1' frontiers

ORIGINAL RESEARCH
published: 15 May 2019

in Physiology doi: 10.3389/fphys.2019.00580
ety
Personalized Cardiac Computational
Models: From Clinical Data to
Simulation of Infarct-Related
Ventricular Tachycardia
Alejandro Lopez-Perez *, Rafael Sebastian 2, M. Izquierdo *#, Ricardo Ruiz **,
Martin Bishop ® and Jose M. Ferrero !
1 Center for Research and Innovation in Bioengineering (Ci2B)niversitat Politécnica de Valéncia, Valencia, Spain,
2 Computational Multiscale Simulation Lab (CoMMLab), Univsitat de Valéncia, Valencia, Spair?,INCLIVA Health Research
Institute, Valencia, Spain? Arrhythmia Unit, Cardiology Department, Hospital Clinictniversitario de Valencia, Valencia,
Spain, 5 Division of Imaging Sciences & Biomedical Engineering, Definent of Biomedical Engineering, King's College
OPEN ACCESS London, London, United Kingdom
Edited by: . L . L .
olaf Doessel, 1N the chronic stage of myocardial infarction, a signi canhumber of patients develop

Karlsruhe Institute of Technology
(KIT), Germany

Reviewed by:
Arun V. Holden,
University of Leeds, United Kingdom
Socrates Dokos,
University of New South Wales,
Australia

*Correspondence:
Alejandro Lopez-Perez
alopez@ci2b.upv.es

Specialty section:
This article was submitted to
Computational Physiology and
Medicine,
a section of the journal
Frontiers in Physiology

Received: 08 October 2018
Accepted: 25 April 2019
Published: 15 May 2019

Citation:

Lopez-Perez A, Sebastian R,
Izquierdo M, Ruiz R, Bishop M and
Ferrero JM (2019) Personalized
Cardiac Computational Models: From
Clinical Data to Simulation of
Infarct-Related Ventricular
Tachycardia. Front. Physiol. 10:580.

doi: 10.3389/fphys.2019.00580

life-threatening ventricular tachycardias (VT) due to tharrhythmogenic nature of
the remodeled myocardium. Radiofrequency ablation (RFA3% ia common procedure
to isolate reentry pathways across the infarct scar that areresponsible for VT.
Unfortunately, this strategy show relatively low successates; up to 50% of patients
experience recurrent VT after the procedure. In the last dexle, intensive research
in the eld of computational cardiac electrophysiology (EP has demonstrated the
ability of three-dimensional (3D) cardiac computational odels to perform in-silico EP
studies. However, the personalization and modeling of ceain key components remain
challenging, particularly in the case of the infarct bordezone (BZ). In this study, we
used a clinical dataset from a patient with a history of infat-related VT to build
an image-based 3D ventricular model aimed at computationasimulation of cardiac
EP, including detailedpatient-speci ¢ cardiac anatomy and infarct scar geometry. We
modeled the BZ in eight different ways by combining the presece or absence of electrical
remodeling with four different levels of image-based patch brosis (0, 10, 20, and
30%). A 3D torso model was also constructed to compute the ECG Patient-speci ¢
sinus activation patterns were simulated and validated adast the patients ECG.
Subsequently, the pacing protocol used to induce reentran/Ts in the EP laboratory
was reproduced in-silico. The clinical VT was induced with different versions of the
model and from different pacing points, thus identifying tb slow conducting channel
responsible for such VT. Finally, the real patient's ECG recded during VT episodes
was used to validate our simulation results and to assess dérent strategies to model
the BZ. Our study showed that reduced conduction velocitiesand heterogeneity in
action potential duration in the BZ are the main factors in pmoting reentrant activity.
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Either electrical remodeling or brosis in a degree of at lest 30% in the BZ were required
to initiate VT. Moreover, this proof-of-concept study conrms the feasibility of developing
3D computational models for cardiac EP able to reproduce catiac activation in sinus
rhythm and during VT, using exclusively non-invasive claal data.

Keywords: myocardial infarction (Ml), ventricular tachycar dia (VT), border zone (BZ), electrical remodeling (ER),
brosis, slow conducting channel (SCC), computational simul ation, radiofrequency ablation (RFA)

INTRODUCTION Radiofrequency ablation (RFA) is a common procedure to
interrupt reentrant circuits through SCC responsible for VTs
Cardiovascular disease is the leading cause of both mtylaidd  related to chronic MI Gtevenson et al., 1993 de Chillou et al.,
mortality worldwide, with ischemic heart disease beingtest  2002; Wilber, 2008; Berruezo et al., 2015; Baldinger et al.,
common cause among theripwbar etal., 2014; Abubakar etal., 2016. As part of the electrophysiological (EP) study immediately
2019. Months or even years after su ering from a myocardialprior to RFA in patients with infarct-related VT, interventiah
infarction (MI), when the healing process is complete and the:ardiologists try to induce the clinical VT originally undgne
MI has reached the chronic stagea(i den Borne et al., 2010; py the patient by means of pacing protocols applied at selected
Daskalopoulos et al., 20)l2a signi cant number of patients sjtes of myocardium. A positive induction of monomorphic VT
develop potentially lethal ventricular tachycardias (V)edto  js assumed as an evidence of the presence of at least one SCC
the arrhythmogenic nature of remodeled tissueagzara and responsible for the VTRedersen et al., 2014; Priori et al., 2015
Scherlag, 1984; de Bakker et al., 1993; Nguyen et al.).201f such a case, the SCC is ablated to block the propagation
Infarct-related VTs are commonly associated with the siieda  through the reentrant circuit, thus avoiding the reentrydan
slow conducting channg¢BCC), also known asthmuseswhich  consequently, the VT. However, these procedures are iryasiv
are pathways composed of surviving myocytes across the infaigsky and very time-consuming. Moreover, they show a reddiv
scar that are responsible for the initiation and maintenanceow success rate, as up to 50% of patients develop recurrent VT
of reentrant activity, usually leading to monomorphic VTse(  after the RFA procedureGerstenfeld, 2013; Yokokawa et al.,
Bakker et al., 1988; Aliot et al., 2Q0Moreover, SCC are 2013; Baldinger et al., 20116
closely related to théorder zongBZ) (also termedgray zone Electroanatomical mapping (EAM) systeni&q-Haim et al.,
or peri-infarct zong a region constituting the transition between 1996: Gepstein et al., 199are commonly employed in the EP
infarct scar and healthy myocardium that comprises alteretl b |ahoratory to guide RFA procedures aimed at assessing badth atr
still viable tissue surrounding the dense brotic scar @rdt  (Calkins et al., 209)2and ventricular arrhythmiasAliot et al.,
scar) resulted from the healing of MI. Several studies havepo9: Priori et al., 20)5due to its ability to integrate spatial
described the BZ as a region of slowed conduction composed @b and EP information recorded by the catheter. In the case of
surviving but remodeled myocytes with in ltration of bune$  infarct-related VTs, EAM systems are considered as a helpdil t
of patchy brosis extending from the core of compact brosis to identify SCCs as RFA targets based on the abnormal featfires
(infarct scar), which results in a highly arrhythmogenisstie  electrograms (EGM) in such regions4rdner et al., 1985; Bogun
(de Bakker et al., 1993; Rohr, 2012; Rutherford et al., 201g; al., 200§ especially when clinical VT is unmappable due to
Nguyen etal., 2034 non-inducibility or hemodynamic instabilityNlarchlinski et al.,
At present, cardiac delayed enhancement-MRI (DE-MRI) i$000: Aliot et al., 2009; Priori et al., 2015
commonly used to explore the infarcted area pre-operatively, |n contrast to EAM systems, an alternative non-invasive
since it enablesn-vivo evaluation of the tissue damaged byapproach for pre-operative characterization of target substra
MI (i.e., scar and BZ) due to the hyper-enhancement of theand planning of RFA procedures is the use of 3D computational
infarcted region in the image(m et al., 1999a; Fieno et al., models able to simulate cardiac EP accurately. Such an approach
2000; Doltra et al., 20).3In fact, it is currently considered as the has the potential to help physicians to better understand and
gold-standard test foin-vivo assessment of scar and myocardialpredict the underlying mechanisms of a wide variety of cardia
viability after Ml in clinical settingsiamiel etal., 2017; Patel et al.,disorders, as well as in therapy planning and management
2017. Cardiac DE-MRI provides a substrate characterizatiorof those diseases/igmond et al., 2009; Smith et al., 2011;
after Ml that has shown close correlation with histopathotadi Trayanova et al., 2012, 2017; Krueger et al., 2013; Traganov
analyzesiim et al., 1999a; Fieno et al., 2000; Wagner et al., 2008nd Boyle, 2013; Lopez-Perez et al., 2015; Arevalo et ab). 201
Amado et al., 2004 allowing to di erentiate between scar and Although suchin-silicoapproaches show signi cant potential, a
BZ. The usefulness of MRI-based substrate characterization anumber of important questions related to the necessary lefel
SCCs delineation for planning and guiding ablation proceduredetail required by the model remain unanswered. In particula
aimed at infarct-related VTs has been tested in numeroudietu the speci c manner in which the microscopic structural and
(Ashikaga et al., 2007; Andreu et al., 2011, 2015, 2017;-Perfunctional remodeling, known to be present in the infarct BZ,
David et al., 2011; Wijnmaalen et al., 2011; Fernandez-Atane is represented in these macroscopic clinical models, and the
etal., 2013; Soto-lglesias et al., 2016; Yamashita ed 5, 2 subsequent implications of these speci ¢ choices in thedtiiin

Frontiers in Physiology | www.frontiersin.org 2 May 2019 | Volume 10 | Article 580


