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Abstract

Atrial �brillation (AF) is associated with a �vefold increase in the risk of cerebrovascular events

and is responsible for 15 - 18% of all strokes. Current stroke prevention strategies is based on

the CHA2DS2-VASc score, which relies on general clinical risk factors and lacks adequate pre-

dictive accuracy at the patient-speci�c level. To overcome this limitation, computational �uid

dynamics (CFD) simulations have emerged as a valuable tool. These simulations allow for an

in-depth analysis of blood �ow patterns within the heart, particularly in the left atrial appendage

(LAA), helping to identify areas of blood stasis that increase the likelihood of clot formation.

CFD-based analysis of blood �ow in the left atrium (LA) and LAA has been proposed as a

novel method to uncover the mechanistic determinants of atrial thrombogenesis at the individ-

ual level.

The primary focus of the research activities conducted over these years has been the develop-

ment of a digital twin model of the LA. When integrated with an advanced CFD framework,

this model aims to quantify patient-speci�c hemodynamic parameters across various types of

AF, including paroxysmal and persistent AF, with a particular emphasis on LAA �ow dynam-

ics. These parameters are crucial for identifying areas of blood stasis, which are highly prone to

clot formation. Additionally, the digital twin model incorporates anatomical and �ow data ob-

tained from contrast-enhanced CT and Doppler imaging to simulate individual LA dynamics.

This integration has proven valuable in assessing patient-speci�c stroke risk, guiding therapeu-

tic interventions, and optimizing clinical decision-making.

Beyond CFD-based stroke risk assessment, this thesis also investigates related AF pathophys-

iological mechanisms and therapeutic strategies. In particular, it examines the role of pul-

monary veins (PVs) contractions in AF development and evaluates left atrial appendage occlu-

sion (LAAO) as an alternative technique for stroke prevention. This project further explores

the use of 3D-printed models to simulate LAAO device placement, which contributes to en-

hancing procedural outcomes. The �ndings highlight the bene�ts of computational modeling

in analyzing both hemodynamic and morphological characteristics in AF patients, advancing

the accuracy of risk strati�cation and improving predictions of thromboembolic risk.

This comprehensive approach underscores the potential of digital twin and CFD models to

transform AF management by offering personalized methods for stroke prevention, device test-



ing, and patient-centered care.

Keywords: Atrial �brillation, left atrium, left atrial appendage, left atrial appendage occlusion,

computational �uid dynamics, hemodynamic parameters, thromboembolic risk.
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Introduction

The left atrium (LA) plays a crucial role in cardiac function, serving as a reservoir for oxy-

genated blood returning from the lungs before it is pumped into the systemic circulation by the

left ventricle (LV). In healthy individuals, this process is highly ef�cient due to coordinated

contractions of the atrial and ventricular chambers. However, conditions such as atrial �brilla-

tion (AF) disrupt the normal rhythm of atrial contraction, leading to turbulent blood �ow and

regions of stasis, especially in the left atrial appendage (LAA). This disruption predisposes pa-

tients to thrombus formation, signi�cantly increasing their risk of ischemic stroke and systemic

embolism [1].

AF is the most common sustained arrhythmia globally, affecting over 33 million people world-

wide, with its incidence expected to rise as populations age [2]. AF is associated with a �vefold

increased risk of stroke compared to individuals without AF, and approximately 15-18% of all

ischemic strokes are directly attributable to AF [3]. The left atrial appendage (LAA) is partic-

ularly vulnerable during AF episodes due to its complex, trabeculated structure, where blood

stasis commonly occurs. Over 90% of thrombi in non-valvular AF are formed in the LAA,

highlighting its critical role in the pathophysiology of cardioembolic events [4].

While oral anticoagulation therapies, such as direct oral anticoagulants (DOACs) or warfarin,

have signi�cantly reduced stroke risk in AF patients, their long-term use poses bleeding risks,

and not all patients are suitable candidates for these treatments. This clinical dilemma has

prompted research into alternative strategies for stroke prevention, including LAA occlusion

and more precise methods for stratifying stroke risk [5]. The clinical challenge lies in differen-

tiating patients who would bene�t most from aggressive anticoagulation therapy or mechanical

interventions based on their individualized risk pro�le.

Risk strati�cation in AF patients currently relies on clinical scoring systems like the CHA2DS2-

VASc score, which incorporates common risk factors such as congestive heart failure, hyperten-

sion, age, diabetes, stroke history, and vascular disease. The CHA2DS2-VASc score is a widely

used, simple tool that categorizes patients into low, moderate, or high stroke risk groups, guid-

ing therapeutic decisions regarding anticoagulation [6]. In line with the 2024 ESC guidelines,

a modi�ed version of this score, the CHA2DS2-VA score, has been introduced, which removes

the sex category (Sc) component, as recent evidence suggests that female sex alone does not



signi�cantly increase stroke risk. This simpli�ed model maintains comparable predictive accu-

racy while reducing unnecessary anticoagulation in low-risk women [7].

Although this scoring system has been validated in multiple clinical cohorts, its predictive ac-

curacy at an individual level remains suboptimal [8]. One of the primary limitations of the

CHA2DS2-VASc score is that it does not account for anatomical or hemodynamic factors that

may play a critical role in thrombus formation. For instance, left atrial volume and function,

LAA morphology, and speci�c �ow patterns within the LA and LAA can vary considerably

between patients with similar CHA2DS2-VASc scores, potentially in�uencing their actual risk

of stroke [9]. Moreover, the presence of these anatomical and hemodynamic abnormalities

may go undetected in standard clinical practice, as they are not routinely assessed in stroke risk

strati�cation [10].

Several studies have demonstrated that patients with AF and similar CHA2DS2-VASc scores

can experience widely different stroke outcomes. This variability underscores the need for more

personalized approaches to stroke risk assessment that integrate advanced imaging modalities

and functional data beyond clinical risk factors alone [11]. Recent advances in medical imag-

ing, such as cardiac computed tomography (CT) and magnetic resonance imaging (MRI), allow

for the detailed visualization of the LA and LAA, providing critical anatomical information that

can complement existing risk scores [12]. However, these imaging techniques are primarily de-

scriptive and do not capture the dynamic nature of blood �ow within these structures, which is

essential for understanding thrombus formation mechanisms.

