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Abstract

This thesis adopts the BPSLand human ventricular cardiomyocyte model to in-
vestigate how heart failure with reduced ejection fraction (HFrEF) remodeling al-
ters coupled electrophysiology, intracellular Ca®* handling, and contractile func-
tion in a controlled in silico setting. Control and HFrEF conditions were sim-
ulated under a fixed pacing protocol until steady state, and membrane voltage,
Ca’* transient, L-type Ca®" current, and active tension signals were analyzed us-
ing a consistent biomarker-based workflow. Remodeling effects were quantified
through HF/CTRL ratios and relative changes and compared with trends reported
by state-of-the-art human ventricular computational studies and, where available,
with experimental ranges.

The simulations reproduced key HFrEF signatures, including prolonged repo-
larization and altered Ca?* cycling, and revealed waveform-level links between
plateau dynamics, Ca>* entry, and downstream Ca’>" handling. Agreement with
published reference trends was stronger for electrical and Ca>*-related biomark-
ers than for tension kinetics, highlighting the higher sensitivity of mechanical
outputs to electromechanical coupling assumptions and biomarker definitions. A
robustness assessment confirmed stable biomarker ratios within the tested steady-
state pacing settings.

Overall, the work establishes BPSLand as a platform to quantify cross-domain
HFrEF remodeling and provides a baseline for future model refinement and in

silico evaluation of candidate therapeutic strategies targeting electrophysiology
and Ca®" handling.
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Chapter 1

Introduction

1.1 Problem statement and approach

Heart failure (HF) is a progressive syndrome in which the heart cannot provide ad-
equate perfusion to meet metabolic demands, and it remains a major contributor
to morbidity and mortality worldwide. This thesis focuses on heart failure with
reduced ejection fraction (HFrEF), where impaired systolic function is accom-
panied by coupled remodeling of electrophysiology, intracellular Ca>* handling,
and contractile performance at the cardiomyocyte level.

At the cellular level, HFrEF frequently exhibits delayed repolarization and
prolonged action potential duration (APD), reflecting a reduced repolarization
reserve due to coordinated changes in inward and outward membrane currents.
Because action potential morphology modulates Ca>t entry through Ic,. and
thereby influences intracellular Ca®* loading, electrical remodeling can propagate
into Ca®* cycling and contraction. In parallel, excitation—contraction coupling
dysfunction (e.g., depressed SR Ca?* uptake, altered release, and impaired mi-
crodomain coupling) can reduce systolic Ca®* release, slow Ca>* removal, dimin-
ish twitch force, and delay relaxation. Beyond reduced peak force, HFrEF is also
characterized by impaired contractile reserve, commonly reflected by a blunted or
negative force—frequency relationship, which integrates changes in Ca>* influx,
SR uptake, extrusion, and buffering.

Despite major experimental advances, human cardiomyocyte characterization
in HF remains limited by constrained tissue access, protocol variability, and the
difficulty of simultaneously resolving voltage, Ca®", and force with comparable
temporal precision. Computational electromechanical modeling addresses this
gap by providing a controlled environment where specific remodeling components
can be isolated and evaluated systematically. By coupling detailed human ventric-
ular ionic/Ca®t models to biophysically-based myofilament formulations, elec-
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2 CHAPTER 1. INTRODUCTION

tromechanical frameworks enable simulation of the full excitation—contraction
cycle and support mechanistic interpretation of how remodeling shapes AP and
Ca’" transients and their mechanical consequences under fixed pacing conditions.

In this thesis, these questions are investigated using the BPSLand human ven-
tricular electromechanical model as the primary simulation platform. A literature-
derived remodeling map (Mora et al.) is used as an external reference to define
remodeling targets and expected qualitative trends. Model outputs are then sum-
marized through a consistent set of electrophysiological, Ca>*-handling, and con-
traction biomarkers extracted from membrane voltage, intracellular Ca*t, IcaL,
and active tension.

1.2 Physiological background

This work models an isolated human ventricular cardiomyocyte paced by an ex-
ternal stimulus current at a prescribed basic cycle length (BCL). The simulated
outputs analyzed throughout the thesis are the transmembrane action potential
(AP), the intracellular Ca?* transient (CaT), the L-type Ca®t current Ic,, and
the resulting isometric active tension. Within this single-cell electromechanical
framework, AP morphology (e.g., APDsy and APDg) influences Ca’* entry via
Icar, which triggers SR Ca?* release and shapes CaT amplitude and decay; CaT
then regulates myofilament activation and twitch tension. Tissue-level propaga-
tion, chamber geometry, and ECG signals are outside the scope of this study and
are not modeled explicitly.

1.2.1 Pacing protocol

In the intact heart, ventricular excitation is initiated by the specialized conduction
system (SA node, AV node, His—Purkinje network), which ensures rapid and co-
ordinated activation of the ventricles [33]. In a single-cell model, these spatial
propagation mechanisms are not represented. Instead, activation is reproduced by
injecting a brief stimulus current, and rate is controlled via the BCL. This pacing
abstraction enables systematic study of rate-dependent changes in AP, CaT, and
tension under controlled conditions, without confounding effects from propaga-
tion, heterogeneity, or electrotonic coupling.

1.2.2 Ventricular action potential

The ventricular action potential (AP) is the time course of transmembrane voltage
during one excitation—contraction cycle. It reflects the coordinated gating of ion
channels controlling Na™, Ca?*, and KT fluxes across the sarcolemma. At rest,
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ventricular cells maintain a membrane potential of approximately —80 to —90 mV,
primarily determined by high K™ permeability and the inward rectifier current /i

[33].

Upon stimulation, channels activate in a stereotyped sequence that produces
the characteristic ventricular AP with a prominent plateau phase. Figure 1.1 illus-

trates the conventional subdivision into phases 0—4 [33, 7].
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Figure 1.1: Schematic ventricular action potential with phases 0—4 [33].

 Phase 0 — Rapid depolarization. Activation of fast Na* channels gen-
erates the upstroke via In,, rapidly driving the membrane toward positive

potentials and initiating excitation.

 Phase 1 — Early repolarization. Na™ channel inactivation and activation
of the transient outward K™ current i, produce a brief partial repolarization.
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« Phase 2 — Plateau phase. A near-balance between inward L-type Ca>™ cur-
rent Ic,; and outward K currents sustains the plateau. Ca’* entry through
Icay is the key trigger for SR Ca®* release, thereby linking electrical activity
to CaT generation and downstream contraction.

* Phase 3 — Repolarization. Inactivation of Ic,; and increasing activity of
delayed rectifier Kt currents (Ik;, Iks), together with Ik late in repolariza-
tion, restore the membrane potential toward rest.

* Phase 4 — Resting state. Resting potential is maintained mainly by Ik
and by ionic pumps and exchangers, including the Na*/K* ATPase, which
preserve transmembrane gradients between beats.

AP morphology is a central determinant of Ca>* entry and intracellular load-
ing: changes in plateau level and duration directly influence the time integral of
Icar, and thus the trigger for SR Ca’* release [23]. Accordingly, AP duration
biomarkers (APDsg and APDgg) provide compact descriptors of repolarization
changes that are mechanistically coupled to CaT morphology and, ultimately,
twitch tension [23]. In HFrEF, reduced repolarization reserve commonly leads
to APD prolongation, making APD-based metrics a primary readout for CTRL
vs. HF comparisons [22].