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lopez-Perez et al. Personalized Models for VT Simulation

and the sustenance of reentrant VT events, has yet to be fully Cardiac DE-MRI was acquired by a MRI scanner Magnetom
investigated. Related to this, the degree of model persatimiz  Avanto 1.5T (Siemens Healthcare, Erlangen, Germany) using
necessary for accurate simulationpattient-speci /T episodes a phased-array body surface coil, about 15min after the
is also a matter of debate; for example, the requirement of onladministration of the gadolinium-based contrast MultiHance
personalized anatomy (from images), or whether the inclusib  (gadobenate dimeglumine, 529 mg/ml) (Bracco Diagnostics
functional personalization (from ECG or EAM data, forinsta) Inc., Monroe Township, New Jersey, USA). The acquisition
should also be an essential feature in model constructiowas synchronized with both ECG (ECG-gated) and breathing
Full exploration of these e ects is often limited by clinical (navigator-gated), imaging the heart at the end-diastpliase of
data availability. cardiac cycle (trigger deldy 685 ms, for a nominal R-R interval

The main goal of this project is to develop a pipelineof 928 ms along the acquisition). The DE-MRI stack comprised
for performing personalizedn-silico EP studies able to aid 96 slices of 256 256 pixels encompassing the whole heart
electrophysiologists in surgical planning of RFA proceduregventricles and atria), with a pixel size of 1.41.4 mm and a slice
aimed at infarct-related VTs. For this purpose, we rst evédua thickness of 1.4 mm, thus resulting in isotropic voxel.
the feasibility of building image-based 3iatient-speci enodels In vivo EP data were recorded by CARTO 3 system using
of ventricles and torso of chronically infarcted patients athe NaviStar ThermoCodablation catheter with 3.5 mm saline-
well as the capability of such models to reproduce patientstrigated tip (Abdelwahab and Sapp, 2Q0°A pressure sensor
cardiac EP during VT episodes by computational simulationplaced at catheter tip ensured the proper contact between the
including simulated ECGs aiming to compare them with patientscatheter and the myocardial wall. A total of 847 points were
clinical recordings. Here we present a feasibility caseystudregistered: 315 from LV endocardium, 78 from right vengicl
building computational 3D models of ventricles and torsottha (RV) endocardium and 454 from epicardium.
are exclusively based on non-invasive high-resolutioniczi Regarding the ethical considerations, the protocol was
data. The ventricular model includes personalized and tetai approved by theEthics Committee for Clinical Research of the
3D geometry of both cardiac anatomy and the heterogeneoudospital Clinic Universitari de Valenc{&alencia, Spain), which
remodeling resulting from the MI healing process (infarctrsca certi es that the present study was conducted in accordarite w
and BZ), since both factors seem to be essential to iden@ifysS the recommendations gathered in the Declaration of Helsinki
as RFA targets by means wi-silico EP studies. Additionally, originally adopted by the General Assembly of the World
as part of the EP modeling associated with our pipeline, w&ledical Association in 1964, and in its subsequent revisions
explore the impact on VT inducibility and VT features of Furthermore, the patient, who underwent the standard clihica
di erent modeling strategies for the BZ, in which we include protocol, gave written informed consent for the use of his
electrical remodeling (ER) and structural remodeling infoem  anonymized clinical data in this study.
of di erent densities of image-based patchy brosis in order t
assess the arrhythmogenic e ects of those factors, bothatghar 3D Patient-Speci ¢ Ventricular Model
and in combination. Anatomical Model

We generated the 3[patient-speci cbi-ventricular model by
segmenting the short-axis slices from the cardiac DE-MRI using

MATERIALS AND METHODS Seg3D software (Scientic Computing and Imaging Institute,
o University of Utah, USA) $eg3D, 2013 We did it manually
Clinical Data to perform a highly detailed segmentation of whole ventsgle

In this work, we used a set of clinical data from a 58-year-oldncluding papillary muscles and main endocardial trabecolai
male patient referred for a RFA procedure aimed at nishing a(seeFigures 1A,B. An expert radiologist in cardiac imaging
monomorphic VT related to a large chronic MI, which extendedchecked all segmentations in order to ensure the delity of
over seven out of the 17 segments of the left ventricle (LVjhe 3D reconstruction of thepatient-speci canatomy. From
model of the American Heart Association (AHA). Myocardial the segmented DE-MRI stack, we generated a surface model
regions that appear aected in the DE-MRI were basal andf ventricles that we carefully checked with Blender (Bind
medial segments of both inferoseptal and inferolateral wallsoundation, Amsterdam, The Netherlands) to re ne and catre
and all segments of the inferior wall (basal, mid, and apjcal)defects in the mesh at the local level after applying a global
which correlates with an occlusion of the right coronaryesyt smoothing. Then, using the surface model as a template, we
(Ortiz-Pérez et al., 2008The patient su ered the acute Ml performed a volume meshing with MeshGems-Hexa (Distene
11 years before the clinical VT episode related to the MIl. Th&.A.S., Bruyeres-le-Chatel, France), obtaining a hexaHsaked
clinical dataset includes: clinical high-resolution dad DE- volume mesh comprised by 4 million nodes (vertices) and 3.71
MRI, whole thorax MRI, EAMs recorded via CARTO systemmillion elements, with an average edge length of 0.4 mm.
(Biosense Webster, Inc., Diamond Bar, CA, USAefstein To include the anisotropy of the cardiac muscle, we
et al., 199yand 12-lead ECG signals recorded during the RFAmplemented Streeter's rule-based meth&dréeter et al., 1959
procedure both in sinus rhythm and during VT episodes inducednodeled by the set of equations describedSabastian et al.

by pacing. Importantly, all those data were not speci cally(2009) de ning the helix ( ) and transmural () angles (see
generated for research purposes, but they were collected inFigure 1D) for every hexahedral mesh element, based on the
clinical environment as part of its daily routine. apex-base relative distance and transmural depth of its pasitio
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FIGURE 1 | (A) Manual segmentation process of cardiac DE-MRI performed wh Seg3D, displaying three slices corresponding to the stastard cardiac planes:
short-axis (eft), four-chamber plane ¢enter) and long-axis showing the LVright). (Note that in those views the LV appears on the right side ahthe RV on the left).
Contours highlighted in distinct colors show: LV myocardim including the septum (ed), RV myocardium plue) and papillary muscles and endocardial trabeculations
of LV {ellow) and RV @reen). (B) Posterior view of a coronal cross-section (four-chamber jine) of the hexahedra-based FEM volume mesh of the 3patient-speci ¢
ventricular model. Various cardiac regions are labeled Vitdifferent colors: septum blue), LV free wall ¢yan), RV free wallgreen) and papillary muscles and main
endocardial trabeculations of LVyellow) and RV (ed). (C) Transmural heterogeneity of ventricular myocardium, showg the distribution of the three different kinds of
ventricular myocytes: endo-, mid- (M cells), and epicardiaells. (D) Left antero-lateral view of the 3D ventricular model dispjang a representation of cardiac bers
orientation at different wall depths (endocardium, mid-mycardium, and epicardium).

within the 3D model. We rst applied this method to the whole depending on its position relative to the surfaces represerttie

LV myocardium (including septum) and then to RV free wall. infarct scar and the whole MI (séegure 2B).

In papillary muscles and endocardial trabeculations, bems a  In an attempt to reproduce the structural remodeling within
known to be aligned parallel to the longitudinal axis of thosethe BZ (patchy brosis) based on our clinical data, we rst
anatomical structures@reenbaum et al., 1981In order to  mapped the intensity levels of the DE-MRI into the volume mesh
reproduce such con guration, we performed the topologicalof our 3D ventricular model Figure 3A). Since the DE-MRI
skeletonization of the volume mesh to extract the mediakaxe voxels (isotropic voxels with edge length of 1.4 mm) weredarg
each one of those structures, what enabled to properly assgn tthan FEM mesh elements (hexahedra with average edge lehgth o
ber orientation within them. Finally, we performed a Gaussi 0.4 mm), the intensity level corresponding to each DE-MRI voxel
smoothing with a 3D kernel to soften abrupt transitions in was assigned to several FEM elements that might comprise up to
bers direction between the myocardial wall and the papillary64 hexahedra. We then generated di erent levels of brosi; (1
muscles and trabeculations, as well as at the RV free wal20, and 30%) within the BZ based on that information mapped

septum junctions. from the DE-MRI (seeFigure 3. Among the elements of the
volume mesh previously labeled as BZ, we de ned as brotic
Infarct Scar and Border Zone those ones associated with the highest intensity levelgnin

We generated 3D representations of the geometry of the infar@mount depending on the desired brosis level. Thus, we kedbel
scar and BZ by segmenting the slices of the cardiac DE-MRS brotic a percentage of elements belonging to the BZ that
by means of a custom implementation of the so-caieghdard Matched the speci ed level of patchy brosis.
deviation (SD) method(Kim et al., 1999 Brie y, we divided As shown in Figure3 our approach of image-based
the segmented LV myocardium into two sub-regions (heanh)generation of di erent brosis levels within the BZ resulted
and infarcted) (se€igure 2A), based on the pixel intensity levels clusters of brotic tissue. This method produced a distrilmuti
(i.e., gray levels). Within the infarcted region, we classevery that may be classied as patchy brosis, dened as a
pixe| as dense brotic scar (intensity levels h|gher than n@a mixture of bundles of myocardia| tissue and brotic tissue
SD of healthy myocardium), BZ (levels between n@an  (de Jongetal., 20).1
SD and mea@3 SD) or healthy tissue (values under m€&zh
SD) Kim et al., 1999a; Fieno et al., 2000; Kolipaka et alCARTO Data Reannotation and Integration
2005; Yan, 2006; Perez-David et al., 20Rihally, we mapped the Local activation times (LAT) annotations were automatical
scar and BZ into the volume mesh of the 3D ventricular modeldetermined by theCon densemodule of CARTO system. First,
labeling every hexahedron in the 3D model as healthy, scBZor we discarded all points with peak-to-peak amplitude under
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FIGURE 2 | (A) Segmentation process from short-axis DE-MRI slices of thedterogeneous remodeling caused by M, including infarct saaand BZ. Left panel shows
the rst step that involves the manual delineation of remote RI (region-of-interest)dreen) and infarcted ROl yellow) within the LV myocardium ROIréd), also
displaying the RV myocardium ROlofyan). Right panel shows the segmentation for infarct scap(rrple) and BZ {ellow) resulting from the application within the
infarcted ROI of thresholds determined by SD method from theemote ROI of each slice(B) 3D representation of the Ml reconstructed from DE-MRI image showing
posterior views of the 3D surface model of ventricles (rended with transparency) along with those hexahedral elemestof volume mesh labeled as infarct scaréd)
and BZ (lue).

