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Abstract

Atrial fibrillation (AF) — the most common arrhythmia — significantly increases the risk of 

stroke and heart failure. Although catheter ablation can restore normal heart rhythms, patients with 

persistent AF who develop atrial fibrosis often undergo multiple failed ablations and thus 

increased procedural risks. Here, we present personalized computational modelling for the reliable 

predetermination of ablation targets, which are then used to guide the ablation procedure in 

patients with persistent AF and atrial fibrosis. We first show that a computational model of the 

atria of patients identifies fibrotic tissue that if ablated will not sustain AF. We then integrated the 

target-ablation sites in a clinical-mapping system, and tested its feasibility in 10 patients with 

persistent AF. The computational prediction of ablation targets avoids lengthy electrical mapping 
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and could improve the accuracy and efficacy of targeted AF ablation in patients whilst eliminating 

the need for repeat procedures.

With a prevalence of 1–2% worldwide, atrial fibrillation (AF), an abnormal uncoordinated 

rhythm in the upper chambers of the heart, is the most common cardiac rhythm disorder and 

a major contributor to mortality and morbidity1. Its burden on the health care system is 

expected to follow a projected increase in AF prevalence over the coming decades2. Patients 

afflicted by AF have a higher mortality rate due to dramatically increased risk of stroke1. AF 

is also associated with diminished quality of life3, increased rates of cognitive impairment4, 

and high treatment costs5. Aiming to achieve a permanent cure from AF, catheter-based 

radio-frequency ablation uses a catheter inserted into the heart to deliver energy and destroy 

the ability of cardiac tissue to conduct electrical signals, thus terminating the arrhythmia. 

The standard-of-care ablation treatment for AF is pulmonary vein isolation (PVI), which 

encircles the pulmonary veins with lesions, preventing abnormal electric signals generated in 

the veins from invading the atria6.

However, in patients with the persistent form of AF (PsAF) who typically develop fibrotic 

remodelling in the atria7-10, the mechanisms giving rise to AF shift from electrical 

abnormality in the pulmonary veins to re-circulating electrical waves perpetuated by the 

fibrotic substrate11. In these PsAF patients, all attempts to target the arrhythmogenic sources 

in the fibrotic substrate, such as execution of linear ablation lesions across the left atrial roof 

and mitral valve isthmus and ablations of complex fractionated atrial electrograms, have 

failed to deliver reasonable outcomes12, as these approaches do not incorporate strategies for 

finding the appropriate ablation targets in the atrial substrate on the basis of AF mechanisms. 

Furthermore, these are all “one-size-fits-all” ablation approaches to treat a disease 

characterized by high inter-individual variability in fibrosis distribution and, consequently, in 

the sources that sustain AF11. As a result, PsAF patients undergo multiple failed ablations 

with increasing procedural risks. For these patients there is currently no reliable AF ablation 

option. Developing and implementing in clinical practice new approaches for ablation of 

PsAF patients with atrial fibrosis, where the patient-specific AF ablation targets in the 

fibrotic substrate are determined accurately and reliably, will result in an effective anti-

arrhythmia treatment and will spare these patients from increasingly complex repeat 

procedures, reducing morbidity.

Here, we present the proof-of-concept of a technology for targeted ablation of PsAF patients 

with atrial fibrosis, where reliable and optimal ablation targets are determined non-invasively 

by personalized computational modelling pre-procedure and utilized to steer patient 

treatment. We term this approach OPTIMA: OPtimal Target Identification via Modelling of 

Arrhythmogenesis. The personalized computational models of the atria are reconstructed 

from each individual patient’s late gadolinium enhancement magnetic resonance imaging 

(LGE-MRI) scans. The prediction of the ablation targets in the fibrotic substrate is thus 

custom-tailored to each patient. Furthermore, as the targets are calculated offline prior to the 

clinical procedure, the approach avoids lengthy invasive mapping of the patient’s atrial 

electrical activity. Importantly, the methodology involves a fundamentally new concept: it is 

designed to completely eliminate the ability of the patient’s fibrotic substrate to sustain AF. 
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This ablation concept is radically different from any existing AF ablation strategies, as we 

aim to eliminate not only the clinically-manifested AF, but also latent atrial arrhythmias that 

could arise from the fibrotic substrate, including those that might emerge following initial 

ablation. The prospect of uncovering all the potential sources of AF in the patient-specific 

fibrotic substrate, and not only those that sustain the clinical AF episode, is unique to our 

personalized modelling prediction of ablation targets. OPTIMA is thus designed not only to 

make ablation efficacious in PsAF patients, but also to potentially eliminate the need for 

repeat ablations.

The feasibility of the OPTIMA approach to guide ablation in PsAF patients is demonstrated 

in a prospective clinical study (n=10). The success of this feasibility study could open the 

door to means of delivering treatment to PsAF patients and thus chart a pathway for the 

personalized management of atrial arrhythmia.

The OPTIMA Methodology

A flow-chart of the processes that comprise OPTIMA is illustrated in Fig. 1. The top row of 

Fig. 1 presents an overview of the approach. For each PsAF patient, a personalized 3D atrial 

geometrical model is reconstructed from the segmented LGE-MRI prior to the ablation 

procedure, with representations of both fibrotic and non-fibrotic tissue. Region-specific cell 

and tissue electrical properties are then assigned to the geometric model. Next, personalized 

simulations are conducted to determine all the atrial arrhythmias that could arise from the 

fibrotic substrate; this is done by analysing model responses following rapid pacing from 40 

uniformly distributed bi-atrial sites. Based on the model responses, an optimal (minimum-

size) set of ablation lesions is determined that fully eliminates the arrhythmogenic 

propensity of the atrial substrate – these are the OPTIMA ablation targets.

