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Abstract

Type-B Aortic Dissection (TBAD) is a severe cardiovascular disease caused
by a tear in the descending aorta, creating an intimal flap (IF) that separates the aortic
wall into two lumina. This condition leads to complications such as aortic growth,
increased pressure, and partial thrombosis, posing significant risks to patient health.
While surgical intervention is often necessary to prevent adverse outcomes, the impact
of such procedures and their long-term effects remain poorly understood, highlighting
the need for improved tools to guide treatment and follow-up. The coupling of
compliant CFD simulations with clinical data, such as MRI images, helps mitigating
the limitations of each method. Such pipeline can be used to assess aortic
haemodynamics and compliance behaviour, particularly post-surgery when
mismatches occur between the native vessel and the implanted device. However,
numerous assumptions regarding material properties and the multi-compliance of the
reconstructed TBAD, fail to capture physiological dynamics and limit the clinical
relevance of the simulation results. The present thesis presents computational
pipelines, bypassing the aforementioned limitations, in which compliant CFD
simulations enhance routine patient-specific in vivo data, enabling the exploration of
virtual surgeries and their effects on TBAD haemodynamics and compliance. Different
grafting strategies with varying graft lengths and compliance were first evaluated in a
chronic dissection case to assess the impact of compliance mismatch on heart and left
ventricular load. Next, a multi-compliant modelling framework was used to evaluate
the impact of IF compliance on haemodynamics and disease progression risks. Finally,
a method using the pulse wave velocity, a routinely used clinical marker, was used in
a patient-specific CFD workflow and facilitated the agreements against in vivo data.
This thesis complements efforts in addressing critical modelling assumptions and
introducing advanced computational pipelines, this thesis contributes to enhancing the
accuracy and clinical applicability of CFD simulations in the assessment and treatment
of TBAD, ultimately improving patient-specific outcomes and guiding surgical

decision-making.






Impact Statement

Aortic dissection (AD) is a complex cardiovascular condition that poses a significant
health risk and burden on healthcare systems worldwide. In the UK and Ireland alone,
over 2,000 people lose their lives annually due to AD, surpassing the number of deaths
from road traffic accidents. Type B aortic dissection (TBAD), which affects the
descending aorta, requires careful management and monitoring to prevent long-term
complications. Up to 30% of TBAD patients may develop aneurysmal dilatation of
the false lumen within four years, a complication that often necessitates surgical
intervention to prevent further risks. Following surgery, reconstructed aortas typically
experience compliance loss and mismatch due to the implanted device, negatively
affecting cardiovascular function. This can lead to increased strain on the left ventricle
and local stress which may further disrupt the aortic wall.

Coupling CFD with in vivo data can improve disease progression predictions,
personalise treatments, and refine risk assessments. CFD simulations can also identify
high-risk patients and optimise treatment, potentially reducing invasive procedures
and improving outcomes. To achieve reliable results, CFD simulations need to be
compliant and use patient-specific boundary conditions. However, computational
models either lack patient-specific in vivo data, and use rigid wall and simplified
material property assumptions. As a result, such models fail to account for the patient-
specific multi-compliance of reconstructed TBAD and introduce inaccuracies.

This thesis focuses on using routinely available clinical in vivo data to develop
and advance the state of the art of compliant modelling to understand better TBAD
post-surgery. First, a novel CFD framework was developed to evaluate the impact of
aortic grafts post open surgery in TBAD, using only clinically available data. The
results provide critical insights into the role of graft length and material in influencing
haemodynamics outcomes, potentially guiding personalised surgical planning.
Second, a fully MRI-based patient-specific framework was introduced to simulate the
motion of the aortic wall and intimal flap (IF) in TBAD. This work highlighted the
crucial role of IF displacement in influencing TBAD haemodynamics, revealing

significant impacts on haemodynamics markers influencing aortic disruption risks.
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Finally, a new CFD framework incorporating regional pulse wave velocity was
proposed, providing an accurate alternative to cross-sectional area variation-based
models when compared to in vivo haemodynamics. This modelling approach could
offer valuable insights into aortae experiencing, natural or surgery-induced,
compliance mismatch.

