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Abstract

Electrical Waveform Configuration Across Cardiac Scales: Effects on Subcutaneous
Myocardial Excitation, Ventricular Fibrillation Induction, and hiPSC-CM
Maturation-Relevant Transcriptional Responses
Current methods of subcutaneous post-shock pacing and subcutaneous ventricular
fibrillation induction rely on fixed waveform configurations. While these approaches yield
high efficacy in therapy delivery, they do not optimise waveforms to accommodate patient

comfort or the delivered energy.

This study aimed to characterise, in a pre-clinical setting, the cardiac response to
subcutaneous pacing thresholds as a function of pulse width and amplitude. The data enabled
the generation of strength-duration curves, from which rheobase and chronaxie values were
derived for each animal. Although capture currents were significantly higher than those
required for conventional endocardial pacing, reliable myocardial capture was consistently
achieved. The characterisation data align with classical electrophysiological strength-
duration hyperbolic responses.

Building on these findings, the study implemented a design-of-experiments framework to
assess the impact of waveform parameters on the effectiveness of ventricular fibrillation
induction. The results indicated that successful induction is largely dependent on specific
waveform settings. Longer pulse durations and higher frequencies lowered the peak current
required for induction but increased the average current. These results reveal important
trade-offs between stimulation efficiency and device energy consumption.

Finally, waveform parameters were evaluated as potential cues for transcriptional
organisation in engineered cardiac microtissues. A design-of-experiments structure was
implemented, using quantitative polymerase chain reaction to assess waveform-associated
changes in the expression of maturation-relevant cardiac genes.

This thesis demonstrated that waveform configuration is an important design variable
influencing cardiac capture and arrhythmia induction in vivo and is associated with
maturation-relevant transcriptional responses in hiPSC-CM constructs in vitro. These
findings have implications for the optimisation of S-ICD-related stimulation strategies and

electrical conditioning approaches in cardiac tissue engineering.
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Chapter 1 : Clinical Rationale and Research Framework for

Cardiac Waveform Optimisation

1.1.Introduction and Research Motivation

1.1.1. Global Burden of Cardiovascular Disease

Cardiovascular disease (CVD) continues to be the primary cause of global mortality. The
World Health Organisation (WHO) estimate 19.8 million deaths occur annually due to CVD,
accounting for approximately 32% of all global deaths. Of these deaths, the majority are
attributed to ischaemic heart disease and stroke, which together account for approximately
85% of all CVD-related mortality.

The global burden of CVD also includes considerable illness, disability, and economic
impacts. According to Palaniappan et al. in the 2026 Heart Disease and Stroke Statistics
Update Fact Sheet, more than 600 million people are affected by cardiovascular diseases.
These figures reflect the combined influence of population growth, ageing populations, and
increased exposure to modifiable risk factors such as hypertension, obesity, diabetes, and
sedentary lifestyles.?

Sudden cardiac arrest (SCA) represents the most catastrophic consequence of cardiovascular
disease. If blood flow is not restored promptly, SCA may progress to sudden cardiac death
(SCD). SCD, as detailed by Zipes and Wellens, is described as the unexpected natural death
from a cardiac cause within a short period. SCD is often attributed to a cardiac arrhythmia.*
These arrhythmias include ventricular tachycardia (VT) and ventricular fibrillation (VF). A
typical healthy heart beats between 60 and 100 beats per minute (bpm), depending on the
physical demand. In VT, the heart rate will typically exceed 100 bpm. VT is classified
according to its duration. Less than 30 s is classified as non-sustained, and greater than 30 s
is classified as sustained. Sustained VTs, if not treated by cardioversion or anti-tachycardia
pacing, can result in syncope or cardiac arrest.> An untreated VT can progress to VF. VF is
a ventricular arrhythmia causing the heart to beat much faster than normal. Heart rates
exceeding 300 bpm are not uncommon. This has a significant impact on the heart's efficiency
to pump blood. The ventricles begin to quiver, making them incapable of contracting. As a
result, the quantity of blood pumped to the body from the heart is largely impeded. VF is a
life-threatening arrhythmia requiring immediate defibrillation to preserve life.® As such,
preventing SCD has become a key objective in modern cardiovascular medicine.

Sudden cardiac arrest is commonly conceptualised as an electrical failure of the heart,

whereas acute myocardial infarction is primarily a vascular event caused by obstruction of
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coronary blood flow.” Myocardial infarction (MI) remains a major contributor to
cardiovascular morbidity and mortality. During myocardial infarction, obstruction of
coronary blood flow causes rapid ischaemic injury and irreversible cardiomyocyte death.®
Research indicates that more than one billion cardiomyocytes can be lost during a large
myocardial infarction.” Consequently, this triggers a cascade of inflammatory and fibrotic
remodelling processes that ultimately result in scar formation, impaired ventricular function,
and an increased risk of cardiovascular arrhythmia.!”

The human heart, unlike other organs, has a limited capacity to regenerate.!! After MI,
necrotic myocardium is typically replaced by fibrotic tissue rather than new contractile
cells.” This loss of healthy myocardium leads to progressive ventricular dysfunction and is
a key contributor to chronic heart failure.!! Although there have been substantial advances
in drug therapy, interventional cardiology, and implantable cardiac devices, these approaches
are largely compensatory rather than restorative. Electrical therapies, such as cardiac pacing
and defibrillation, can re-establish rhythm but do not regenerate myocardium.® While
pharmacological management primarily targets haemodynamic and neurohormonal
pathways, there remains a considerable unmet clinical need for therapies capable of
preventing deadly arrhythmias and regenerating functional myocardial tissue post-injury.
The global burden of cardiovascular disease has driven extensive research across various
disciplines, including cardiac electrophysiology, device engineering, and regenerative
medicine.!""!> Next-generation therapeutics aim to target the root causes of cardiovascular
disease and its consequences. To facilitate this, an improved comprehension of the
interactions between electrical signals and cardiac tissue at both organ and cellular levels
will be required.

1.2.Electrical Stimulation in Cardiovascular Medicine

Cardiac rhythm depends on the orderly and highly regulated generation and propagation of
electrical impulses through specialised myocardial tissue.!'® Heart rate is controlled by two
branches of the autonomic nervous system, the sympathetic and parasympathetic systems.
These systems increase or decrease the heart rate to meet cardiovascular demand by
modulating the heart's electrical activity.!* Intrinsic electrical impulses generated by
specialised pacemaker cells in the sinoatrial node initiate the cardiac cycle and determine the
heart rate. These impulses propagate through the atrioventricular conduction system, through
the atrioventricular node, before passing into the HIS bundle, the right and left bundle
branches, and finally the Purkinje fibre network. This sequence of events coordinates
ventricular depolarisation and contraction. This electrical conduction network synchronises

excitation-contraction coupling throughout the heart and ensures effective haemodynamic
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function.!® Disruption of this electrical signalling system can result in brady-arrhythmias,
conduction block or malignant ventricular tachyarrhythmias that compromise cardiac output
and may culminate in SCD.'?

The delivery of controlled electrical stimulation has become a central therapeutic strategy in
cardiovascular medicine, enabling the restoration of rhythm, the prevention of lethal
arrhythmias, and the modulation of cardiac function via active implantable devices.!®"!®
The interaction between electrical energy and excitable biological tissue has been studied
for over 130 years.!® Early physiological studies demonstrated that electrical stimulation
could induce contractions in skeletal and cardiac muscle. These observations formed the
scientific basis of electrotherapy, which eventually led to the development of cardiac pacing
technologies in the mid-twentieth century.!®!71%20 The first implantable pacemaker,
introduced in 1958, enabled long-term treatment of bradyarrhythmias. Implantable
pacemakers deliver electrical impulses at regular intervals to the myocardium, restoring a
physiological heart rate in patients with conduction system disease.!®!7?! Since then,
implantable electrical therapies have expanded considerably and now include cardiac
resynchronisation therapy (CRT), anti-tachycardia pacing (ATP) and high-energy
defibrillation delivered by implantable cardioverter defibrillators (ICDs). Collectively, these
therapies represent one of the most successful applications of bioelectronic medicine and
have significantly reduced mortality in patients with life-threatening cardiac arrhythmias.??
In pacing systems, low-energy pulses are delivered to the endocardium to stimulate
myocardial depolarisation when intrinsic conduction is impaired. In contrast, defibrillation
therapy requires the delivery of high-energy electrical shocks that simultaneously depolarise
a critical mass of myocardium, terminating ventricular fibrillation or unstable ventricular
tachycardia. The electrophysiological response to these stimuli depends on complex
interactions among waveform characteristics, electrode geometry, tissue impedance, and
myocardial excitability. Classical electrophysiological models, including strength-duration
relationships described by Lapicque and Weiss, demonstrate that excitation thresholds are
determined by both stimulation amplitude and pulse duration, highlighting the importance
of waveform configuration in determining stimulation efficacy.?* %

Conventional transvenous pacing and defibrillation systems, as detailed in Figure 1, rely on
leads implanted in the venous system to sense intrinsic activity and deliver electrical therapy
as required.?® While these systems provide life-enhancing and life-saving therapies, they also
carry risks. Clinical registry data continue to detail the potential complications associated
with transvenous systems. The documented risks are non-trivial and include infection,

venous obstruction, lead fracture, and complications during explant. These issues have
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prompted the development of alternative device designs that avoid transvenous lead

placement. '?

Figure 1. Representative configuration of a conventional transvenous cardiac implantable electronic
device system. (A) Schematic illustrating transvenous leads positioned in the right atrium and right
ventricle, with a left ventricular pacing lead advanced through the coronary sinus. (B) Represents a
transvenous systems complete with pulse generator, and associated leads providing direct

intracardiac sensing and therapy delivery.

Subcutaneous implantable cardioverter-defibrillators (S-ICD), Figure 2, and extravascular
implantable cardioverter-defibrillators (EV-ICD) ,Figure 3, systems have been developed to
address these clinical requirements and represent major advancements by offering life-

saving defibrillation capabilities while minimising lead-related complications.'®7-2
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Figure 2. Representative configuration of a subcutaneous implantable cardioverter-defibrillator (S-
ICD) system. (A) Schematic illustrating the entirely extravascular configuration, with the
defibrillation electrode positioned along the parasternal region and the pulse generator implanted in
the lateral thoracic position. (B) Representative Boston Scientific EMBLEM™ MRI S-ICD pulse

generator and subcutaneous electrode.

A. B.

Figure 3. Representative configuration of an extravascular implantable cardioverter-defibrillator
(EV-ICD) system. (A) Schematic illustrating the extravascular configuration, with the defibrillation
electrode positioned in the substernal space and the pulse generator implanted in the lateral thoracic

region. (B) Representative Medtronic Aurora EV-ICD™ pulse generator and substernal electrode.



The transition from intravascular to extravascular stimulation introduces new
electrophysiological challenges. Factors such as increased electrode-myocardium distance,
tissue impedance variability, and shifts in current density distribution affect excitation
thresholds and defibrillation success.'>* Despite the growing clinical adoption of these
systems, a systematic understanding of waveform-dependent excitability in subcutaneous or
extravascular arrangements remains limited.

Beyond clinical electrophysiology, electrical stimulation has also become a significant tool
in cardiac bioengineering and regenerative medicine. Human-induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) provide an increasingly valuable platform for
modelling cardiac disease, drug testing, and the development of regenerative therapies.
hiPSC-CMs generally exhibit immature structural, electrophysiological, and metabolic
phenotypes when cultured in vitro, resembling foetal rather than adult cardiomyocytes.*
Multiple strategies have been explored to promote maturation, including mechanical
loading, modulation of substrate stiffness, metabolic conditioning, and three-dimensional
tissue engineering. Among these approaches, electrical stimulation has emerged as an
effective biophysical cue for promoting cardiomyocyte maturation.?!-*2

Experimental studies have shown that controlled electrical conditioning can improve
sarcomeric alignment, enhance calcium handling, increase conduction velocity, and promote
more adult-like electrophysiological behaviour in engineered cardiac tissue. For example,
progressive electrical stimulation in engineered Biowire constructs significantly improved
structural ~ organisation and functional maturation of hiPSC-CMs.*?  Similar
electromechanical conditioning of engineered cardiac tissues has been shown to promote
contractile maturation, improve excitation-contraction coupling, and enhance
electrophysiological integration.’® These findings suggest that electrical stimulation can act
not only as a therapeutic intervention in clinical cardiology but also as a powerful
developmental cue in cardiac tissue engineering.

Despite its widespread use in both clinical and research settings, electrical stimulation is
often treated as a binary input, with many studies simply comparing stimulated versus non-
stimulated conditions or altering a single parameter such as pacing frequency.** In reality,
electrical therapy involves a complex, multidimensional parameter space that includes
waveform characteristics such as amplitude, pulse width, frequency, and waveform type.>’
However, systematic investigations into how these waveform parameters influence cardiac
excitability and cellular maturation across different biological scales remain limited.
Achieving a thorough understanding of how electrical waveform configurations impact

cardiac function at both organ and cellular levels is therefore essential. Such insights are
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crucial for optimising next-generation bioelectronic therapies and advancing translational

strategies in regenerative cardiology.

1.3.Knowledge Gap in Electrical Waveform Optimisation

While Electrical stimulation is central to clinical cardiac rhythm management and becoming
increasingly important in cardiac bioengineering, optimisation of stimulation waveforms
remains largely empirical and context-specific. There currently exists no single unified
framework that links waveform characteristics to biological or therapeutic outcomes.”®
Classical electrophysiological models provide an important foundation for understanding
electrical excitation. In particular, the strength-duration relationship described by Weiss and
Lapicque establishes that excitation threshold depends on the interaction between stimulus
amplitude and pulse duration.?* %> However, these models were derived primarily from direct
myocardial or neural stimulation under controlled electrode-tissue interface conditions.**°
Their applicability to contemporary extravascular cardiac systems and to engineered cardiac
tissues has not been comprehensively validated.

In clinical electrophysiology, waveform optimisation has traditionally aimed to achieve
reliable cardiac capture or effective defibrillation while reducing energy consumption.’-’
Transvenous pacing systems use two main types of leads, passive and active. Passive leads
feature tines that enable the distal end of the lead to contact the endocardium, providing
stable contact. Active leads have a screw-in mechanism for direct fixation into the
myocardium. The design and implantation workflow for these leads has been optimised to
achieve stable tissue impedance and well-established source-sink relationships. In contrast,
subcutaneous and extravascular stimulation systems consist of an electrode implanted
outside the vasculature, typically positioned parallel to the sternum in the parasternal region.
These factors lead to altered current-density distributions and variations in dynamic
impedance, which directly influence the biophysical determinants of cardiac
excitation, %182

Despite the widespread clinical use of S-ICDs and the emerging development of
extravascular ICD technologies with pacing capabilities, systematic studies examining
parameters such as rheobase, chronaxie, and waveform-dependent capture dynamics remain
limited in these settings. Existing reports have predominantly focused on clinical efficacy,
safety, defibrillation success, complications and inappropriate shock rates, with
comparatively few studies addressing electrophysiological thresholds or the energy-

efficiency trade-offs inherent to these systems.*”*°



At the cellular level, electrical stimulation is extensively employed to promote the
maturation of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs).
However, despite widespread use, most maturation protocols focus on or alter a single
parameter, most often pacing frequency. An analysis of representative cardiac tissue-
engineering studies shows a consistent pattern in stimulation design: electrical stimulation
is commonly delivered in the form of monophasic or biphasic square pulse in the low V cm’
! range with pulse widths typically fixed between 1 — 2 ms and stimulation frequencies
spanning 1 — 6 Hz.322>*4 Across the studies, electrical stimulation has been shown to
enhance structural and functional maturation, including sarcomeric organisation, calcium-
handling behaviour, electrophysiological performance, and contractile force.32#!~%
However, waveform configuration is less commonly examined as an independent
experimental variable; in many protocols, pulse width is fixed, and field strength is selected
primarily to achieve reliable capture rather than being systematically optimised alongside
frequency and waveform geometry.?>342% Interestingly, a pulse width of approximately
0.4 ms is commonly used as a clinical reference point for chronic pacing threshold
assessment.’’

As a result, the multidimensional parameter space governing excitation, including
amplitude, pulse duration, frequency, duty cycle, and waveform type, remains largely
unexplored. More critically, to date, there have been limited systematic investigations that
have assessed the influence of waveform configuration itself, independent of simple pacing
rate, on hiPSC-CM maturation-relevant responses.

It remains unclear whether current stimulation protocols are mechanistically optimal,
energetically efficient, or merely adequate for inducing incremental maturation.*®*> This
represents a significant knowledge gap, particularly since immature cardiomyocytes have
altered membrane capacitance, ion channel density, and calcium-handling kinetics, all of

which are likely to influence waveform-dependent excitation dynamics.3*-!



1.4.Research Aim and Objectives
This study investigates the influence of defined electrical waveform configurations on

cardiac responses across in vivo and in vitro experimental systems.

Four complementary objectives were established to address this hypothesis:

» Objective 1: (Chapter 2) Development of a custom waveform-generator
platform:

Design and implement a custom waveform generator capable of delivering
programmable, electrically isolated stimulation pulses to support both in vivo and
in vitro experimental studies.

» Objective 2 - (Chapter 3) Subcutaneous Pacing Threshold Characterisation:
Characterisation of myocardial capture thresholds in an extravascular stimulation
environment using a porcine S-ICD model to derive electrophysiological
parameters, including rheobase and chronaxie values.

» Objective 3 - (Chapter 4) Ventricular Fibrillation Induction Analysis:
Examination of electrical waveform parameters on the success of ventricular
fibrillation induction, including peak and average current, as well as stimulation
reproducibility in in vivo animal models.

> Objective 4 — (Chapter 5) Waveform-associated transcriptional responses in
hiPSC-CMs:

Evaluate the impact of electrical waveform configuration on maturation-associated
transcriptional responses in hiPSC-derived cardiomyocytes. This will be assessed
using a Design of Experiments framework and targeted quantitative gene-expression
analysis across the structural, electrophysiological, intercellular coupling, and

calcium-handling domains.

Collectively, these objectives examine electrical stimulation as a set of controllable
waveform parameters, rather than a single binary intervention. By combining waveform
engineering, preclinical electrophysiology and hiPSC-CM maturation studies, this study
aims to generate insight into the optimisation of electrical stimulation for cardiac therapy
and regenerative bioengineering. Figure 4 summarises the thesis's overall experimental

framework.
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Figure 4. Integrated experimental framework illustrating the development of a programmable
waveform generator and its applications in in vivo subcutaneous pacing and ventricular fibrillation
induction studies, with subsequent translation to in vitro hiPSC-CMs conditioning. The framework
highlights how stimulation parameters were examined across organ-level electrophysiological

outcomes and cellular-level maturation- relevant transcript responses.

1.5.Hypotheses

This thesis investigates the influence of electrical waveform configurations on cardiac
excitability, ventricular arrhythmia induction and cardiomyocyte maturation-associated
responses. The central hypothesis is that these effects are not determined by the presence or
absence of electrical stimulation alone but by the specific waveform parameters used to
deliver that stimulation, including amplitude, pulse width, frequency and waveform type.
This hypothesis is grounded in classical strength-duration theory and principles of membrane
charging dynamics, where changes in stimulus amplitude and duration influence excitation
probability, current demand and downstream biological response.

It is therefore hypothesised that coordinated variation in waveform parameters will produce
measurable differences in myocardial capture thresholds, arrhythmia induction

characteristics, and maturation-associated transcriptional response.

The following hypotheses are presented:
1) Subcutaneous myocardial capture thresholds are influenced by waveform configuration.

Specifically, variation in pulse amplitude and pulse duration will alter capture thresholds
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and allow strength-duration parameters, including rheobase and chronaxie, to be derived
under extracellular stimulation conditions.

2) Ventricular fibrillation induction is influenced by waveform configuration. In particular,
pulse width, frequency and amplitude will affect both peak current requirements and
average current burden during VF induction.

3) Electrical stimulation waveform parameters influence maturation-associated
transcriptional responses in hiPSC-CMs. Prolonged stimulation using defined
waveform configurations will be associated with changes in transcriptional markers
related to sarcomeric remodelling, electrophysiological phenotype, intercellular

coupling and calcium handling.

1.6.Novel Contributions

This thesis introduces a unified experimental framework to investigate the impact of
electrical waveform configurations across both, in vivo and in vitro cardiac systems. It
develops a custom programmable stimulation platform that enables controlled variation of
parameters, including amplitude, pulse width, frequency, and waveform morphology. To our
knowledge, this continuity of waveform control across in vivo and in vitro cardiac models
has not previously been applied in a single experimental framework spanning subcutaneous
cardiac stimulation and hiPSC-CM conditioning.

Within this framework, the study provides, to the best of our knowledge, the first systematic
derivation of strength-duration relationships, including rheobase and chronaxie, under
subcutaneous stimulation in a large-animal preclinical model. By measuring excitation
thresholds in an extravascular setup, it expands classical electrophysiological theory beyond
transvenous systems. This provides a parameterised foundation for improving pacing
strategies for future S-ICD devices.

This thesis develops a quantitative analysis of waveform-dependent VF induction using a
structured DOE framework. It examines the balance between peak current demand and
average current burden, which influences the probability of successful VF induction.

At the cellular level, this study shows that waveform configuration is associated with
maturation-relevant transcriptional responses in hiPSC-CMs. Variation was observed in
markers related to sarcomeric remodelling, electrophysiological phenotype, intercellular
coupling and calcium handling, including MYH7, MYL2/MYL7, GJA1, GJAS, HCN4, and
SHOX2. These findings suggest that electrical waveform parameters may influence
maturation-relevant transcriptional organisation, rather than functioning solely as pacing

cuces.
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Collectively, these contributions advance a cross-scale, experimentally grounded framework
for waveform optimisation applicable to both bioelectronic device development and

electrically guided cardiac tissue engineering.

1.7.Thesis Structure and Chapter Interlinking
This thesis is organised as a progressive, cross-scale investigation of waveform-dependent
cardiac modulation. The work begins with the engineering development of a programmable
stimulation platform, then applies this system to organ-level electrophysiological studies and
finally extends the same waveform-based rationale to cellular transcriptional responses in
hiPSC-derived cardiac tissue.
Chapter 1 establishes the clinical and scientific rationale for waveform optimisation. It
introduces the need to understand electrical stimulation not simply as a binary intervention,
but as a set of controllable parameters that may influence cardiac excitability, arrhythmia
induction and maturation-associated cellular responses. The chapter also defines the
knowledge gap at the intersection of extravascular electrophysiology, device engineering
and electrically mediated hiPSC-CM maturation.

Chapter 2 describes the design, development and validation of the custom programmable
waveform generator used throughout the experimental work. The chapter details the system
architecture, operating modes and validation approach used to control stimulation amplitude,
pulse width, frequency and waveform morphology. This establishes the technical foundation
required to deliver comparable waveform configurations across the subsequent in vivo and
in vitro studies.

Chapter 3 applies the stimulation platform in a porcine model of subcutaneous cardiac
pacing. Using an extravascular stimulation configuration, the chapter characterises
myocardial capture thresholds and derives strength-duration relationships, including
rheobase and chronaxie values. These measurements provide a framework for understanding
how classical excitability principles translate to non-transvenous stimulation pathways.
Chapter 4 builds directly upon the previous chapters, investigating waveform-dependent VF
induction thresholds using the same stimulation architecture. This chapter evaluates how
pulse width, frequency and current amplitude influence VF induction, with particular
attention to the distinction between peak current demand and average current burden. In
doing so, it extends the thesis from myocardial capture physiology to arrhythmia initiation
and explores the energetic trade-offs relevant to extravascular device design.

Finally, Chapter 6 integrates the findings across all experimental domains. It considers how

waveform configuration influences myocardial capture, VF induction, and hiPSC-CM
12



transcriptional responses, while also addressing the limitations of each model system. The
chapter concludes by discussing how a parameter-based understanding of electrical
stimulation may inform future work in implantable bioelectronic device development and

electrically guided cardiac tissue engineering.
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Chapter 2 : Development of a Custom Waveform Generator for
Subcutaneous Cardiac Pacing and hiPSC Cardiac Tissue

Stimulation

2.1. Introduction and Background

Modern cardiac research relies on precise and reproducible control of electrical stimulation
parameters across a broad spectrum of applications, spanning high-energy defibrillation in
preclinical and clinical settings to low-amplitude pacing used in cardiac tissue engineering.*®
In clinical practice, implantable cardiac devices, including pacemakers and implantable
cardioverter-defibrillators (ICDs), are used to continuously monitor intrinsic cardiac
electrical activity and deliver targeted therapies, such as bradycardia pacing, anti-tachycardia
pacing, and high-energy defibrillation shocks, as required to restore rhythm.*”*® Within this
domain, subcutaneous implantable cardioverter defibrillators (S-ICDs) represent an
extravascular approach to defibrillation, where controlled delivery of electrical waveforms
is essential for both therapeutic efficacy and procedures such as defibrillation threshold
(DFT) testing.

