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ABSTRACT

Scalable Computational Framework for Cardiac Radiofrequency
Ablation: Multiphysics Modeling and Domain Decomposition
By Leonardo Molinari

Radiofrequency ablation (RFA) is the cornerstone treatment for var-
ious cardiac arrhythmias; however, its long-term efficacy is often hampered
by limited understanding of the biophysical mechanisms governing lesion
formation. Traditional computational models primarily rely on secondary
structural indicators, such as thermal thresholds or damage integrals, for
procedural assessment. These metrics fundamentally fail to account for the
distinction between reversible tissue stunning and the permanent functional
block, required for clinical success.

This dissertation addresses these shortcomings by introducing a high-
fidelity computational framework that integrates cardiac electrophysiol-
ogy (EP) directly into the assessment of RFA outcomes. By shifting the
evaluative paradigm toward functional conduction block, this work estab-
lishes a new foundation for predictive ablation modeling.

The framework consists of two core computational pillars implemented
within the MFEM finite element library. The Multiphysics RFA Solver
couples electrostatics, bioheat transfer, cellular death, and fluid dynamics
across heterogeneous domains. To handle disparate time scales and high-
gradient regions near the electrode, we utilize non-overlapping domain
decomposition methods to solve interface problems efficiently. The
Integrated EP Solver addresses the Monodomain problem through an
operator-splitting scheme. To handle the stiff nonlinearities of membrane
kinetics, we implement an automated ODE code-generation pipeline via
gotranx, streamlining the integration of biophysically detailed ionic models
into the MFEM API, with minimal manual effort. The primary novelty lies in
the coupling between solvers, where thermal and damage-induced feedback
mechanisms dynamically modulate tissue excitability.

Ultimately, this research highlights the potential of advanced numerical
methods and DOE-supported software libraries to solve complex, multiscale
problems in predictive medicine. Through numerical verification and tar-
geted test cases, we demonstrate that this high-fidelity approach provides
a path toward the in silico optimization of ablation strategies, paving the
way for personalized treatment planning and improved patient outcomes.
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I8 Introduction

The primary objective of cardiac ablation therapies is to restore physiological rhythm by de-
livering targeted energy to the myocardium, thereby terminating arrhythmogenic activity. In
clinical practice, these procedures are evaluated through a combination of immediate proce-
dural success, and long-term follow-up to monitor arrhythmia recurrence. While the eld has
seen signi cant progress with emerging techniques such as Pulsed Field Ablation, Radiofre-
guency Ablation (RFA) remains the most widely adopted clinical standard and is the primary

focus of the present work.

Despite its clinical maturity, current computational models of RFA often fall short of predicting
long-term success. Most existing frameworks rely on secondary structural outcomes to de ne

a lesion, such as static thermal thresholds (e.g., 50 *C) or Arrhenius-based damage integrals.
These models typically fail to account for the direct effects of hyperthermia on cardiac elec-
trophysiology. In particular, they are unable to distinguish between reversible stunning and
permanent functional block of the ablated tissue. This limitation creates a signi cant discrep-

ancy between immediate procedural outcome and long-term clinical resilience.

This thesis addresses this critical gap by integrating a full electrophysiology (EP) model into

the assessment of RFA outcomes. This represents a signi cant shift in the modeling paradigm,



CHAPTER 1. INTRODUCTION

from a focus on structural damage to the primary electrophysiological objective. The coupling
between these elds emerges through thermal and damage-induced feedback mechanisms, en-
abling the model to capture two fundamental states of thermal interaction: (i) the temporary
loss of EP function due to thermal modulation, and (ii) permanent cell death, ensuring a guar-

anteed functional block.

This research is organized around two primary objectives, each supported by a distinct compu-
tational pillarimplemented within the high-performance nite element library MFEM developed
at Lawrence Livermore National Laboratory (LLNL) as part of the U.S. Department of Energy

(DOE) scienti ¢ computing ecosystem:

1. High-Fidelity RFA Lesion Generation The rst objective focuses on accurately simulating
the physical lesion produced by the RFA treatment. To this end, we developed a solver to tackle
the complex multiphysics problem arising in RFA, coupling electromagnetics, bioheat transfer,
uid dynamics, and cellular damage. Because these systems involve disparate time scales and
high-gradient regions localized near the RF applicator, they demand signi cant computational
resources and specialized numerical techniques. Additionally, to address the problem's mul-
tidomain nature, we employ non-overlapping Domain Decomposition methods. This frame-
work allows for high-order spatial discretization and ef cient parallelization, ensuring the scal-

ability of the multiphysics solver.