1.3 HFTrEF at the Cardiomyocyte Level

At the single-cell scale, HFrEF is characterized by coupled remodeling of elec-
trophysiology, Ca?* handling, and contraction. Repolarization is often prolonged
due to reduced repolarization reserve, leading to increased APD and altered plateau
dynamics. In parallel, Ca®* cycling is impaired, typically with a smaller Ca®*
transient and slower Ca>* removal driven by an imbalance between SR uptake/release
and sarcolemmal extrusion. These changes translate into reduced twitch tension,
slower force development, and delayed relaxation. Structural remodeling, in-
cluding partial detubulation and dyadic disruption, further reduces EC-coupling
gain by weakening local LTCC-RyR coupling and promoting spatially dyssyn-
chronous CaZ* release [22, 20, 21, 25, 26]. These mechanisms motivate the
remodeling targets summarized in Mora et al. and implemented in the present
modeling framework [3].
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1.3.1 Electrophysiological remodeling

A common electrophysiological signature of HFrEF is APD prolongation, reflect-
ing reduced repolarization reserve due to coordinated changes in inward and out-
ward currents [22, 29]. This alters late repolarization dynamics and can increase
sensitivity of AP duration to perturbations [30]. Because AP morphology modu-
lates Icar, and thus Ca®™ entry, electrical remodeling propagates into Ca>* cycling
and contraction [23]. In this work, APDsg and APDy are used as primary indica-
tors of repolarization changes.

1.3.2 Ca’" handling

HFrEF Ca?* dysregulation typically presents as reduced CaT amplitude and slower
decay, consistent with depressed SERCA-mediated reuptake, enhanced NCX-

mediated extrusion, and altered RyR function (e.g., increased diastolic leak or

modified release sensitivity) [20, 27]. These changes reduce SR Ca%* content and

effective systolic release while slowing cytosolic Ca?>" removal, thereby impair-

ing force development and relaxation. Ca®" handling also feeds back to voltage

through electrogenic transport (notably NCX), contributing to coupled EP—Ca’*

effects [28]. The CaT biomarkers reported later quantify both magnitude and ki-

netics of this dysfunction.

1.3.3 T-tubules and dyads

Microstructural remodeling in HFrEF includes disruption and loss of the trans-
verse (t)-tubule network (partial detubulation), which weakens dyadic coupling
between LTCC and RyR clusters [25, 26]. The resulting increase in “orphaned”
RyR sites promotes spatially dyssynchronous Ca* release and reduces EC-coupling
gain, reshaping CaT morphology and its translation into force [3]. In the Mora/ToR-
ORd framework, these effects are represented by redistributing dyadic vs. non-
dyadic LTCC and NCX contributions and increasing the fraction of orphaned
RyRs [3].

1.4 Modeling Framework and Reference Models

The modeling strategy combines (i) a reference remodeling map used to define
literature-supported HFrEF targets and the expected qualitative direction of biomarker
changes, and (ii) a primary electromechanical simulation platform used to imple-
ment remodeling and quantify its consequences. Specifically, the HFrEF remod-
eling framework by Mora et al. (based on a ToR-ORd+Land electromechanical
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formulation) is used as an external benchmark for remodeling directionality and
plausibility, whereas all simulations and biomarker quantification in this thesis
are performed with the BPSLand human ventricular electromechanical model as
the primary platform [3, 6]. The electrophysiology-only BPS2020 study is refer-
enced to document the revised Ca>* handling and Ic,;. formulation inherited by
BPSLand [5, 6].

Across baseline and remodeled conditions, biomarkers are extracted in a stan-
dardized manner spanning: (i) AP morphology and repolarization (APDsy, APDyo,
Vpeak, RMP, dV /dtmax), (i) Ca?T-transient magnitude and kinetics (CaDiast, CaSyst,
CaTDsg, CaTDgyp), and (iii) active-tension magnitude and timing (ATpeak, AT-
min, DevF, TTP, RT50), consistent with the biomarker definitions and validation
workflow reported for BPSLand [6].

1.4.1 Reference framework: Mora/ToR-ORd

The remodeling framework proposed by Mora et al. is used in this thesis as a ref-
erence to define literature-supported HFrEF targets and to establish expected qual-
itative trends and plausible ranges for key biomarkers in failing human ventricular
myocytes [3]. Here, “ranges” refer to the HF/CTRL ratios reported by Mora et
al., which compile both model-derived ratios (ToR-ORd electromechanical simu-
lations) and experimental HF/CTRL ranges from the cited literature. Importantly,
Mora et al. is not used as the simulation engine in this thesis; instead, it serves as
an external benchmark to interpret whether the phenotype implemented in BPS-
Land reproduces coherent cross-domain trends (AP, Ca?* transient, and tension)
under HFrEF-like perturbations.

ToR-ORd electromechanical baseline

Mora et al. built their reference framework on the ToR-ORd model, a calibrated
refinement within the O’Hara—Rudy (ORd) family of human ventricular models
[8]. ORd-lineage models provide detailed formulations of transmembrane ionic
currents and intracellular Ca>* cycling, supporting robust simulation of ventric-
ular AP morphology, rate dependence, and Ca>* dynamics [7]. The ToR-ORd
electrophysiology—Ca®" model has been coupled to a Land-type myofilament for-
mulation by the Oxford group to form an electromechanical human ventricular
cardiomyocyte model [48]. Mora et al. then used this electromechanical frame-
work to investigate HFrEF remodeling and to report expected HF/CTRL trends
across AP, CaZt transients, and force biomarkers [3].
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Table 1.1: Main HFrEF remodeling scalings reported by Mora et al. (HF relative to
CTRL; ToR-ORd baseline) [3].

Target (Mora et al.) HF scaling (xCTRL)

INaL 1.30
Thr 1.80
o 0.40
Ik 0.68
INaK 0.70
NCX 1.65
CaMKII activity 1.50
SERCA 0.45
Jleak 1.30
KreLCa 0.80

Remodeling targets and expected trends

Table 1.1 reports the main HFrEF remodeling scalings adopted by Mora et al. with
respect to the ToOR-ORd baseline (Supplementary Table S1) [3]. The reported fac-
tors represent relative changes in key ionic and Ca>*-handling targets (e.g., max-
imal current/flux amplitudes and selected kinetics), and are used in this thesis as
an external reference to (i) define the expected direction of HF/CTRL biomarker
changes and (ii) check cross-domain consistency across action potential, Ca’"
transient, and mechanical outputs. Structural (t-tubule/dyadic) and myofilament
components included in Mora et al. are described separately in the original work
and are not fully summarized by the ionic scaling factors alone [3].

1.4.2 BPSLand electromechanical model

All simulations in this thesis were performed using BPSLand, a validated adult hu-
man ventricular electromechanical cardiomyocyte model that integrates BPS2020
electrophysiology/Ca’* handling with the Land contractile element (LandCE) to
generate isometric active tension [6, 9]. BPS2020 belongs to the O’Hara—Rudy
(ORd) lineage and includes an updated Ic,;. formulation and Ca2+—handling re-
finements to reproduce key human behaviors, including the inverse dependence
of action potential duration on extracellular Ca%t [5, 6].