In parallel, electrical stimulation has emerged as an important approach in cardiac tissue
engineering, particularly for the maturation of human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs), which are otherwise characterised by immature structural,

3249 Experimental studies have

electrophysiological and metabolic phenotypes.
demonstrated that the application of electrical stimuli enhances cardiomyocyte maturation
by promoting sarcomere organisation, increasing conduction velocity and promoting more
physiologically relevant calcium handling and electrophysiological behaviour. 34142
Furthermore, biomimetic electrical stimulation has been shown to enhance cell-to-cell
coupling, contractile function, and overall tissue organisation, particularly when charge-
balanced or biphasic waveforms are employed to minimise electro-mechanical damage and
improve stimulation efficiency. 4>

In light of these developments, translating controlled electrical stimulation across
experimental scales continues to be a formidable task. Preclinical studies on subcutaneous
cardiac stimulation and ventricular fibrillation (VF) induction require delivering high-
current, precisely timed electrical pulses.’! These must be administered under conditions that
minimise interference with physiological monitoring systems. Additionally, cardiac tissue

engineering applications require long-duration, low-amplitude stimulation within controlled
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incubators or bioreactors. In such settings, stability and reproducibility over extended
periods are essential in attaining consistent cellular maturation.3>4!:46

To facilitate such studies, bench-top arbitrary waveform generators (AWGs), typically
coupled with high-voltage amplifiers, are commonly employed.>? While these systems offer
waveform flexibility, they introduce several limitations in preclinical and translational
research settings. In particular, they often lack electrical isolation from mains-referenced
systems, are not optimised for portable in vivo use, and can introduce unintended ground-
return pathways that compromise the integrity of the testing. >

Within these, Chapters 3 and 4 detail the application of subcutaneous stimulation to capture
myocardium and to induce VF. To support research objectives 2 and 3, a stimulator capable
of delivering high currents while maintaining strict electrical isolation to prevent interference
with physiological monitoring systems is required. Chapter 5 investigates the influence of
waveform parameters, including pulse amplitude, duration, frequency, and waveform type,
on hiPSC-CM maturation over a 14-day stimulation period. Implementing the protocol
required a low-voltage stimulator capable of continuous operation in an incubator.

Both the in vivo and in vitro testing protocols share common design requirements. These
include programmable control of waveform parameters, such as amplitude, pulse width,
frequency, and interphase delay, as well as the ability to generate both monophasic and
biphasic waveforms. The temporal structure of these waveforms is defined in Figure 5. To
address the dual requirements, a Custom Waveform Generator (CWG) was developed. The
preclinical, in vivo configuration, delivers short-duration, high-current pulses to enable
reliable and repeatable myocardial capture and controlled VF induction within a
subcutaneous electrode configuration. The in vitro configuration provides stable, low-
voltage pacing to engineered cardiac microtissues, enabling long-term stimulation protocols

required for cellular maturation studies.
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Figure 5. Definition of stimulation waveform architecture and associated timing parameters
used throughout this study. Monophasic (A), biphasic (B), and biphasic with interphase delay
(C) waveforms are shown. Key temporal parameters are defined as: A, period; B, pulse

width; C, inter-pulse delay; D, interphase delay.

Multiple studies have highlighted the benefits of biphasic stimulation due to its ability to
minimise net DC charge delivery, reduce electrode polarisation and mitigate tissue damage
during repetitive stimulation.’® Biphasic waveforms have demonstrated greater efficacy and
lower defibrillation thresholds than monophasic shocks.*”>*¢ Charge-balanced stimulation
reduces electrochemical imbalance at the electrode-electrolyte interface, thereby
maintaining culture stability and limiting electrochemical degradation during prolonged

operation.®’8

2.2. Design Objectives and System Overview

To address the limitations in existing stimulation systems, a CWG was developed to meet
the multi-scale experimental requirements of this study. The CWG was designed to provide
accurate, programmable electrical stimulation suitable for both high-current in vivo
applications and low-voltage in vitro tissue culture. The functional design criteria were
captured through a design input and design requirement process, whereby the user needs of
the experimental platform were translated into engineering requirements relating to
functional, performance, safety and regulatory considerations. The resulting dual-mode

design requirements are outlined in Table 1.
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Table 1. Functional design requirements for the dual-mode CWG derived from design inputs.
Requirements are defined to support both high-current subcutaneous stimulation and low-voltage in

vitro pacing conditions.

Requirement In Vivo In Vitro

Output mode Constant-current stimulation Constant-voltage stimulation
Output amplitude 400 mA 20V

Load impedance range 12.5-250 Q 100-500 Q

Pulse width 1-10 ms 1-5 ms
Frequency range 1-5Hz

Waveform type Monophasic/biphasic

Fully galvanically isolated
Isolation requirement (battery-powered, no mains
reference)

Low-noise operation with
isolated or floating supply

Standalone operation with pre- | PC-controlled (GUI-based) with

Control mode programmed protocols real-time adjustment

+DC-— .
Power architecture Internal 12 V battery + DC-DC External low-voltage supply

boost + current regulator (e.g. SourceMeter or adapter)
Operational duration Short-duration, hlgh—power Continuous operation (days—
pulses (seconds—minutes) weeks)
Channel configuration Single channel (expandable)

2.3.System Design and Architecture

A common CWG platform was developed to meet the distinct requirements of the in vivo
and in vitro experimental models. The system architecture was derived from the functional
requirements defined in Table 1 and was designed to provide accurate control, electrical
isolation and reproducible performance across both applications.

The CWG used a modular architecture comprising three core subsystems: a programmable
power-delivery stage, a microcontroller-based control unit, and a bidirectional H-bridge
output stage. Together, these subsystems enabled programmable delivery of monophasic and

biphasic stimulation waveforms, with independent control of amplitude, pulse width,
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frequency and interphase as shown in Figure 6. The in vivo setup was designed to support
high-current stimulation. It incorporates galvanic isolation in the high-current pathway to
minimise unintended return currents and ground-loop artefacts during electrophysiological
measurements. The in vitro configuration was designed to support consistent, low-noise
waveform delivery and compatibility with laboratory equipment for extended cell culture
experiments.

The common architecture enabled consistent and repeatable delivery of predetermined
waveform configurations. By limiting hardware-related variability, the platform supported
systematic characterisation of the influence of stimulation waveforms on biological
responses. Its modular structure also provides a practical basis for future development,
including the integration of closed-loop control, sensor feedback or multi-channel
stimulation, without altering the core waveform generation framework.

The physical implementation of the in vivo and in vitro configurations, together with

representative output waveforms, is shown in Figure 7.
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MICROCONTROLLER-DRIVEN H-BRIDGE STIMULATION PLATFORM

A common microcontroller-H-bridge architecture was implemented in both in vivo (high-current, isolated) and in vitro
(low-voltage, compact) systems to deliver precise, user-programmable mmophasic or biphasic electrical stimulation.
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Figure 6. System-level architecture of the Custom Waveform Generator (CWG). The
diagram illustrates the microcontroller-driven control framework, galvanically isolated
power delivery, and H-bridge output stage enabling programmable monophasic and biphasic
stimulation. The modular design supports both high-current subcutaneous stimulation and

low-voltage in vitro applications.
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In Vivo Configuration In Vitro Configuration

Figure 7. Physical implementation and experimental validation of the CWG platform per
configuration type. (A) In vivo CWG enclosure designed for high-current subcutaneous
stimulation. (B) In vitro CWG enclosure for low-voltage tissue stimulation. (C) Internal
architecture of the in vivo system showing boost converter, current regulation, and switching
stage. (D) Internal layout of an in vitro system integrating Arduino control and MOSFET H-
bridge driver. (E) Representative monophasic waveform output. (F) Representative

monophasic and biphasic waveforms.
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2.3.1. Power supply architecture

The power supply architecture was developed to support two competing requirements: high
current stimulation for acute subcutaneous in vivo studies and low-voltage stimulation for
long-term in vitro tissue culture experiments. These requirements are summarised in Table
1.

The subcutaneous in vivo waveform generator provides complete galvanic isolation from
the mains-referenced systems by implementing a 12 V, 7 Ah sealed lead-acid battery as the
primary energy source. The battery, in turn, powers a 900 W DC-DC boost converter with
an adjustable output range of 10 to 120 V, providing the necessary high-voltage rail for pulse
delivery.

Subcutaneous stimulation protocols, including post-shock pacing and VF induction, utilise
controlled current delivery rather than voltage-driven excitation.’! A constant-current output
stage was implemented, using a TL783 high-voltage linear regulator configured in current-
regulation mode, as shown in Figure 4.C. The TL783 supports currents up to 700 mA,
exceeding the maximum design requirement of 400 mA. This provides sufficient current
capacity while maintaining consistent stimulation output across the expected range of
subcutaneous load impedances.

The in vitro configuration prioritises voltage-controlled stimulation to meet tissue culture
requirements. This minimises electromechanical effects at the electrode-media interface.
The constant-current stage was substituted with an external, programmable Keithley 2400
SourceMeter. This option enables a regulated DC output, featuring integrated current
compliance and measurement functions. Such a setup enables accurate control of the
stimulation amplitude and protects the engineered cardiac tissues from damage caused by

overcurrent. Control Unit and Switching Logic

2.3.2. Control Unit and Switching Logic

The control architecture was designed to satisfy the design requirements by providing
precise pulse timing, flexible waveform generation and safe operation across both the in vivo
and in vitro configurations. A microcontroller-based switching framework was coupled to a
H-bridge output stage, allowing monophasic and biphasic waveforms to be generated with
controlled timing and bidirectional current delivery, as shown in Figure 4 E.

A dual-platform microcontroller strategy was used because the two experimental
configurations had different operational demands. The in vivo system, shown in Figure 4 A,
used an Arduino Mega 2560. This platform was selected for its expanded input and output

capacity, increased memory and hardware functionality. These features were required to
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coordinate multiple opto-isolated switching elements, implement safety interlocks and
execute predefined stimulation protocols with microsecond-level timing accuracy. The in
vitro configuration, Figure 4 B, used an Arduino Uno. The Uno provides sufficient I/O
capability for the reduced hardware requirements of the tissue culture setup while allowing
a smaller physical footprint. The Uno interfaced directly with an integrated MOSFET H-
Bridge driver, simplifying the circuit design and reducing switching losses, as shown in
Figure 4 D. The in vivo configuration waveform fidelity matched the performance of the in
vitro system, Figure 3 F.

A common firmware architecture supports both in vivo and in vitro configurations, ensuring
consistent waveform parameters across platforms. The firmware enables full
programmability of stimulation parameters, pulse amplitude, pulse width, interphase, and
inter-pulse delays, as such satisfying the design and hardware requirements as detailed in

Table 1.

Two operational modes were implemented:

1. Standalone mode supports in vivo studies. The system executes predefined
stimulation protocols independently of external control systems. This approach
facilitates reliability and reduces system complexity in the animal laboratory.

2. Interactive mode developed for in vitro Testing. In this mode, the system allows real-
time parameter adjustments via serial communication with a host computer. This
mode enabled dynamic protocol changes and continuous monitoring during long

tissue experiments.

The H-bridge output stage converted the regulated DC supply into configurable monophasic
and biphasic waveforms. In the in vivo configuration, the H-bridge used discrete, TIP122
and TIP125 Darlington transistors connected to the Arduino outputs via opto-isolators. This
approach facilitates electrical isolation between the control and power circuits. Preventing
switching transients and high-voltage spikes from reaching the microcontroller or external
components. In the in vitro setup, a MOSFET-based driver was employed. This approach
provides faster switching and lower conduction losses while maintaining adequate control
for generating millisecond-scale pulses.

Together, the power, control and switching architecture provide a flexible stimulation
platform capable of supporting both acute subcutaneous stimulation protocols and long-term

in vitro cardiac tissue experiments. The design allowed reproducible waveform generation
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while preserving the different safety, isolation and control requirements of each experimental

setting.

2.3.3. Control and Operational Modes

A control interface was developed to support the two operational modes. The in vivo system
operated in standalone mode. In this mode, stimulation profiles stored locally on the
microcontroller were executed via the hardware-triggered control interface. A hardware
interlock prevents unintended output activation. For in vitro operation, the stimulator
operated in an interactive mode, allowing real-time parameter updates.

A custom GUI provides operators with access to automated calibration procedures and
allows configuration of waveform parameters to meet specific test needs. The Arduino
controller communicates via USB with a Python-based GUI application running on a laptop.
Through this GUI, as shown in Figure 8, the user can adjust waveform parameters in real
time, start and stop stimulation, and record parameter settings. A watchdog timer was
implemented to monitor for communication errors, to ensure the stimulus would stop in such
events, and to ensure the safety of the cells.

The design incorporates additional hardware safety features to minimise the risk of
unintended stimulation and to protect both the in vivo animal subjects and the in vitro cell
constructs. These include enforced switching of the H-bridge output. The control signals are
timed to prevent simultaneous activation of opposing switch pairs, S1/S3 or S2/S4, thereby
preventing shoot-through or short circuits. Switching signals are connected through opto-

isolators, providing electrical isolation between the control and power domains.
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Figure 8. Graphical user interface (GUI) for real-time control, configuration, and monitoring
of stimulation protocols. Custom-developed interface allowing user-defined configuration
of waveform parameters, including pulse amplitude, width, interphase delay, frequency, and

duration. The GUI also supports calibration routines.

2.4. Validation and Testing

Validation testing was conducted to confirm, through examination and the provision of
objective evidence, that the requirements for the CWG’s specific intended uses could be
consistently fulfilled. The CWG validation and characterisation followed a scheduled
experimental protocol. All data was recorded in the Engineering Laboratory Notebook
(ELN) test report, 1.7. All tests were performed using calibrated laboratory instruments in
accordance with ISO/IEC 17025:2017.

Testing was conducted across the full intended operating range, as detailed in Table 1. The
assessment focused on two principal performance domains: pulse timing and waveform
accuracy, and pulse amplitude regulation. Resistive loads ranging from 12.5 Q to 250 Q were
used to represent the typical impedance spectrum in subcutaneous and tissue-level
stimulation.

The objective evidence report and raw measurement workbook supporting CWG
characterisation testing are available in the digital repository listed in the front matter Section

X Data Availability and Supporting Evidence.
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2.4.1. Pulse Timing and Waveform Parameters

Pulse width accuracy was evaluated by comparing programmed pulse parameters with
measured outputs across all relevant load conditions. This process included verification of
the key measurable waveform parameters, as detailed in Figure 5. The CWG demonstrated
consistent high accuracy with recorded pulse-width errors of less than 0.67% over the 1-5
ms range for loads from 12.5 Q to 250 Q. Biphasic symmetry was assessed through duty-
cycle analysis, confirming that for symmetric pulse settings, the duty cycle remained within
+ 0.7% of the expected 50%, indicating precise charge-balanced waveforms.> These
findings show that waveform generation is highly reproducible and largely unaffected by
load within the tested range, ensuring reliable operation during both in vivo and in vitro

stimulation.

2.4.2. Current Regulation

Current regulation was evaluated by measuring programmed setpoints ranging from 10 mA
to 400 mA in 10 mA increments. Testing was conducted with resistive loads from 12.5 Q to
250 Q. Results indicated that the CWG consistently delivered stable and predictable
amplitude outputs across all test conditions.>® Table 2, below, summarises current regulation

performance across defined operating ranges.

Table 2. Summary of current regulation performance across operating ranges. Maximum positive
and negative deviations and standard deviation of output current are reported for programmed step

changes of 10-400 mA across representative loads of 12.5-250 Q.

Operating range | Max Positive Max Negative Mean SD (mA) across all
(mA) deviation (%) deviation (%) tested load conditions
10-120 +0.94 -0.94 0.56
120 — 250 +0.94 -2.27 1.65
250 - 400 +0.92 -2.45 3.25

Within the 10-120 mA range, maximum deviations were consistently below + 1%, achieving
peak stability between 12.5 Q and 75 Q. However, as the load impedance increased from
200 Q to 250 Q, there was a marked rise in deviations, with values reaching 1.65% at 250
mA, 250 Q and 3.25% at 400 mA, 250 Q. Throughout the testing process, no instances of

instability, oscillations, or nonlinear behaviour were observed.
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The CWG demonstrated consistent, reliable performance. The validation data support the
intended end use as a current-controlled stimulation platform for preclinical in vivo

applications.

2.4.3. Operational Stability

Under high-power, stress conditions (350 mA, 12.5 Q load), the CWG consistently delivered
stable current throughout the specified test period. Thermal monitoring confirmed all
components remained within safe operating temperatures, with no activation of thermal
protection. These findings confirm that the thermal and electrical design margins are
sufficient even under near worst-case loads.

Electromagnetic compatibility (EMC) was tested under typical laboratory conditions. When
operating alongside clinical monitoring and measurement devices, the CWG did not result
in any noticeable interference or signal artefacts. While formal compliance testing per IEC
61326-1 was not conducted, these results indicate that the device meets acceptable

electromagnetic standards for preclinical and intraoperative use.

2.5. Discussion and Future Work

The development of the Custom Waveform Generator demonstrates the advantages of
integrating multifunctional capabilities into a single device for experimental cardiac
research. A common platform capable of supporting both in vivo and in vitro testing was
successfully designed, fabricated, and formally tested. Although the dual functionality
necessitated certain engineering trade-offs, none compromised the device's fundamental
performance. In fact, the integrated design ultimately enhanced its performance. The high-
voltage isolation optimised for in vivo application also resulted in low noise levels for in
vitro stimulation, and the precise control required for in vitro experiments improved the

fidelity of in vivo pulse delivery.

2.6.L.imitations

Despite its successes, the CWG, in its current form, remains a laboratory prototype. It’s
currently a single-channel device. Reducing the quantity of testing that can be conducted
simultaneously. Another limitation is reliance on a PC for the most user-friendly in vitro
operation. While the device can run stand-alone, the GUI facilitates prolonged runs and data
logging. This was an advantage in the lab, enabling the stimulator to operate in a standalone

bioreactor; a small built-in user interface may be required for enhanced convenience.
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2.7. Future improvements:

There are several avenues to enhance the CWG in the future:

2.7.1. Multi-channel output

Incorporating independent H-bridge channels enables the concurrent stimulation of multiple
tissue samples or various sites within an organ. By utilising the existing integrated driver, a
two-channel configuration can be achieved by using the second bridge on the AEK-MOT
module, along with an additional set of output terminals. The microcontroller firmware

would require modifications to synchronise or stagger the stimulation pulses.

2.7.2. Closed-loop control

Incorporating sensing, such as ECG input or a tissue contraction sensor, could enable
trigger-based or adaptive stimulation. For instance, in vivo, the device could detect an R-
wave and deliver a pulse only after a certain delay, similar to shock on T pacing, utilised in
transvenous VF induction studies. This could also be used to detect if VF was achieved and
stop further pulses. In vitro, the stimulator can adjust pacing rates as tissues mature. As
discussed in Chapter 5, an impedance measurement of the cellular construct can identify key
maturation milestones. Given the complexity of closed-loop algorithms, this was beyond the
initial scope, but should the system progress towards commercialisation, these aspects would

certainly warrant resourcing and funding.

2.7.3. Enhanced GUI and data logging

Opportunities exist to enhance the graphical user interface to include automatic logging of
stimulation parameters and responses. These include automatic recording of SourceMeter
data, thereby yielding a more comprehensive dataset for experimental analysis. Currently,
this information is recorded manually. Automating the process would minimise the risk of
data entry errors. Additionally, incorporating the Keithley device's LAN interface into the
GUI would facilitate seamless adjustment of voltage settings and current measurements

without manual intervention.
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2.8. Conclusion

The Custom Waveform Generator proved to be a highly effective and innovative solution
for our dual needs. By emphasising a clear separation of concerns, isolated high-voltage vs
precision low-voltage, while reusing the core waveform generation, the system achieved a
design that is both versatile and reliable. The work presented here on the CWG will support
the subsequent chapters’ findings and stands on its own as a contribution to research
instrumentation in bioengineering.

With further refinements and certification, this system could be adopted or adapted by other
researchers who require custom electrical stimulation for cardiac, neural, or muscular
applications. The Custom Waveform Generator successfully achieved its objectives and has
been validated to operate under the demanding conditions of both in vivo defibrillator-testing
and in vitro tissue-conditioning experiments. It provides precise control over stimulation

parameters, allowing experimental variables to be finely tuned and kept consistent.
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Chapter 3 Subcutaneous Pacing

3.1. Introduction

Electrical stimulation of excitable biological tissue is a fundamental principle in modern
medicine. It supports therapeutic modulation of both cardiac and neural systems.®
Applications span cardiac rhythm management, neuromodulation, and sensory prosthesis, in
which controlled delivery of electrical energy is used to depolarise excitable membranes and
restore or augment physiological function.’®

Within cardiology, implantable cardioverter-defibrillators (ICDs) have transformed the
prevention of sudden cardiac death (SCD). They have demonstrated substantial reductions
in mortality among patients at risk of life-threatening ventricular arrhythmias.*
Conventional transvenous ICDs provide reliable sensing, pacing, and high-voltage shock
therapy through leads implanted within the cardiac chambers.!? While this architecture
provides effective therapy delivery, the intravascular leads remain a major contributor of

device-related complications and long-term system failure.®!

Clinical registry data
consistently demonstrate that complications following cardiac implantable electronic device
(CIED) implantation are non-trivial. Reported complications span mechanical, vascular and
systemic events, including cardiac perforation, pneumothorax, thromboembolic events, and
infection.?” In a nationwide cohort of 5,918 patients, Kirkfeldt et al. reported that 9.5%
experienced at least one complication within six months of implantation.®? Similarly, the
contemporary registry analysis completed by Van Barreveld et al. using the nationwide DO-
IT registry (n=1442; median follow-up 28.7 months) reported complication rates of 13.5%
with a substantial proportion requiring reintervention or prolonged hospitalisation.®! Koneru
et al conducted a retrospective longitudinal analysis of data from the OptumLabsTM Data
Warehouse. This analysis demonstrated that the incidence of lead complications accumulates
over time, affecting approximately one in four patients at 10 years of follow-up. %

To resolve these limitations, ICD designs that eliminate transvenous leads have been
developed. The fully subcutaneous ICD (S-ICD), developed by Boston Scientific, provides
effective defibrillation therapy without the need for endovascular hardware.'>?’ The S-ICD
is intended for patients who have an indication for primary or secondary prevention of
sudden cardiac death (SCD) and do not require pacing.®* A subcutaneously implanted
electrode facilitates both sensing and the delivery of therapeutic shocks as indicated.!? By
implanting the entire system, including the pulse generator and electrode, in the
subcutaneous tissues and along the chest wall, the S-ICD avoids complications specifically

associated with transvenous or endocardial leads.'*!® Medtronic developed the extravascular
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ICD (EV-ICD), which positions a lead in the substernal space, anterior to the heart, beneath
the sternum. This setup maintains the benefit of avoiding transvenous leads while enabling
pacing therapies, particularly anti-tachycardia pacing (ATP) to prevent re-entrant ventricular
tachycardias, and limited bradycardia support.?® Therefore, EV-ICD systems aim to combine
the main advantage of the S-ICD, no transvenous lead, with some of the diagnostic and
therapeutic features previously exclusive to transvenous devices, such as rhythm pacing and
ATP 2865

Clinical experience with alternative ICD architectures has been encouraging. Real-world
data confirms the safety and efficacy of S-ICDs in routine practice. In the multicentre
EFFORTLESS S-ICD registry, Lambiase et al. reported complication-free survival of 97%
at 30 days and 94% at 12 months (n=470), indicating that only 6.4% of patients experienced
device-related complications at 12 months.*® Knops et al. in the randomised PRAETORIAN
trial (849 patients followed for 4 years) demonstrated that S-ICD therapy is non-inferior to
transvenous ICDs and significantly reduces lead-related adverse events.®® Data from the
PRAETORIAN trial demonstrated a higher incidence of device-related complications in
transvenous ICDs compared with S-ICDs (9.8% vs 5.9%), with a markedly higher burden of
lead-related complications in transvenous systems.** These findings support S-ICD as an
effective alternative that avoids the primary failure point of conventional ICD therapy, the
transvenous lead. Initial feasibility of substernal extravascular defibrillation was
demonstrated in early human studies, which established the technical viability and safety of
this novel approach.%” Subsequently, the EV-ICD pivotal trial confirmed high defibrillation
efficacy and favourable safety outcomes, with 92.6% of patients remaining free from major
complications at 6-10 months.?® Further analyses of this cohort have demonstrated
favourable patient-reported outcomes.®

Collectively, these findings underscore the potential of extravascular ICD systems to provide
effective arrhythmia protection while mitigating the lead-related complications associated
with transvenous ICD systems.?®%+% They have demonstrated success as a potential means
to address the primary failure modes associated with intravascular leads while ensuring
patient safety. The transition from intravascular to extravascular stimulation introduces
fundamentally different electrophysiological conditions. Increased electrode-myocardium
separation, heterogeneous tissue conductivity, and altered current density distributions
significantly influence excitation thresholds and stimulation efficiencies.”®* The
electrophysiological mechanisms governing myocardial excitation under extravascular
stimulation remain incompletely characterised.®’® Classical models of excitability,

including strength-duration relationships derived from direct electrode-tissue interfaces,
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may not fully account for the spatial and biophysical complexities of subcutaneous or
substernal stimulation. Consequently, there is a need to systematically evaluate how
waveform configuration and stimulation parameters influence myocardial capture in these
environments.

Accordingly, this work seeks to address this knowledge gap by investigating the relationship
between electrical waveform configurations and myocardial excitability under extravascular
stimulation conditions. Through controlled preclinical experimentation, this study aims to
establish a quantitative and mechanistic framework linking stimulus parameters to cardiac
capture response, thereby informing the design and optimisation of next-generation
extravascular cardiac rhythm management systems.

3.1.1. Research Question

The central research question addressed in this study is:

How do electrical waveform parameters influence myocardial capture thresholds and
excitability under subcutaneous conditions?

This preclinical study aimed to systematically characterise myocardial excitation under

subcutaneous stimulation conditions using a porcine model.

The objectives included:

1. To quantify myocardial capture thresholds across varying waveform parameters.

2. To develop individualised strength-duration curves to determine rheobase and
chronaxie.

3. To evaluate the applicability of traditional cardiac excitability models under
subcutaneous stimulation conditions characterised by increased electrode-
myocardium separation.

4.  To compare the efficacy of biphasic and monophasic waveforms in modulating

myocardial capture thresholds under subcutaneous stimulation conditions.

This work aims to inform energy-delivery requirements and guide waveform optimisation

for emerging subcutaneous and extravascular cardiac rhythm management systems.
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3.2. Method

3.2.1. Subcutaneous Pacing Threshold Testing Preparation

All animal procedures were performed in accordance with institutional and national ethical
guidelines for the care and use of laboratory animals. The study protocol (Study #17-082N)
was reviewed and approved by Boston Scientific's Institutional Animal Care and Use
Committee (IACUC).”!

