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Abstract

Atrial fibrillation (AF) is the most common cardiacarrhythmia, and its treatment by ablation still presentsvariable results among patients. In this paper, we presenta personalised simulation methodology fitted to clinicaldata to improve understanding of the atrial electricalsubstrate and support clinical decision making.We analysed high-density electro-anatomical mappingsignals recorded during a triple extra-stimulus protocolable to reveal conduction disturbances on atrial tissue.Computed tomography data was used to build patient-specific 3D atrial models in which electrophysiologicalsimulations were performed and adjusted to reproduceclinical local activation maps (LAT) maps. These includedan adjustment of tissue propagation properties andelectrical remodelling, to reproduce different levels ofdisease progression.This methodology reproduced both inter-individual andregional variation in atrial propagation conditions duringthe triple extra-stimuli. Simulated LAT maps reproducedclinical data with 23.4 ms average deviation, and werebetter reproduced in patients with lower heterogeneitybetween LAT maps.
1. Introduction

Atrial fibrillation (AF) is the most common cardiacarrhythmia and is associated with rapid and irregularactivation of the atria [1]. Although pulmonary veinisolation (PVI) is an effective therapy, many patients withpersistent AF experience recurrences [2, 3]. This hasprompted the need to identify more precisely the regionsresponsible for arrhythmia maintenance in order tooptimise ablation strategies.With the aim of revealing non-obvious conductiondisturbances on the atrial tissue, electrophysiologicalbiomarkers can be extracted from specific pacing

protocols, such using three extra-stimuli (3-Extra) withpacing intervals close to the effective refractory period.These stimuli are administered at short, decreasingintervals, inducing electrical responses that reveal regionsof abnormal conduction, such as double or highlyfragmented electrograms. These pathological regionscould therefore be considered potential targets for catheterablation strategies [4].In this context, personalised computational models area promising tool in precision cardiology. By reproducingthe specific anatomy and electrophysiology of eachpatient, these models allow different pacing scenarios tobe explored and their effect on the propagation of atrialactivation to be observed [5]. The aim of the present studywas to generate personalized simulations of AF patients tosimulate the 3-Extra protocol and evaluate their ability toreproduce clinical local activation time (LAT) maps, as apreliminary step to the development of individualisedtherapeutic strategies.
2. Materials and Methods
2.1. Clinical Data

Data from four patients with persistent atrial fibrillation(P001, P005, P006 and P008), included in a prospectivestudy conducted at the Hospital Universitario Puerta delMar (Cádiz, Spain), were analysed. Computed tomography(CT) scan was used to generate left atrial (LA) wallthickness maps and to segment their individual anatomicalstructures. In addition, high-density electro-anatomicalmapping was performed using the CARTO3 system and aPentaRay® catheter. Intracardiac signals (EGMs) wererecorded in two conditions: during sinus rhythm (SR) andduring the application of a triple extra-stimulus protocol(Fig. 1), consisting of three sequential electrical withvalues close to atrial effective refractory period (AERP):at AERP + 60 ms, AERP + 40 ms and AERP + 30 ms.
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Stimuli were applied from the distal coronary sinus (CS)or from the left atrial appendage (LAA), with the aim ofrevealing regions with electrical conduction disturbancesthat may be relevant to the ablation strategy. Signalsrecorded during the 3-Extra protocol, with a duration of2.5 seconds each, were used to calculate local activationmaps (LAT) corresponding to each of the three pulses asthe maximal absolute amplitude in bipolar EGMs. Thesemaps served as a reference to validate and adjust the resultsof the computational simulations. Clinical LAT mapvariability was also estimated for each patient bycomputing the mean absolute difference in LAT valuesacross all pairs of clinical LAT maps.
2.2. Simulation Models

From the three-dimensional meshes of each patient'sLA, volumetric models composed of tetrahedral elements(0.4 mm resolution) were generated, which served as thebasis for the electrical simulations (Fig. 1). Simulationswere performed using a GPU-based biophysical solverwith a fixed time step of 0.02 ms [6]. The Koivumäki atrialcellular model was used, including the effect of electricalremodelling [7]. To reproduce different degrees of diseaseprogression associated with AF, electrical remodellingwas included as a parameter, where 0% remodellingrepresented healthy tissue and 100% or upper remodellingfactors corresponded to a chronic AF cellular model:SERCA expression (-16%), PLB to SERCA ratio (+18%),SLN to SERCA ratio (-40%), maximal INCX (+50%),sensitivity of RyR to [Ca2+], SR (+100%), conductanceof ICaL (-59%), conductance of Ito (-44%), conductance ofIKur (-22%) and conductance of IK1 (+100%). Basalconduction anisotropy features were included [8, 9],changes on properties of electrical propagation weresimulated both global and locally by increasing ordecreasing the local diffusion tensor of the mesh.Sinus rhythm stimuli was applied in the upper region ofthe Bachmann Bundle (BB) of the LA, while the 3-Extrastimuli were applied in the same location as in the patients(LAA or CS). Each simulation lasted for 2,5 seconds,including three SR stimuli (600 ms period) and theposterior 3-Extra stimuli, under the same durationconditions as in patients. With the simulatedtransmembrane potential signals, LAT maps weregenerated identifying maximal dV/dt instants.
2.3. Simulation Adjustment

Simulation fitting to clinical LAT data was performedin several stages. First, different degrees of globaldiffusion, understood as homogeneous modifications inthe propagation properties of the atrial tissue, wereexplored to reproduce the propagation patterns observedon the first extra-stimuli LAT map. Then, a local

adjustment was performed, by including spatiallyheterogeneous modification of the tissue diffusion,depending on the difference between the simulated andclinically recorded LAT measures or each atrial region forthe first extra-stimuli. Finally, once the diffusion field wasadjusted on the first extra-stimuli, different globalelectrical remodelling factors were evaluated to select theconfiguration, as the one providing minimal mean absoluteerror (MAE) between clinical and simulated LAT maps onthe three extra-stimuli.

