

acute procedural success in terminating AF.  
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Chapter 6 
 

Feasibility of using patient-derived models to predict optimal 

ablation targets for persistent atrial fibrillation 

6.1 Introduction 
 

With a worldwide prevalence of 1-2% and affecting over 4 million people in the 

United States alone, atrial fibrillation (AF) is the most common cardiac arrhythmia and a 

major contributor to mortality and morbidity.3 The recommended treatment for drug-

resistant AF is pulmonary vein isolation (PVI) via catheter ablation to eliminate pro-

arrhythmic ectopic triggers.8 However, long term procedural outcomes of this procedure 

are poor for patients with persistent AF (PsAF), defined as AF episodes lasting at least 7 

days).8  

 We have recently developed computer modeling methodology for simulating AF 

in patient-derived models reconstructed from late gadolinium enhancement magnetic 

resonance imaging (LGE-MRI).126 We have previously used these models to identify the 

locations of reentrant drivers (RDs) that perpetuate AF in the fibrotic substrate and analyze 

the effects of ablating these regions.87 

 In this proof-of-concept prospective study, we present our novel personalized 

modeling strategy for determining the optimal targets for catheter ablation in patients 

with PsAF, termed OPTIMA-AF. Nine patients with drug-resistant PsAF underwent 

LGE-MRI prior to the catheter ablation procedure. For each patient, we reconstructed 3-

dimensional atrial models, applied programmed electrical stimulation to induce the 

various AF morphologies and RDs that sustain in the fibrotic substrate, and identify 
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ablation lesions that render the atria non-inducible for AF. The recommended ablation 

targets were then transferred into the clinical setting, and subsequently ablated with 

radiofrequency energy in addition to standard of care PVI. Our results show that custom-

tailored, simulation-guided ablation for PsAF is safe, feasible, and shows promising 

outcomes.  

6.2 Methods 
 
Patient Recruitment 

 All patients provided written informed consent. Patients were excluded from the 

study if they had internal cardiac devices, acute or chronic renal insufficiency defined as a 

glomerular filtration rate less than 30 ml/min/1.73 m3, contraindicated to MRI acquisition, 

or had a history of allergic reactions to gadolinium-based contrast agents. 

LGE-MRI Acquisition 

 Images were obtained using a 1.5 Tesla MRI scanner (Avanto, Siemens, Erlangen, 

Germany) and a 6-channel phased array body coil in combination with a 6-channel spine 

matrix coil. Contrast enhanced three-dimensional fast low angle shot MR angiography 

sequences, obtained immediately following intravenous administration of 0.1 mmol/kg of 

contrast, were used to define LA and pulmonary vein (PV) anatomy (echo time 0.8ms, 

repetition time 2.2ms, in-plane resolution 1.4 × 1.4mm, slice thickness 1.4mm). To 

optimize image quality, patients with persistent AF were kept on anti-arrhythmic 

medications and/or referred for cardioversion prior to MRI. LGE-MRI scans were acquired 

within a range of 15-25 (mean 18.8±2.4) minutes following 0.2mmol/kg gadolinium 

injection (gadopentetate dimeglumine; Bayer Healthcare Pharmaceuticals, Montville, NJ) 

using a fat-saturated 3D IR-prepared fast spoiled gradient recalled echo sequence with 



95 
 

respiratory navigation and ECG-gating, echo time of 1.52ms, repetition time of 3.8ms, in-

plane resolution of 1.3 × 1.3, slice thickness of 2.0 mm, and flip angle of 10 degrees. 

Trigger time for 3D LGE-MRI images was optimized to acquire imaging data during 

diastole of LA as dictated by inspection of the cine images. The optimal inversion time 

(TI) was identified with a TI scout scan (median 270ms, range 240-290ms) to maximize 

nulling of LA myocardium.  

