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Abstract

Descritta per la prima volta nel 1999, la mutazione SCN5A-1795insD compromette
I'inattivazione veloce della corrente del sodio e ne riduce drasticamente il picco.
Cio si riflette a livello macroscopico in una insolita combinazione di sintomi tipici
delle sindromi long-Q7T di tipo 3 e Brugada. Nonostante i notevoli progressi, si
registrano ancora numerose questioni irrisolte relative sia agli aspetti genetici e
biofisici di questa condizione, sia alla variabilita fenotipica attraverso cui questa
patologia si manifesta.

Utilizzando un approccio computazionale e multi-scala abbiamo acquisito una
conoscenza piu approfondita circa questa condizione potenzialmente mortale. Par-
tendo dalla versione aggiornata del modello di elettrofisiologia cellulare O’Hara-Rudy
dynamic (ORd) e sfruttando la metodologia delle popolazioni di modelli, abbiamo
costruito quattro popolazioni di cellule e due popolazioni di fibre rappresentanti
soggetti sani e malati, incorporando nella modellazione dati sperimentali e clinici.

I risultati delle simulazioni riproducono la variabilita fenotipica di questa
patologia, evidenziando difetti di conduzione e ripolarizzazione. Tali risultati
sottolineano il ruolo della componente veloce della corrente di sodio nel sostenere
la conduzione in tessuto. Dall’analisi dei coefficienti di correlazione parziale si
evince che entrambe le componenti della corrente di sodio, lenta e veloce, sono
fondamentali nel determinare il prolungamento dell’intervallo Q7. Lo studio degli
effetti transmurali della mutazione mostra una dispersione nella durata del potenziale
d’azione che si riflette in tessuto attraverso una maggiore dispersione transmurale di
ripolarizzazione (T'DR). Tale T DR potrebbe rappresentare un nuovo biomarker per
la diagnosi clinica di quei portatori della mutazione che altrimenti mostrerebbero
biomarkers del tutto sovrapponibili a quelli di soggetti sani. Questo studio individua
potenziali target terapeutici, supportando 'utilizzo di bloccanti della componente
lenta della corrente di sodio per accorciare 'intervallo QT e ridurre la T'DR, cosi
come bloccanti della corrente transitoria uscente di potassio (I;,) per ripristinare
la velocita di conduzione (CV). I risultati mostrano una potenziale inefficacia
dei bloccanti della corrente di calcio. Questo studio fornisce inoltre evidenze in
supporto alla teoria di depolarizzazione come meccanismo causale per la sindrome
di Brugada, mostrando come la Iy, sia principalmente coinvolta nel modulare la C'V’
e il layer endocardico risulti essere il layer maggiormente affetto dalla mutazione.
Infine, le analisi confermano il ruolo svolto dalla frequenza cardiaca nel prolungare
Iintervallo QT nei pazienti portatori della mutazione.






Abstract

First described in 1999, the SCN5A-1795insD mutation disrupts sodium fast inacti-
vation and drastically reduces the peak sodium current density. As a consequence,
family members show a unique overlap of long-Q7T type 3 and Brugada syndromes.
Up to date there are still multiple unresolved questions regarding the understanding
of the genetic and biophysical aspects of cardiac sodium channelopathies. Moreover,
there is a lack of knowledge concerning the phenotypic variability observed in
patients carrying SCN5A gene related mutations.

Using a multi-scale computational approach, we derived further insights into this
type of high risk life-threatening disease. Starting from the most updated version
of the O’Hara-Rudy dynamic (ORd) model, we built four single cell populations
and two populations of fibres in both healthy and mutation-carrier conditions,
incorporating information from experimental and clinical data.

Simulation studies at the single cell and tissue levels recapitulated the phenotypic
manifestations of the disease and its population variability. We highlighted the
key role of the fast sodium current in sustaining a proper conduction in the fibre.
From the PP(C' analysis between the model parameters and the tissue biomarkers
we showed that the Gy, and Gy, were the main responsible to prolong the QT
interval. Combining the simulation results at the single cell and tissue levels we
additionally gained further insights on the transmural effects of the mutation. We
showed that this mutation produces an AP D dispersion between the endocardial and
epicardial layer, which is manifested in tissue through a more pronounced transmural
dispersion of repolarisation (T'DR). The TDR could constitute a novel and unique
biomarker for the clinical diagnosis of mutation carriers, otherwise overlapping
with the healthy population. We gained additional insights on therapeutic targets
for this group of patients, supporting the use of late sodium current blockers to
shorten the QT interval and to reduce the TDR, as well as the use of I, blockers
to improve the conduction velocity (C'V). On the other hand, our understanding
about L-type calcium current blockers suggests that their use might be less effective
in these patients. We supplied further evidence in support of the depolarisation
hypothesis as the causal mechanism of Brugada syndrome, showing that the I,
was mainly involved in modulating the C'V and that the main electrophysiological
manifestations of the mutation were reflected on the endocardial layer. In conclusion,
our results further confirmed and explored the role of the heart rate in prolonging
the QT interval of SCN5A-1795insD mutation carriers.
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1.1 Motivation

Mutations in the SCN5A gene cause cardiac sodium channel dysfunctions and
may lead to arrhythmia syndromes, including long Q7" syndrome type 3 (LQTS3),
Brugada syndrome (BrS) and cardiac conduction disease.

Traditionally, in order to investigate the biophysical properties of mutant chan-
nels and correlate them to the clinical disease phenotype, heterologous expression
systems have been frequently used and they have been very informative. Results
from these cell lines have increased knowledge about the mutations, however those
studies may not always be relevant to the cardiomyocyte environment. For example,
in the case of 1795insD mutation, scientists obtained opposing and inconclusive
effects on sodium current density and kinetics when they studied the SCN5A-
1795insD mutation in Xenopus oocytes and HEK293 [2] [61]. As a consequence of

the different results obtained from these two systems, an analysis of the biophysical
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properties of this mutation in the native myocyte environment was necessary.
The subsequent transgenic mouse studies [45] further showed the risk of over-
interpretation of biophysical properties of a certain mutation using solely studies
in heterologous expression systems.

Cardiomyocytes derived from human induced pluripotent stem cells (hiPSCs)
may constitute an alternative way to study mutations in a more physiological
environment. hiPSCs have already proven suitable candidates for investigation of
patient- and disease-specific consequences for electrophysiology and pharmacology
[22]. Some reports have shown that hiPSC-derived cardiomyocytes from human
SCN5A mutation carriers and SCNSA transgenic mice can recapitulate the disease
phenotype [27] [13] [56]. Despite these advances, this kind of cells remains a
controversial tool due to its certain electrophysiological immaturity.

Up to date there are still questions left to be resolved regarding the understanding
of the genetic and biophysical aspects of cardiac sodium channelopathies. In
particular there is a lack of knowledge regarding the phenotypic variability observed
in patients carrying SCN5A gene related mutations.

We believe that a significant contribution for a better understanding of these
disease mechanisms can come from mathematical models and computer simulations.
In particular, the methodology of experimentally-calibrated populations of models
has proven useful in exploring and characterising variability inherent in complex
systems such as cardiac electrophysiology, both in physiological and pathological
conditions. Hence, the goal of this project is to use population of human ventricular
cell models both at single cell level and at tissue level to explore the effect of

variability on SCNba-1795insD mutation.

1.2 Contribution

The work described in this thesis has been entirely developed and implemented
during my research stay in the Computational Cardiovascular Science Group,
Department of Computer Science, University of Oxford, in the context of the

well-established academic collaboration between this group and the Department of
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Electrical, Electronic, and Information Engineering 'Guglielmo Marconi", University
of Bologna, where I am enrolled as a Biomedical Engineering MSc student. Moreover,
this dissertation is based on the experimental data provided by the collaborators from
the Department of Experimental Cardiology, Academic Medical Center, University

of Amsterdam, who performed the electrophysiological experiments.
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After a brief introduction (Section [2.1), this chapter is divided in two main
sections, the first one (Section is focused on the clinical scenario and will provide
an overview on the basic aspects of cardiac electrophysiology (Subsection
as well as on the SCN5A-1795insD mutation (Subsection [2.2.2), including the
clinical characteristics of family members and the experimental electrophysiological
studies performed. Moreover, the Subsections [2.2.3] and [2.2.4] will present the
clinical manifestation of the two main syndromes (BrS and LQT3) characterising the
mutation under investigation. The second main section (Section[2.3)) will describe the

mathematical models and computer simulations used in cardiac electrophysiology.



6 2.1. Introduction

2.1 Introduction

SCN5A is one of 10 genes encoding sodium channel alpha subunits. Of these subunits,
Nay 1.5 subunit encoded by SCN5A gene is the main component of sodium channel
in the heart. The influx of sodium ions through this channel generates the cardiac
sodium current, that underlies the fast upstroke of the cardiac Action Potential (AP)
and plays a crucial role in cardiac electrophysiology [60]. Genetic studies have shown
that mutations in SCN5A gene are associated with various arrhythmia syndromes
(e.g. BrS, long QT (LQT) syndromes, conduction disease and cardiomyopathy) by
modulating various gating and other functional properties of the sodium channel
[62]. During the past decades, the understanding of these sodium channelopathies
has increased strongly, but there still is a lack of knowledge regarding the biophysical
properties of the mutant sodium channels and how these properties reflect themselves
in patients’ clinical symptoms. Initially, the syndromes caused by these mutations
were considered different clinical entities, even though they were caused by mutations
in the same ion channel [47]. In 1999 Bezzina et al. described for the first time a
single, large SCN5A-linked family with phenotypic characteristics of both LQTS3
and BrS in the same patients [2]. After that, many other reports demonstrated that
one particular mutation may lead to a mixed clinical phenotype in one carrier and to
a single arrhythmia syndrome (either LTS3, BrS, or conduction disease) in another
(see the extensive review of literature done in [47] for more details). Nowadays
there is a raised awareness regarding a bigger overlap in these syndromes than
traditionally appreciated, even though the underlying mechanisms are still unclear.
This spectrum of SCN5A-related arrhythmia syndromes is generally referred to
as overlap syndromes of cardiac sodium channel disease [46]. Identification of
the mechanisms underlying this variability in the manifestation of the disease,
together with a deeper insight regarding possible dysfunction and dysregulation of
the cardiac sodium channel, is crucial to achieve improved diagnosis, more accurate
risk stratification and effective treatment strategies.

In this dissertation, we focused on a particular overlap syndrome of cardiac

sodium channel disease, the SCN5A-1795insD mutation, described for the first time
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in 1999 by Bezzina and colleagues. It is caused by an insertion of 3 nucleotides (TGA)
at position 5537 in the SCN5A gene, that results in the insertion of aspartic acid
(1795insD) in the C-terminal domain of the protein. The functional consequences
of the mutation are a sustained sodium current throughout the AP plateau that
prolongs cardiac repolarisation and a drastic reduction in peak sodium current
density. Patients suffering from this mutation show several abnormalities in their
electrocardiogram (ECG) traces, in particular those similar to patients suffering from
LQTS3 and BrS. Our final aim was to derive further insights based on mathematical
modelling and computer simulations into this type of high risk life-threatening
disease. We therefore used the populations of models methodology that is capable
to reproduce and explore the variability in terms of disease expression and severity.
In addition, we exploited a multi-scale approach in order to study the mutation
effects on both single cell and fibre populations to generate simulated data that

could be compared to the clinical one.

2.2 Electrophysiological and clinical background
2.2.1 Basic cardiac electrophysiology

The heart is a double pump electrically driven and coordinated. The right heart
pumps blood through the pulmonary circulation, via the pulmonary valve, to the
lungs and then back to the heart, while the left heart pumps the oxygenated blood
through the systemic circulation, via the aortic valve, around the body [16]. The
passage of blood through the heart is shown in Figure The heart consists of
four chambers: the interatrial septum separates the two atria, the upper chambers,
while the two ventricles, the lower chambers, are separated by the interventricular
septum. The atrioventricular septum separates the atria from the ventricles and
contains the tricuspid valve in the right heart and the mitral valve in the left
heart. The ventricular walls are externally lined by a thin connective layer called
epicardium and internally by the endocardium.

The electrical activation of cardiac cells is coupled with their mechanical

contraction. For most cardiac cell types, the excitation of a myocytes is initiated
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Figure 2.1: The passage of blood through the heart [32].
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Figure 2.2: The cardiac conduction system [32].

by a stimulus current. When the stimulus is strong enough, the transmembrane
potential which is the potential difference across the cell membrane rapidly increases
from the negative resting value to a positive value, remains positive for a certain
period, and then gradually returns to the negative resting value. This event is called
an action potential (AP), while the rapid increase of transmembrane potential is
called depolarisation, and the slow decrease of the potential is called repolarisation.

The main phases of a typical ventricular AP are (Figure :

e Phase 0. Myocytes undergo a rapid depolarisation due to the opening of the

fast Na™ channels. This causes a rapid increase in the membrane conductance
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and thus a rapid influx of Na™ ions into the cell, the Na™ current.

e Phase 1. Inactivation of the fast sodium channels. The transient net outward
current that causes the small downward deflection of the AP is due to KT

and Cl~ ions carried by the [;,; and [,,5 currents, respectively.

o Phase 2. Plateau phase. It is sustained by a balance between inward movement
of Ca?*, the Io,; current through L-type calcium channels, and outward
movement of potassium ions K, the I, current through the slow delayed

rectifier potassium channels.

o Phase 3. Rapid repolarisation phase of the AP. The L-type Ca*" channels
close while the slow delayed rectifier (Ixs) K* channels are still open. This
ensures a net outward current, corresponding to negative change in membrane
potential allowing more types of K channels to open. These are primarily the
rapid delayed rectifier K channels (I, current) and the inward rectifier K+
current Ix. This net outward, positive current causes the cell to repolarize.
The delayed rectifier K channels close when the membrane potential is
restored to about -80 to -85 mV', while Ik is maintained throughout phase 4,

contributing to set the resting membrane potential.

e Phase 4. Resting phase. The transmembrane potential remains at the resting

value of about -84 mV .

Apart from the above currents, the sodium-calcium exchanger current Iy,c, and the
sodium/potassium pump current Iy, also play important roles throughout the AP,
contributing to the homeostasis of intracellular calcium, potassium and sodium ions.