Electrophysiology and Ca>* cycling (BPS2020). At a functional level, the EP
and Ca’* subsystems provide the excitation—contraction “front end”: membrane
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Figure 1.2: BPS2020 electrophysiology and Ca**-handling schematic (Land contrac-
tile element excluded), showing the main compartments (subspace, bulk myoplasm, SR)
and principal fluxes controlling Ca** cycling (release Jye, uptake Jup, and leak Jieax),
together with representative sarcolemmal currents and transporters. Adapted from the
BPSLand/BPS2020 model description [6].

currents shape the action potential (AP), and Ca?" fluxes shape the intracellular
Ca®* transient (CaT) that activates contraction. In BPS2020, cytosolic Ca’t is
represented using two domains (subspace and bulk myoplasm), while the SR Ca>*
dynamics are summarized by release, uptake, and leak fluxes (Jrel, Jup, Jieax) [6].
The sarcolemma includes the main depolarizing and repolarizing currents (e.g.
Na™, Ca’T, and K™ currents), together with electrogenic transporters and pumps
(e.g. NCX and Inak) [6]. Figure 1.2 summarizes the compartmental organization
and the dominant Ca>* pathways used in this work. For clarity, this schematic
is intended as a representative overview of the major mechanisms rather than an
exhaustive inventory of every current and sub-component.

Contractile element and coupling (LandCE). Mechanical activity in BPS-
Land is provided by LandCE, which converts the cytosolic Ca>* signal into iso-
metric active tension through thin-filament regulation and cross-bridge cycling
[9, 6]. A key feature is bidirectional coupling: Ca>* binding to troponin in the
myofilament module contributes to the overall Ca>* buffering balance, so changes
in contractile-state occupancy can feed back onto the free CaT [6]. Figure 1.3
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shows the LandCE state structure used to represent thin-filament regulation and
cross-bridge kinetics.

legend]

calcium Trpn B model state
= . B external variable
el ‘¢k transition rates

x| Kerpn >

i ¢"= influence on rates
> =" ===
" Ka
Ca-Trpn
Ky K

cell velocity dA/dt |-~

[ cell length A

Figure 1.3: Land contractile element (LandCE) state diagram: Ca®*-troponin binding
regulates thin-filament activation and transitions among cross-bridge states. Rate con-
stants depend on Ca** and kinematic variables (A, dA /dt). Adapted from [9].

The simulated waveforms (AP, CaT, Ic,1., and active tension) provide the sig-
nals used for biomarker extraction as defined in Methods.

1.4.3 Scope and modeling assumptions

The simulations in this thesis are intentionally confined to the isolated single-cell
level. This choice enables controlled, mechanistic attribution of remodeling ef-
fects, but it also defines what the framework does not represent. Moreover, the
literature data used to parameterize and validate the remodeling scenarios con-
sidered here are predominantly available at the single-cell level, which further
motivates this modeling scope.

Electrical scope. The model describes a single ventricular cardiomyocyte under
a fixed pacing protocol. It does not represent tissue-level propagation, cell-to-cell
coupling, or spatial heterogeneity across the ventricular wall beyond selecting a
single-cell parameter set; consequently, ECG-level signals and conduction-related
phenomena are not generated directly.

Mechanical scope. Mechanical outputs should be interpreted as cell-level iso-
metric active tension generated by the embedded myofilament model (LandCE),



10 CHAPTER 1. INTRODUCTION

not as chamber pressure—volume behavior. The mechanical setting is strictly iso-
metric: there is no ventricular geometry, preload/afterload, or closed-loop circu-
lation, and no pressure—volume loops are represented. Accordingly, results are re-
ported in terms of tension-derived biomarkers (e.g., ATpeak, ATmin, DevE, TTP,
RT50) rather than hemodynamic indices.

Remodeling scope. HFrEF remodeling is represented through literature-derived
cellular proxies implemented as targeted modifications of ionic currents, Ca*-
handling fluxes, and coupling-related parameters. System-level neurohumoral
regulation and multi-scale feedback (e.g., autonomic tone, circulating hormones,
long-term structural adaptation) are outside the scope.

Within these boundaries, the framework is designed to quantify how targeted
cellular remodeling alters electrical, Ca2+-handling, and mechanical biomarkers
in a controlled in silico setting.

1.5 Thesis outline

Chapter 2 presents the aim of the work and the specific objectives. Chapter 3
describes the computational framework, pacing protocol, remodeling implemen-
tation, and biomarker extraction pipeline. Chapter 4 reports the effects of HFrEF
remodeling on electrophysiological, Ca>*-handling, and mechanical biomarkers,
including sensitivity and convergence analyses where applicable. Chapter 5 sum-
marizes limitations of the single-cell approach and outlines directions for future
work. Finally, Chapter 6 interprets the results mechanistically and compares
trends against the literature reference.



Chapter 2

Thesis Objectives

The aim of this thesis is to characterize the single-cell HFrEF remodeling signa-
ture in a human ventricular electromechanical model by implementing a literature-
informed HFrEF configuration in BPSLand [6] and quantifying its effects through
a standardized set of electrophysiological, Ca’*-handling, and mechanical biomark-
ers. Literature-based targets and expected trend directions are taken from Mora et
al. as an external reference [3].

Accordingly, the objectives are:

Establish a CTRL baseline in BPSLand and verify steady-state behavior
under the chosen pacing protocol [6].

Define HFrEF remodeling targets (ionic, Ca>*-cycling, and dyadic/structural
proxies) from the reference framework and supporting literature [3].
Implement the selected targets in BPSLand in a modular manner to enable
controlled activation/deactivation of remodeling components.

Quantify CTRL vs. HFrEF differences using a predefined biomarker set
spanning AP repolarization (APDsg, APDgg), CaT magnitude/kinetics, and
tension-based indices.

Compare simulated HF/CTRL trends against the reference expectations to
assess cross-domain consistency and physiological plausibility [3].

11



Chapter 3

Materials and Methods

This chapter outlines the computational protocol used to simulate CTRL and
HFrEF conditions with the BPSLand human ventricular cardiomyocyte model
and to extract steady-state biomarkers from the resulting waveforms. Remodeling
settings, pacing/solver configuration, and biomarker definitions are specified for
reproducibility of the Chapter 4 analyses. The workflow is shown in Fig. 3.1.

Inputs
CTRL and HFrEF remodeling settings (scaling factors)

AN

Simulation
BPSLand model; pacing protocol (BCL = 1000 ms);
number of paced beats n;; numerical solver settings

- A 4
Y

~
AN

Recorded outputs
V. (action potential), [Ca’*t]; (calcium transient),
Ica. (L-type Ca®*t current), 7, (active tension)

AN

Biomarker extraction
Steady-state biomarker definitions; extraction from the final paced
beat; computation of relative change (A%) and HF/CTRL ratios

N

Comparison and consistency checks
Comparison of HF/CTRL ratios against ToR-ORd/Mora ref-
erence ranges; robustness assessment with respect to ny,

Figure 3.1: BPSLand simulation and biomarker analysis pipeline.