Identification and Ablation of Simulated RDs  

Details regarding patient-derived model construction are provided in prior 

publications.54, 87 Briefly, the atria was manually contoured, intensity-based thresholding 

was used to segment fibrotic regions, and 3-dimensional finite-element meshes were 

constructed.54 Electrophysiological properties in fibrotic and non-fibrotic regions were 

represented using a previously described biophysically-realistic approach.57, 87 

In each patient-derived model, programmed electrical stimulation was applied at 

40 sites evenly distributed across both atria to induce AF. We simulated ablation lesions in 

all models showing AF sustained by RDs. In silico RD-only ablation was modeled by 

rendering non-excitable tissue along RD meander, by applying lesions of 2 mm radius. 

After ablation, programmed electrical stimulation was reapplied to assess the inducibility 

of de novo RDs.  

Import of Ablation Targets into Clinical Mapping System 

We imported simulation-derived ablation targets into the electro-anatomical 

mapping system (CARTO, Biosense Webster) through the following procedure: First, the 

patient’s left atrium was segmented from the magnetic resonance angiography (MRA) scan 

to construct a 3D surface mesh. Unlike LGE-MRI, the MRA mesh provides full 
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visualization of clinically relevant features such as the pulmonary veins, left atrial 

appendage, and left lateral ridge. Second, in-silico ablation targets in the left atrium were 

co-registered with the MRA surface mesh. Third, since MRA scans do not provide accurate 

visualization of the right atrium, we used the LGE-MRI mesh with mapped ablation targets 

to extract an right atrial surface mesh, which was registered to the same coordinate system 

as the left atrial MRA scan. Finally, the ablation-annotated left and right atrial meshes were 

loaded onto the CARTO navigation system and merged with the electro-anatomical map 

acquired with a mapping catheter. If preferred, a technician manually annotated the 

locations of the in-silico targets onto the coregistered MRA mesh. 

Clinical Ablation Procedure 

Catheters were advanced with fluoroscopic guidance to the His bundle and 

coronary sinus in the right atrium under routing hemodynamic and electrocardiographic 

monitoring. An intra-cardiac echocardiography (ICE) catheter was also inserted and 

assisted in trans-septal puncture to guide navigation in the left atria under fluoroscopic 

visualization. Intra-venous heparin was administered to achieve an activated clotting time 

greater than 350 seconds throughout the procedure. A 3.5-mm irrigated tip with 2-mm 

inter-electrode spacing ablation catheter (Thermocool Smarttouch, Biosense Webster, 

Diamond Bar, CA) and a decapolar circular mapping catheter, with 25-15 loop diameter, 

8mm inter-electrode spacing (LASSO 2515 Variable Loop Eco Nav, Biosense Webster, 

Diamond Bar, CA) were advanced under fluoroscopic guidance to the left atrium. 

Pulmonary venous angiograms were then obtained for each of the 4 pulmonary veins. 

Using circular Lasso catheter, pulmonary vein electrograms were measured at baseline. In 

patients undergoing repeat AF ablation, electrical reconnections from the pulmonary vein 
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were noted. An endocardial voltage map of the LA was created with the Smarttouch 

catheter and registered to the previously segmented LA-MRA shell using standard 

landmark- followed by surface-registration techniques. High-output pacing was performed 

along the anterior aspect of the right pulmonary veins, to confirmed absence of phrenic 

nerve capture. The esophagus was marked with a radio-opaque temperature probe for 

monitoring during ablation. Atrial fibrillation was induced with atrial burst pacing, and 

stabilized for 10 minutes prior to ablation. 

All simulation-predicted targets were ablated, even if acute AF termination was 

achieved during the procedure, since the specific purpose of ablating these target locations 

is to eliminate the propensity of the fibrotic substrate to initiate and perpetuate RDs. 

Radiofrequency ablation was performed with the Smarttouch irrigated catheter at the 

annotated targets using a power of 25W on the posterior wall and 30W elsewhere. RF 

energy was applied for 15-30s at each target. Targets located near the sino-atrial or atrio-

ventricular nodes, appendages, esophagus, or phrenic nerves were not ablated for safety 

purposes. The corresponding lesions were created either before or after pulmonary vein 

isolation depending on physician preference. Circumferential lesions were applied in all 

patients surrounding the PVs. In cases where AF converted to an atrial tachycardia (AT) 

during the case, mapping and ablation was sought. If AF/AT persisted at the end of the 

procedure, patients underwent synchronized cardioversion at 200J. To prevent short-term 

recurrences of AF, pre-procedural antiarrhythmic medications were continued for at least 

3 months. No immediate postoperative complications were reported. 