The bottom row of Fig. 1 illustrates the steps undertaken in finding the OPTIMA ablation 

targets. Analysing the pacing-induced arrhythmias, persistent reentrant drivers (RDs) 

sustaining AF as well as macro-reentrant atrial tachycardias or flutters (AT/Afl) are 

determined. The initial set of ablation lesions constitutes the locations of these RDs and, if 

necessary, ablation lines transecting any macro-reentrant pathways. This set of virtual 

lesions is then implemented in the model and multisite pacing is repeated to determine 

whether the lesions render the fibrotic substrate fully non-inducible for atrial arrhythmias. 

Should new arrhythmias emerge post-virtual ablation (RDs or AT/Afl), the additional targets 

are determined, and the entire protocol is repeated until complete elimination of the fibrotic 

substrate’s ability to sustain arrhythmias is achieved; that latter represents the hallmark of 

our approach. In cases where the targets are close to a nearby non-conductive anatomical 

barrier, they are connected to that barrier via a shortest-distance linear lesion to prevent the 

formation of AT/Afl13. This completes the generation of the personalized OPTIMA ablation 

target set.

Movie S1 presents a dynamic illustration of all OPTIMA steps. Full description of the 

OPTIMA methodology, including detail about the simulation procedure, arrhythmia 

induction and analysis, and ablation targets, is provided in Methods.
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Proof-of-concept clinical feasibility study

The proof-of-concept prospective clinical study to demonstrate feasibility of our technology 

to guide patient treatment was conducted in 10 PsAF patients with atrial fibrotic 

remodelling. Patients were referred for OPTIMA-guided catheter ablation and underwent 

pre-ablation LGE-MRI. Patient recruitment and characteristics are described in Table S1. A 

majority of our PsAF patients (60%) had previously failed catheter ablation procedures (up 

to three prior ablations) and most of them had co-morbidities (e.g., CHA2DS2-VASc score 

of 2[1;2] (median [inter-quartile range]), mean age of 66±7 years, mean body mass index 

[BMI] of 30±5kg/m2).

On the day of the clinical procedure, the custom-tailored OPTIMA targets were loaded into 

the electroanatomic navigation system in a step-wise process (Fig. 2). This involved 

segmenting the patient’s left atrial (LA) geometry from the magnetic resonance angiography 

(MRA) scan to construct a 3D surface mesh. Unlike LGE-MRI, the MRA surface shell 

provides visualization of the PVs, LA appendage, and left lateral ridge needed for navigation 

during the procedure. Next, OPTIMA ablation targets in the LA were co-registered with the 

MRA surface shell. The RA surface shell was also co-registered, using affine 

transformation, with the LA-MRA reference shell. Finally, the LA and RA surface shells 

with the OPTIMA targets were loaded into the electroanatomical navigation system and 

displayed in real-time, ready for steer the ablation procedure. Full description of the same-

day pre-procedure steps outlined above is provided in Methods. During the procedure, the 

ablation catheter was steered directly towards the OPTIMA targets without prior mapping. 

Targets were ablated sequentially.

Determining the OPTIMA targets pre-procedure is illustrated in Fig. 3 for three patients 

from the 10-patient cohort. Presented are activation sequences during AF and those 

emerging following the first virtual ablation, as well as the final custom-tailored OPTIMA 

ablation treatment plans (see also Movies S2-S4). Results for another three patients are 

presented in Fig. S1. Overall, the first execution of the multisite pacing protocol resulted in 

4.5[2.3;6] RDs per model. In one patient (#4), the analysis found no RDs or Afl; 

accordingly, no OPTIMA-guided ablation was performed. Post-virtual ablation, emergent 

RDs were observed in three patient-specific models (between 1 and 5 RDs), at locations 

distinct from those of RDs in the original models. The most common locations of the RDs, 

including the emergent ones, were the posterior left atrial (PLA) wall (17%), and the left 

pulmonary veins (LPV) (19%). Combined results of OPTIMA analysis regarding the RDs in 

all 10 patients are summarized in Table 1. Table S2 details comprehensively the number and 

location of all RDs, as well as the number of pacing sites from which a given RD was 

induced. As demonstrated by the data from the OPTIMA analysis presented in Table 1 and 

Table S2, the RA could also sustain RDs, including emergent ones. This is consistent with 

the fact that the RAs in the 10-patient cohort displayed significant fibrotic remodelling, of a 

degree comparable to that of the LAs (18.6±14.2% vs. 24.1±12.4%, Table S1). The total 

number of RDs (including emergent ones) in the RAs of all patients was 12, while the total 

number of LA RDs was 32, confirming the higher level of arrhythmogenic propensity in the 

LA, consistent with previous findings14,15.
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Procedural clinical data from OPTIMA-driven ablation in our feasibility study is presented 

in Fig. 4 for three patients. Illustrated are locations of LA ablation lesions at the end of the 

procedure, as rendered in the electroanatomic mapping system, and intracardiac 

electrograms during the procedure. Additional clinical data for 2 patients is presented in Fig. 

S2. As the RA is typically not ablated during a routine procedure in PsAF patients, and 

because this study aimed only to demonstrate feasibility of the OPTIMA approach, 

physicians’ practice played a role; physicians thus sometimes elected to not ablate targets in 

the RA. Specifically, while 97% of all targets in the LA were ablated (2.5 [2; 4] per patient), 

only 58% of RA targets were ablated (Table 1 and Table S2). Only one LA target in all 10 

patients was not ablated for safety reasons, due to its proximity to the His bundle. Post-

ablation, patients were followed prospectively; follow up period was 309[245;386] days. 