The findings have been disseminated through journal publications and
conference presentations, making valuable contributions to the literature. The
advancements outlined in this work not only influence best practices in vascular
modelling but also support the development of tailored management strategies for
TBAD. Ultimately, these contributions may extend beyond aortic disease, thereby

enhancing the translation of simulation techniques into clinical practice.
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Chapter 1

Introduction

This chapter presents the motivation and background behind the work
conducted in this thesis. An introduction to the physiology and pathology of aortic
dissection (AD) follows. A review of aortic blood flow and current cardiovascular
modelling approaches and findings is presented, focusing on Type-B aortic dissection

(TBAD). Finally, the thesis outline and objectives are presented in the last section.

1.1.Background

AD is a severe and rare cardiovascular disease with high mortality rates;
worldwide, the disease has an incidence of about 4.4/100000 people every year
(DeMartino et al., 2018). In AD, blood flows inside the aortic wall due to an intramural
tear (Kaufman, 2004). Consequently, wall separation occurs, forming a false lumen
beside the original true lumen (FL, TL). The development of the condition varies
depending on the patient's anatomy and physiology. The dissection may extend along
the whole aorta, including the main aortic branches and key feeding arteries, such as
the supra-aortic branches or the visceral and iliac arteries. This may lead to organ and
limb malperfusion and can be lethal (Gargiulo et al., 2014).

AD symptoms are shared with many other cardiovascular diseases, making
diagnosis challenging. Patients often describe a sharp pain in the back at the site of the
aortic rupture, though symptoms can present in any region or organ, further
complicating diagnosis. Additionally, increasing awareness of acute AD among both
the general population and clinical staff is crucial for ensuring quicker and more
accurate diagnosis. Aortic Awareness UK, a charity dedicated to improving
understanding and outcomes for aortic diseases, recently published the first-ever

national guidance on acute AD. The guidance aims at “helping regional aortic centres
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to improve their service but also to raise awareness on AD to lower the regional
variation in care and outcomes” (aorticdissectionawareness.org).

The Stanford classification of AD is based on the primary entry tear (PET)
location at the rupture. AD is classified as Type-A aortic dissection (TAAD) when the
PET is located in the ascending aorta (AA) and TBAD when the PET is in the
descending aorta (DA). TAAD is a medical emergency requiring surgery as soon as
possible to reduce the risk of death of the patient (Nienaber and Clough, 2015). TBAD
can be medically treated, but in the case of complications such as organ malperfusion,
ongoing aortic growth and large aneurysms, and symptomatic patients who do not
respond to medical therapy, a surgical procedure will be considered.

Two primary surgery types, endovascular aortic repair (EVAR) and open
surgery (OS), are commonly employed, with EVAR showing better early outcomes
and being less invasive than OS (Coselli et al., 2016, Li et al., 2018). However, OS
remains the preferred option when the dissection is complex, unsuitable for
endovascular treatment, or when tissue disorders affect the regions targeted for EVAR,
compromising the endovascular landing zones (Boufi et al., 2019, Tian et al., 2014).

The management of AD relies primarily on a combination of clinical
examination and advanced imaging techniques, with Computed Tomography (CTA)
playing a pivotal role (Evangelista et al., 2023). These methods are essential for
localisation, classification, and obtaining precise anatomical measurements, which are
crucial for planning appropriate treatment strategies. Clinical management of AD
requires a comprehensive approach, considering multiple factors. Clinicians closely
monitor key indicators such as aortic diameter, pressures within the aorta, and
haemodynamics including blood flow patterns, recirculation, and vortex formation
(Sultan et al., 2023).

There is a growing interest in predicting the outcomes of AD and surgical
interventions, as well as understanding their progression over time. This includes
evaluating the impact of different medical device types and sizes used in AD surgical
treatment (Trahanas et al., 2022). However, testing various devices during surgery is
not feasible due to the high-risk nature of the procedure, the expense of the devices,
and the additional costs associated with extended operating times and clinical

resources.
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To address these challenges and enhance patient care, clinicians are
increasingly turning to advanced imaging techniques. Magnetic resonance imaging
(MRI), including two-dimensional MRI (2DMRI) and four-dimensional flow MRI
(4DMRI) methods, are valuable in visualising and quantifying blood flow in AD
patients (Ramaekers et al., 2023, van Hout et al., 2020). However, these techniques
have several limitations, including long acquisition times, high costs, limited
availability, and susceptibility to noise. The noise can be attributed to the small
structures in aortic dissection, rapid flow in narrowed regions, and interference from
implanted devices.