In physiological conditions, the sinoatrial node (SAN) cells located on the right
atrium generate an AP that propagates throughout the right atrium and to the
left atrium, producing the contraction of both atria. The atrioventricular node
(AV'N) is then reached by the activation front and it is the main responsible for
the conduction delays between the contraction of atria and ventricles . The delay

timing is extremely important in order to optimize the atrial pump activity and to
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Figure 2.3: Different phases of the cardiac AP and main ionic currents involved. The
AP traces represent an endocardial (red), M (green) and epicardial (blue) cell, simulated
with the baseline cell model used in this investigation.

avoid a too early stimulation in the ventricles. The AV N conducts the AP through
the atrioventricular septum, activating the His and the Purkinje network and the
stimulus ends on the endocardial surface of the ventricles. The cardiac conduction
system is reported in Figure 2.2} Cardiac APs differ significantly in different regions
of the heart. Indeed, APs from atrial, ventricular and specialized conduction
myocytes exhibit different waveforms [16]. Moreover, different AP morphologies have
been observed in the epicardial, midmyocardial (M-cells), and endocardial isolated
myocytes (transmural heterogeneity) and also along the apex-to-base direction of
the ventricle (apex-to-base heterogeneity). The sequence of repolarisation and the
actual AP duration distribution in the entire myocardial wall are affected by the
heterogeneous properties of these myocytes (spatial dispersion of AP duration).
The ECG is the registration of the extracellular potential on the body surface
due to the propagation of cardiac APs (Figure . The recording electrodes are
usually placed at standard positions and the resulting various deflections in the
ECG signal are commonly denoted in alphabetic order as P, @, R, S, T, U. The
temporal sequence of these waves remains constant, but their amplitude and sign

can vary depending on the recording electrode position on the thorax:
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Figure 2.4: Electrophysiology of the heart. The different waveforms for each of the
specialised cells of the heart [38].

e P wave. Atrial depolarisation (it continues during the subsequent PQ
segment). The atrial repolarisation is not visible in normal ECGs because
hidden by the QRS complex. The P(Q segment is also associated with the

atrioventricular conduction delay.

e QRS complex. Activation sequence of the ventricles. The () wave corresponds
to the activation of the interventricular septum, the R wave corresponds to the
septum activation completion and the apex activation, the S wave corresponds

to the activation of the ventricular free walls and the basal region.

o ST segment. Isoelectric interval, all cells are depolarized during the plateau
of the AP. It starts at the end of the QRS complex (the so-called J point)

and ends at the beginning of the T" wave.

o T wave. Ventricular repolarisation. In normal hearts, the start of the T" wave
is thought to correlate with the plateau ending of the epicardial cells, the T’
wave peak with the full repolarisation of the epicardium, the end of the T

wave with the end of repolarisation of the myocardium.

o QT interval. The QT interval is measured from the beginning of the QRS

complex to the end of the 7" wave. Since the QT interval is strongly frequency
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dependent, a corrected QT interval QT 'c is sometimes defined, for example by

normalizing it as QTc = QT /v RR.

o U wave. After the T wave, it is sometimes present a smaller diastolic deflection
known as U wave. Some authors explain the U wave as due to repolarisation
of the papillary muscles or Purkinje fibres, while others explain it as due to
late repolarisation of M-cells or yet to afterpotentials caused by ventricular

stretch.

2.2.2 The SCN5A-1795insD mutation

In 1999, Bezzina and colleagues provided the first evidence that a single mutation in
the SCN5A gene may lead to multiple rhythm disturbances within the same family.
The SCN5A-1795insD mutation was characterized in a large multigenerational
Dutch family showing a wide variability in type and severity of symptoms, including
BrS, LQTS3, sinus node dysfunction, bradycardia and conduction disease, either
in isolation or in combinations thereof [2]. Due to the presence of this overlap
in the clinical manifestation, this syndrome is one of the overlap syndromes of
cardiac sodium channel disease mentioned above and it is also generally referred

to as The Human Owverlap Syndrome.

Clinical characteristics of family members

In 1958, a 16-year-old male went to the hospital (Department of Internal Medicine,
University Hospital, Groningen) for a routine sports examination. His electro-
cardiogram showed some abnormalities (Figure . He revealed an abnormal
T wave configuration (biphasic T wave) with a severely prolonged ()7Tc interval
(520ms) [58]. The patient did not have any symptoms and no structural cardiac
disease was apparent. His family history included the unexpected (nocturnal) death
of his mother (aged 54 years), two sisters (aged 15 and 26 years) and a brother
(aged 21 years) and similar abnormal FCG features were displayed by many of

his family members. The most profound repolarisation abnormalities were always
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Figure 2.5: Original electrocardiogram of the 16-year-old boy at presentation in 1958.
The QT interval and QTc are prolonged (0.60s and 0.55s, respectively). Other prominent
features are a long isoelectric ST segment preceding a sharp T wave in lead I and Vg
and biphasic and negative T waves in leads I, V and V, [58)].

found at the lowest heart rates, coherently with the nocturnal deaths. Soon it
became clear that it was a familial disease.

In subsequent years the group of M.P. van den Berg started collecting clinical
data in as many family members as possible [58], performing standard ECG, 24-hour
ambulatory electrocardiographic (Holter) monitoring, ergometry, signal-averaged
ECG and echocardiography. Electrophysiological studies were also considered in
selected cases and, after the identification of the mutation (1998), genotyping was
performed diagnostically. In May 2002, data on phenotype and genotype were
available on 232 family members of whom 114 were mutation carriers and 118 were
non-carriers. Since 1905 sudden death occurred in 29 family members. Besides
sudden death, symptomatology was rather limited [58]. In 2009, they had clinical
data on 378 family members of whom 149 carry the SCN5A-1795insD mutation
[43]. Nowadays this family consists of 400 members in total.

ECGs from patients carrying the mutations were characterised by a relatively
slow heart rate and prolongation of the P() interval and QRS duration. However,
electrocardiographic markers of ventricular repolarisation were always the most

remarkable features, together with a markedly prolonged QT interval corrected
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for heart rate. Notably, the FCG traces also showed a long iso-electric ST
segment preceding a sharp T wave, and many patients demonstrated biphasic
T waves in one or more precordial leads. Slight elevation of the ST segment in
the right precordial leads was also present in a large subset of carriers (49%),
similar to patients suffering from the BrS. Holter recordings were characterised
by relative bradycardia (throughout the entire day) and excessive prolongation of
the QT interval at slow heart rates. Initially, when the diagnosis was still elusive,
clinicians considered structural heart disease as a possibility. Later, using the
echocardiography, structural abnormalities were not found in any of the carriers.
However, evidence is now accumulating that sodium channelopathy may be involved
in cardiac fibrosis, dilatation, and hypertrophy. This has been shown both in
patients [3] [12] [17] and in SCN5A mouse models [49] [66].

In subsequent years, considerable progress has been made in terms of preventive
treatment. Initially the exact origin of the premature deaths was unknown, and only
after 20 years with a lack of treatment options, antibrady-pacing was introduced
in the family in 1978. During 23 years of follow-up up to 2001 no more patients
died [59]. When few patients died despite the pacemaker, researchers hypothesized
that these patients suffered from a tachyarrythmic event which could expectedly
not be treated by the device. In fact, in all cases there was no (brady)arrhythmic
event recorded by the device. For this reason, the currently treatment consits
in implantable cardioverter-defibrillators (/CDs). Notably, when the pacemaker
was introduced, the exact mechanism underlying the disease was still not known.
Only in 1998, genetic studies were performed and the mutation linked to the ECG
abnormalities was uncovered (SCN5A-1795insD) [2]. Bezzina and colleagues showed
that linkage analysis in a subset of the family revealed linkage to SCNS5A gene,
whereas no linkage was detected to other LQT syndrome loci. The insertion of 3
nucleotides (7'GA) at position 5537 caused the insertion of aspartic acid (1795insD)
in the C-terminal domain of the protein. These 3 nucleotides were identified in
all electrocardiographically affected family members. It is worth mentioning that

in the same period the SCN5A gene had just been reported to be implicated in
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LQT3, BrS, and in progressive cardiac conduction defects. This was consistent with
the fact that affected family members could display features related to all three of
these syndromes. In this way, an arrhythmia overlap syndrome resulting from a

single cardiac ion channel mutation was described for the first time [2].

Experimental electrophysiological studies

To summarize, the Dutch family carrying the SCN5A-1795insD mutation displays
profound variability in type and severity of symptoms, including EC'G features
of BrS (ST segment elevation), and LQT syndrome (QT interval prolongation),
in addition to sinus node dysfunction, bradycardia and conduction disease, either
in isolation or in combinations thereof. Among these patients there is a huge
variability in disease severity, in spite of having the same primary genetic defect.
Electrocardiographic signs of the disease may be displayed from some patients, some
others may be unaffected. It is also common that some mutation carriers remain
symptom-free throughout life while some individuals present with arrhythmia, even
though all of them are electrocardiographically affected family members. Thus,
identification of mutation carriers at risk for serious cardiac events is challenging.

To achieve more insights in understanding the mechanisms underlying the
mutation, experimental electrophysiological studies were performed. Expression
studies in Xenopus oocytes revealed the presence of reduced sodium current density,
with a negative shift in voltage dependence of inactivation, but no persistent
inward current [2]. On the other hand, when expressed in human embryonic
kidney (HEK293) cells, the mutation caused a disruption of fast inactivation,
resulting in a sustained inward sodium current, in addition to an increased slow
inactivation leading to decreased sodium channel availability under conditions
mimicking fast heart rates [61]. These characteristics were also introduced in
a computational simulation model of a ventricular myocyte, showning that the
1795insD mutation is strongly related to the heart rate, causing both LQT and
BrS [9]. Since researchers that studied the mutation in the two different expression

systems mentioned above obtained different results, the necessity of analysing the
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biophysical properties of this mutation in the native myocyte environment was
evident. Therefore, transgenic mice carrying the heterozygous SCN5A-1798insD
mutation (equivalent to human SCN5A-1795insD) were generated by the group of
Carol Ann Remme. Results from this mouse model showed that it recapitulates
faithfully the phenotype observed in patients [45]. They observed signs of sinus
node dysfunction, in addition to prolonged PQ), (RS, and QQ7Tc intervals on surface
ECGs. Epicardial mapping experiments on isolated hearts showed conduction
slowing predominantly in the right ventricle, considered a hallmark of BrS. Patch-
clamp analysis of AP characteristics in isolated myocytes was in accordance with
Veldkamp et al. [61] and Clancy and Rudy [9], in terms of heart rate-depentent
coexistence of both LQTS3 and BrS, with a prolongation of cardiac repolarisation,
predominantly at slow rates and decreased sodium channel availability, especially
at high frequencies. Generating the SCN5A-1798insD mouse, they created the
first transgenic model of a sodium channelopathy evoking multiple cardiac rhythm
disturbances. This was the confirmation that an overlap syndrome of cardiac sodium
channel disease can be caused by a single SCN5A mutation. However, from these
findings, it is even more clear that interpreting biophysical properties of a certain
mutation using entirely data from studies in heterologous expression systems is
dangerous and a native enviroment should be considered.

Furthermore, it is worth mentioning the work done by Davis et al. in 2012
[13] on iPSCs. They demonstrated that both embryonic stem cell- and ¢PSC-
derived cardiomyocytes can recapitulate the characteristics of a combined gain-
and loss-of-function Na™ channel mutation.

According to the results presented here, we decided to model the effects of
the mutation through a drastic reduction in peak sodium current density and a
persistent (late) sodium current (as shown in Figure [2.6)), both can in fact explain

the observed multiple phenotypes.
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Figure 2.6: Schematic of the electro-physiological mechanisms underlying the overlap
phenotype of LTS and BrS caused by a single SCN5A mutation. A persistent (late)
inward Na™ current during the AP plateau phase can lead to prolongation of the QT
interval. A reduction of the peak Na™ current, especially in epicardial (Epi) ventricular
cells, may produce Brugada-type ST elevation on the ECG [34].

2.2.3 Brugada syndrome

BrS is an inherited disease characterized by an increased risk of sudden cardiac
death in the absence of structural heart abnormalities [50]. It was described in 1992
for the first time but, to date, the mechanisms underlying the syndrome remain
unclear. Several hypothesises have been proposed, but there are no studies proving
evidences in support of a theory excluding all the others. The theories proposed
involve abnormalities in both repolarisation and depolarisation processes. Since
patients suffering from the syndrome show variability in the electrocardiographical
manifestation it could be that the same mechanism might not be responsible for
the disease in all patients. Numerous different pathophysiological mechanisms may
cause the phenotype known as Brugada [50]. To date, scientists are moving towards
the idea that the repolarisation-depolarisation abnormalities underlying the BrS
phenotype are all part of a complex polyfactorial pathological system that cannot be
simplified by a single causal mechanism [I4]. Zhang and colleagues [65] demonstrated,
making use of non-invasive EFCG imaging (ECGI), that both abnormal repolarization

and abnormal conduction are present in the electrophysiological substrate in BrS
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patients, especially in the right ventricle outflow track (RVOT), supporting the
idea of the coexistence of the two mechanisms.

Due to this huge phenotypic variability, accurate risk stratification is fundamental
in the management of these patients. While it is easier to identify patients with
significant FC'G abnormalities, on the other hand it is more difficult for those
who show normal ECG, but they can still develop arrhythmic events [50]. The
most effective strategy consists in evaluating each patient individually with a
personalized approach of the syndrome. The priority remains the identification of
patients at risk of sudden cardiac death, although at present asymptomatic and
drug-induced patients with BrS are more under investigation then in the past.
ECG abnormalities constitute the hallmark of BrS. They include repolarisation
and depolarisation abnormalities in the absence of identifiable structural cardiac
abnormalities or other conditions or agents known to lead to ST segment elevation
in the right precordial leads [63]. Wilde and colleagues [63] describe the three
types of recognised patterns in this way (Figure : type 1 is characterised by a
prominent coved ST segment elevation displaying J wave amplitude or ST segment
elevation of 2 mm or 0.2 mV at its peak followed by a negative T wave, with little
or no isoelectric separation. Type 2 also has a high take-off ST segment elevation,
but in this case, J wave amplitude (2 mm) gives rise to a gradually descending
ST segment elevation (remaining 1 mm above the baseline), followed by a positive
or biphasic T wave that results in a saddle back configuration. Type 3 is a right
precordial ST segment elevation of 1 mm of saddle back type, coved type, or both.
The QT interval is often within normal limits (in the absence of anti-arrhythmic
drug therapy), but it may be prolonged. The PR interval is often increased (200 ms).
Current clinical guidelines and consensus documents state that BrS is diagnosed in
patients with ST segment elevation with type 1 morphology >2 mm in one or more
leads among the right precordial leads V; and/or Vs, positioned in the second, third,
or fourth intercostal space, occurring either spontaneously or after provocative drug

testing with intra-venous administration of sodium channel blockers [50]. Other
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Figure 2.7: Precordial leads of a resuscitated patient with BrS. All 3 patterns are
shown. Arrows denote the J-wave. The left panel shows a clear type 1 FCG. Between
7-2-99 and 13-2-99, types 2 and 3 are shown. [63].

