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1. Summary

This document describes the status of PhD researcher of the ESRs belonging to WP2 and de-

scribes the status of their PhD thesis.

2. PhD status

Table 1 summarizes the PhD status of each ESR: starting date, current status and defense date.

Starting date Thesis status  Defense date
ESR1 01-10-2018 Ongoing December 2022*
ESR2 26-10-2018 Ongoing December 2022*
ESR3 01-07-2018 Defended 16-12-2021
ESR4 01-11-2018 Submitted July 2022 *

* expected date
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3. ESR1: Bottom up study on the implications of interatrial
block in the mechanisms of atrial fibrillation

ESR1: Jordan Elliott

Motivation and aim

To better understand atrial behavior and the underlying mechanisms of atrial electrophysiol-
ogy, computer models have been used to shed light on different characteristics that should
be considered in the further steps of cardiac mapping and, in turn, in planning personalized
therapy for patients with atrial arrhythmias. The influence of variability on electrophysiolog-
ical behavior of the atria for patients with normal atrial anatomy for both healthy and AF
remodeled tissue was studied. The aim of this project is to further the understanding of the
impact of different interatrial conduction defects on the electrophysiological behavior in the
atria. Through the investigation of cellular variability in atrial tissue, this study shows the im-
pact of cellular heterogeneity on the behavior of the atria under healthy conditions and after

AF remodeling.

Methods

Through the use of the POM approach [5], cellular heterogeneity was introduced to isolated
atrial tissue samples and whole atrial anatomical models. A non-bias population of 200,000
unique action potential models was created using the Courtemanche-Ramirez-Nattel (CRN)
cellular model [3]. To create these unique action potential models, 9 maximum channel con-
ductances: gNa, gTo, gKur, gKr, gKs, gk1, gCal, gNaK and gNaCa, were varied between -100%
to +200% of the standard value, using the Monte Carlo sampling method. Each unique com-
bination of parameters was stimulated with 101 impulses at a BCL of 1000ms, with stimulus
duration 1ms, amplitude -45pA/pF. The action potential resulting from the last impulse was
saved and used for classification based on action potential morphology. From the population
of 162,971 stable action potential models, smaller populations were extracted based on ac-
tion potential morphology matching experimental data previously published[1-2][4][6-15] for
8 atrial regions. The set biomarker values for each atrial region are presented in the table

below.
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RMP APA APD20 APD50 APD90
RA -78+12 116.6 £ 14 30+18 72.2+37 200 £ 62
RAA -79+6.6 124.1+19 30+18 105.6 +36 190 + 22
LA -78+5.4 112.4 +13 30+18 54.7+17 174+ 34
LAA -73.8+6.6 | 128+ 19 30+18 89.7+13 160 + 22
AVR -73.8+1.4 | 1273+21 30+18 38+21 170+ 29
CT/BBra -77+1.9 134.8+19 30+18 119.3+£32 219+ 64
BBla -77+1.9 124.1+19 30+18 94.2+32 172 +32
PM -759+12 | 131.6+16 30+18 745+17 172+£19

Table: Mean and standard deviation of the AF remodelled biomarkers for each atrial region.

Using the regional populations, cellular heterogeneity was introduced into 10 geometrically
identical atrial models. A regionally homogeneous model was created for comparing results
and determining the impact of cellular heterogeneity on whole atrial behavior. Electric prop-
agation in the atria was model through the monodomain model. Atrial regions conduction
velocity were calibrated using isolated tissue samples. To further stabilize each whole atrial
model as a single unit, 10 stimuli were initiated in the SA nodes, at a BCL of 800ms, with an
amplitude of 50mV and stimulus duration of 2ms. A further single stimulus was applied to

each atrial model for analysis.

Main findings

There was no significant difference in the activation across the atria resulting from cellular
heterogeneity. The total activation time in the homogeneous atrial model was 146ms and the
total activation time was 147ms across all heterogeneous atrial models. Repolarization across
the atria, however, showed significant differences between the regionally homogeneous and
heterogeneous atrial models. The repolarization patterns remained consistent across the 10
heterogeneous models. This suggests the visual difference was not specific to a single variable
model but was a result of the intrinsic cellular heterogeneity. Figure 1 shows the repolariza-
tion across homogeneous and heterogeneous atrial models from 150ms to 240ms after ini-
tially stimulating the sinoatrial node. Showing the repolarization across the atria from ante-
rior and posterior viewpoints. This figure clearly highlights differences in repolarization as a
result of cellular heterogeneity. The LA region repolarizes quicker in the homogeneous atria
than the heterogeneous atria, whereas the reverse is observed in the right atria.