DE-MRI intensity levels 10% fibrosis

A
20% fibrosis

FIGURE 3 | (A) Gray intensity levels from DE-MRI mapped into the hexahedraolume mesh of the 3D ventricular model, showing a posterdrasal view of the whole
model (eft) and a basal view of a cross-section in the short-axis planeight). The next three panels show the 3D brosis distribution resiting from the introduction of
several degrees of structural remodeling within the BZAB) 10%, (C) 20%, and (D) 30% patchy brosis. All those panels show a posterior view oftie 3D surface
model of ventricles (rendered with transparency) togethewith those hexahedral elements labeled as Bzb(ue) and brosis (orange) extracted from the volume mesh of
ventricular model. In each panel there is an image showing bbtthe BZ and brosis (left) and another one only displaying the brotic elementsright).
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0.5mV in distal bipolar EGM (M1-M2), as they are consideredNote that the problem of passive propagation of extracellular
as non-excitable tissue corresponding to the dense brat&rs potentials, i.e., only di usion without reaction componenes
(Marchlinski et al., 2000; Soejima et al., 20E&bdr the remaining not require such a ne spatial resolution outside the heart dom
EGMs, those acquired on healthy tissue were revised by amustdPrassl et al., 200:For this reason, the mesh is highly re ned only
code for LAT re-annotation. We chose the de ection of distalin the region of the ventricles, as shownkigure 5B
bipolar signal closest to the point of maximum negative slope in
distal unipolar signal as the activation tim&ach et al., 1979; Electrophysiological Modeling
Paul et al., 1990; Stevenson and Soejima, )2@ich showed Healthy Myocardium
good agreement with annotations determined by @en dense  For healthy myocardium, we used the ten Tusscher model of
module in most cases. However, such criterion is not refidot  human ventricular action potential (AP)t¢n Tusscher and
points showing noisy and fragmented signals, typically ledat panlov, 200§, considering the transmural heterogeneity of
at the BZ surrounding the infarct scarA(ot et al., 200%.  the ventricular myocardium rouin et al., 1995; Antzelevitch
In those cases, we placed LAT annotations manually undest al., 199 We de ned three di erent transmural layers for
the close supervision of a well-trained electrophysiologiéto  endocardial, mid myocardial (M cells) and epicardial myocytes
also reviewed LAT annotations for healthy EGMs. Furthermorewithin the volume mesh of our ventricular model, spanning
we discarded those points whose LAT value showed a poar7, 41, and 42% of ventricular wall thickness, respectivsg (
spatio-temporal coherence with their closest neighboreiifiis  Figure 10). These values were estimated from the data reported
process, only 385 out of the 847 CARTO measurement poinisy several experimental studiesi¢ouri and Antzelevitch, 1991;
were preserved: 84 for LV endocardium, 49 for RV endocardiungicouri et al., 1994; Yan et al., 1998
and 252 for epicardium. In order to establish the conductivities that will de ne
We had three surfaces generated by the CARTO systenhe conduction velocities (CV), we performed a set of test
including both acquired and interpolated data: LV endocardj  simulations on a 3D slab model (20 20 6 mm) composed
RV endocardium and epicardium F{gure 4A). Epicardial of regular hexahedral elements (voxels) with an edge lenfjth o
mapping was performed by accessing pericardial space throught mm, matching the average length in the ventricular mods!
percutaneous (non-surgical) transthoracic subxiphoid apphoa a result, we set the conductivity values to 0.24 S/m and 6.045
by means of puncture using an epidural needlerugada S/m for longitudinal (L) and transversal () conductivity,
et al., 2003; Sosa and Scanavacca, 2005; Tedrow and Stevenggpectively. This resulted in a CV of 0.68 m/s along the ber
2009; Yamada, 20),4following the access procedure originally direction and of 0.26 m/s in transverse direction. Thesei®sl
described bySosa et al. (1996, 2000We applied a rigid are consistent with the experimental measurements in human
transformation using the ICP (iterative closest point) alfum  ventricles {aggart et al., 2000
(Besl and McKay, 1992to align those three CARTO surface
meshes to our 30patient-speci cventricular model. Then, we Infarct Scar and Border Zone
projected all measurement points from each CARTO mesh t&dVe considered the infarct scar as a non-excitable tissualynai
the closest surface node of our ventricular model, in terms ofomposed of collagen, so we modeled it as an electrical tosula
Euclidean distance. Thus, we obtained all CARTO measuremefio do so, we de ned an internal boundary in our 3D model and
points (those preserved after the checking process) mappésiposed no- ux boundary condition at the interface between
onto the external surface of our 3D bi-ventricular modelgse the scar and surrounding tissue, which mostly corresponaed t
Figure 4B). The earliest activated region was located on the septéie BZ.
region of the LV endocardium at mid-apical level and, thedate  To include the ER in the BZ, we modi ed the ten Tusscher
activated on the epicardial surface within the BZ near the.sca model (en Tusscher and Panlov, 20P6by introducing
reductions in the maximum conductance of certain ionic
3D Torso Model channels, as reported from several patch-clamp experimetts wi
The whole torso MRI stack was acquired in the coronal planeells of epicardial BZs from canine hearts. According to éhos
with a slice thickness of 10 mm. We roughly segmented thdata, ha was reduced to 38% of its normal valie(and Boyden,
main organs (lungs, liver, heart) and structures (bonesjybo 1997, IcaL to 31% un et al., 200¢ and Ik, and Iks to 30
contour, blood pools, great vessels) using Seg3D softwaee. Tand 20% {iang et al., 20QPrespectively. At the tissue level, we
resolution of the torso MRI hampered a detailed reconstructiorreduced the conductivity parameters in the BZ to 0.05 S/m and
of some important structures, so we used the reconstructed.01 S/m for longitudinal () and transversal (r) conductivity,
parts of the model as landmarks to t a detailed torso modelrespectively. Importantly, we used the same conductivity wlue
previously developedFerrer et al.,, 20)5by means of a forthe BZ for those versions of the model including brosisch
linear transformation. Next, we replaced the ventricles tie t ER and forthose onesincluding only brosisinthe BZ. Henwe,
tted detailed torso model by ourpatient-speci cmodel and setreduced conductivities at tissue level for the BZ inaisions
removed any intersections between our ventricular modeal anof the ventricular model regardless of whether or not it inbéd
surrounding organs (sdeigure 5A). Finally, we used TetGeris{ ER atthe ionic level. CVs measured on a 3D slab model using the
and Gartner, 2006to mesh the torso volume with tetrahedra, remodeled version of ten Tusscher model were 0.17 m/s in the
which resulted in 1.26 million nodes and 7.38 million elertsen longitudinal direction and 0.065 m/s in the transverse dtfens,
organs (se€igure 5B). The average edge length was of 0.55 mmcorresponding to a reduction of around 75% with respect to the
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FIGURE 4 | Registration process between CARTO surface meshes and thel3ventricular model.(A) Two posterior views of the 3D surface model of ventricles
rendered with transparency, showing registered CARTO suates for both endocardia (eft) and epicardium (ight). (B) CARTO measurement points projected onto the
3D model with colored spheres representing CARTO points rewded from LV endocardium (ed), RV endocardium plue), and epicardium @reen). (C) Postero-lateral
view of the 3D ventricular model showing a possible epicardl SCC mainly composed of BZ Iflue) intermingled with some thin patches of healthy tissue at epardial
level peige) and completely surrounded by infarct scarréd), closely matching the location of projected CARTO pointsagged during the RFA procedure as
candidates to be part of a SCC ¢reen sphereg according to the features of their EGMs.

FIGURE 5 | 3D Torso model. (A) Anterior view of the torso model, showing the 3D surfaces thiazrepresents all organs and tissues included (bones, lungdiver,
ventricles, atria, and blood pools of four cardiac chambers Blue spheres represent the location of virtual electrodecorresponding to precordial leads for ECG
computation, placed in its standard positions.(B) Coronal cross-section of volume mesh of the 3D torso model, sowing the edges of tetrahedral elements that are
highly re ned in the region of ventricles(C) Labeled volume mesh. Different colors indicate to which om@n or anatomical structure each tetrahedral element belorgy
as a result of the labeling process of volume mesh: lung®(ange), bones fellow), liver purple), and ventricles Ked).
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CVs in healthy tissue. Conductivities for BZ in combinatiwith ~ #6), aiming to study the e ect of changing the conductivities
the original ten Tusscher model yielded CVs of 0.225 m/s andithin the BZ. We tested two new sets of values (0.12—0.03 S/m
0.09 m/s for longitudinal and transverse directions, resipety, and 0.22—0.0485 S/m for longitudinal-transversal coniites),
which means a reduction of around 65%. which in combination with our remodeled version of the ten
For brosis within the BZ, we used the MacCannell model Tusscher model, respectively, resulted in CVs in the BZ rediuce
for human ventricular broblast lacCannell et al., 2007 by 50 and 25% with respect to the CVs for healthy tissue.
At tissue level, we considered brotic tissue as isotropicd an To perform the simulations at the organ level, we used
set its conductivity to 0.1 S/m; a reduction of 60% withthe software ELVIRAHKeidenreich et al., 20)pa FEM solver
respect to the longitudinal conductivity in healthy myocanmh.  speci cally developed for solving the anisotropic reaction-
Fibrotic tissue behaves as a passive conductor that onlylenabdi usion equation of the monodomain model for cardiac EP
electrotonic conduction (passive propagation), rapidly legdi (Roth, 1983 For the numerical solution of our simulations,
to blocks due to the attenuation of propagated potentialswe applied the conjugate gradient method with an integration
Since the conductivity value set for brosis a ects the coogli time step of 0.02 ms, using implicit integration for the parbo
between myocytes and broblasts, it de nes the magnitude opartial di erential equation of monodomain model and explicit
the electrotonic load exerted by the broblasts over the e€eljg  integration with adaptive time stepping for the systems of
myocytes lacCannell et al., 200,/with broblasts acting as ordinary di erential equations associated with the ionic dels.
electrical sinks along plateau and repolarization phasesewhi
behaving as electrical sources during resting statecquemet, Stabilization of myocyte- broblast coupling
2006; Miragoli et al., 2006; Xie et al., 2009; Rohr, 2012; Gomadjacent myocytes and broblasts are known to interact by
etal., 2014; Trayanova et al., 2014; Mahoney et al., 20ifieZe coupling and signaling between them in both healthy and
et al., 201% This electrotonic interaction between myocytesdiseased myocardiuniKphl and Gourdie, 2014; Mahoney et al.,
and broblasts can cause a considerable impact on electricad16; Ongstad and Kohl, 20)L&Electrotonic interaction induces
conduction at tissue and organ level depending on broblasthanges in myocytes coupled to broblasts, such as elevation