Figure 1. Location of stimulation points in the LA (up)and examples of clinical (EGM) and simulated AP signals(bottom).
3. Results

As an illustrative example of the adjustment andvalidation process, the results obtained for two patientswith different levels of variability in their activation mapsare presented in Figures 2 and 3. The upper part of thefigure shows the LAT maps obtained from the clinical data(left) and from the simulations (right), in posterior view,for each of the three stimuli.Figure 2 shows the results for patient P008 whoseclinical LAT maps show a high stability between the threestimuli applied during the 3-Extra protocol (variability of5.1 ± 3.3 ms). This consistency facilitated theirreproduction by simulations, resulting in a good fit
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between simulations and the real data (average MAE of17.7 ms). The MAE curves for each LAT are shown as afunction of the percentage of remodelling applied (Fig2.B), where the optimal MAE was obtained with 125%remodelling, corresponding to progressed AF. In this case,large values of electrical remodelling (>50%) allowed tobetter reproduce the LAT maps, and low remodellingvalues (healthier tissue) worsened the reproduction ofclinical maps.

Figure 2. A) Clinical (left) and simulated (B) LAT mapsfor patient P008. B) Error on LAT simulation as a functionof global electrical remodelling.
Figure 3 illustrates the results for patient P006 whichhad a higher variability between the LAT maps derivedfrom clinical data (variability of 18.9 ± 9.7 ms). This caserepresents a more challenging scenario, where thesimulation managed to partially capture the complexityobserved in the clinical data. Fig. 3A shows the sixcorresponding maps (triple stimuli LAT map from theclinical data on left and from simulation on right), from aposterior view. Curves of MAE as a function of the appliedremodelling showed the optimal remodelling value was

obtained of 15%, for an average MAE of 20.5 ms, althoughwith different trends for the three extra-stimuli. Reducingthe electrical remodelling allowed to better reproduce thesecond and third stimuli LAT, however with differentresponses for low remodelling values.

Figure 3. A) Clinical (left) and simulated (B) LAT mapsfor patient P006. B) Error on LAT simulation as a functionof global electrical remodelling.
Errors between simulated and clinical LAT maps foreach patient and for each of the three LAT maps are shownin Figure 4. Average MAE errors were smaller for the firstextra-stimuli (14.5 ± 2.5 ms) compared with the secondand third extra-stimuli (28.5 ± 13.6 ms and 22.0 ± 6.7 msrespectively), consequence of adjusting the diffusion onthe first stimuli. Patients P005, P006 and P008 allowedbetter LAT simulation (18.6 ms, 17.7 ms and 20.5 msrespectively), compared with patients P001 (30.5 ms),which was correlated with the LAT variability intra-patient (P005: 16.6 ± 9.4 ms; P006: 18.9 ± 9.7 ms; P008:5.1 ± 3.3 ms; P001: 28.6 ± 12.0 ms). The average MAEacross all patients and maps was 23.4 ms.
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Figure 4. Error in LA simulation for all patients andstimulus.
4. Discussion and Conclusions

The proposed workflow allowed to extract anatomicaland electrophysiological biomarkers related with the atrialsubstrate, in form of LATmaps of three close-to-refractoryperiod stimulate. These biomarkers were then used toadjust patient-specific biophysical simulations able toreproduce the variability of clinical LAT map. Patientswith stable LAT maps allowed a reliable fit betweensimulation and clinical biomarkers, although patientsshowing heterogeneity in their LAT maps resulted inlarger simulation deviation respect to clinical LATs.To perform the biophysical model fitting to the clinicalLAT maps, electrical diffusion and remodelling wereused. The first allowed to adapt the propagation conditionsof the atrial substrate, and electrical remodelling allowedto introduce variability between the three extra-stimulimaps as changes in the effective refractory period andconduction velocity due to cellular remodelling. Thisdifferentiation allowed fitting both the global pattern andthe functional differences to different stimuli, improvingmodel customisation.This workflow will be improved by the inclusion ofother important substrate characteristics, such as fibrosisinfiltration. This parameter will allow to better reproducelocal changes in conduction properties. Furthermore, thisworkflow will be extended beyond the limited number ofpatients included in this manuscript.Overall, this methodology is a step towards personalisedsimulation as a clinical support tool. Patient-specificsimulations reproducing electrophysiological biomarkerswill allow to better characterize the atrial substratefavouring AF initiation and maintenance, aiming to studypotential fibrillatory mechanisms and targets for therapythrough realistic simulations.
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