ECG patterns may help in risk stratification, as the proposed fragmentation of the
QRS complex. However, its added value as risk factors remains to be proved.

The most accepted therapy for patient at high risk are /C'Ds. Novel therapies
such as electrophysiological-guided drug therapy or epicardial substrate ablation
might be useful in selected patients [50].

As previously mentioned the two principal hypothesises explaining cellular
mechanisms underlying BrS are the repolarisation hypothesis and the depolarisation
hypothesis. The repolarisation hypothesis (Figure suggests that an outward
shift in the balance of currents in the right ventricular epicardium can result in
repolarisation abnormalities [64]. According to this theory the observed ST segment
elevation in the ECG of patients with BrS is due to a reduced inward sodium
current and a prominent outward current. What happens is that the AP notch
in the right ventricular epicardium is accentuated relative to the endocardium
and it produces a transmural voltage gradient. The outward shift in the currents

may also lead to a all-or-none repolarisation for certain epicardial sites, losing
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Figure 2.8: Qualitative model of the repolarisation disorder hypothesis in the BrS [29].

their AP dome and resulting in the development of a local epicardial dispersion
of repolarisation. This phenomenon generates a heterogeneous repolarisation
environment that is more prone to lead to phase 2 reentries and couple extrasystoles
when AP domes migrate from sites where they are present to sites where they were
lost [14]. On the other hand, the depolarisation hypothesis (Figure claims
that slow conduction in the RVOT has a primary role in the development of the
electrocardiographic and arrhythmic manifestations of BrS [12]. As stated in this
theory the conduction delay in the RVOT together with the abnormal current
created by delayed depolarisation of this region causes the ST segment elevation
seen in these patients. The repolarisation and depolarisation mechanisms underlying
the development of BrS are not necessarily mutually exclusive, and might indeed
have a synergistic role [50]. In fact, in order to explain the coexistence of the two
theories, it has been proposed [4] that the RVOT and its nearby structures have

different embryological origins compared with the rest of the heart, and consequently



2. Background

A
Yy n
{ Y,
I RA {
\
\, v '\I"\\
| — L
| N\
RV
\\- |
NS> '

21

Figure 2.9: Qualitative model of the depolarisation disorder hypothesis in the BrS [29].

possess different physiological, anatomical, and clinical characteristics. It is also

worth mentioning that mutations in the cardiac sodium channel gene SCN5A, have

been identified in 11-28% of patients with BrS.

2.2.4 Long QT type 3 syndrome

Perez-Riera et al. describe the LQTS3 Syndrome as an autosomal dominant chan-

nelopathy (with autosomal recessive inheritance in exceptional cases) responsible for

7-10% of total LQT syndromes as a consequence of SCN5A gene mutations [41]. Tt

is electrocardiographically characterized by a tendency to bradycardia related to age,

prolonged QT/QTc interval, accentuated QT dispersion consequence of prolonged
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ST segment, late onset of 7" wave and frequent prominent U wave because of
longer repolarisation times across left ventricular wall [41]. The excessive inflow of
late sodium current during the AP plateau phase is due to the disruption of fast
inactivation of sodium current and it is the basic defect in LQT3. This abnormal
inflow may cause several distinct mechanisms of arrhythmogenesis, including
early after-depolarisations that may subsequently trigger Torsades De Pointes

and sudden death [44].

2.3 Mathematical models and simulations

In this dissertation, we model cellular electrophysiology mechanisms specific to
human ventricular myocytes. However, the use of mathematical modeling of cell
electrophysiology has a long history, and numerous models are now available at
all scales, describing different species, cell types and experimental conditions, to

investigate cellular and tissue levels phenomena.

2.3.1 Cellular electrophysiology mathematical models

After the series of papers about the flow of electric current through the surface
membrane of a giant nerve fibre, published in 1952 by Alan Lloyd Hodgkin and
Andrew Huxley [21], mathematical models have acquired a central role in the
investigation of cellular electrophysiology. The earliest example of cardiac cell
electrophysiology model consists in the pioneering work done by Denis Noble [35].
Modifying the Hodgking-Huxley model to simulate the behaviour of Purkinje fibres
in mammals, he developed the first mathematical model to reproduce the basic
electrical properties of cardiac tissue. In recent years, as a consequence of the
collection of more data from human cardiomyocytes, the development of more
powerful electrophysiological measurement technique and the growing of available
computing power, several new models (including Ten Tusscher et al. 2004 [54], Ten
Tusscher et al. 2006 [55], Grandi et al. [19]) have been developed enabling deeper
understanding of cardiomyocyte functions and properties. The most validated and

used model of human ventricular cell has been proposed by O’Hara et al. in 2011
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Figure 2.10: Electrical circuit representing the cell membrane [21].

(O’Hara-Rudy dynamic model, ORd) [36], although few minor modifications to this
model have already been proposed in order to overcome certain limitations [15] [39].

Most of the recent models are based on the Hodgkin-Huxley formulation,
according to which the electrical behaviour of the cell membrane may be represented
by the network shown in Figure [2.10] The membrane of the myocyte is acting as a

capacitor and the voltage membrane is modelled using the following equation:

av 1
P —(7(2 I + Lstim)
m
where ¢ is time, C, is the capacitance of the membrane, I; represents the ionic
current j and Iy, is the applied stimulus current. The current I; is typically
governed by other variables (w) that account for ion-channel states and other
quantities such as ion concentrations in different cellular compartments. These

variables satisfy the ODE system:

du

where f(u, V) is a vector of functions describing the evolution of each component of w.

The ORd model (Figure is based on data from over 100 undiseased
human hearts for steady state rate dependence and restitution of the ventricular
AP. Essential new measurements for the L-type Ca*' current, K+ currents,
and Na'/Ca** exchange current from undiseased human ventricle have also been

used. Those data were previously unavailable. Using the new data together with
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.

Figure 2.11: Schematic diagram of human ventricular myocyte model [36].

previously published experiments, Thomas O’Hara and colleagues developed and
validated a detailed mathematical model of undiseased human ventricular myocyte
electrophysiology and Ca?' cycling. Moreover they created a complete dataset
for transmural differences between endocardial (endo), mid-myocardial (M), and

epicardial (epi) cell types (Table[2.1). The ORd model has been used to describe

Parameter  Epi/Endo

Gl 0.6

Gto 4.0

PCa PCaNa PCaK 1.2
Grr 13

Gks 14

Gx1 1.2
G'Nacai GNaCa,ss 1.1
GnNar 0.9

Gk 0.6

Table 2.1: ORd Human Model Transmural Heterogeneity.

cellular electrophysiology mechanisms specific to human ventricular myocytes such
as the underlying mechanisms of AP duration (APD), rate dependence, and APD
restitution. The effects of Ca®*/calmodulin-dependent protein kinase 1T (CaMK)
on known ionic current and Ca?* cycling targets have been incorporated and
studied. Early afterdepolarisations (EADs) and alternans have been reproduced
by the model [36].

As previously mentioned, few minor modifications to the ORd model have been

proposed by the FFDA and the Computational Cardiovascular Science Group. The
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modifications proposed by the FDA involve several aspects. First of all, in 2016 Li
and colleagues developed a new temperature-sensitive model of hERG gating in order
to improve the predictivity of safety pharmacology testing by enabling the translation
of room temperature hERG assay data to more physiological conditions [24]. They
highlighted the importance of accounting for temperature-dependent hERG channel
activity changes to permit an extrapolation of the results across temperatures.
The model that they suggested has two components: a base model dealing with
temperature-dependent gating changes without drug and a pharmacodynamic
component simulating temperature-dependent drug binding kinetics. In 2016 the
physiological component was constructed [24]. This Markov model can recapitulate
macroscopic hERG channel gating behavior for a temperature range of 20°C' to
37°C. Then, in 2017 they published the pharmacodynamic component representing
drug binding [23]. In the complete model, the pharmacodynamic component has
3 drug-bound states: open-bound (O%), closed-bound (C*) and open-inactivated-
bound (/0*), while in the physiological component C'7 and C2 are closed states, O
is open state, and the corresponding inactivated states are IC1, IC2, 10 (Figure
2.12). In Li et al. [23] the formulation of I, in the ORd model was replaced by
the dynamic hERG model, with the I, conductance adjusted to 0.0418 mS/uF to
better replicate original I, behaviour. The dynamic hERG model was optimized
to replicate the ORd-Ig, behaviour under drug-free conditions. Finally, in 2017
Dutta and colleagues further optimized this model by refining model parameters
using published human cardiomyocyte experimental data under control and drug
block conditions [I5]. They scaled the conductance of the main ion currents (I,
Ix1, Ixs, InaL, lcar) of the original I,.-dynamic ORd model to fit the APD rate
dependence experimental data in control and drug block conditions from O’Hara
et al. [36]. The best fit for the optimized model was achieved by scaling Ix, by
1.013, Ixy by 1.698, Ik, by 1.870, Iy, by 2.661 and I,z by 1.007.

The Computational Cardiovascular Science Group performed few other mod-

ifications to the ORd model, as described in the Supplementary Material of
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Physiological Component Pharmacodynamic Component

Figure 2.12: The structure of the hERG model [23].

Passini et al. 2016 [39], in order to better reproduce the experimental non-
diseased data considered in that study. The baseline model for their investi-
gations was the endocardial ORd human ventricular AP model together with
the following modifications. The transient outward current [, was increased 2.5
times. Importanlty, they modified the steady state inactivation and recovery from
inactivation gates for the fast Nat current (hgs and jss) keeping the original ORd
formulation and optimising the channel’s steady state inactivation response (half
potential and slope) to match that of [54]. For the phosporylated gates, a -6.2
mV shift in their half potential of inactivation was applied. This modification
on the sodium current kinetics derives from the note posted by O’Hara (see
http://www.ploscompbiol.org /annotation/list Thread.action?root=55207), in which
he explains how to prevent propagation failure in the model. The current stimulus

duration was set to 1 ms, with an amplitude of -53 pA/uF.

2.3.2 Tissue level mathematical models

The use of cardiac tissue electrophysiology models is further extended by encoding
information about excitability at the cell level and electrical conduction at the
tissue level, enabling quantitative description of AP propagation and a deeper
understanding of the mechanisms governing the whole cardiac system. At the
macroscopic scale, cardiac tissue behaves as a functional syncytium, supporting
propagating waves of depolarisation and repolarisation [10]. Cardiac tissue contains
excitable myocytes, whose membrane can undergo local depolarisation and trigger

the opening of voltage-gated sodium channels and a rapid membrane depolarisation,
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which generates an AP. Local gradients in membrane voltage produced by the AP
upstroke cause current flow within the tissue. This current flow acts in turn to
open voltage-gated sodium channels in neighbouring electrically connected cells,
resulting in the propagation of the AP through the tissue [I0]. Tissue-level cardiac
electrophysiology can be modelled using the bidomain equations, a coupled system
of equations describing the intracellular and extracellular potential fields through the
cardiac tissue. The bidomain equations comprise two partial differential equations
(PDEs) coupled at each point in space with a system of ordinary differential
equations (ODFEs) [40]. Electrical potential fields in intra- and extra-cellular spaces
are modelled by the PDFEs, as a reaction-diffusion system, while the concentrations
of ions and other variables at the cellular level are governed by the ODE systems.

The bidomain equations are [40]:

ov (vol)

x(C’ma + Lion(w,V)) =V - (sV(V + ¢.)) = I

V- (0 4 0)Ve + :VV) = =11

du

where

[t(vol) _ ]Z(UOI) + Iévol)

otal

¢; and ¢, are the intracellular and extracellular electrical potentials, o; and o, are
the intracellular and extracellular conductivity tensors, x is the surface-area-to-
volume ratio and C,, is the membrane capacitance per unit area. wu is a set of
cell-level variables, such as ionic concentrations and membrane gating variables,
and Iy, (u, V') is the ionic current per unit surface area. Functional forms for I;,,
and f are determined by an electro-physiological cell model. The source terms
I and I are the intracellular and extracellular stimuli per unit volume.

Appropriate boundary conditions are [40]:
. ' _ r(surf)
n(0V(V + ) = I

n-(0.Voe) = 1)
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where n is the outward pointing unit normal vector to the tissue, and 1"

and I**/) are the intracellular and extracellular currents per unit area applied
across the boundary. The bidomain model of cardiac tissue can be simplified to
the monodomain model by assuming that the anisotropy of the intracellular and
extracellular spaces is the same [10]. So basically, it is assumed that the conductivity
tensor in the extracellular space is proportional to the intracellular conductivity one.

That results in a single PDE, coupled to the cellular electrophysiological ODEs [40]:

X(Cmaa‘; + [ion(u, V)) —-V- (O-VV) — [(vol)
du

with the following boundary condition:
(eVV)n=0

where o is the conductivity tensor. Numerical solutions are easier to obtain compared
to the bidomain equations. However, the bidomain model provides a more detailed
description of cardiac tissue, and the separation of intracellular and extracellular
spaces is necessary to accommodate the injection of current into the extracellular
space during external stimulation and defibrillation [10]. The choice between the
bidomain and monodomain models depends on the purpose of the analysis and

both are often used in cardiac modelling.