Subjects (n = 4, swine) were selected as a clinically relevant large-animal model because
porcine thoracic and cardiovascular anatomy broadly align with adult human anatomy for
studies involving transthoracic or extravascular cardiac stimulation.”” Each animal was
premedicated with intramuscular ketamine (20 mg/kg) and xylazine (2 mg/kg), followed by
endotracheal intubation and mechanical ventilation. General anaesthesia was maintained
with isoflurane (1.5 - 2.0%) to maintain hemodynamic stability.”®

To minimise skeletal muscle contractions during pacing and to prevent lead dislodgement or
motion artefacts, vecuronium was administered as a neuromuscular blocker. An initial
intravenous dose of (0.1-0.15 mg/kg) was followed by a continuous rate of infusion (CRI)
of (0.1-0.2 mg/kg/hr). Vecuronium was selected over depolarising agents such as
succinylcholine due to its minimal effect on serum potassium levels, eliminating the need
for continuous electrolyte monitoring.”

Continuous physiologic monitoring included ECG, arterial blood pressure (via a Millar
catheter), oxygen saturation (SpO:), end-tidal CO2 (EtCO2), and core temperature.
Animals were positioned in dorsal recumbency. A right jugular venous cutdown was
performed to provide venous access for the placement of an Endotak transvenous ICD lead.
The lead was introduced and advanced under fluoroscopy to the right ventricular apex. The
lead was then secured to the vessel using a non-absorbable suture. Arterial access was
obtained via femoral artery cannulation, and a high-fidelity Millar pressure catheter was
inserted into the thoracic aorta to enable real-time hemodynamic monitoring during pacing.
Figure 9.

A subxiphoid incision was made to allow tunnelling of the subcutaneous electrode along the
right parasternal margin. The electrode was secured at both ends using non-absorbable
sutures. Additionally, a subcutaneous generator (dummy pulse can) was implanted in the
right lateral thoracic region to complete the coil-to-can pacing vector.

All incisions were closed in anatomical layers using standard surgical technique. Animals
were allowed to stabilise for a minimum of 15 minutes prior to the initiation of pacing

threshold testing.
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Figure 9. Surgical access and electrode configuration in the porcine model. Representative image
illustrating subject positioning in dorsal recumbency with completed transvenous and subcutaneous
instruments. The right jugular venous cutdown enabled transvenous placement of a right ventricular
ICD lead. An S-ICD electrode was implanted along the right parasternal margin via a subxiphoid
tunnelling approach. A non-functional subcutaneous generator was positioned in the right lateral
thorax to complete the coil-to-can vector, consistent with clinical device configurations.

3.2.2. Subcutaneous Pacing Threshold Testing Method
Pacing threshold assessments were performed using the implanted subcutaneous electrode
configuration. The electrode-can arrangement replicated the therapeutic vector of

contemporary S-ICD systems, Figure 9.

The overarching aim was to evaluate how varying pulse width and amplitude influence the
ability to capture myocardium when stimulation is applied from a non-intravascular position.
Each test commenced with the delivery of a pacing train consisting of 10 pulses, paced to
exceed the animal's intrinsic heart rate by 20-40 beats per minute. This pacing rate was
chosen to ensure that each stimulus occurred independently of spontaneous cardiac activity,
thereby avoiding fusion beats or misinterpreted capture.

Pulse delivery was administered asynchronously and under manual control. Testing was
initiated at an amplitude below the anticipated capture threshold, with current levels
increased incrementally by 10 mA or 10%, contingent upon waveform stability and observed
physiological response. All pacing pulses were delivered as square waveforms, with both
monophasic and biphasic configurations evaluated. Pulse widths were sequentially tested
within a range beginning at one millisecond and increasing in one-millisecond steps up to

ten milliseconds. For each pulse width, myocardial capture was assessed by analysing the
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pressure waveform obtained from an intra-aortic Millar catheter, rather than relying solely
on electrocardiographic data, due to significant artefact interference.

Each pulse width condition was repeated up to four times to confirm consistency and account
for physiological variability. Between runs, a short recovery period was observed to allow
stabilisation of hemodynamic parameters and to reduce any effects of tissue accommodation.
Threshold data were used to generate strength-duration plots, from which rheobase and
chronaxie values were estimated using nonlinear curve fitting to the classical strength—
duration model. These values served as markers of tissue excitability under each of the tested

waveform conditions.

3.3. Results
3.3.1. Subcutaneous Testing Results

The following section presents the results of the subcutaneous pacing threshold testing. The
findings are reported in two sections.

The threshold responses of individual subjects are described in detail, including replicated
measurements, fitted strength-duration curves and derived rheobase and chronaxie values.
A cross-subject analysis was performed to assess intra-test consistency, waveform-specific
behaviour, and any notable deviations from expected electrophysiological patterns.

All animals are referred to by anonymised identifiers (SW6022, SW6045, SW6047, -
SW6054), which correspond to individual test subjects enrolled in Study 17-082N. These
identifiers carry no relation to treatment order, weight or other classification and serve solely
as reference markers for data presentation.

Threshold data were modelled using the Weiss hyperbolic strength-duration formulation,

which relates stimulus current to pulse widths as follows:

Equation 1. Weiss hyperbolic strength-duration formulation, 1 is the threshold current (mA), Irh is
the rheobase ( the minimum asymptote current required for capture), tc is the chronaxie ( the pulse

width at which the current equals twice the rheobase), and PW is the pulse width (ms).

I=1,(1 +PTI;,)

Fitted strength-duration curves based on Equation 1 were generated for each subject,

providing both descriptive and model-derived characterisation of subcutaneous pacing
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thresholds. Results are presented in tabular and graphical form, with mean values and 95%
confidence intervals (Cls) reported where replicate trials were available.

For animals SW6045 and SW6047, both monophasic and biphasic pulse waveforms were
tested. To ensure a balanced and statistically robust comparison between waveform types,
the waveform analysis was restricted to pulse widths common to both stimulation conditions
(1, 2, 4, and 8 ms). Pulse widths of 3, 5, 6, and 10 ms were excluded from the specific
comparison, as these conditions were evaluated only with monophasic stimulation and
would therefore introduce bias due to unequal representation of waveform types. A general
linear model was therefore run using only the matched pulse-width conditions. This
approach ensured that any observed differences could be attributed to waveform type rather

than to confounding effects of pulse duration or unequal sample sizes.

3.3.1.1. Subject-Specific Threshold Analysis

SW6022

Testing in animal SW6022 consisted of three to four replicate measurements obtained at each
tested pulse width from 1-10 ms. The capture thresholds are summarised in Table 3, reported

as mean + standard deviation (SD) together with 95% confidence intervals (CI).

Table 3. Subcutaneous pacing thresholds in SW6022 as a function of pulse width. Mean peak current
required for capture is shown as mean + SD with corresponding 95% confidence intervals (CI). Each

pulse width was tested with 3-4 replicates per condition.

Animal PW(ms) Pulse Type N Mean +SD 95% CI 95% CI
ID (mA) (mA) Lower Upper
(mA) (mA)

SW6022 1 Monophasic 4 132.00  8.08 119.15 144.85
SW6022 2 Monophasic 3 105.00 6.93 87.77 122.23
SW6022 3 Monophasic 3 94.67 10.97 67.42 121.92
SW6022 4 Monophasic 3 88.00  5.20 75.09 100.91
SW6022 5 Monophasic 4 96.00  5.77 86.82 105.18
SW6022 6 Monophasic 0 NA NA NA NA
SW6022 8 Monophasic 3 82.00  0.00 82.00 82.00
SW6022 10 Monophasic 3 82.00  0.00 82.00 82.00

In line with classical transvenous pacing, threshold currents declined steeply between 1 ms

and 4 ms , (132 mA to 88 mA), consistent with the rapid charging requirements of excitable
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membranes at short pulse widths. Beyond 4 ms, the threshold approached a plateau, with
values converging toward 82 mA, indicating that further increases in pulse width yielded
minimal efficiency gains as the rheobase was approached.

A fitted Weiss-Lapicque hyperbolic strength-duration model, Figure 10, yielded a rheobase
of 77.58 mA and a chronaxie of 0.70 ms. A comparable empirical estimate of the replicate
data yielded a closely aligned estimate (rheobase = 82 mA, chronaxie = 0.63 ms), reinforcing

the robustness of the fitted model.

Strength—Duration Curve: SW6022
Rheobase = 77.58 mA, Chronaxie = 0.70 ms
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Figure 10. Strength-duration curves for SW6022 show mean threshold current (mA) as a function
of pulse width (ms) for monophasic stimulation. Data points represent the mean + 95% CI at each

pulse width. These plots illustrate the relationship between stimulus duration and excitability.

Of the 4 animals tested, SW6022 was the only animal to show a non-monotonic trend, its
threshold increased from 88 mA at 4 ms to 96 mA at 5 ms, before returning to the expected
trajectory by 6-8 ms, Figure 2.

Device setup was confirmed not to influence the results, as the configuration remained
consistent across all tests. Once the electrode and pulse generator were implanted, no further
interactions occurred until they were explanted.

While this anomaly was not directly examined, the evidence indicates that myocardial
adaptation may play a role. As described by Merrill et al, repeated subthreshold stimulation
can result in transient depolarisations that may reflect transient physiological variability or

measurement artefact, consequently elevating the excitation threshold.®® This temporary
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decrease in myocardial responsiveness may account for the increased threshold observed at

5 ms.

SW6045

SW6045 was assessed using both monophasic and biphasic stimulation protocols. The
monophasic protocol was evaluated in duplicate, whereas the biphasic protocol was assessed
once at each pulse duration. Statistical analysis indicated no significant difference in capture
thresholds between the monophasic and biphasic configurations for SW6045 (p = 0.930). As
detailed in Section 3.3.1, to ensure a balanced and statistically robust comparison between
waveform types, the waveform analysis was restricted to pulse widths common to both
stimulation conditions (1, 2, 4, and 8 ms). A summary of the pooled threshold data for

SW6045 is provided in Table 4.

Table 4. Subcutaneous pacing thresholds in SW6045 as a function of pulse width. Mean peak
capture current is shown as the mean + SD, with the corresponding 95% confidence interval (CI).

Each pulse width was tested with 1-3 replicates per condition

95% CI  95% CI

AnIlll)nal PW (ms) Pulse Type N ?ﬁzl)l (TnS:&)) Lower Upper
(mA) (mA)
SW6045 1 Mono/Biphasic 3 113 0 113 113
SW6045 2 Mono/Biphasic 3 82.33 0.29 81.61 83.05
SW6045 3 Monophasic 1 66.7 NA NA NA
SW6045 4 Mono/Biphasic 3 66.33 0.47 65.16 67.50
SW6045 5 Monophasic 1 60 NA NA NA
SW6045 6 Monophasic 1 60 NA NA NA
SW6045 8 Mono/Biphasic 3 60 0 60.00 60.00
SW6045 10 Monophasic 1 54 NA NA NA

A fitted strength-duration curve, Figure 11, demonstrated a hyperbolic relationship between
pulse width and threshold current. The fitted curve yielded a rheobase of 49.02 mA and
chronaxie of 1.30 ms, indicating that SW6045 achieved capture at considerably lower
currents in comparison to SW6022.

Contrary to the commonly reported advantages of biphasic stimulation, including reduced
stimulation thresholds and minimised charge delivery per phase compared to monophasic
configurations,*** the biphasic configuration in this study did not confer a measurable
reduction in activation thresholds. Notably, there was no significant difference in impact

between the monophasic and biphasic waveforms. This finding may be attributed to the
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specific characteristics of the biphasic waveform employed, potentially the set interphase
delay.

Strength—Duration Curve: SW6045
Rheobase = 49.02 mA, Chronaxie = 1.30 ms
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Figure 11. Strength-duration curves for SW6045 showing mean threshold current (mA) as a function
of pulse width (ms) for pooled monophasic and biphasic stimulation. Data points represent the mean
+ 95% CI at each pulse width. Solid blue line connects the means of each threshold curve. The dashed

orange line indicates the fitted Weiss-Lapicque model, from which the rheobase and chronaxie values

were derived.
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SW6047
SW6047 was evaluated using both monophasic and biphasic waveform configurations. The
monophasic waveform was tested in duplicate, while the biphasic waveform was tested once

at each pulse width. The measured data for SW6047 are summarised below in Table 5.

Table 5. Subcutaneous pacing threshold in SW6047 as a function of pulse width. Mean peak current
required for capture is shown as mean & SD with corresponding 95% confidence intervals (CI).. Each

pulse width was tested 1-3 replicates per condition.

95% CI  95% CI

Anllll)n al (l:n V:) Pulse Type N 12;[1?21)1 (ng) Lower Upper
(mA) (mA)
SW6047 1 Mono/Biphasic 3 76.67  4.62 65.20 88.14
SW6047 2 Mono/Biphasic 3 49.00  0.00 49.00 49.00
SW6047 3 Monophasic | 39.00 NA NA NA
SW6047 4 Mono/Biphasic 3 3333 231 27.59 39.07
SW6047 5 Monophasic | 32.00 NA NA NA
SW6047 6 Monophasic 1 28.00 NA NA NA
SW6047 8 Mono/Biphasic 3 26.00  0.00 26.00 26.00
SW6047 10 Monophasic | 26.00 NA NA NA

A fitted strength-duration curve for SW6047 was generated using the Weiss hyperbolic
model. The curve, depicted in Figure 12, illustrates a hyperbolic relationship between pulse
width and threshold current. The model fitting yielded an estimated rheobase of 19.01 mA
and a chronaxie of 3.11 ms, suggesting that SW6047 was capable of achieving cardiac
capture at lower current levels compared to SW6022 and SW6045.

Regression analysis revealed no statistically significant difference in capture thresholds
between monophasic and biphasic stimulation for SW6047 (p = 1.00). As with other
subjects, all waveforms exhibited elevated threshold currents at shorter pulse widths. This
reflects the increased charge required for myocardial activation with brief stimuli.
Thresholds decreased with increasing pulse duration, following the expected hyperbolic

trend.
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Figure 12. Strength-duration curves for SW6047 showing mean threshold current (mA) as a function

of pulse width (ms) for pooled monophasic and biphasic stimulation. Data points represent the mean

+ 95% CI at each pulse width. Solid blue line connects the means of each threshold curve. The dashed

orange line indicates the fitted Weiss-Lapicque model, from which the rheobase and chronaxie values

were derived.

SW6054

SW6054 was evaluated using a single monophasic waveform configuration across pulse

widths ranging from 1 to 10 ms. The results are summarised below in Table 6.

Table 6. Subcutaneous pacing thresholds in SW6054 as a function of pulse width. Each pulse width

was tested once; therefore, variability metrics (SD and 95% CI) could not be calculated

95% CI  95% CI

Anllll)n al (l:n‘z]) Pulse Type N 12;[:21)1 (:I:r?l)) Lower Upper
(mA) (mA)
SW6054 1 Monophasic 1 155 NA NA NA
SW6054 2 Monophasic 1 113 NA NA NA
SW6054 3 Monophasic 1 91.5 NA NA NA
SW6054 4 Monophasic 1 91.5 NA NA NA
SW6054 5 Monophasic 1 82.4 NA NA NA
SW6054 6 Monophasic 1 74.1 NA NA NA
SW6054 8 Monophasic 1 66.7 NA NA NA
SW6054 10 Monophasic 1 66.7 NA NA NA
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It was not possible to obtain replicate measurements for SW6054. The dataset demonstrated
a clear strength-duration relationship, aligned with the results of the other animals. This
behaviour is consistent with classical electrophysiological theory and aligned with the
hyperboloid threshold profile observed in the remaining subjects. When fitted to the Weiss-
Lapicque hyperbolic strength-duration model as shown in Figure 13, the data suggested a
plateau in threshold current at approximately 67 mA from 8 ms onward, consistent with
proximity to rheobase.

The single-run nature of this dataset prevented assessment of intra-subject variability,
limiting confidence in the precision of the fitted parameters. Therefore, these findings can
only be interpreted as descriptive rather than statistically definitive. SW6054 provides a
representative subject-level profile of myocardial excitability under monophasic stimulation

and supports the overall strength-duration behaviour observed across the study.

Strength—Duration Curve: SW6054
Rheobase = 59.86 mA, Chronaxie = 1.64 ms
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Figure 13. Strength-duration curve for SW6054, monophasic only. Data points represent single
measurements at each pulse width. The dashed line is the Weiss-Lapicque fitted strength-duration

curve.

3.3.2. Collective Evaluation of Stimulation Thresholds and Pulse Duration
Dependencies
Across all four animals, subcutaneous pacing threshold data demonstrated a characteristic

inverse relationship between stimulus pulse duration and the peak current required to achieve
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myocardial capture, as shown in Figure 14. Threshold current decreased steeply with
increasing pulse width between 1 and 4 ms and approached an asymptotic plateau at longer
durations, consistent with classical strength-duration behaviour.14,15 This relationship was
statistically confirmed using a general linear modelling approach, which demonstrated a
highly significant main effect of pulse width on pacing threshold (F = 151.48, p < 0.001).
Relative to 1 ms stimulation, threshold reductions of approximately 29 mA, 45 mA and 52
mA were observed at pulse widths of 2 ms, 4 ms and 8 ms, respectively. Although thresholds
continued to decrease between 4 ms and 8 ms, the magnitude of reduction diminished,

indicating an approach towards the rheobase region rather than a strict plateau.
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Figure 14. Strength-duration characteristics of subcutaneous pacing in four swine. Symbols
represent mean threshold current at each pulse width (1-10 ms), error bars are 95% Cls where
replicate trials were available (n=1-4 per condition, no error bars n=1). Dashed curves are Weiss-
Lapicque fitted curves, Equation 4, yielding the rheobase Irh (mA) and chronaxie tc (ms).
Thresholds fall steeply from 1-4 ms and approach an asymptote at longer pulse durations,
demonstrating classical excitability behaviour with marked between-animal variability. For SW6045
and SW6047, monophasic and biphasic data were pooled because the waveforms showed no

significant impact on threshold (p=0.926, GLM Pooled).

The observed behaviour is consistent with the foundational electrophysiological principles
described by Weiss and Lapicque, in which excitation is governed by the interaction between
stimulus strength and duration. Longer pulse widths allow greater temporal integration of
membrane depolarisation, reducing the peak current required to reach excitation threshold.
Notably, these classical relationships were preserved despite the absence of direct
myocardial contact, confirming that subcutaneous stimulation can generate a sufficient

electric field within the myocardium to elicit capture.
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Fitting the Weiss-Lapicque model to the subject-specific data yielded estimates of rheobase
and chronaxie for each animal, as summarised in Table 7. These parameters demonstrated
substantial inter-subject variability, with rheobase values ranging from 19.01 mA to 77.58
mA and chronaxie values from 0.70 ms to 3.11 ms. Rheobase and chronaxie values
demonstrated a consistent inverse relationship across stimulation conditions. Higher
rheobase currents were associated with shorter chronaxies, whereas lower rheobase currents
were associated with longer chronaxies. This inverse coupling was observed across all tested

configurations, reflecting a trade-off between stimulus strength and duration.

Table 7. Subject-specific rheobase and chronaxie for subcutaneous pacing. Rheobase (mA) and
chronaxie (ms) were estimated from Weiss-Lapicque fits to each animal's strength-duration data, with
pulse widths ranging from 1 to 10 ms. Values illustrate marked intersubject variability and an inverse
pattern between rheobase and chronaxie. For SW6045 and SW6047, monophasic and biphasic data

demonstrated no significant impact on threshold, with p-values of 0.93 and 1.0, respectively.

Animal Rheobase Chronaxie
(mA) (ms)
SW6022 77.58 0.70
SW6045 49.02 1.31
SW6047 19.01 3.11
SW6054 59.86 1.64

A highly significant subject was identified (F=335.51, p <0.001), with an absolute threshold
difference of approximately 30-40 mA observed between animals. This variability likely
reflects differences in electrode positioning, tissue composition and transthoracic
impedance, all of which influence current distribution and effective field strength at the
myocardial surface. While direct measurements of these parameters were not obtained, the
magnitude and consistency of the observed differences support a physiological and
geometric basis rather than an experimental artefact.

Two animals, SW6045 and SW6047, were tested using both monophasic and biphasic
waveforms at each pulse width, enabling the study to assess the impact of a two-phase
stimulus profile relative to a single-phase pulse. Pooled analysis using a general linear model
demonstrated no significant effect from waveform (p = 0.926), with an estimated effect size
of less than 1 mA. This indicates that, under the conditions tested, monophasic and biphasic

stimuli produce equivalent peak current requirements for myocardial capture. This
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observation contrasts with prior studies reporting reduced thresholds with biphasic
stimulation; however, the present findings suggest that such effects may not translate to the
subcutaneous stimulation domain. The efficacy of biphasic stimulation can depend on the
timing between the positive and negative pulses, referred to as the interphase delay. The
biphasic pulses implemented in this study had minimal interphase delay. If the timing or
phase symmetry was suboptimal for the myocardium, the second phase may not have
contributed effectively to the recruitment of additional cardiac fibres. These findings suggest
that waveform-dependent advantages observed in lower energy transvenous systems may
not translate to the subcutaneous stimulation domain.

Although biphasic waveforms are known to reduce net charge delivery and may confer
advantages for tissue safety, the threshold criterion employed in this study was based solely
on successful capture. As such, it would not necessarily be reflected in peak current
measurements. The absence of a waveform effect therefore suggests that, in this context, the
excitation threshold is governed primarily by the peak field achieved at the myocardium
rather than the temporal distribution of charge.

Collectively, these findings demonstrate that subcutaneous pacing follows classical strength-
duration principles, with substantial inter-subject variability and minimal dependence on
waveform morphology. This has important implications for the design and optimisation of
extravascular cardiac stimulation systems, where anatomical variability and field
distribution may play a more dominant role than waveform configuration in determining

capture thresholds.

3.4. Discussion

The strength-duration profiles observed across all animals indicate that myocardial
excitation during subcutaneous stimulation remains aligned by classical excitability
behaviour, despite the difference in electrode placement of the extravascular configuration.”
Across subjects, threshold current decreased with increasing pulse width, producing the
expected hyperbolic strength-duration relationship.”” This finding suggests that, although the
stimulus was delivered through intervening subcutaneous and thoracic tissue rather than by
direct endocardial contact, the underlying myocardial response remains consistent with
established principles of electrical stimulation.”*"

Over a century ago, researchers such as Weiss (1901) and Lapicque (1907) demonstrated
that excitation follows a strength—duration relationship, whereby the threshold current

decreases hyperbolically with increasing pulse duration.”* Within this framework, rheobase

represents the minimum current required to produce excitation at very long pulse durations.
44



The concept details a point at which no further increase in pulse duration is required for the
impact capture threshold.”® Chronaxie represents the pulse duration required to achieve
excitation at twice the rheobase current. These parameters provide quantitative descriptors
of excitability and allow comparison between stimulation configurations.?”-’¢

All four animals exhibited measurable rheobase currents ranging from 19 to 77 mA and
chronaxies ranging from 0.7 to 3.1 ms. The fitted strength-duration curves showed strong
agreement with the classical hyperbolic model with R? values of approximately 0.97 for each
animal. The strong agreement with hyperbolic strength-duration behaviour indicates that
myocardial excitability under subcutaneous stimulation follows classical excitation
principles, even when the stimulus is delivered at a distance through intervening tissue rather
than via direct intracardiac contact. These findings support the conclusion that subcutaneous
myocardial capture is not determined solely by stimulus amplitude, but instead follows
predictable pulse-width-dependent behaviour.

An inverse relationship was observed between rheobase and chronaxie across subjects, such
that animals with higher rheobase currents consistently exhibited shorter chronaxies,
whereas those with lower rheobase currents showed longer chronaxies. Animals SW6022
and SW6054, which exhibited the highest rheobase currents, also demonstrated the shortest
chronaxies Table 7. This inverse coupling reflects a physiological trade-off between stimulus
strength and duration that is characteristic of excitable tissue.” Potential contributors to this
variability include differences in tissue impedance, electrode geometry and the relative
position of the subcutaneous coil with respect to the myocardium. While these parameters
were not directly measured in the present study, the observed pattern is consistent with
established effects of tissue conductivity, electrode spacing and electric field distribution on
excitation thresholds. Therefore, inter-animal variability should be interpreted not as a
failure of the strength-duration model, but as evidence that extravascular stimulation
thresholds are highly dependent on the anatomical and electrical properties of the stimulation
pathway.

The study provides a useful benchmark for the current and energy requirements associated
with myocardial capture using a subcutaneous electrode configuration. The currents required
for myocardial capture via subcutaneous stimulation were markedly higher than those
reported for transvenous leads. At shorter pulse widths, capture thresholds routinely
exceeded 100 mA, indicating that the energy required for subcutaneous pacing is
substantially greater relative to that of directly coupled endocardial configurations, where

thresholds are typically achieved at much lower currents.
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Compared with transcutaneous pacing, which delivers 50-100 mA at pulse widths of 20-40

ms, the subcutaneous vector reduces impedance.’!

However, despite this reduction,
subcutaneous pacing still requires substantially higher currents than directly coupled
endocardial or epicardial configurations, reflecting the increased distance between the
stimulating electrode and the myocardial tissue. This distinction is important as it
demonstrates that subcutaneous pacing occupies an intermediate position between external
transcutaneous pacing and intracardiac stimulation, less demanding than stimulation through
the intact chest wall, but substantially less efficient than direct myocardial or endocardial
contact.