12
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3.1 Remodeling parameter set and implementation
mapping

This section describes how the HFrEF phenotype is implemented in the BPSLand
framework through a compact set of remodeling scalings. We first outline the scal-
ing strategy and the targeted mechanisms, and then report the CTRL and HFrEF
parameter sets used throughout the simulations.

3.1.1 Opverview of the remodeling implementation

To represent the HFrEF phenotype within the BPSLand electromechanical model,
we apply a compact set of multiplicative scaling factors to selected transmembrane
currents, Ca>*-handling pathways, and SR-release control terms. This approach
preserves the original model structure while enabling a controlled, component-
wise implementation of literature-driven remodeling effects and their coupled im-
pact on electrophysiological, Ca>*-transient, and force-related outputs [3].

3.1.2 Remodeling targets and parameter meaning

The remodeling parameter set is organized into three functional groups, target-
ing membrane electrophysiology, Ca’* handling, and SR release/trigger effective-
ness. Remodeling is implemented through multiplicative scaling factors applied
either to current/flux amplitudes or to kinetic time constants, without altering the
underlying ODE structure of the BPSLand model [3].

(i) Sarcolemmal electrophysiology (inward/outward current balance and re-
polarization).

* Late sodium current (Iy, ). Multiplicative scaling of the maximal conduc-
tance (current amplitude) of the late Na™ current during the plateau, which
reduces repolarization reserve and tends to prolong APD.

* Late sodium inactivation time constant (7;;). Multiplicative scaling of
the Iy, inactivation time constant, altering the kinetics of late Na™ current
decay and therefore its persistence during repolarization.

* Transient outward potassium current (/). Multiplicative scaling of the
maximal conductance of I,, shaping early repolarization (phase 1) and in-
fluencing notch depth and plateau level.
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* Inward rectifier potassium current (/). Multiplicative scaling of the
maximal conductance of Ik, affecting terminal repolarization and stabiliz-
ing the resting membrane potential.

e Na'/K' pump (Iyax). Multiplicative scaling of the maximal pump current
of INak, influencing ionic homeostasis and indirectly modulating repolar-
ization robustness.

« Nat/Ca’t exchanger (NCX). Multiplicative scaling of the maximal ex-
changer current of NCX, an electrogenic sarcolemmal transporter that links
Ca* extrusion to membrane voltage through its contribution to the total
membrane current.

* L-type Ca>" channel amplitude (bGc,1 ). Multiplicative scaling of the L-
type channel current amplitude applied consistently to the Ca’>*, Na™, and
K™ components (Icar, Icana, Icak). This parameter effectively rescales the
maximal L-type channel conductance/permeability and therefore modulates
Ca’" entry and the plateau current balance.

(i) Intracellular Ca>" handling and SR cycling (uptake, leak, release control,
and regulation).

* CaMKII activity (CaMK,). Multiplicative scaling of CaMKII-dependent
modulation terms in the Ca?>* handling subsystem, representing altered phosphorylation-
driven regulation under HFrEF conditions.

* SERCA uptake (SERCA). Multiplicative scaling of the maximal SR up-
take flux Jup (SERCA strength), which shapes CaT decay and SR refilling.

* SR leak (Jieax). Multiplicative scaling of the leak flux amplitude from SR to
cytosol, influencing SR Ca®* load and diastolic Ca>* levels.

* SR release Ca’"-dependence (K, c,). Scaling of the Ca>*-dependence
(sensitivity/gating) in the RyR-mediated release formulation, modulating
the effective release gain.

* SR release coefficient (/i cof). Multiplicative scaling of the release flux
amplitude (effective release strength), providing a compact control of SR
Ca’" release.
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3.1.3 Control and HFrEF scaling sets

Two parameter sets are used throughout this thesis. The control condition uses
unity scaling for all targets, whereas the HFrEF condition applies the literature-
informed scaling values reported below. For clarity and reproducibility, Table 3.1
summarizes the scaling factors used for both conditions.

Table 3.1: Scaling factors used to implement Control and HFrEF conditions in the BPS-
Land framework.

Remodeling target Control HFrEF

INaL 1.00 130
T 100  1.80
Lo 100 0.40
Ik1 100 0.68
ek 100 0.80
NCX 100 140
CaMK, 100 1.40
SERCA 1.00 077
Jieak 1.00 131
Krel.Ca 100 0.59
eel_cof 100 054
bGearL 1.00  0.70

In subsequent analyses, these remodeling factors define the only differences
between baseline and HFrEF simulations at the model-parameter level; proto-
col details (pacing, steady-state enforcement, and numerical settings) are reported
separately in the simulation setup section.
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3.2 Biomarker definitions and extraction

To quantify baseline and HFrEF-remodeled behavior, biomarkers are extracted
from simulated traces of transmembrane potential V,,(¢), cytosolic calcium con-
centration [Ca®"];(t), and active tension 7'(¢) on the final paced beat at steady
state. A subset of biomarkers is directly comparable to the ToR-ORd/Mora ref-
erence (APDg, systolic Ca%t, CaT timing indices, and developed force), while
additional readouts are reported for internal characterization of the BPSLand plat-
form and to support interpretation when a one-to-one mapping to Mora outputs is
not available[3].

Timing conventions and analysis window. Biomarkers are computed from the
final paced beat after steady state is reached. Let 7y denote the onset time of the
stimulus current for the analyzed beat. Baseline values (e.g. Viest, Cagiast) are com-
puted as averages over the pre-stimulus window [f) — Afpase, o). All peak/extrema
operations (€.g. Vpeak, Cdsyst, ATpeak/ATmin) are evaluated over the single-beat
analysis interval [ty, 7o + Thear|, With Thear equal to the BCL in this work. The

maximum upstroke velocity % is computed within the restricted window
max

[to, 1o+ Atyp] to isolate phase-0 depolarization. For threshold-based timing metrics
(APD and CaTD), the first threshold crossing is taken on the repolarization/decay
branch, i.e. after the corresponding peak within the same beat.

3.2.1 Electrical biomarkers

Electrical remodeling is quantified primarily through APDgg, with APDjs, re-
ported as a secondary index of early repolarization/plateau dynamics. Let 7 de-
note the stimulus reference time for the analyzed beat, Ve the baseline resting
membrane potential, and Vjeax the peak membrane potential.

* Resting membrane potential (RMP). Baseline membrane potential imme-
diately prior to stimulation:

RMP = V,,,(1) for 1 € [ty — Atpase, 0)- (3.1)

* Peak membrane potential (Vje,x). Maximum membrane voltage after stim-
ulation:

Vieak = max  V,,(¢). 3.2
peak te[t07t0+Tbeat] ( ) ( )

* Maximum upstroke velocity (d% ). Maximum time-derivative during
max
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the AP upstroke:

Vi = max Vi
dt max _fe[fo7l‘0+Atup} dt

(1). (3.3)
* APDg, (primary electrical biomarker). Action potential duration at 90%

repolarization. Define the repolarization threshold:
Voo = Viest +0.10 (Vpeak - Vrest)- (3.4

Let 19 be the first time on the repolarization phase such that V,,(f99) < Vogo.
Then:
APDgg = 199 — 1. 3.5

* APDs; (secondary electrical biomarker). Action potential duration at
50% repolarization. Define the threshold:

VSO = Viest + 0.50 (Vpeak - Vrest)- (3-6)
With t5 the first repolarization time such that V,,(t59) < Vsq:

APDsy = t50 — 19. 3.7

3.2.2 Calcium-handling biomarkers

Calcium-handling remodeling is quantified using cytosolic Ca>* transient (CaT)
amplitude and timing indices. Let [Ca®*];(¢) denote cytosolic calcium concentra-
tion for the analyzed beat.