2.3.3 Population of models approach

Inter-subject and intra-subject physiological variability has significant implications
for treating and managing heart diseases [33]. Physiological intra-subject variability
exhibits itself at all levels from isolated cardiac cells to cardiac tissue level. Most
importantly in terms of disease managing, the inter-subject variability is responsible
for significant differences in the outcome of patients’ exposure to pathological
conditions or drug therapy. The variability underlying the physiological and
pathological responses of different individuals has often been ignored in experimental

and theoretical research [6]. In fact, experimentalists often need to average their
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Figure 2.13: Flowchart illustrating the process behind constructing an experimentally-
calibrated population of models [33].

results to minimize experimental error. Unfortunately, doing this means also to
average out the effects of inter-subject variation, losing a lot of essential information.
A similar approach is also used in medicine, where therapies are developed for the
"typical" patient. Recently we are observing a shift towards personalised management
of disease to increase the efficacy of the treatment, as well as the quality of life
of patients. In silico models have proven to be a powerful tool to do so, enabling
researchers to include the variability aspect. These models are able to reproduce
human electrophysiology at different levels, and combing their results with clinical
and experimental data can provide new insights into the mechanism underlying these
differences. This has been already done in several studies (including for example [§],
[6], [39]), using the population of models methodology. Experimentally-calibrated
population of models means going beyond a single model and its typical behaviour to

build an ensemble of models, whose behaviours show the variability in the population
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that is under investigation. Moreover, experimental data are explicitly incorporated
into the construction of populations. In this approach, the first step is selecting an
appropriate cardiac cell model. Model parameters will be then varied to represent
variability. The choice of parameters to be varied is a significant part of building a
population of models. How we vary them is based on the aim of the investigation
and must be taken into account when we analyse the results. The ionic currents that
control the cardiac AP are primarily controlled by the ion channels through which
they flow and indeed inter-individual differences in their configurations is a primary
source of electrophysiological variability. In general, ion channels are produced with
a consistent structure and consistent functional behaviour across a population of
healthy individuals of the same species. However, the density of functional ion
channels of a particular type that are present in the membrane of a cell is not
expected to be as consistent, and is known to be subject to considerable variation
from many sources (circadian rhythms; alteration of pacing rate; drug application;
and the development of diseases that affect the heart) [5]. Substantial variation
between cardiomyocytes, and between individuals, exists in ion channel densities in
the cell membrane, leading to corresponding changes in the maximal flow of the ionic
currents those channel conduct. Therefore, ionic current conductances are a common
choice as parameters to be varied [33] in order to build a population of models
that includes physiological variability. Differences between ion channel structures in
different individuals also exist, however, this is usually due to a genetic mutation,
and in general, unlike natural variability, functional mutations in ion channels are
often pathological [5]. Choosing the ranges for parameter sampling is the following
part. A large number of parameter sets is then generated, and it can be done in
different ways. A common way to do so is using the Latin Hypercube sampling, a
parameter sampling method that does not scale the computational cost with the
number of varied parameters, allowing for an exploration of a complex parameter
space [33]. After generating an initial candidate population of models, calibration
steps can be applied to the population to select the models with physiological

behaviour. Models whose simulated electrophysiological properties are in range
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with the same properties in experimental data are selected and all the others are
discarded. The experimentally-calibrated population of models can then be used to
investigate disease conditions in population, to explore ionic mechanisms and to test
new hypotheses. The population of models methodology has the ability to provide
quantitative predictions that can be compared directly to experimental results. For
example, it is possible to connect drug effects to specific ionic mechanisms, predict

and explain disease phenotype and investigate potential disease therapies [33].
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This chapter will describe the choice of the baseline cell model (Subsection
3.1.1)) and the construction (Subsection [3.1.2)) and analysis (Subsection [3.1.3]) of
the populations of single cell models. Subsection and Subsection will

present how the populations of fibres were built and investigated.

3.1 Single cell level

To investigate the effects of the mutation on single cardiac cell electrophysiology
and compare them to the activity of a healthy cell, we started our study from
choosing a suitable cardiomyocyte model. Then, we moved to the population of
models approach in order to include the variability that is inherent in the patients’

populations that we are considering, both in healthy and pathological conditions.
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3.1.1 Single cell baseline model

As mentioned in Section [2.3.3] the first step in designing a population of models
is selecting an appropriate cardiac cell model. For this dissertation, we decided
to use the most updated version of the ORd model [36]. We implemented a
MatLab version of the cell model starting from the code provided by Prof. Yoram
Rudy and colleagues on their website for the ORd model. We replaced the I,
formulation with the dynamic one proposed by the FDA and we scaled the following
conductances: Iy, by 1.013, Ix; by 1.698, I, by 1.870, Iy, by 2.661 and I,y
by 1.007 [15]. Furthermore, we considered the modifications performed by the
Oxford Computational Cardiovascular Science Group [39], including scaling the
transient outward current Iy, by 2.5 times, modifying the steady state inactivation
and recovery from inactivation gates for the fast Na™ current (hg and js) and
setting the current stimulus duration to 1 ms with an amplitude of -53 pA/uF.
The conductance of the fast sodium current (Gn,) was set at 47 mS/uF. More
details about these modifications are reported in Section [2.3] We decided to keep
the modification on the I, because this current has been reported to be larger in
the right ventricle (RV) [I] and the RV is the region of the heart most affected
by the mutation under investigation, as shown in [43]. Hence, the decision is to
focus our study on RV with increased I;,. A CellML version of the same model
was developed. CellML is a free, open-source, extensible markup language based
on standards for defining mathematical models of cellular function [25]. Tt was

developed to facilitate sharing and re-use of cellular models.

3.1.2 Populations of cells

As in Britton et al. [6] and in many other studies (including [39] [7] [67]), to account
for biological variability a population of 10,000 non-diseased human endocardial
AP models was created. The 9 conductances of the baseline model that play the
biggest role in determining the human ventricular AP were varied (gna, gNaL, Gto,
9k Gkss K1, INOXs Goar, and gnak ), assuming that variability is mostly caused

by cell-to-cell differences in ion channel density rather than kinetics. All these
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were sampled over a range from 0-2 times the baseline value by using the Latin
Hypercube sampling method. As explained in Britton et al. [7] this range allows
models with a wide variety of underlying ionic current configurations to be evaluated
and potentially accepted into the population if they passed the calibration process
against human physiological data. In fact, it might be that some ionic profiles still
produce normal APs in control conditions, which may have increased susceptibility
to cardiac abnormalities when the mutation is applied [7].

From a numerical point of view, simulations were performed in Matlab using
the ODFE15s solver that solve stiff differential equations. Each simulation was
run for 200 beats, to allow the AP to reach its steady state, with a cycle length
of 1000 ms (1 Hz pacing frequency). We decided to keep only the values of the
membrane potential and their corresponding times from the penultimate and last
beat. Moreover, for each model we calculated the biomarker values of the AP trace.

The following AP biomarkers (Figure were used in this study:

Peak membrane potential (VmPeak) - the peak value of the membrane

potential in the first 10 ms.

» Peak membrane time (VmTime) - the time at which the peak membrane

potential occurs.

» Resting membrane potential (RM P) - the mean membrane potential during

the final 20 iterations.

+ AP duration at 40/50/90% repolarisation (AP Dyg/50/90) - the time to the
first point where the membrane potential reaches a given percentage of full
repolarisation (F'R), defined by the difference between peak and resting

membrane potential.

o Triangulation 40-90 difference (T'RId) - the difference between AP Dy, and
APDy.

o Triangulation 40-90 ratio (T'RIr) - the ratio between AP D4y and AP Dyy.
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Figure 3.1: The AP biomarkers used in this dissertation, the TT P and T RIr are not
shown.

 Activation Time (ActTime) - the time of maximum derivative of transmem-

brane potential.
o Time To Peak (TTP) - the difference between the VmTime and the ActTime.

Alternans were classed as a difference in APDgyy between the final two beats
of a simulation of at least 5 ms. If alternans were detected, the model was
discarded. From this initial ensemble of candidate models, a calibration process
against experimental non-diseased data was performed and only those models in
agreement with the data were considered to build the final population.

The experimental data used to perform this process are the same as in Britton
et al. [7] (Table [3.1). Those data come from experimental recordings of human APs
obtained from human right ventricular trabeculae and papillary tissue preparations
perfused and paced at 1 Hz. AP recordings were acquired from these preparations
using conventional microelectrode techniques from 62 experiments performed using
tissue preparations from 37 hearts. In further detail, the calibration step consisted
in calculating the biomarker values for the AP trace of each model and to compare
those values with the ranges reported in Table [3.I] The only difference compared
to that table, is that we decided to completely remove the constraint on the upper

bound of the VmPeak to assure a proper conduction behaviour in tissue, considering



3. Methods 37

Biomarker Minimum Maxzimum

VmPeak (mV') 7.3 39.6
VmTime (ms) 3.1 14.0
RMP (mV) 944 785
APDyy (ms) 84.9 323.6
APDsy (ms) 106.6 349 .4
AP Dy (ms) 178.1 1427

Table 3.1: Calibration ranges of AP biomarkers.

the role of the tissue coupling in decreasing peak magnitude compared to single cell.
Models with biomarker values falling into the calibration ranges were accepted in the
final population, also referred to as the control population. Models contained in this
population correspond to healthy individuals. The ionic properties of these models
(i.e. the scaling factors for the 9 conductances) were saved and then used to build a
control population of epicardial cells. Starting from the two control populations, we
applied the mutation to obtain two other populations: mutation-carrier endocardial
cells and mutation-carrier epicardial cells.

The mutation under investigation is known to affect the sodium current but
the exact mechanism remains unclear, as proved by the electrophysiological studies
described in Subsection that report opposing effects on sodium current density
and kinetics. We decided to account for the sodium current remodeling by halving
the conductance of the fast sodium current and doubling the conductance of the late
sodium current, coherently with results obtained on mice by Remme and colleagues
[45]. As a result, we obtained four populations (healthy and mutation-carrier;
endocardial and epicardial cells), and for each model in each of those population

we analysed its AP trace and biomarkers.

3.1.3 Analysis

We decided to analyse only those models that have also passed the calibration
step performed in tissue, in order to have four populations in single cell and two

populations in tissue built from the same set of parameters. This will allow us to
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study by design how a certain combination of ionic conductances affects the AP

morphology and properties of a single cell as well as its propagation in tissue.

Partial Correlation Coefficient analysis

Our first analysis consisted in identifying the presence of significant correlations
between parameters (i.e. the scaling factors for the 9 conductances) and biomarker
values, while controlling for the effects of variability in the remaining parameters.
This was necessary because our populations were generated by varying multiple
parameters simultaneously. Therefore, as shown by Britton and colleagues in
[6] and [7], we used partial correlation to control for the effects of one or more
additional variables when looking for correlations between each model parameter
and any of the biomarkers computed. This allows us to determine correlations
between the properties of individual ionic currents and properties of the whole
AP and/or tissue biomarkers [6]. This analysis has been performed using the
MatLab function partialcorr that returns the sample linear partial correlation
coefficients between pairs of variables in the input matrix, controlling for the

remaining variables in that matrix.

Delta analysis

In this type of analysis we wanted to show how the differences between the epicardial
and endocardial corresponding biomarkers were affected by the mutation. We
computed a delta value for each biomarker by subtracting/dividing the epicardial
value to the endocardial one and then we compared the delta values in the two
conditions. We also performed a Partial Correlation Coefficient analysis between

parameters and delta values.

Overlap analysis

This study consisted in analysing the distribution of the biomarkers. We plotted
their values (for any healthy and mutation-carrier conditions) in 2D plots in
order to separate the space into two disjointed regions: one occupied only by

mutation-carrier models, and one by models from both conditions, called the
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overlap region. We did this for each pair of biomarkers for the endocardial and
epicardial populations and then we looked for the best biomarkers to perform this
separation. After choosing one or more suitable biomarkers we set a threshold on
that/those biomarkers and we compared the ionic properties of the mutation-carrier
models belonging to the two regions, considering also the distribution of the ionic

properties of the healthy population.

3.2 Tissue level

The following step was progressing the investigation from excitability at cell level to
electrical conduction at tissue level. Tissue level represents for us a bridge between
in-silico electrophysiological cell models and ECG recordings of the electrical signal
propagation in the whole heart, which is generally used by clinicians as a routine
modality for clinical diagnosis. Moreover, EC'G recordings are the only experimental
data available from mutation-carrier patients, and therefore we needed to generate

simulation data of an equivalent type.

3.2.1 Fibre baseline model

Tissue level mathematical models describe the action potential propagation. In
this case, the tissue that we consider is a 2 ¢m ventricular fibre. Contributions
from the layers of cardiac tissue (endocardium, mid-myocardium and epicardium)
will be investigated. Simulations were performed using Chaste. Chaste - Cancer,
Heart And Soft Tissue Environment - is an open source C++ library for the
computational simulation of mathematical models developed for physiology and
biology [31]. Code development has been driven by two initial applications: cardiac
electrophysiology and cancer development. It is a generic and efficient software
package, accurately tested and validated, and specifically designed to run on large
scale, high performance systems. One important feature of Chaste is its capability
to performe cardiac electrophysiology action potential simulations using a wide
range of models from the Physiome repository [I1]. The mathematical formulation

of the models is described in CellML files, including verification of units consistency
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for all variables. From the CellML file, the model code is auto-generated at compile
or run time, it never has to be manually edited. Ontological annotation are used to
identify model variables describing certain biological quantities (membrane voltage,
capacitance, etc.) to allow the user to import any relevant CellML models into
the Chaste framework in consistent units and to interact with them via consistent
interfaces [11]. Furthermore, Chaste provides a wide choice of numerical methods
for solving the differential equations that describe the models.