Follow-up 
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After the procedure, patients were followed-up in clinic at 3, 6 and 12 months. If 

patients reported any AF-related symptoms, surface ECG/Holter/Event monitor were 

performed. In two patients, weekly rhythm monitoring was performed with a trans-

telephonic device even in the absence of symptoms. 

6.3 Results 

Nine patients with drug-resistant, symptomatic PsAF at Johns Hopkins Hospital 

were included in this prospective study to receive simulation-guided ablation treatment. 

Table 6.1 summarizes the clinical characteristics of the patients in this study. The mean 

patient age was 67±8 years, BMI was 29±3 kg/m3, LA fibrosis burden was 24.9±13.5%, 

and RA fibrosis burden was 19.9±15.2%.   Eight patients (89%) were men, 4(44%) had 

hypertension, 2(22%) had congestive heart failure, and the median CHA2DS2-VASc score 

was 2. Six patients had prior pulmonary vein isolation procedures, but experienced AF 

recurrence within a year of the operation.  

Figure 6.1 shows a schematic of simulation-guided ablation strategy annotated on 

a CARTO-compatible mesh. In this patient, RD sites induced in simulations are annotated 

in purple and were in the posterior left atrium, base of the left atrial appendage, and right 

atrial appendage. The goal of this ablation strategy was to eliminate all potential latent RD 

sites that may perpetuate PsAF and connect these sites to the nearest non-conductive 

anatomical obstacle to maximize procedural success.  
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Figure 6.1. Schematic of simulation-guided ablation strategy. RD sites are annotated in 
purple and segmental pulmonary vein isolation lesions are marked in yellow. RD sites are 
connected with additional lesions to the nearest non-conductive anatomical obstacle, which 
is indicated in blue. 
 

Figure 6.2. Intracardiac electro-anatomical map of LA [posterior view (left), anterior view 
(right)] showing putative in silico RD sites (yellow) at fibrosis boundary zones represented 
by low-voltage areas (red, defined as <0.25mV). 
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Table 6.2 summarizes the locations of RDs induced in the patient-derived models 

reconstructed from LGE-MRI. In total, 37 in silico RD sites were observed (2.7±2.5 RDs 

in the LA and 1.3±1.0 RDs in the RA). The most common RD sites in the LA were in the 

posterior LA (5/9 patients) and the base of the LA appendage (4/9 patients). The most 

common RD site in the RA was in the posterior wall (4/9 patients). In one patient, no RDs 

were induced. This patient had less than 1% fibrosis in the LA and 5% fibrosis in the RA. 

 We have previously demonstrated that RDs persist in fibrosis boundary zones, 

characterized by regions of high fibrosis density and entropy. We corroborated this finding 

with intracardiac electro-anatomical mapping. Figure 6.2 shows the bipolar voltage map of 

the LA with superimposed predicted in silico RD targets marked in yellow. In this patient, 

the RDs were located at the boundary of low voltage areas (defined by a bipolar voltage < 

0.25 mV), as delineated in red in the figure.  

Table 6.1 Clinical characteristics of patients who underwent a simulation-guided ablation 
strategy (N = 9) 

ID Age Sex BMI CHF HTN DM TIA/ 
STROKE CAD PVD CHADSVASC OSA 

Number of 
Prior 

Failed 
Ablations 

1 69 M 31 No Yes No No No No 2 Yes 1 
2 60 M 26 No No No No No No 0 No 0 
3 73 M 27 Yes Yes No Yes Yes No 5 No 3 
4 72 F 34 No No No No No No 2 No 0 
5 68 M 25 Yes No No No No No 2 Yes 1 
6 67 M 29 No No No No Yes No 2 No 0 
7 49 M 35 No Yes No No No No 1 Yes 1 
8 71 M 27 No No No No No No 1 No 1 
9 72 M 29 No Yes No No No No 2 No 2              
 67±8 8(89%) 29±3 2(22%) 4(44%) 0(0%) 1(11%) 2(22%) 0(0%) 2[1;2] 3(33%) 1[0;1] 