density, as will be observed in our simulation results. of resting potential (i.e., less negative) and APD shortgnin
) ) as a consequence of the e ect of broblasts as electricalssink
Electrical Modeling of the Torso (MacCannell et al., 2007; Zeigler et al., 20Thus, we needed

We automatically labeled every tetrahedral element of dhenie 19 stabilize the myocyte- broblast electrotonic couplirasa rst
mesh as belonging to a given organ. The 3D torso model indudestep in our simulation pipeline to let those interactions redoe
bones, lungs, liver, whole heart (ventricles and atria) Bluwd  steady state. For all models including any brosis level 200 or
pools of all cardiac chambers organs (Begire 50. AsinFerrer  300p), rst we performed a 1s simulation without any stimulus.
et al. (2015) conductivity values assigned to di erent organsafter an initial stabilization that caused a multi-foci epic-
and tissues were taken from the literatutégcLeod et al., 1991; |ike activation, myocyte- broblast couplings remained tstin
Gabriel et al., 1996; Klepfer et al., 1997; Bradley et al0;20@psence of stimulation (saédeo SJ), so the nal state of those

Bressler and Ding, 2006We considered isotropic propagation simulations would later serve as a starting point for thediaihg
for all organs and tissues of our 3D torso model, except fopnes in our simulation pipeline.

the ventricular myocardium where we preserved the anisotropy

imposed by the orientation of cardiac bers. Aslifiepfer et al.  Simulation of the ECG

(1997) for the space not covered by any organ or anatomicafo obtain ECG signals on the body surface, we used an
structure we set a conductivity of 0.239 S/m calculated as thapproximation of the bidomain modelGeselowitz and Miller,
average of the conductivities for the other tissues, incigdhe 1983 to compute the extracellular potentials across the torso
skeletal muscle that was not considered as a speci c regionrin - volume. This approximation, described elsewhefeller et al.,
torso model. Finally, to simulate ECG signals we de neduatt 2010 and recently used in other works=¢rrer-Albero et al.,
electrodes on the surface of torso model corresponding to theo17; Martinez-Mateu et al., 20l 8omprises several steps. First,
precordial leads, which were placed in their standard pos#tiontransmembrane potentials, previously computed by simulation

(seeFigure 5A). at the organ level using the solver ELVIRA as explained above,
were interpolated from the ventricular model to the nodes

Computational Simulations of torso model corresponding to the ventricular myocardium.

Simulations at the Organ Level Then, solving the passive term (only di usion) of the bidomain

All simulations at the organ level were performed on eightapproach we obtained the extracellular potentials in the
di erent versions of our 3Dpatient-speci cventricular model, ventricles from the interpolated transmembrane voltageslfy,
generated by combining the presence or absence of ER in tla@plying Dirichlet boundary conditions at the ventriclesgo

BZ with four di erent levels of image-based patchy brosis (0, interface and Neumann-type conditions at the torso surface,
10, 20, and 30%), as detailed Table 1 Thereby, we could the extracellular potentials were computed by using the FEM
independently assess the arrhythmogenic e ect of the stmattu method to solve a Laplace equation over the volume mesh
remodeling (brosis) and ER within the BZ, as well as theof 3D torso model. To obtain the numerical solution of the
combination of both factors. We also performed some add#ion problem, we used the conjugate gradient method with the
simulations with the model with ER and 10% brosis (modelincomplete Cholesky decomposition as a pre-conditioner. (See
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TABLE 1 | Different versions of the computational model of ventrickeaccording to the kind of remodeling included in the BZ (ER atior brosis) and results of in-silico VT
inducibility tests performed with CVs in BZ reduced by 75% Wi respect to the healthy tissue.

Model version Fibrosis in BZ (%) ER in BZ Pacing site
endo#1l epi#l epi#2
#1 0 no VT no VT no VvT
#2 10 no VT no VT no VvT
#3 20 NO no VT no VT no VT
#4 30 no VT S3 290ms no VT
510 ms 117 bpm
#5 0 no VT S2 360ms no VT
506 ms 118 bpm
#6 10 S3 370ms S2 360ms no VT
YES 526 ms 114 bpm 526 ms 114 bpm
#7 20 S3 370ms S2 360ms no VT
520 ms 115 bpm 520 ms 115 bpm
#8 30 no VT no VT no VT

In the cases of positive VT induction, we specify the premature stimulU$2 or S3) responsible for the unidirectional block triggering the reentrant \&hd its Cl, as well as the BCL and
heart rate associated with the VT.

Supplementary Materiafor more details about the method used analysis of the changes in several AP key biomarkers regultin
to compute simulated ECGs). from the modi cations included in the ten Tusscher model for
ER in the BZ, for both isolated and embedded cell.

RESULTS
3D Ventricular Model Computational Simulations

As well as includingpatient-speci ccardiac anatomy, our 3D Sinus Rhythm Simulation

ventricular model also integrated personalized geometry ofVe reproduced the patients ECG in sinus rhythm using
heterogeneous remode"ng caused by Ml, di erentiating betwe Computational Simulation, in order to test and validate oud 3

of LV myocardium, respectively. Importantly, 3D reconstioat ~ Poth ventricles, we used that information to generateatient-

of the MI remodeling from DE-MRI revealed the presenceSPeci cstimulation sequence aiming to reproduce the patients
at the epicardial level, of an isthmus mainly composed of BBinNus activation pattern accurately. We used a total of 133
intermingled with several thin patches of healthy tissue thas ~Manually-checked endocardial CARTO points (84 for LV and
surrounded by dense scar. Both the shape and features of tff§ for RV) mapped onto the endocardial surfaces to create
structure match the de nition of a SCC representing a potentiathat personalized sinus stimulation sequence. We used those
substrate for reentrant VTde Bakker et al., 1988; Fernandez-mapped points as stimulation sites, applying a stimulus at each
Armenta et al., 2013 Moreover, as observed ifigure 4G~ One of them in the time instant given by the checked LAT
integration of CARTO data onto the 3D model showed gooovalue associated with the corresponding endocardial CARTO
agreement between the epicardia| isthmus and a set of CART@Nnt The endocardial CARTO pOint with the earliest LAT was
points labeled during the RFA procedure as candidates to be pdfie rst stimulated site (att D Oms) and the rest of points

of a SCC due to the characteristics of its bipolar EGMs (lowvere sequentially stimulated until reaching the latestvated
voltage, fractionated and split signals, late and isolateeiimls,  Point (highest LAT value) according to recorded EAMs (see
etc.) (le Chillou et al., 2002; Bogun et al., 2(Fhe image-based Figure S). To perform these simulations of sinus rhythm, we
patient-speci @D model of infarcted ventricles developed in thistook the nal state of the stabilization step (myocyte- tast
work, as well as the 3D torso model, are both publicly availabicoupling) as starting pointt(D Oms). Then, we applied the

at http://commlab.uv.es/repository/. CARTO-derived endocardial stimulation sequence to sirtmila
six heartbeats at a basic cycle length (BCL) of 800 ms, thus
Electrophysiological Modeling of the Border Zone matching the patient's heart rate in sinus rhythm (75 bpm)

ER in the BZ, represented by our modied version of tenduring the RFA procedure, which was measured from the ECG
Tusscher model, resulted in a decrease of upstroke velawnity arecordings included in CARTO data. Note that only the sixth
maximum amplitude of AP mainly caused by the downregulatiorbeat was used to simulate the ECG signals in the 3D torso
of Ina, @as well as an increase in AP duration (APD) relative tanodel for a single heartbeat in order to compare those sigals t
the normal values due to the reduction of repolarizing potassiu patient's recordings.

currents kr and Iks. As observed ifrigure 6, the main e ect of The activation map corresponding to sinus rhythm simulated
the applied changes is the prolongation of the APD, which a ectsvith model #6 (with ER and 10% brosis in BZ) is displayed
both a single isolated cell and a cell embedded in a 3D rereddel Figure 7. As observed, most of the ventricular tissue is already
tissue in a similar degredable S1summarizes a quantitative activated in around 140 ms. However, certain regions of tde B

Frontiers in Physiology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 580



Lopez-Perez et al. Personalized Models for VT Simulation

FIGURE 6 | Comparison between APs generated by the original version dén Tusscher model (en Tusscher and Pan lov, 2006, used in our simulations for healthy
myocardium, and APs resulting from our modi ed version of subh model for the remodeled BZ. Upper row shows APs from a simuléon with a single isolated cell,
after stabilizing the model at a BCL of 800 ms, while the lowerow displays APs obtained for a cell embedded in a 3D tissue.€., surrounded by other cells and
electrically coupled to them) exclusively composed of rentteled myocytes.