The results also help contextualise the rationale behind the evolution of the EV-ICD
architecture.®> By positioning the lead in the substernal space, closer to the anterior surface
of the heart, EV-ICD systems reduce the tissue barrier between the stimulating electrode and
the myocardium.”” This anatomical change provides a plausible explanation for the lower
pacing thresholds reported with substernal lead systems compared with gully subcutaneous
vectors. Although EV-ICD systems avoid transvenous lead placement, substernal
implantation introduces distinct procedural considerations related to the anterior mediastinal
anatomy. Early clinical studies have reported system or procedure-related complications
requiring continued evaluation.?®7””

The findings also provide context for modular approaches that combine a subcutaneous ICDs
with a separate intracardiac leadless pacemaker. In such systems, defibrillation protection
remains extravascular, while pacing is delivered from direct contact with the myocardium.
This architecture avoids the high-energy requirements observed with fully subcutaneous
pacing while preserving the principal advantage of avoiding transvenous defibrillation leads.
The findings of this study present both challenges and an opportunities for informing the
development of next-generation cardiac devices. The high capture thresholds observed
suggest that any pacing-enabled subcutaneous ICD platform would require substantially
greater energy reserves than those of current non-pacing systems. This has implications not
only for battery longevity, but also for thermal management, lead integrity, device size and
overall system. The preservation of a predictable strength-duration relationship suggests that
waveform optimisation may provide a practical route to reducing peak current requirements
while maintaining reliable myocardial capture. In this context, pulse width selection
becomes a key design variable rather than a fixed pacing parameter.

Interestingly, the anticipated advantages of biphasic waveforms were not realised under the
tested conditions. **>47¢, The absence of a statistically significant reduction in threshold (p

= 0.926) may be related to the waveform parameters employed, particularly in optimising
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interphase delays. It is also plausible that at higher field strengths, the nonlinear response of
the surrounding tissue masks any benefit conferred by charge balancing. Therefore, these
data should not be interpreted as evidence that biphasic stimulation has no role in
extravascular pacing, but rather that the specific biphasic configuration tested here did not

reduce capture thresholds under the conditions studied.

3.5. Limitations

Several limitations should be acknowledged. The study was conducted in four swine. While
this cohort demonstrated consistent trends within the study, it was not large enough for
definitive population-level conclusions. Swine were chosen because their thoracic anatomy
offers a relevant preclinical model for human subcutaneous cardiac stimulation; however,
variations in anatomy, adipose tissue density, and electrode placement relative to the heart
among subjects may have influenced threshold measurements. A larger sample size would
be necessary to better characterise the distribution of rheobase and chronaxie within a
population. Nevertheless, the consistent qualitative findings across all animals suggest that
the observed behaviors reflect underlying physiological mechanisms rather than
experimental variability or minor sample differences.

The experiments were conducted acutely, with electrodes implanted and tested in a single
session under general anaesthesia. In a chronic scenario, fibrotic encapsulation around the
coil and generator could further increase thresholds over time, as scar tissue increases the
system's impedance. Conversely, chronic implants may also enable fibrous stabilisation,
preventing any motion of the lead during pulses. Adding a safety margin is a recognised
industry standard, generally a two-fold increase, allowing for thresholds that may increase
over months or years. Long-term animal studies or clinical data will be necessary to
determine how chronic inflammation or fibrosis in the subcutaneous pocket affects pacing
thresholds. Early clinical data from systems such as the Aurora EV-ICD suggest that pacing
thresholds can remain stable over 6-12 months, although longer-term follow-up is required.
The study employed both monophasic and biphasic waveforms. The parameters of biphasic
waveforms, particularly the interphase delays, were not systematically optimised. The
finding that biphasic stimulation failed to reduce pacing thresholds in the present study (p =
0.926) contrasts with prior reports.1,13 These studies reported clear advantages in
neurostimulation and endocardial pacing, suggesting that additional studies are required to
explore the influence of interphase duration, waveform symmetry, and pulse shape in this

setting.
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3.6. Conclusion

This research provides a characterisation of subcutaneous pacing thresholds and details their
dependence on pulse parameters in a controlled preclinical model. The absence of
intracardiac leads did not appear to alter the excitability behaviour of the myocardium, as
demonstrated by the alignment of the data to classical strength—duration models. The
principal difference observed was quantitative rather than qualitative. As expected, due to
the increased transthoracic impedance, substantially higher currents and energies were
required to achieve subcutaneous capture, while the qualitative excitability remained
consistent with established theory.

The first research question investigated whether subcutaneous pacing could reliably achieve
myocardial capture. Capture was achieved in all four animals, with rheobase values ranging
from 19 to 78 mA and chronaxies from 0.7 to 3.1 ms. These results confirm that
subcutaneous pacing is feasible in principle, albeit at a significantly higher energetic cost
than endocardial systems.

The second research question explored the influence of pulse duration and waveform type
on the strength-duration relationship. Threshold currents required for myocardial capture
decreased hyperbolically with increasing pulse width, consistent with classical excitability
models. No statistically significant differences were observed between monophasic and
biphasic stimulation conditions (p = 0.926). It is important to note that the study was not
specifically designed to optimise waveform parameters, such as interphase delay or
symmetry. The absence of a clear advantage of biphasic stimulation should be interpreted
with caution and necessitates additional testing and interphase optimisation.

By explicitly addressing these research questions, this study provides quantitative evidence
that subcutaneous pacing adheres to the same electrophysiological principles that underpin
conventional pacing, while quantifying the higher current demands inherent to this
configuration. These findings provide a physiological foundation and quantitative
benchmarks for the development of next-generation extravascular devices, including pacing-
capable subcutaneous ICDs.

The study successfully demonstrated that myocardial tissue can be remotely stimulated via
a subcutaneous configuration. As such, the findings align fundamental electrophysiological
principles with innovative device design. This contribution supports the wider thesis aim of

advancing safe and effective alternatives to transvenous cardiac pacing systems.
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Chapter 4 Ventricular Fibrillation Induction Characteristics

4.1. Introduction

Sudden cardiac death (SCD) remains a major contributor to global mortality and represents
a significant public health challenge. Cardiovascular disease (CVD) accounts for
approximately 19.8 million deaths annually, corresponding to 32% of global mortality, with
the majority attributable to myocardial infarction and stroke.> Sudden cardiac arrest (SCA),
which frequently underlies SCD, is estimated to account for approximately 30% of
cardiovascular deaths, representing over 5 million cases annually.”® While ventricular
fibrillation (VF) has historically been considered the dominant arrhythmia responsible for
SCA, contemporary data indicate that asystole and pulseless electrical activity are more
commonly observed in the general population, with VF accounting for approximately 20%
of cases.”® Despite this, VF remains a critical arrhythmic manifestation, particularly in early-
phase ischaemic events and in cases where rapid defibrillation can significantly improve
survival outcomes.”

The development and clinical adoption of implantable cardioverter defibrillators (ICDs)
have revolutionised the prevention of SCD. ICDs provide both primary and secondary
prevention by continuously monitoring the heart's electrical activity.*® Over the past several
decades, ICD systems have become established as a cornerstone in the management of
patients at risk from primary or secondary SCD.® Continuous advancements in device
design, sensing algorithms, and therapy delivery have contributed to their widespread
adoption and demonstrated effectiveness in terminating life-threatening ventricular
arrhythmias.?! In the event that an ICD detects a ventricular tachycardia or ventricular
fibrillation, the device delivers a high-energy shock, defibrillating the heart with the aim of
terminating the arrhythmia.'> However, as discussed in Chapter 3, complications associated
with intravascular leads, such as lead infection, fracture, venous occlusion and extraction-
related morbidity, have driven the development of newer subcutaneous (S-ICD) and
extravascular (EV-ICD) systems that eliminate the need for transvenous access.®!%

S-ICDs differ significantly from transvenous systems. In S-ICDs, both the electrode and
pulse generator are implanted outside the heart and vasculature, with the electrode positioned
subcutaneously along the parasternal region and the pulse generator on the left thoracic
wall.!2226% A5 a result, the shock vector traverses a greater volume of heterogeneous, low-
conductivity tissue before reaching the myocardium, thereby altering shock propagation,
tissue impedance, and myocardial activation thresholds.? Finite-element modelling studies

further indicate that subcutaneous electrode and generator position influence myocardial
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electric-field distribution and estimated defibrillation efficacy. ® These biophysical
differences have direct implications for defibrillation testing, the intraoperative procedure
used to ensure the device can effectively detect and terminate induced VF. 52

Defibrillation Threshold Testing (DFT) testing involves the controlled induction of
ventricular fibrillation, followed by the delivery of a therapeutic shock to assess successful
arrhythmia termination.®*? Although the induction of VF may appear counterintuitive, it is
a well-established component of device implantation protocols. The DFT is defined as a
probabilistic measure, representing the minimum energy at which defibrillation is
successful, historically requiring two consecutive successful shocks.®! In clinical settings

during implant, DFT testing serves to confirm system integrity in vivo.®

During
defibrillation testing, VF is induced under controlled conditions to confirm that the
implanted system can appropriately detect the arrhythmia and deliver an effective shock.
The procedure also assesses the defibrillation safety margin, providing confidence that
programmed therapy energies exceed the tested minimum required for successful VF
termination. 3

In contemporary practice, however, the role of routine DFT testing has been fundamentally
re-evaluated.®*3* Pivotal randomised trials, including SIMPLE and NORDIC ICD, have
demonstrated that omission of routine intraoperative VF induction and defibrillation testing
is non-inferior with respect to shock efficacy and clinical outcomes, including arrhythmic
mortality. These findings are supported by substantial technological advancements in ICD
systems, which have improved defibrillation reliability and reduced the incidence of
inadequate safety margins. As a result, routine DFT testing is no longer recommended in
standard left-sided ICD implantations.’334

In contrast to transvenous ICD systems, intraoperative defibrillation efficacy testing has
historically remained a Class 1 recommendation for S-ICD implantation, indicating that the
procedure was considered recommended on the basis that its benefit and usefulness were
supported by the available evidence and/or expert consensus. The 2015
HRS/EHRA/APHRS/SOLAECE expert consensus statement specifically classified
defibrillation efficacy testing during S-ICD implantation as Class I, Level of Evidence C-
LD.*° This recommendation reflects the fundamentally different sensing and shock-delivery
characteristics of extravascular systems, including the absence of a direct electrode-
myocardium interface, greater variability in sensed signal amplitude, and increased
dependence on the electrode position and the pulse generator.®> The PRAETORIAN-DFT

trial now provides randomised evidence that routine defibrillation testing may be safely

omitted in selected de novo S-ICD implants when guided by PRAETORIAN score
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assessment. These findings should be interpreted as evidence supporting a potential shift
toward selective testing rather than as a removal of the current Class 1 recommendation. VF
induction remains relevant in current S-ICD practice, particularly where testing is clinically
indicated, implant position is uncertain, PRAETORIAN score is elevated, system revision is
performed, or future extravascular ICD platforms are being evaluated.

It is important to note that in the context of S-ICDs, the term DFT is somewhat of a
misnomer. Unlike transvenous ICD systems, in which shock energy can be titrated to identify
the minimum effective defibrillation threshold, the S-ICD delivers a fixed, non-
programmable output of 80 J.3! Although the S-ICD can deliver shocks up to 80 J,
intraoperative testing commonly evaluates successful conversion at a lower test energy to
preserve a safety margin.’!®> Consequently, intraoperative defibrillation testing in S-ICD
practice primarily serves to assess conversion efficacy and confirm adequate VF detection,
shock vector configuration, system impedance, and successful arrhythmia termination.>!#?
The PRAETORIAN and PRAETORIAN-DFT studies represent key prospective
investigations evaluating S-ICD defibrillation strategies.®*%%37 Central to this approach is the
PRAETORIAN score, a radiographic assessment tool derived from bidirectional chest
radiographs that evaluates S-ICD system positioning to estimate the likelihood of successful
defibrillation.?” The PRAETORIAN-DFT trial enrolled 965 patients in a multicentre
randomised comparison of testing in selected patients undergoing de novo S-ICD
implantation. 3¢ The primary results reported that omission of defibrillation testing was non-
inferior to routine testing for failed first shock in spontaneous-ventilation arrhythmias, with
failed first shock occurring in 1.7% of patients in the no-defibrillation testing group
compared with 2.3% in the defibrillation testing group.® The study also reported potential
defibrillation testing-related complications in 1.7 % of patients undergoing testing,
supporting the procedural rationale of selective rather than universal testing.®

As such, the PRAETORIAN-DFT study represents the first large-scale randomised effort to
evaluate a structured, imaging-guided strategy for the selective omission of defibrillation
testing in S-ICD implantation. The findings support a transition from universal routine DF
testing towards a more selective, imaging-guided strategy in de novo S-ICD implantation.
However, they do not eliminate the relevance of VF induction. Rather, they shift the clinical
question from whether VF induction should be performed routinely to when it remains
necessary and how it can be performed safely and efficiently. VF induction remains pertinent
for selected patients, suboptimal or uncertain implant positioning, elevated PRAETORIAN
scores, system revisions, preclinical validation, and the development of future lower-energy

extravascular ICD platforms,6+6>-86-88
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Traditional transvenous ICD systems achieve VF induction through well-characterised
mechanisms such as shock on T, burst pacing or direct current stimulation.®! These strategies
exploit fundamental electrophysiological mechanisms, whereby rapid or premature
stimulation results in shortened diastolic intervals and nonuniform recovery of excitability,
facilitating conduction block, wave break and the initiation of re-entrant activity leading to
VE.*¥ In contrast, S-ICDs utilise an entirely subcutaneous stimulation vector, introducing
distinct patterns electric-field distribution between the electrode, generator and
myocardium.® The standard S-ICD induction protocol, outlined in the manufacturer's
technical document, applies a fixed non-adjustable 200 mA, 50 Hz biphasic stimulus across
the coil to can vector. While this approach successfully induces VF in the majority of
patients, it is empirically derived rather than mechanistically optimised.!

Electrical stimulation parameters, including pulse width, frequency and amplitude, are
fundamental determinants of myocardial excitability, with variation in these parameters
directly modulating stimulation thresholds and the likelihood of VF induction.?¥2>8%% Yet
their relative contribution to VF initiation within the subcutaneous field remains poorly
defined. Moreover, S-ICDs use a 9 V lithium manganese dioxide (Li-MnO2) battery, which
limits device miniaturisation compared to 3 V systems, employed in modern transvenous
ICDs. Future device versions will require lower-voltage operation and more energy-efficient
induction protocols, emphasising the importance of understanding the biophysical limits of
VF initiation in subcutaneous systems.

One critical yet underexplored factor in subcutaneous VF induction is the average current
delivered during stimulation. Peak current describes the instantaneous current amplitude
required to initiate myocardial excitation, whereas average pulse-train current reflects the
cumulative electrical burden imposed by the combined effects of pulse width, stimulation
frequency and train duration. Experimental defibrillation studies conducted by Chen et al.
demonstrated that current measurements can provide information beyond delivered energy
alone. In a porcine VF model, average current was reported as a better descriptor of
therapeutic dose than peak current for defibrillation waveforms.”! Similarly, cardiac
stimulation studies demonstrate that pulse duration is closely linked to stimulation efficiency,
both in terms of excitability and energy demand.’? In S-ICD systems, where current must
traverse heterogeneous thoracic tissues before reaching the myocardium, electrode and
generator positions influence the myocardial electric field distribution and defibrillation
efficacy.®” Commercialised S-ICD induction protocols use a fixed stimulation profile of 50

t.S]

Hz, 200 mA, rather than explicitly optimising average pulse-train current.”” Therefore,

understanding how pulse width and frequency influence both peak and average current may
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be important for improving induction reproducibility, reducing unnecessary electrical
exposure and informing the design of more energy-efficient future extravascular ICD

platforms.
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4.2. Research Question

The central research question addressed in this study is:
How do electrical waveform parameters influence ventricular fibrillation induction

thresholds and associated energy requirements under subcutaneous stimulation condition?

This preclinical study aimed to characterise ventricular fibrillation induction under
subcutaneous stimulation using a porcine model designed to replicate clinically relevant S-
ICD stimulation configurations. The objectives included:

1) To quantify ventricular fibrillation induction thresholds across a defined range of
pulse width, frequency, and amplitude.

2) To evaluate the influence of pulse width and frequency on VF induction under
subcutaneous stimulation conditions.

3) To assess the relationship between peak current and average current as
complementary measures of stimulation intensity, efficiency and energetic burden.

4) To evaluate the applicability of classical electrophysiological principles, including
strength-duration behaviour, to VF induction under subcutaneous conditions
characterised by increased electrode-myocardium separation.

5) To inform waveform optimisation strategies for selective VF induction,
defibrillation-testing protocols, reduction of induction energy requirements and the

development of next-generation S-ICD systems.
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4.3. Methods

4.3.1. Subcutaneous Ventricular Fibrillation Induction Testing Preparation

All procedures were conducted in accordance with institutional and national ethical
guidelines for the care and use of laboratory animals.”® The study protocol (Study #17-082N)
was reviewed and approved by Boston Scientific's Institutional Animal Care and Use
Committee (IACUC). Subjects ( n = 3, swine ) were selected based on thoracic anatomy
and cardiac orientation comparable to adult humans.”?

Animals were premedicated with intramuscular ketamine (20 mg/kg) and xylazine (2 mg/kg)
to facilitate handling and intubation.” Mechanical ventilation was provided throughout the
procedure, with continuous physiological monitoring including ECG, invasive arterial blood
pressure (via a Millar catheter), oxygen saturation (SpO:), end-tidal CO: (EtCO:), and core
temperature.

To prevent skeletal muscle contractions during VF induction and to minimise motion-related
artefacts or lead dislodgement, vecuronium was administered intravenously (initial bolus:
0.1-0.15 mg/kg) followed by a continuous infusion rate of 0.1-0.2 mg/kg/hr.”

Surgical preparation included positioning each animal in dorsal recumbency. A right jugular
venous cutdown was performed to facilitate placement of a transvenous ICD lead (Endotak
Reliance™, Boston Scientific). The lead was advanced under fluoroscopic guidance to the
right ventricular apex and secured using a non-absorbable suture.

Arterial access was obtained via percutaneous femoral artery cannulation, and a high-fidelity
Millar pressure catheter (Millar Inc.) was advanced into the thoracic aorta to enable real-
time hemodynamic monitoring.

For subcutaneous delivery of electrical stimuli, a standard S-ICD electrode was implanted
along the right parasternal margin via a subxiphoid incision and tunnelling approach,
replicating clinically relevant electrode positioning.'>% The electrode was secured at both
ends using non-absorbable sutures. A non-functional subcutaneous generator can was
implanted in the left lateral thoracic region to complete the coil-to-can vector, consistent
with clinical device configurations, as detailed in Figure 9, Section 3.2.1.

All incisions were closed in anatomical layers using absorbable and non-absorbable sutures
as appropriate. Animals were allowed to stabilise for a minimum of 15 minutes prior to the

initiation of stimulation protocols.
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4.3.2. Subcutaneous Ventricular Fibrillation Testing Method

Ventricular fibrillation induction testing was performed using a coil-to-can subcutaneous
electrode configuration, replicating clinical S-ICD systems. The aim was to evaluate how
pulse train parameters, specifically pulse width, frequency and amplitude, affect the success
rate of ventricular fibrillation induction.

Each trial began with a pulse train delivered asynchronously from the subcutaneous coil to
the generator can. Pulse trains consisted of biphasic square waveforms with pulse widths
ranging from 1-8.6 ms at the following set frequencies: 10, 20, 30 and 50 Hz. Testing
commenced with an amplitude below the expected capture threshold, typically 50-100 mA.
From this starting point, the current was incrementally increased in steps of 10 mA or 10%
until VF was induced or the train was completed without arrhythmogenic effect.

VF induction was confirmed via ECG, hemodynamic collapse, and invasive pressure
monitoring. Following each induction, animals were promptly defibrillated back to normal
sinus rhythm (NSR) using an internal RV shock, typically 30-40 J delivered through the
transvenous ICD lead system. A short recovery period was observed between trials to allow

complete hemodynamic stabilisation, prior to proceeding.

4.4. Results

This study builds on the findings from Chapter 3. Where preclinical testing assessed
subcutaneous pacing, to characterise the rheobase and chronaxie characteristics of
myocardial capture. This study investigates the electrophysiological factors influencing the
induction of ventricular fibrillation (VF) via subcutaneous stimulation. Pacing-derived
excitability metrics, rheobase and chronaxie, are cited throughout to evaluate each animal's
susceptibility to VF. This section presents both individual animal results and a cohort
analysis, assessing the impact of pulse width and frequency in the determination of peak and

average current requirements to induce VF.

4.4.1. Subject-Specific VF Induction Threshold

Ventricular fibrillation induction thresholds were characterised for each of the three animals
across a range of waveform configurations. The protocol tested pulse widths from 1 to 8.6
ms and frequencies between 10 to 50 Hz. VF induction threshold was defined as the
minimum peak current required to reliably initiate fibrillation. Per industry standards, 2-5
replicate trials were performed. The study also incorporated the animals' rheobase and
chronaxie, which were derived in Chapter 3, to contextualise cardiac excitability. In addition

to peak current, the corresponding average current for each stimulation condition was
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calculated. This approach enabled a comparison of the instantaneous excitation threshold,
peak current, and the cumulative energy of waveform delivery with the average current.
Test conditions in which stimulus currents exceeded the device's output limit of 400 mA
were excluded from the statistical analysis. They were classified as censored measurements
rather than true physiological thresholds. As a result, summary statistics for these conditions
only reflect successful sub-threshold inductions.

The average current delivered during each stimulation train was calculated to estimate the
total electrical load applied over time. While peak current defines the instantaneous stimulus
amplitude responsible for myocardial excitation, average current reflects the cumulative
energetic burden associated with waveform delivery.

The average current of the biphasic pulses was determined by the waveform duty cycle. The

duty cycle is given by

Equation 2. Duty Cycle

2x PW
Duty Cycle = (T)

Where:
PW = Pulse Width (ms)

T = period of stimulation (ms), where T = %

Equation 3. Average Current

lgpg = Duty Cyle * Ipeqx

Where:
L = average current (mA)
Ipeax = peak current (mA)

Equation 2 and Equation 3 highlight, that the average current delivered is governed by pulse
width duration and stimulation frequency. Increasing pulse width extends the duration of
current delivery per pulse, while increasing frequency reduces the inter-pulse interval,
thereby increasing the proportion of time during which current is applied. Consequently,
waveform configurations that reduce peak current requirements will increase cumulative

energy delivery.
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SW6022

SW6022 recorded the highest subcutaneous pacing threshold of the tested animals, with a
rheobase of 77.58 mA and a chronaxie of 0.70 ms. A total of 23 stimulation conditions were
evaluated. All pulse trains consisted of biphasic waveforms with a fixed 1.5 ms interphase
delay. Each waveform condition was repeated up to four times. Peak current thresholds are
summarised in
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Table 8, and corresponding average current thresholds are presented in Table 9. When
stimulus profiles of shorter pulse widths and lower stimulation frequencies were tested, the
current required for VF induction approached the system output limit of 400 mA. Significant
skeletal capture was observed at these higher currents. At 2 ms and 20 Hz, VF induction
required 360 mA (n = 1), whereas at 4 ms and 20 Hz the mean peak current was 333.75 mA
(95% CI: 280.97 to 386.53; n = 4). By contrast, longer pulse widths and higher stimulation
frequencies were associated with substantially lower VF thresholds. At 8.6 ms and 50 Hz,
VF was induced at a mean peak current of 122.50 mA (95% CI: 102.82 to 142.18; n = 4),
representing the lowest threshold observed in this subject.

A corresponding increase in average current was observed under waveform conditions with
lower peak-current thresholds. At 4 ms and 20 Hz, the mean average current was 53.40 mA
(95% CI: 44.96 to 61.84; n =4), increasing to 54.46 mA (95% CI: 32.52 to 80.40; n =4) at
4 ms and 30 Hz, and to 105.35 mA (95% CI: 88.42 to 122.28; n = 4) at 8.6 ms and 50 Hz.
The peak and average current trends are illustrated in Figure 15. Figure 15A. shows that the
peak current reduced with increasing pulse width and frequency, whereas Figure 15B shows

that the average current increased under the same waveform condition.
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Table 8. Mean Peak current (mA) required for VF induction in SW6022 as a function of pulse width

(ms) and frequency (Hz). Values shown as mean £95% CI; n=1-4 replicates per condition

95%

Pl.llse Frequency Mean Min Max Cl 95% C1
Width Upper
(ms) (Hz) (mA) (mA) (mA) Lower (mA)
(mA)
8.6 50 122.50 113 139 4 102.82 142.18
4 50 155.00 155 155 2 -1 -1
2 50 262.00 262 262 2 -1 --1
4 30 235.25 191 324 4 13549  335.01
4 20 333.75 291 360 4 280.97  386.53
2 30 324.00 324 324 4 324.00  324.00
2 20 360.00 360 360 1 --! --!

Table 9. Mean Average currents (mA) during VF-induction pulse trains in SW6022. Values shown

as mean £95% CI, for each pulse width (ms) and frequency (Hz) combination (n =2-4). Average

current is the time-averaged current over the pulse train.

Plflse Frequency Mean Min Max 95%Cl - 95%Cl
Width (H2) (mA) (mA) (mA) N Lower Upper
(ms) (mA) (mA)
8.6 50 105.35 97.18 119.54 4 88.42  122.28
4 50 62.00  62.00  62.00 2 -1 -1
2 50 52.40 5240 52.40 2 --! --!
4 30 56.46 4584 77.76 4 32.52 80.40
4 20 53.40 46.56 57.60 4 44.96 61.84
2 30 38.88  38.88 38.88 4 38.88 38.88
2 20 30.99 28.80 32.08 1 26.28 35.69

'-- Confidence intervals and standard deviations were not calculated for groups with fewer than three

observations (n < 2) due to insufficient sample size and the resulting instability of estimates. For these
cases, descriptive statistics (mean, median, range) are reported only
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Figure 15. Relationship between waveform parameters and VF induction thresholds in SW6022. (A)
Mean peak current (£ 95% CI) vs stimulation frequency grouped by pulse width. (B) Corresponding

average current (+ 95% CI). Longer pulse widths and higher frequencies lowered peak current while

increasing average current.
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SW6045

SW6045 was evaluated using the same stimulation protocol, with biphasic waveforms
delivered across a range of pulse widths and stimulation frequencies via the subcutaneous
coil to can vector. Following the exclusion of the three trials at 1 ms and 10 Hz, in which
peak current exceeded the device limit (=400 mA), a total of 37 stimulation conditions were
analysed. Peak current thresholds are summarised in Table 10, with corresponding average
current values presented in Table 11.