Ablation outcomes data are presented in Table S3.

Conducting the prospective clinical study demonstrated the feasibility of our OPTIMA 

approach in guiding treatment in patients with PsAF and fibrosis.

Discussion

We have introduced a technology for the targeted ablation of PsAF patients with atrial 

fibrosis, and demonstrated the feasibility of the technology to guide patient treatment in a 

prospective study of 10 patients. This is a first-in-human clinical application of an approach 

that uses simulations conducted in computational models, including patient-specific fibrosis 

and atrial geometry, to construct specific and detailed ablation plans for each individual.

We used state-of-the-art multi-scale computational modelling to determine non-invasively 

the optimal set of patient-tailored targets for catheter ablation of the fibrotic atrial substrate; 

the targets were then incorporated into the clinical procedure, and used to steer patient 

treatment. By linking the spatial scales, from the cell to the patient atria, the computational 

prediction of PsAF ablation targets is informed by deep mechanistic understanding16-18 of 

how AF dynamics are modulated by the patient-specific fibrotic substrate. OPTIMA-guided 

ablation embodies the incorporation of cutting-edge biomedical and computational 

engineering in solving complex clinical challenges in cardiovascular medicine. While there 

has been another attempt to use personalized computational simulations to guide clinical 

ablation of AF in patients19, it involved simulating, on endocardial CT-based LA shell only, 

a few different template ablation strategies (e.g., PVI only, PVI plus lines, etc.) and 

empirically selecting the best-performing one to be executed clinically, following the 

inspection of simulation results. In contrast, the 3D bi-atrial OPTIMA approach targets, in a 

personalized manner, the RD-sustaining properties of the fibrotic substrate, including those 

that appear following an initial round of virtual ablations, and is fully integrated in the 

clinical workflow via co-registration with the electro-anatomical mapping system.

The OPTIMA approach does not use patient-specific electrophysiological parameters in the 

models; the personalized aspects in the models involve patient-specific atrial geometry and 

fibrosis distribution. In the current state-of-the-art, personalization of electrophysiological 

parameters would necessitate invasive data acquisition in each patient. We deliberately 

avoided the latter in the design of the OPTIMA approach, since non-invasive target 
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assessment is an advantage of our approach. Inter-patient variability in electrophysiology 

could affect ablation target location predictions20; however, the potential uncertainty in 

target locations due to the use of average human PsAF electrophysiology is significantly 

alleviated by the use of virtual ablations and repeated AF inducibility protocols in the 

models, as we have previously demonstrated21. Future advancements in OPTIMA could 

potentially achieve a more advanced and accurate personalization of the atrial models.

Current AF mapping techniques rely on invasive intra-cardiac manoeuvring of a catheter to 

hundreds of atrial locations to record, often sequentially and manually, the underlying 

electrogram characteristics at each site, so that the ablation targets can be determined. 

Recently, ablation strategies that rely on finding and subsequently targeting substrate RDs 

have also emerged; these include focal impulse and rotor modulation (FIRM)22 and 

noninvasive electrocardiographic imaging (ECGI)23. These RD-guided ablation strategies 

only target RDs that currently manifest in a patient’s clinical or induced AF episodes, 

however, new RDs could arise in the fibrotic substrate after it is modified by the initial set of 

ablation lesions, leading to AF recurrence24-26.

The OPTIMA strategy is radically different: it is designed to target all possible RDs, 

including those that could emerge if the arrhythmia-sustaining propensity of the fibrotic 

substrate is not eliminated by the initial ablation. When needed, we also incorporate short 

linear ablations connecting targeted RD sites with the nearest non-conductive anatomical 

obstacle to prevent macro-reentrant waves from circumnavigating RD ablation lesions, thus 

decreasing the probability of emergent AT/Afl and arrhythmia recurrence. In its design, the 

OPTIMA approach represents the most comprehensive PsAF treatment strategy because of 

its potential to eradicate the ability of the patient’s fibrotic substrate to sustain AF, which 

eliminates the need for repeat ablations. Uncovering all the potential sources of AF in the 

patient-specific fibrotic substrate, and not only those that sustain the clinically-presenting 

AF episode, is unique to the computationally-driven OPTIMA approach.

Clinical imaging and OPTIMA simulations revealed that in PsAF patients the RA could also 

develop fibrotic remodelling and sustain RDs, which could then be targeted for ablation. 

This underscores the importance of a comprehensive evaluation and targeting of the fibrotic 

substrate at first ablation in the effort to decrease and even eliminate repeat ablations of 

increasing difficulty, the latter often resulting in increased morbidity.

As part of the assessment of the feasibility of this technology, we developed an approach to 

import the OPTIMA targets into the clinical electroanatomical mapping system. 

Furthermore, the integration of computational heart modelling into the clinical procedure 

was achieved here within the clinical workflow and timeline. The personalized OPTIMA 

targets were calculated offline prior to ablation, with all OPTIMA steps being completed 

within 2.5–5 days based on patient LGE-MRI scans acquired 3–5 days prior to the clinical 

procedure. Importing the OPTIMA targets into the clinical mapping system was done right 

before the onset of the procedure, allowing the ablation catheter to be directly navigated to 

the displayed OPTIMA targets. Thus, our non-invasive approach could provide not only a 

reliable and accurate prediction of AF ablation targets but could also avoid time-consuming 

and difficult mapping of atrial electrical activity.
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As this is a proof-of-concept feasibility study of a technology and not a clinical trial, it was 

inherently not designed to evaluate procedural outcomes, moreover that some of the targets 

in the RA were not ablated. Nonetheless, PsAF did not recur in any of the patients, and only 

one patient underwent PAF/Afl ablation during the follow-up period (patient #3, Table S3); 