show a very late activation, especially the epicardial ist(eee In-silico VT Induction
Figure 7D), where activation lasts up to 289 ms. Activation mapsThe nal goal of our simulation pipeline was to reproduce the
for this CARTO-derived sinus rhythm are very similar for all clinical VT in-silico in order to study its mechanisms and to
versions of the ventricular model. The only remarkable deace identify reentry circuits responsible for the VT as ablattargets.
is the time that the tissue corresponding to the BZ takes to bAmong CARTO points projected onto the 3D model, we chose
fully activated, ranging from 243 ms for mod#l (no ER and no  two locations tagged as pacing sites in the actual procedure
brosis in BZ) to 296 ms for mode#8(with ER and 30% brosis and replicated the same programmed electrical stimulation
in BZ). Both factors slow down the activation of the BZ, witR E (PES) protocol applied by the electrophysiologists in the EP
causing delays longer than brosis. laboratory. First tested pacing sitendo#}) was located on the
Figure 8 shows APD maps for four di erent versions of the LV endocardium Figure 1Q green sphere), while the second one
ventricular model, depicting the repolarization dispersiaor (  (epi#) was on the LV posterior epicardial wall below the apical
APD heterogeneity) generated by both the ER and the presensele of the Ml Figure 10 red sphere). Aiming to explore the
of brosisinthe BZ. The inclusion of ER inthe BZ creates i in uence of pacing location, we included an additional point
with longer APDs, while the presence of 10% image-based patclgpi#3 located on the LV epicardial posterior wall, over the basal
brosis causes the opposite e ect (APD shortening) in certainside of the Ml Figure 10 blue sphere).
regions of the BZ. Thus, the combination of both factors sases Starting from the steady-state after the stabilization musi
the dispersion in the repolarization pattern, which may result rhythm, we paced the ventricles from each pacing site (one at a
a higher arrhythmogenicity. For APD maps with 20% and 30%ime) with a train of six stimuli delivered with a BCL of 600 ms
brosis in BZ, sed-igure S2 (S1 phase), followed by a single stimulus (S2 phase) coupled at
The comparison between the real and simulated ECG (a#00 ms after the last S1. If it failed to induce VT, we reduded t
the precordial leads) for all versions of the ventricular rabd S2 coupling interval (ClI) in steps of 10 ms until reaching positiv
including ER in the BZ is shown iifrigure 9. The inclusion or VT induction or propagation block at pacing site. In the latter
absence of ER in BZ did not have an important impact on thecase, when VT was non-inducible by a single S2 stimulus, we
simulated ECG in sinus rhythm (seeigure S3for simulated repeated the PES protocol adding another premature stimulus
ECGs with models without ER in BZ). Conversely, the presenc3 phase) after the S2 phase, with both S2 and S3 stimuli
of brosis in the BZ caused a deviation of the ST segment thatoupled at the same CI. We followed that protocol for the eight
matched that observed in the real ECG (see elevation in V1 andodel versionsTable 1) and the three pacing site&igure 10.
depression in V5 and V86, for instance). Furthermore, simedat Table 1 summarizes the results of all thosesilicotests of VT
QRS complex width and polarity was remarkably similar to thenducibility. Focusing on VT simulations at the organ lewaich
patients one, with a signal correlation over 80%, except foresults show that our pipeline was able to replicate the outsome
V2 and V3 leads for which correlation was around 70%. Thef the VT inducibility tests performed in the EP laboratory.
most important di erence was the repolarization phase, sinc&Ve achieved positive VT induction with several versions @ th
simulated ECGs showed a delayed T wave with respect to patiententricular model from the two pacing sitesr(do#land epi#)
one. Neither ER nor brosis in BZ appeared to have an importanthat succeeded in the real EP study. On the contrary, pacing
impact on repolarization, with only a slight e ect on T wave site epi#2(not tested in the clinic) could not trigger VT on any
magnitude depending on brosis level. model version.
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FIGURE 7 | Activation map for CARTO-derived sinus activation, corrgmnding to the sixth heartbeat simulated with the ventricalr model with ER and 10% brosis in
BZ (model#6). Top row shows an anterior(A) and a posterior (B) view of a coronal cross-section (four-chamber plane) of theentricular model, showing the activation
on the endocardial surfaces. Bottom row also displays anteor (C) and posterior (D) views of the whole model, showing the activation at epicardi level. Black regions
correspond to not activated tissue (not depolarized) due tobrosis accumulation. Gray region represents the infarct sar, modeled as non-conducting tissue.

Regardless the pacing site, all induced VTs showed a comm@&CC (se&/ideo S3. Model#8was a special case, as it is the only
mechanism characterized by a unidirectional block at thedo con guration that always led to bidirectional block at thewer
side (the most apical end) of the epicardial SCC previouslgnd of the epicardial SCC regardless both the pacing site and th
described, consequently leading to reentry through its ugiie  Cl for S2—S3 phases, blocking the propagation even in the S1
(the most basal end)Figures 11A—Edisplays potential maps phase (se¥ideo S9.
at di erent times, showing the propagation patterns generated Figure 12 shows APD maps for three di erent versions of
by the S2 stimulus that gives rise to the unidirectional kloc the ventricular model, exhibiting considerable repolariaati
and, subsequently, to the onset of the VT due to reentry. Suctlispersion caused by either ER or brosis in the BZ, as already
epicardial SCC enabled the perpetuation of the reentrantifi¢tiv observed in sinus activation (sEgure 8andFigure S3. Those
showing a clockwise macroreentrant propagation pattern withmaps, resulting from the propagation of the last stimulus of
the wavefront entering the SCC through its upper end and legvinS1 phase, dier signi cantly between them, although sharing
it through the lower one (seEigure 11F, what triggered a self- a common feature. All of them present regions of longer
sustained monomorphic VT with a BCL of 526 ms (114 bpm) onAPDs (compared to the rest of BZ tissue) at both ends
model#6 (seeVideo S2. of the epicardial SCC that supports the reentrant activity.

In our model, the presence of ER in the BZ was necessary ifhis e ect seems more marked at the lower side of the
three out of four con gurations allowing positive VT inducth ~ SCC, where the unidirectional block that triggers the regnt
(models#5-7. The only con guration providing positive VT occurs, especially in those models including ER in the BZ
induction without ER (model#4) required the highest brosis (Figures 12B,G. It is probably caused by a deeper impact
level (30%) in the BZ among tested ones, together with a Cl fasf source-sink mismatches because of the narrower funnel
S2-S3 phases signi cantly shorter than that of cases inofilR ~ shape of the lower end of the SCC compared to the
in BZ (se€Table 1). Concerning pacing sitepi#2that we added upper one.
to those tested in the real EP study, the VT test was negatiai i Following the premise of only including non-invasive clirlica
model versions, since the applied PES protocol never manageddata in our pipeline, we obtained the simulated ECGs for all
induce unidirectional block at either of the ends of the epital ~ successful VT induction using the torso model in order toesss
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FIGURE 8 | APD maps showing the epicardial surface of the posterior whbf the ventricular model, exhibiting the differences in pwlarization patterns during
simulated sinus rhythm for the four versions of the model redting from the combination of absence and presence of ER witno brosis and with 10% image-based
patchy brosis in the BZ. Those maps correspond to the sixth hartbeat simulated from the CARTO-derived activation patra at a BCL of 800 ms (75 bpm). As
observed, both the ER and the presence of patchy brosis in theBZ affects the APDs in the BZ, creating repolarization dispseion around the infarct scar. (see
Supplementary Material for APD maps with 20 and 30% brosis in the BZ).

the matching between thia-silicoinduced and the clinical VT in VT frequency, as observed iRigure 13 and detailed in

by comparing both ECGs. The frequency of reentry around th@able 1

scar was faster in the patient (BDB40 ms, 175 bpm) thaninthe  After analyzing our simulation results, given the signi cant
simulations (BCLD 506-526 ms, 114-118 bpm) (s&able 1),  di erence in frequency between clinical and simulated VT (175
probably due to di erences in CVs mainly in the BZ including vs. 115 bpm), we chose modiland pacing sitepi#1to perform

the SCC. It is noteworthy that CVs, as well as APDs, were natome additional tests aiming to study the in uence of di eten
personalized but based on population data. Aiming to compar€Vs in the BZ on VT features and its related mechanisms.
the morphology of precordial leads, we removed the frequencwith CVs reduced by 25% with respect to healthy tissue, the
variability by resampling a simulated ECG and overlapped itesult for VT induction was negative, since unidirectiohéck

to the patients ECGFigure 13shows such comparison, where never happened (se¥ideo S5, reaching propagation fail at

it is clearly appreciated that both morphologies present a higipacing site at ClI of 290 ms. In contrast, the test with CVs
degree of correlation, with the simulated ECG following gver reduced by 50% resulted in a positive VT induction, triggered
signal de ection in the real signals in all precordial lea@sly  again by unidirectional block at the lower side of the epidaird
lead V2 showed an enlarged amplitude in the simulated caseCC, due to S2-S3 stimuli with 320 ms for CI. Such interval
in one of the sections of the signal. Hence, as in the case ©f notably shorter than the successful ClI in the case of CVs
sinus activation, V2 shows the most considerable di erenceseduced in 75% (se€gble 1), in which VT furthermore resulted
with respect to the patient's ECG, along with V3 to a lessefrom a single S2 stimulus. Regarding the simulated ECG, the
extent. All con gurations that managed to induce VT showedmorphology of the monomorphic VT did not exhibit signi cant
the same reentrant pattern depicted Figure 11F, therefore variations. However, the acceleration of the reentrantégtdue
resulting in highly similar ECGs, just revealing subtle deeces to increased CVs in the BZ led to a considerably shorter BCL
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FIGURE 9 | Comparison between real and simulated ECG signals recordedt precordial leads in sinus rhythm. These plots display thECG simulated with all model
versions including ER (model$t5-8), combined with the four tested levels of image-based patch brosis in the BZ. The ECG for the model version with ER, 10%
brosis and the CVs reduced by 50% in BZ (10% b*), instead of 75% is also represented. Correlation coef cients (CORR) are @fuded in the plots legend. Those
signals were obtained by propagating through the 3D torso mdel the sixth heartbeat simulated from the CARTO-derived siis activation pattern at a BCL of 800 ms
(75 bpm). (seeSupplementary Material ~for simulated ECGs with model versions without ER in the BZ).

