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Abstract

Mesh resolution is a critical component in the develop-
ment of cardiac digital twin models designed to replicate
patient-specific electrophysiological behaviour. This pa-
rameter not only affects simulation performance, but also
plays a pivotal role in accurately capturing arrhythmo-
genic mechanisms, such as ventricular re-entry, which is
a key feature of life-threatening arrhythmias in heart dis-
eases. In this study, we explore how different mesh res-
olutions influence the formation and stability of re-entry
circuits using an healing infarcted region. Simulations are
performed on a human-based biventricular model that in-
cludes a Purkinje network and an infarcted region with
ionic remodeling by employing a high-performance GPU-
based cardiac solver. Notably, we find that even when
conduction velocities are adjusted to match across resolu-
tions, the resulting re-entry onset differ, occurring around
4340 ms, 3640 ms and 5080 ms, for 250 pm, 300 pm and
350 um mesh resolutions, respectively. Execution times
were 46.72 hrs, 26.95 hrs and 16.06 hrs. These findings
suggest the importance of mesh resolution choice in digital
twin applications, particularly for arrhythmia risk assess-
ment and personalized therapy planning that consider the
Purkinje network.

1. Introduction

Cardiac digital twin models aim to replicate patient-
specific electrophysiological behavior and have shown
promise for personalized therapy, clinical decision sup-
port, and understanding life-threatening conditions such
as cardiomyopathies and ventricular tachycardia (VT) [1].
Their development, however, is computationally demand-
ing and requires careful calibration of multiple parameters
to match clinical data.

Among these, biventricular mesh resolution and tissue
conduction velocity (CV) are particularly important, es-
pecially when modeling slow-conducting diseased tissue
[2] and the Purkinje network [3]. These choices must bal-
ance electrophysiological accuracy with feasible runtimes
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for arrhythmic risk simulations [4].

In this work, we investigate how mesh resolution and
Purkinje-myocardium coupling affect VT dynamics in a
human biventricular model with a healing infarcted re-
gion. Tissue conductivities were calibrated using an au-
tomatic parameterization strategy [S5] to ensure consistent
CVs across resolutions.

2. Methods

2.1.  Clinical data and computational mesh

We used a human biventricular MRI-derived mesh [6],
previously applied for ECG personalization [7-9], coupled
with a Purkinje network (Figure 1A).

To assess mesh resolution effects, three discretiza-
tions were tested for the biventricular mesh: 250 pm
(6,845,153 control volumes), 300 um (3,961,167) and
350 pm (2,494,526). The Purkinje mesh was fixed at
100 pum (36,176). These resolution values are based on
previous works [2,10, 11].

A healing infarct was introduced in the anteroseptal re-
gion to represent left anterior descending artery occlusion
(Figure 1B). The infarct was modeled as a 25 mm radius
sphere, surrounded by a 4 mm border zone [12].

2.2. Monodomain model

Electrical propagation through cardiac tissue was de-
scribed by the monodomain model due to its lower compu-
tational cost compared to the bidomain model. The math-
ematical model for the myocardium and Purkinje system,
along with their coupling, is given following the finite vol-
ume formulation presented in [13].

The Purkinje-Muscle-Junction (PMJ) coupling is mod-
elled by a fixed resistance, linking a Purkinje element to
several myocardium elements. Therefore, an additional
flux Jparg (wA/cm?) using a fixed resistance Rpys s and
by coupling a single Purkinje control volume to its Npys s
closest myocardium control volumes. Moreover, the PMJ
flux is given as a non-homogeneous Neumann boundary
condition by:
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where the sign of the flux determines if Jpjys s exerts its
action in the anterograde or retrograde direction.

To numerically solve the monodomain model, the GPU-
based cardiac solver MONOALG3D [13,14] was used with
a time discretization equal to dt = 0.01 ms for the asso-
ciated PDE and ODE system. Purkinje coupling parame-
ters are fixed across resolutions with values of Rpy;; =
500 M) and NPMJ = 60.

An approximation for the ECG was computed by assum-
ing that the tissue is immersed in an unbounded volume
conductor and using the formulation described in [13, 14].

2.3.  Cellular models

To model the cellular dynamics of the myocardium do-
main we utilized a modified version of the human-based
ToR-ORd [15], while for the Purkinje cells the human-
based Trovato model [16]. Modifications on the ToR-ORd
model are summarised in Table 1 and reproduce a steeper
APD restitution curve that promotes spiral break up and
hence ventricular fibrillation (VF) in the model, as in [17].
Healing infarction conditions (few weeks post coronary
occlusion) were reproduced through ionic alterations in
the ToR-ORd model using the parameters presented in the
work from Riebel et al [18].

2.4. Stimulus protocol

Sinus rhythm was simulated by delivering an initial
stimulus at the His-bundle and considering an arrhythmic
pacing protocol with a decreasing cycle length (CL) based
on the work from Sayers et al. [12]. Two beats of CL =
500 ms, followed by two beats of CL = 450 ms, two

Figure 1: Biventricular mesh (350 pm) used for the com-
putational simulations with its coupled Purkinje network
(A) and healing infarcted region (B). Regions highlighted
in blue (healthy), red (borderzone) and white (infarct).