As reported in Chapter 3 Table 7, SW6045 recorded an increased myocardial excitability
relative to SW6022, with a rheobase of 49.02 mA and a chronaxie of 1.31 ms. Consistent
with this, lower peak current thresholds were observed across comparable stimulation
conditions.

As detailed in SW6022, stimulus profiles of shorter pulse widths and lower frequencies
required higher peak current thresholds for VF induction. At 1 ms and 30 Hz, the mean peak
current was 292.33 mA (95% CI: 215.27 to 369.40; n = 3). Similarly, at 2 ms and 20 Hz, the
mean peak current was 256.80 mA (95% CI: 242.36 to 271.24; n =5). Increasing pulse width
and frequency was associated with lower peak current thresholds. At 2 ms and 50 Hz, the
mean peak current decreased to 178.33 mA (95% CI: 151.08 to 205.58; n = 5). At 8.6 ms
and 50 Hz, the mean peak current was 120.00 mA (95% CI: 67.87 to 172.13; n =5).

A corresponding increase in average current was observed under waveform conditions with
lower peak-current thresholds. At 1 ms and 30 Hz, the mean average current was 17.54 mA
(05% CI: 12.92 to 22.16; n = 3). This increased to 25.53 mA(95% CI: 23.15 t0 27.90; n = 5)
at 2 ms and 30 Hz, and to 38.98 mA (95% CI: 33.08 to 44.87; n = 5) at 4 ms and 30 Hz. At
8.6 ms and 50 Hz, the mean average current reached 103.20 mA (95% CI: 58.37 to 148.03;
n=>5).

These trends are illustrated in Figure 16. Figure 16A. demonstrates that peak current
decreased with increasing pulse width and frequency, while Figure 16B shows that average

current increased under the same conditions.
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Table 10. Mean peak currents (mA) required for VF induction in SW6045 across varying pulse

widths (ms) and stimulation frequencies (Hz). Values are presented as mean +95% CI; n=3-5

replicates per condition. Conditions at 1 ms and 10 Hz were excluded because peak currents exceeded

400 mA.

Plflse Frequency Mean Min Max 95% 1 95% Cl
Width (H2) (mA) (mA) (mA) N Lower Upper

(ms) (mA) (mA)
1 30 292.33 262 324 3 21527 369.40
2 20 256.80 236 262 5 24236 271.24
2 30 212.72 191 236 5 192.94 232.50
2 50 178.33 172 191 3 151.08 205.58
4 10 271.67 262 291 3 230.07 313.26
4 20 195.26 191 212 5 183.64 206.88
4 30 162.40 139 191 5 137.82 186.98
8.6 20 205.00 191 212 3 174.88 235.12
8.6 50 120.00 91.5 191 5 67.87 172.13

Table 11. Mean average current (mA) per pulse train in SW6045 for each pulse width (ms)

and frequency (Hz). Values are mean +95% CI; n=3-5. Average current increases with pulse

width and frequency.

Pl,”se Frequency Mean Min Max 95%Cl - 95%Cl
Width (H2) (mA) (mA) (mA) N Lower Upper
(ms) (mA) (mA)
1 10 8.02 8.02 8.02 3 8.02 8.02
1 30 17.54 15.72 19.44 3 12.92 22.16
2 20 20.54 18.88 20.96 5 19.39 21.7
2 30 25.53 2292 28.32 5 23.15 27.9
2 50 35.67 34.4 38.2 3 30.22 41.12
4 10 21.73  20.96 23.28 3 18.41 25.06
4 20 31.24  30.56 33.92 5 29.38 33.1
4 30 3898  33.36 45.84 5 33.08 44 .87
8.6 20 70.52 65.7 72.93 3 60.16 80.88
8.6 50 103.2  78.69 164.26 5 58.37 148.03
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Figure 16. Relationship between waveform parameters and VF induction thresholds in SW6045. (A)
Mean peak current (£ 95% CI) vs stimulation frequency grouped by pulse width. (B) Corresponding

average current (£ 95% CI). Data represent 3-5 replicates per condition.

SW6047

Of the three animals tested, SW6047 recorded the highest myocardial excitability, as
reflected by the lowest rheobase of 19.01 mA and the longest chronaxie of 3.11 ms. VF
induction was assessed across 25 waveform conditions, with peak current thresholds

summarised in

Table 12 and corresponding average current values presented in Table 13.

Consistent with the other animals tested, short-duration pulses, combined with low
stimulation frequencies, required the highest peak currents to reliably induce VF. At 1 ms
and 30 Hz, the mean peak current was 293.00 mA (range: 262-324 mA; n=2). At 2 ms and
20 Hz, VF induction required 291.00 mA (95% CI1%: 291.00 to 291.00; n = 3), reflecting no

observed variability under these conditions. At 2 ms and 30 Hz, the mean peak current was
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242.33 mA (95% CI: 64.72 to 419.95; n = 3), indicating substantial variability between
replicates.

Increases in frequency or pulse width consistently reduced VF thresholds. At 2 ms and 50
Hz, the peak current reduced to 191.67 mA (95% CI: 141.96 to 241.37; n = 3). At 4 ms and
30 Hz, 160.33 mA (95% CI: 137.39 to 183.28; n = 3). The lowest peak current was observed
at 8.6 ms and 50 Hz, where VF was reduced to 101.00 (95% CI: 101.00 to 101.00; n = 3).
A corresponding increase in average current was observed under waveform conditions with
lower peak-current thresholds. At 1 ms and 30 Hz, the mean average current was 19.74 mA
(95% CI: 9.36 to 30.12; n = 3). At 2 ms and 50 Hz, this increased to 38.33mA (95% CI:
28.39 to 48.27; n = 3). At 4 ms and 30 Hz, the mean average current was 38.48mA (95%
CI: 32.97 t0 43.99; n = 3). At 8.6 ms and 50 Hz, the highest average current was observed at
86.86 mA (95% CI: 86.86 to 86.86; n = 3).

These data are illustrated in Figure 17. Figure 17A. shows that peak current decreased with
increasing pulse width and stimulation frequency, Figure 17B shows that average current

increased under the same waveform conditions.

Table 12. Peak current (mA) required for VF induction in SW6047 across varying pulse widths (ms)
and frequencies (Hz). Data represent mean + 95% CI; n = 2-3 per condition otherwise specified.

Measured currents >400 mA were excluded from analysis due to measurement limits

Pl'.llse Frequency Mean Min Max 95% €l 95% Cl
Width (H2) (mA) (MA) (MA) N Lower Upper
(ms) (mA)  (mA)
1 30 293.00 262 324 2 -2 -2
2 20 291.00 291 291 3 0.00 0.00

2 30 242.33 191 324 3 64.72  419.95
2 50 191.67 172 212 3 141.96 241.37

4 10 293.00 262 324 2 -2 -2

4 20 220.00 212 236 3 185.58 25442

4 30 160.33 155 171 3 137.39 183.28
8.6 20 172.67 155 191 3 127.93  217.40
8.6 50 101.00 101 101 3 0.00 0.00

Table 13. Mean average current (mA) required for VF induction in SW6047 across pulse width (ms)

and frequency (Hz) conditions. Data are reported as + 95% CI, with median, minimum, maximum,

2.- Confidence intervals and standard deviations were not calculated for groups with fewer than three
observations (n < 2) due to insufficient sample size and the resulting instability of estimates. For these
cases, descriptive statistics (mean, median, range) are reported only
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and standard deviation included. Average current indicates the time-averaged current delivered
during waveform exposure and provides insights into potential power consumption, energy delivery,

and implications for device battery life.

Pt."se Frequency Mean Min Max 95%Cl - 95%Cl

Width (H2) (mA) (mA) (MA) N Lower Upper
(ms) (mA) (mA)
1 20 16.04 16.04 16.04 3 0.00 0.00

1 30 19.74  15.72 24.06 3 9.36 30.12

2 20 23.28 23.28 23.28 3 0.00 0.00

2 30 29.08 22.92 38.88 3 7.77 50.39

2 50 38.33 3440 42.40 3 28.39 48.27

4 10 26.32  20.96 32.08 3 12.48 40.16

4 20 35.20 33.92 37.76 3 29.69 40.71

4 30 38.48 37.20 41.04 3 32.97 43.99
8.6 20 59.40 53.32 65.70 3 44.01 74.79
8.6 50 86.86  86.86 86.86 3 0.00 0.00
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Figure 17. Relationship between waveform parameters and VF induction thresholds in SW6047. (A)

Mean peak current (+ 95% CI) vs stimulation frequency grouped by pulse width. (B) Corresponding

average current (£ 95% CI).

4.4.2. Effects of Pulse Width and Frequency on Stimulation Current Requirements.
A factorial design of experiments (DOE) framework was employed to examine the effects
of pulse width and stimulation frequency on both average and peak currents during
subcutaneous VF induction.

Statistical analysis of the design of experiments (DOE) was performed using Design-

Expert® software (Version 10, Stat-Ease Inc., Minneapolis, MN, USA).

4.4.2.1. Influence on Average Current
Average current was assessed to evaluate the effect of pulse parameters on the total current
required to induce VF subcutaneously. The factorial model demonstrated statistically
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significant results for average current (F =39.37, p <0.001). The model accounted for 91.8%
of the variation in average current (R? = 0.918) with reasonable predictability (predicted R?
=0.76). Adequate precision was reported at 18.5, which indicated a significant signal relative
to background noise. The model assumption was validated by residual analysis. Normal
probability plots indicated that the residuals followed the reference line with no major
discrepancies. Indicating that the model is robust without transformation.

The main effects of pulse width and frequency on average current are displayed in Figure
18 A. As expected, based on Equation 3, increases in pulse width and frequency resulted in
an increase in average threshold currents. This is because pulse width directly increases the
duration of current delivery per pulse, while frequency increases the number of pulses
delivered per unit time.

Relative contributions of individual factors influencing the average current are detailed in
the half-normal plot, Figure 18 B. Here, pulse width is shown to be the major determinant
of the average current. Figure 18 C. shows that the response curves for different frequency
levels are almost parallel across pulse widths. This indicates that pulse width and frequency
have independent effects on average current, as evident from the absence of interactions.
Consequently, the average current can be expressed as an additive property of charge per
pulse. The combined effects of pulse width and frequency are illustrated in the contour plot,
Figure 18 D. There is a clear gradation in response to the average current with increasing
pulse width and frequency. The contour lines are more closely spaced along the pulse-width
axis, further confirming its dominant influence.

The relationship between predicted and actual values, as indicated in Figure 18 E
demonstrates the model's effectiveness. The scatter plot shows close correlation with all
points lying on the unit line. From the analysis, it becomes evident that the average current
is mainly determined by cumulative charge delivery. Pulse width is the major determinant

of average current.
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4.4.2.2. Influence on Peak Current

Peak current was assessed in line with average current to evaluate the effect of pulse
parameters on the peak current required to induce VF via a subcutaneous configuration. The
factorial model for peak current was statistically significant (F = 55.27, p < 0.001). The
model accounted for 94% of the variation in the peak current (R?* = 0.94) with strong
predictability (Pred R? = 0.825). Adequate precision was reported at 25.2, indicating solid
model sensitivity without requiring data transformation.

The primary effects on peak current are presented in Figure 19 A. In contrast to average
current, increasing pulse width resulted in a significant reduction in peak current. Similarly,
increasing frequency also lowered peak current requirements. Longer pulse widths enable
sufficient depolarisation to be achieved at a lower instantaneous current level. The half-
normal plot, Figure 19 B. confirms that pulse width is the dominant factor influencing peak
current, with frequency also demonstrating a strong, statistically significant effect. Notably,
the separation of both factors from the noise distribution is more pronounced than in the
average current model, indicating stronger overall effects. The interaction plot Figure 19 C.
demonstrates minimal divergence between response curves across the frequency range. This
indicates that pulse width and frequency independently influence peak current. The absence
of interactions confirms that the reduction in peak current is driven by additive physiological
mechanisms rather than any higher-order coupling between waveform parameters.

The contour plot in Figure 19 D. illustrates the combined effects of pulse width and
frequency on peak current. A clear gradient is observed, with peak current decreasing as both
parameters increase. The contour orientation indicates that both pulse width and frequency
contribute substantially to reducing excitation thresholds. Relative to average current, the
response surface plot for peak current shows a more balanced contribution from both factors.
The predicted versus actual plot, Figure 19 E demonstrates strong agreement between model
predictions and experimental observations. Data points closely follow the unity line,
confirming the model's robustness and predictive accuracy. Peak current decreased with
increasing pulse width and frequency, with pulse width exerting the dominant effect and is
inversely related to both pulse width and frequency. Pulse width remains the dominant factor,

consistent with strength-duration theory, while frequency exerts a stronger secondary effect.
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plot demonstrating strong agreement between model predictions and observed values, confirming

model validity.

4.4.2.3. Integrated interpretation of Average and Peak Current
A combined analysis of Figure 18 and 16 reveal an underlying trade-off in subcutaneous
stimulation behaviour. An increase in pulse width and frequency will reduce peak threshold
current requirements Figure 19A-D., but simultaneously, the same parameters increase the
average current through greater cumulative charge delivery Figure 18(A-D).
The difference highlights the following two opposing physiological factors:
e Efficiency of excitation (Peak Current): improved with longer pulse durations and
higher frequencies.
e Energy delivered (Average Current): increased as charge accumulated over successive
pulses.
The absence of interaction in both models Figure 18C. and Figure 19C. indicates that

waveform parameters have independent effects on both peak and average current thresholds.

4.5. Discussion:

4.5.1. Clinical Implications of Subcutaneous VF Induction Thresholds

This pre-clinical study assessed the electrophysiological factors that determine VF induction
in subcutaneous stimulation in the porcine model. Implementing a factorial DOE framework,
the study quantified independent and interactive effects of pulse width and frequency on VF
thresholds. The findings demonstrate that VF induction is governed not solely by pulse
amplitude but on an interaction between various factors such as stimulus duration, repetition
rate, and intrinsic myocardial excitability. The findings have a significant impact on
waveform optimisation in S-ICDs. In light of PRAETORIAN-DFT , these findings are best
interpreted within a selective-testing framework. Routine VF induction may become less
common in appropriately positioned de novo S-ICD implants, but waveform optimisation
remains relevant when induction is clinically indicated, when implant positioning is
uncertain, during system revision, and in preclinical or next-generation device development.
The data confirm that increasing pulse width significantly reduces the peak current required
for VF induction. When stimulus duration is extended from 1 ms to 8.6 ms, the VF threshold
reduces by more than 50% (292.3 mA — 140.3 mA), a trend consistent with all subjects and
validated by both regression modelling (Design Expert: p <0.001; adj R2 ~0.92) and general
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linear modelling (p < 0.001). This behaviour aligns with classical strength-duration theory,
extending its validity to subcutaneous cardiac stimulation.

Higher stimulation frequencies had similar VF threshold-lowering effects, possibly due to
increased likelihood of capturing the vulnerable window within the cardiac cycle that
predisposes to fibrillation. Across all pulse widths tested, increasing the frequency from 10
to 50 Hz resulted in a significant reduction in mean peak current from approximately 217.7
mA to 151.7 mA (p < 0.001). There were no significant interactions between pulse width
and frequency observed for peak current. This implies that both factors have additive,
independent effects on peak current. This frequency-dependent reduction reflects a
fundamental electrophysiological mechanism in which rapid, repetitive stimulation
increases myocardial vulnerability to arrhythmia initiation.

These findings align with established principles of cardiac excitation dynamics, whereby
rapid stimulation shortens cycle length and reduces diastolic interval. Experimental and
computational studies have demonstrated that VF is initiated when successive wavefronts
encounter incompletely recovered myocardium within the steep portion of the action
potential duration restitution curve, resulting in conduction block and wave break
formation.”® This head-tail interaction between propagating wave fronts and refractory tissue
represents a key mechanism underlying the transition from organised activation to
fibrillation. *

In contrast to fibrillation, organised high-frequency stimulation has been shown to produce
profound haemodynamic consequences without introducing arrhythmia. Experimental
studies of alternating current stimulation demonstrated that rapid, regular activation within
a narrow temporal window, with activation intervals of approximately 100-200 ms, can
result in complete haemodynamic collapse despite the absence of VF. ** These findings
underscore that both the rate and temporal organisation of activation are critical determinants
of cardiac response to electrical stimulation. Within this framework, the present study
suggests that increasing stimulation frequency shifts myocardial activation towards a regime
where small perturbations in timing or refractoriness can precipitate the transition from
organised rapid activation to wave break and fibrillation.

From a physiological perspective, increasing stimulation frequency increases the probability
of capturing the vulnerable window of repolarisation. Rapid stimulation reduces diastolic
interval duration and shifts activation into the steep region of the action potential duration
restitution curve, a condition strongly associated with electrical instability and wavefront

fragmentation.®® In the present study, the absence of a significant interaction between pulse
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width and frequency indicates that frequency independently modulates this temporal
vulnerability, reinforcing its role as a primary determinant of VF induction efficiency.
Despite the reduction in peak current threshold resulting from an increase in both pulse width
and frequency, the total delivered current was observed to increase. The average current
recorded increased by approximately fivefold the magnitude over the tested pulse width
range and increased proportionally with frequency. This indicates that there is indeed a
tradeoff between efficiency and power consumption. Even as low peak currents result in
enhanced efficiency, high total currents introduce implications for myocardial safety, skeletal
muscle activation and device battery longevity.

Large clinical studies, including the EFFORTLESS S-ICD registry and PRAETORIAN,
have demonstrated the effectiveness of extravascular ICD therapies. These studies support
the clinical role of S-ICD therapy as an alternative to transvenous ICD systems, particularly
in appropriately selected patients where avoidance of intravascular lead-related
complications is desirable while maintaining effective defibrillation therapy.?’-64:66:9°

More recently, PRAETORIAN-DFT has further refined the clinical landscape by showing
that routine defibrillation testing can be selectively omitted in de novo S-ICD implants when
guided by the PRAETORIAN score.®® For now, defibrillation testing remains a Class 1
recommendation for all S-ICD implants globally.® The present results suggest that
incorporating mechanistic insights, specifically the role of pulse width and stimulation
frequency in modulating activation dynamics, may enable future optimisation of
defibrillation efficacy and energy delivery. Thus, the relevance of waveform optimisation
shifts from supporting universal testing towards improving the safety, reproducibility and
efficiency of VF induction in selected testing scenarios.

The decrease in the confidence intervals associated with increased pulse widths implies
improved reproducibility of VF induction. This has practical implications for preclinical
studies, selected clinical defibrillation trials and future developments of extravascular ICD
development. Consistent and predictable induction profiles are crucial factors to consider
during the development process.

The findings provide insight into the potential value of transitioning from amplitude-based
VF induction strategies to a more comprehensive approach that includes the use of multiple
parameters in waveform optimisation. Future extravascular systems may improve the
reproducibility and efficiency of VF induction testing strategies. These insights are also
applicable to defibrillation, where successful termination similarly depends on effective
myocardial engagement and field distribution. Therefore, improved understanding of

waveform-dependent excitability may inform future S-ICD design, with the potential to
74



optimise energy delivery, and may contribute to improved procedural consistency and device

efficiency.

4.6. Limitations

While this study provides novel insights into the electrophysiological determinants of
ventricular fibrillation induction using subcutaneous stimulation, several limitations should
be acknowledged.

The sample size was limited to three swine subjects, which, although sufficient to enable
factorial DOE modelling of within-subject trends, may not fully capture the inter-individual
variability observed in broader populations. The anatomical and electrophysiological
properties of healthy swine hearts may differ from those of human patients with underlying
cardiac pathology, potentially affecting the generalisability of the findings.

The study used a fixed coil-to-can vector configuration to represent current S-ICD implanted
systems. While this approach ensured clinical relevance, it did not explore alternative
electrode placements or orientations, which may influence field distribution and VF
induction thresholds. Future studies incorporating different geometries could offer a broader
understanding of vector-dependent effects. All testing was performed under acute
conditions. This prevented assessment of long-term tissue remodelling, lead encapsulation,
and fibrotic changes, which were not assessed and might influence system impedance and
thresholds over time. The system’s hardware limitations capped the maximum deliverable
current at <400 mA, preventing full characterisation of induction thresholds for certain low-
frequency, short-duration waveforms. This ceiling effect could have obscured the true
rheobase in some cases and restricted the ability to develop complete strength-duration
curves. Lastly, using a non-functional generator in the subcutaneous setup may have
introduced differences in impedance and field distribution in impedance and field
propagation compared with active, clinically implanted devices. Although the setup aimed
to closely mimic clinical conditions, future validation with fully operational systems may be
needed.

This study focuses on the induction of ventricular fibrillation. While VF induction and
defibrillation efficacy are governed by related electrophysiological mechanisms, these
findings cannot be directly extrapolated to predict clinical defibrillation success or shock
efficacy.

Average current was calculated from waveform duty cycle and peak current rather than from

direct measurement of delivered charge, power or energy. Therefore, average pulse train
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currents should be interpreted as a current burden metric rather than a direct measure of

delivered energy.

4.7. Conclusion

Subcutaneous VF induction thresholds are determined by the interplay of pulse width,
frequency, and amplitude, consistent with classic strength-duration principles. This study
demonstrates that waveform configuration is a modifiable factor influencing arrhythmia
induction efficacy.

These findings support the development of parameter-informed VF induction strategies for
situations in which defibrillation testing remains clinically or technically indicated. By
combining waveform engineering with assessments of individual myocardial excitability,
future induction strategies may be optimised for improved safety, consistency, and energy
efficiency.

While the present work focuses on induction, the mechanistic insights into waveform-
dependent myocardial excitability provide a foundation for future studies exploring
optimisation of subcutaneous defibrillation strategies and device performance. In the
contemporary context of PRAETORIAN score-guided selective testing, these findings are
most relevant to selected clinical testing, system revision, preclinical validation, and the

development of future lower-energy extravascular ICD platforms.
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Chapter 5 Maturation of Human Induced Pluripotent Stem
Cells

5.1. Introduction

Electrical stimulation (ES) is well-established as a fundamental aspect of cardiac rhythm
management, enabling life-sustaining interventions such as pacing, resynchronisation, and
defibrillation.*”#88081 Chapters 3 and 4 examined the role of subcutaneous electrical
waveforms in the control and restoration of myocardial excitation in vivo. In the present
chapter, these same principles are examined in a different context, namely the electrical
conditioning of engineered cardiac tissue. The emerging field of bioelectronic tissue
engineering extends cardiac electrophysiology from device-based therapy to regenerative
medicine, using electrical cues to guide the development and maturation of human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs).>** In this setting, electrical
stimulation is examined not as a means of capture or arrhythmia induction, but as a
developmental cue that may influence maturation-associated transcriptional organisation in
engineered human cardiac tissue, assessed here using quantitative polymerase chain reaction
(qPCR) profiling of engineered human cardiac tissue.

The clinical relevance of this work lies in the continuing lack of therapies that can restore
functional myocardium post-injury.”® Cardiovascular disease (CVD) remains the leading
cause of mortality worldwide, with ischaemic heart disease resulting in approximately 19.8
million deaths annually. According to the World Health Organisation, ischaemic heart
disease is the leading cause of death worldwide.”” Acute myocardial infarction (MI) is a
serious complication of this disease. MI occurs when a coronary artery becomes blocked,
mostly due to atherosclerotic plaque erosion or rupture, leading to ischaemia, hypoxia and
cardiomyocyte death. Following MI, more than one billion cells can be lost, predominantly
through necrosis. *® The loss of cardiomyocytes following myocardial injury initiates an
inflammatory and reparative fibrotic response aimed at stabilising the ventricular wall
through scar formation.”” While this fibrotic remodelling preserves structural integrity, it
does so at the expense of electrical continuity and mechanical performance.!%%!!
Consequently, necrotic myocardium is replaced not by new contractile cells but by non-
excitable fibroblasts and extracellular matrix components that form scar.’