44% of patients (4 out of 9) remained on antiarrhythmic drugs. Patient 3 was of very low 

clinical expectation pre-procedure, as he had the most previous ablations (3), the largest 

amount of LA fibrosis (46.9%), the largest LA and RA volume indices (87.8 and 74.4 mL/

m2), and the worst CHA2DS2-VASc score (5). We view the clinical outcomes here as being 

considerably better than the standard-of-care AF ablation in PsAF patients, the success rate 

of which is ~50%27, although quantitative comparisons cannot be made. To establish the 

efficacy of the OPTIMA approach in AF suppression in the PsAF population with fibrotic 

remodelling, a clinical trial with adequate sample size and randomized comparisons will 

need to be undertaken.

Outlook

Should the OPTIMA approach prove beneficial in a randomized clinical study, it could then 

transform the management of PsAF patients with fibrosis, a population for whom there is 

currently no reliable AF ablation option. The ability to non-invasively determine the 

personalized optimal ablation targets in-silico prior to the procedure could spare patients 

from prolonged intracardiac mapping to probe for potential ablation targets, increased 

radiation exposure, and potentially arrhythmogenic ablation lesions. If successfully 

implemented in clinical practice, this approach could be a significant step towards achieving 

long-term freedom from PsAF while also making ablation procedures more precise and less 

time-consuming. Finally, our study underscores the potential utility of computational and 

data-driven approaches in cardiac patient care and exemplifies the trend of merging 

engineering and medicine towards improving healthcare.

Methods

Patient recruitment.

Ten patients with symptomatic, drug-refractory PsAF who presented to Johns Hopkins 

Hospital for catheter ablation were included in this prospective study and underwent 

OPTIMA-guided ablation. All patients provided written informed consent, under a protocol 

approved by the Johns Hopkins Institutional Review Board, for both the ablation procedure 

as well as inclusion in medical research at the time of the procedure. Exclusion criteria 

include: patients with cardiac devices like pacemakers and internal cardiac defibrillators, and 

with acute or chronic renal insufficiency (glomerular filtration rate <30 ml/min/1.73 m2); 

patients who are unable to adhere to the follow-up protocol; patients with contraindication to 

MRI, including ferromagnetic aneurysm clips, metal in the eye, and implanted 

ferromagnetic or other MRI-incompatible devices; and patients with a history of allergic 

reactions to gadolinium-based contrast agents. Table S1 summarizes patients’ clinical 

characteristics. Mean age was 66.1±8.0 years, mean BMI was 29±4 kg/m2 and 9/10 patients 

(90%) were men. 6/10 cases (60%) were repeat ablations, with one patient undergoing his 
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fourth AF ablation. In 3/6 patients who were undergoing repeat ablations, at least one 

reconnected PV was observed at the time of the OPTIMA-guided procedure.

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 3D time resolved magnetic resonance angiography (MRA; TWIST, 

Siemens), obtained immediately following intravenous administration of 0.1 mmol/kg of 

contrast, was used to define left atrium (LA) and pulmonary vein (PV) anatomy (echo time 

1.1ms, repetition time 2.5ms, in-plane resolution 0.7 × 0.7 mm, slice thickness 1.5 mm). To 

optimize image quality, PsAF patients were kept on anti-arrhythmic medications and/or 

referred for cardioversion prior to MRI. The MRI examination was performed using the 

same methodology regardless of the presenting rhythm. In individuals with AF, correlation 

has been shown between areas of high LGE and fibrotic regions in the myocardium, 

identified histologically28 or via intra-cardiac mapping29.

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 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 2.5 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 LV myocardium.

Image processing to construct the personalized geometrical model of the of patient atria.

A full description of the geometrical model reconstruction methodology can be found in our 

prior publications17,18. Briefly, epicardial and endocardial contours of the left and right atria 

were manually delineated using the ITK-Snap software package30. For pixels in the 

transmural space between contours in each slice, fibrotic and non-fibrotic tissue regions 

were differentiated using the image intensity ratio (IIR)-based approach29. The IIR of each 

atrial wall voxel was calculated by normalizing its LGE-MRI signal intensity to the mean 

intensity of the LA blood pool. Voxels with IIR>1.22 were classified as fibrotic; we have 

previously shown that regions with this property correlate to low voltage areas observed 

during intracardiac mapping29. The IIR approach used here has been specifically designed to 

mitigate the uncertainty in threshold-based methods in segmenting LGE-MRI scans31 since 

it uses ratiometric values instead of raw voxel intensities29.

Shape-based interpolation32 was used to up-sample segmented images to an isotropic voxel 

size of 400 μm3. Next, high-resolution tetrahedral meshes were generated using an 

established automated approach33. These volumetric meshes were 3D, and included atrial 

wall thickness and the 3D distribution of fibrotic remodelling reconstructed from LGE-MRI. 

Across all 10 finite-element atrial meshes, average element edge length was 428.4±24.3 μm 

and the number of nodes ranged from ~1 million to ~2.6 million. These mesh characteristics 
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are consistent with those reported in previous studies as appropriate for conducting 

electrophysiological simulations34,35. For each atrial model, realistic myocardial fibre 

orientations were estimated by using a diffeomorphic mapping technique to transform the 

relevant conductivity tensors from the geometry of an atlas mesh into the patient-specific 

geometry reconstructed from LGE-MRI, as we have previously described16,33,36-38. Volume 

indices for both atria were obtained by dividing the cavity volume, extracted from each 

patient-specific model, by body surface area.