First of all, we simulated a single fibre, the baseline fibre. As mentioned before, it
is a 2 em 1D fibre divided in 101 nodes (cells). The 100 elements that made up the
fibre represent a sufficiently accurate space discretisation for computing conduction
velocity and pseudoECG even considering the case of slow conduction. In Figure
3.2] we reported the pseudoECGs of a mutation-carrier model characterised by a
very prolonged QRS considering a 100-element fibre and 200-element fibre. We
can clearly see that the two traces are perfectly overlapping, which justified the

numerical accuracy of using a 100-element fibre. Each cell was modelled using the
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Figure 3.2: Effect of space discretisation on the pseudoECG. 100-element fibre (red)
vs. 200-element fibre (light blue).

baseline cell model described in Section [3.1.1] which is available in both Matlab
and CellML. The CellML version of the model was used within Chaste to be
converted in C++. Then the monodomain model was applied. Before running
simulations, few more parameters were varied and explored: the stimulus current,

the conductivity of the fibre and the transmural heterogeneity (i.e. the % of endo-,
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M- and epi-cells). We chose those parameter values analysing how much each
parameter could be varied in order to maintain a conduction behaviour in agreement
with human experimental data. In particular, we studied which is the impact of
these parameters on the conduction velocity and on the pseudoECG. We chose a
stimulus current of -120,000 pA/cm?, a conductivity of 0.8 mS/cm and we built
a fibre made up of 60% endocardial cells and 40% epicardial cells. The effect of
the stimulus current on the conduction velocity can be seen in Figure [3.3a] which
represents the range over which the value of the stimulus current can be varied

while still maintaining a constant conduction velocity. Simulations showed that
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Figure 3.3: Effects of stimulus current (first panel) and conductivity (second panel) on
conduction velocity in the fibre.

for a stimulus whose absolute value is greater than -80,000 pA/cm? the current

is still conducted until the last node in the fibre, but for a smaller value (e.g.
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-60,000 pA/cm?®) the stimulus current does not reach the end of the fibre and
the maximum amplitude of the AP at this node is negative. Given that, in this
dissertation, a stimulus of -120,000 pA/cm? (twice diastolic threshold) was chosen.
Figure shows the effect of the variation of conductivity on conduction velocity.
Based on the observations from Figure |3.3bl it was decided to use a conductivity
of 0.8 mS/em, which was considered appropriate in order to get a physiological
transmural conduction velocity in control (i.e. 55 e¢m/s). The final aspect that
had to be considered is the distributions of endocardium, mid-myocardium and
epicardium. Results of this process are shown in Figure [3.4] Based on this, we
decided to omit the presence of M cells. Their presence and role in the myocardium
still remain controversial. This is further supported by the fact that, given their
longer APD, the presence of these cells should be reflected on the Tend point
of the pseudoECG, whilst this is not observed given the normalising effects of
the tissue coupling. Moreover, our choice of omitting the presence of M cells is
further based on Taggart’s work. In fact, in a review published in 2014, Taggart
and colleagues [51] described how acquisition of basic electrophysiological data in
the intact human heart is essential to drive and complement experimental work in
animal and in-silico models. In particular, they reported the work performed by
several laboratories investigating whether different electrophysiological properties in
cells isolated from endocardial, mid myocardial and subepicardial regions persisted
in intact hearts (electrically and mechanically well coupled). They demonstrated,
using a plunge electrode for obtaining transmural recordings in patients during
surgery, an absence of any electro-physiological evidence of mid myocardial M cells
in humans in the left ventricular wall [53]. The contrast between these results and
the clear differences between M cells and endocardial and epicardial cells regularly
observed in studies in isolated cells, was attributed to electrotonic cancellation of
transmural electrical gradients in the intact left human ventricle [52]. In figure
a clear elevation of the ST segment can be observed when 80% of endocardial
cells and 20% of epicardial cells are considered. The same happens with 70% of

endocardial cells and 30% of epicardial cells. Therefore, given the aim of this study,
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Figure 3.4: How the transmural heterogeneity affects the pseudoECG of the fibre.

the baseline fibre model was constructed with 60% of endocardial cells and 40% of
epicardial cells. In fact, the exact partition of the cells is not the type of information
that we want to model in this dissertation, while it is more important taking into
account the morphology of the pseudoECG to provide a better characterisation

of the phenotypic manifestation of the disease.

3.2.2 Populations of fibres

After establishing the setup for the baseline fibre model we could run the simulation
and calculate the pseudoECG of the fibre and its corresponding biomarkers. The
following step was introducing the variability. The stored parameters set (scaling
factors for the 9 conductances varied) used to build the populations in single
cell was now used to construct two populations of fibres, the control population
(representing the healthy individuals) and the mutation-carrier population. Tissue
simulations were then performed.

After obtaining the results, we performed a calibration process on the healthy
population in order to accept only those models with a pseudoECG trace in
agreement with human data. We implemented a two step calibration process
studying both the peak voltage in the last node and the conduction velocity in
the whole fibre. We checked that the peak voltage of the last node reached 0 mV
to ensure the absence of conduction failure, and then we discarded the models

with a conduction velocity outside the range [35 55] em/s. Only those models that
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Figure 3.5: PseudoECG biomarkers used in this dissertation (¢C' EB not shown).

passed these calibration steps were accepted in the final populations of fibres. We
then analysed the pseudoECGs, considering the following time points of interest

in order to compute the biomarkers:

R point - the point corresponding to the peak of the trace.

S point - the first point after the R point where the derivative of the trace is
greater than -0.5.

J point - the point corresponding to the first peak (greater than 0) between
the R point and the following 200 ms.

T end point - the first point starting from the end of the trace where the

absolute value of the derivative is greater to 0.03.

T peak point - the point corresponding to the peak (positive or negative)

between 1100 ms and the 7" end point.

We also considered the possible presence of biphasic T waves, in case that a negative
peak was detected in the 80 ms that precede the positive T peak point, with an
amplitude at least half of the T peak.

After that we computed the following pseudoECG biomarkers (Figure :
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o QRS width (QRSwidth) - the time that it takes for the signal to get from

the stimulus time (@) wave) to the S point.

o QT interval (QTinterval) - the time that it takes for the signal to get from

the stimulus time () wave) to the T" end point.

o ST level (STlevel) - the membrane voltage of the middle point occurring
between the R point and the T" peak point.

 Transmural Dispersion of Repolarisation (T'DR) - the difference between the

T end and T peak points.

o Index of Cardiac Electrophysiological Balance (iC'EB) - the ratio between
the QT interval and the QRS width.

The iCEB is a novel biomarker proposed by Hua Rong Lu and colleagues [20]
[48] to predict drug-induced cardiac arrhythmias, including ventricular tachycar-
dia/ventricular fibrillation (VT /VF) and Torsades de Pointes (TdP) together with
non-TdP like VT /VFE. They speculated that: increases/decreases in QT or JT-
interval were proportional to those in effective refractory period (ERP), and also
changes in QRS were similar to those in conduction velocity. Therefore, the
1CEB derived from the FCG, should have been the equivalent of the classic A
(ERPxCYV), and significant changes in i{C'E'B may have reflected an imbalance in

cardiac electrophysiology, and therefore predicted cardiac arrhythmias.

3.2.3 Analysis

For the analysis of pseudoEEC'G biomarkers, all models in the healthy population
were considered, but only those in the mutation-carrier population exhibiting
a proper propagation behaviour (absence of conduction failure), were retained
for pseudoEC'G biomarker quantification. The failure was taken into account
considering the peak voltage of the last node (smaller than 0 mV’) or conduction
velocity lower than 20 ¢m/s. The cellular mechanisms underlying conduction failure

in the mutation were still studied.
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Biomarker Carrier Non-Carrier
heart rate (bpm) 75+19 T4£17
PQ interval (ms) 181+£28 154+£26

QRS duration (ms) 102+17 88+13
QT c interval (mV) 453432 397+£22

maz ST elevation V1 —V3* (ms) 0.5(0.22-1.00) 0.25(0.00-0.62)

Table 3.2: ECG characteristics of family members. *Median(interquartile range).
Confidential.

Delta analysis

The first analysis on the pseudoECG was focused on the morphology of the traces
in order to highlight potential trends introduced by the mutation. We performed
an analysis on the points of interest of the pseudoEC'G mentioned in Subsection
We computed the difference between the coordinates of each point in the two

conditions to show how the mutation affects the pseudoEC'G morphology.

Comparison with the clinical data

The clinical data for the 1795insD family provided by our collaborators are heart
rate, PQ interval, QRS duration, QTc interval and ST elevation (Table
reported as mean + standard deviation. Those data are derived from a real ECG
and therefore cannot be directly compared to our simulation data (whole heart vs.
1D fibre simulations). A possible good way to overcome these scale differences is to
consider the ratio between each biomarker value in the two conditions (healthy and

mutation), and then compare the ratios obtained for the clinical and simulation data.

Partial Correlation Coefficient analysis

We identified the presence of significant correlations between parameters (i.e. the
scaling factors for the 9 conductances) and tissue biomarker values, while controlling
for the effects of the remaining parameters. We used partial correlation to control for
the effects of one or more additional variables when looking for correlations between
each model parameter and any of the biomarkers computed, as previously described
for the PCC' performed in single cell. This allowed us to determine correlations

between the properties of individual ionic currents and properties of the pseudoECG.
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Overlap analysis

Similar to the analysis in single cell, this one aimed to investigate the space
distribution of the pseudoECG biomarkers. Particularly, we focused on the QT
interval and QRS width. We plotted their values for both conditions and we
identified the region of overlap, in which models of both conditions were present.
Then, models belonging to that region were studied in terms of biomarkers (AP

and pseudoECG biomarkers) and ionic properties.

Rate-dependent study

Clinical data from our collaborators show that bradycardia is an important factor
to consider in this investigation, in fact family members are frequently treated with
pacemakers to prevent (mostly nocturnal) bradycardia with associated excessive
QT prolongation. To do so, we ran tissue simulations with a longer cycle length
of 1500 ms. We then performed the same analysis previously described for a cycle
length of 1000 ms to study the effect of the mutation when the heart frequency

was lower (e.g. during the night).
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This chapter will describe all the results achieved in this investigation. It is
divided in two main sections to separate between the up-scale and down-scale
investigations into the mechanisms of the SCN5A-1795insD. The combination of
the ionic-, cellular- and tissue-properties of the models are investigated following
a bidirectional flow in the analysis, from ion to tissue (up-scale) and vice versa
(down-scale), in order to explain the phenotypic variability of the disease. The

Figure [4.2] reports the workflow of this thesis.
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Figure 4.1: Workflow of this thesis.

4.1 Up-scale mechanisms of the SCN5A-1795insD
mutation

4.1.1 Single cell

As described in the methods (Chapter [3)), starting from the baseline single cell
model we constructed a population of 10,000 models of healthy endocardial cells.
We calibrated the population using the experimental data described in Subsection
and we discarded all the models with the AP biomarker values outside the
calibration ranges considered. The results of this first step are reported in Figure
, in which we can observe the AP traces of the entire initial population (10,000
models) and those of the 1,956 accepted models.  Figure shows the value
of the scaling factors for the 9 model parameters that have been varied, which
represent the ionic properties of the models accepted in the population. These
results show that the calibration performed in single cell without any restriction
on the upper bound of the VmPeak leads to accepted values of the G4 that are
within a narrower subset of the sampled range: lower values are discarded since they
do not generate a proper AP upstroke. On the other hand, the majority of accepted

parameter values span closely the entire range of sampled values (up to £200% of
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Figure 4.2: The multi-scale approach. The up-scale and down-scale flows of the analysis.
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Figure 4.3: AP traces and ionic properties of the accepted models. Left panel: AP
traces of the accepted models (1,956 models, in blue) against the entire initial population
(10,000 models, in grey). Right panel: scaling factors for the model parameters that define

the ionic properties of the accepted 1,956 models.

with the ionic properties defines the features of the single cell models as well as

the features of the fibres populations. Our aim is to understand how the ionic and

cellular properties associated to the SCN5A-1795insD mutation reflect themselves

in tissue. Populations with the same number of models at both single and tissue

levels are thus required to allow for such mechanistic investigations. Therefore, we

discarded from this single cell population of 1,956 models those that did not pass
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the calibration step in tissue. In other words, we used the matrix with the ionic
properties of these 1,956 models to build a population of 1,956 healthy fibres and
then we calibrated it (see Subsection for additional details). From this tissue
calibration step we finally obtained the number of models that made up the control
population: 1,341 models. From the ionic properties of these 1,341 models we built
the other single cell and fibre populations carrying the mutation. The results of the
calibration process implemented in tissue will be presented in the next section. Here,
we report the results for the single cell populations. These populations are four:
healthy endocardial cells, healthy epicardial cells, mutation-carrier endocardial cells
and mutation-carrier epicardial cells, all made up of 1,341 models. The AP traces
of these populations are reported in Figure [4.4, Their AP biomarkers are shown

in Figure The effects of the mutation are consistent in the two myocardial

es (mV)

AP traces (mV)

AP trace

2120 L L L L -120 L L ' L ' L L
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

time (ms) time (ms)

Figure 4.4: AP traces of the endocardial (left panel) and epicardial (right panel) cells
in the healthy (blue) and mutation-carrier (red) populations.

layers: the peak membrane voltage is reduced and delayed, the AP Ds are prolonged,
there are no significant differences in terms of morphology of the AP since the two
biomarkers that account for it, the TRIdif f and T RIratio, do not significantly
change in the two conditions, the ActTime in slightly delayed and the TTP in
significantly increased when the mutation is introduced (Figure. More in details,

the mutation under investigation involves the cardiac sodium channel gene, affecting
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healthy (blue) and mutation-carrier (red) condition.

the sodium current and inevitably the upstroke of the AP. This is reflected by the
two cellular level biomarkers VmPeak and VmTime in both the endocardial and
epicardial layers. The VmPeak is significantly decreased after the introduction of
the mutation, and also delayed. In particular, it is more delayed in the endocardial
cells compared to the epicardium because in the epicardial layer there is a stronger
transient outward potassium current to counteract the upstroke phase. The bigger
TTP values in the endocardial cells reflect that the maximum voltage of the AP
trace occurs after several millisecond from the ActTime. That is less significant in
the epicardial layer due to the stronger transient outward potassium current. So,
even if the overall trend of the biomarkers in the two myocardial layers is the same,
the ratio between the mutation-carrier and healthy conditions is different, i.e the
mutation affects the two layers in a different way. This transmural effect of the
disease will be better analysed in the subsequent analysis but it has been clear to
us from the beginning of the investigation and is one of our main findings.

We performed several analysis on the AP biomarkers. First of all we identified
the eventual presence of significant correlations between parameters and biomarker
values, while controlling for the effects of variability of the remaining parameters.