FIGURE 10 | Pacing sites for the application of PES protocols aiming toetst VT inducibility by computational simulation. The darkrgy region represents the infarct
scar.
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FIGURE 11 | Reentrant monomorphic VT inducedn-silico by PES protocol. Posterior views of the 3D ventricular modelisplaying potential maps at different time
instants of the PES protocol from pacing siteepi#1 leading to positive VT induction on the mode#6 (ER and 10% brosis in BZ). Non-excitable scar is representeéh
gray color. White arrows indicate direction of the depolazation wavefront.(A) Only one premature stimulus (S2) was delivered at a Cl of 3603n(B) The wavefront
generated by S2 stimulus causes a functional propagation btk at the lower side of the epicardial isthmus (see white aife). (C) The wavefront continues propagating
around the infarct scar, but not through the epicardial istmus due to the functional block caused by S2 stimulus(D) The wavefront reaches the upper side of the
epicardial isthmus after propagating all around the infatcscar. (E) The wavefront enters through the upper side of the epicardiasthmus, propagating across the
channel until leaving it through its lower side (unidirectnal block) to propagate again around the scar, giving riseota reentrant activity leading to a self-sustained
monomorphic VT.(F) Activation map of a cycle of the induced VT, con rming that theepicardial isthmus constitutes a SCC acting as structuralbstrate for this
infarct-related VT.

(425ms, 141 bpm) (sdegure 13, closer to that of the clinical any impact on VT mechanisms. However, signi cant in uence

VT but still a 20% slower (175 vs. 141 bpm). of some endocardial structures (e.g., moderator band in RV)
on activation patterns has been observed both experimentally
DISCUSSION (Durrer et al., 197Pand by computational simulationgishop
et al., 201)) as well as their potential role in the VT features
3D Modeling (Kimetal., 1999b; Bogun et al., 2008; Walton et al., pFA8ther

In this study, we have built a detailed image-based 3D cardianvestigations with large cohorts of patients are requiedsdsess
model that faithfully reproduces theatient-speci canatomy the convenience of systematically including endocardtédds in
and function of the ventricles of a given subject (fégure 1)  patient-speci enodels devoted to infarct-related VT simulations.
from non-invasive clinical data, reaching a high level of An essential element of our model was the anatomical and
anatomical detail. In contrast, ber orientation and tramsiral ~ functional modeling of the infarcted region. We based our
EP heterogeneity were included based on population data. Unlikgatient-speci canatomical Ml model on cardiac DE-MRI (see
ours, most previous 3D ventricular models ignore papillaryFigure 2), which is the current gold-standard technique for
muscles and endocardial trabeculations, especially tremedon  in-vivo assessment of myocardial ischemic injury in clinical
in-vivoclinical images. Subtlety and high inter-subject varigbil environments {amiel et al., 2017; Patel et al., 20Moreover,

of endocardial structures add di culty to the already chetliging DE-MRI is a routine imaging techniqgue recommended for
task of segmentinip-vivocardiac datasets. In our particular case,infarcted patients referred for RFA proceduréze(lersen et al.,
since the reentrant circuit is entirely con ned at the epidl  2014; Priori et al.,, 20)5 so it satises our requisite of
level, neither papillary muscles nor trabeculations appeaat@h exclusively using non-invasive clinical data. DE-MRI enables
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FIGURE 12 | APD maps resulting from the propagation of the last stimulusf the S1 phase triggered from pacing poinepi#1. These maps correspond to three out of
the four different versions of the ventricular model that eabled positive VT induction inn-silico tests: (A) model #4 (no ER and 30% brosis),(B) model #5 (with ER
and 0% brosis), and (C) model #6 (with ER and 10% brosis). All of them show repolarization dgersion in the BZ surrounding the infarct scar, with a regioof longer
APDs at both ends of the epicardial SCC, especially at the logr side where the unidirectional propagation block that tgigers the reentrant activity occurs. Black
regions correspond to not activated tissue due to brosis acaimulation.

FIGURE 13 | ECGs during clinical VT. Comparison between reablack) and simulated ECGs with different model versions fan-silicoinduced VT. Simulated ECGs
correspond to all model versions that enabled a positive Vhduction: models #4 (orange), #5 (blue), #6 (green) and #7 (magenta). The ECG for model#6 (ER and

10% brosis in BZ) with the CVs reduced by 50% (instead of 75%)sialso represented ¢yan). Together with the patient's ECGl§lack), a resampled version of the ECG
obtained with model#6 and CVs reduced by 75% in BZ is displayedrgd) to ease a visual comparison of the waveform of both signals.

the segmentation of the MI di erentiating between infarct sca 2014; Ukwatta et al., 20).6Nonetheless, the proper de nition
and BZ, that is crucial in order to study infarct-related VT of both types of tissue fronin-vivo clinical DE-MRI images
mechanisms by computational simulatioiRigenberg et al., remains controversial (especially for the BZ), something tha
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has given rise to a great variety of methods for this problento impaired activation e Bakker et al., 2005; de Jong et al.,

(Karim et al., 201p 2011; Nguyen et al., 2014; Dhanjal et al., 20%&cording
) _ _ to histological observations, it is widely assumed thatel®x
Electrophysiological Modeling showing intermediate intensity levels in DE-MRI images, uguall

Although it is not a completely acellular tissugu(n et al., 2002; classi ed as BZ, correspond to a mixture of myocytes and krot
Rog-Zielinska et al., 20),&he infarct scar is mainly composed tissue Hsu et al., 2006; Schuleri et al., 2009; Varga-Szemes et al.,
of extracellular matrix (collagen)(leutjens et al., 1999; van 201§. Consequently, we assumed that voxels in the BZ showing
den Borne et al., 2010; Daskalopoulos et al., ROHBwever, the highest intensity levels in the images probably corredgon
there is no representation for the extracellular space in th@ieces of myocardium having a high percentage of brotic te&ssu
monodomain model. In such a case, a passive model (cellul&tere, the intensity level of each DE-MRI voxel was mapped into a
level) combined with a low conductivity (tissue level) mbble  cluster of hexahedral elements in the volume mesh of vautic
used to account for a slight electrotonic load caused by theodel. This, along with the fact that the brightest voxeldie BZ
scar Ringenberg et al., 2014; Deng et al., 20¥¥e performed are usually surrounded by others with similar intensitiesgkes
some initial tests assigning the MacCannell model to the scaur image-based method to generate patches within the BZ (see
region, as done itMcDowell et al. (2011)When we computed Figure 3), resulting in a pattern of patchy brosis similar to
the ECG, the signals showed considerable distortion cabged that observed in histological examinatiorischuleri et al., 2009;
strong gradients resulting from the presence of such a largeutherford et al., 201)2Finally, we de ned image-based brosis
region (the scar occupies the 16% of LV in our model) thatup to 30% of the BZ (represented by the MacCannell model),
practically remained at resting potential across the sinmioet. ~ since larger levels generated brotic barriers completédgking
This unwanted “side e ect” would be critical for this work, the electrical propagation inside the epicardial SCC resptasib
since simulating the ECG properly is a key goal in order tdor the VT, as for instance in the case of mod described
compare our results to a real patients recordings. Hence, wabove. A recent study used a similar approach to include tealis
decided to disregard the potential electrotonic e ect of the brosis patterns based on DE-MRI images, although in that case
scar and modeled it as an electrical insulator by imposing nothe aim was to assess the in uence of several strategiesagi®
ux boundary condition, as done in many other studieBd€lan  modeling on atrial brillation dynamics using a 3D model of
et al., 2011; Rantner et al., 2012; Arevalo et al., 2013,; 20b@iman left atrium Roney et al., 20)6
Ashikaga et al., 20).3 Regarding myocyte- broblast coupling, there is experimental
A few simulation studies focused on infarct-related VTsénav evidence of the existence of this kind of heterocellular ciogpl
alsoincluded brosis within the BZ. Some authors have raméio  via gap junctions in the remodeled myocardium resultingnfro
included brosis, either di use brosis modeled as an elecally Ml (Camelliti et al., 2004; Schwab et al., 2013; Mahoney et al.,
passive tissue in a 3D model of rabbit ventriclesDowell etal., 2016, as well as by tunneling nanotubel(inn et al., 201p
2019 or as micro-regions (patches) of non-conducting scarredHowever, there is a lack of experimental studies focused on
tissue in a 3D canine model(evalo et al., 2013 Similarly, the characterization of myocyte- broblast coupling in th& Bf
a very recent work included randomly generated patterns o€hronic Mls in terms of density and distribution of functional
non-conducting brotic tissue within the BZ in a model of gap junctions connecting both types of celidngstad and Kohl,
infarcted rabbit ventriclesGampos et al., 20)8Another study 201§. Hence, magnitude and anisotropy of the electrotonic
faithfully reproduced brosis distribution in the BZ by mean load caused by myocyte- broblast coupling in the BZ remain
of highly detailed 3D models of wedge samples resulting frommndetermined. Finally, we decided to consider this in uerne
the reconstruction of high-resolution histological sects of means of a broblast modelNacCannell et al., 2007and a
infarcted rat hearts, considering it as non-conducting sen conductivity value set for brotic tissue that mainly a ecthe
brotic tissue (Rutherford et al., 2012 myocyte- broblast coupling within the BZ by modulating the
The gadolinium-based contrast agent used in DE-MRI is noklectrotonic interaction between both cell types.
speci ¢ for brosis, so the hyper-enhancement is assumed to Besides brosis, we also considered the ER in the viable but
be caused by its distribution through the extracellular spacaltered myocardium corresponding to the BZ that surrounds th
(Moon et al., 2004; Mewton et al., 2Q1ivhich is expanded infarct scar. However, it must be noted that all changes arert
in brotic regions resulting from the healing of MiHein and ionic channels considered for the BZ are based on experiments
Schaper, 2001; Daskalopoulos et al., 2012; Seidel et al), 20@4th cells harvested from epicardial BZ of canine hearts énd
Experimental observations based on histological secti@ve h Boyden, 1997; Jiang et al., 2000; Dun et al., 088l recently
witnessed the presence of brosis in Itrated within the BZg discussed elsewher€dnnolly and Bishop, 20)6it is unclear
Bakker et al., 1988; Smith et al., 1991; Rutherford et al2;201to what extent such data are representative of the ER in BZ of
Tschabrunn et al.,, 20)6mainly showing the appearance of human hearts. The presence of epicardial collateral ciricurén
patchy/interstitial brosis. Importantly, this is consided the canine hearts, not present in humans, is known to in uence the
most arrhythmogenic kind of structural remodeling. Patchyformation of the epicardial BZ in dog$§)fsell etal., 1985; Schaper
brosis increases the susceptibility to unidirectional ths due et al., 1988 which could give rise to functional di erences with
to source-sink mismatches and slows down conduction bexausespect to the surviving myocytes in human BZ. On the other
of propagation delays caused by the tortuous pathways that thend, all of those experimental studigdu(and Boyden, 1997;
wavefront has to take, also leading to EGM fragmentation duéiang et al., 2000; Dun et al., 2)@ere performed a few days
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after the coronary occlusion, still in the healing phase o th Sinus Rhythm Simulation
MI rather than in its chronic stage (sééendonca Costa et al., Regarding the personalization of cardiac activation, otlhers
2018for a recent review). Nevertheless, these data have behave exploited EAMs to personalize electrical propagation
widely used in previous studiesi¢Dowell et al., 2011; Rantner in simplied models by adapting the so-called apparent
etal., 2012; Arevalo et al., 2013; Ashikaga et al., 2013Mmbegy  conductivities Chinchapatnam et al., 2008; Relan et al., 2011;
et al., 2014; Deng et al., 2015; Hill et al., 20d@e to the lack Chen et al., 2016 Since we excluded invasively recorded data
of experimental data for ER in the BZ of chronically infarctedfrom our pipeline, we just beneted from CARTO data to
human hearts. validate the full 3D model (ventricles-torso set) in sinugthm

