Personalised Models of Atrial Propagation Fitted to Clinically-Induced Activation
Maps

Duna de Luis-Moura!, Chiara Celotto?, Saman Golmaryamii3, Maria Termenén-Rivas!, Giada S
Romitti!, Etel Silva3, Juan Fernandez-Armenta?, José F Rodriguez?, Alejandro Liberos!, Miguel
Rodrigo*

lCoMMLab, Universitat de Valéncia,Valéncia, Spain
?Department of Chemistry Giulio Natta, Politecnico di Milano, Milano
3Department of Cardiology, Hospital Universitario Puerta del Mar, Cadiz, Spain

Abstract

Atrial fibrillation (AF) is the most common cardiac
arrhythmia, and its treatment by ablation still presents
variable results among patients. In this paper, we present
a personalised simulation methodology fitted to clinical
data to improve understanding of the atrial electrical
substrate and support clinical decision making.

We analysed high-density electro-anatomical mapping
signals recorded during a triple extra-stimulus protocol
able to reveal conduction disturbances on atrial tissue.
Computed tomography data was used to build patient-
specific 3D atrial models in which electrophysiological
simulations were performed and adjusted to reproduce
clinical local activation maps (LAT) maps. These included
an adjustment of tissue propagation properties and
electrical remodelling, to reproduce different levels of
disease progression.

This methodology reproduced both inter-individual and
regional variation in atrial propagation conditions during
the triple extra-stimuli. Simulated LAT maps reproduced
clinical data with 23.4 ms average deviation, and were
better reproduced in patients with lower heterogeneity
between LAT maps.

1. Introduction

Atrial fibrillation (AF) is the most common cardiac
arthythmia and is associated with rapid and irregular
activation of the atria [1]. Although pulmonary vein
isolation (PVI) is an effective therapy, many patients with
persistent AF experience recurrences [2, 3]. This has
prompted the need to identify more precisely the regions
responsible for arrhythmia maintenance in order to
optimise ablation strategies.

With the aim of revealing non-obvious conduction
disturbances on the atrial tissue, electrophysiological
biomarkers can be extracted from specific pacing
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protocols, such using three extra-stimuli (3-Extra) with
pacing intervals close to the effective refractory period.
These stimuli are administered at short, decreasing
intervals, inducing electrical responses that reveal regions
of abnormal conduction, such as double or highly
fragmented electrograms. These pathological regions
could therefore be considered potential targets for catheter
ablation strategies [4].

In this context, personalised computational models are
a promising tool in precision cardiology. By reproducing
the specific anatomy and electrophysiology of each
patient, these models allow different pacing scenarios to
be explored and their effect on the propagation of atrial
activation to be observed [5]. The aim of the present study
was to generate personalized simulations of AF patients to
simulate the 3-Extra protocol and evaluate their ability to
reproduce clinical local activation time (LAT) maps, as a
preliminary step to the development of individualised
therapeutic strategies.

2. Materials and Methods

2.1. Clinical Data

Data from four patients with persistent atrial fibrillation
(P0O01, P0O05, PO06 and P008), included in a prospective
study conducted at the Hospital Universitario Puerta del
Mar (Cédiz, Spain), were analysed. Computed tomography
(CT) scan was used to generate left atrial (LA) wall
thickness maps and to segment their individual anatomical
structures. In addition, high-density electro-anatomical
mapping was performed using the CARTO3 system and a
PentaRay® catheter. Intracardiac signals (EGMs) were
recorded in two conditions: during sinus rthythm (SR) and
during the application of a triple extra-stimulus protocol
(Fig. 1), consisting of three sequential electrical with
values close to atrial effective refractory period (AERP):
at AERP + 60 ms, AERP + 40 ms and AERP + 30 ms.
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Stimuli were applied from the distal coronary sinus (CS)
or from the left atrial appendage (LAA), with the aim of
revealing regions with electrical conduction disturbances
that may be relevant to the ablation strategy. Signals
recorded during the 3-Extra protocol, with a duration of
2.5 seconds each, were used to calculate local activation
maps (LAT) corresponding to each of the three pulses as
the maximal absolute amplitude in bipolar EGMs. These
maps served as a reference to validate and adjust the results
of the computational simulations. Clinical LAT map
variability was also estimated for each patient by
computing the mean absolute difference in LAT values
across all pairs of clinical LAT maps.

2.2. Simulation Models

From the three-dimensional meshes of each patient's
LA, volumetric models composed of tetrahedral elements
(0.4 mm resolution) were generated, which served as the
basis for the electrical simulations (Fig. 1). Simulations
were performed using a GPU-based biophysical solver
with a fixed time step of 0.02 ms [6]. The Koivumaki atrial
cellular model was used, including the effect of electrical
remodelling [7]. To reproduce different degrees of disease
progression associated with AF, electrical remodelling
was included as a parameter, where 0% remodelling
represented healthy tissue and 100% or upper remodelling
factors corresponded to a chronic AF cellular model:
SERCA expression (-16%), PLB to SERCA ratio (+18%),
SLN to SERCA ratio (-40%), maximal Incx (+50%),
sensitivity of RyR to [Ca2+], SR (+100%), conductance
of Icar (-59%), conductance of I, (-44%), conductance of
Ixer (-22%) and conductance of Ix; (+100%). Basal
conduction anisotropy features were included [8, 9],
changes on properties of electrical propagation were
simulated both global and locally by increasing or
decreasing the local diffusion tensor of the mesh.