« Diastolic Ca’" (Cagiy). Baseline cytosolic Ca®" immediately prior to
stimulation:

Cadiast = [Caz+]i(t) for re [to - Al‘basey Z‘0)- (3-8)

» Systolic Ca>" (Cagys). Peak cytosolic Ca>* after stimulation:

Casys = max  [Ca®");(t). (3.9)

te(ty, to+Thear

« Time-to-peak CaT (TTP). Time from stimulus to peak Ca’*:

TTPCy = tpeak Ca — 1o, tpeak ca = argmax|Ca’;(¢). (3.10)
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Figure 3.2: Action potential biomarkers: RMP, Vpea, APDso, APDoy.

« CaT relaxation time RTsy (RT50). Time from Ca®*t peak to 50% recov-
ery:
Casy = Cagigst +0.50 (Cagyst — Cagiast)- (3.11)

Let t50 ¢, be the first decay time such that [Ca2+],-(t5o’Ca) < Casp. Then:

RT50,cq4 = 150,ca — Ipeak,Ca- (3.12)

* CaTDsp and CaTDgy. CaT “duration” at 50% and 90% recovery (from
stimulus time):

Caso = Cagiast +0.50 (Casyst - Cadiast)a (3.13)
Cagy = Cagjast +0.10 (Casyst - Cadiast)- '

With 7, ¢, the first decay time such that [Ca?*] i(txca) < Cay on the decay
phase:

CaTDsy = t50,cq — 10,
(3.14)

CaTDgg = 190,ca — 10-



3.2. BIOMARKER DEFINITIONS AND EXTRACTION 19

Calcium Transient
T T

350 ‘ T
ity !
- - - -CTRL
v Cad
LA ! !
300 = 1y : : A Ca B
B : H sys
o \
T
ol \
i \
250 | \ 4
i v
] v
1 v
s ] Vi
£ i v !
/200 [ \l CaTD50 end! B
e £aTD50 level ¢ R eLeCEL T TR TRt SEE TR e e P R T et SR T L PR e L e e PR EEY EEL T T PP LR LT E et
[ y B !
i A
! Dy
! \
150 [ A i
\
! \
| \
| \
! ! AN
| : N
100 —'CaTDQO level ,;‘,\, rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr =
¢ ! RN
! ! ! Sa o
_______ o m e ————— == —
: : ! CaTD90 end
50 1 1 1 1
0 200 400 600 800 1000

Time (ms)

Figure 3.3: Calcium-transient biomarkers: Cagiasi, Casys, TTPcq, RTs0.cq, CaTDsy,
CaTDg().

3.2.3 Mechanical biomarker

Mechanical consequences of remodeling are summarized using tension-derived
biomarkers computed from the active tension trace T,(¢) over a single beat. The
stimulus reference time ¢y denotes the onset of the applied stimulus for the ana-

lyzed beat.

* Minimum active tension (ATmin). Minimum value of the active tension

trace over the beat:
ATmin=  min  T(1). (3.15)

t€to, to+Thear)

* Peak active tension (ATpeak). Maximum value of the active tension trace

over the beat:
ATpeak = max  T,(1). (3.16)

te [t07t0+Tbeat]

* Developed force (DevF). Beat-to-beat developed force amplitude:

DevF = ATpeak — ATmin. (3.17)
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Figure 3.4: Graphical definition of active-tension biomarkers (ATmin, ATpeak, DevF,
TTPz, RT507 ) extracted from the final paced beat at steady state.

* Time to peak (TTP). Time from stimulus onset to peak tension:

TTP = tpeak — to, fpeak =arg max  T,(1). (3.18)
te[’OJO"‘Tbeal}

* Relaxation time at 50% (RT507). Time from peak tension to 50% relax-
ation of the developed component:

Tsp = ATmin + 0.5 (ATpeak — ATmin) , RT507 = t50 — tpeak; (3.19)

where 150 is the first time after fpeqx such that T;,(50) < T5o within the same

beat.

3.2.4 Extraction rules and conventions

All biomarkers are computed on the final beat after steady state is reached (steady-
state criteria and pacing protocol are reported in Chapter 4 simulation setup). The
stimulus reference time ¢y is defined as the onset of the applied stimulus cur-
rent for the analyzed beat. Baseline quantities (Viest, Cadiast> Tdiast) are computed
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as averages over a pre-stimulus window of duration Af,se immediately preced-
ing top. APD and CaTD metrics are computed using beat-specific thresholds de-
fined relative to the corresponding baseline and peak values of the same beat,
ensuring robustness to baseline shifts under remodeling. Unless stated otherwise,
no smoothing or filtering is applied prior to biomarker extraction. In particu-
lar, dV /dtmax is reported in mV/ms (equivalent to V/s), and tension outputs (AT-
peak/ATmin/DevF) are reported in the model tension unit (kPa in this work).

Reported units follow the model outputs (ms for time, mV for V,,, concentra-
tion units for [Ca“],-, and model tension units for 7).

3.3 Simulation environment and numerical protocol
(MATLAB)

All simulations were executed in MATLAB using the BPSLand electromechani-
cal model under periodic pacing. This section summarizes the numerical config-
uration, pacing protocol, and the main output signals stored for biomarker extrac-
tion and reporting.

3.3.1 Software and solver settings

Simulations were performed in MATLAB by integrating the coupled ODE sys-

tem with the stiff solver ode15s. The integration step was constrained to MaxStep=1 ms
to ensure consistent temporal resolution for waveform-based biomarker extraction

[35, 36]. This corresponds to the solver option options = odeset(’MaxStep’,1)
used in the simulation script.

Solver tolerances were not explicitly set in the code; therefore ode15s default
tolerances of the installed MATLAB version were used (RelTol and AbsTol at
default values). All simulations (CTRL and HFrEF) used the same solver config-
uration and settings.

3.3.2 Pacing protocol and steady-state criteria

Cells were paced periodically with basic cycle length BCL = 1000 ms (1 Hz). The
stimulus was applied as a rectangular current pulse at the beginning of each cycle
with amplitude —53 puA/uF and duration 1 ms (current-clamp pacing). For each
condition (CTRL and HFrEF), the model was simulated for n;, beats starting from
the same initial-state vector loaded from InitialConditions, and biomarkers
were computed from the final paced beat.
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To assess that the extracted biomarkers were not sensitive to the selected run
length, simulations were repeated with n,, = {200,300, 500} beats at fixed BCL =
1000 ms; the corresponding robustness analysis is reported in Section 4.1.

3.3.3 Recorded outputs and data organization

For each condition, state variables were simulated over all beats and the final-
beat state trajectory was retained for biomarker extraction. The primary stored
waveforms were transmembrane potential V,,,, intracellular calcium [Ca”]i, SR
calcium [Ca®*|sgr, and active tension 7j,.