 

Summary measures are displayed as mean±SD, median[IQR], and n(%). BMI = body mass 
index; CHF = congestive heart failure; HTN = hypertension; DM = diabetes mellitus; TIA= 
transient ischemic attack; CAD = coronary artery disease; PVD = peripheral vascular 
disease; OSA = obstructive sleep apnea. 
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Table 6.2 
Summary of OPTIMA-derived RD Target Sites 

 
Summary measures are displayed as mean±SD and median[IQR]. LA/RA = left/right atrium; 
LAA/RAA = left/right atrial appendage; LPVs = left pulmonary veins; LIPV = left inferior pulmonary 
vein; RSPV = right superior pulmonary vein; IVC= inferior venae cava. 
 

Every patient successfully received the simulation-guided ablation procedure as an 

adjunct to pulmonary vein isolation. The patient in whom no RDs were induced in 

simulations only received pulmonary vein isolation. In the 8 remaining patients, all in silico 

RDs induced in the fibrotic substrate were ablated and connected with an ablation line to 

the nearest non-conductive anatomical obstacle. Six in silico RD targets were not ablated, 

either because they were located too close to the left or atrial appendage, His Bundle or 

sinus node, or physician preference. In silico RD sites were targeted after pulmonary vein 

isolation in two patients. Three patients presented in sinus rhythm and could not be paced 

into AF with burst pacing. Two patients converted from AF into sinus rhythm and one 

patient converted from AF to left atrial flutter during simulation-guided ablation. Four 

ID LA Fibrosis RA Fibrosis LA Ablation Targets LA Targets  RA Ablation Targets RA Targets  

1 35.8 38.65 2 RDs on posterior 
LA, 1 RD by LAA 3 1 RD by IVC on 

infero-posterior RA 1 

2 26.7 5.8 None 0 1 RD by RAA 1 

3 46.9 34.4 

3 RDs in LA 
posterior wall, 1 RD 
by LAA, 2 RDs by 

RPV 

6 
1 RD by posterior 

RA, 1 RD by anterior 
RA 

2 

4 0.7 5.5 None 0 None 0 

5 32.9 34.9 

1 RD in PLA, 3 RDs 
by LPVs, 1 RD on 

anterior LA, 1 RD by 
RPVs, 1 RD by LAA 

7 2 RDs by RAA 2 

6 19.7 15.6 1 RD by LIPV, 1 RD 
by RSPV 2 1 RD by RAA, 1 RD 

on Lateral RA 2 

7 25.4 7.2 1 RD by LAA 1 
1 RD at anterior RA, 
2 RDs on posterior 

RA 
3 

8 24.8 33.9 3 RDs on posterior 
LA, 1 RD at LAA 4 1 RD on anterior RA 1 

9 12.0 3.0 2 in posterior LA 2 None 0 

       

 24.9±13.5 19.9±15.2  2[1;4]  1[1;2] 
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patients were cardioverted into sinus rhythm at the end of the procedure. The overall mean 

case duration was 246±70min, mean fluoroscopy time was 52±15min, and mean ablation 

time was 40±17min. 

Figure 6.3 shows an example of a patient who converted from AF to atrial flutter 

to sinus rhythm due to simulation-guided ablation. The patient’s arrhythmia organized into 

a left atrial flutter with a basic cycle length of 320 ms (Figure 6.3A) after ablation was 

applied at an RD target in the posterior LA (Figure 6.3B). After ablation was applied to an 

RD target at the base of the left atrial appendage (Figure 6.3D) and connected to the mitral 

valve, the patient’s arrhythmia terminated (Figure 6.3C). 