For these reasons, the diagnostic and therapeutic challenges have increasingly
driven medical research toward advanced computational methods. Computational
Fluid Dynamics (CFD) simulations, coupled with routine in vivo imaging, offer the
potential to quantify aortic haemodynamics. Haemodynamics markers linked to
disease progression can be calculated from these simulations and, in the future, could
potentially be integrated into clinical settings to support surgical decision-making.
Additionally, CFD simulations can be used to virtually test different surgical scenarios,
device configurations, and treatment strategies without the risks, ethical concerns, and
substantial costs associated (Song et al., 2023, Zhu et al., 2023).

However, several limitations impact the accuracy of current simulation
approaches, one example being the treatment of the aortic wall. Many simulations use
rigid wall assumptions due to the complexity of modelling and limited patient-specific
data on wall displacement. This simplification, while computationally efficient,
introduces inaccuracies as it fails to account for the natural compliance of the aorta
and dynamic response to blood flow (Boccadifuoco et al., 2018). For simulations that
account for wall compliance, additional limitations arise: some models use non-
patient-specific compliance values or assume a uniform compliance field throughout
the aorta. This approach overlooks regional variations in aortic stiffness, which can
significantly impact haemodynamics, especially with aging or in the presence of
implanted devices.

This thesis aims to enhance the accuracy and reliability of CFD simulations in
TBAD by addressing common modelling assumptions, with the ultimate goal of

making these simulations robust enough for clinical use. A key effort in this work is
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the integration of routinely acquired in vivo clinical data into novel patient-specific
modelling frameworks. By improving the representation of aortic compliance, these
advancements aim to produce robust simulations capable of supporting surgical
decision-making, optimising surgical planning, and improving the monitoring of

TBAD progression.
1.2. Anatomy of the Aorta

The aorta is the largest artery in the body and originates directly from the heart.
It is the primary conduit for oxygenated blood throughout the systemic circulation.
Structurally, it can be divided into several distinct segments. The initial portion, the
AA, spans approximately 50-70 mm and emerges from the left ventricle (LV)
immediately following the aortic valve (Figure 1. 1). At its root, the AA features three
small pockets known as the sinuses of Valsalva, housing the origins of the left and
right coronary arteries, crucial for myocardial oxygenation (Erbel and Eggebrecht,
20006).

Continuing from the AA, the vessel forms a loop over the left pulmonary artery
and the bifurcation of the pulmonary trunk, creating the aortic arch, which ultimately
curves to the left of the trachea. Typically, three primary branches stem from the aortic
arch: the brachiocephalic trunk (BT), the left common carotid artery (LCC), and the
left subclavian artery (LSA). The BT promptly divides into the right common carotid
artery (RCC) and the right subclavian artery (RSA). The descent of the aorta
commences at the intervertebral disc level between the fourth and fifth thoracic
vertebrae, where the DA initiates (Popieluszko et al., 2018).

Subsequently, the DA is anatomically separated by the diaphragm into two
segments: the thoracic and abdominal aorta (di Gioia et al., 2023). From the thoracic
aorta, branches such as the intercostal, subcostal, and left bronchial arteries arise. In
contrast, the abdominal aorta gives rise to significant arterial branches before
bifurcating into the left and right common iliac arteries. Notable branches from the
abdominal aorta include the celiac trunk (CTA), the superior mesenteric artery (SMA),
the inferior mesenteric artery (IMA), and the left and right renal arteries (LRA, RRA)

(Komutrattananont et al., 2019). This intricate vascular network underscores the
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crucial role of the aorta in systemic circulation, delivering vital oxygen and nutrients

to various organs and tissues throughout the body.
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Figure 1. 1 Schematic of the aorta with major branches and sections, such as:
I:Sinotubular Junction, II: Ascending Aorta, I1I: Aortic Arch, [V:Descending Aorta and
V:Abdominal Aorta. Source: Louis Girardin.