Atrial activation, or the depolarization phase, is not significantly impacted by the introduction
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of cellular heterogeneity in the atrial model. With only slight differences in activation across
the atria, and total activation times differing by 0-1ms due to variability, it is clear that the
depolarization across the atria is not impacted by variability when regional models are cali-
brated using isolated tissue samples. Observable and significant differences, however, were
observed in the repolarization phase as a result of the introduction of cellular heterogeneity.
Through the use of multiple heterogeneous atrial models, it has been shown that the impact
of heterogeneity is consistent across multiple models, and models and is not unique to a sin-

gle heterogeneous model.
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Figure 1 Repolarization across the atria over time. The heterogeneous model is presented
above the associated timeframe, and the equivalent regionally homogeneous model is pre-

sented below the timeframe.

The significant changes in repolarization due to heterogeneity could result in changes to the
window of vulnerability across the atria and impact the propagation and maintenance of re-
entries. With APD determining the refractory period and the window of vulnerability in atrial
tissue, it is a key determinant of the susceptibility to re-entries. The observed changes in the
repolarization across the atria as a result of cellular heterogeneity could significantly impact

the progression and maintenance of re-entries and atrial fibrillation.
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4. ESR2: Detailed 3-D computer models of human atria and
torso for studying atrial fibrillation initiation and progres-
sion

ESR2: Rebecca Belletti

Motivation and aim

The aim of this research project is the assessment of the effects of three gain-of-function mutations
related to episodes of atrial fibrillation (AF) - KCNH2 T895M, KCNH2 T436M, and KCNE3-V17M using
simulations of the cardiac electrophysiology, at multi-scale levels. The genetic mutations taken into
account affect genes encoding potassium channel protein structures in asymptomatic patients and
are known to modify the Ik, and |, currents. The generation of substrates more prone to arrhythmias
was studied using detailed mathematical models and performing computational simulations on sin-
gle-cell, tissue and 3D bi-atrial morphologies, presenting anatomical details and electrophysiological
heterogeneities. This investigation represents a step forward in the understanding of the initiation
and progression of AF and of the underlying mechanisms of the fibrillatory events induced by the

mutations.

Methods

The original mathematical formulations of the Ik and Iy, ionic currents published by Courtemanche
et al. [1] were modified by means of reparameterization to account for the effects of these muta-
tions. A genetic algorithm was used to tune the parameters’ values to reproduce the alterations pro-
duced by the mutations as reported experimentally [2], [3]. The resulting models accurately repro-
duced the dynamics of the mutated ion channels, as illustrated in Figure 1A. The integration of such
mutated currents into the Courtemanche model together with electrical remodeling to reproduce
pulmonary vein (PV), right (RA), and left atrium (LA) tissues resulted in twelve versions of the human
atrial action potential model and allowed the analysis of the mutations’ impact on action potentials
and ionic currents. Moreover, the characterization of the susceptibility to arrhythmia in presence of
the genetic defects was conducted by studying the temporal vulnerability in tissue and in 3D bi-atrial

model simulations.

Main findings

The presence of the three mutations lead to an overall more arrhythmogenic substrate. At the single-
cell level, these genetic defects shortened the action potential durations (APD) to different extents,

depending on the mutation under study, as can be seen in Figure 1B where the simulated action
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potentials, Ik and | traces in the left atrium are represented. In presence of KCNH2 T436M, APDs
shortened by 9% in the RA and by 13% in LA and PV. The KCNH2 T895M induced an APD reduction of
18% in RA, 23% in LA and 24% in PV. Finally, the KCNE3-V17M mutation provoked an APD shortening
of 46% in RA, 51% in LA and 47% in PV. This was a direct consequence to higher current densities
respect to the healthy case, as can be seen in Figure 1B). The presence of the genetic mutations
increased the susceptibility to arrhythmias by promoting the rotor’s initiation and maintenance, by
shifting the vulnerable windows (VW) to shorter S1-S2 time intervals and by sustaining spiral waves
that perpetuate until the end of the simulation [4].