2. Thermal and Damage Feedback in Electrophysiology The second objective is to trans-
late the physical lesion into a functional assessment, shifting towards a metric signi cantly in-
formed by tissue-level electrophysiology and its interaction with the clinical procedure.. We
implement, for the rsttime, a Monodomain solver for cardiac electrophysiology that incorpo-
rates both thermal modulation and damage feedback, thereby affecting ionic kinetics and tissue
excitability. To provide exibility in choosing cellular level ionic models and handle the stiff-

ness of the underlying ordinary differential equations (ODES), we employ an operator-splitting
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scheme paired with an automated code-generation pipeline via gotranx [68]. This architec-
ture enables the seamless integration of complex, biophysically detailed ionic models into the

MFEM API with minimal manual effort.

While the current work focuses on the initial development of the proposed framework, the long-
term goal is transition to a full clinical integration. In this regards, we rst envision to vali-
date the model with advanced intra-ablation optical mapping data [114]. Next, we aim to tune
patient-speci c electrophysiological models by leveraging CARTO-derived electroanatomical
data [120]—including electrograms (EGMSs), Local Activation Time (LAT) maps, and voltage-
based substrate reconstructions—to provide a truly personalized “digital twin” for procedural
planning. The proposed approach offers a path toward the unprecedented investigation of RFA
mechanisms. By providing a tool to optimize ablation parameters (e.g., electrode position, volt-
age, and heating time), this work directly addresses high reoperation rates, ensuring that ther-
mal lesions maintain a stable conduction block. Ultimately, this enables the in silico determi-
nation of optimal strategies, paving the way for personalized prediction and improved patient

outcomes.

1.1 Clinical Background

In this section, we introduce basic concepts of cardiovascular anatomy and cardiac electrical
activity, with a particular focus on arrhythmias and ablation therapies. Finally, we provide a re-
view of the state of the art in computational modeling of RFA, highlighting existing approaches,
their limitations, and the open challenges that motivate the present work. It is worth noting that
the material presented here is only intended to provide the reader with the necessary anatom-
ical and physiological context for the present dissertation and to critically motivate the mathe-
matical and computational choices used to study cardiac RFA. For a deeper review we refer to
[72] on which this introduction is based on, or other standard textbooks in the eld [45, 116,

195].
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1.1.1 Heart Anatomy & Tissue Organization

Macro-scale Cardiac Anatomy The heart is a hollow, muscular organ in the middle medi-
astinum that distributes blood throughout the body. In mammals, it features four intercon-
nected chambers (FIGURE 1.1): two atria in the upper portion and two ventricles in the lower
portion. Three septa separate these: the (i) interatrial, (ii) interventricular, and (iii) atrioventric-
ular. The mitral valve in the left heart and the tricuspid valve in the right heart regulate blood

Oow.

Functionally, the heart operates as a double pump in the circulatory system, managing blood
ow into two distinct but coordinated circuits, shown in FIGURE 1.2: the systemic (or greater,
peripheral) and pulmonary (or lesser, central) circulation. The two are physically separated and
serve different, complementary roles. The pulmonary circulation oxygenates blood, while the

systemic circulation distributes oxygen and nutrients to the whole body.

Figure 1.1: Detailed description of the Heart's Anatomy. Created with BioRender.com by [22].
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Figure 1.2: Schematic of the circulatory system. Pulmonary: deoxygenated blood ows from
the right ventricle to the lungs and returns oxygenated to the left atrium. Systemic: oxygenated
blood is ejected from the left ventricle to tissues and returns to the right atrium. Adapted with
permission from [142] using BioRender.com.

Tissue Composition The heart's wall features varying thickness across atria and ventricles—

which are notably thicker—, but a common structural organization. It can be schematized as a

composition of three different layers (see FIGURE 1.3), enclosed in the pericardial membrane:
1. Epicardium: The outermost layer of the heart, measuring around 100&m, which serves as

the visceral layer of the serous pericardium.

2. Endocardium: The innermost layer of the heart, also approximately 100&m thick. This
serous membrane is primarily composed of elastin, epimysial collagen, and a layer of
endothelial cells that help waterproof the internal surface of the heart and prevent blood

clotting.