Computational �uid dynamics (CFD) offers a revolutionary method for analyzing the intricate

hemodynamics of the left atrium and the left atrial appendage (LAA). By employing numerical

techniques to solve the Navier-Stokes equations that govern �uid �ow, CFD allows for com-

prehensive simulations of blood �ow within complex cardiac structures [13]. When applied to

cardiovascular research, CFD can provide invaluable insights into how abnormal �ow patterns

contribute to thrombus formation, particularly in patients with AF [14].

Recent studies have emphasized the potential of CFD to revolutionize our understanding of

atrial thrombogenesis by simulating patient-speci�c blood �ow conditions within the LA and

LAA. Unlike conventional imaging modalities, CFD can generate dynamic, time-dependent

models that reveal critical hemodynamic parameters such as blood �ow velocity, wall shear

stress, pressure gradients, and regions of blood stasis [15]. These parameters are particularly

important in AF, where �ow disruptions and stasis are precursors to clot formation. In fact,

regions of low-velocity �ow within the LAA, as identi�ed by CFD models, have been shown

to correlate strongly with areas of thrombus formation in AF patients [16].

The feasibility and accuracy of CFD simulations have been bolstered by advances in medical

imaging techniques, which now enable the creation of highly detailed, patient-speci�c anatom-

ical models of the heart. For example, 3D reconstructions derived from cardiac CT or MRI

scans can be integrated into CFD software, allowing for precise simulations of blood �ow un-

der various physiological and pathological conditions [17]. This approach offers a personalized
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assessment of thromboembolic risk that goes beyond traditional risk scores by accounting for

each patient's unique anatomy and �ow dynamics [18].

The application of patient-speci�c CFD models in AF patients has demonstrated great poten-

tial in improving stroke risk strati�cation. CFD allows researchers and clinicians to simulate

different scenarios, such as the effects of AF on blood �ow, the in�uence of varying heart rates,

and the impact of structural changes in the atrial walls or the LAA on �ow dynamics [19].

By analyzing key hemodynamic parameters, CFD provides a quantitative assessment of blood

�ow disturbances that can directly in�uence the likelihood of thrombus formation [20]. For

instance, studies have shown that AF patients with low velocity and high stasis regions within

the LAA are at a signi�cantly higher risk of stroke, independent of their CHA2DS2-VASc score

[21].

One of the critical advantages of CFD is its ability to assess the effects of anatomical variations

in the LAA, which can differ signi�cantly among individuals. The shape and orientation of the

LAA have been identi�ed as important factors in�uencing the risk of thrombus formation, with

certain LAA morphologies, such as the "chicken wing" shape, being associated with a lower

risk of stroke [22]. CFD simulations can provide detailed insights into how these structural dif-

ferences affect local blood �ow patterns and thrombogenic potential, offering a more nuanced

understanding of stroke risk than current clinical tools allow.

Moreover, CFD can be used to evaluate the potential bene�ts of therapeutic interventions, such

as LAA occlusion devices, which are designed to reduce the risk of thromboembolism by me-

chanically isolating the LAA from systemic circulation. By simulating the impact of these

devices on blood �ow, CFD can help optimize device design and placement, ensuring maxi-

mum ef�cacy in reducing stroke risk while minimizing complications [23].

The main objective of this thesis is to explore the use of computational �uid dynamics to study

the blood �ow within the LA and LAA, with the goal of improving stroke risk strati�cation in

patients with AF. Speci�c objectives include: Developing patient-speci�c anatomical models

of the LA and LAA using medical imaging data. Simulating blood �ow in both physiologi-

cal and pathological conditions (such as AF) using CFD techniques. Identifying hemodynamic

parameters, such as blood stasis, velocity �elds, and wall shear stress, that correlate with throm-

bus formation risk. Proposing new criteria for stroke risk strati�cation based on CFD-derived

insights, aimed at improving individualized patient care.

This thesis is structured as follows:

• Chapter 1 provides an overview of the anatomy of the left atrium and left atrial ap-

pendage, as well as a review of stroke risk strati�cation techniques in patients with AF,

with a particular focus on the role of computational �uid dynamics in cardiovascular

research.

• Chapter 2 covers the methodology of the FATA project, emphasizing the generation
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of patient-speci�c anatomical models and conducting CFD simulations, including the

imaging techniques and numerical methods used.

• Chapter 3 explores the potential of LAA occlusion (LAAO) as an intervention for AF

patients at high risk of stroke. By simulating LAAO device placement in patient-speci�c

models, the chapter evaluates how occlusion in�uences blood �ow patterns and risk pa-

rameters. Additionally, 3D-printed models are used to simulate and test device con�gu-

rations, aiming to re�ne procedural accuracy and optimize patient outcomes.

• Chapter 4 examines the effects of AF on LA by quantifying regional variations in con-

traction patterns. Anatomical variability and pulmonary vein morphology are discussed

as key factors in AF development. The study implements an innovative LA regional-

ization methodology, presenting detailed results on contraction differences between AF

patients and control groups.

• Chapter 5 introduces a semi-automated method for assessing LAA contraction through

centerline-based segmentation. It analyzes global and regional contraction parameters

in both AF patients and controls, providing insights into contractile dysfunction and its

impact on thrombogenic risk.

• Chapter 6 proposes future studies, including validation of CFD models using 4D �ow

MRI. It emphasizes the need for dynamic, real-time simulations and highlights ongoing

research into pulmonary vein contraction. These advancements aim to improve stroke

risk strati�cation and therapeutic planning by enhancing the predictive power of digital

twin models.