Our simulation results showed that VT inducibility was by means of the simulated ECG resulting from the activation
strongly related to slow conduction and APD heterogeneity i pattern provided by endocardial EAMs. The main limitations
the BZ (including the SCC). Slow conduction in BZ is widelyof EAMs are the lack of accurate automatic tools to t the
considered as a key factor in promoting reentry through SCQata to a 3D model and to annotate LATs, especially in regions
crossing the infarct scar, as it allows the working myoaamdi  showing pathological EGMs due to the presence of brosis and
at the other side to recover its excitability before theatiof scarred tissue. The myocardium a ected by the Ml (scar and
the wavefront coming from the channelgzzara and Scherlag, BZ) is the most thoroughly mapped region aiming to nd SCCs
1984; de Bakker et al., 1993; Nguyen et al., RHdwever, the across the scar as potential substrates for reetiogfima et al.,
underlying mechanisms of this reduction in CVs still remain2002; Baldinger et al., 2016; Pokorney et al., ROH6wever,
unclear, leading to a lack of consensus on the proper way tm that region most of EGMs show low amplitude and/or very
model it computationally. Some authors have reduced draliyic fragmented signalsXardner et al., 1985; Bogun et al., 2005; Aliot
only the transversal CVMcDowell et al., 2011; Deng et al., et al., 200Q That is why we had to exclude such a large amount
2015. This approach could represent the severe reductiof CARTO points: 462 points removed out of 847 included in the
measured in gap junctional conductance in canine BZs only imriginal CARTO data. In this regard, new multi-array catbet,
the transverse directionYgo et al., 2003and/or the loss of such asPentaRayfor CARTO system (Biosense Webster, Inc.,
side-to-side coupling between adjacent layers of myocyties d Diamond Bar, CA, USA) orintellaMap Orion for Rhythmia
to the isolating e ect of in ltrated brotic tissue Epach and system (Boston Scienti ¢, Marlborough, MA, USAVé&ntziari
Boineau, 1997 Rutherfordet al. managed to induce reentry in et al., 201} are currently helping to acquire less noisy and
wedge models of infarcted myocardium due to the propagatiomuch denser maps. Despite current limitations, including the
delays exclusively caused by dense brosis (collagenirétdd  uncertainty in LAT annotations, our whole-body level apprbac
within the BZ (Rutherford et al., 2002 Downregulation and allowed obtaining ECGs in sinus rhythm where precordial ad
lateralization of connexin 43 (i.e., gap junctions) haverbalso showed a good signal correlation with real ECGs (between 80
reported in the BZ Emith et al.,, 1991; Severs et al., 2008 and 96% for V1, V4, V5, and V6), as well as a similar R-wave
Downregulation of connexin 43 could result in an isotropic progression (seEigure 9). This, along with the good agreement
reduction of CV and its lateralization would exacerbatesthiect in QRS complex duration, indicates that chosen values for CVs
in the longitudinal direction while keeping or even incraagi in healthy myocardium and for conductivities of organs and
transversal CV. Nonetheless, part of lateralized gap jonstdbf  structures in torso model are within a proper range. Moreover,
remodeled cardiomyocytes in the BZ are thought to be nonthe coincidence in T wave polarity between real and simulated
functional (Matsushita et al., 199Regarding tissue architecture, ECGs (except for V1) suggests an appropriate de nition of
both DTI (di usion tensor imaging) {Vu et al., 2006; Winklhofer transmural layers, since transmural heterogeneity is kmaov
et al., 2013 and histological preparationsR{therford et al., have a great in uence on the repolarization phase in orgarllev
2012; Tschabrunn et al., 201bave revealed ber disarray simulations Qkada etal., 2011; Perotti et al., 2014&s observed
within the BZ that consequently involves alterations instis  in Figure 9, simulated signals for V2 and V3 are the leads that
anisotropy. Conversely, a recent study based on very higlshow most notable di erences compared to real ECG, not only
resolution DTI observed good preservation of normal berin the repolarization phase but also in QRS complex, as real
orientation patterns in chronically infarcted regions of pore ECG shows a prominent negative S wave that simulations could
and human heartsKashakhanloo et al., 20171n conclusion, not properly reproduce. This might be partially caused by the
the slowed conduction in the BZ seems to derive from dact that in the EP laboratory a pad for de brillation shocks
complex combination of structural, electrical and gap juost is usually xed on the left side of patient's chest, forcing th
remodeling that is not well-understood yetl Bakker, 2007  relocation of V2 and (sometimes) V3 electrodes away fronirthe
In our case, aiming to reproduce macroscopically the globatandard positions. Hence, since we placed the virtual eldet
e ect of all those combined factors a ecting the propagationfor simulated ECG on the standard position of precordial leads
and promoting the reentrant activity, and in addition to the (seeFigure 5), this is likely to be an important error source
image-based patchy brosis, we imposed an isotropic reductiospeci cally a ecting V2 and V3. Moreover, considering that
of CVs in the BZ as recently done by othefsiffgenberg et al., V2 and V3 were also the most di erent signals obtained from
2014; Hill et al., 2006 testing reductions of 75, 50, and 25%simulated VTs compared to the real ECG (deigure 13, it
for both longitudinal and transversal CVs with respect to theseems highly probable that V2 and V3 electrodes were not placed
healthy myocardium. in its standard positions in the EP laboratory. In conclusion
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we consider this reproduction of the patients ECG for sinusblock (Figure 12A), in combination with a shorter CI for
activation is an important step for the validation of our pipedi  premature stimulus. This is in agreement with that observed i
even though itis usually omitted in other studies thatalsn for ~ Arevalo et al. (2013and recently discussed ifrayanova et al.

planning of RFA interventions. (2017) whose authors concluded that the presence of brosis in
N ) the BZ is not a necessary element in order to predict reentrant
In-silico VT Induction circuits by means of cardiac computational models, as long as