In addition to state variables, ionic currents and Ca2+-hand1ing fluxes were
evaluated by re-calling the model right-hand side along the stored trajectory and
saved as structured outputs. In particular, the last-beat current set included Iy,
INaLs Lo, IcaL, Ixr> Iks» IK1, INaca (Subspace and bulk components), and Inqk, to-
gether with SR flux terms such as release and uptake (e.g., Jrel, Jup), as required
for mechanistic interpretation.

All outputs were stored in consistent data structures across CTRL and HFrEF
(state variables and last-beat currents), enabling matched biomarker extraction
from identical signal definitions.

The final set reported in Table 3.1 represents the exact parameter multipliers
used in the simulations.



Chapter 4

Results and Discussion

This chapter reports steady-state CTRL and HFrEF simulations obtained with
the BPSLand electromechanical model and summarizes remodeling effects using
waveform- and biomarker-level comparisons.

4.1 Robustness to number of paced beats

Before presenting the main results, we verified that the reported steady-state wave-
forms and biomarkers are not sensitive to the length of preconditioning. All simu-
lations were repeated under identical protocol settings (BCL = 1000 ms), varying
only the number of paced beats n;, € {200,300,500}, and biomarkers were com-
puted from the final paced beat. Because HF/CTRL biomarker ratios changed only
marginally across this range (Table 4.1), the remainder of this chapter reports re-
sults from n; = 500 to provide a conservative steady-state margin and minimize
residual transient effects.

Figures 4.1-4.4 overlay the main waveforms (action potential, Ca>" transient,
Icar, and active tension) obtained at n;, = 200, 300, and 500 for both CTRL and
HFrEF, showing that the traces are visually stable with increasing n,. Quan-
titatively, Table 4.1 reports percent differences of HF/CTRL ratios between n;,
settings (200—300, 300—500, and 200—500), computed as A% = 100 (R, —
R1)/R;, where R denotes the HF/CTRL ratio.

23
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50 Action Potential

—————— CTRL (all nb)

HFrEF nb=200

HFrEF nb=300

HFrEF nb=500

Voltage (mV)

-100
Time (ms)

Figure 4.1: Action potential waveforms at n, = 200, 300, and 500 (CTRL and HFrEF;
BCL = 1000 ms).
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Figure 4.2: Intracellular Ca** transient at np = 200, 300, and 500 (CTRL and HFrEF).
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Figure 4.3: L-type Ca** current Icqy at ny = 200, 300, and 500 (CTRL and HFrEF).
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Figure 4.4: Active tension at n, = 200, 300, and 500 (CTRL and HFrEF)
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Biomarker A% 200—300 A% 300—500 A% 200—500 Max |A%|
APD90 (ms) -0.20 -0.20 -0.40 0.40
CaSyst (nM) 0.20 0.10 0.30 0.30
TTP (ms) 0.90 0.40 1.30 1.30
RT50 (ms) -0.70 0.90 0.20 0.90
ATpeak 0.91 0.35 1.25 1.25
ATmin 0.74 0.36 1.10 1.10
DevF (kPa) 1.79 0.70 2.50 2.50
Vpeak (mV) -0.30 -0.20 -0.50 0.50
RMP (mV) 0.00 0.10 0.10 0.10
APD50 (ms) -0.60 -0.60 -1.20 1.20
dV/dtmax 0.00 0.00 0.00 0.00
CabDiast (nM) 0.40 0.20 0.60 0.60
CaTD50 (ms) 0.00 -0.60 -0.60 0.60
CaTD90 0.60 -0.10 0.50 0.60
Max across biomarkers 1.79 0.90 2.50 2.50

Table 4.1: Sensitivity of HF/CTRL biomarker ratios to the number of paced beats ny,.

Overall, HF/CTRL ratios showed limited sensitivity to n; within the tested
range (Table 4.1), supporting the use of n, = 500 for steady-state reporting in the
subsequent analyses. We used n;, = 500 paced beats, consistent with the steady-
state protocol used in Mora et al. [3].

4.2 BPSLand Model Analysis

This section presents the steady-state CTRL and HFrEF waveforms produced by
BPSLand (membrane voltage, Ca?* transient, Ica1., and active tension) to provide
qualitative context for the biomarker-level comparisons reported in Section 4.3.
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4.2.1 Action potential

Figure 4.5 compares the action potential waveforms for CTRL and HFrEF. The
HFrEF trace exhibits delayed repolarization and a longer action potential duration,
consistent with the biomarker analysis (APDgg HF/CTRL = 1.40, A = 4+40.0%).
APDs( shows a concordant prolongation, indicating that the remodeling effect
reflects a broader reduction in repolarization reserve.

50 Action Potential Comparison
T T T

HFrEF

Control

Membrane Voltage (mV)

-50 -

-100 1 1 1 1
0 200 400 600 800 1000

Time (ms)

Figure 4.5: Action potential waveforms for CTRL and HFrEF conditions (BPSLand
model; BCL = 1000 ms).

In the present HFrEF parameterization (Table 3.1), APD prolongation is pri-
marily driven by a reduced repolarization reserve due to downscaling of outward
K™ currents (notably I, and Ix) together with an increased late inward contribu-
tion (Ina. and slowed late inactivation, 7j;). By contrast, the maximal Ic,p, con-
ductance is reduced (bGc,r. < 1), so the longer plateau arises from the net current
balance rather than from an increased Ic,;, magnitude. An extended plateau also
alters the voltage-time window that shapes both Ca’T entry through Ic,. and the
electrogenic contribution of NCX, supporting a coupled EP-Ca®" interpretation
of the phenotype [7, 29, 3].
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4.2.2 Calcium transient

Figure 4.6 compares the intracellular Ca>* transients for CTRL and HFrEF. Rela-
tive to CTRL, HFrEF exhibits reduced systolic Ca?* and elevated diastolic CaZ™,
together with slower decay kinetics. This is quantified in Section 4.3: CaSyst de-
creases (HF/CTRL = 0.59, A = —40.9%), CaDiast increases (HF/CTRL = 1.42,
A =+42.3%), and CaTDy is prolonged (HF/CTRL = 1.38, A = +37.8%).
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Figure 4.6: Intracellular Ca*t transient for CTRL and HFrEF conditions (BPSLand).

The remodeled Ca>* phenotype is coherent with impaired Ca®* cycling, where
systolic and diastolic levels reflect the balance between SR uptake (SERCA),
SR release (RyR-mediated Ji1), SR leak, and sarcolemmal extrusion via NCX
[20, 21]. In the present HFrEF configuration, reduced SERCA activity and al-
tered release/leak parameters (Table 3.1) promote lower SR Ca?* content and
smaller peak release while slowing cytosolic Ca** removal, providing a mecha-
nistic explanation for reduced CaSyst, increased CaDiast, and prolonged decay
[27, 3]. Because trigger influx occurs via Ic,1, during the action-potential plateau,
the electrical remodeling shown in Figure 4.5 is expected to further modulate Ca-
induced Ca release and the resulting Ca?" transient [24].
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4.2.3 L-type Ca>" current (Icy)

Figure 4.7 shows the L-type Ca>* current traces for CTRL and HFrEF. Differ-
ences in the Ic, time course reflect changes in trigger Ca’" entry during the
action-potential plateau and provide a direct link between the voltage phenotype
and Ca®* cycling [7, 5]. In the remodeled condition, Ic,r is shaped jointly by
(i) the imposed conductance scaling (bGc,r, in Table 3.1) and (ii) altered chan-
nel gating driven by the different plateau voltage trajectory and by Ca-dependent
inactivation (CDI) through the modified CaZt transient [3, 6].
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Figure 4.7: L-type Ca*t current (IcaL) for CTRL and HFrEF conditions (BPSLand).