• Chapter 7 highlights the main contributions of this thesis as a �nal conclusion chapter.
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Chapter 1

Anatomy of the Left Atrium and Stroke

Risk in AF: The Role of Computational

Fluid Dynamics

1.1 Anatomy of the Left Atrium

The left atrium (LA) is one of the four primary chambers of the heart, responsible for receiving

oxygenated blood from the lungs and funneling it into the left ventricle (LV). This chamber

plays a crucial role in the circulatory system, and understanding its anatomy is essential for

diagnosing and managing various cardiovascular conditions.

The left atrium is situated posteriorly to the right atrium and is typically described as having

a roughly quadrilateral shape, with its anterior wall being smooth and the posterior wall ac-

commodating the openings of the pulmonary veins. The left atrium receives blood from four

pulmonary veins: two from the left lung (left superior and left inferior pulmonary veins) and

two from the right lung (right superior and right inferior pulmonary veins). These veins enter

the left atrium at its posterior wall and play a signi�cant role in determining the overall geom-

etry and function of the left atrium [24] (Figure 1.1).

Extending from the left atrium is the left atrial appendage (LAA), a muscular sac extending

from the left atrium. The LAA contains pectinate muscles, which contribute to its contractility

and play a role in the blood �ow dynamics within the atrium. The LAA is clinically signi�cant

due to its propensity for thrombus formation, particularly in patients with atrial �brillation (AF)

[25].

The left atrial wall consists of three layers: the endocardium, myocardium, and epicardium.

The myocardium is relatively thick, especially in comparison to the right atrium, which allows

the LA to generate the necessary pressure to push blood into the LV [26]. The left atrium serves



Figure 1.1: Basic anatomy of the heart [24].

multiple vital functions during the cardiac cycle. During ventricular systole, the left atrium acts

as a reservoir, collecting blood returning from the lungs. As the LV contracts, the mitral valve

closes, preventing back�ow into the left atrium. During early diastole, the left atrium passively

�lls with blood, and late in diastole, it contracts, actively pushing blood into the LV, accounting

for approximately 20-30% of left ventricular stroke volume [27].

Additionally, the left atrium plays a role in the heart's electrical conduction system. It houses

parts of the conduction pathways that facilitate atrial depolarization, in�uencing heart rhythm

and potentially contributing to arrhythmias [28].

Left atrial enlargement (LAE) is a common consequence of various cardiovascular conditions,

including chronic hypertension, heart failure, and atrial �brillation. LAE often results from

pressure overload due to hypertension or volume overload from mitral valve regurgitation. This

structural change can lead to stiffness and reduced contractility of the left atrium, predisposing

individuals to various arrhythmias [29].

The clinical implications of LAE are profound. Studies have shown that LAE is an independent

risk factor for adverse cardiovascular outcomes, including increased mortality and morbidity
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[30]. In patients with AF, the risk of thromboembolic events is notably elevated due to stasis

of blood �ow in the LAA, where thrombus formation commonly occurs [28]. Assessment of

left atrial size is typically performed using echocardiography, with the left atrial volume index

(LAVI) being a critical measurement. A larger LAVI has been associated with a greater risk of

stroke and heart failure [31].

The embryological development of the left atrium is complex, involving multiple stages. Dur-

ing embryogenesis, the heart initially forms a single atrial cavity. As development progresses,

the pulmonary veins gradually incorporate into the left atrium, leading to its formation [32].

This process is crucial for establishing the chamber's structure and its relationship with the

pulmonary circulation. Understanding the embryological development of the left atrium is

essential for recognizing congenital anomalies, such as atrial septal defects and variations in

pulmonary venous connections. These conditions can have signi�cant clinical implications and

often require surgical intervention.

1.2 Anatomy of the Left Atrial Appendage

The left atrial appendage is a small, muscular pouch extending from the left atrium of the heart.

While it may seem insigni�cant, its anatomy is crucial for understanding its role in cardiac

physiology and its clinical signi�cance, particularly in the context of atrial �brillation.

The LAA can be characterized into four primary morphologies based on its structural con�g-

uration: chicken wing, windsock, cactus, and cauli�ower [33] (Figure 1.2). These shapes are

critical for understanding the hemodynamics of the LAA and its associated risks for thrombus

formation:

1. Chicken Wing: This is the most common morphology, found in about 50% of individ-

uals. The chicken wing-shaped LAA has a long, narrow body that curves into a tapered

tip, resembling a chicken's wing. This con�guration generally allows for more ef�cient

blood �ow and a lower risk of thrombus formation.

2. Windsock: The windsock morphology is characterized by an elongated and pouch-like

structure, often featuring a wide ori�ce and a tapered, cylindrical body. This shape may

contribute to stasis of blood �ow, particularly in AF, thereby increasing the risk of throm-

bus formation.

3. Cactus: The cactus morphology is identi�able by its irregular and lobulated structure,

resembling the arms of a cactus. This con�guration can create several recesses within
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the appendage, potentially leading to areas where blood can stagnate and thrombi may

develop.

4. Cauli�ower : The cauli�ower morphology is characterized by multiple lobes and an ir-

regular outline, resembling a cauli�ower. This shape can lead to turbulent blood �ow and

areas of stagnation, posing a higher thromboembolic risk.

Figure 1.2: LAA morphology types [33].

These morphological variations are not merely anatomical curiosities; they have signi�cant im-

plications for hemodynamics and the risk of thrombus formation within the appendage. Studies

have shown that patients with certain morphologies, particularly the windsock and cauli�ower

types, may be at a higher risk for stroke compared to those with a chicken wing morphology

[34], 2020).

The LAA plays an essential role in the cardiac cycle. During normal sinus rhythm, it acts as

a reservoir for blood returning from the pulmonary veins before it enters the LV. However, in

conditions such as AF, the function of the LAA is compromised. The chaotic electrical activity

associated with AF often leads to stasis of blood �ow within the LAA, creating an environment

conducive to thrombus formation [22]. Thrombi formed in the LAA can lead to systemic em-

bolization, making the appendage a signi�cant risk factor for stroke in patients with AF (Fuchs
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et al., 2019).