Blood vessels, vital conduits for systemic circulation, comprise a diverse
network of arteries, arterioles, capillaries, venules, and veins, each characterised by a
distinct structure and function. These vessels share a typical three-layered architecture:
the tunica intima, tunica media, and tunica adventitia. The tunica intima, the innermost
layer, consists of three sub-layers, with the endothelium forming its innermost

component (Camasdo and Mantovani, 2021) (Figure 1. 2). This endothelial lining

51



plays a pivotal role in regulating thrombosis and platelet adherence while also
contributing to the modulation of blood flow and pressure through the production of
vasodilator and vasoconstrictor molecules. Furthermore, it plays a crucial role in
various physiological functions, including angiogenesis and tissue repair, and its
dysregulation is implicated in numerous pathological conditions such as
atherosclerosis and hypertension. Adjacent to the tunica intima lies the tunica media,
comprising smooth muscle cells and elastic tissue, which confer remarkable
distensibility and elasticity to compliant arteries like the aorta. Finally, the outermost
layer, the tunica adventitia, reinforced by the external elastic lamina, provides
structural integrity and houses the vasa vasorum, which supports the arterial wall cells
(Buetow and Laflamme, 2017). Additionally, beyond its conduit function, the aorta
intricately regulates systemic vascular resistance and heart rate, underscoring its
pivotal role in systemic haemodynamics and cardiovascular equilibrium (Humphrey

et al., 2015, Michel et al., 2018).
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Figure 1. 2 Schematic of the aortic wall structure. Source: Blausen.com staff
(2014). "Medical gallery of Blausen Medical 2014". WikiJournal of
Medicine 1. DOI:10.15347/wjm/2014.010. ISSN 2002-4436.

1.3. Aortic Dissection: Clinical Overview

AD is classified as one of the Acute Aortic Syndromes (AAS) and represents
the most common and clinically significant type within this category (Nienaber and
Clough, 2015). AAS encompasses a group of severe vascular disorders with
significant morbidity and mortality rates (Vilacosta et al., 2021). AAS share common
pathophysiological mechanisms, clinical features, and diagnostic and therapeutic
approaches, with intramural haematoma and penetrating atherosclerotic aortic ulcer
representing the other clinical entities within this classification. AD is characterised
by a tear in the aortic wall, which develops in the tunica intima, allowing pressurised

blood to flow between the intima and the tunica media, thereby separating them by the
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intimal flap (IF). This condition typically presents acutely, although degenerative
changes in the tunica media often precede the dissection event by many years (Murillo
et al., 2021). Intramural haematoma, another form of AAS, involves the leakage of
blood through the endothelium into the aortic wall without an accompanying tear and

is considered an early stage of AD.
1.3.1.Classification

AD can be categorised based on their location and extent, mainly via the
Stanford or DeBakey systems (Figure 1. 3). DeBakey categorises AD based on the
location of the entry tear and the extension of the dissection. Type I involves the AA,
aortic arch, and DA; Type II involves only the AA, while Type III has entry tears in
the DA, propagating distally in the thoracic or abdominal aorta. The Stanford
classification categorises aortic dissection into two main groups: Type A and Type B.
Type A dissection affects the AA and can propagate to the aortic arch and DA (i.e.,
DeBakey Types I and II), with the tear able to originate anywhere along this path. In
contrast, Type B dissection involves the DA without affecting the ascending portion.
Additionally, modifications to the Stanford classification introduce Type-C
dissections, encompassing aortic arch involvement with or without descending
extension and non-A non-B dissections (Christodoulou et al., 2023). Retrograde
TAAD (RTAAD) occurs when the dissection initiates in the arch or DA but extends
into the AA. It has been reported that Type-C AD represents 11% of AD diagnoses and
is associated with increased risk and intervention rates compared to other types
(Qanadli et al., 2020).

Based on the time elapsed since the onset of the dissection, an AD is classified
into four phases: hyperacute (within the first 24 hours of the onset of the dissection);
acute (from 24 hours to 7 days); sub-acute (8 days to 30 days) followed by the chronic
phase (after 30 days) (Booher et al., 2013).
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Figure 1. 3 Schematic of the DeBakey and Standford AD classifications.
Source: Louis Girardin.