3. Myocardium: The middle and thickest layer . Itrepresents the primary tissue of the heart,

'The thickness of the myocardium varies by chamber: approximately 8—15 mm in the left ventricle, 3-5 mm in
the right ventricle, and 1-3 mm in the atria.
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and can be subdivided into three distinct layers: subepicardial, intermediate, and suben-

docardial. Its composition will be discussed in the following.

Figure 1.3: Composition of the cardiac wall showing the endocardium, myocardium, and epi-
cardium. Reprinted with permission from [264].

From a constitutive point of view, the cardiac muscle is composed of 80% a liquid phase and
the remaining 20% of a solid phase, primarily consisting of spontaneously contracting cardiac
muscle bers (cardiomyocytes) and broblasts, both of which are supported by an extracellular

matrix.

The extracellular matrix primarily consists of brillar collagen, comprising 85% high-strength
type I collagen and 15% highly deformable type Il collagen, along with elastin and polyglycans.

This structure is upheld by broblasts present in the tissue.

Fibroblasts are organized into intricate three-dimensional ber and layer structures; although
they are not electrically excitable, they play a role in mechano-electrical transduction processes.
Within this group, a speci ¢ subset of small broblasts is responsible for producing extracellular

matrix proteins, including various types of collagen.
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Cardiomyocytes are tubular in shape, with lengths ranging from 50 to 150 &m and an approxi-
mate diameter of about 10 to 20 &m. They display key differences compared to skeletal muscle
cells. Cardiomyocytes are electrically connected, and modulation of contractile strength occurs
at the level of individual myocytes rather than through motor unit recruitment; additionally,
they are activated by a single action potential that lasts approximately 100 times longer than
in skeletal myocytes. Myocardial cells are mechanically connected to the cytoplasmic scaffold
through structures called intercalated disks. They are also electrically interconnected via small
ionic channels known as gap junctions, which link cells both end-to-end (longitudinal gap junc-
tions) and side-by-side (transverse gap junctions). This organization and electrical connectivity
enable the heart to act as a functional syncytium, operating as a single functional unit, with im-

portant implications for modeling.

Electrically-conducting tissue The electrical system of the heart includes two crucial types
of conductive cells: nodal cells and Purkinje cells. Nodal cells are smaller and have reduced
contractility. However, their primary function is to generate electrical impulses autonomously.
These cells cluster together to form the Sinoatrial (SA) node and the Atrioventricular (AV) node.
On the other end, Purkinje cells are morphologically similar to working myocytes but possess
a higher conduction velocity—twice that of nodal cells—and some ability to autonomously ac-
tivate. However, this ability is less pronounced than that of the SA and AV nodes. Purkinje cells

form the fast conduction pathways in the heart's electrical system.

Different types of heart cells have varying conduction velocities based on their speci ¢ func-

tional roles, as summarized in TABLE 1.1.
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Table 1.1: Conduction velocities (CV) and functional roles of cardiac tissues.

Tissue Type CV (m/s) Functional Rationale

Initiates electrical impulses that set
SA Node 0.05-0.1
the heart rate.

Optimized for rapid, synchronized

Atrial Myocardium 05-1.0

atrial contraction.

Critical delay allowing atria to empty
AV Node 0.01-0.05

before ventricular systole.

Ensures near-simultaneous activation
His-Purkinje System 20-4.0

of the ventricles.

Supports a coordinated, powerful
Ventricular Myocardium  0.3-0.6
contraction for blood ejection.

Tissue Organization There is still some debate regarding the structure of the heart and the
precise architecture of the myocardium. In this context, we adopt the approach of Streeter et
al. [232] and view the heart as a continuum with embedded bers, as pictured in FIGURE 1.4.
These bers are locally arranged in laminar sheets that are 4 to 6 myocytes thick, organized
in a three-dimensional layered structure. These layers are separated by gaps known as cleav-
age planes and layers of connective tissue. Anatomically, myocardial bers exhibit a systematic
transmural rotation across the wall, a feature consistently observed in histological studies and
con rmed by diffusion tensor imaging (DTI) . Fiber orientation is commonly characterized by
the helix angle, de ned in the local tangential plane of the ventricular surface, and the trans-
verse angle, de ned in the plane normal to it. Studies show that the helix angle varies smoothly
from approximately j40 *to j60 * at the epicardium to A60 *to A70* at the endocardium, while
the transverse angle exhibits only minor variation and remains close to zero throughout the wall

thickness [137, 232]. This arrangement contributes to the signi cant rotational anisotropy of
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