From an embryological perspective, the LAA develops from the primitive left atrium. Under-

standing the embryological origins of the LAA is essential for recognizing congenital anoma-

lies and variations, which can have signi�cant clinical implications [32].

In recent years, the LAA has garnered signi�cant attention due to its role in thromboembolic

events associated with AF. Studies have demonstrated that patients with AF and an enlarged

LAA are at a heightened risk for stroke [35]. Consequently, various interventions, includ-

ing LAA occlusion devices, have been developed to mitigate this risk. The Watchman and

Amplatzer devices are examples of percutaneous approaches aimed at sealing off the LAA to

prevent thrombus formation while preserving left atrial function [36].

In conclusion, the anatomy of the left atrial appendage is vital for understanding its functional

roles in the cardiac cycle and its implications for cardiovascular health. Its anatomical varia-

tions, particularly the four distinct morphologies, underscore the importance of a comprehen-

sive understanding of the LAA in both clinical practice and research.

1.3 Stroke Risk Strati�cation in Atrial Fibrillation

Atrial �brillation is the most common sustained cardiac arrhythmia and signi�cantly con-

tributes to the risk of ischemic stroke. The irregular electrical activity in AF promotes stasis of

blood in the left atrium, particularly within the left atrial appendage, which can lead to throm-

bus formation. Consequently, AF patients face an elevated risk of thromboembolic events,

particularly stroke. Accurate risk strati�cation is crucial to guide appropriate anticoagulation

therapy and prevent stroke while minimizing bleeding risks.

Several clinical risk factors are known to elevate stroke risk in patients with AF. Among these,

age is one of the most signi�cant; patients over 65, and especially those older than 75, have a

markedly higher stroke risk [37]. Hypertension, commonly associated with AF, is another key

risk factor. Diabetes mellitus, by contributing to vascular damage, also signi�cantly increases

the risk of stroke.

Heart failure and left ventricular dysfunction often coexist with AF, further elevating stroke risk.

In addition, a previous history of stroke or transient ischemic attack (TIA) signals a high like-

lihood of recurrent stroke. Vascular diseases such as myocardial infarction, peripheral artery

disease, and aortic plaque also contribute to an increased thromboembolic risk in AF patients.

The CHA2DS2-VASc score remains the primary tool for stroke risk assessment in patients with

non-valvular AF. This scoring system re�nes the earlier CHADS2 score by including additional

risk factors like vascular disease and an extended age range [38]. The score assigns points based

on the following factors: congestive heart failure, hypertension, diabetes mellitus, vascular dis-

ease, female sex, and age (both 65-74 years and� 75 years). A prior history of stroke or TIA
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carries the highest weighting, with two points assigned for this factor.

A patient's �nal CHA2DS2-VASc score can range from 0 to 9, with higher scores correlating

with increased stroke risk. In clinical practice, men with a score of 0 (or 1 in women) gen-

erally have a low stroke risk, and anticoagulation may not be necessary. In contrast, a score

of 2 or more usually indicates a need for anticoagulation therapy to prevent stroke, as the risk

outweighs potential complications [39].

To evaluate the risk of major bleeding in patients undergoing anticoagulation therapy, the

ATRIA score is an alternative to the CHA2DS2-VASc score. Developed as part of the Antico-

agulation and Risk Factors in Atrial Fibrillation (ATRIA) study, this score provides an accurate

assessment of bleeding risk in AF patients treated with anticoagulants [40].

The ATRIA score assigns points based on �ve factors: anemia, severe renal disease, age (� 75

years), prior hemorrhage, and hypertension. These factors have been shown to signi�cantly cor-

relate with the risk of major bleeding in patients on anticoagulation therapy. The score ranges

from 0 to 10 points, with higher scores re�ecting a greater risk of bleeding. For instance, a

score of 0 to 3 indicates low risk, while a score of 5 or more suggests high bleeding risk.

The ATRIA score has proven to be particularly useful in identifying patients at high risk of

bleeding complications, enabling clinicians to weigh the bene�ts of anticoagulation therapy

against potential risks. It is especially helpful in decision-making regarding the initiation or

continuation of anticoagulation therapy in patients with multiple comorbidities.

For decades, vitamin K antagonists (VKAs), such as warfarin, were the standard of care for

stroke prevention in AF. However, the introduction of novel oral anticoagulants (NOACs), also

known as direct oral anticoagulants (DOACs), has transformed clinical practice. These medi-

cations, which include dabigatran, rivaroxaban, apixaban, and edoxaban, offer signi�cant ad-

vantages over VKAs, such as predictable pharmacokinetics, fewer dietary restrictions, and no

requirement for regular international normalised ratio (INR) monitoring [41].

Current clinical guidelines generally recommend NOACs over VKAs for most patients with

non-valvular AF, especially those with a CHA2DS2-VASc score of 2 or higher [28]. NOACs

also have a lower risk of intracranial hemorrhage compared to VKAs, making them a preferred

option for many patients.

For patients with AF who are at high risk of stroke but are unsuitable for long-term anticoag-

ulation (e.g., due to high bleeding risk as identi�ed by the ATRIA score), left atrial appendage

occlusion (LAAO) offers an alternative intervention. This procedure involves the placement of

a device, such as the Watchman, to occlude the LAA and prevent thrombus formation. Studies

have shown that LAA occlusion can reduce stroke risk to levels comparable to anticoagulants

in selected patients [42].

Clinical guidelines from the American College of Cardiology (ACC) and the European Society

of Cardiology (ESC) recommend using the CHA2DS2-VASc score for stroke risk strati�cation

in AF patients. Anticoagulation therapy is recommended for patients with a CHA2DS2-VASc

score of 2 or higher, unless contraindicated [39]. In patients at high bleeding risk, as determined
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by the ATRIA score, the risks and bene�ts of anticoagulation should be carefully considered.

In most cases, NOACs are preferred over VKAs due to their safety and ease of use.