1.3.2.Aetiology and Risk Factors

AD impacts approximately 4.4 in 100,000 individuals worldwide (DeMartino
et al., 2018), with Type A dissection TAAD accounting for 67% of cases and TBAD
for 33% (Lombardi et al., 2020). Chronic cases, with an expected incidence of 42 per
100,000, often demonstrate a seven-year survival duration (Fleischmann et al., 2022).
AD predominantly affects males (9.1 vs 5.4 per 100000), with an average age of 60
compared to an average age of 67 years old for women (Bossone et al., 2022). Notably,
AD 1n younger patients often correlates with a family history of vascular disorders or
connective tissue conditions such as Marfan syndrome and Ehlers-Danlos syndrome
(Cury et al., 2013).

The initiation of dissections can result from rapid body deceleration, emotional
stress, or intense physical exertion, leading to elevated heart rate and blood pressure
(Carrel et al., 2023, Zhou et al., 2022). Factors such as motor vehicle accidents,

recreational drug use and smoking, and specific medical procedures can also trigger
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dissection events. Uncontrolled hypertension is the primary risk factor for AD,
prevalent in over 53% of cases, followed by atherosclerosis (Nienaber and Yuan,
2022).

Anatomical features like thoracic aortic diameter may not be the best risk
predictor for AD. While larger aortic diameters have been associated with increased
cardiovascular risk, the relationship is not straightforward or consistent across all
studies (Rueda-Ochoa et al., 2022, Tadic et al., 2022). The predictive value of aortic
diameter is based on a limited number of studies with varying methodologies, imaging
techniques, and definitions of aortic phenotypes. Furthermore, a single measurement
of aortic diameter may not reliably indicate vascular damage or accurately predict
future events, especially when not related to body size. The complex interplay of
genetic factors, haemodynamics, and underlying tissue abnormalities in the
development of AD cannot be fully captured by anatomical measurements alone.
Additionally, the rate of aortic growth and other dynamic factors may be more
indicative of dissection risk than static measurements (Kauhanen et al., 2022, Olson

et al., 2021, Erbel and Eggebrecht, 2006).
1.3.3.Clinical Diagnosis

Prompt and accurate diagnosis of AD is crucial due to its life-threatening
nature, with mortality rates increasing rapidly within the first 48 hours if untreated.
However, diagnosing AD is very challenging as symptoms can vary widely and affect
almost all body parts and organs, often resembling other severe conditions, which
result in 1/3 of cases being misdiagnosed (Lovatt et al., 2022, Zhan et al., 2012).
Common symptoms include severe chest or back pain described as a tearing sensation,
reported in 67% and 25 % of AD patients, and non specific symptoms like limb
ischemia, especially in patients with TBAD. This complexity leads to misdiagnosis in
about one-third of cases, highlighting the need for correct and quick diagnosis to avoid
giving treatments that could make the condition worse. Hence, the patient-specificity
of AD makes it necessary to rely on advanced imaging techniques for accurate

identification and treatment.
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CTA is an important part of diagnosing AD, serving as the primary diagnostic
modality in most (75%) cases and used to visualise the intricate morphology of the
aorta with high resolution (Litmanovich et al., 2009). By employing multiple X-ray
images and the administration of a contrast agent, CTA generates detailed three-
dimensional reconstructions of the aorta, allowing clinicians to identify the TL and
FL, as well as the IF (Meng et al., 2019, Murillo et al., 2021). Unlike conventional X-
ray imaging, CTA comprehensively visualises the entire aorta in a single scan,
facilitating prompt and accurate diagnosis of acute aortic pathologies (Figure 1. 4).
The synchronisation of image acquisition with the cardiac cycle through
electrocardiogram (ECG) gating ensures optimal image quality, minimising artefacts
that could obscure crucial details, such as tears in the aortic wall. While contrast-
enhanced CTA remains the standard approach for AD diagnosis, its utility may be
limited in individuals with contraindications to contrast agents, such as those with
allergies or chronic kidney disease (Musajee et al., 2023, Rawson and Pelletier, 2013).
Nevertheless, recent advancements in machine learning techniques have enabled the
detection of AD using non-contrast CTA scans in conjunction with other imaging
modalities, representing a promising alternative (Dong et al., 2024, Ma et al., 2023).
MRI plays a crucial role in diagnosing and evaluating AD, offering several advantages
over other imaging modalities. MRI demonstrates high sensitivity and specificity, with
accuracy for detecting thoracic AD. This non-invasive technique provides detailed
information about the aorta's structure and function without exposing patients to
ionising radiation or iodinated contrast material. MRI excels in visualising soft tissues,
making it particularly effective for assessing the aortic wall, TL, FL, PET, and IF. MRI
techniques offer unique insights into aortic pathology, enhancing the diagnostic and
prognostic capabilities in cases of AD (Sherrah et al., 2015). Phase-contrast imaging
allows for the quantification of potentially prognostic haemodynamics parameters,
including complex flow patterns and pulse wave velocity (PWV). This is
complemented by 2DMRI and 4DMRI, which enable visualisation and measurement
of time-resolved, two- and three-dimensional blood flow dynamics, offering valuable
insights into flow patterns, velocity, and areas of turbulence or recirculation (Figure 1.
4) (Catapano et al., 2020, Takahashi et al., 2022). However, MRI scans typically