This inability to regenerate viable myocardium underpins the progressive decline in
ventricular function following MI.>”® It explains why current clinical interventions, whether

pharmacological, mechanical, or electrical, only compensate for lost function rather than
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restoring it. As such, there is an unmet need for strategies that can replenish cardiomyocyte
mass, re-establish electromechanical continuity, and recover native contractile behaviour
within the infarcted heart.3*!°21%* Qver time, the reduction in viable cardiomyocyte mass
increases mechanical stress on the remaining myocardium, contributing to progressive
ventricular dysfunction and heart failure. Regenerative medicine has the potential to
replenish lost cardiomyocytes and support the restoration of electromechanical integration
within the infarcted myocardium,33-102:103

Efforts to restore lost myocardial function have increasingly focused on the development of
engineered tissue derived from human induced pluripotent stem cells (hiPSCs). Since their
first derivation by Takahashi and Yamanaka in 2007, hiPSCs have enabled the generation of
patient-specific cardiomyocytes, offering a promising cell source for myocardial repair,
disease modelling and drug screening.’"1%41%5 Despite the promising potential of hiPSC-
CMs, these cells currently exhibit structural and functional immaturity relative to adult
cardiomyocytes. This immaturity manifests as poor sarcomere organisation, altered ion
channel expression, disorganised gap junctions, and underdeveloped calcium handling, all
of which limit their ability to integrate with the host myocardium and to support coordinated
excitation-contraction.*!:196

To address this limitation, several biophysical conditioning strategies have been explored,

8 and electrical

including mechanical loading,'”” substrate stiffness modulation,!”
stimulation.*?33>#! Among these, electrical stimulation has emerged as a promising cue for
guiding cardiac maturation. This approach mimics aspects of the electromechanical
environment of the native heart and has been associated with improved cell elongation,
sarcomere alignment, gap junction polarisation and conduction velocity.>»3>*! Electrical
stimulation has also been associated with changes in structural and electrophysiological
markers linked to maturation, including increased MYH?7 expression and improved calcium
handling. 419119 More broadly, electrically conditioned maturation protocols have been
associated with improved calcium handling and reduced proliferative activity in hiPSC-CMs
under selected culture conditions. 449106

Despite significant advancements in the field, considerable heterogeneity remains in
waveform parameters across research studies, including pulse amplitude, frequency,
duration, and pulse configuration.’>*>#6 This variability has hindered cross-study
comparability, making it more challenging to identify optimal stimulation protocols.
Furthermore, the molecular and biophysical responses of hiPSC-CMs to different waveform

configurations remain poorly understood, especially regarding their long-term effects on

electrophysiological properties and structural organisation.
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This study, conducted in collaboration with Centro Investigacion Médica Aplicada (CIMA),
implemented a Design of Experiments (DOE) framework to investigate how electrical
waveform parameters are associated with maturation-associated transcriptional responses in
hiPSC-CMs. The DOE examined the effects of pulse width, amplitude, frequency, and
waveform type. These effects were assessed using transcriptional gPCR markers relevant to
cardiomyocyte development, with particular emphasis on structural, electrophysiological,
intercellular coupling, extracellular matrix, and calcium-handling domains. Accordingly, this
chapter applies a focused transcriptional framework to evaluate how defined waveform
configurations are associated with maturation-relevant transcript expression patterns in

engineered human cardiac tissue.

5.2.Defining Maturation Metrics

The transition of hiPSC-CMs from a foetal to an adult phenotype involves a coordinated
progression of morphological, molecular, and electrophysiological changes.!%3!1% In the
present chapter, maturation was assessed through transcriptional profiling of transcripts
grouped into four functional categories: Muscle Contraction, Pacemaker Function, Electrical
Coupling, and Calcium Handling. Each category represents a distinct axis of cardiomyocyte
maturation, capturing structural and electrophysiological adaptations that occur during the

transition.31#1:106

Organising the transcript panel in this way provided a structured
framework for assessing how waveform configuration was associated with maturation-
relevant transcriptional organisation in engineered cardiac tissue.

The following sections outline the rationale for including key transcripts within each
category and define how these domains were used to interpret waveform-associated
transcriptional responses. This framework was intended to support a domain-based
assessment of maturation-related transcriptional patterning rather than reliance on any single

marker of cardiomyocyte development.

5.2.1. Muscle Contraction

The organisation and composition of the sarcomere, the basic unit of muscle contraction, are
central to the contractile function of cardiomyocytes. In mature myocardium, sarcomeres are
highly ordered, aligned along the longitudinal axis of the cell and associated with adult-like
expression of key myofibrillar protein isoforms. In contrast, hiPSC-CMs typically exhibit a
foetal-like contractile phenotype characterised by disorganised sarcomeres, shorter
sarcomere lengths, and immature expression patterns of contractile proteins, including

myosin isoforms, !0:41:106
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The switch in myosin heavy chain (MHC) isoforms is a key marker of cardiac maturation.
During early development, the a-isoform (MYHG6) is predominant. This isoform supports
relatively rapid contraction suited to the foetal environment. After birth, expression
progressively shifts towards the B-isoform (MYH7), which has slower ATPase activity but
greater energetic efficiency and is better suited to sustained contraction under increased
mechanical load. The transition from MYH6 to MYH?7 is therefore widely accepted as a
molecular indicator of cardiomyocyte maturation in engineered cardiac tissues.*'*

The expression of myosin light chain isoforms varies across chambers and developmental
stages. MYL7 (MLC2a) is mainly found in atrial and immature ventricular cardiomyocytes.
MYL2 (MLC2v) is more common in mature ventricular tissue. Accordingly, increased
MYL2 expression together with reduced MYL7 expression is commonly interpreted as
evidence of ventricular specification and maturation.!®3!

In the present study, MYH6, MYH7, MYL2, and MYL7 were assessed using qPCR after 14
days of electrical stimulation with various waveforms. These transcripts were selected as
markers of maturation-associated contractile remodelling within the engineered tissues.
Expression levels were normalised using the 2*-AACt method to enable comparison across
stimulation conditions and to support evaluation of derived isoform-expression ratios.
Electrical stimulation has been associated with improvements in contractile maturation,
including more adult-like contractile protein expression, improved calcium handling and
greater sarcomere organisation. Rhythmic pacing mimics aspects of the native cardiac cycle
and, particularly when combined with mechanical loading, is associated with structural
remodelling, improved excitation-contraction coupling, and maturation-related isoform
changes.’>*! Constructs subjected to long-term biphasic stimulation at physiological
frequencies have demonstrated increased MYH?7 expression, improved force-frequency
relationships, and enhanced alignment of contractile units, hallmarks of mature ventricular
myocardium.*!~*

Collectively, these findings support the inclusion of contractile transcripts as one component
of the present transcriptional framework for assessing maturation-related development in
engineered cardiac tissue. In this study, these markers were used to examine whether

waveform configuration was associated with contractile transcriptional patterns relevant to

cardiomyocyte maturation.

5.2.2. Pacemaker Function
A defining feature of cardiomyocyte maturation is the transition from spontaneous,

pacemaker-like activity to a quiescent, stimulus-dependent electrophysiological phenotype.
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In early cardiac development and in hiPSC-CMs, spontaneous depolarisation is associated
with the expression of pacemaker-associated ion channels, particularly HCN4, which
mediates a hyperpolarisation-activated inward current that contributes to diastolic
depolarisation. This automaticity is a hallmark of immature cardiomyocytes and reflects the
retention of a pacemaker-like electrophysiological programme characteristic of sinoatrial
node cells. 10104

In contrast, as cardiomyocytes mature, they acquire a more hyperpolarised diastolic
membrane potential and more adult-like electrophysiological properties, including greater
inward-rectifier potassium current activity. In PSC and hiPSC-derived cardiomyocytes, this
maturation remains incomplete, with reported diastolic or resting membrane potentials
remaining less negative than those of adult ventricular myocardium.*"'% Accordingly,
developmental downregulation of HCN4 together with increased IK1 function, associated
with KCNJ2/Kir2.1, contributes to the suppression of spontaneous activity and the
emergence of adult-like electrophysiological behaviour.’!

Another regulator associated with pacemaker identity is the transcription factor SHOX2,
which is expressed in sinoatrial node cells and has been used to drive pacemaker-like
differentiation from hiPSCs. Persistent expression of SHOX2 together with HCN4 is,
therefore, consistent with retention of nodal-like characteristics and a relatively immature
electrophysiological phenotype. Conversely, reduced expression of these pacemaker-
associated markers is consistent with progression toward a working myocardial phenotype.
10

This study measured transcript expression of HCN4 and SHOX?2 using qPCR after 14 days
of electrical stimulation with different waveform configurations. These transcripts were
selected as markers of pacemaker-associated phenotype and nodal-like immaturity. Their
expression, therefore, provided a transcriptional basis for assessing whether waveform
configuration was associated with pacemaker-associated immaturity within the engineered
tissues. Expression values were normalised using the 2*-AACt method, enabling direct
comparison across stimulation conditions.

Electrical stimulation has been shown to modulate pacemaker-associated transcript
expression by partially recapitulating the electromechanical environment of the developing
heart. Rhythmic pacing enhances calcium handling and membrane excitability and is
associated with transcriptional changes in ion-channel and maturation-related genes,
including reduced HCN4 expression.’?*>*! Constructs subjected to long-term biphasic

stimulation have demonstrated reduced HCN4 expression and more hyperpolarised resting
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membrane potentials, consistent with a shift away from automaticity and toward a mature
ventricular phenotype.*!

Taken together, HCN4 and SHOX2 provide a useful transcriptional basis for evaluating
pacemaker-associated characteristics within engineered cardiac tissue. In the context of the
present study, these markers were used to assess whether waveform configuration was
associated with transcriptional patterns consistent with reduced nodal-like automaticity and

progression towards a working myocardial phenotype.

5.2.3. Electrical Coupling

The ability of cardiomyocytes to function as a cohesive syncytium depends on the formation
of low-resistance intercellular connections that facilitate the rapid propagation of electrical
impulses. This electrical coupling is mediated by gap junctions, specialised intercellular
channels formed by connexin proteins, that permit the direct passage of ions and small
molecules between adjacent cells.®®!!'112 In the mature myocardium, gap junctions are
predominantly composed of connexin 43 (Cx43) and connexin 40 (Cx40), encoded by the
GJA1 and GJAS genes, respectively. These proteins are organised into dense plaques at the
intercalated discs, specialised structures located at the longitudinal ends of cardiomyocytes,
supporting anisotropic conduction and high velocity impulse propagation along the fibre
axis, 1031113
In contrast, hiPSC-CMs typically exhibit a foetal-like pattern of gap junction organisation.
In immature cardiomyocytes, gap junctional proteins are more diffusely or circumferentially
distributed rather than concentrated at the intercalated discs, resulting in slower, less directed
conduction and increased arrhythmogenic potential. This immature phenotype is therefore
associated with impaired electrical coupling and less coordinated propagation across the
tissue. 111!

Electrical stimulation has been reported to promote aspects of gap-junction maturation. By
mimicking elements of the native electromechanical environment, rthythmic pacing can
influence connexin expression and distribution. Studies indicate that electrically stimulated
tissues exhibit higher levels of GJA1 and GJAS alongside improved organisation of gap
junctions and more anisotropic electrical propagation, consistent with the emergence of a
more functional cardiac syncytium.'®*' Constructs subjected to charge-balanced biphasic
stimulation exhibit enhanced electrical functionality, increased Cx43/GJA1 expression,
improved connexin organisation and more synchronous contraction, findings consistent with

improved gap-junction maturation and more coordinated impulse propagation.!!%!13
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The structural features of these adaptations influence axial resistance, which affects the
speed of signal conduction. Axial resistance is dependent on cell size, cytoplasmic resistivity,
gap junction density, and interstitial conductivity.!” As hiPSC-CMs mature, these properties
change to resemble adult cells. This lowers impedance within the cells and improves impulse
transmission. %!

This study investigated maturation-associated transcriptional markers of electrical coupling
by measuring transcript expression of GJA1 and GJAS after 14 days of electrical stimulation
using qPCR. These transcripts were selected as molecular markers of connexin-associated
intercellular coupling across different waveform conditions. Data were normalised using the
2"-AACt method, enabling comparison across stimulation conditions.

Together, these findings support the inclusion of GJA1 and GJAS as relevant transcriptional
markers for evaluating electrical coupling within engineered cardiac tissue. In the present
study, these markers were used to assess whether waveform configuration was associated

with coupling-related transcriptional organisation relevant to maturation-associated changes

in intercellular connectivity.

5.2.4. Calcium Handling
The cycling of calcium ions in cardiomyocytes is a fundamental driver of each heartbeat and
represents a distinct axis of maturation in the transition from foetal-like to adult-like cardiac

' In mature ventricular cardiomyocytes, excitation-contraction coupling

phenotypes.’
depends on a well-organised calcium-handling system. Depolarisation triggers calcium
influx through L-type calcium channels in the sarcolemma and T-tubules, which induces
calcium release from the sarcoplasmic reticulum (SR) via ryanodine receptors (RYR2). This
coordinated calcium-induced calcium release rapidly elevates cytosolic Ca2+, which binds
to troponin C and initiates contraction. Relaxation then occurs through Ca2+ reuptake into
the sarcoplasmic reticulum via SERCAZ2a, together with Ca2+ extrusion pathways such as
the sodium-calcium exchanger. The efficiency of this process depends on the close spatial
apposition of L-type calcium channels and ryanodine receptors within junctional couplons,
enabling rapid and synchronised excitation-contraction coupling across the cell.3!!1¢

In contrast, hiPSC-CMs and foetal cardiomyocytes exhibit an immature calcium-handling
phenotype. They lack the developed T-tubule network of adult cells, resulting in spatially
and temporally disorganised Ca2+ release.’® Without a mature T-tubule system, calcium
influx is initially confined to the cell periphery, resulting in a delayed and heterogeneous
Ca2+ transient. Early-stage hiPSC-CMs also have smaller and functionally limited internal

Ca2+ stores. During the first weeks after differentiation, SR calcium content gradually
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increases. Even when the quantity of stored Ca2+ approaches that of adult cells, kinetics
remain slow. Immature myocytes demonstrate prolonged time to peak and sluggish decay of
Ca2+ transients. !17-118

hiPSC-CMs typically do not exhibit the positive force-frequency relationship (FFR) that
characterises mature myocardium, instead often displaying flat or negative FFR. This
behaviour is thought to reflect immature sarcoplasmic reticulum calcium handling, with
inadequate calcium reuptake and release at higher pacing rates.*>* At the early stages of
development, incomplete calcium-cycling machinery can also contribute to spontaneous
activity and broader electrophysiological immaturity.3"!!

At the molecular level, the development of calcium-handling capacity is marked by
significant changes in the expression of key channels, pumps, and buffering proteins. RYR2
expression is markedly lower in immature hiPSC-CMs compared with adult
cardiomyocytes.’! ATP2A2, which encodes the SERCA2a pump in cardiomyocytes, is also
typically expressed at lower levels in immature cells, consistent with less efficient SR
calcium reuptake.'?° Together, altered expression of calcium-handling transcripts reflects the
incomplete intracellular calcium-cycling machinery characteristic of immature
cardiomyocytes. 2!

Electrical stimulation has been shown to promote aspects of calcium-handling maturation in
engineered cardiac tissue. Rhythmic pacing activates calcium-dependent pathways that
accelerate the maturation of calcium cycling.*! Biphasic electrical pacing at physiological
frequencies has been shown to induce FFR in engineered cardiac tissue by enhancing SR
calcium reserves and reuptake speed.*? Similarly, metabolic maturation using fatty acid-rich
media upregulates calcium-handling proteins and improves calcium transient kinetics.!?%!%3
In this study, the expression of calcium-handling transcripts, including RYR2 and ATP2A2,
was quantified using qPCR after 14 days of electrical stimulation. These transcripts were
selected as molecular indicators of intracellular calcium-release and calcium-reuptake
machinery. In the present study, these markers were incorporated into the transcriptional

framework to assess whether defined waveform configurations were associated with

calcium-handling transcriptional patterns relevant to cardiomyocyte maturation.
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5.2.5. Electrical Conditioning Framework

As detailed in the preceding sections, electrical stimulation is an important biophysical cue
associated with multiple aspects of hiPSC-CM maturation. Previous studies suggest that
cyclic electrical conditioning can improve several indices of cardiomyocyte maturation,
including cellular alignment, sarcomere organisation, intercellular coupling, conduction
velocity, calcium handling and contractile performance. The stimulation regimes used
across studies vary substantially in waveform type, field strength, pulse duration, frequency
and overall conditioning schedule.

The present study was designed to examine how waveform configuration was associated
with the maturation-associated transcriptional signatures of hiPSC-CMs. By systematically
varying pulse amplitude, pulse width, frequency and waveform type, the study explored how
defined electrical parameters were associated with transcriptional patterns relevant to
cardiomyocyte development.

Error! Reference source not found. summarises representative studies on the electrical
conditioning of cardiomyocytes across diverse experimental models, including hiPSC-CMs
and neonatal rat cardiac tissue. Despite variations in waveform characteristics, amplitudes,
pulse durations, and stimulation frequencies, the collective evidence indicates that
appropriately applied electrical stimuli can be associated with improvements in several

structural and functional features relevant to maturation, 32334142:43.109
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Table 14. Representative studies of electrical stimulation used to promote cardiomyocyte
maturation. The table summarises stimulation parameters, experimental models, and
reported biological outcomes across selected studies using hiPSC-derived or neonatal
cardiomyocytes. Because waveform configuration, culture format, and stimulation geometry
differ across studies, direct comparison of amplitudes and biological outcomes should be

made with caution. Amplitude values are reported as presented in the original sources.

Cell Type / Waveform . Stimulation
Study Model Type Amplitude PW(ms) Freq (Hz) Duration
Tandon et Neonatal rat CMs
s 1n 3D collagen Monophasic 5 V/em 1-2 ms 1 Hz 7-8 days
al., 2009
scaffold
Key Increased amplitude of synchronous contractions, enhanced cell alignment/coupling, and
Findings marked ultrastructural organisation.
iPSC- i 2-6 Hz
Nunes 3e2t h%PS.C CMs in 3D Biphasic 3-4 V/em 1 ms 7 days
al., 2013 biowires
(Ramped)
Key Increased myofibril ultrastructural organisation, improved conduction velocity, and
Findings enhanced Ca?* handling.
Ronaldson- Biphasic,
Bouchard ~ hiPSC-CMs in ramped 2-6 Hz
et al.,, 2018 fibrin hydrogel frequency 45V 2 ms (ramped) 28 days
4 protocol

Adult-like gene-expression profiles, physiological sarcomere length (~2.2 um), increased
Key mitochondrial density (~30%), anisotropic gap junction organisation, improved calcium
Findings handling, IK1 current, conduction velocity, positive force—frequency relationship, and T-
tubule formation.

Valls- hiPSC-CMs on
Margarit et PCL scaffold with  Monophasic -5V 2 ms 3 Hz 14 days
al., 2019 ' fibroblasts

K.ey . Increased sarcomere width and more developed intercellular unions

Findings

Gabetti et Neonatal rat CMs Monophasic

al.2023%  and CFs Biphasic 5 V/em 2 ms 1 Hz 7 days
Key enhanced electrical functionality and promoted synchronous contraction in neonatal rat
Findings cardiac cultures.

Godier-

Furnémont  Human ESC- Biphasic sV 3 ms 2-6 Hz 5 days

et al., 2015 derived CMs
42

Key

g Increased twitch force, improved excitation-contraction coupling
Findings
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The stimulation regimes reported in these studies informed the selection of test conditions
in the current work. Recognising that waveform type, pulse amplitude, pulse width, and
frequency may exert independent and potentially interacting effects on maturation-
associated transcriptional responses, the study implemented a structured DOE framework.
This approach enabled structured exploration of the stimulus-response space across the
selected parameter ranges.

The DOE comprised sixteen stimulation conditions based on high and low factor
combinations, together with centre points. Amplitude ranged from 5 to 15 V, pulse width
from 2 to 5 ms, and frequency from 2 to 5 Hz across both monophasic and biphasic
waveforms.

Electrical stimulation was delivered using a custom-developed programmable waveform
generator, as detailed in Chapter 2, to engineered hiPSC-CM constructs maintained in culture
medium under controlled conditions. Within this design, waveform configuration was
treated as a multidimensional experimental variable, allowing assessment of how individual

electrical parameters were associated with maturation- relevant transcriptional organisation.

5.3.Research Question

The key research question investigated in this study is: How are electrical waveform
parameters associated with maturation-relevant transcriptional patterns in human induced
pluripotent stem cell-derived cardiomyocytes under controlled in vitro stimulation
conditions?

This study used a structured DOE framework, similar to the approach in Chapter 4, to
examine the impact of pulse amplitude, pulse width, frequency, and type on electrically
stimulated hiPSC-CMs. Transcriptional markers spanning structural, electrophysiological,
intercellular coupling, and calcium-handling domains were then assessed to determine how
waveform configuration was associated with transcriptional organisation relevant to

cardiomyocyte maturation.
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5.4.Methods

5.4.1. Generation and Preparation of Human-Induced Pluripotent Stem Cell-
Derived Cardiomyocytes
HiPSC-CMs were generated according to the protocol described by Sanchez-Bueno et al.!?*,
with modifications to accommodate the specific culture conditions used in this study. Cell
differentiation and tissue generation were performed in collaboration with Maria Alejandra
Rodriguez Pardo at CIMA Universidad de Navarra. The protocol was based on timed
modulation of Wnt signalling, followed by metabolic selection, to obtain highly enriched
cardiomyocyte populations suitable for tissue engineering applications.
hiPSCs were maintained under feeder-free conditions on Matrigel-coated plates in mTeSR
medium and passaged every 4-5 days to preserve undifferentiated morphology and minimise
spontaneous differentiation. When cultures reached 80-90% confluence, cells were
harvested and replated onto fresh Matrigel-coated 12-well plates at a density selected to
achieve 90% confluence within 72 hours, which was required for efficient cardiac induction.
Cardiac differentiation was initiated using a monolayer-based protocol. On day 0, Wnt
signalling was activated by supplementing insulin-free RPMI medium (RPMI/B27 minus
insulin) with CHIR99021 (10 pM), a GSK3 inhibitor. After 24 hours the medium was
replaced with fresh RPMI/B27 minus insulin. On day 3, Wnt signalling was inhibited using
C59 (5 uM) to promote cardiac lineage specification. On day 5, the medium was refreshed
with RPMI/B27 minus insulin to support expansion of cardiac progenitors. From day 7
onward, cells were cultured in RPMI supplemented with B27.
Spontaneous contractile activity emerged between days 7 and 9. From day 10 onward,
metabolic purification was applied to enrich the cardiomyocyte population by exploiting the
ability of cardiomyocytes to utilise lactate as an energy source. Two 72-hour lactate selection
cycles were performed on days 10 and 18, separated by a replating step in medium
supplemented with KnockOut Serum Replacement and Y-27632 (ROCK inhibitor) to
improve cell survival. This process yielded cardiomyocyte cultures with > 85% purity, as
assessed by cardiac troponin T (¢TnT) expression.
To prepare cells for tissue generation, hiPSC-CMs were harvested at day 21 post-induction
using TrypLE enzymatic dissociation. Following dissociation, cells were counted and
resuspended in a defined tissue generation medium before encapsulation within 40 pl fibrin
hydrogels. The tissue generation medium comprised RPMI supplemented with B27,
penicillin (1%), KSR (10%) Rock inhibitor (10 pM) and aprotinin (33 pg/mL ).
Following encapsulation within fibrin hydrogels, the engineered cardiac constructs were

transferred to the electrical stimulation platform for electrical conditioning. This phase of
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the study employed the custom waveform generator as outlined in Chapter 2, designed to
deliver controlled waveforms under sterile culture conditions. The following section outlines
the experimental design, instrumentation and stimulation protocols used to evaluate how
waveform configurations were associated with transcriptional patterns relevant to

maturation in hiPSC-derived cardiac tissue.

5.4.2. Electrical Stimulation Test Method and Protocol

5.4.2.1. Experimental Design and Rationale

Electrical conditioning experiments were performed in accordance with a structured 16-run
DOE. The aim to assess the influence of waveform configurations on maturation-relevant
responses in engineered cardiac tissue. The design consisted of 12 factor conditions and 4
centre-point runs, allowing assessment of the effects of stimulation parameters across the
design space while also providing sensitivity to potential non-linear responses near the centre
of the tested range. Four independent factors were assessed: pulse amplitude (5-15 V), pulse
width (2-5 ms), frequency (2-5 Hz), and waveform configuration (monophasic or biphasic),
as summarised in Table 2.

Each condition was represented by four tissue constructs (n =4) within a single experimental
run. Unstimulated control tissues were maintained under the same culture and handling
conditions as stimulated tissues, except that no electrical input was applied. The DOE
provided a structured framework for evaluating waveform-dependent effects across the
selected parameter space. Subsequent exclusions arising from non-viable conditions are

addressed in the results section.

5.4.2.2. Electrical Stimulation Test Method for Engineered Cardiac Tissue

The tissue constructs were cultured for seven days at a time, before initiating electrical
stimulation. This allowed sufficient time for tissue formation and hydrogel compaction
around the support pillars. After seven days, each construct was transferred to a custom
bioreactor and subjected to fourteen days of continuous electrical stimulation. The in vitro
culture time was twenty-one days per sample. During the stimulation period, tissues
remained in a standard cell incubator (37 °C, 5% CQO?2). The culture medium was changed
frequently.

The tissues were stimulated by a near-uniform electric field in the bioreactor chamber as
depicted in Figure 20A. The field was generated via two parallel high-purity graphite carbon
rods (diameter = 3 mm), mounted in parallel at a fixed centre spacing of 20 mm. Each rod

spanned the full length of the chamber and extended beyond the tissue area. This supported
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maintaining field uniformity across the construct region, as illustrated in Figure 20C. This
configuration was selected to provide reproducible delivery of electrical stimulation across
the tissue holder.

Up to four tissue constructs were stimulated simultaneously. The constructs were mounted
ina5mm x 7.5 mm (37.5 mm?) melt-electrowritten scaffold with a fibrin hydrogel core and
secured in a custom 3D-printed stereolithography tissue holder, which positioned the
samples equidistantly between the electrodes, as illustrated in Figure 20B and Figure 20D.
This arrangement prevented construct drift, tilt and rotation, thereby improving uniform
stimulation and spatial reproducibility.

Experimental electrical stimulation conditions were measured using a platinum reference
electrode positioned adjacent to one construct with an oscilloscope. Electrical stimuli were
delivered via a custom stimulation system, as detailed in Chapter 2.

Constructs were paced continuously, for fourteen days, according to the factorial DOE, as

detailed in
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Table 15.

Each tissue construct was paced under a unique condition and maintained at those parameters
throughout the stimulation period. Control constructs, which were not electrically
stimulated, were cultured in identical chambers over the same period as the stimulated

tissues.

Throughout the protocol, all chambers were monitored for:
o incubator temperature and CO-, assessed by daily incubator checks.
o waveform confirmation by oscilloscope at the start, midpoint and endpoint of
stimulation.
o medium colour and pH stability through daily inspection of phenol red

indicator changes.
Microscopic contractile responses during stimulation were observed in constructs using an

inverted microscope. All constructs were harvested on day twenty-one for downstream

transcriptional analysis.
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C.) D.)