The results of the PCC' analysis are reported in Figure [4.6] and Figure [£.7] For
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each biomarker, multiple parameters show significant partial correlations. The
differences between the endocardial and epicardial cell populations mainly reflect

the different weights of each current in the two layers. Gy, and Gy, are the
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Figure 4.6: PCC results for the endocardial single cell populations. First panel: healthy.
Second panel: mutation-carriers.

conductances directly affected by the mutation, the first one is halved and the
second one is doubled. Therefore, even if Gy, still correlates strongly and positively
with the peak membrane potential, the magnitude of the correlation is inferior in
the mutation-carrier populations. On the other hand, the contribution of the Gyar,
to the peak potential is bigger in the mutation-carriers. Since the contribution of
the G, is weaker in that population, the Pz, has now a more important role in

sustaining the peak. For the same reason, i.e. it is halved, the Gy, also contribute
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Figure 4.7: PCC results for the epicardial single cell populations. First panel: healthy.
Second panel: mutation-carriers.

less to the activation time. On the other hand, since it is doubled, the Gy.r
provides now a bigger contribution to the time to peak in the mutation-carriers.
The Gy, correlates negatively and strongly to the peak voltage, but its contribution
is inferior in the mutation-carrier populations, due to the reduced peak membrane
voltage in that population. Its contribution to the VmTvme is inferior as well for
the same reason. In particular, the Gy, contribution to those biomarkers is always
stronger in the epicardium than in the endocardium, due to its bigger value in that
layer. In general, the trend between the healthy and mutation-carriers is the same
in the two layers. The G, contribute differently to the VmPeak and APDs in the

two conditions. In the healthy one it correlates negatively to the peak membrane



56 4.1. Up-scale mechanisms of the SCN5A-1795insD mutation

potential (it works in the reverse mode during the upstroke and so it is an outward
current) and positively to the APDs when it’s an inward current. On the other
hand, the magnitude of the correlation in the mutation-carriers is reduced a lot. In
fact, from the analysis on the AP and Iy4c, traces we observed that, due to the
reduced voltage, the reverse mode of the In,c, is closing faster and therefore that
inward current is smaller during the upstroke, contributing less to the voltage peak
in the mutation-carrier populations. The G, plays a bigger role in sustaining the
APDs in the mutation-carriers due to the direct effect of the mutation, while the
P, has now a weaker contribution to the APDs. In fact, the membrane voltage is
reduced and therefore the I, voltage-dependent gating is affected leading to a
reduced I¢,r,. So, multiple parameters influence each biomarker even if individual
parameter values are still important for determining the exact balance of currents

and, indeed, the specific AP properties of each model.
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Figure 4.8: Delta values between each corresponding AP biomarker in endocardium
and epicardium, healthy models in blue and mutation-carrier models in red.

In a subsequent analysis (Delta analysis) we considered the differences between
the epicardial and endocardial corresponding biomarkers to study how the mutation
affects the dispersion between the two layers. The results are shown in Figure
4.8l Each delta value is computed subtracting from the endocardial biomarker the

epicardial one, where positive values mean that a biomarker is bigger in endocardium.
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The median of the distribution reflects the dispersion between the two layers. Results
in Figure show that the mutation-carrier condition is generally characterised
by a bigger endocardial values. That is an additional proof that the mutation
affects the two myocardial layers in a different way.

We then studied the space distribution of the biomarkers and the ionic properties
of the models belonging to the different regions, i.e. showing different biomarker
values. We did this for each pair of biomarkers for the endocardial and epicardial
populations. All the extended results are reported in Appendix [AI For the
endocardial cells the best biomarkers are those related to the peak voltage (VmPeak,
VmTime and TTP) but also all the APDs (Figure [A.1] Figure [A.2] Figure[A.3]
Figure. For the epicardial cells the most suitable biomarkers for this analysis are
the VmPeak, VmTime and T'T P. That highlights the first main outcome: the main
effect of the mutation in terms of AP prolongation occurs in the endocardial layer and
not in the epicardial one. This is a really interesting point since the difference in the

two layers may lead to a dispersion in the myocardium that can be revealed in tissue.

4.1.2 Tissue

We ran the simulations and calculate the pseudoECG of the fibre and its corre-
sponding biomarkers. In order to progress the analysis from the single fibre to a
population of fibres we used the ionic properties of the 1,956 models that have
passed the calibration step performed in single cell. We built a population of 1,956
healthy fibres. Then we performed a further calibration step with the purpose of
discarding the fibres that show a conduction behaviour not in agreement with human
physiological data. We checked that the maximum amplitude of the last node of
the fibre reached 0 mV and we kept only the models with a conduction velocity
in the physiological range [35 55] ¢m/s. In Figure we can see the result of this
calibration step. That provided us 1,341 models. We applied the mutation on top
of these models and we obtained a population of 1,341 fibres carrying the mutation
(Figure . As it can be easily inferred from Figure , not all traces of the

models carrying the mutation can be studied in terms of biomarkers due to their
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Figure 4.9: The result of the calibration step performed in tissue. First panel:
pseudoECGs of the initial population of 1,956 healthy fibres (grey) against the 1,341
pseudoECG traces of the accepted models in the healthy population (blue) after the
calibration. Second panel: pseudoECG's of models showing a positive (blue), negative
(yellow) and biphasic (orange) T' wave.
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Figure 4.10: pseduoECG traces of the 1,341 fibres in the healthy (blue) and mutation-
carrier (red) populations.

abnormal pseudoEC'G morphology. Those models are in fact showing a failure in
the conduction due to the introduction of the mutation, which is a known symptom
of these patients. This does not imply that the entire ventricle would manifest a
conduction block, since this simulation involves just a 2 ¢m fibre, but it is a realistic

representation of one of the most common features of the disease under investigation.
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The models with a conduction failure were therefore not included in the subsequent
analysis of biomarkers. That led to a total of 941 mutation-carrier models accepted

for the analysis of the biomarkers (Figure 4.11)). In Figure we can observe the
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Figure 4.11: pseduoECG traces of the 941 (red) out of 1,341 (grey) fibres in the
mutation-carrier population accepted for the analysis of the tissue biomarkers.

box plots for the tissue biomarkers of the two populations of fibres. From a first
qualitative analysis we can say that the mutation-carrier population is characterised
by a wider QRS and longer QT. The i:C'E B index is smaller in the mutation-carrier
population, reflecting the relevant effect of the mutation in increasing the QRS
width. However, the difference in the :C'E'B between the two populations is not very
significant since both QRS and QT are both affected by the mutation. The TDR is
bigger in the mutation-carrier population while we cannot see significant differences
in the ST level. The last panel in Figure reports the conduction velocity (C'V)
of both populations, showing a clear reduction in the mutation-carrier one.
Since the changes in the morphology of the pseudoECG between the two
conditions are quite consistent in all models, we quantified these changes analysing
the relevant points in the pseudoECG traces. We considered the time points and
amplitudes of each point and we subtracted the corresponding coordinates in the two
conditions in order to highlights potential trends (Figure. The results show that

the R point is always lower and delayed, reflecting the impairment of the AP upstroke
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Figure 4.12: Box plots of the tissue biomarkers of the two populations of fibres, healthy
in blue and mutation-carrier in red. The left bottom panel also show the conduction
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T
60 )
40 _.%_
20 E
’ i
-20 +
+
R_time R_amplitude

150
+
k3 i

100 ! 1

50 == =
1 e
0
1
+
50t ¥
+
Tend Tpeak amplitude

80

60

40

100

50

== .
==
——
S_time S_amplitude
R
Tend
S Tpeak
1000 1100 1200 1300 1400

1500
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conditions. The box plots show the values obtained for each point as the difference
between its coordinates in the mutation-carrier model and in the healthy corresponding

one. (Delta=Mutation-Healthy)

observed in single cell and the lower conduction velocity in the mutation-carrier

models (Figure 4.12). The S point is usually higher and delayed. The points that

define the T DR, the T'peak and Tend, are also generally delayed by the mutation.

After this initial analysis on the simulation data, we studied our results in light

of the clinical data. Even if it is not possible directly compare the two different sets
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of results (clinical and simulation), we can investigate the ability of our results to
represent the clinical data. In order to do so, we considered the Q7" interval and
QRS width and we computed the ratio between the mean values of each biomarker
in the two conditions, both for clinical and simulation data (Table [£.1)). We can
consider our simulation data in agreement with the clinical one, even if the values
shown in Table 4.1|are slightly different. In fact, the reason why that happens is that
the modelling of the whole ventricle is simplified into a 1D 2 e¢m fibre characterised
by a strong [;,. In other words, we are modelling a single fibre from the RV that is
known to be the part of the heart most affected by the disease. At the same time, we
are missing the contribution from the left ventricle (LV') that is instead less affected
and indeed can reduced the manifestation of the disease. This is the reason why
our tissue model shows a strong manifestation of the disease. In terms of QT', our
simulation results quantitatively reproduced the QT prolongation in clinical data
with very good accuracy. We do believe that our simulation data are indeed strong

enough to provide insight on the overlapping effects of the SCN5A-insD mutation.

Type of data QRS ratio QT ratio
Clinical 1.1591 1.1411
Simulation 1.4798 1.1925

Table 4.1: Comparison between the clinical and simulation data. The values are the
ratio between the mean value of the biomarker in the mutation and healthy conditions.
(Ratio=Mutation/Healthy)

4.2 Down-scale mechanisms of the SCN5A-1795insD
mutation

As previously reported, the Dutch family carrying the SCN5A-1795insD mutation
displays profound variability in type and severity of symptoms. Among these
patients there is a huge variability in their electrocardiographic signs, i.e. some
carriers do not display any overt EC'G changes, while others have clear conduction
disease (PR and QRS prolongation) and/or QT prolongation. Also it is unclear

why some patients have mostly conduction abnormalities while others have mostly
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repolarisation abnormalities. The clinal data provided by our collaborators clearly

show this phenomenon (Figure [4.14)).
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Figure 4.14: The overlap in the FCG biomarkers. Clinical data.

We developed a fibre tissue model of SCN5A-1795insD carriers in order to be
able to investigate the phenotypic variability shown by these patients and gain more
insight into the mechanisms underlying the mutation. As it can be observed in
Figure [4.15| and Figure [4.16] a subset of mutation-carrier models is characterised by
QT interval and QRS width values similar to those of the healthy models, while the
remaining mutation-carrier models show a clear disease phenotype, with a prolonged
QT interval and/or wider QRS. The overlap in terms of QRS in our simulated
results is less evident compared to the clinical data. This is probably due to the
fact that our fibre model represents the most affected part of the entire ventricle.
Adding the contribution of the less affected part, i.e. the LV, would have resulted
in less prolonged QRS interval. Our simulated results are indeed in agreement with
the main clinical manifestations of the disease and its phenotypic variability. This
supports that the considered ionic remodelling is a coherent representation of the
disease, and clearly highlights the main challenges that clinicians and researchers
face. Being able to classify a subject as healthy or potential mutation-carrier
is of primarily importance. In fact, if a subject presents signs of Q7T or QRS
prolongation, it is clear that additional genetic testing might be necessary. However,
what if those values are within the normal ranges? Is there any other biomarker

useful to classify the subject? On the other hand once it is known that a patient is
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Figure 4.15: The overlap in the pseudoEECG biomarkers.

The dotted lines delimit the

overlap region in terms of QRS width, defined as 60 ms + 5 ms. Simulation data.
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Figure 4.16: The overlap in the pseudoEC'G biomarkers.

The dotted lines delimit

the overlap region in terms of Q7T interval, defined as mean + two times the standard
deviation of the QT values in the healthy population. Simulation data.

carrying the mutation, it is also important to understand which are the mechanisms

behind the variability in manifestation of the disease.

The QRS seems to be a more useful biomarker to perform a first classification

of the subjects. Given the simulated results, we defined the overlap region as the

region in which the models are showing a QRS value of 60+5 ms (Figure |4.15).

It is worth remembering that the mutation-carrier models in that graph are only

those in the mutation-carrier population that do not display conduction failure.
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We considered the properties of the models belonging to the various regions of the
biomarkers space shown in Figure taking into account three different levels
of analysis and the combination of thereof: from tissue-, cellular- to ionic-level
(top-bottom analysis). From a mechanistic point of view, the combination of these
properties is expected to explain why a certain model belongs to a particular region,
i.e. why a patient carrying the mutation shows a particular phenotype. Moreover,
this analysis is also useful in terms of diagnosis, to investigate which biomarkers
can be considered in a situation in which a potential carrier shows a phenotype
similar to a healthy subject. From now on we will refer to the region in which the

models show similar values in terms of QRS width as the overlap region.

4.2.1 Conduction abnormalities

A weak fast sodium current is the main determinant for conduction
failure under the SCN5A-1795insD mutation

When we introduced the ionic remodelling associated with the mutation in the
healthy population (halving the fast sodium current and doubling the late sodium
current), an immediate effect was the conduction failure exhibited by some of the
models, in accordance with the clinical data that report conduction abnormalities
as one of the main symptoms. Figure shows the AP traces of mutation-carrier
models with a conduction failure against those of mutation-carrier models with a
proper conduction behaviour. Compared to the other mutation-carrier models, the
analysis performed on these models revealed an underlying very weak fast sodium
current, as well as a reduced L-type calcium current (Figure . The combination
of thereof leads to a very small inward current that is not enough strong to sustain
the AP propagation is tissue. In addition, the transient outward potassium current
is very strong, which can also affect the C'V by two different mechanisms. The
first one is opposing the fast sodium current and therefore reducing the C'V. The
second one is decreasing the L-type calcium current, acting on its activation. In fact,
the gating variable for the L-type calcium current activation is voltage dependent,

therefore, if the membrane voltage is decreased due to a bigger transient outward
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Figure 4.17: Distribution of the ratios between the median values of the parameter
scaling factors in the mutation-carrier models with a conduction failure and in those with
a proper conduction. The main role in determining the conduction failure is played by
the fast sodium current.

potassium current, the L-type calcium current is decreased as well. The inward
rectifier potassium current is also very weak and it can therefore affects the sodium
current through its driving force by modulating the resting membrane potential,

as it has already been reported in [2§].