Left atrial appendage occlusion is a viable alternative for patients who cannot tolerate long-term

anticoagulation due to bleeding risks. Overall, stroke risk strati�cation in AF patients must be

individualized, with regular reassessment to optimize stroke prevention while minimizing ad-

verse outcomes.

1.4 The Role of Computational Fluid Dynamics in Cardio-

vascular Research

Computational �uid dynamics (CFD) is a crucial tool that has revolutionized cardiovascular re-

search by allowing researchers to simulate and analyze complex hemodynamic patterns within

the cardiovascular system. The ability to create detailed models of blood �ow has advanced

our understanding of cardiovascular physiology and pathophysiology, helping to inform patient

care, device design, and surgical planning. CFD enables researchers to overcome the limita-

tions of traditional experimental methods, offering a non-invasive, high-resolution way to study

the intricate dynamics of blood �ow. Over the past two decades, its application in cardiovas-

cular research has grown signi�cantly, yielding critical insights into areas such as stroke risk in

atrial �brillation, heart valve mechanics, and the optimization of medical devices such as stents

and left atrial appendage occlusion devices.

CFD fundamentally depends on numerically solving the Navier-Stokes equations, which gov-

erns the behavior of �uid motion. These equations illustrate how pressure, velocity, density,

and viscosity interact within a �uid medium, such as blood. In cardiovascular applications,

CFD allows researchers to simulate blood �ow dynamics in both large arteries and small ves-

sels, enabling detailed analysis of �ow patterns, wall shear stress (WSS), pressure gradients,

and vorticity.

One of the critical aspects of CFD in cardiovascular research is the use of patient-speci�c

geometries derived from medical imaging techniques such as computed tomography (CT),

magnetic resonance imaging (MRI), and echocardiography. These images are used to gen-

erate high-resolution 3D models of cardiovascular structures, which serve as the basis for CFD

simulations. Boundary conditions, such as inlet blood �ow velocity and outlet pressure, are

de�ned based on physiological measurements or clinical data to create realistic simulations of

the cardiovascular system [43]. This approach allows researchers to simulate various disease

conditions, such as stenosis or aneurysms, and to predict how blood �ow is altered in these

scenarios.

The application of CFD in cardiovascular research has grown exponentially, spanning a wide

range of clinical and research domains. By simulating blood �ow in patient-speci�c anatomies,
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CFD can provide critical insights into both normal and pathological conditions of the cardio-

vascular system. One of the most prominent areas of application is in the assessment of hemo-

dynamic disturbances that contribute to the pathophysiology of various cardiovascular diseases.

Atrial �brillation is associated with abnormal blood �ow in the left atrium and particularly the

left atrial appendage, leading to an increased risk of thrombus formation and stroke. In patients

with AF, irregular electrical activity causes asynchronous contraction of the atrial myocardium,

resulting in turbulent blood �ow and stasis. CFD simulations allow researchers to investigate

the effects of AF on blood �ow patterns in the LA and LAA, identifying areas where blood

may stagnate and form clots. Regions with low wall shear stress (WSS) are particularly prone

to thrombus formation due to reduced forces acting on the blood near the vessel walls, allowing

platelets and coagulation factors to aggregate [44].

Using patient-speci�c models, CFD could potentially simulate various AF conditions and pre-

dict stroke risk with greater accuracy than traditional clinical risk scores like CHA2DS2-VASc

alone. This approach complements existing stroke risk strati�cation methods by providing de-

tailed �ow information, potentially improving the identi�cation of patients who may bene�t

from anticoagulation therapy or LAAO procedures [45]. For instance, CFD models can sim-

ulate the effect of different LAA morphologies, such as chicken wing, windsock, cactus, and

cauli�ower shapes, on blood �ow dynamics and thrombus formation risk, offering personalized

insights into stroke prevention strategies.

CFD has also been applied extensively in studying the hemodynamics of heart valves, both

native and prosthetic. Native valve dysfunction, such as aortic stenosis or mitral regurgitation,

alters normal �ow patterns and leads to increased pressure gradients and turbulent �ow across

the affected valve. Using CFD, researchers can assess how these altered hemodynamics affect

cardiac function, such as increased workload on the heart, and can predict the progression of

valve-related diseases.

In the context of prosthetic heart valves, CFD simulations are particularly valuable for eval-

uating the performance of different valve designs. Mechanical heart valves, for instance, can

induce �ow disturbances that increase the risk of thrombus formation due to high shear stresses,

particularly in regions where blood �ow is disrupted by the valve's lea�ets. By simulating the

�ow of blood through various mechanical valve designs, CFD helps engineers optimize the

valve geometry to minimize adverse hemodynamic effects such as hemolysis (the destruction

of red blood cells) and thrombosis [46]. Similarly, bioprosthetic valves, which are designed to

mimic the �ow characteristics of native valves, can be optimized using CFD to ensure adequate

blood �ow and reduce complications.

CFD also plays a vital role in studying coronary artery disease (CAD) and in the development

of stents to treat arterial blockages. CAD often involves the narrowing of coronary arteries

due to atherosclerotic plaque buildup, which restricts blood �ow to the heart. CFD allows

researchers to model how different degrees of stenosis (narrowing) affect blood �ow, shear

stress, and pressure drop within the coronary arteries. This information is crucial for determin-
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ing when interventions such as angioplasty or stenting are needed.

In stent design, CFD simulations are used to evaluate how different stent geometries and de-

ployment techniques affect blood �ow dynamics. Poorly designed stents can cause �ow dis-

turbances that lead to restenosis (the re-narrowing of the artery) or stent thrombosis, both of

which can have serious clinical consequences. By optimizing stent strut spacing, thickness, and

deployment angles, CFD helps to create stents that promote smooth blood �ow and reduce the

likelihood of adverse events [47].