Figure 20 Custom electrical stimulation platform used for conditioning engineered hiPSC-CM
tissues. (A) Schematic of the bioreactor chamber showing two parallel carbon rod electrodes
positioned 20 mm apart and a tissue holder maintaining four constructs at equal spacing between the
electrodes; schematic not to scale. (B) Photograph of the 3D-printed stereolithography tissue holder.
(C) Representative image of the stimulation configuration with electrodes immersed in culture
medium. (D) Representative photograph of the assembled stimulation platform and instrument

connections.
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5.5.Results

5.5.1. Experimental design and viable dataset

A 16-run design-of-experiments (DOE) was implemented to systematically investigate the
effects of four waveform parameters on hiPSC-CM maturation. The four factors were pulse
amplitude, constant-voltage stimulation at 5 V, 15V, with a centre point at 10 V, pulse width,
2 ms, 5 ms; centre point 3.5 ms, stimulation frequency,2 Hz, 5 Hz; centre point 3.5 Hz, and
waveform type either monophasic or biphasic pulse. Each of the 16 unique conditions was
applied to a batch of four identical 3D cardiac microtissues for a continuous 14-day
stimulation period. Chapter 2 details the custom waveform generator used for the delivery
of these pulses. Throughout stimulation, tissue viability was monitored; three of the highest-
energy conditions with high simultaneous amplitudes, long pulse widths, and high frequency
exhibited poor tissue viability, resulting in medium acidification and cell death. As such,

these runs were excluded from further analysis. The final dataset as detailed in
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Table 15 comprised of 13 viable stimulation conditions for transcriptional analysis. Figure
21 details the DOE parameter space, with viable runs highlighted in green and non-viable
runs highlighted in red. Appendix 11, Chapter 5, Raw Data REV B, details the waveform

parameters and viability outcome, including the raw transcriptional data recorded.
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Table 15. Stimulus configurations used in the 16-run DOE and their analysis status. The table lists
voltage, pulse width, frequency, waveform type, and whether each condition was retained or
excluded from downstream analysis. Each condition was represented by four tissue constructs (n =

4) within a single experimental run; independent repeat runs were not performed.

R Voluge() P ey Wadom - Al
1 5 2 2 Monophasic  Included
2 10 3.5 3.5 Monophasic  Included
3 15 2 5 Monophasic  Included
4 15 5 2 Monophasic ~ Excluded
5 5 2 5 Monophasic  Included
6 5 2 2 Biphasic Included
7 10 3.5 3.5 Monophasic  Included
8 5 5 2 Biphasic Included
9 15 2 2 Biphasic Included
10 10 3.5 3.5 Biphasic Included
11 5 5 5 Biphasic Included
12 5 5 5 Monophasic  Included
13 10 3.5 3.5 Biphasic Included
14 15 2 5 Biphasic Included
15 15 5 2 Biphasic Excluded
16 15 5 5 Monophasic ~ Excluded

DOE Design Points and Viability Status
5 @ @
E 4
.
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4 6 ] 10 12 14 16
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Figure 21. Distribution of DOE conditions in voltage—pulse width space with viability status
indicated. Each point represents one programmed stimulation condition from the 16-run design.
Viable conditions retained for downstream analysis are shown in green, and non-viable conditions
excluded from analysis are shown in red. Frequency and waveform type were also varied within the

DOE but are not displayed in this two-dimensional projection.
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5.5.2. Raw transcriptional dataset overview

Gene expression profiling was performed on the 13 viable stimulation conditions (n=13). To
provide a structured assessment of maturation-associated transcriptional responses, the
gPCR panel was organised around functional domains relevant to cardiomyocyte
development and phenotype. The transcriptional panel comprised 18 target genes selected to
capture major maturation-relevant domains in hiPSC-derived cardiomyocytes. These
included sarcomeric and contractile organisation (MYH6, MYH7, MYL2, MYL7, TNNI3,
and TNNI1), electrophysiological function and calcium handling (SCN5A, HCN4, KCNJ2,
CACNAIC, and RYR2), gap-junction coupling (GJA1 and GJAS), extracellular matrix
remodelling (COL1Al), and developmental patterning, including SHOX2. Three
biologically relevant expression ratios were derived to capture shifts in isoform
predominance. These included MYH7/MYH6, reflecting the relative balance between beta
and alpha myosin heavy chain expression; MYL2/MYL7, representing the ventricular-to-
atrial myosin light-chain profile; and TNNI3/TNNI1, indicating the adult-to-foetal troponin
I expression pattern.Gene expression for each target was quantified using qPCR, normalised
to endogenous control genes and a calibrator condition, and expressed as relative expression
values using the 2*-AACt method.

The raw transcriptional data showed substantial variation across the 13 stimulation
conditions. Appendix 10 details the observed range of each transcript and ratio in the dataset.
Many individual gene expression values varied by nearly an order of magnitude or more
between different stimulation conditions.Initial inspection of the normalised qPCR dataset
demonstrated condition-associated shifts across multiple maturation-relevant transcriptional
endpoints. These shifts were evident both in individual gene expression values and in derived
isoform ratios, with several endpoints showing broad ranges across the 13 viable waveform
configurations. The expression of ventricular myosin light chain 2 (MYL2) ranged from
approximately 0.42 to 3.83 relative units, normalised to control = 1, across the 13 test
conditions, representing nearly a 9-fold difference. The MYH7/MYH6 mRNA ratio,
representing the adult B- to foetal a-myosin heavy chain balance, varied between 0.35 and
5.15, an approximately 15-fold difference between conditions. Similarly, the TNNI3/TNNI1
ratio, representing the adult-to-foetal troponin I isoform profile, varied from 0.38 to 29.22,
representing a 77-fold difference between the lowest and highest values. Genes with more
moderate responses also demonstrated several-fold differences. Among them, the calcium-
handling gene RYR2 shows a 2.5 fold difference across the range from 0.69 to 1.69. Broad
response ranges indicated that distinct transcriptional profiles of the cardiac microtissues

were associated with different waveform configurations. Subsequent analyses were therefore
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performed to identify structured patterns within this multidimensional dataset. Table 16
summarises the selected raw normalised transcript and ratio endpoint ranges across the

viable data set across viable runs (n = 13).

Table 16: Selected ranges of raw normalised transcript and ratio endpoints across viable runs (n =

13)

Endpoint (raw) Minimum Maximum

MYL2 0.4248 3.8256
MYH6 0.4742 4.3357
MYH7 0.5941 3.0236
COLIA1 0.6402 3.1025
RYR2 0.6894 1.6887
CACNAIC 0.7988 2.9565
ATP2A2 0.5897 2.5467
MYL2/MYL7 0.2886 2.3832
MYH7/MYH6 0.3493 5.1475
TNNI3/TNNII 0.3771 29.2153

5.5.3. Z-Score Transformation and standardised dataset

For multivariate analysis, the raw expression data were transformed into a standardised, z-
score dataset. This step ensured that all transcript and ratio endpoints were on a comparable
scale, each with a mean of 0 and a standard deviation of 1 across the 13 conditions. This
would prevent any single gene’s variance from dominating the analysis. In total, 21
variables, comprising 18 individual transcripts and 3 composite ratios, were retained for
standardisation and further study. The final standardised dataset thus comprised a 13 x 21
matrix (13 conditions by 21 variables), serving as input to the unsupervised dimensionality
reduction and regression analyses described below. The following z-score transformation
was applied:

Equation 4: Z -score transformation

Where xjj is the raw normalised value for endpoint j in run 1 and p; and o; are the mean and
standard deviation of endpoint j calculated across viable runs. The means and standard
deviation for this standardisation are reported in Appendix 10, together with the resulting z-

transformed dataset.
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5.5.4. Principal component analysis of the standardised transcriptional dataset
Principal component analysis was used as an exploratory, unsupervised multivariate
approach to identify major patterns of transcriptional variation across the 13 viable
stimulation conditions. As an unsupervised method, PCA does not use predefined class labels
or outcome groups. Instead, it summarises the dominant sources of variation within the
dataset itself. This made it appropriate for examining whether the standardised gene-
expression and ratio endpoints showed distinct patterns of separation. In this context, any
separation observed in the PCA space could indicate underlying transcriptional response
patterns associated with different waveform configurations. PCA was therefore performed
on the 21-variable standardised dataset to identify the dominant modes of transcriptional
variation across the stimulated conditions. dataset to identify dominant modes of
transcriptional variation across the stimulated conditions. The scree plot of the PCA
eigenvalues depicted in Figure 19B indicates how much variance is captured by each
principal component (PC). The first principal component (PC1) had an eigenvalue of 7.52
and accounted for 35.8% of the total variance in the transcriptional data. PC2 had an
eigenvalue of 4.37 and accounted for 20.8% of the variance, while PC3 captured an
additional 15.4%. Combined, the top three PCs thus explained approximately 72.0% of the
variance in the 18 gene and 3 ratio datasets. Subsequent components, PC4 and beyond,
contributed progressively smaller portions of variance (Figure 18A). For the purposes of
interpretation, analysis was focused on PC1 and PC2, as higher-order PCs each accounted
for less than 10% of the variance individually.

The PCA loadings, which characterise each original variable's correlation with the PCs, were
examined to characterise the biological meaning of the principal components (Figure 18B).
PC1 represented a coordinated variation across multiple gene categories rather than being
dominated by any single transcript. Several electrical-coupling and pacemaker-related genes
recorded strong positive loadings on PC1 as evident in the loadings plot, Figure 19 C. The
loadings of GJA1 0.289, GJAS5 0.339, HCN4 0.319, and KCNJ2 0.283, indicating positive
contributions from electrical-coupling and pacemaker-related genes. Several structural and
contractile maturation markers recorded negative loadings on PC1, including TNNI3 -0.122,
MYL2 -0.172, MYL2/MYL7 -0.264, and TNNI3/TNNI1-0.183. This suggests that PC1
captured an inverse relationship  between the  expression of certain
electrophysiological/coupling genes and the expression of structural or isoform markers
across the conditions. PC2 showed its strongest positive loadings for MYL2 0.393, TNNI3
0.345, MYH7 0.374, and the MYH7/MYH6 ratio 0.376, suggesting that this component was

influenced primarily by sarcomeric and contractile-marker variation. In contrast to PCI,
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which was more strongly associated with electrical-coupling and pacemaker-related genes,
PC2 appeared to capture a transcriptional axis related to myofilament composition and
myosin isoform balance.

The numerical loading values are available in Appendix 9. Together, the PC1 and PC2
loadings indicate that the PCA distinguished multiple transcriptional features within the

standardised dataset, rather than describing variation along a single transcriptional axis.
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Figure 22. Principal component analysis of the standardised transcriptional dataset. (A) Colour-
coded summary of loading values for principal components 1 and 2 across the 18 directly measured
transcripts and 3 derived maturation-associated expression ratios included in the analysis. (B) Scree
plot showing the eigenvalue spectrum across successive principal components. (C) Loading plot
showing the relative orientation and contribution of variables in PC1-PC2 space. PCA was
performed on the z-scored dataset using the correlation matrix; the first three principal components

accounted for 72.0% of the total variance.
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5.5.5. Main effects linear regression models

Building on the PCA, which identified the main transcriptional patterns PC1, PC2 and across
the viable test conditions, multiple linear regression was used to test whether these patterns
were associated with the waveform parameters. As each of the 13 viable stimulation
conditions contributed one condition-level data point, the regression results were interpreted
as exploratory. Table 17 summarises the key regression results.

The results, as detailed in Appendix 12, demonstrate that for PC1 the regression was also not
significant (p = 0.322; R? = 40.89%). All predictor p-values were higher than 0.10 and
voltage had an approximate value of (p = 0.10), suggesting no individual factor clearly
influenced PC1. The lack-of-fit test was near reaching, but not passing, the 5% significance
threshold (p = 0.052), suggesting the PC1 model was not formally inadequate; however, the
borderline figure might warrant caution in interpreting. The regression model was also not
significant for PC2 (p = 0.209; R? = 48.32%). Again, no predictor was significant at the 5%
level, pulse width had the lowest value 9p = 0.12). The lack-of-fit test for the model was
clearly non-significant (p = 0.909%*), indicating an acceptable fit of the main-effects model.
As with PC1, the PC2 regression model, Appendix 14, explained 48.32% of variance but did
not show a statistically significant overall effect (ANOVA p =0.209). All four waveform
parameters remained non-significant in this model (the smallest predictor p ~ 0.12 for pulse
width). The lack-of-fit test was non-significant (p = 0.909), indicating that the main-effects
model provided an adequate fit for the PC2 data.

Likewise, as detailed in Appendix 13, the MYL2/MYL7 regression model explained 59.39%
of the variance but did not reach overall statistical significance (ANOVA p =0.092). Among
the predictors, frequency was the only factor with a nominal effect (p=0.026; negative
coefficient), while pulse width (p =0.054) and voltage (p = 0.078) did not reach significance
and waveform type showed no effect (p=0.866). The lack-of-fit test was non-significant
(p=0.855), indicating that the main-effects model provided an adequate fit for the
MYL2/MYL7 data.
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Table 17. Summary of general linear model (GLM) results for PC1, PC2, and MYL2/MYL7.
Reported values include model R?, overall regression p-values, predictor-level p-values, and lack-of-
fit p-values. All p-values are shown as nominal values, as no multiple-testing correction was applied

in the reported GLM outputs.

Respon  Model Regression Voltage PW Frequency Type Lack-of-fit

se R? (p) (p) (p) (p) (p) (p)
PC1 40.89% 0.322 0.103 0.12 0.112 0.274 0.052
PC2 48.32% 0.209 0.89 0.119 0.186 0.641 0.909
MYL2/ .
MYL7 59.39% 0.092 0.078 0.054 0.026 0.866 0.855
5.6.Discussion

5.6.1. Principal findings

This study investigated the effect of waveform configuration with maturation-relevant
transcriptional organisation in electrically conditioned hiPSC-CMs using a structured DOE
framework. After exclusion of three non-viable stimulation conditions, 13 viable waveform
configurations were included in the final analysis dataset. Transcriptional responses were
sparse at the level of individual endpoints, with no individual transcript or derived ratio
showing a strong dominant pattern across stimulation conditions. All transcript-level p-
values were considered nominal as no multiple testing correction was applied in the
statistical outputs.

Although no strong transcript level effects were identified, principal component analysis
indicated structured covariance across transcriptional endpoints. The first principal
component accounted for 35.8% of the total variance. The first three principal components
cumulatively accounted for 72.0% of the total variance. PC1 loadings represented
coordinated contributions from multiple maturation-relevant domains, including
electrophysiological and intercellular coupling transcripts (GJA1, GJAS, KCNJ2, SCN5AL,
and HCN4), structural and contractile markers MYH7, MYH6, MYL7, and derived myosin
ratios), and calcium-handling transcripts (ATP2A2, RYR2, and CACNA1C).

This component was also contributed by pacemaker-related and non-myocyte markers.
Taken together these loadings indicate that PC1 was reflecting a general axis of coordinated
transcriptional organisation across multiple maturation-relevant domains, rather than a
single pathway-driven variation. Principal component scores were analysed using general

linear modelling with no statistically significant overall model effects found. Thus,
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relationships between waveform parameters and principal component scores should be
considered descriptive rather than statistically confirmatory. Collectively, these findings
indicate that waveform configuration was linked to distributed transcriptional patterning
across maturation-relevant domains in electrically conditioned hiPSC-CMs. Rather than
driving either uniform transcriptional maturation or dominant regulation of individual genes,
variation in the features of the waveform was associated with multivariate reorganisation of
the transcriptome that resulted in mixed and partially overlapping expression patterns across

structural, electrophysiological, intercellular coupling and calcium-handling axes

5.6.2. Electrical stimulation as a modulator of coordinated maturation

The role of electrical stimulation in shaping hiPSC-CM development and maturation is
increasingly recognised, with accumulating evidence suggesting that electrical conditioning
can partially advance immature cardiomyocyte features towards a more adult-like state.
Human-induced pluripotent stem cell-derived cardiomyocytes usually display foetal-like
structural, electrophysiological, metabolic, and transcriptional phenotypes, limiting their
translational utility.*! A growing body of evidence suggests that electrical conditioning can
partially advance these immature features towards a more adult-like state. Previous studies
have demonstrated that even short-term stimulation conditioning can promote measurable
aspects of functional maturation. *!* Miyoshi et al. demonstrated that 48 hours of ES
enhanced conduction velocity, improved sarcomeric organisation and established a positive
force-frequency relationship in hiPSC-CMs.'?® These functional improvements were not
necessarily accompanied by large, isolated transcriptional shifts, suggesting that electrical
stimulation may act through coordinated, systems-level modulation rather than dominant
single-gene induction. Masuda et al. reported that electrically stimulated cardiac microfibres
showed sarcomere elongation and increased expression of electrophysiological markers,
including GJA1 and KCNJ2, with the magnitude of these responses influenced by influenced
by stimulation frequency.!!>

More recent work has emphasised the integrative role of electrical stimulation when
combined with other maturation cues. Li et al. performed a systematic comparison of
maturation drivers and identified electrical stimulation as the principal determinant of
enhanced mitochondrial development, electrophysiological refinement and metabolic
maturation, even when combined with lipid-enriched medium and nanopatterning.''® Their
findings reinforce the concept that ES acts as an integrative regulator of cardiomyocyte

maturation across structural, electrophysiological and metabolic domains.
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Most prior studies, however, have treated electrical stimulation as a binary intervention,
stimulated versus non-stimulated, or varied only a single parameter, most commonly pacing
frequency

324143 Reviews of cardiac tissue engineering consistently highlight the importance of
electromechanical conditioning while emphasising the need for systematic optimisation of
stimulation regimes.*!*** The present study extends this paradigm by implementing a
structured DOE framework as a multidimensional design space rather than as a single-factor
exposure. The findings therefore support interpretation of electrical stimulation not simply
as the presence or absence of pacing but as a configurable conditioning variable associated

with coordinated transcriptional organisation across maturation-relevant domains.

5.6.3. Distributed Transcriptional organisation versus dominant gene regulation

A central observation of this study is that waveform configuration was associated with
structured multivariate transcriptional organisation despite the absence of strong isolated
transcript-level effects. Rather than indicating a lack of biological structure, this pattern is
consistent with the distributed and multiscale nature of cardiomyocyte maturation described
in the literature.’!

Karbassi et al. emphasised that the maturation of hiPSC-CMs is not governed by singular
transcriptional switches but rather involves coordinated remodelling across sarcomeric
structure, ion channel expression, excitation-contraction coupling, metabolic substrate
utilisation, and intercellular junction formation.*! Within this framework, maturation stimuli
are expected to reorganise transcriptional covariance across functional domains rather than
produce dominant regulation of individual transcripts.

The present data align with this view. While individual endpoint analysis identified only
modest, nominal effects, principal component analysis revealed waveform-associated
organisation spanning electrophysiological, structural pacemaker-associated, and calcium-
handling endpoints. Importantly, these effects were mixed rather than uniformly
maturational, with pacemaker-associated and non-myocyte-related markers contributing
alongside maturation-associated transcripts. This pattern suggests partial and heterogeneous
adaptation rather than wholesale progression toward an adult-like transcriptional state.
From this perspective, the absence of dominant transcript-level significance should not be
interpreted as biological inactivity. Instead, the data indicate that waveform configuration
was associated with the relative weighting and coordination of transcriptional domains,

consistent with a systems-level response to electrical conditioning.
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5.6.4. Electrophysiological and Gap Junction Regulation

Electrophysiological maturation is a central determinant of cardiomyocyte functional
development, encompassing sodium channel expression, inward rectifier current
development, gap junction formation and coordinated impulse propagation.!®31:1% In the
present study, electrophysiological and coupling transcripts, including GJA1 (connexin-43),
GJAS (connexin-40), SCN5A1, KCNJ2 and HCN4, demonstrated structured covariance
within principal component space.

Although no individual electrophysiological transcript reached statistical significance
response at the nominal level, their coordinated contribution to PC1 suggests that this
component was associated with electrophysiological organisation at the systems level.
Notably, pacemaker-associated markers such as HCN4 and SHOX2 contributed alongside
ventricular electrophysiological markers, indicating that electrophysiological maturation
remained biologically mixed under the experimental conditions examined.

This pattern is consistent with prior studies in which electrical conditioning improved
electrophysiological function through coordinated structural and network-level changes
rather than isolated ion channel upregulation. Nunes et al. demonstrated that progressive
electrical conditioning enhanced conduction velocity and calcium transient propagation in
engineered tissues, with improvements associated with alignment and coupling rather than
dominant single-gene effects.’” Similarly, Masuda et al, reported improved synchronised
contraction and sarcomeric organisation alongside moderate transcriptional changes.!!>
Compared with more complex three-dimensional electromechanical systems, the present
simplified engineered tissue model exhibited lower-amplitude transcriptional responses
while retaining evidence of organised electrophysiological covariance. The absence of
dominant transcript-level effects is therefore consistent with recognised limitations of
simplified systems lacking aligned architecture, mechanical loading, and long-term
conditioning. Together, these findings support a cautious interpretation in which waveform
configuration modulated electrophysiological organisation rather than directly specifying a

uniformly mature electrophysiological phenotype.

5.6.5. Simplified Engineered Tissue Context and Limits of Maturation

The present study used cells expanded and differentiated in a two-dimensional culture
system before dissociation and incorporation into three-dimensional engineered tissues.
Cardiomyocyte maturation is widely recognised to depend on integrated electromechanical
and structural cues, including extracellular matrix alignment, mechanical stretch, and long-

term conditioning.**!>’Engineered tissues, such as the Biowire platform and engineered
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human myocardium, have demonstrated more advanced structural and electrophysiological
maturation under combined electromechanical stimulation within aligned three-dimensional
constructs.>>!'? These systems incorporate architectural and conditioning cues that were not
fully reproduced in the present model.

Within this context, the transcriptional responses observed here are best interpreted as partial
maturation-associated adaptation rather than full adult-like maturation. Principal component
analysis indicated that waveform configuration was associated with structured
transcriptional organisation despite the absence of mechanical conditioning and complex
tissue architecture. The findings, therefore, underscore the importance of interpreting
waveform-associated effects within the biological and structural constraints of the
experimental model, rather than as evidence of complete cardiomyocyte maturation.

5.6.6. Implications for waveform optimisation and bioelectrical design constraints
By treating electrical stimulation as a configurable design variable rather than a binary
exposure, the present research establishes a structure for interpreting how waveform
parameters were associated with maturation-associated transcriptional organisation. The
results suggest that was associated with cardiomyocyte phenotype through distributed,
multivariate mechanisms rather than through dominant regulation of individual transcripts.
From a translational perspective, this implies that optimisation strategies that rely solely on
maximising single-gene expression changes may be misleading. Instead, multivariate
endpoints, such as principal component organisation, domain-level covariance and derived
ratio coordination, may offer more biologically meaningful targets for optimisation.
Importantly, the observed transcriptional responses were mixed and partially overlapping
across domains, indicating that optimisation will likely require balancing structural,
electrophysiological, pacemaker-associated and calcium-handling outcomes rather than
maximising a single composite signal.

The exclusion of three high-energy stimulation conditions due to observed phenol red colour
change, indicating pH instability, further highlights the presence of bioelectrical constraints
within the tested parameter space. These observations demonstrate that waveform
optimisation must operate within electrochemical tolerance limits to maintain tissue
viability. Accordingly, waveform optimisation should be viewed as a constrained biological
design problem in which maturation-associated responses must be balanced against

electrochemical stability and cytotoxic risk.
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5.7.Limitations

Several limitations should be considered when interpreting the findings of this study. First,
although three-dimensional engineered tissues were used, the model lacked several key
features of the in vivo environment, including vascular structures, supporting non-myocyte
cell populations such as fibroblasts, and the full layered architectural complexity of the heart.
These factors are known to influence maturation and likely limited the magnitude of
transcriptional responses observed.

Second, due to practical constraints, each stimulation condition was represented by a single
experimental run with four tissue constructs per condition and no independent repeat runs
were performed. In addition, the exclusion of non-viable conditions reduced the estimable
design space, limiting regression modelling to main effects. While these constraints reduced
statistical power, the factorial framework still enabled identification of waveform-associated
multivariate structure.

Third, transcriptional analysis was limited to targeted qPCR measurements of eighteen
directly measured transcripts and three derived maturation-associated expression ratios.
While these markers capture key maturation-relevant domains, they cannot represent the full
transcriptional, metabolic or proteomic landscape. Finally, functional electrophysiological
measurements were not directly assessed, limiting the ability to link transcriptional
organisation to functional outcomes.

Despite these limitations, the study provides a structured framework for examining
waveform-associated transcriptional organisation in electrically conditioned hiPSC-derived
cardiomyocytes and for informing future studies incorporating broader molecular and

functional endpoints.

5.8.Conclusion

This study systematically examined the association of electrical stimulation waveform
configuration with the maturation-associated transcriptional profile of hiPSC-CMs using a
structured DOE framework. By simultaneously varying pulse amplitude, pulse width,
frequency, and waveform type, the study extends the current paradigm of electrical
conditioning beyond simple stimulated versus non-stimulated comparisons.

At the level of individual endpoints, only modest and isolated transcriptional effects were
observed, with no individual transcript or derived ratio demonstrating a robust dominant
response across stimulation conditions. In addition, no multiple-testing correction was

reported in the associated statistical outputs.
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However, multivariate analysis suggested that waveform configuration was associated with
coordinated transcriptional variance across maturation-relevant domains, including
electrophysiological, coupling, structural, and calcium-handling domains, and calcium
handling pathways. Principal component modelling indicated that waveform configuration
was associated with structured organisation of global transcriptional variance, with PCI
accounting for 35.8 % of the total variance in the dataset.