A longer plateau can shift the timing and extent of both voltage-dependent
and Ca-dependent inactivation of Ic,p [7, 5]. Consequently, even with a reduced
maximal conductance, the net Ca>™ entry profile can change in a way that affects
SR release triggering and contributes to the altered Ca’" transient amplitude and
kinetics observed in Figure 4.6 and quantified in Section 4.3.
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4.2.4 Myocyte tension

Figure 4.8 shows the active tension (7;) traces for CTRL and HFrEF. Relative to
CTRL, the HFrEF simulation exhibits a marked reduction in peak active tension
together with a slower contraction—relaxation profile. This behavior is consistent
with the Ca?" handling changes reported above: reduced systolic Ca>* decreases
myofilament activation, while prolonged Ca?* removal delays relaxation [20, 6].
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Figure 4.8: Active tension traces for CTRL and HFrEF conditions (BPSLand).

This is reflected in tension-derived biomarkers (Section 4.3): ATpeak de-
creases substantially (HF/CTRL = 0.52, A = —47.7%) while ATmin increases
(HF/CTRL = 2.75), indicating higher residual/diastolic active tension. Developed
force (DevF = ATpeak—ATmin) is also reduced (HF/CTRL = 0.51). Timing in-
dices (TTP and RT50) show smaller relative changes, consistent with waveform
kinetics being more sensitive to model-specific coupling and biomarker definitions
than amplitude-based markers [10, 9].



4.3. BIOMARKER ANALYSIS 31

4.3 Biomarker analysis

This section quantifies CTRL vs. HFrEF differences using steady-state biomark-
ers extracted from the final paced beat (n;, = 500, BCL = 1000 ms). For each
biomarker, absolute values are reported for both conditions together with the per-
cent change (A%) and the HF/CTRL ratio. For mechanical output, ATpeak and
ATmin denote the peak and diastolic active tension of the last paced beat, and
developed force is defined as DevF = ATpeak — ATmin.

4.3.1 Key biomarkers with experimental HF/CTRL ranges

Table 4.2 reports a subset of biomarkers for which experimental HF/CTRL ranges
are available in the literature (“Experimental range” column). For completeness,
the corresponding ToR-ORd-based HF/CTRL ratios reported by Mora [3] are also
included as a simulation-based reference.

BPSLand reproduces the expected qualitative electrical and Ca>* remodeling:
APDyq is prolonged (HF/CTRL = 1.40, A = +40.0%) and CaSyst is reduced
(HF/CTRL = 0.59, A = —40.9%). For APDy, the BPSLand ratio is close to the
Mora value (1.54) and lies within the reported experimental range. For CaSyst,
the BPSLand ratio matches the Mora trend (0.60) and is close to the experimental
range.

For contractile kinetics, BPSLand predicts increases in TTP and RT50 (HF/CTRL
= 1.16 and 1.24). These ratios are closer to the available experimental ranges
than the larger increases reported by Mora (1.41 and 1.53), suggesting that ten-
sion timing indices may be particularly sensitive to the specific electromechanical
coupling formulation and biomarker definitions [10, 9].

Biomarker CTRL HFrEF A% BPS HF/CTRL Mora HF/CTRL Experimental range

APD90 (ms) 239.6 3355 40.0 1.40 1.54 1.16-1.46 [44, 45]
CaSyst (nM) 225 133 -40.9 0.59 0.60 0.50-0.56 [39, 46]
TTP (ms) 142.9 165.6 159 1.16 1.41 0.99-1.14 [42, 43]
RTS50 (ms) 107.6 133.8 244 1.24 1.53 1.10-1.11 [40, 41]
DevF (kPa) 15.47 7.86 -49.2 0.51 0.60 0.52-0.88 [41, 47]

Table 4.2: Key biomarkers for which experimental HF/CTRL ranges are available.

4.3.2 Additional model-based biomarkers (cross-model com-
parison)

Table 4.3 reports additional electrophysiological, Ca>*-handling, and tension-
related biomarkers computed from the BPSLand simulations at steady state. For
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these biomarkers, experimental HF/CTRL ranges are not reported consistently in
the literature; therefore the “Mora HF/CTRL” column is used as a ToR-ORd-
based cross-model reference rather than an experimental validation target [3].

Across most indices, BPSLand and the Mora/ToR-ORd reference show con-
sistent qualitative remodeling trends. APDs( prolongs in the remodeled condition
(HF/CTRL = 1.53), consistent with the APDgq prolongation. CaZt handling also
remodels directionally as expected, with elevated CaDiast (HF/CTRL = 1.42) and
slower decay (CaTDgg HF/CTRL = 1.38). The smaller CaTD prolongation in
BPSLand compared with Mora (1.38 vs. 1.96) indicates that late Ca’t removal
dynamics are particularly model-dependent and sensitive to parameter mapping
choices.

A useful interpretation point is the link between the final BPSLand remodel-
ing scalings (Table 3.1) and the Mora ToR-ORd targets (Table 1.1). While Mora
provides remodeling directions and magnitudes in a different ionic framework, the
BPSLand mapping required tuning of the corresponding targets (e.g., repolarizing
K™* currents, late inward currents, and SR release/uptake-related parameters) to
produce a coherent HFrEF signature in this electromechanical model. This high-
lights that quantitative HF/CTRL ratios can depend on the specific model formu-
lation, and that different models may emphasize different “leverage points” (e.g.,
repolarization reserve vs. trigger Ca>T entry vs. SR flux balance) when reproduc-
ing the same high-level HFrEF phenotype.

Biomarker CTRL HFrEF A% BPS HF/CTRL Mora HF/CTRL
Vpeak (mV) 42.19 38.58 -8.60 0.91 0.88
RMP (mV) -87.66 -86.31 -1.50 0.98 0.99
APDS50 (ms) 175.86 268.60 52.70 1.53 1.69
dV/dtmax (mV/ms) 248.81 222.44 -10.60 0.89 0.88
CaDiast (nM) 78.23 111.3  42.30 1.42 1.37
CaTD90 (ms) 25141 34645 37.80 1.38 1.96
CaTD50 (ms) 138.86  180.60 30.10 1.30 2.05
ATpeak (kPa) 15.57 8.14 -47.70 0.52 0.62
ATmin (kPa) 0.11 0.28 1753 2.75 2.53

Table 4.3: BPSLand model-derived biomarkers for CTRL and HFrEF.
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Limitations and Future Work

This thesis provided a controlled, quantitative comparison of CTRL and HFrEF
remodeling in a single-cell setting using the BPSLand human ventricular elec-
tromechanical model. The simulations reproduced coherent HFrEF-associated
signatures in repolarization and Ca>* cycling, but several limitations constrain
interpretation and generalizability.