 

Figure 6.3. (A) In silico RD target in the posterior LA. (B) Organization of arrhythmia into 
left atrial flutter with a basic cycle length of 320 ms after ablation at RD site in posterior 
LA. (C) In silico RD target at the base of the LA appendage. (D) Termination of arrhythmia 
after ablation of this site. 
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Figure 6.4 shows an example of a patient who converted from AF to atrial flutter. 

In this patient, a Lasso catheter was placed at putative in silico RD targets near the left 

inferior and superior pulmonary vein (Figure 6.4A), which identified organized local 

reentrant activity and disorganized atrial electrical activation measured from catheters in 

the coronary sinus (Figure 6.4B).  In this patient, AF organized to atrial flutter after ablation 

in the anterior LA (Figure 6.4C). Due to the long procedure time, the physician 

cardioverted the patient’s rhythm into sinus rhythm.  

 

Figure 6.4. Putative in silico RD site near the left inferior pulmonary vein (A), where a 
Lasso catheter exhibited local reentrant activity and disorganized activity in the coronary 
sinus (B). Conversion of AF to left atrial flutter (C) after ablation of an RD site in the 
anterior LA. 
 

Figure 6.5 shows an example of a patient whose AF terminated directly into sinus 

rhythm after simulation-guided ablation. Ablation lesions placed along the posterior LA, 
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from the left inferior pulmonary vein to the right inferior pulmonary vein (Figure 6.5A), 

terminated the arrhythmia (Figure 6.5B). AF was non-inducible even after applying burst 

pacing at a basic cycle length of 100 ms (Figure 6.5C).  

 

Figure 6.5. (A) Simulation-guided ablation plan to terminate RD sites in the posterior left 
atrium near the left and right inferior pulmonary vein. (B) Termination of AF into sinus 
rhythm after ablation. (C) AF was not inducible after burst pacing at a basic cycle length 
of 100 ms.  
 

In total, four patients are within the blanking period (within three months of the 

procedure) but had no AF recurrence during this time. Three patients who received 

simulation-guided ablation are free from AF. One patient experienced AF recurrence 

approximately three months after the initial procedure. However, the frequency of this 

patient’s AF episodes decreased from daily to monthly episodes. On a quality of life survey 

(Figure 6.6), this patient experiences an increased satisfaction in daily activities with a 
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decreased severity of AF symptoms rated from 9/10 severity to 4/10. Another patient 

experienced left atrial flutter three months after the initial procedure. Upon additional 

electrophysiological study, the origin of the flutter was located at the base of the left atrial 

appendage and the left superior pulmonary vein (Figure 6.7A). Interestingly, this site was 

noted to be near a putative in silico RD site (Figure 6.7B), but was initially not targeted 

with catheter ablation at the preference of the physician. The patient’s atrial flutter 

terminated after applying an ablation line from the mitral valve to the base of the left atrial 

appendage/left superior pulmonary vein junction (Figure 6.7C).  

 

Figure 6.6. Quality of life survey before (A) and six months after (B) the simulation-guided 
ablation procedure.  
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Figure 6.7. (A) Location of where the left atrial flutter was entrained. (B) Location of 
unablated in silico RD site. (C) Linear ablation lesions connected the left atrial flutter site 
to the mitral valve, which rendered arrhythmia non-inducible in this patient.  
 

6.4 Discussion 
 

The purpose of this prospective study is to present our novel personalized multi-

scale computational modeling based strategy for determining catheter ablation targets in 

patients with PsAF and the translation of our pipeline to a clinical setting. Our main 

findings are the following: 

1. Noninvasive, pre-procedural treatment planning of PsAF catheter ablation 

based on patient-derived computer models is safe and feasible in a clinically 

appropriate timeline.  

2. OPTIMA-AF-based modeling can help understand arrhythmogenic 

mechanisms in the fibrotic substrate in each individual patient and identify 

ablation targets that eliminate RDs.  