require longer acquisition times and may be less suitable than CTA for emergency
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scenarios or post-operative imaging due to artefacts from metallic implants.
Additionally, MRI scanners are not available in all aortic centres, and their use is costly

(Sherrah et al., 2015, van Hout et al., 2020).

m/s N 1 -
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Figure 1. 4. (A) CTA scan of a dissected aorta including a sagittal view, a zoom
on the arch using a coronal view, and an axial view of calcification at the DA. (B)
4DMRI of the dissected aorta shows the high velocity in the AA and the lumen
perfusion. Source: Louis Girardin.

1.4.Clinical Management of Aortic Dissection

This section elaborates on the different scenarios after the development of an
AD, including the complications of the disease, the medical and surgical treatments,

and the markers used for prognostic evaluation.
1.4.1.0utcomes and Management

The outcomes and complications of AD management vary depending on

interventions and patient-specific factors. Initial measures focus on controlling
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systolic blood pressure between 100-120 mmHg, heart rate (60-80 bpm), and pain to
prevent disease progression (Flower et al., 2023).

For TAAD, immediate surgery is often necessary due to life-threatening
complications with mortality increasing by 1-2% every hour without intervention
(Mylonas et al., 2023, Lu et al., 2020). Surgical intervention seeks at resecting the
PET, restoring normal blood flow, preventing aortic rupture and addressing aortic
valve involvement to prevent life-threatening complications with post-operative
survival rates of 51-82% at five years (Nappi et al., 2023, Santini et al., 2006).

In contrast, acute TBAD is generally less severe, with lower in-hospital
mortality rates ranging from 0 to 4 % in uncomplicated cases (Fleischmann et al.,
2022, Yuan et al., 2023). However, in complex TBAD cases, in-hospital mortality can
increase significantly, reaching up to 8-20% (Carrel et al., 2023, Gouveia e Melo et
al., 2022, Hysa et al., 2021). Predictors of death in complicated cases include
hypotension, shock, and branch vessel involvement (Suzuki et al., 2003, Tolenaar et
al., 2014).

TBAD complications include malperfusion syndromes (MPS), persistent pain,
uncontrolled hypertension, and aortic rupture—the most lethal outcome (Tadros et al.,
2019). MPS occur when aortic branch vessels become occluded due to hematoma,
thrombosis, or displacement of the IF, resulting in dynamic or static obstruction (Lopes
et al., 2023; Mohajeri et al., 2023). Symptoms may involve limbs, organs, or the brain,
and can lead to severe consequences such as acute renal failure or paraplegia. Among
these, ischaemic complications represent some of the most critical and life-threatening
outcomes of AD, particularly when they affect visceral or spinal circulation. These
complications arise from impaired perfusion to vital organs and limbs due to IF-
induced obstruction or dissection extension into branch vessels. Visceral, renal, spinal,
or limb ischaemia can result in devastating outcomes, including mesenteric infarction,
acute kidney injury, and irreversible neurological damage. The incidence of
malperfusion syndromes has been reported in up to 30% of TBAD cases and is a major
predictor of in-hospital mortality and poor long-term prognosis (Hiratzka et al., 2010;
Yang et al, 2018). Prompt recognition and targeted intervention—through
endovascular fenestration, stenting, or surgical revascularisation—are therefore