In our 3D models, the electrical connection between RA and LA was the inter-atrial septum 

since the structure and connectivity of inter-atrial conduction pathways (e.g., Bachmann’s 

bundle) cannot be recovered from LGE-MRI scans. Although rule-based methods have been 

used to impose bundle structures in computational models of the atria39, we opted not to use 

this type of approach since we did not want to jeopardize the feasibility of the OPTIMA 

process to be part of the clinical workflow by adding considerable complexity to the model 

construction stage. Moreover, while the inclusion of complex intra-atrial structures may 

change the particular ways in which paced activity devolves into episodes of arrhythmia, it 

would not be expected to change the specific RD anchoring locations, which are 

predominantly influenced by the patient-specific pattern of structural remodeling.16-18

Modelling of atrial electrophysiology in fibrotic and non-fibrotic regions.

The methodology for computational modelling the electrophysiology of the atria of PsAF 

patients with fibrotic remodelling can also be found in our published papers17,18,24,25,40,41. 

Specifically, at the cellular scale in non-fibrotic regions, a human chronic AF atrial action 

potential model42 with modifications to fit clinical monophasic action potential recordings 

from patients with AF43 was used to represent membrane kinetics in each atrial model. This 

ionic model results in intrinsic action potential duration (APD) that is shorter than that of the 

normal human atrial action potential. At the tissue scale in the non-fibrotic myocardium, 

conductivity tensor values (longitudinal: σL = 0.126 S/m, and transverse: σT = 0.0253 S/m) 

were calibrated to obtain an effective conduction velocity consistent with the range of values 

in patients with AF44 (43.39 cm/s). Test simulations conducted in a regular grid with 

electrophysiological parameters calibrated using this method showed that longitudinal 

wavefront conduction in non-fibrotic tissue is in the convergent range (i.e., negligible CV 

error between coarse and fine finite element meshes with ~100 μm and 400 μm inter-node 

spacing, respectively).

In the fibrotic regions of the atria, changes to the action potential model were also 

implemented, as we have described previously17,18 (+15.4% APD; –49.6% upstroke 

velocity), representing the effect of elevated TGF-β1, a key component of the fibrogenic 

signalling pathway. These changes were achieved by reducing three of the underlying ionic 

currents45-50 (–50% inward rectifier potassium; –50% L-type calcium; –40% fast sodium 

current). At the tissue-scale, reduction in conductivity values and charge in anisotropy ratio 

(σL = 0.0547 S/m, σT = 0.00683 S/m) represented interstitial fibrosis, gap junction 

remodelling, and greater impairment of cell-to-cell coupling in the direction transverse to 

cardiac fibers51,52.
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Analysis of retrospective patient-specific atrial simulations employing this modelling 

strategy has demonstrated good correlation to clinical results17,18,24,25,53. Systematic 

analysis of pre-ablation ECGI data53 confirmed our earlier study’s mechanistic prediction 

that RDs dynamically localize to the boundaries of fibrotic tissue clusters17. Moreover, using 

retrospective data from two PsAF patient cohorts at different medical centres, we showed 

that ablation targets predicted by simulations conducted blindly to results of clinical 

mapping corresponded to the locations of AF-perpetuating RDs detected by either pre-

procedural intracardiac-mapping24 or ECGI25.

While in this study we use a set of average human AF electrophysiological properties for 

non-fibrotic and fibrotic tissue, their distribution is patient-specific. Nonetheless, the lack of 

full patient-specific electrophysiological properties could bring a level of uncertainty in 

identifying the OPTIMA targets. The latter was assessed in two sensitivity studies20,21, 

which demonstrated that the patient-specific distribution of fibrotic remodelling is the 

primary factor determining where RDs are anchored in the substrate. The 

electrophysiological properties determine RD cycle lengths but that does not affect the 

locations of predicted targets. Nonetheless, changing electrophysiological properties resulted 

in RDs sometimes relocating to or appearing in other portions of the fibrotic substrate. 

However, our sensitivity analysis demonstrated that this was mitigated in the OPTIMA 

workflow by iteratively performing virtual RD ablations until all possible ablation targets are 

identified. Thus, our approach unmasks all possible locations where RDs could potentially 

anchor, regardless of the electrophysiological properties.

Simulation of electrical activity and numerical aspects.

The propagation of electrical activity in the personalized atria was simulated by solving the 

monodomain formulation for representing the spread of current in cardiac tissue using the 

finite-element method. This system was coupled with ordinary differential and algebraic 

equations representing myocyte membrane dynamics at each node in the mesh34. All 

simulations were executed using the CARP software package on a parallel computing 

system34,54. A version of this software that is free for academic use is available (https://

carp.medunigraz.at/carputils/). Each simulation was run on one standard compute node, each 

of which was equipped with two Intel Broadwell dual socket, 14-core processors (2.6GHz, 

30MB cache) and 128GB of RAM. The compute time required to complete one second of 

simulation time depended upon the size of the patient’s heart and ranged from ~20 to ~80 

minutes across all patients (median [inter-quartile range]: 43m03s [37m52s; 51m08s]). The 

estimated total number of CPU hours for all simulations conducted in all models for this 

project was approximately 171 full days. Full detail regarding the simulations of electrical 

activity in cardiac models is found in our recent AF-related publications17,18 as well as 

earlier work by our team33,55,56.

Atrial arrhythmia induction protocol.