A strong fast sodium current preserves the conduction even in the
presence of the mutation

When the mutation is introduced those models with a strong enough fast sodium
current are able to preserve the conduction. Moreover, a subset of them show a
range of values for the QRS width very similar to the one of the healthy population,
as it is shown in Figure [£.18) The reason why these models still present a quite
narrow QRS is the presence of a very strong fast sodium current (Figure .
Even when it is halved due to the mutation, that current remains strong enough
to avoid a conduction failure, and more interestingly, it is fundamental to sustain

a QRS in overlap with data from healthy subjects.
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Figure 4.18: First panel: box plots of the QRS width values for the healthy (in blue)
and mutation-carrier (in red) models in the non-overlap (first and last columns) and
overlap (central columns) regions. Second panel: box plots of the scaling factors for the
fast sodium current for the healthy (in blue) and mutation-carrier (in red) models in the
non-overlap (first and last columns) and overlap (central columns) regions. The effect
of the mutation on the fast sodium current is not shown in the picture to highlight the
strong baseline value of the current before applying the mutation.

4.2.2 Repolarisation abnormalities

QT interval prolongation. Calcium blocker might not have a positive
effect for the SCN5A-1795insD mutation

QT interval prolongation and repolarisation abnormalities are electrocardiographic
signs of the disease as well. Models representing mutation-carrier patients reflect
those symptoms. In fact, we can observe a prolongation in the QT interval (Figure
and Figure , mostly for those model outside the overlap region. To better
understand which are the currents involved in the Q7T interval prolongation, we
performed a PPC' analysis, as described in Subsection [3.1.3] between the model
parameters and the tissue biomarkers. The results demonstrate that the currents
playing the most relevant role are the rapid delayed rectifier potassium current,
the late sodium current, the L-type calcium current and the slow delayed rectifier
potassium current (Figure . What is really relevant here is identifying those
currents that correlate differently in the two populations. The currents that are for

their nature mainly involved in sustaining the QT interval, mainly the [k, do not
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columns) regions.

show significant differences in the two populations in terms of correlations. From

the PCC results reported in Figure [£.20, we can clearly see that the G,z and

G N, are those showing the biggest differences between the two populations for the

QT prolongation. For the Gy,r, that is a direct consequence of the remodelling

due to the mutation. This is a confirmation that this current plays the key role

in prolonging the QT interval. For the G,, the stronger the G,, the narrower

the QRS and therefore the Q7. Coherently, from the PCC results, we can see
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Figure 4.20: PCC results for the healthy (first 5 columns) and mutation-carrier (last 5

columns) fibre populations.
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that the Gy, correlates negatively with the Q7" interval. We can also observe
that it plays a bigger role in the mutation-carriers. Therefore, when the Gy, is
halved due to the mutation, it fails its role in shortening the Q7. In other words,
both the Gy, and Gy, have a bigger role in the mutation-carrier population.
Weak G, results in a wide QRS and therefore a longer QQT', therefore, both
halved Gy, and doubled Gy, contribute to the prolongation of QT interval under
the mutation. Importantly, from the PC'C analysis, we could also see that the
correlation coefficients between Pg, and QT interval is slightly decreased under
the mutation, which means that the contribution of calcium current in APD is
less significant due to the change of membrane voltage caused by the mutation,
and the PCC' analysis from the single cell level also showed a consistent trend.
Therefore, blocking calcium current may not be effective enough for the purpose
of QT shortening under this mutation. At the same time, calcium current block

may impair the safety of tissue conduction as shown in Figure [4.17]

4.2.3 Possible diagnosis biomarkers

When QT and QRS are not prolonged, the TDR biomarker can detect
the mutation-carrier models

Among the tissue biomarkers, the TDR is the one that can be more useful in
discriminating between healthy subjects and mutation-carrier patients. In fact, the
T DR shown by the mutation-carrier models in the region where both Q7" and QRS
are normal (overlap region) is significantly bigger compared to the healthy subjects
in the same region and also compared to the other mutation-carrier models (Figure
. The dispersion in the repolarisation is mainly due to the transmural effects
of the disease, which are stronger in the endocardial layer. In general, the effect
of the mutation at the cellular level produce a prolongation in AP Ds of all cells.
Interestingly, in the overlap region, endocardial cells exhibit a more pronounced
APD prolongation than the epicardial layer (Figure . Indeed, in this region,
the more significant APD prolongation in endocardial cells results in an APDs

dispersion between the two layers. The T wave shape is inevitably affected by
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Figure 4.21: Box plots of the TDR values for the healthy (in blue) and mutation-carrier
(in red) models in the non-overlap (first and last columns) and overlap (central columns)
regions. The bottom two panels show the box plots of the i{CEB and STlevel values to
highlight the role of the TDR biomarker to detect the mutation-carrier models in the
overlap region.

that, and as a consequence it is reflected in the tissue biomarker TDR (which
accounts for the interval between the earliest and the latest AP repolarisation
times). The more significant APD prolongation caused by the mutation on the
endocardial layer is due to the transmural difference between the two layers. All
potassium currents are stronger in the epicardial cell baseline model, as shown in
Table 2.1} Moreover, the baseline model of an endocardial cell has a bigger late
sodium current. Therefore, when the mutation is introduced and the late sodium
current is doubled the repolarisation currents in the endocardium are much weaker
to counteract the APD prolongation due to the late sodium current. On the other
hand, in the epicardial layer the repolarisation currents are quite strong and these
cells need a very big late sodium current to produce AP Ds prolongation. In fact, as
shown in Figure the late sodium current is still not strong enough to produce a
prolongation in the AP Ds for those mutation-carrier models in the overlap region.
However, it is bigger in the other mutation-carrier models that in fact show a

prolongation (still inferior to that in the endocardium).
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Figure 4.23: Box plots of the scaling factors of the ionic properties for the healthy (in
blue) and mutation-carrier (in red) models in the non-overlap (first and last columns)
and overlap (central columns) regions. The effect of the mutation on the sodium current

is not shown in the picture.
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4.2.4 Bradycardia-related QT-interval prolongation

Family members are frequently treated with pacemakers to prevent (mostly noc-
turnal) bradycardia, associated with excessive QT prolongation. We modelled
this factor by performing a simulation study with a bigger cycle length at 1500
ms. Single cell results show longer APs induced by the longer cycle length, in
spite of similar magnitudes of the late sodium current compared with the shorter
cycle length (Figure . As a consequence, we ascribe the AP prolongation to

the restitution properties of the other currents. Tissue results show increased QT

50
2
A y
@
8
g
= 50
<
100 | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
0
~ 0.5 4
=
=
< 1 b
2
a-1.5 b
<
»—<Z
. -
25 I L I 1 1 ! L 1
0 100 200 300 400 500 600 700 800 900 1000
time (ms)

Figure 4.24: Effects of bradycardia on the AP (first panel) and late sodium current
(second panel) traces. Red traces: cycle length of 1500 ms. Blue traces: cycle length of
1000 ms.

prolongation, in agreement with the clinical findings but no significant effects on
the QRS width, compared with the smaller cycle length (Figure . The results
obtained here are therefore in accordance with those at a slower cycle length. In fact,
we could observe that a strong fast sodium current is necessary to maintain a good
conduction and the stronger this current the narrower the QRS. The late sodium
current is the most relevant current in determining the QT interval prolongation.
Finally, the difference in the APDs prolongation between the endocardium and
epicardium layers is, even in this scenario, the key point for the bigger TDR in the

mutation-carrier models in the overlap region. We also analysed how the PCC's
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Figure 4.25: Box plots of QT interval (first panel) and QRS width (second panel)
values in both population (healthy in blue and magenta; mutation-carriers in red and
cyan) when bradycardia is considered (last two columns).

between the model parameters and the QT interval vary when the cycle length is
increased. The PC'C results for both cycle lengths are reported in Figure[£.26l PCC
results are qualitatively similar between the two cycle lengths, we can therefore

claim that the PCC analysis results are not rate dependent.
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5.1 Achievements

This dissertation focused on one of the cardiac sodium channel overlap syndromes.
Those syndromes are a broad spectrum of SCN5A-related arrhythmia syndromes.
The SCN5A is one of the genes encoding the cardiac sodium channel alpha subunits,
through which the influx of sodium ions generates the cardiac sodium current.
Genetic studies have shown that mutations in the SCN5A gene are associated
with various arrhythmia syndromes (e.g. BrS, LQT syndrome, conduction disease
and cardiomyopathy) by modulating gating and other functional properties of that
channel. In particular, the mutation under investigation in this work was the SCN5A-
1795insD. Described for the first time in 1999 by Bezzina and colleagues, the main
functional consequences of this mutation are a sustained sodium current throughout
the AP plateau that prolongs cardiac repolarisation and a drastic reduction in peak

sodium current density that affects the conduction velocity. Patients suffering from

75
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this mutation show several abnormalities in their FCG recordings, in particular
those similar to patients suffering from LQT5 and BrS. During the past decades,
the understanding of these sodium channelopathies has increased strongly. However,
there is still a lack of knowledge regarding the biophysical properties of the mutant
sodium channels and how these properties reflect themselves in patients’ clinical
symptoms. Up to date there are still questions left to be resolved regarding
the phenotypic variability observed in the patients carrying the mutation. The
family affected by the SCN5A-1795insD is one of the largest and best-described
family worldwide. Researchers made a hug effort in characterising the biophysical
properties of this mutation through the use of heterologous expression systems,
developing a transgenic model of the murine equivalent mutation 1798insD and
also hiPSC-derived cardiomyocytes have been considered.

Our aim was to derive further insights based on mathematical modelling and
computer simulations into this type of high risk life-threatening disease. Since the
family that we wanted to investigate is characterized by a huge variability in terms
of disease expression and severity, we chose a methodology capable to reproduce and
explore such characteristics: the populations of models methodology. In addition, we
needed of an approach that allowed us to progress the investigation from the single
cell to the tissue level, in order to generate simulated data that could be compared
to the clinical one (i.e. biomarkers extracted from ECG recordings). Hence our
choice was to exploit a multi-scale approach in order to study the mutation effects
on both single cell and fibre populations. Our simulation studies demonstrated that
the designed approach was capable of recapitulating the phenotypic manifestation
of the disease at both single cell and tissue scales. Building on these results, we
provided mechanistic explanations on the ionic and cellular mechanisms underlying
such a variability, including those mechanisms that reflect themselves on the ECG
and could therefore become novel clinical biomarkers for the diagnosis of potential
mutation carriers. Additionally, we gained further insights on possible therapeutic
targets and we supplied evidence to support the depolarisation hypothesis in BrS.

According to our results, we could confirm the role of heart rate in prolonging the
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QT interval in 1795insD mutation carriers, with implications in the increased rate
of nocturnal sudden cardiac death in this group of patients.

Given the simulated results, we defined an overlap region as the region in which
our mutation-carrier fibre models exhibited a QRS value in the range of maximum
QRS values in the control population. We considered the models within and outside
the above defined regions, and studied the combination of their tissue-, cellular-
and ionic-level properties to explain the manifestations of the disease.

When we introduced in the healthy population the ionic remodelling associated
with the mutation, we could highlight the key role of the sodium current in sustaining
a proper conduction in the fibre, and the role of the transient outward potassium
current in modulating the conduction velocity. The latter is an important novel result
of the present thesis, demonstrating transient outward potassium current modulation
of conduction velocity in BrS-related syndromes (depolarisation hypothesis) in
the absence of significant changes in the notch of epicardial APs (repolarisation
hypothesis). In the models that experienced conduction failure, the inward currents
(sodium and calcium mainly) were always very weak and could not sustain a proper
upstroke. In addition, the transient outward potassium current was very strong,
affecting therefore the conduction velocity by further opposing the fast sodium
current and modulating the L-type calcium current activation. On the other hand,
the fibre models with a proper conduction behavior were always characterized by
a strong fast sodium current. This constitutes the main biophysical mechanism
underlying the variable manifestation of the disease in this group of patients affected
by the same channel mutation.

From the PPC analysis between the model parameters and the tissue biomarkers
we showed that the Gy, and G, were the main responsible to prolong the QT
interval. The doubled G, played the largest role in prolonging the QT interval.
The halved Gy, also contributed through prolonging the QRS. From the PCC
results we also identified that the role of the Pg, in sustaining the QT is significantly
reduced in mutation carriers. This is due to the fact that the mutation further affects

the overall calcium current, throughout a reduced peak and plateau membrane
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voltage impairing L-type calcium current activation. From these results, it emerges
that calcium blockers might be less effective for 1795insD mutation-carriers than in
other channelopathies as a pharmacological therapy against Q7" prolongation.
Combining the simulation results at the single cell and tissue levels we ad-
ditionally gained further insights on the transmural effects of the mutation. We
showed that this mutation produced an APD dispersion between the endocardial and
epicardial layer, which is manifested in tissue through a more pronounced transmural
dispersion of repolarisation (T'DR). We identified the ionic mechanisms of such an
increased dispersion in the site-dependent variation of the repolarisation currents.
We indeed suggested studying TDR in clinical settings through FCG-related Tpeak-
Tend interval biomarkers, since these could provide incremental information for risk
stratification in these complex patients. Our results are furthermore in accordance
with the recently published systematic review and meta-analysis by Tse et al. [57],
in which the prognostic significance of the Tpeak-Tend interval with respect to
arrhythmic and mortality outcomes was investigated. The pooled meta-analysis
demonstrated that a prolonged Tpeak-Tend interval is associated with 1.14 times
higher risk of ventricular tachycardia/ventricular fibrillation or sudden cardiac
death and with a 5.6-fold increase in BrS. A prolonged Tpeak-Tend interval will
increase the likelihood of generating unidirectional conduction block, but other
factors such as slowed conduction and increased dispersion of conduction should
also be considered since not reflected in the Tpeak-Tend interval [57]. Moreover,
regarding this aspect, Osadchii and colleagues [37] published an interesting work on
spatial heterogeneities in the electrical restitution in perfused guinea-pig heart. They
showed that amplified regional restitution heterogeneities can determine arrhythmic
vulnerability and that J7Tpeak vs. JTend difference in the restitution slope can
approximate the regional non-uniformities in APD restitution. Importantly, in
assessments of arrhythmic susceptibility, the JTpeak vs. JTend restitution would
not simply duplicate some other known EFCG metrics of repolarisation, such as the
Tpeak-to-Tend interval, allowing to study changes in action potential duration over

a wide range of cardiac beating rates. Minchole and colleagues [30] also proposed a
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method to non-invasively quantify dispersion of APD restitution (APDR) slopes
at tissue level by making only use of the surface ECG. They estimated the rate
normalized differences in the steady-state T-wave peak to T-wave end interval and
assessed its capability to reflect APDR dispersion using a combination of ECG
signal processing, and computational modeling and simulation. According to their
results, they could well estimate non-invasively APDR dispersion in ventricle.