The results of our simulation pipeline fdn-silicotests of VT  ER in BZ is considered. Focusing on model versions including
inducibility suggest that, in the presence of a SCC with stbweER (models#5-8, moderate levels of patchy brosis in the BZ
conduction, a key factor to cause a unidirectional blockeablare thought to facilitate the initiation of VTs, as in the case
to trigger a reentrant VT is the repolarization dispersion dueof models#6 (10%) and#7 (20%) paced from poinendo#1
to APD heterogeneity, as observed Higure 12 In models (seeVideo S§. However, elevated levels appear to prevent from
#5—7such APD heterogeneity (s&égures 12B,§ comes from VT mechanisms, as observed in mod& (30%), where the
the increased APD associated with the ER in the BZ (sdermation of a permanent bidirectional block avoids the self
Figure 6), even causing permanent blocks when combined witlsustained reentry and, consequently, the VT. This matches th
high brosis levels (mode#8). Nevertheless, in modét4, the  conclusions reached iicDowell et al. (2011 where the authors
APD heterogeneity responsible for the unidirectional blask observed anincreased risk of infarct-related VTs for intediate
exclusively caused by the presence of patchy brosis withitevels of di use brosis randomly distributed within the BZsa
the BZ, which by contrast gives rise to patches of tissueell as a protective role against VT derived from higher level
with decreased APD because of myocyte- broblast interastio Hence, our approach of image-based patchy brosis seems to
(Figure 12A). This explains the need of a shorter CI to inducehave a similar impact on infarct-related VT mechanisms.
VT in model #4 compared to those versions including ER in  Although the morphology of the signals of simulated ECG is
the BZ (se€Table 1). On the other hand, the complete failure highly similar to that of clinical VT (only V2 and V3 show ndike
of pacing siteepi#2 along with the fact that model$4 and#5  di erences, probably due to inaccurate electrode locatis®e(
allowed positive VT induction fromepi#1but not from endo#1  Figure 13, the BCL ofin-silicoinduced reentry is larger than
gives evidence of the important in uence of the location ofthe patient's one, thus resulting in a slower VT. We think it is
pacing sites on the result of VT inducibility tests and even ordue to di erences in CVs in the BZ and, consequently, in the
the morphology of induced VTs. If PES protocol delivered fromepicardial SCC supporting the reentry, where the model is likely
epi#2had been able to cause a unidirectional block at the uppeo conduct slower than the real case. When we increased CVs in
end of the epicardial SCC, for instance, the morphology of théhe BZ up to 75% with respect to healthy tissue (i.e., a redondf
resulting monomorphic VT would have been di erent. In such a 25%), we could notinduce VT because premature stimuli (S2—S3)
case, macroreentry would show a counterclockwise propagatistopped propagating at a Cl too short to produce the functional
pattern that, consequently, would alter the morphology of theblock atthe SCC entrance. The faster the propagation, theehor
ECG during the VT episode. Nonetheless, not only the locatiothe Cl needed to generate a wavefront able to reach the SCC
of pacing sites but also the geometry of the SCC seems to hasetrance within the time window in which its tissue is vulnbla
an essential role in VT mechanisms, what might be the reasato functional blocks. On the other hand, in the simulated ECI®
for which in our model propagation blocks occur at the lowersinus rhythm we observed a delayed repolarization with raspec
side of the SCC but never at the upper one. In our case, th® the patients ECG Rigure 9), something that suggests that
lower end of the SCC is narrower than the upper (Begure 1),  APDs in our model are larger than the patient's ones. We did not
which makes it more prone to functional propagation blocksinclude the personalization of any parameter relative to @ard
due to source-sink mismatches caused by abrupt changes EHP in the design of our pipeline. However, we hypothesize that
the geometry of excitable tissu€d¢nnolly et al., 2015; Ciaccio the choice of an ionic model with a basal APD shorter than ten
et al., 2018 With respect to the tests performed with di erent Tusscher's one probably might allow inducing a reentry with a
conductivities, simulation results con rm the great impaot shorter Cl for premature stimuli in spite of relatively high GVh
CVs in the BZ both on the initiation mechanisms and on thethe BZ, triggering a reentry with a shorter BCL and, thus,sida
frequency of infarct-related reentrant VTs. VT. Hence, we believe that including in our pipeline a coarse
Therefore, according to our simulation results, derivednfr ~ personalization of the APD based on the features of patie@S E
a unique MI geometry, the most in uential factors in promoting in sinus rhythm, as well as for CVs in healthy myocardium,idou
reentrant infarct-related VTs are the reduction of CVs anBA  improve the performance of our approach. Although there are a
heterogeneity (repolarization dispersion) in the BZ, eitbeused few precedents in this regar&¢lan et al., 2011; Chenetal., 2016;
by ER (model#5 or by the presence of brosis (modétd), Gillette et al., 20103 further studies should be conducted in order
as well as by the combination of both kinds of remodelingto test such hypothesis.
(structural and ER) (modet6—7). However, our results suggest  As in this work, the ability to reproduce infarct-related Vig
that arrhythmogenicity is more strongly correlated with BERRn  means of image-based human cardiac computational models has
with brosis in the BZ. Only in one case (modei4 paced been demonstrated in a number of previous studieslén et al.,
from point epi#) we managed to induce VT in the absence2011; Ashikaga etal., 2013; Ringenberg et al., 2014; Arhedlo
of ER, requiring a high brosis level (30%) to create an APD2016; Chen et al., 2016; Deng et al., 2016; Prakosa et &), 201
heterogeneity enough to promote a unidirectional propagatiorConcerning the global performance of our particular approach,
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we have been able to reproduce patients ECG both in sinumbout thepatient-speci ageometry of Purkinje network. There
rhythm and in clinical VT with good delity, considering thta are a few recent studies proposing approaches to infer models
cardiac EP and myocardial architecture were not persorlizeof conduction system from endocardial EAMSdrgara et al.,
When PES protocols produce positive VT induction in the EP2014; Palamara et al., 2015; Barber et al.,2§&¥it would break
laboratory, electrophysiologists usually compare the tegul our requisite of only using non-invasive clinical data coléd
ECG to that registered during clinical VT episodes as a method prior to the RFA procedure. Then, the only alternative would
discern whether both VTs match or not, what helps in the procesbe to include a synthetic Purkinje model. Neverthelessuichs

of choosing optimal ablation targets. Therefore, our pipelinea case it would be impossible to assess to what extent the impact
completely based on non-invasive clinical data has the p@tent on simulation results of that arti cial Purkinje networkf(any)

to replicate such process-silicg such that it might become a would be faithfully replicating the inuence of the patient's
helpful tool in therapy planning prior to RFA procedures aimed conduction system in such scenario.

at nishing infarct-related VTs. The poor quality of the anatomical whole-torso MRI
o hampered the construction of @atient-speci ctorso model,
Limitations forcing us to reuse and adapt an existing one. However, given th

The major limitation of our work derives from the fact that it results yielded for simulated ECGs, it does not appear to have
relies on only one case. Thus, this work must be considered &gen an important drawback, at least in this particular case.

a proof-of-concept study that shows promising, yet preliminary

results. Hence, further studies including a larger numbér o

patients should be conducted in order to improve and validataCQNCLUSIONS

our pipeline, as well as to strengthen our conclusions.

Some features of the 3D ventricular model were notOur 3D patient-speci anodel of the ventricles exclusively built
personalized. Myocardial architecture, for instance, wafom clinical data, in spite of avoiding the personalizatioh o
generated by means of a rule-based approach based oardiac EP (based on population data), was able to reproduce
population data. The only alternative is the use of DHs( the morphology of the clinical monomorphic VT su ered by
et al., 1998; Scollan et al., 1998; Holmes et al.,)2@ltbough the patient in the simulated ECGs. Furthermore, this allowed
in-vivo cardiac DTI remains highly challenging because of thedenti cation within the 3D model of the SCC responsible for
artifacts caused by cardiac motion. However, some studighe reentrant activity, matching the ablation target chodsy
have compared simulation results performed on 3D ventriculathe experts in the RFA procedure that successfully eliminated
models using rule-based methods amd-vivo DTl (Bishop VT inducibility in the patient. Hence, we have given a proof
et al., 2009; Bayer et al., 201nding only minor di erences  of the feasibility of developing 3patient-speci @omputational
in electrical patterns at global level, what con rms the d&ji models from clinical data aimed at simulation of the cardiac
and robustness of rule-based approaches for simulations &P, with the potential to become a powerful tool for surgical
cardiac EP. planning. This approach could help to improve the currently

Currently, the electrical propagation through ventricularlow success rate of RFA procedures as well as to shorten surgery
myocardium is known to be characterized by three distinctduration and, consequently, decrease the risk to the patiént
conductivities in longitudinal, transverse (within myodél must be highlighted the great importance of the personalizati
sheets) and normal (along transmural direction) axesdks, of both cardiac anatomy and Ml geometry from-vivo high-
2007; Caldwell et al., 2009Recent computational studies resolution images to accurately locate reentry pathways as
have shown the impact on propagation patterns that migh@ablation targets bin-silicoEP studies.
result from considering such full electrical anisotropy thbdn From the functional perspective, the computational modeling
simulations at organ level in healthy ventriclemlinston et al., of the BZ remains a complex task due to the lack of experimental
2016 and in simpli ed models of cardiac tissue under diseasedlata from human hearts. In our study, the determinant aspects
conditions (Johnston et al., 20)8Instead, we considered a were the reduction of CVs and APD heterogeneity, which
unique conductivity for all directions perpendicular to myte could be caused by ER in the BZ, a large amount of patchy
longitudinal axis, as it has been commonly assumed in most obrosis (30%) or a combination of both factors. The most
the 3D computational studies of cardiac EP so far. Hence, tharrhythmogenic versions of our ventricular model were thos
incorporation of full anisotropy to the cardiac EP modeling of that combined the ER with intermediate brosis levels (1@an
our pipeline might be one of the future improvements, as well a20%) in the BZ. Such con gurations generate an important
the study of its in uence on infarct-related VT inducibility repolarization dispersion (APD heterogeneity) around theiiofa

We did not incorporate the cardiac conduction system inscar, especially in the vicinity of both terminal ends of the
our ventricular model, although it was not expected to have @&picardial SCC, making the model more prone to the onset
signi cant impact on the infarct-related VT mechanisms that of reentrant activity due to functional unidirectional kdks in
we aimed to study in this work. Considering the longer APD ofthe channel.

Purkinje cells and the delay at the Purkinje-myocardialgtions, Several challenging issues are still hampering the intradnct
the kind of VTs simulated in this study could not have beenof cardiac computational models as a common tool in clinical
mediated by the Purkinje system. In any case, currentlyehgr environments, such as the automatic and accurate recorgiruc
no in-vivo imaging modality capable of providing information of patient-speci canatomy and infarct geometry frorm-vivo
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images, especially from MRI modalities. Another importantcontributed to the writing of the manuscript. All authors hav
drawback is the current high cost of 3D computationalread and approved the nal version of the manuscript.
simulations of cardiac EP at organ and body levels, whose
computational burden demands the use of high-performancgElUNDING
computational resources and long computing times.
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NOMENCLATURE

2D Two-dimensional

3D Three-dimensional

AP Action potential

APD Action potential duration

BCL Basic cycle length

SCC Slow conducting channel
DE-MRI Delayed enhancement-MRI
EAM Electroanatomical map/mapping
ECG Electrocardiogram

EGM Electrogram

FEM Finite-element method

LAT Local activation time

LV Left ventricle

Ml Myocardial infarction

RFA Radiofrequency ablation

RV Right ventricle

SD Standard deviation

VT Ventricular tachycardia

DTI Diffusion tensor imaging

EP Electrophysiology/electrophysiological
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