As the flow chart of the OPTIMA approach (Fig.1 top row) illustrates, each personalized 

3D atrial electrophysiological model was used in simulations to determine all the possible 

arrhythmias that could arise in the given fibrotic substrate. In each patient-derived model, 

arrhythmias were inducted from 40 pacing sites distributed uniformly throughout the left and 
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right atria and the results of all 40 distinct simulations (conducted in parallel on a high-

performance computing system, as described below) were analysed. The set of 40 pacing 

sites (see examples in Fig. S4) was picked in each atrial model using an automatic approach 

that has been shown to reliably produce a desired inter-point spacing53. Pacing sites were 

placed at least 2.5 mm away from the nearest region of dense fibrosis to ensure reliable 

capture. The distribution of pacing sites throughout the atria covered a large range of 

potential ectopic foci sites. Importantly, this distribution ensured that we captured all the 

possible arrhythmias that could arise from the given patient-specific fibrotic substrate; this is 

an essential feature of the OPTIMA approach. For each pacing site, we ran a simulation that 

involved applying, at the specified location, a clinically-relevant pacing sequence of 12 

electrical stimuli with cycle lengths decreasing from 300 to 150 ms was applied to induce 

arrhythmias and thus assess the arrhythmogenic propensity of the fibrotic substrate. The 

protocol was identical to that in our previous publications17,18.

Notably, since there is no uniformly standardized pacing sequence for inducing AF in the 

clinic, this protocol is not meant to mimic stimulation that might be applied during an 

ablation procedure. Rather, it is a sequence that we have found useful for inducing RD-

perpetuated AF episodes in atrial models constructed according to our methodology. 

Following the delivery of the final pacing stimulus, simulations were monitored for self-

sustaining electrical wavefront propagation. For all cases in which activity persisted for 5000 

ms post-pacing, we applied further analysis to determine whether the cause was an induced 

RD or macroscopic reentry.

Analysis of pacing-induced atrial arrhythmias.

All pacing-induced arrhythmias were analyzed to determine an initial set of ablation lesions 

(Fig.1). The analysis consisted of determining the locations of the persistent RDs, as well as 

any possible macro-reentrant tachycardias. The atrial sites where the persistent RDs were 

localized were found by determining the RD phase singularity trajectories57. The latter were 

identified using the dynamic wavefront tip trajectory analysis approach20. Briefly, RD 

wavefront “pivot points” were manually identified during a 1000 ms analysis interval at the 

end of each simulation. This ensured that multiple RD rotations were analyzed and that 

transient instability immediately following AF initiation was disregarded. In all cases, RDs 

persisted for at least two rotations and lasted at least 200 ms, which is consistent with the 

definition of RDs in previous publications14,58. While this facilitates straightforward 

comparison between our study and a standardized clinical approach, in actual fact, most RDs 

observed in this study were spatio-temporally stable for the duration of the entire 1000 ms 

analysis interval. Instances of macroscopic reentry (i.e., wavefront propagation around non-

conductive obstacles such as the mitral or tricuspid valve annuli) were also identified (RD 

analysis was not applied in this case).

Determining the OPTIMA ablation targets.

The bottom row of Fig.1 illustrates the steps undertaken in finding the OPTIMA ablation 

targets. Based on the RD trajectories and macro-reentries identified in each atrial model, 

initial virtual ablation was performed in each model. Virtual ablation lesions consisted of the 

tissue volumes within 3.5 mm (i.e., the ablation lesion radius for standard irrigated-tip 
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catheters)22 of each RD trajectory; the contained tissue volume was modelled as non-

conductive, as in previous simulation studies18,59. If episodes of macroreentrant AT/Afl 

were found, an ablation line transecting the narrowest part of the reentrant pathway between 

non-conductive barriers was also included (see patient 9 in Fig.2). The arrhythmia-induction 

pacing protocol was then repeated to determine the emergence of new RDs or macro-

reentries; those were then virtually ablated. This process was repeated iteratively until each 

model was rendered non-inducible for reentrant atrial arrhythmias. To complete the 

personalized OPTIMA ablation target set, each predicted lesion (based on RD assessment) 

was connected to the nearest non-conductive anatomical feature (i.e., boundaries of 

atrioventricular valves or LA/RA veins) via linear lesions (see yellow lines in rightmost 

column of Fig.2) to avoid creating a new substrate for macroreentrant AT/Afl.

Importing personalized OPTIMA targets into the clinical electroanatomic navigation 
system.

The OPTIMA ablation target import process involved the following steps: First, the patient’s 

LA geometry was segmented from the MRA scan to construct a 3D surface mesh. Unlike 

LGE-MRI, the MRA surface shell provides visualization of the PVs, LA appendage, and left 

lateral ridge needed for navigation during the procedure. Second, OPTIMA ablation targets 

in the LA were co-registered with the MRA surface shell. Third, since MRA scans do not 

provide accurate visualization of the RA, a down-sampled RA surface shell was extracted 

from the LGE-MRI mesh with the OPTIMA targets. Fourth, the RA surface shell was co-

registered, using affine transformation, with the LA-MRA reference shell. Fifth, the LA and 

RA surface shells with the OPTIMA targets were loaded into the CARTO navigation system 

and merged during the procedure, via the CARTOMERGE module, with a limited 

electroanatomic map (a 50-point shell) acquired by the mapping catheter, usually of the 

posterior wall. Multiple independent validation studies have shown that the registration error 

of the CARTOMERGE system is relatively small (~1–2 mm)60,61 and the benefit of merging 

patient-specific imaging with electroanatomic mapping data during conventional AF is well 

documented 62,63 suggesting that locations displayed in the mapping system correlate well 

with the actual position of the catheter. In cases where the later-described process failed, a 

CARTO technician manually annotated the locations of the OPTIMA targets onto the MRA 

shells.

Ablation Procedure.