The mutation showing the highest pro-arrhythmic effects was KCNE3-V17M with the widest sus-
tained VW and the smallest meandering rotor’s tip areas. The VW shift was more evident for the
KCNE3-V17M mutation, and it is progressively less pronounced for the KCNH2 T895M and KCNH2
T436M mutations. The increased vulnerability to arrhythmias and rotor’s stability was tissue-depend-
ent: susceptibility to the rotor’s initiation was higher in PV tissue, but rotors were more easily main-
tained in LA. Phase analysis allowed the tracking of rotors’ tips trajectories that helped understanding
the temporal dynamics and evolution of the rotors and unveiling a more stable behavior in the pres-
ence of the KCNE3-V17M mutation and in the pulmonary vein region [4]. Finally, in 3D whole atria
simulations, the presence of the mutations also increased the vulnerability to re-entry. Figure 1C
depicts examples of arrhythmic episodes in the presence of each of the mutations. Different types of
arrhythmic behavior were observed depending on the mutation. The KCNH2 T436M mutation fa-
vored the generation of macro re-entries and rotors, to a lesser extent, in RA perpetuated for a min-
imum of 3.8 s and for a maximum of 5 s (Figure 1C, left column). In the presence of the mutation
KCNH2 T895M, macro re-entries perpetuating until the end of the simulations (5s) were generated
(Figure 1C, middle column). Complex arrhythmogenic patterns arises in the case of the KCNE3-V17M
mutation with multiple wave break, collisions and the formation of several instable rotors in both RA
and LA (Figure 1C, right column). This multi-scale study provides useful insights into the mechanisms
underlying fibrillatory events caused by the KCNH2 T895M, KCNH2 T436M, and KCNE3-V17M muta-
tions, such as the abbreviated APD and higher temporal vulnerability. The different dynamics arisen
from the presence of the three mutations underlined the importance of a personalized intervention
strategy to efficiently address such pathologies. This investigation can be considered a step forward
in demonstrating the importance of the development of personalized anti-arrhythmic drugs, person-
alized therapeutical treatments based on the characteristics of the genotype and, therefore, patient-
specific ablation strategies. Furthermore, prevention strategies by early identification of patient at

risk of developing AF later in life can lead to an improvement in AF management.
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Figure 1 - Resulting Ik, and Iy, currents, time constants and inactivation curves of KCNH2 T436M (grey), KCNH2
T895M (blue) and KCNE3-V17M (Kv11.1 in red and Kv4.3 in green) mutations (panel A). Simulated effects of
the mutations in human single cell models of left atrium; action potential (top), Ix- current (middle) and I,
current (bottom) (panel B). Simulation of different arrhythmic behaviour in presence of KCNH2 T436M, KCNH2
T895M and KCNE3-V17M in 3D atrial models (panel C).
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5. ESR3: Body Surface Potential Maps and ECG-signals of
AF lead

ESR 3: Giorgio Luongo

Motivation and aim

The general aim of this project is to develop electrocardiogram- (ECG) and machine learning-
based tools to support physicians in the characterization, diagnoses, ablation procedure plan-
ning, and complication prediction for patients with atrial fibrillation (AFib) and atrial flutter
(AFlut). These can be used to reduce the invasive procedure time and, therefore, the related
costs by supporting the physicians in finding diagnoses, personalizing treatment, and improv-
ing the patient outcomes. Two major topics are incorporated into this project: The character-
ization and discrimination of different AFlut mechanisms, and the localization of AFib drivers
with acute ablation success prediction, and AFib complications' risk analysis. The leading aims
of the first study are: Improve AFlut mechanism characterization implementing novel biosig-
nal approaches to extract valuable features; Evaluate the influence of atrial and torso geom-
etries on ECG and therefore on feature extraction and classification; Discriminate several
AFlut mechanisms using both in silico and clinical ECG data with a machine learning-based
approach and using findings from the first two studies.

The second topic described in this project covers the following aspects regarding AFib driver
localization and complication prediction: Implement an in silico-based machine learning al-
gorithm to identify the AFib drivers located near the pulmonary veins (PVs), predict the suc-
cess rate of PV isolation to terminate the arrhythmia, and test it on a clinical cohort of ECGs;
Identify likely connections between AFib and heart failure using beat-to-beat variation signals

extracted from 1-lead ECG.