essential to improving outcomes. While initial aortic remodelling occurs rapidly, it
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slows over time due to fibrosis of the aortic media and IF stiffening (Azoulay et al.,
2024; Wada et al., 2022). However, chronic TBAD remains a concern, as dissected
aortae continue to grow faster than non-dissected ones, particularly due to progressive
false lumen (FL) expansion. Patients may experience recurrent MPS, new dissection
tears, or aneurysmal degeneration (Sueyoshi et al., 2004; Trahanas et al., 2022).
Moreover, FL thrombosis influences disease progression—while total thrombosis is
considered protective, the implications of partial thrombosis remain debated (Ruiz-
Muioz et al., 2024; Trimarchi et al., 2013).

TBAD may be managed conservatively with medication with the aim of
slowing down the heart rate, decreasing blood pressure and LV ejection force, reducing
stress on the weakened aortic wall and limiting the propagation or rupture of the
dissection (Wee et al., 2019). This is typically achieved through medications such as
opioids, analgesia, and beta- or calcium-channel blockers. In contrast, despite the
effectiveness of the best medical treatment (BMT), in uncomplicated cases, long-term
outcomes remain suboptimal, with aneurysmal growth of the FL considered inevitable,
which may necessitate intervention (Blount and Hagspiel, 2009, Kamman et al.,
2017a). While the one-year mortality rate for TBAD is around 15%, up to 50% of
patients may experience late adverse events, and intervention-free survival rates range
between 40-50% at five years (Akin and Nienaber, 2020, Fleischmann et al., 2022).
Moreover, ten-year total survival rates are likely well below 50% (Hysa et al., 2021,
Luebke and Brunkwall, 2014).

The choice between medical and invasive management remains contentious,
with varying outcomes in terms of survival rates and aortic remodelling (Hsieh et al.,
2019). More extensive trials are needed to determine the most effective approach for
managing stable TBAD and improving patient outcomes.

However, if the risk of rupture is deemed unacceptably high, surgical,
endovascular, or hybrid treatments are typically indicated, with imaging playing a vital
role in assessing eligibility and planning the treatment approach (MacGillivray et al.,

2022, Schepens, 2018).

1.4.2.Repairs and Interventions
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Prior to the advent of endovascular therapies, OS using synthetic grafts was
the mainstay treatment for patients with complications. Surgical repairs were indicated
for large aneurysms, rapid aortic growth, persistent back pain, and chronic
malperfusion (Tian et al., 2014, Uchida and Sadahiro, 2018). In cases where
endovascular treatments are not feasible, such as in the case of a dissection extending
to the abdominal aorta with a structurally inadequate stent landing zone, OS remains
the frontline treatment. OS for AD involves making a large incision in the chest to
access the aorta directly. The procedure typically requires stopping the heart and using
a heart-lung bypass machine to maintain circulation. The surgeon removes the
dissected portion of the aorta and replaces it with a synthetic graft, which is sewn into
place to reinforce the vessel wall and restore normal blood flow (Figure 1. 5). The goal
is to prevent further tearing, reduce the risk of rupture, and ensure adequate blood
supply to the organs. This approach provides a durable repair for complex or extensive
dissections (Figure 1. 5). OS carries a high risk, with 30-day in-hospital mortality of
16-19% for TAAD and 12-14% for TBAD, and 2-3-year mortality of 21-30% and 10-
19% for the respective conditions (Benedetto et al., 2022, Pape et al., 2015, Sadi et al.,
2012). Such mortality rates can be attributed to complications such as bleeding, stroke,
acute kidney injury, respiratory failure, sepsis and malperfusion syndrome (Hou et al.,
2023, Lee et al., 2020). Concerns about fairly rigid grafts include the loss of vessel
compliance, which can lead to adverse outcomes such as LV hypertrophy, stroke, and
increased pressure (Spadaccio et al., 2016).