A key advantage of CFD in cardiovascular research is its ability to simulate thrombus formation

under various pathological conditions. In patients with AF, CFD models have demonstrated that

certain �ow patterns, such as vortex formation in the LAA, are highly predictive of thrombus

development. Vortices cause regions of recirculating �ow, which can lead to blood stagnation

and thrombus formation. By quantifying hemodynamic parameters like vorticity and oscilla-

tory shear index (OSI), CFD provides an additional layer of analysis for clinicians to predict

stroke risk in AF patients [45].

Moreover, CFD can be used to simulate how different anticoagulation strategies, such as the

use of novel oral anticoagulants (NOACs), impact blood �ow dynamics and reduce the risk

of thrombus formation. This allows for a personalized approach to stroke prevention, where

anticoagulation therapy is tailored to the patient's speci�c hemodynamic pro�le.

The role of CFD in cardiovascular device design cannot be overstated. Beyond heart valves and

stents, CFD is crucial in the development of innovative devices such as left atrial appendage

occlusion (LAAO) devices (e.g., the Watchman device) and ventricular assist devices (VADs).

For LAAO devices, CFD is used to simulate blood �ow around the device and ensure that it

effectively seals the appendage, preventing thrombus formation while minimizing �ow distur-

bances. For VADs, which assist in pumping blood for patients with severe heart failure, CFD

is essential in optimizing the device's impeller design to ensure adequate blood �ow and mini-

mize shear forces that could damage blood cells [48].

CFD also contributes to the development of less invasive surgical techniques, such as tran-

scatheter aortic valve replacement (TAVR), where a prosthetic valve is implanted via a catheter.

By simulating the deployment and function of the valve within a patient's speci�c anatomy,

CFD helps ensure proper valve seating and optimal post-implantation blood �ow.

Despite the growing importance of CFD in cardiovascular research, several challenges remain.

One of the primary limitations is the computational cost associated with running high-�delity

simulations. Modeling complex geometries, such as the left atrium or coronary arteries, re-

quires signi�cant computational power, especially when simulating transient, pulsatile blood

�ow with detailed resolution.

Another challenge is the assumption that blood behaves as a Newtonian �uid, which simpli�es

the modeling process but may not accurately capture the non-Newtonian behavior of blood,

particularly in regions of low shear rates. Non-Newtonian models, which account for the shear-

thinning properties of blood, are more accurate but computationally expensive [49].
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Looking to the future, the integration of CFD with real-time medical imaging techniques, such

as 4D �ow MRI, holds great promise. This approach would allow for real-time blood �ow

simulations, potentially transforming the way clinicians diagnose and treat cardiovascular dis-

eases. Machine learning and arti�cial intelligence (AI) are also being explored to speed up

CFD simulations by identifying patterns and learning from vast amounts of simulation data,

enabling faster and more accurate predictions [50].

Computational �uid dynamics has transformed cardiovascular research, offering unprecedented

insights into the hemodynamics of blood �ow in both healthy and diseased states. Its applica-

tions extend from predicting stroke risk in atrial �brillation to improving the design of car-

diovascular devices such as heart valves and stents. As medical imaging and computational

technologies continue to evolve, the role of CFD in personalized cardiovascular medicine is

likely to expand, paving the way for more precise and effective therapeutic strategies.

1.5 Aims of the project

The primary objective of the research presented in this thesis is to create a patient-speci�c

computational �uid dynamics (CFD) model of the left atrium (LA) in the context of atrial �b-

rillation. This model aims to serve as a comprehensive tool for understanding the in�uence of

anatomical and functional features of atrial �brillation on blood �ow dynamics within the LA.

By employing CFD, we utilize a non-invasive technique that allows us to explore and quantify

a variety of parameters within a complex �uid dynamic system. These parameters include car-

diac blood �ow rates, which re�ect the volume of blood being pumped through the heart; vor-

ticity, which measures the rotation of �uid elements and helps in understanding �ow patterns;

velocity-related parameters like Time average wall shear stress (TAWSS), Oscillatory shear in-

dex (OSI), Relative residence time (RRT), Endothelial cell activation potential (ECAP).

The ability to assess these factors through a patient-speci�c model enhances our understanding

of how anatomical variations and functional characteristics associated with atrial �brillation can

affect hemodynamics, potentially leading to increased risk strati�cation. Through this analysis,

the study aims to provide signi�cant insights into the relationship between the structural and

functional characteristics of the left atrium in relation to atrial �brillation, ultimately facilitat-

ing the creation of more effective therapeutic strategies.

The simulations were conducted using LifeX, a computational �uid dynamics model that will

be detailed in the following subsection.
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1.5.1 LifeX model

LifeX is a CFD model developed by the MOX (Mathematical Modeling and Scienti�c Com-

puting) group at Politecnico di Milano, Italy [51]. It is designed to describe complex �uid dy-

namics problems, particularly in the biomedical �eld, where the accurate simulation of blood

�ow and its interaction with biological structures is critical.

The core of LifeX relies on the �nite element method (FEM), which allows it to model com-

plex geometries and boundary conditions with precision. This �exibility makes it well-suited

for biomedical applications, such as simulating blood �ow in the cardiovascular system. LifeX

also incorporates multiscale modeling, a feature essential for capturing physical phenomena at

various scales, ranging from cellular-level interactions to organ-wide �uid dynamics.

A signi�cant advantage of LifeX is its ability to integrate with medical imaging data, enabling

patient-speci�c simulations based on real anatomical structures. This feature is particularly

useful in personalized medicine and surgical planning, where precise modeling of a patient's

cardiovascular system is crucial for accurate predictions.

Another aspect is the capability to simulate non-Newtonian �uid behavior, particularly blood

�ow. Blood exhibits shear properties, meaning its viscosity changes with shear rate, and LifeX

is equipped to model these characteristics, along with the effects of different hematocrit lev-

els. Furthermore, LifeX is optimized for parallel computing, ensuring high computational ef�-

ciency by utilizing multi-core processors and high-performance computing infrastructure. This

allows for the simulation of large and intricate systems.