Sinus rhythm stimuli was applied in the upper region of
the Bachmann Bundle (BB) of the LA, while the 3-Extra
stimuli were applied in the same location as in the patients
(LAA or CS). Each simulation lasted for 2,5 seconds,
including three SR stimuli (600 ms period) and the
posterior 3-Extra stimuli, under the same duration
conditions as in patients. With the simulated
transmembrane potential signals, LAT maps were
generated identifying maximal dV/dt instants.

2.3. Simulation Adjustment

Simulation fitting to clinical LAT data was performed
in several stages. First, different degrees of global
diffusion, understood as homogeneous modifications in
the propagation properties of the atrial tissue, were
explored to reproduce the propagation patterns observed
on the first extra-stimuli LAT map. Then, a local

adjustment was performed, by including spatially
heterogeneous modification of the tissue diffusion,
depending on the difference between the simulated and
clinically recorded LAT measures or each atrial region for
the first extra-stimuli. Finally, once the diffusion field was
adjusted on the first extra-stimuli, different global
electrical remodelling factors were evaluated to select the
configuration, as the one providing minimal mean absolute
error (MAE) between clinical and simulated LAT maps on
the three extra-stimuli.
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Figure 1. Location of stimulation points in the LA (up)
and examples of clinical (EGM) and simulated AP signals
(bottom).

3. Results

As an illustrative example of the adjustment and
validation process, the results obtained for two patients
with different levels of variability in their activation maps
are presented in Figures 2 and 3. The upper part of the
figure shows the LAT maps obtained from the clinical data
(left) and from the simulations (right), in posterior view,
for each of the three stimuli.

Figure 2 shows the results for patient PO0O8 whose
clinical LAT maps show a high stability between the three
stimuli applied during the 3-Extra protocol (variability of
5.1+3.3ms). This consistency facilitated their
reproduction by simulations, resulting in a good fit
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between simulations and the real data (average MAE of
17.7 ms). The MAE curves for each LAT are shown as a
function of the percentage of remodelling applied (Fig
2.B), where the optimal MAE was obtained with 125%
remodelling, corresponding to progressed AF. In this case,
large values of electrical remodelling (>50%) allowed to
better reproduce the LAT maps, and low remodelling
values (healthier tissue) worsened the reproduction of
clinical maps.
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Figure 2. A) Clinical (left) and simulated (B) LAT maps
for patient P008. B) Error on LAT simulation as a function
of global electrical remodelling.

Figure 3 illustrates the results for patient P0O06 which
had a higher variability between the LAT maps derived
from clinical data (variability of 18.9 + 9.7 ms). This case
represents a more challenging scenario, where the
simulation managed to partially capture the complexity
observed in the clinical data. Fig. 3A shows the six
corresponding maps (triple stimuli LAT map from the
clinical data on left and from simulation on right), from a
posterior view. Curves of MAE as a function of the applied
remodelling showed the optimal remodelling value was

obtained of 15%, for an average MAE of 20.5 ms, although
with different trends for the three extra-stimuli. Reducing
the electrical remodelling allowed to better reproduce the
second and third stimuli LAT, however with different
responses for low remodelling values.
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Figure 3. A) Clinical (left) and simulated (B) LAT maps
for patient PO06. B) Error on LAT simulation as a function
of global electrical remodelling.

Errors between simulated and clinical LAT maps for
each patient and for each of the three LAT maps are shown
in Figure 4. Average MAE errors were smaller for the first
extra-stimuli (14.5 £ 2.5 ms) compared with the second
and third extra-stimuli (28.5 + 13.6 ms and 22.0 + 6.7 ms
respectively), consequence of adjusting the diffusion on
the first stimuli. Patients P005, PO06 and P008 allowed
better LAT simulation (18.6 ms, 17.7 ms and 20.5 ms
respectively), compared with patients P001 (30.5 ms),
which was correlated with the LAT variability intra-
patient (P005: 16.6 + 9.4 ms; P006: 18.9 +9.7 ms; P008:
5.1+3.3ms; P001: 28.6 +12.0 ms). The average MAE
across all patients and maps was 23.4 ms.
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Figure 4. Error in LA simulation for all patients and
stimulus.

4. Discussion and Conclusions

The proposed workflow allowed to extract anatomical
and electrophysiological biomarkers related with the atrial
substrate, in form of LAT maps of three close-to-refractory
period stimulate. These biomarkers were then used to
adjust patient-specific biophysical simulations able to
reproduce the variability of clinical LAT map. Patients
with stable LAT maps allowed a reliable fit between
simulation and clinical biomarkers, although patients
showing heterogeneity in their LAT maps resulted in
larger simulation deviation respect to clinical LATs.

To perform the biophysical model fitting to the clinical
LAT maps, electrical diffusion and remodelling were
used. The first allowed to adapt the propagation conditions
of the atrial substrate, and electrical remodelling allowed
to introduce variability between the three extra-stimuli
maps as changes in the effective refractory period and
conduction velocity due to cellular remodelling. This
differentiation allowed fitting both the global pattern and
the functional differences to different stimuli, improving
model customisation.

This workflow will be improved by the inclusion of
other important substrate characteristics, such as fibrosis
infiltration. This parameter will allow to better reproduce
local changes in conduction properties. Furthermore, this
workflow will be extended beyond the limited number of
patients included in this manuscript.

Overall, this methodology is a step towards personalised
simulation as a clinical support tool. Patient-specific
simulations reproducing electrophysiological biomarkers
will allow to better characterize the atrial substrate
favouring AF initiation and maintenance, aiming to study
potential fibrillatory mechanisms and targets for therapy
through realistic simulations.
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