Parameter Value Parameter Value
Icar 0.60 Inay 1.31
Ing 1.39 Icoap 1.36

I 1.48 Ipca 1.10
Inar 1.39 Icact 0.74
I, 1.13 Icw 0.68
Ik, 0.82 Jrel 0.62
Ii 0.75 Jup 1.37
Tk 0.91 macty,,, 1.90
INaCa 091 inact;Nm 0.50
Inak 1.28 nactNar 0.66

inactlxrvwg 0.35

Table 1: Ventricular fibrillation scaling factors for the 7ToR-
ORd cellular model.

beats of CL = 425 ms, two beats of C'L = 400 ms, two
beats of CL = 375 ms and three beats of CL = 350ms.
After the last stimulus, we wait for a sustained ventricu-
lar arrhythmia activity. Total simulation time is equal to
tmaz = 6500ms.

2.5. Conduction velocity

To calibrate the monodomain tissue conductivities
across the three space discretizations for the biventric-
ular mesh, the automatic parametrization strategy pro-
posed by Costa et al. [5] (funeCV) was implemented
in MONOALG3D setting the stop criterion for the itera-
tive procedure equal to 1073, A cable of length 12.6 cm
was used for CV calibration simulations, with the CV cal-
culated at the middle of the cable considering the local
activation time (LAT) as the time when the transmem-
brane potential of a control volume exceeds a threshold
of —50 mV. Conduction velocities for the healthy tissue
are given by 65 c¢m/s (longitudinal), 38 ¢m/s (transver-
sal) and 47 c¢m/s (normal), while for healing infarcted
tissue these values are 19 ¢m/s (longitudinal), 12 em/s
(transversal) and 15 ¢m/s (normal). For the Purkinje net-
work a conductivity of o, = 2.25 S/m was calibrated for
a CV of 3 m/s using the same procedure. All values of
CVs are based on previous works [8, 18]. Table 2 summa-
rizes the calibrated conductivities for each cell type across
the different space discretizations.

250 um 300 um 350 um

{S/m} HZ 1Z HZ 1Z HZ 1Z
o; 02371 0.0823 0.2502 0.0906 0.2698 0.1006
o¢ 0.1007 0.0421 0.1126 0.0463 0.1208 0.0521
on  0.1381 0.0546 0.1496 0.0600 0.1623 0.0667

Table 2: Calibrated monodomain tissue conductivities us-
ing the runeCV implementation in MONOALG3D across
the three space discretizations. HZ: healthy and IZ: infarct.
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3. Results and discussion

Figure 2 shows the effect that the mesh resolution has
on the tissue CVs for healthy and healing infarcted cells.
Monodomain tissue conductivities were calibrated with the
automatic parameterization strategy [5] implemented in
MONOALG3D. As can be verified in Figure 2A, without
a proper tissue conductivity calibration strategy, we could
not keep the same CVs across resolutions. In addition,
the calibration procedure proves essential when healing in-
farcted cells are involved, as we start observing propaga-
tion blocks when calibrating the transversal direction due
to the slow propagation in that direction, as can be verified
by the red crosses in Figure 2B.

Figure 3 shows that sustained VT was obtained for all
three mesh resolutions. Despite conduction velocity (CV)
calibration using the automatic parameterization strategy,
the VT onset time varied: 4340ms (250um), 3640ms
(300p4m), and 5080ms (350um) (Fig.3B). Corresponding
simulation runtimes were 46.72h, 26.95h, and 16.06A, re-
spectively.

Differences in VT onset may arise from the Purk-
inje-myocardium coupling implementation. The fixed
number of coupled myocardial control volumes (Npys.7)
per Purkinje terminal was maintained across resolutions,
potentially altering the effective anterograde PMJ delay at
different spatial discretizations. These changes can influ-
ence local activation times and modify activation patterns
within the healing infarcted region, as can be seen in the
transmembrane potential maps (Fig. 3A).

Given the established role of the Purkinje network in
re-entrant arrhythmogenesis, these findings highlight the
need to assess sensitivity to coupling parameters in models
coupled to the Purkinje network. Future work could im-
plement a coupling strategy independent of mesh resolu-
tion, like for example, connecting each Purkinje terminal
to myocardial elements within a fixed volumetric region
(spherical or cylindrical) and adjusting Rpjs s to maintain
consistent PMJ delays across resolutions.
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Figure 2: Results for the CV calibration using
the automatic parameterization strategy implemented in
MONOALG3D for healthy cells (A) and diseased ones (B).
Solid lines are CVs calibrated with the tool (*C'V'), while
dashed lines are uncalibrated (C'V). Red crosses denote
propagation blocks.
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Figure 3: (A) Transmembrane potential at t = 3440 ms
for the three different space discretizations. (B) ECG ap-
proximation for lead V6.

4. Conclusion

We presented a study that assesses the effect that mesh
resolution has on re-entry patterns, considering an heal-
ing infarcted region and Purkinje network coupling. Our
results confirmed that calibrating the monodomain tissue
conductivity is essential to correctly capture conduction
velocities across resolutions, especially when ionic remod-
eling is considered. Importantly, this study highlights that
the usage of a Purkinje coupling implementation that is de-
pendent on the space discretization can affect the activation
patterns and change the onset of the VT through the three
space discretizations used for the biventricular mesh.
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