Additionally, LifeX is an open-source platform, allowing a wide range of researchers and in-

dustry professionals to access and utilize it. This aspect encourages contributions from the

scienti�c community, promoting continuous advancements in the model's capabilities and ap-

plications.
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Chapter 2

FATA project

The content presented in this chapter is based on the research published in Heliyon under the

title "A Digital Twin Approach for Stroke Risk Assessment in Atrial Fibrillation Patients"[52].

In this chapter, we focus on detailing the methodology developed for creating a patient-speci�c

computational �uid dynamics (CFD) model of the left atrium (LA). This model was used to

simulate the intricate dynamics of blood �ow within the LA, allowing us to capture its speci�c

�ow patterns and to extract key velocity-related parameters. These insights are crucial for ad-

vancing our understanding of the �ow disturbances associated with AF and their implications

for thromboembolic risk, which can help improve diagnostic and therapeutic strategies.

The study was a collaborative effort between the University of Bologna, the BIOMIG (BioMed-

ical Imaging Group) laboratory, and the Departments of Cardiology and Radiology at "AUSL

della Romagna, Ospedale Santa Maria delle Croci, Ravenna." It was part of the FATA study

("Fluid-dynamics in the Left Atrium in Atrial Fibrillation Patients and in Controls for Throm-

bogenic Risk Analysis"), which aimed to investigate the hemodynamic differences between AF

patients and healthy controls, particularly in relation to thrombogenic risk.

The FATA study received ethical approval from the Romagna Ethics Committee (C.E. ROM.

Prot. 1276/2019 I.5/6, Reg. Sperimentazioni n. 2323, dated 13 February 2019). All aspects

of the study design and patient follow-up strictly adhered to Italian legal requirements, partic-

ularly Legislative Decree No. 211 (2003), which regulates clinical trials. Moreover, the study

complied fully with international ethical standards, including the Declaration of Helsinki, Good

Clinical Practice (GCP-ICP) guidelines, and ISO 14155, ensuring that all clinical and scienti�c

procedures met the highest ethical and regulatory standards.



2.1 Study population

A total of a hundred patients were recruited into the FATA observational study.

The selection criteria for patient enrollment required that individuals had no history of arte-

rial embolic events, such as stroke, and were free of congenital heart disease. Additionally,

candidates had not undergone any prior heart surgery or percutaneous cardiac interventions,

including procedures for the ablation of tachyarrhythmias. Out of the total pool of enrolled

patients, thirty non-consecutive individuals were selected for detailed analysis. These patients

were further divided into three groups, categorized based on their clinical presentation and di-

agnosis of atrial �brillation: 10 controls (CTRL), 10 paroxysmal (PAR-AF) and 10 persistent

(PER-AF).

For the imaging component of the study, Contrast-Enhanced Computed Tomography (CECT)

was utilized to obtain detailed anatomical data. The CECT scans were performed using a

Philips Brilliance 64 CT scanner while the patients were in sinus rhythm. From these scans,

ten volumetric datasets, each consisting of 170 axial slices with a pixel size of 0.4 mm and a

slice thickness of 1 mm, were reconstructed. These volumes covered the entire cardiac cycle,

starting from the end of ventricular diastole, and were generated using retrospective ECG gat-

ing to synchronize the imaging data with different phases of the heartbeat. The reconstructed

CECT datasets were then saved in DICOM format for further analysis (Figure 2.1).

Figure 2.1: A central slice from the 3D Contrast-Enhanced Computed Tomography (CECT)
data on the axial plane, corresponding to the �rst volume of the cardiac cycle (LA: left atrium;
LV: left ventricle).
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In addition to the CECT imaging, Doppler measurements were collected at two critical anatom-

ical sites: the mitral valve (MV) and the pulmonary veins (PVs). These Doppler data provided

important velocity information regarding blood �ow, which complemented the anatomical im-

ages and was essential for subsequent hemodynamic and �uid-dynamics analyses in the study.

This comprehensive dataset, combining CECT imaging and Doppler data, allowed for a de-

tailed investigation of left atrial �uid dynamics, contributing to the overall understanding of

thrombogenic risk in patients with atrial �brillation.

2.2 Experimental work�ow

The data processing work�ow that we applied for the analysis is shown in Figure 2.2.

The work�ow begins with the processing of CECT scans. These data were collected for each

individual patient to ensure personalized, patient-speci�c modeling. The CECT scans provide

high-resolution images of cardiac structures, while the Doppler data deliver velocity informa-

tion about blood �ow, both of which are vital for accurate �uid dynamic simulations.

Figure 2.2: Illustration of the analysis work�ow. The �rst volume of the patient-speci�c
contrast-enhanced CT (CECT) scan is segmented to construct the left atrium (LA) anatomi-
cal model. This model is then registered across the cardiac cycle to generate a displacement
model. The resulting displacement data, combined with Doppler measurements of the mitral
valve (MV) and pulmonary veins (PVs), de�ne the computational domain for the CFD simula-
tion, which is performed under sinus rhythm conditions.

For each patient, ten volumetric volumes were reconstructed using retrospective electrocardio-

gram (ECG) gating. This method enables synchronization of the imaging data with various
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stages of the cardiac cycle by correlating them to the ECG signal. Among the ten reconstructed

volumes, we speci�cally selected the �rst one for segmentation. This is a pivotal step in the

process, as it de�nes the anatomical boundaries of the LA. The segmentation of the LA results

in the creation of a 3D anatomical model, which forms the structural basis for further analysis

and computational simulations.

Following the de�nition of the LA's anatomical model, the next step involves the registration of

the CT volumes acquired at different time points. Temporal registration is essential for aligning

the CT images across multiple phases of the cardiac cycle, enabling us to capture the dynamic

movement of cardiac structures. This alignment generates a displacement model, which maps

the deformation and motion of the LA throughout the cardiac cycle. The displacement model

provides an accurate representation of the chamber's mechanical movements and serves as a

fundamental input for subsequent �uid dynamics simulations.