From our simulations performed at longer cycle lengths (mimicking lower heart
rates), we could confirm the increased QT prolongation observed in patients where
the heart rate is lower. We observed longer A Ps induced by the longer cycle length,
in spite of similar magnitudes of the late sodium current compared with the shorter
cycle length. As a consequence, we ascribed the AP prolongation to the restitution
properties of the other currents and we also concluded that late sodium current
blocker might be less effective in the scenario of a slower heart rate.

From our results, the transient outward potassium current was mainly involved
in modulating the conduction velocity and not the AP shape as stated in the
repolarisation hypothesis of BrS. In fact, we could not observe any cellular AP
shapes in agreement with that hypothesis, in spite of considering regional conditions
of increased transient outward potassium current in the right ventricle. The
repolarisation hypothesis claims that the so-called BrS phenotype is due to an
outward shift in the balance of currents in the right ventricle epicardium (reduced
inward sodium current in the presence of a prominent transient outward potassium
current), which can result in repolarisation abnormalities due to the accentuated
AP notch in the epicardium versus the endocardium. In our simulations, the
combination of a weak Gy, and a strong Gy, led to a reduced membrane voltage
that affected the overall shape of the other currents through affecting the membrane
voltage. We should in fact be careful and not reduce the entire activity of a channel
to its maximum conductance but considering also the kinetics (voltage-dependent
gating variables) and their driving forces. Regarding the role of the transient
outward potassium current, it might be therefore useful to consider drug blockers

to ameliorate one of the main consequences of the mutation, which is conduction
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failure and more in general conduction abnormalities. However, transient outward
potassium current blockers currently available in the marker (such as Quinidine)
are also known to block rapid delayed rectifier potassium current, therefore also
prolonging the Q7 interval. Quinidine has been reported to have electrophysiologic
efficacy in patients with idiopathic ventricular fibrillation and BrS (see the extensive
work done by Bernard Belhassen). However, Quinidine might not have the same
positive effect on SCN5A-1795insD mutation-carriers, as these are characterized
by a combination of BrS and LTS3 symptoms. Interestingly, Hai and colleagues
[20], reported the management of a difficult case of BrS with recurrent ventricular
tachyarrhythmia that did not respond Quinidine therapy. In fact, the patient
was also affected by two mutations resulting in a destabilized inactivation of the
sodium current, a reduction in the peak sodium current and a persistent inward
sodium current. In that case the combined therapy of Mexiletine and radiofrequency
ablation successfully prevented recurrent ventricular tachyarrhythmias. Mexiletine
blocks the late sodium current and has been shown to effectively shorten the Q7c
interval and reduce life-threating ventricular tachyarrhythmia in patients with gain-
of-function mutations in the SCN5A. The ablation was performed in the RV OT
and right ventricle Purkinje network. Regarding late sodium current blockers,
Portero and colleagues [42], also reported that the late sodium current inhibitor
GS967 decreased repolarisation abnormalities and had anti-arrhythmic effects in
the absence of deleterious effects on cardiac conduction.

We also found that the main electrophysiological manifestations of the mutation
were reflected on the endocardial layer. Such a layer, which is indeed characterized
by a physiological stronger late sodium current and weaker repolarisation currents,
was more prone to develop APD prolongation than the epicardial one. Therefore,
an increased dispersion of repolarisation could develop under SCN5A-1795insD
conditions, which can be captured at the tissue level analyzing the TDR biomarker.
These results further oppose the repolarisation hypothesis, according to which the
epicardial layer should exhibit the largest APD changes due to its stronger transient

outward potassium current. We therefore showed two different mechanisms that
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were not supported by the repolarisation hypothesis. The other proposed hypothesis
for BrS is the depolarisation one, according to which the slow conduction in the
RV OT has a primary role in the development of the electrocardiographic and
arrhythmic manifestations of BrS. Ventricular arrhythmia associated to BrS are
induced by the abnormal current created by delayed depolarisation of the RV OT.
The delayed depolarisation of the RV OT with respect to the other right ventricular
APs creates a potential difference between the right ventricle and the RV OT,
manifested in the leads V1 to V& of the clinical ECG. RV OT has for its nature
less conductive reserve, so when the sodium is decreased, the conduction delays
mainly occur in that region. It has been reported that radio-frequency ablation
of epicardial site displaying late potentials in the RV OT of patients with BrS
significantly reduced arrhythmia vulnerability.

In terms of therapeutic targets, considering all these findings, we could support
the use of late sodium current blockers to shorten the Q7" interval and to reduce the
TDR, as well as the use of transient outward potassium current blockers to improve
the conduction velocity. On the other hand, our understanding about L-type calcium

current blockers suggests that their use might be less effective in these patients.

5.2 Limitations

The main aim of this investigation was to reproduce and explain the phenotypic
manifestation of the disease under investigation. To do so, we built populations of
cells and fibres in the healthy and mutation-carrier conditions to generate simulated
data to be compared with the clinical one. Our simulated ECGs were pseudoECG
traces of a 1D 2 c¢m fibre of the right ventricle. This is the main limitation of
this study. We focused our efforts in modelling and studying a transmural fibre
of the RVOT that is known to be the most affected part of the heart (Figure
. Therefore, in our pseudoFECGs the effects of the mutation appeared more
significant compared to real FC'Gs that account for the contribution of the whole
heart. Adding the contribution of the less affected part of the heart would have

resulted in simulated EFCG traces more consistent with the real ones.
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RVOT

Figure 5.1: The transmural fibre of the RVOT modelled in this study.

5.3 Future work

Based on the results obtained in this investigation, we would further analyze
the JTpeak-JTend and Tp-Te restitutions as integrative metrics in assessments of
repolarisation dynamics, which seemed to play an important role in these patients
with variable phenotypes and might help clinicians in gaining additional information
when the most common biomarkers (i.e. Q7T and QRS) are not informative.
Another interesting point is the possible role of hypertrophy. Genetic modifiers
also likely play a role in mutation-carrier patients as well as environmental factors,
including co-morbidity. In recent years, pacemaker treatment proved successful in
the clinical management of sudden cardiac death in this group of patients, but more
recently there have been a number of mutation carriers who died or had ventricular
tachycardia/ventricular fibrillation despite the pacemaker. These patients were
mostly older, i.e. aged >45 years, and the majority of them had hypertension and/or
hypertrophy. Moreover, it has been observed from the transgenic models carrying
the murine equivalent mutation that the co-existence of hypertrophy exacerbates
the pro-arrhythmic phenotype. We therefore suggest considering hypertrophy into

our modelling framework as an extension of our work.
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A.1 Extended results for the overlap study in
single cell

We studied the space distribution of the AP biomarkers and the ionic properties
of the models belonging to the different regions, i.e. showing different biomarker
values. We did this for each pair of biomarkers for the endocardial and epicardial
populations. We report here all the extended results of this analysis to confirm
that the overlap observed and studied in tissue is also present in single cell, further
highlighting the huge variability that characterises this family.

For the endocardial cells the best biomarkers in order to perform the classification
are those related to the peak voltage (VmPeak, VmTime and TTP) but also all

the APDs (Figure [A.1] Figure [A.2] Figure [A.3] Figure [A.4). For each of these

biomarkers we can clearly see that the mutation-carrier models can be divided in
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two subgroups, one that overlaps the healthy models and one that shows abnormal
values of the biomarker considered. The thresholds used to separate the mutation-
carrier models in the two groups are 32 mV and 8 ms for the VmPeak and
VmTime, respectively. For the VmPeak there are 1154 and 187 models in the
overlap (VmPeak>32 mV') and non-overlap zone (VmPeak<32 mV); for the
VmTime 916 in the overlap region (VmTime<8ms) and 425 in the non-overlap
(VmTime>8ms). The ionic properties of the models within these two regions are
shown in Figure for the VmPeak and Figure for the VmTime. For the
TTP we set a threshold at 11 ms and we found 248 models in the overlap region
(TTP<11ms) and 1093 in the non-overlap region (7T7'P>11ms). Indeed, most of
the endocardial model show a very big TT'P. The ionic properties of these models
are reported in Figure [A.7] As regard the biomarkers related to the AP duration,
the APDs, we show here the AP Dgy. We set a threshold at 450 ms and we obtained
1201 models in the overlap region (AP Dgy<450 ms) and 140 in the non overlap
region (AP Dgy>450 ms). The ionic properties are in Figure [A.§|

For the epicardial cells the most suitable biomarkers for this analysis are the
VmPeak, VmTime and TTP. That highlights the first main outcome: the main
effect of the mutation in terms of AP prolongation occurs in the endocardial layer
and not in the epicardial one. This is a really interesting point since the difference
in the two layers may lead to a dispersion in the myocardium that can be revealed
in tissue. In Figure , Figure and Figure we report the distribution
of these three epicardial biomarkers against all the other. We set the following
thresholds: 25 mV for the VmPeak, 7 ms for the VmTime and 7 ms for the TTP.
The overlap regions are consisting of 1168, 1272 and 717 for the VmPeak, VmTime
and TT'P respectively. In the non-overlap regions there are 173, 69 and 624 models.
In Figure [A.12] Figure and Figure we report the ionic properties of the

models belonging to the various regions of the space.
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Figure A.1: Scatter plots for the values of the VmPeak biomarker against all the
other biomarkers in the two conditions (healthy in blue and mutation-carrier in red).
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Figure A.2: Scatter plots for the values of the VmTime biomarker against all the
other biomarkers in the two conditions (healthy in blue and mutation-carrier in red).
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Figure A.3: Scatter plots for the values of the TT'P biomarker against all the other
biomarkers in the two conditions (healthy in blue and mutation-carrier in red). Endocardial

cells.
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Figure A.10: Scatter plots for the values of the VmTime biomarker against all the
other biomarkers in the two conditions (healthy in blue and mutation-carrier in red).
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Figure A.11: Scatter plots for the values of the T'T'P biomarker against all the other
biomarkers in the two conditions (healthy in blue and mutation-carrier in red). Epicardial
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A.2 Extended results for the bradycardia study

Family members are frequently treated with pacemakers to prevent (mostly noctur-
nal) bradycardia with associated excessive QT prolongation. In this investigation,
the relationship between the effects of the mutation and the heart rate is taken
into account considering a longer cycle length, 1500 ms, in the simulations. As
previously mentioned, the results achieved in this scenario are in agreement with
those obtained with a smaller cycle length and moreover with the clinical evidences
according to which a slower heart rate is a risk factor for these patients. We report

here all the results from these simulations.
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Figure A.15: QT and QRS values obtained with a longer cycle length. In grey the QT
and QRS values for a 1000 ms cycle length and in blue (healthy) and red (mutation-carrier)
the corresponding values with a 1500 ms cycle length.

In Figure we can observe how the distributions of the Q7 interval and
QRS width values are affected by the mutation. The overall distribution of the
points is the same compared to the smaller cycle length and we can still notice
the presence of a region in which models of both conditions overlap. However, in
agreement with clinical data, the QT interval is now more prolonged while the
QRS width is mostly the same (Figure . Performing the same classification

done for the 1000 ms cycle length, we obtained an overlap region in terms of QRS
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values made up of 264 healthy models and 117 mutation-carriers models, whose

ionic properties are reported in Figure
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Figure A.16: Box plots of tissue biomarker values in the non-overlap (first and last
columns) and overlap (central columns) regions. 1500 ms cycle length.
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Figure A.17: Box plots of the scaling factors for Ing, Ingr and Iy, in (a), Ioar, Ixr
and Ik in (b) and Ix1, Iher and Ingx in (c), in the non-overlap (first and last columns)

and overlap (central columns) regions. 1500 ms cycle length.
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A.3 The transmural dispersion of repolarisation
study

The transmural dispersion of repolarisation (T'DR) is defined as the interval between
the earliest and latest AP repolarisation times and can be approximated by the
interval between the peak and the end of the T" wave [I8]. We analysed this particular
aspect comparing the pseudoECG trace and the AP propagation through the fibre
nodes. We also investigated how the T'DR varies with the T" wave morphology, in
particular taking into account what happens when this wave is positive, negative
or biphasic. The T wave of the pseudoECG is the tissue level phenomenon that

reflects the differences in the repolarisation phase across the myocardium. Figure
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soic— £ | ——— Node100 (epi) -
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1300 1400 1500 1600 1700 1800 1900 2000
time (ms)

Figure A.18: The AP propagation and its corresponding pseudoFC'G when the T wave
is positive. The first panel shows an healthy model and the second panel its corresponding
mutation-carrier model.

Figure and Figure show the cellular mechanisms that underlie a
positive, negative and biphasic T" wave, respectively. Those figures compare the
AP trace time course of the first and last nodes (i.e. endocardium and epicardium).
The morphology of the T" wave is determined by a combination of factors, including
the differences in the AP duration, AP prolongation and delay in the ActTime
of the different cells. Figure shows how the T'DR varies when the T wave
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morphology changes. In particular, Figure highlights the TDR changes

considering the overlap and non-overlap regions.
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Figure A.19: The AP propagation and its corresponding pseudoECG when the T wave
is negative. The first panel shows an healthy model and the second panel its corresponding

mutation-carrier model.
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Figure A.20: The AP propagation and its corresponding pseudoECG when the T wave
is biphasic. The first panel shows an healthy model and the second panel its corresponding

mutation-carrier model.

Models characterised by a negative 1" waves have a smaller TDR in the overlap

region compared to the entire populations and for these models we don’t see

significant differences in the two conditions (healthy and mutation-carrier) in terms
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Figure A.21: How the morphology of the T" wave affects the TDR. The first panel
considers the entire populations, while the second one considers only those models in the

mutation,81 models

.
healthy, 51 models

mutation,22 models

97

of TDR. Models with positive or biphasic T" waves show bigger T'DR when the

mutation is applied and moreover, these models show a bigger T"DR when they

belong to the overlap region. This result confirm that the TDR should be studied

in clinical settings to provide further information on those potential patients that

overlap with the healthy subjects.
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