Following the import of OPTIMA ablation targets into the electroanatomic navigation 

system, electrophysiology catheters were advanced under fluoroscopic guidance to the His 

bundle and coronary sinus in the RA with routine hemodynamic and electrocardiographic 

monitoring. An intra-cardiac echocardiography catheter was inserted into the RA and 

assisted in trans-septal puncture. A double trans-atrial septal puncture was performed under 

fluoroscopic guidance and localization within the LA was confirmed with contrast as well as 

pressure tracing. Intra-venous heparin was administered to achieve an activated clotting time 

>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 
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advanced under fluoroscopic guidance to the LA. Pulmonary venous angiograms were then 

obtained for each of the 4 pulmonary veins. Using circular Lasso catheter, PV electrograms 

were measured at baseline. In patients undergoing repeat AF ablation, PV-LA electrical 

reconnections were noted. The limited electroanatomic map of the LA mentioned above, 

created with the Smarttouch catheter, was registered to the previously segmented LA-MRA 

shell (including OPTIMA target annotations) using standard landmark-followed by surface-

registration techniques. High-output pacing was performed along the anterior aspect of the 

right PVs to confirm absence of phrenic nerve capture. The oesophagus was marked with a 

radio-opaque temperature probe for monitoring during ablation. Following OPTIMA-guided 

ablation, PVI (the standard of care) was performed in all patients.

Prior to the procedure, movies displaying OPTIMA targets with nearby anatomical 

landmarks annotated were made available to physicians for review and planning. For 

consistency with previous studies of targeted RD ablation 22, in cases where patients 

presented in sinus rhythm, AF was induced with burst pacing, and stabilized for at least 10 

minutes prior to OPTIMA target ablation. Radiofrequency ablation of OPTIMA targets was 

performed with the Smarttouch irrigated catheter at the annotated targets using a power of 

25W on the posterior wall and 30W elsewhere. OPTIMA targets were ablated sequentially 

beginning with those corresponding to locations where RDs were induced by a larger 

number of pacing distinct sites in simulations conducted in the corresponding patient-

specific model. Ablation of OPTIMA targets was continued, even in cases where acute AF 

termination was achieved during the procedure, since the specific purpose of OPTIMA 

ablation was to eliminate the propensity of the fibrotic substrate to sustain arrhythmias. 

Energy was applied for 15–30s at each target. No immediate postoperative complications 

were reported.

Patient Follow-up.

Patient rhythm follow-up consisted of ECGs and clinical evaluation at every 3 months, with 

ambulatory event monitors as indicated by symptoms.

Statistics.

Results are presented as mean ± standard deviation for variables that are expected to be 

normally distributed (e.g., patient age, procedure times, extent of atrial fibrosis, etc.); for 

other variables, median and inter-quartile range are used as summary statistics instead. 

Categorical variables are expressed as percentages.

Reporting summary.

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.

Code availability.

The image processing software ITK-Snap is freely available from http://www.itksnap.org/. 

Computational meshes are generated using the commercial software Simpleware ScanIP 

(Synopsis, Inc.). Source code for the human atrial ionic model is freely available from the 

repository CellML (https://www.cellml.org/, “Exposures: Courtemanche, Ramirez, Nattel, 
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1998”). All simulations are conducted using the software package CARP, a free version of 

which can be downloaded for academic use via https://carp.medunigraz.at/carputils/. 

Simulation results were visualized using either meshalyzer, which can be downloaded via 

https://github.com/cardiosolv/meshalyzer, or Paraview (Kitware), which can be downloaded 

via https://www.paraview.org/download/. Data from clinical procedures were visualized 

using the commercial software CARTOMERGE™ (Biosense Webster).

Data availability.

Relevant data, including patient MRI scans, are available from the authors upon approval 

from the Johns Hopkins Institutional Review Board.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ∣. OPTIMA Approach Flowchart.
Top row presents an overview of the approach. Late gadolinium enhancement magnetic 

resonance imaging (LGE-MRI) scans for each persistent atrial fibrillation (AF) patient are 

processed to reconstruct a personalized 3D model of the patient’s fibrotic atria. Personalized 

simulations are then conducted to determine all the arrhythmias that could arise in the 

fibrotic substrate, and the custom-tailored OPTIMA ablation targets are determined. In the 

final panel of this row, tact indicates activation time. Bottom row presents the detailed steps 

undertaken in finding the OPTIMA ablation targets based on the arrhythmias that arise in the 

atrial fibrotic substrate following rapid pacing from 40 uniformly-distributed bi-atrial sites. 

From the analysis of the pacing-induced arrhythmias, an initial set of lesions is determined, 

consisting of locations of the persistent reentrant drivers and ablation lines connecting these 

sites to the closest non-conductive anatomical barriers (pulmonary vein ostia, superior/

inferior vena cava openings, or mitral/tricuspid valve annuli). Virtual ablation of these 

targets is next performed, where the lesions are rendered non-conductive in the model. The 

rapid pacing protocol is then repeated to determine whether new arrhythmias arise in the 

post-ablation substrate. The latter two steps are repeated until AF can no longer be induced 

in the patient’s atrial model. Finally, the personalized ablation treatment plan is exported to a 

format compatible with the CARTO™ system.
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Fig. 2 ∣. Schematic summarizing the process of importing OPTIMA ablation targets into the 
clinical electroanatomic navigation system (i.e., CARTO™).
The starting point for this process is the set of outputs from the OPTIMA approach (i.e., 

ablation targets on bi-atrial volumetric mesh reconstructed from LGE-MRI). Red regions 

indicate ablation targets from analysis; yellow regions indicate connecting lines. Targets 

located in the LA are mapped via co-registration onto a geometric reconstruction of the LA 

endocardial surface extracted from the same patient’s MRA scan, which includes anatomical 

features needed for peri-procedural registration (e.g., prominent ridge between left PVs and 

lateral LA). Notably, the LA geometry from MRA is a surface mesh (i.e., a 2D manifold in 