In the �nal stage, the displacement model is combined with �ow data obtained from Doppler

measurements. These two inputs are integrated into the CFD model, which is used to simulate

blood �ow within the left atrium under sinus rhythm conditions.

2.3 Anatomical model de�nition

The anatomical model was de�ned by segmenting the CECT data using ITK-SNAP [53]. The

process began by selecting a speci�c volume of interest (VOI) from the 3D acquisition, focusing

on the region that includes the LA. Isolating this VOI ensured that the segmentation process

was concentrated on the relevant anatomical structure, enhancing both accuracy and ef�ciency.

ITK-SNAP's semi-automatic segmentation operates through a two-stage process. In the �rst

stage, the input images are processed to generate a scalar “speed” image, g, with intensities

ranging from -1 to 1, de�ned as:

g(x) = P(x 2 S) � P(x 2 WnS) (2.1)

whereS denotes the structure of interest (foreground),W represents the entire image domain

(background), andP is the probability function indicating the likelihood of a given pointx

belonging to either the foreground or background. There are several methods available to ob-

tain foreground/background probabilities, including the thresholding technique that we utilized

Figure 2.3. In particular, two thresholds were selected to perform a hysteresis segmentation,

a technique chosen for its greater �exibility compared to single-threshold methods. Hystere-

sis segmentation uses two thresholds to better capture the anatomical boundaries of the LA by

considering not only the intensity of individual pixels but also their connectivity. This approach

reduces the risk of missing critical structures or including unwanted regions, which can occur

40



with simpler segmentation methods.

Figure 2.3: Thresholding outcome applied to the original CT scan image.

In Stage 2, the pipeline involves active contour segmentation guided by the speed function

g(x) and user-placed initialization seeds. The active contour algorithm [54, 55] is an iterative

approach in which a parametric contour C representing the boundary of the segmented region

undergoes evolution over time t according to the equation

¶C
¶t

= [ g(C)+ akC]NC (2.2)

whereKC is the mean curvature of C,NC is the unit outward normal of C, anda is a scalar

parameter. For numerical stability and computational ef�ciency, C is represented implicitly as

the zero level set of a functionf de�ned on the image volume, and the evolution equation (2.2)

is approximated as an evolution off in the narrow region around the zero level set [56, 57].

In ITK-SNAP, C is initialized by the user placing one or more spherical seeds in the structure

of interest Figure 2.4. During evolution, the contour expands into the regions where g(x) is

positive, i.w., whereP(x 2 S) > P(x 2 WnS), and contracts in regions where g(x) is negative.

The curvature term, modulated by user-controllable parametera , imposes smoothness on the

contour C. As the contour evolves, a visualization in 2D slices and 3D is provided in real time,

allowing the user to stop evolution and reinitialize if necessary.

Following the initial segmentation of the LA contour, additional re�nement was required to en-

hance accuracy. The �rst step in this re�nement process involved eliminating any spurious or

extraneous regions that had been mistakenly included in the initial contour. This was achieved

through a series of morphological operations, speci�cally the application of opening and clos-

ing operators.
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Morphological opening was applied initially to remove small, isolated regions or noise that

may have been incorrectly identi�ed as part of the LA. This operation effectively smooths the

contours by eliminating these irregularities while preserving the overall shape of the structure.

Figure 2.4: Selection of the spherical seed to initialize the active contour algorithm on the left,
and the �nal result after the evolution of the active contour algorithm on the right.

Subsequently, morphological closing was utilized to �ll in minor gaps or holes within the seg-

mented area, resulting in a more continuous and cohesive contour.

These operations ensure that the �nal LA contour is both accurate and smooth, establishing a

reliable basis for any further analyses or modeling efforts. In some cases, manual correction of

the segmentation results was necessary for patients whose connected regions were too large to

be separated using morphological operators alone. The �nal results are presented in Figure 2.5.

Figure 2.5: Segmentation result overlapped to the original CT scan using three orthogonal
views: axial (1st panel), coronal (2nd panel), sagittal (3rd panel)

The 3D structure of the LA was reconstructed using both the resolution data and the detailed

2D contours derived from each slice. The accuracy of this reconstruction was signi�cantly

in�uenced by the data resolution; higher resolution enabled the capture of more precise and de-
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tailed contours in each 2D slice. This 3D reconstruction is a vital component of the work�ow,

as it converts the segmented 2D slices into a comprehensive model for further analysis.

To enhance the anatomical model of the LA in preparation for CFD simulations, we imple-

mented several additional processing steps. First, we performed a smoothing operation using

Laplacian smoothing on the model. This technique effectively reduced irregularities and rough-

ness in the surface of the LA, resulting in a smoother and more realistic representation of the

atrial geometry. Smoothing is especially critical in CFD simulations, as it minimizes compu-

tational artifacts that could result from sharp edges or uneven surfaces, thereby improving the

accuracy of the �ow simulations (Figure 2.6).

Figure 2.6: Original LA 3D mesh on the left, smoothed LA 3D mesh on the right.

Next, we manually re�ned the model by specifying and cutting the in�ow and out�ow planes.

The in�ow planes correspond to the four PVs, which facilitate blood entering the left atrium,

while the out�ow plane aligns with the MV, through which blood exits the atrium. These

manual adjustments were crucial for precisely delineating the boundaries of the LA within the

model, ensuring that the CFD simulation accurately re�ects the �ow dynamics as blood moves

through the atrium and into the rest of the heart (Figure 2.7).

After these adjustments were completed, we moved on to the creation of a volumetric tetrahe-

dral mesh. This mesh consists of small, interconnected tetrahedral elements that occupy the

entire volume of the LA model. The tetrahedral mesh serves as a crucial foundation for CFD

simulations, as it provides the structure within which �uid dynamics equations are solved. The

quality and resolution of this mesh signi�cantly in�uence the accuracy of the simulation re-

sults, making it a vital step in the modeling process. Figure 2.8 illustrates the �nal, smoothed,

and meshed 3D model of the LA in one patient, ready for detailed CFD analysis.
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