Model dependence and parameter-mapping uncertainty. The findings de-
pend on the specific ionic, Ca?*-handling, and myofilament formulations in BPS-
Land, as well as on the adopted HFrEF scaling set and pacing protocol [6, 10]. In
addition, the HFrEF configuration required mapping literature-based remodeling
targets (derived in other ionic frameworks) onto BPSLand parameters; this map-
ping is not unique and can change which mechanisms dominate a given pheno-
type. Accordingly, the results should be read primarily as relative remodeling sig-
natures (HF/CTRL ratios and A%) under a fixed protocol, rather than as absolute
agreement with experimental or clinical measurements. Quantitative matching
would require additional calibration and, ideally, data-constrained personalization
and/or multi-dataset fitting [3, 19].

Biomarker definition and extraction sensitivity. Several biomarkers, partic-
ularly timing indices (e.g., time-to-peak and relaxation measures), depend on
definition and post-processing choices. Reference event (stimulus vs. upstroke),
baseline definition, smoothing/filters, normalization, and peak/threshold detection
rules can all produce non-trivial differences, especially when comparing outputs
obtained with different models or toolchains [3, 19]. A clear next step is to for-
malize biomarker definitions in a model-agnostic specification and apply a single
standardized extraction workflow for cross-model analyses.
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Mechanical phenotype: coupling assumptions and missing subcellular re-
modeling. The most specific limitation concerns mechanical readouts in cross-
model benchmarking. While BPSLand produced plausible active-tension wave-
forms and captured the expected reduction in peak tension, agreement with the
Mora/ToR-ORd reference was weaker for contraction and relaxation kinetics (e.g.,
TTP and RT50). This likely reflects differences in electromechanical coupling as-
sumptions, parameter scalings, and biomarker conventions across modeling chains
[10, 9]. Importantly, this thesis did not explicitly represent HFrEF-associated T-
tubule dysregulation. Because T-tubule remodeling can alter the synchrony of
Ca?* release and slow force development and relaxation, its absence may con-
tribute to discrepancies in tension kinetics and amplitude relative to frameworks
that account for altered EC-coupling microstructure. Future work should there-
fore test sensitivity of tension biomarkers to Ca?*-to-force coupling parameters
and Ca’* release dynamics, and benchmark against independent datasets report-
ing human ventricular contraction kinetics when available.

Protocol scope and rate dependence. All simulations were performed at a sin-
gle pacing rate (BCL = 1000 ms). Since rate dependence influences both electri-
cal and Ca”* phenotypes, extending the protocol to multiple cycle lengths would
clarify which remodeling signatures persist across heart rates and which are rate-
sensitive [7, 8]. This is particularly relevant for tension timing metrics and Ca>*
decay indices, which often show stronger frequency dependence than repolariza-
tion duration alone.

Richer phenotyping and uncertainty quantification. The analysis focused on
waveform morphology and a core biomarker set. Extending the panel to in-
clude arrhythmia-relevant measures (e.g., repolarization-reserve proxies, alter-
nans indicators, and triggers of abnormal depolarizations) would enable a more
complete characterization than mean waveforms alone [29]. In addition, uncer-
tainty quantification and parameter-variability analysis would move the compar-
ison from single-point outputs to distributions, improving the robustness of con-
clusions based on HF/CTRL ratios [19].

Broader benchmarking. Finally, benchmarking should be broadened beyond
a single reference study. Including additional published datasets and alterna-
tive ventricular model formulations would help separate remodeling signatures
that are consistent across modeling assumptions from those that are formulation-
dependent [21, 2].
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Conclusions

Heart failure with reduced ejection fraction (HFrEF) involves coordinated remod-
eling of ventricular electrophysiology, intracellular Ca>* cycling, and contractile
function. Human ventricular cardiomyocyte models provide a controlled frame-
work to isolate these coupled mechanisms and to quantify remodeling through
reproducible biomarkers. The aim of this thesis was to test whether the BPSLand
human ventricular electromechanical model reproduces key cellular signatures of
HFrEF, using a structured comparison against ToR-ORd-based HF/CTRL ratios
reported by Mora et al. [3].

CTRL and HFrEF conditions were simulated under a fixed pacing protocol,
using a consistent numerical configuration and a single post-processing pipeline
to extract steady-state biomarkers from the final paced beat. This enabled coher-
ent comparison at the waveform level (action potential, Ca®t transient, Iy, and
active tension) and at the biomarker level through HF/CTRL ratios and percent
changes.

The simulations yielded a clear and internally consistent CTRL-HFrEF sep-
aration in electrophysiology and Ca?" handling. In HFrEF, repolarization was
prolonged and the plateau regime was altered, while Ca’* cycling showed the ex-
pected combination of reduced systolic Ca?t, elevated diastolic Ca% ™, and slower
decay. These findings support a coupled interpretation in which the remodeled
plateau is consistent with altered Ca?* entry and Na*/Ca®" exchange contribu-
tion, contributing to downstream changes in Ca?* transient amplitude and relax-
ation dynamics.

When compared with the Mora/ToR-ORd reference, BPSLand reproduced the
expected direction of remodeling across the majority of biomarkers. Quantita-
tive agreement was strongest for electrical indices and Ca>t amplitude-related
measures, while tension-kinetic biomarkers showed weaker agreement, highlight-
ing the sensitivity of mechanical readouts to electromechanical coupling assump-
tions and to biomarker-definition choices across modeling pipelines [10, 9]. For

35



36 CHAPTER 6. CONCLUSIONS

biomarkers without direct experimental ranges in this work, Mora/ToR-ORd ratios
were therefore used as a model-based reference for cross-model benchmarking
rather than as experimental validation.

A robustness analysis with respect to the number of paced beats confirmed that
extracted HF/CTRL ratios were only weakly sensitive to preconditioning length
over np, € {200,300,500}, supporting that the reported remodeling signatures re-
flect stable steady-state behavior under the adopted protocol.

Overall, this thesis delivers a transparent and reproducible single-cell work-
flow to implement and analyze HFrEF remodeling in BPSLand. The study shows
that BPSLand robustly captures the coupled electrical-Ca>* phenotype of HFtEF
under a fixed protocol, while identifying contraction kinetics as the main sensi-
tivity point and a priority for future mechanical benchmarking and biomarker-
standardization efforts.

Outlook and potential applications. Beyond benchmarking, the implemented
HFrEF configuration can be used as an in silico testbed to probe mechanistic
hypotheses and evaluate therapeutic strategies targeting specific pathways. For
example, the model can quantify how interventions that (i) partially restore the
downscaled repolarizing currents in this parameterization (e.g., o, Ix1), (ii) re-
duce late inward current (e.g., INaL), Or (iil) improve Ca’t cycling (e.g., SERCA
function or SR leak/release balance) shift action potential duration, Ca>* tran-
sient properties, and tension biomarkers toward CTRL ranges. Extending these
tests across pacing rates and incorporating uncertainty analysis would strengthen
the translational relevance of such in silico screening and help prioritize targets
whose effects remain robust across protocol conditions and parameter variability.
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