These findings support a systems-level view of cardiomyocyte maturation in which
electrical stimulation was associated less with dominant regulation of individual genes than
with coordinated organisation of transcriptional programmes across structural,
electrophysiological, coupling and calcium handling domains. Within this framework,
waveform configuration is best understood as a tunable modulator of coordinated
transcriptional organisation rather than as a trigger of uniform maturation across all domains.
The study therefore supports a parameterised framework for waveform optimisation in the
bioelectrical conditioning of engineered cardiac tissue. By showing that maturation-
associated responses were more effectively captured through coordinated multivariate
organisation than through isolated endpoint-level effects, this work provides a structured
basis for future optimisation of electrical conditioning protocols in cardiac tissue
engineering.

Together, these results contribute to the emerging view that cardiomyocyte maturation is a
distributed multiscale process governed by coordinated biological networks. Future
integration of waveform optimisation with mechanical conditioning and more representative
three-dimensional tissue architecture, including vascular structures and supporting non-
myocyte cell populations such as fibroblasts, may further enhance the development of
physiologically mature engineered myocardium for disease modelling, drug screening, and

regenerative therapies.
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Chapter 6 General Discussion and Conclusion

6.1.Overview and Integrative Perspective

This thesis draws together evidence from organ-scale and cellular-scale experiments to
demonstrate that electrical waveform configuration is a pivotal design parameter shaping
cardiac function and adaptation across multiple biological levels. By uniting preclinical in
vivo studies of cardiac excitation and arrhythmia with in vitro analysis of gene expression
in engineered cardiac tissues, the work reveals how modifying waveform attributes,
including pulse shape, duration, frequency, can significantly influence both acute
electrophysiological outcomes and long-term cardiomyocyte development, with important
implications for future device optimisation and bioelectrical therapy. In this context,
“waveform configuration” refers to the temporal structure of the electrical stimulation, pulse
shape, phase balance, amplitude, pulse width, and repetition frequency. As outlined in
Chapter 1, while electrical stimulation is fundamental to both cardiac device therapy and
cardiac tissue engineering, the selection of waveform parameters in clinical settings has
largely been empirical, lacking a systematic, multi-scale characterisation of their effects. To
address this gap, the research included both in vivo and in vitro studies within a unified
experimental framework.

The design of a stimulation system to facilitate research across organ-level and cellular
models is inherently constrained by the requirements of the experimental models. The in
vivo characterisation testing requires high-current delivery, electrical isolation, and
robustness to complex tissue-electrode interactions. The in vitro system required low
voltage, long duration and stable operation in controlled environments.

A custom waveform generator (CWG) developed in Chapter 2 provided precise and
reproducible control over pulse duration, amplitude, and frequency. It was used in high-
current preclinical studies on swine models and low-voltage cellular-level conditioning
experiments with hiPSC-CMs. This cross-scale stimulation approach reduced hardware-
related variability and enabled waveform parameters to be evaluated across both
experimental settings within a common technical framework. Chapters 3 and 4 employed
the CWG within a porcine S-ICD model, studying how waveform parameters influence
myocardial excitation thresholds and ventricular fibrillation induction. This highlights their
importance in improving cardiac therapy and device safety. Chapter 5 extended the research
by examining how waveform modulation was associated with maturation-relevant
transcriptional responses in hiPSC-CMs under chronic pacing in vitro. Together, these

studies offer a cross-scale perspective on how waveform architecture interacts with cardiac
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electrophysiology, with implications for both device development and electrical
conditioning strategies in tissue engineering. The following discussion integrates the results
from each experimental objective and considers their wider implications for cardiac devices

and tissue engineering.

6.1.1. Objective 1: Development of a Programmable Waveform Platform

Objective 1 focused on the development of a programmable waveform generator capable of
delivering electrical stimulation across a wide range of current and voltage levels. These
capabilities were necessary for subcutaneous pacing and ventricular fibrillation induction
experiments. The main motivation for Objective 1 arose from the limitation of laboratory
stimulation systems that share a common electrical ground with other clinical equipment.
These setups can unintentionally create earth-return paths, causing noise, instability, or
measurement artefacts during stimulation testing. To prevent this, the waveform generator
was powered by an independent battery supply with galvanically isolated circuitry. This
design effectively removed interference pathways and supported stable, artefact-free
delivery of stimulation pulses during electrophysiological assessments.

The system was designed to reproduce stimulation vectors relevant to subcutaneous
configurations. This was achieved by applying current between two active electrodes
arranged in a coil-to-can configuration. The system could be programmed to support both
monophasic and biphasic waveforms, with output currents ranging from 0 to 400 mA. It
delivered stimulation to loads with impedances from 12.5 to 200 Q, typical of thoracic
impedances encountered during extravascular stimulation. Pulse widths were adjustable
from 500 ps to 10 ms, with configurable inter-pulse intervals.

Validation testing confirmed that the system consistently produced reproducible waveforms,
with pulse-width deviations of less than 1% and current-output variability of less than 4%
across a variety of impedance conditions. All evaluations were performed under
physiologically relevant load scenarios. The platform was used to support both in vivo
electrophysiological characterisation and in vitro cardiomyocyte conditioning. Incorporating
an electrically isolated system across experimental setups minimised variability related to
instrumentation and facilitated direct comparison of stimulation waveforms with biological
responses. Using a single platform across both high-power in vivo models and low-power
cell culture experiments also reduced methodological inconsistency and strengthened cross-
scale comparison.

Overall, the development of this stimulation platform laid a technical foundation for the

research described herein. By creating a common system capable of generating accurate and
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reproducible waveforms in both organ-level and cellular models. It enabled the experimental
continuity necessary to elucidate how electrical waveform characteristics influence cardiac
excitability, arrhythmogenesis, and maturation-associated transcriptional responses in

cardiomyocyte maturation.

6.1.2. Objective 2: Subcutaneous Pacing Threshold Characteristics

With a stable and programmable stimulation platform established, the next step was to
characterise the fundamental excitability limits of cardiac tissue under subcutaneous
stimulation. The purpose of this stage of the investigation was to determine whether the
classical electrophysiological relationships that govern myocardial excitation during
transvenous pacing remain valid when stimulation is delivered from an extravascular
location. In particular, the study sought to quantify the strength-duration characteristics of
subcutaneous pacing and derive the associated rheobase and chronaxie parameters that
describe myocardial excitability.

Pacing thresholds were evaluated in a porcine model designed to replicate the clinically
relevant coil-to-can stimulation vector characteristic of a subcutaneous implantation.
Threshold measurements were systematically performed across a range of waveform
configurations. These data supported the development of strength-duration curves for each
subject. Myocardial capture consistently followed the classical hyperbolic relationship
between stimulus amplitude and pulse duration, as initially described by Weiss and
Lapicque. As expected, capture under subcutaneous conditions required substantially higher
current amplitudes than those typically reported for endocardial pacing. Model-fitting
provided estimates of rheobase and chronaxie for each subject, confirming that the
fundamental mechanisms of membrane depolarisation remain active despite the spatial
separation between the electrode and the myocardial tissue. Although the overall shape of
the strength-duration curves was consistent across experiments, the actual capture thresholds
showed notable variability compared to those observed in standard endocardial pacing
systems. Rheobase values ranged from 19 to 78 mA, while chronaxies varied from 0.7 to 3.1
ms. These thresholds are higher than those reported for transvenous leads, reflecting the
increased energy required for remote-field stimulation through thoracic tissues.

An additional pattern emerged when the subject-specific strength duration parameters were
compared. Animals exhibiting higher rheobase currents showed shorter chronaxies. This
relationship likely reflects geometric and biophysical factors such as electrode-myocardium
distance, transthoracic impedance and the distribution of current density. While these

parameters were not directly measured in the present study, the observed behaviour is
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consistent with established principles describing how electrode spacing and tissue
conductivity influence excitation thresholds.

The investigation explored the impact of waveform type on capture thresholds by comparing
monophasic and biphasic stimulation in a subset of animal subjects. Contrary to findings
reported in previous studies related to neural stimulation and endocardial pacing, no
statistically significant difference in capture threshold was observed in this study. While
trends were that were directionally consistent with previous reports, the study's data did not
achieve statistical significance. Typically, threshold currents for both pulse types were
comparable across a range of tested pulse durations.

The overall findings suggest that classical strength-duration theory remains applicable to
subcutaneous cardiac stimulation. Nonetheless, the energetic demands of achieving
myocardial capture are markedly higher than those observed with intravascular pacing.
These results establish quantitative benchmarks defining the electrical conditions required
for myocardial excitation from an extravascular source. Characterising these excitation
parameters was a crucial step before conducting further investigations. Elucidation of the
relationship between current, pulse duration and myocardial capture provided the
physiological framework necessary to evaluate how waveform parameters influence
arrhythmogenesis. In this respect, Objective 2 was achieved: the study demonstrated that
classical excitability models remain informative under subcutaneous conditions, while also
showing that extravascular stimulation imposes substantially greater energetic demands and
greater intersubject variability than conventional endocardial pacing.

Building on this foundation, Objective 3 broadens the scope from myocardial excitation to
encompass the induction of ventricular fibrillation, emphasising how stimulus

configurations and cardiac excitability interact to affect arrhythmogenic risk.

6.1.3. Objective 3: Waveform Modulation of Ventricular Fibrillation Induction

The strength-duration properties governing subcutaneous myocardial capture were
developed in Chapter 3 for the porcine model. Objective 3 then examined how these
excitability principles relate to the initiation of ventricular fibrillation. The pacing
characterisations confirmed that classical electrophysiological relationships are maintained
under extravascular stimulation, while also demonstrating that substantially higher current
levels are necessary compared to endocardial pacing systems. These observations prompted
an investigation into how waveform parameters that influence myocardial excitability also
modulate the electrical conditions required to induce ventricular fibrillation. The third

objective explored how waveform configurations interact to set thresholds for VF induction.
111



Special attention was given to clarifying the relationship between peak current, which
determines instantaneous myocardial excitation, and average current, which affects the
overall electrical load on device power systems. Although previous research on VF induction
has primarily focused on peak current or voltage thresholds, this study aimed to determine
whether VF could be reliably triggered by waveform configurations that minimise the
sustained average current, even if these configurations involve moderately elevated peak
currents.

Subcutaneous implantable cardioverter-defibrillator (S-ICD) systems operate across a broad
voltage spectrum. Post-shock pacing and induction systems operate at low voltage, typically
80-100 V. In contrast, defibrillation shocks utilise high-voltage systems at 1350 V. A key
determinant of the size of implantable devices is the battery. The current A209/A219
Emblem platform utilises a 9 V battery comprising three 3 V lithium manganese dioxide
batteries. Reducing the battery voltage can significantly reduce the system's size and overall
footprint.

Lowering the primary-side voltage by a third will introduce additional design constraints,
particularly with the flyback power supply that delivers the high-voltage output. Efficient
performance depends on the implanted device operating at both low voltages, around 80 V,
for post-shock pacing and induction protocols, and high voltages, near 1400 V, for
defibrillation therapy. This operational range requires precise selection of the transformer
turns ratio and effective management of duty-cycle parameters. Very high duty cycles at
elevated voltages can increase core losses and reflected energy in the transformer. This can
reduce the power transferred to the load, with potentially important consequences for device
performance. Conversely, very short duty cycles at lower voltages may prevent the flyback
converter from extracting sufficient input power. Therefore, an optimal balance is required
between immediate current delivery and the ability to sustain the electrical load.

The current EMBLEM S-ICD platform demonstrates these limitations in practice: VF is
induced using a fixed stimulation protocol consisting of an alternating-polarity biphasic
pulse train with a pulse width of 8.6 ms, delivered at 200 mA and repeated at 50 Hz. Due to
the long pulse duration and high duty cycle, this waveform produces a substantial average
current of 172 mA. While this stimulus profile is consistent in inducing VF, it requires
substantial power from the device's power supply and associated circuitry.

This study systematically examined the impact of waveform parameter variations on VF
induction thresholds. Using a structured design of experiments (DOE) methodology, the
study evaluated the effects of pulse width and stimulation frequency within physiologically

relevant ranges. The results demonstrate that both parameters significantly influence the
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peak current required for VF induction. Increases in pulse width and frequency consistently
reduced this current across all subjects. Extending pulse widths from 1 ms to 8.6 ms resulted
in approximately a 50% decrease in the average peak current needed for successful VF
induction. These findings reinforce established electrophysiological principles, whereby
longer stimulus durations enhance membrane charging, thus increasing the likelihood of
myocardial depolarisation sufficient to induce arrhythmogenesis. Similarly, higher
stimulation frequencies appear to lower thresholds, probably by increasing the chances of
stimuli occurring during the myocardium’s vulnerable period.

This study revealed an interesting trade-off in cardiac stimulation between peak and average
current delivery. Longer pulse widths and higher frequencies resulted in lower peak currents
required to induce ventricular fibrillation. This is consistent with classic principles of
membrane charging. These same conditions increase the average current over the pulse train.
Conversely, shorter pulse durations with lower repetition rates demand much higher peak
currents but result in significantly lower average current exposure. This presents an
interesting engineering and physiological challenge: optimising extravascular stimulation
systems involves balancing immediate electrical excitation with overall energy use. From an
engineering perspective, this trade-off has significant implications: the average current
directly affects total energy consumption, thereby impacting battery life and thermal loads
on pulse-generation electronics. Strategies that reduce average pulse-train current may help
address constraints related to battery chemistry, power-converter design and thermal loading,
particularly in future lower-energy or miniaturised extravascular ICD platforms..
Alternatively, approaches that permit elevated peak currents while decreasing sustained
current might lower the voltage required for subcutaneous implantable cardioverter-
defibrillators (S-ICDs). This could enable a platform redesign by moving from the current 9
V design to lower-voltage systems. This, in turn, provides a viable pathway to device
miniaturisation. However, a key physiological limitation exists: waveform configurations
with lower average currents can still effectively induce VF, but the higher peak currents they
require increase skeletal muscle activation. This is a consequence of subcutaneous
stimulation interacting with surrounding thoracic muscles; these increased instantaneous
currents cause visible muscle contractions. Although manageable in anaesthetised
experimental settings, such effects are unlikely to be tolerated by conscious patients. These
findings demonstrate electrophysiological and engineering feasibility; waveform strategies
that require drastically increased peak currents are unlikely to be clinically acceptable
because of patient comfort and tolerability constraints. This, therefore, establishes a pivotal

boundary condition for the development of extravascular defibrillation systems. Although
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waveform optimisation can significantly improve the energy efficiency of VF induction,
physiological tolerability ultimately limits the permissible peak current amplitudes. Future
device innovations must therefore carefully balance electrical efficiency with patient
comfort and procedural reliability when designing induction and defibrillation protocols.
Furthermore, these findings are relevant to ongoing debates about the clinical necessity of
ventricular fibrillation (VF) induction during device implantation procedures. Randomised
trials such as SIMPLE and NORDIC have shown that routine defibrillation threshold testing
can be safely omitted in many transvenous implantable cardioverter-defibrillator (ICD)
systems. Recent PRAETORIAN-DFT results have changed the clinical framing of VF
induction in S-ICD implantation. Rather than supporting universal routine defibrillation
testing, the evidence now supports a selective strategy in which PRAETORIAN score
assessment can guide omission of testing in appropriately positioned de novo S-ICD
implants. This does not diminish the relevance of the present work. Instead, it narrows its
clinical application to scenarios in which VF induction remains indicated or valuable,
including uncertain implant positioning, elevated PRAETORIAN scores, system revision,
generator replacement, preclinical validation and next-generation extravascular ICD
development. Within this more selective framework, understanding how waveform
configuration influences induction threshold, reproductivity and current burden remains
important for improving procedural safety and device efficiency. While these trials mainly
focus on anatomical factors affecting defibrillation success, this work emphasises the
importance of electrophysiological factors as additional contributors. Specifically, the data
suggest that waveform configuration influences not only the energy efficiency of VF
induction but also its reproducibility in subcutaneous systems. Developing a mechanistic
understanding of these relationships could improve induction protocols and enhance
waveform design for next-generation extravascular defibrillation technologies.

The findings presented in Chapter 4 show that waveform design directly influences
arrhythmia-induction thresholds and energy requirements. Building on the strength-duration
principles established in Objective 2, these results highlight a key principle of this thesis:
that electrical waveform configuration is a vital design factor in the development of future
bioelectronic cardiac therapies. Taken together, objective 3 was achieved by demonstrating
that VF induction under subcutaneous conditions is not governed solely by absolute current
amplitude, but by a broader interaction between pulse width, frequency, peak current and
average current, with direct implications for device efficiency, miniaturisation and

procedural design.
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6.1.4. Objective 4: Waveform-Dependent Maturation of hiPSC-Derived
Cardiomyocytes.
The initial objectives concentrated on how electrical waveform parameters influence
myocardial excitation and the induction of arrhythmia in vivo. Objective 4 investigated
whether similar principles are associated with the maturation of engineered human
myocardium in vitro. Specifically, the study evaluated how systematic variation in electrical
waveform configuration was associated with maturation-associated transcriptional
organisation in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs).
As detailed in Chapter 1, hiPSC-CMs typically exhibit immature phenotypes similar to those
of foetal cardiomyocytes. These are characterised by disorganised sarcomeres, altered
expression of ion channels, immature calcium handling, and limited electrophysiological
coupling. These features hinder their usefulness in disease modelling, drug screening and
regenerative applications. Although electrical stimulation is a common strategy for
promoting maturation, most studies treat it as an empirical intervention. Previous studies
have examined the effects of electrical stimuli by changing a single parameter, usually
pacing frequency. Therefore, the complex influence of waveform parameters on
cardiomyocyte development remains insufficiently explored.
To address this knowledge gap, Chapter 5 adopted a structured DOE framework, similar to
that used in Chapter 4 to study how waveform parameters influence maturation-associated
transcriptional responses in engineered cardiac tissue. Using the CWG from Chapter 2,
hiPSC-derived cardiac constructs were subjected to controlled electrical stimulation for 14
days. The factorial design enabled simultaneous assessment of individual parameters and
their higher-order interactions thereby enabling the study to investigate which electrical
factors affect cardiomyocyte maturation systematically. Transcriptional analysis showed
clear patterns: electrical stimulation caused modest changes in gene expression at the level
of individual genes. Certain transcripts, such as MYL7 and MYH7, did show nominal
associations but did not withstand correction for multiple comparisons. The multivariate
analysis suggested that waveform configuration was associated with structured patterns of
transcriptional covariance, although the principal-component regression models did not
reach conventional statistical significance. Principal component analysis indicated that
stimulation parameters, particularly voltage amplitude, stimulation frequency, and
waveform type, contributed to organising coordinated transcriptional responses across
various functional domains.
These responses involved not only isolated gene expression changes but also the coordinated

regulation of multiple networks related to cardiomyocyte maturation. Transcripts associated
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with electrical coupling and membrane excitability, such as GJA1, GJAS, KCNJ2, and
SCNS5A, played a major role in the main axes of variation. At the same time, structural and
contractile gene expression, exemplified by MYH6, MYH7, and MYL2, outlined a distinct
yet connected transcriptional axis related to sarcomeric development. Additionally, calcium-
handling genes like RYR2 and ATP2A2 contributed to differences in transcriptional
patterning related to calcium handling capacity. These patterns suggest that stimulus
configuration was associated with how transcriptional programmes are organised during
cardiomyocyte maturation, rather than simply increasing the expression of individual genetic
markers. This supports the growing view that cardiomyocyte maturation is a distributed,
systems-level process involving the coordinated remodelling of structural,
electrophysiological, metabolic, and calcium-handling pathways. In this context, electrical
stimulation may act more as a regulatory input that shapes the development of these
interconnected biological networks than as a simple binary trigger for intervention. The
findings suggest that waveform configuration may represent a tunable developmental signal
associated with the reorganisation of transcriptional covariance across key maturation
domains.

The data also offer a key methodological insight. Traditional single-gene fold-change
analyses might underestimate the biological impact of electrical conditioning. In contrast,
multivariate methods like principal component analysis are more informative because they
reveal coordinated, domain-level responses that could otherwise go unnoticed. This
highlights the importance of systems-level analytical frameworks in understanding complex
maturation processes. Additionally, the experimental design showed that high-energy
waveform conditions can influence the electrochemical stability of the culture medium. This
was indicated by phenol-red decolourisation and decreased cell viability, highlighting the
need for electrical conditioning protocols to remain within a safe electrochemical range.
Excessive stimulation energy can disrupt the physicochemical environment of the culture,
reducing the viability of certain waveform regimes. Therefore, optimising electrical
conditioning protocols requires a careful balance between promoting maturation and
maintaining electrochemical stability.

The maturation signatures observed in this study were derived from a model in which cells
were expanded and differentiated in two-dimensional culture before incorporation into three-
dimensional engineered tissues, but which lacked mechanical loading or the full architectural
complexity of more advanced engineering systems. Cardiomyocyte maturation is known to
depend on integrated electromechanical cues, including extracellular matrix organisation

and mechanical strain. Therefore, the transcriptional responses documented here likely
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represent early-stage maturation pathways rather than fully matured adult phenotypes.
Nonetheless, the structured transcriptional responses identified demonstrate that waveform
parameters alone can be associated with the reorganisation of maturation-related gene
networks, even in the absence of additional biomechanical stimuli.

From a translational perspective, this indicates a need to revise the conceptual framework of
electrical conditioning in cardiac tissue engineering. Instead of considering stimulation
merely as a binary intervention, waveform architecture should be regarded as a design
variable that can be systematically optimised to influence cardiomyocyte maturation. The
structured DOE approach used here provides a practical framework for identifying electrical
conditioning protocols that encourage coordinated maturation while operating within safe
electrochemical limits.

The results from Objective 4 show that electrical stimulus design has a measurable though
cautious, systems-level association on cardiomyocyte maturation, coordinating integrated
transcriptional networks across structural, electrophysiological, and calcium-handling
domains. This broadens the main premise of the current work beyond organ-level
electrophysiology to focus on the cellular level. Just as waveform architecture influences
myocardial excitation and arrhythmia susceptibility in vivo, it may also act as a controllable
conditioning variable associated with maturation-related transcriptional patterning of
engineered cardiac tissues.

This thesis proposes a cross-scale framework that connects waveform engineering with
cardiac biology. The programmable stimulation platform from Objective 1 allowed
controlled studies of subcutaneous myocardial excitability in Objective 2, which helped
analyse arrhythmia induction in Objective 3. Objective 4 showed that waveform parameters
affecting organ-level electrophysiology are also associated with maturation-related
transcriptional organisation in engineered cardiac tissue.

These findings support the view that electrical waveform parameters are an important design
variable influencing cardiac electrophysiology in vivo and associated with maturation-

relevant transcriptional organisation in vitro.
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6.2.Future Works

Across all experiments, stimulation architecture emerged as an important factor influencing
cardiac excitation and arrhythmogenesis and as a variable associated with maturation-
relevant transcriptional organisation in hiPSC-derived cardiomyocytes. At the same time, the
study identifies several promising directions for future research. These directions are based
both on the findings of the present work and on the remaining mechanistic, methodological
and translational questions that must be addressed to optimise waveform design in more
precisely controlled experimental and clinical settings.

At the organ level, subcutaneous pacing experiments corroborated that classical strength-
duration relationships remain applicable under extravascular stimulation, although with
markedly increased energy requirements. Future research should aim to validate and extend
these findings. This will require larger cohorts and more rigorous experimental designs to
quantify intersubject variability in rheobase and chronaxie more accurately. Incorporating
anatomical parameters such as thoracic impedance, electrode-myocardium distance, and
tissue geometry could enhance mechanistic insights and facilitate more accurate modelling
of current-density distributions in extravascular pacing systems.

The experiments on ventricular fibrillation induction revealed a notable trade-off between
peak current demands and the average current burden. Subsequent studies should investigate
this relationship through narrower DOE boundaries guided by insights from Objective 3.
Additionally, characterisation of inter-pulse delay parameters could elucidate the effects of
optimised biphasic waveforms. Coupling these experimental insights with detailed
modelling of implantable power electronics would enable a comprehensive evaluation of
waveform optimisation, encompassing electrophysiological efficacy, converter efficiency,
battery longevity, and thermal management. Such integrated analyses are instrumental in
informing the development of lower-voltage and more energy-efficient architectures for
next-generation extravascular defibrillation devices.

At the cellular level, experiments utilising hiPSC-derived cardiomyocytes demonstrated that
waveform configurations were associated with structured changes in the coordinated
transcriptional networks associated with cardiomyocyte maturation. An important
subsequent step is to replicate and extend these investigations by applying refined ranges of
electrical parameters that remain within biologically permissible limits. The current study
identified specific high-energy waveform conditions that destabilised the culture
environment, thereby establishing a valuable reference point for delineating a safe electrical
conditioning window. Future research should expand on this foundation by using larger

sample sizes and more robust experimental design (DOE) frameworks to better understand
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the relationship between waveform parameters and maturation, with greater statistical
confidence.

Additionally, the interpretation of hiPSC-CM maturation data will be enhanced by
integrating other phenotypic datasets. The ongoing sarcomeric imaging analyses are
expected to provide vital structural insights that put the transcriptional results into context.
Particular emphasis should be placed on sarcomeric alignment, organisation and anisotropy,
as these structural features may help determine whether the transcriptional patterns observed
here are accompanied by measurable morphological maturation. If these structural markers
reveal a stronger maturation signature than gene expression alone, they could significantly
improve understanding of waveform-dependent maturation pathways.

Future research should aim for two main goals: optimising waveform design for use in
extravascular cardiac devices and improving electrical conditioning protocols for engineered
cardiac tissues. By systematically exploring the parameter space outlined here, electrical
stimulation can evolve from an empirical intervention to a carefully designed modality. This
progress would enable precise control of cardiac development and function, thereby
enhancing the translational potential of electrical conditioning in cardiac regenerative

therapies.
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