3. A simulation-guided strategy may improve long term procedural outcomes 

of catheter ablation in PsAF patients, currently resulting in AF freedom in 

3 patients, atrial flutter in 1 patient, and AF recurrence with less frequent 

arrhythmia episodes in 1 patient (4 patients are in the blanking period).  
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We report the first in-human application of catheter ablation to treat patients with 

PsAF based on insights from computational modeling of patient-derived models 

reconstructed from LGE-MRI. This work represents a fundamental leap forward in 

computational modeling, traditionally a basic-science discipline, within the milieu of 

contemporary patient care. This work also represents a potentially dramatic shift in the 

paradigm of the clinical PsAF ablation procedure to a personalized approach, integrates 

multiple disciplines such as imaging, mathematics, and cardiac electrophysiology, and is 

the first approach to merge modeling in clinical electroanatomical navigation systems.  

Computational modeling has been widely used in engineering disciplines, such as 

to build skyscrapers, automobiles, and airplanes.128-131 Computational software such as 

COMSOL and CAD is routinely used to assess the strength, stability, and durability of 

manufactured products.132, 133 These innovations have succeeded in part due to the 

adherence of fundamental physics and engineering principles to maximize efficiency and 

minimize risk. Relative to these fields, the application of computational modeling in 

medical disciplines has lagged.134 This is partly due to the complexity of biological 

systems, in which there is inherent noise, nonlinearity, and stochasticity.134 Electrical 

propagation in the heart, stemming from movement of ions in and out of cells to the flow 

of current from tissue to tissue, can be understood from basic electrostatic principles.135 

This understanding of cardiac bioelectricity culminated from decades of basic science 

research,136 including seminal discoveries from Dr. Leslie Tung and Dr. Natalia Trayanova, 

who I have had the honor to learn from during my graduate work at Johns Hopkins.  

The ultimate vision for understanding the mechanisms of cardiac bioelectricity is 

the direct translation to improve the clinical treatment of complex cardiac arrhythmias.137 
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In the last couple decades, Dr. Trayanova’s group developed the programming, imaging, 

and mathematical tools to simulate electrical activity in the heart using an integrative 

biophysically-detailed, realistic-geometry model.52, 63, 138-140  Currently, Dr. Trayanova’s 

lab has already made great strides to improve treatment of ventricular tachycardia. By using 

multi-scale computer models that integrate magnetic resonance imaging of scar and gray 

zone, membrane kinetics at the cellular level, and electrical propagation at the tissue 

scale,139, 140 Dr. Trayanova’s group can noninvasively assess arrhythmia dynamics in each 

patient’s ventricle. This approach has been successfully applied to improve risk 

stratification of ventricular tachycardia, identify optimal ablation targets in pigs and dogs 

with myocardial infarction, and improve pre-procedural catheter ablation treatment 

planning in patients.94, 95 

Our study represents a fundamental advance in the application of computational 

models to understand mechanisms underlying PsAF and predict optimal ablation targets to 

eliminate this arrhythmia.141 PsAF has been particularly difficult to treat because imaging 

the thin atrial wall is difficult, electrical potentials are small and noisy, and the mechanisms 

sustaining this arrhythmia are incompletely understood.142 Over the course of this study, 

we made technological improvements in imaging processing, computation, modeling, and 

data analysis to address these challenges.87  

The overall goal of our simulation-guided ablation strategy to treat patients with 

PsAF was to eliminate all potential RD-perpetuating sites and connect these lesions with 

additional ablation lines to the nearest non-conductive anatomical obstacle. Current RD-

guided ablation strategies only targets RDs that currently manifest in a patient’s AF episode 

or induced AF episode, but do not target all possible RDs that can potentially sustain in the 
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fibrotic substrate.43, 47 Previous studies have reported that in the cases of AF recurrence, 

arrhythmia is sustained by RDs that perpetuate in different areas.86 We have previously 

reported that different AF morphologies and RDs can manifest in a patient depending on 

the pacing protocol and location.87 Thus, a potential reason for high AF recurrence is that 

latent RDs sustain arrhythmia after the procedure. This simulation-guided ablation strategy 

is more comprehensive than current RD ablation strategies by attempting to eliminate all 

RDs that can be sustained by the fibrotic substrate. 