3D space) and not a volumetric mesh. Since RA segmentation from the MRA scan is not 

possible, we instead derive a surface mesh of the RA endocardium, including any ablation 

targets, from the LGE-MRI-based model. The RA surface mesh with ablation targets is then 

down-sampled since high-resolution meshes cannot be loaded into the clinical mapping 

system. Finally, the LA-MRA and down-sampled RA surface meshes with the OPTIMA 

ablation plan are aligned and scale-matched via affine transformation, resulting in a 

geometric model ready to be converted into a Visualization Toolkit (VTK) file suitable for 

importing into the CARTO™ system. PV: pulmonary vein; MRA: magnetic resonance 

angiography; LA/RA: left/right atria; LGE-MRI: late gadolinium enhancement magnetic 

resonance imaging.
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Fig. 3 ∣. 
Examples of the process to determine the OPTIMA ablation targets for three patients. 
Patient 5, is a 68-year-old man with one prior failed ablation (see also Movie S2). Patient 7 

is a 49-year-old man with one prior failed ablation (see also Movie S3). Patient 9 is a 72-

year-old man with two prior failed ablations (see also Movie S4). a, Posterior (top) and 

anterior (bottom) views of the three patient-specific atrial models as reconstructed from 

segmented LGE-MRI scans, including the distribution of fibrotic tissue. b, Two examples 

per model of arrhythmia activation sequences induced by the rapid pacing protocol, and the 

corresponding persistent reentrant drivers (RDs, pink) obtained from the analysis of the 

induced arrhythmias. For patient 9, no RD-perpetuated AF was observed following the 

initial pacing protocol. However, peri-mitral macroreentrant tachycardia was found, and 

transient episodes of non-sustained reentry were documented in two locations on the 

posterior left atrium. All activation maps share the same time scale except the lower panel 

activation map for Patient 7; tact indicates activation time. c, Two examples per model of 

activation sequences associated with arrhythmia emerging anew in the models following 

virtual ablation (lesions shown in orange), and the corresponding emergent RDs. For patient 

9, following virtual ablation to render the initiation of peri-mitral reentry impossible, stable 

emergent RDs were observed in the same two locations where non-sustained reentries were 

observed following the initial rapid pacing. D, Custom-tailored OPTIMA ablation treatment 
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plans, including targets corresponding to all RDs (pre-ablation and emergent) and lesion 

lines connecting the latter to non-conductive tissue boundaries. LA/RA: left/right atria; 

LAA/RAA: left/right atrial appendage.
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Fig. 4 ∣. Data from the OPTIMA-driven ablation procedures in the three patients from Fig.2.
a, Sites of ablation delivery (catheter tip locations marked by red dots) in the left atrium 

(LA) as rendered in CARTO intracardiac mapping system at the end of the clinical ablation 

procedure in three patients. Dashed ellipses indicate locations ablated based on locations of 

persistent RDs as identified by OPTIMA. As patient 7 also had targets in the right atrium 

(RA), Fig. S3 shows the annotated RA CARTO map from the same procedure. b, Bipolar 

electrogram recordings (five per panel) from a decapolar catheter placed in the coronary 

sinus during the procedure; recordings are from proximal (top) to distal (bottom) leads. 

Intracardiac electrograms recorded during the ablation procedure in patient 5. Ablation of 

the marked anterior LA reentrant driver (RD) target (asterisk in a, patient 5) resulted in a 

transient change from atrial fibrillation (AF) (top row of five electrograms) to an organized 

atrial tachycardia/flutter (AT/Afl) (bottom row of five electrograms). c, Intracardiac 

electrograms for patient 9. The top panel shows 5 electrograms for patient 9 prior to ablation 

(AF). Stable induced AF (top row of the middle panel) terminated abruptly (middle row of 

the middle panel) upon ablation of the marked posterior LA target (** in Figure 4a, patient 

9) and AF could not be re-induced despite aggressive rapid pacing (bottom row of the 

bottom panel).
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Table 1 ∣
Summary of OPTIMA ablation data in all 10 patients.

Summary measures are displayed as median [inter-quartile range]. Of the RDs predicted by modelling, those 

found in LAA or RAA were not part of the OPTIMA ablation target set imported into CARTO (see Methods), 

as LAA and RAA ablation is not recommended due to the high risk of stroke. Thus, the total number of model 

RDs is different from the total number of RD targets in the OPTIMA set. The asterisk * indicates a model RD 

in LAA or RAA excluded from the OPTIMA set; ** indicates multiple models RDs in LAA or RAA. RD = 

reentrant driver; LAA/RAA = left/right atrial appendage; LA/RA = left/right atrium.

ID Total Model RDs
(incl. LAA/RAA)

OPTIMA LA
RDs

OPTIMA RA
RDs

LA Targets
Ablated

RA Targets
Ablated

1 6 4 1* 4 1

2 1 0 1 0 1

3 8 5* 1* 5 1

5 14 9* 2** 9 0

6 4 2 1* 2 0

7 7 2 4* 2 4

8 6 5 1 4 0

9 2 2 0 2 0

10 5 3* 1 3 0

Total 53 32 12 31(97%) 7 (58%)

Summary 5.5 [2.5; 6.75] 2.5 [2; 4.75] 1 [1; 1] 2.5 [2; 4] 0 [0; 1]
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