Methods

In both the studies presented, simulated ECG signals were computed to extend a clinical da-
taset, or substitute it, for the implementation of novel methods applicable in clinical practice.
These methods enabled the extraction of information related to AFlut and AFib activities. In
the first presented study, two new recurrence quantification analysis (RQA) methods have
been implemented to derive useful features for discriminating different AFlut mechanisms:
individual component RQA, and spatial reduced RQA. These two methods were implemented
and tuned on simulated data and tested on clinical data. Next, a thorough analysis of the

influence of the atrial and torso geometries used for the simulations needed to be performed,
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thus to avoid the algorithm's failure on clinical data due to overfitting to simulated data. The
final AFlut study conducted was a machine learning algorithm capable of discriminating three
different macro categories of AFlut (cavotricuspid isthmus-dependent, peri-mitral, and other
left atrium AFlut mechanisms). New simulations were performed using a large number of
atrial geometries (100). In addition, the classifier was trained using a hybrid approach (simu-
lated plus clinical data). Thus, overfitting on the simulated data and on the atrial geometries
used was drastically reduced.

In the second study, the identification of the AFib drivers located near the PVs has been per-
formed using the 12-lead ECGs. An automated learning algorithm was trained only on in silico
ECGs and then it was tested on a clinical. Moreover, analysis of the success of some common
ablation procedures (i.e., PV isolation (PVI), roof line, and mitral isthmus ablation) to termi-
nate AFib conferred more value to the implemented classification. Another key, but still un-
resolved, issue with AFib is its link to some even more serious cardiovascular diseases such
as heart failure, and cardiomyopathy, which led us to the last work in this project: the imple-
mentation of a decision tree classifier using RR-interval series extracted from 1-lead ECG
Holter signals to discriminate between AFib cases inducing heart failure in respect to AFib

cases without this induction.

Main findings

In the first presented project, the results obtained from the RQA analysis showed that some
of the RQA features have the potential to discriminate between AFlut mechanisms. In partic-
ular, the focal source mechanisms showed to be significantly deterministic and laminar in
contrast to microreentries. The first three principal components derived from the 12-lead
ECG demonstrated the presence of relevant small or major changes in the dynamic structure
of these AFlut phenomena. The proof of concept of the methods on simulated data also
matched the clinical data results [1]. Regarding the influence of torso and atrial models on
the ECG, poor performance in analyzing the influence of atrial models (classification accuracy
of 59.8% with leave-one-atrium-out approach) demonstrated how fundamental it is to build
in silico studies on a large number of atrial geometries in order to produce a faithful repre-
sentation of atrial ECG variability as the one seen in clinical practice. In contrast, high perfor-
mance achieved for the torso models' influence analysis (classification accuracy of 89.0% with
leave-one-torso-out approach) showed that a large number of torso models is not necessarily
required in the simulation framework. The torso models do not have a significant influence

on the resulting ECG during AFlut in contrast to atrial models, indeed [2]. The final AFlut im-
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plemented algorithm (machine learning algorithm to discriminate three different macro cat-
egories of AFlut - cavotricuspid isthmus-dependent, peri-mitral, and other left atrium AFlut
mechanisms) obtained an accuracy of 82.2% on a small clinical database demonstrated how
this approach is capable of identifying the location of AFlut mechanisms relying only on non-
invasive signals (i.e., 12-lead ECG) [3]. The final results obtained from the latter two works
also confirmed that F-wave duration is a key feature for AFlut discrimination.

In the second study, the automated learning algorithm trained only on in silico ECGs was
successful in the underlying discrimination on a clinical dataset yielding a test set specificity
of 82.6%, and sensitivity of 73.9%. Moreover, 93.5% of the predictions matched between two
different sets of ECG segments extracted from the same patient for a consistency analysis.
The successful use of computational simulations in support of clinical data, or in total replace-
ment of them, proved the true potential of simulations in clinical practice. Moreover, 100%
of PVl ablations on AFib drivers located near PVs resulted in acute termination of the arrhyth-
mia. In contrast, the combination of all three ablation procedures almost never terminated
the arrhythmia for AFib drivers located in other areas than the PVs (12.5% of the cases). Thus,
the algorithm, besides localizing the location of the AFib drivers, can also predict the acute
success of PVI in terminating the arrhythmia [4]. In the last work of this study, the decision
tree algorithm showed that there are patterns allowing the discrimination of AFib cases in-
ducing heart failure in respect to AFib cases without this induction (classification accuracy,
and specificity of 73.5%, and 91.4%, respectively). In AFib-induced heart failure cases pre-
dicted by the algorithm, the physicians are advised to proceed with cardiological care as soon

as possible (e.g., applying cardioversion) to reduce the risk of such complication [5].
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6. ESR4: Atrial Complex Networks in Endocavitary Record-
ings During Atrial Fibrillation