Previous studies have also suggested to amend RD-guided ablation strategies to 

include connection of RD site lesions to the nearest non-conductive anatomical obstacle.99 

The goal of this strategy is to prevent reentrant waves from circumnavigating the ablation 

lesion to either lead to RD formation in a new area of the heart or atrial flutter around the 

obstacle.143 This strategy has been successfully applied in both clinical studies and 

computer simulations to terminate complex atrial arrhythmias, including atrial fibrillation 

and left atrial flutter.107, 144  

In this study, we show that ablation of the arrhythmogenic substrate in each patient 

with PsAF can be guided by personalized multi-scale atrial models reconstructed from 

clinical cardiac LGE-MRI scans. The ability to determine optimal ablation targets in-silico 

prior to the procedure will enable electrophysiologists to predict whether a patient will 

benefit from having only PVI or whether additional substrate ablation is needed. This 

approach will potentially spare the former patients from increased radiation exposure,8 

potentially arrhythmogenic lesions,103 and worsened atrial function.104   OPTIMA 

constitute a novel and non-invasive diagnostic tool for substrate mapping. It may indeed 

help avoid lengthy intra-cardiac electrical mapping of the atria currently used to probe for 
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potential ablation targets. Based on our preliminary experience, all the steps detailed in the 

methods section for a single patient were completed within 2.5–5 days. Patient LGE-MRI 

scans were scheduled 7–10 days prior to ablation procedures. As such, the proposed 

approach is fully compatible with clinically relevant timelines for PsAF ablation 

procedures.8 

This study is still in its early stages of follow-up, but we are optimistic about the 

potential outcomes. Most patients in our cohort had long-standing persistent atrial 

fibrillation and had previously failed catheter ablation procedures. Up to the latest follow-

up, only two patients had arrhythmia recurrence as atrial flutter and paroxysmal atrial 

fibrillation, and 4 patients were still in the blanking period. Though additional follow-up 

and greater sample size are needed to validate these results; should our approach prove 

beneficial to the patients, this work will pave the way for a major paradigm shift in AF 

management in patients with fibrotic remodeling by achieving substantial improvements 

in ablation efficacy and safety. It will also result in a major leap forward in the integration 

of computational modeling in the diagnosis and treatment of cardiac disease, by adopting 

a ‘patient-tailored’ approach to arrhythmia management.  

6.5 Conclusions 

OPTIMA-based modeling of potential re-entrant drivers anchoring sites is safe and 

feasible within the clinical timeline. Our approach provides diagnostic value in 

understanding arrhythmogenic mechanisms in the fibrotic substrate of individual PsAF 

patients and demonstrates promising procedural outcomes in a clinical setting. 
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Chapter 7 
 

Future Directions 
 

 In this dissertation, we demonstrated the presence of reentrant drivers that sustain 

atrial fibrillation with computational modeling, multi-electrode basket catheter electrode 

recordings, and inverse electrocardiography. We further demonstrated that reentrant 

drivers localize to specific regions with specific fibrosis spatial pattern characteristics. 

Unfortunately, we also learned that eliminating these reentrant drivers and preventing their 

recurrence after ablation remains an elusive challenge.  

Computational modeling has the potential to address this challenge by uncovering 

all the potential reentrant drivers that sustain in the fibrotic substrate and mechanistically 

examining the effects of catheter ablation without harming patients.  

 A few challenges still needed to be addressed before the full-scale adoption of 

custom-tailored planning of AF ablation procedures based on computational modeling, 

which we are currently addressing now at Johns Hopkins University: 

1. Increased reliability, scalability, and reproducibility of magnetic resonance imaging 

to capture fibrotic tissue, 

2. Improved computational modeling representation of the electrophysiological 

heterogeneity due to fibrotic remodeling, and 

3. Better understanding of ablation strategies that can more efficiently terminate and 

prevent the formation of reentrant drivers that sustain arrhythmia. 
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