ESR4: Muhamed Vila

Motivation and aim

In current clinical practice, ablation treatment of atrial fibrillation (AF) is mainly restricted to
a standard procedure called pulmonary vein isolation (PVI). However, AF mechanisms may
vary from patient to patient, thus a standard procedure may not suffice. Recent progress
indicates that the future treatment of AF should be tailored to the individual patient in an
attempt to achieve optimal success rate [1]. To aggravate the problem, PVI often results into
another atrial arrhythmia, called atrial flutter (AFL) [2]. Even though new technologies and
techniques are emerging in the recent years to tackle atrial arrhythmias, these findings have
not been found consistent, and it has become clear that such a development will not be pos-
sible without further advancement of signal processing techniques [1]. Also, it is clear that
patient-specific signal-guided approaches to ablation are expected to gain further im-
portance in the future, requiring novel methods which can handle the strongly variable or-
ganization of atrial signals, as well as the increasing number of simultaneously recorded sig-
nals. In this project, integrated and personalized models of the atria, comprising of signals,
three-dimensional meshes and complex networks, are investigated to support physicians
during the therapy. This multidomain approach has the potential to be used during PVI pro-
cedure for personalized treatment of atrial arrhythmias and to speed up the planning of the

ablation therapy by identifying, nearly real-time, the mechanism sustaining the arrhythmia.

Methods

A novel approach, called “directed network mapping”, was designed to represent the electri-
cal activity in the atria during atrial arrhythmias. It creates a directed network by processing
electrograms (EGMs) acquired during sequential mapping in an electrophysiologic study, to
model the electrical propagation on the atrial inner surface [3]. To create the network, a set
of EGMs collected from moving catheters, their 3D positions over time and the geometrical
model of the atria are necessary. The network nodes are defined as specific locations on the
atrial surface, and the network edges represent the directed electrical propagation from one
location to a nearby one (Fig.1A). Atrial conduction paths can be identified based on the time
delay between activations collected at two locations at close distance. From the created net-

work, it is possible to automatically identify arrhythmia mechanisms, using standard tools
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from network theory, such as depth first search to travel along the nodes, or by computing
the outdegree of a node to identify focal points [3]. Indeed, the main advantage of modeling
the electrical activity using a directed network is the fact that a plethora of efficient algo-
rithms already exist to “query” and analyze the model in the field of graph theory. Further-
more, we investigated on the potential of directed networking mapping in supporting the
planning of the ablation treatment. Specifically, suggesting a set of possible ablation lines
suitable to terminate reentrant activities, recommended automatically by a computer pro-

gram using graph theory algorithms.

RPV

© &)

Figure 1: (A) Entire directed network (in red) after processing all signals at each node (in green)
to determine the existence and direction of the electrical propagation between nodes, in one
of the simulated cases. The color map represents the LAT value across the atrial surface ref-
erenced to the activation of a specific node in the mesh. (B) Cycles detected in a simulated
case of figure-of-eight reentry. (C) Cycles detected in a clinical case of macroreentry around
mitral valve. (D) Cycles detected in a clinical case of figure-of-eight around. Only one cycle

randomly selected from each group has been plotted in red color. The figure is adapted from

[3].
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Main findings

The network-based mapping approach was used for automatically detecting various types of
mechanisms of atrial arrhythmias, such as focal, microreentry, macroreentry, and rotor-
driven AF. It was applied to a broad range of simulations and clinical cases of AFL and AF.
First, we showed that directed network mapping can be used to accurately represent the
electrical propagation pattern in sinus rhythm [3]. Second, directed network mapping was
able to correctly locate macroreentries in in-silico AFL models, where we tested 6 different
scenarios [3]. Then, we tested the technique on 10 clinical cases of AFL and compared the
results with clinical reports by expert electrophysiologists. Overall, the algorithm proved to
be satisfactory according to the clinicians' opinion with respect to the complex cases analyzed
and showed the potential for clinical use with an accuracy of 80% [3]. As a proof-of-concept,
we also demonstrated that directed network mapping can be used to represent the electrical
activity in the atria during AF, where the network was leveraged to detect rotors in in-silico
heart model [4]. Finally, we developed a recommender system able to suggest the ablation
strategy to interrupt all AFL mechanisms in place. In order to recommend the strategy, an
optimization problem was designed. Finding the optimal solution of the problem could be
possible only for a small set of ablation lines to recommend. To address the issue, we de-
signed a heuristic-based algorithm, far more efficient, to provide a solution, though subopti-
mal. The algorithm was tested on the same simulations and clinical cases, and achieved prom-

ising results. The results of this study will be submitted soon to a prestigious scientific journal.
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