EVAR is a minimally invasive procedure for treating aortic aneurysms, in
contrast, thoracic aortic aneurysms and TBAD are typically treated using TEVAR
(Atkins et al., 2023, Howard et al., 2021). The procedure involves inserting a stent-
graft, a metal mesh tube covered with fabric, into the weakened area of the aorta. This
stent-graft provides a new path for blood flow, diverting pressure away from the
damaged section of the aorta. The EVAR procedure is typically performed under
general anaesthesia and takes about 90 minutes to complete. A small incision is made
in the groin area, and a catheter is threaded through a blood vessel to the aorta. The
surgeon then uses imaging techniques such as X-rays to guide the stent-graft into
place. Once positioned correctly, the stent-graft is expanded, and the catheter is

removed.
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TEVAR involves the deployment of a stent-graft to the DA via the iliac artery
to cover and seal the PET while providing structural support (Figure 1. 5) (Isselbacher
etal., 2022, MacGillivray et al., 2022). Multiple studies showed that TEVAR has lower
early mortality rates than BMT and OS, about 7-9 % versus 11-15% (Harky et al.,
2019, Liu et al., 2020). However, long-term mortality rates have been higher or smaller
in different studies (Chou et al., 2015, Jubouri et al., 2022, Takazawa et al., 2024).
Such study variations are linked to patient group sizes and the era during which the
procedures were performed (reflecting advancements in technology and techniques).
TEVAR leads to a higher rate of reinterventions compared to OS, about 15-17%
against 5-6% (Ahmed et al., 2024, Cheng et al., 2023, Takazawa et al., 2024). Such
reinterventions involve additional imaging and follow-ups for the patient, contributing

to a reported poorer long-term quality of life (Orelaru et al., 2023).
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Thoracic Endovascular
Aortic Repair

Open-Surgery

Endograft

Figure 1. 5 Left is an open surgery (OS) showing the graft replacing a dissected
portion of a TBAD. Right is a thoracic endovascular aortic repair (TEVAR) where the
endograft has been placed in the TL of a TBAD.

Complications leading to these reinterventions and death are mainly due to endoleaks.
An endoleak occurs when blood continues to flow into the aneurysm sac or FL after
TEVAR, accounting for 26-33% of cases (Cheng et al., 2023, Zhang et al., 2016).
Aneurysmal dilation occurs when the FL remains perfused, accounting for 20-22% of
reinterventions. Additional reinterventions may be due to the development of a new
dissection, a distal stent-graft-induced new entry tear (dSINE), a distal aneurysmal
degeneration or a retrograde TAAD (Lopez-Marco et al., 2022). RTAAD is a serious
and potentially fatal complication involving the dissection of the aorta extending

backwards into the AA.
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1.5. TBAD Flow Dynamics: A Detailed
Analysis

As discussed in previous sections, TBAD management encompasses various
outcomes and surgical interventions. The complexity of AD, influenced by patient-
specific factors and the nature of the dissection, highlights the importance of
understanding disease progression and planning optimal treatment strategies. As
medical and surgical treatments evolve and complications potentially arise,
forecasting outcomes becomes essential for improving survival rates and ensuring
effective aortic remodelling. To this end, analysis and predictions can be made using
in vivo, in vitro, or in silico studies coupled with medical imaging techniques.
Comprehensive prognostic evaluations enable clinicians and engineers to tailor
interventions more precisely, enhancing patient care and long-term prognosis. The
following sections focus on TBAD which is the type of AD this thesis is concerned
with.

1.5.1.Haemodynamics Descriptors

Understanding aortic flow dynamics involves examining blood flow and the
forces driving circulation, which are key to analysing blood pressure regulation within
the aorta. This regulation is influenced by cardiac output, vascular resistance, and
blood volume. Systolic pressure (P;), the peak force exerted during heart contraction,
and diastolic pressure (Py), the lowest force during relaxation, collectively determine
the arterial pressure waveform ( Levick, 2018). The difference between these, known
as pulse pressure (P, = P, — P,), reflects the dynamic interaction between the heart
and the vascular system. Pressure gradients, shaped by these parameters, move blood
from higher to lower pressure areas, ensuring proper circulation.

The wall shear stress (WSS) plays a crucial role in regulating endothelial
function within the aorta. It is the frictional force exerted by blood flow on the inner

surface of blood vessels, particularly affecting the endothelial cells lining the vessel
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walls (Davies, 2009, Zhou et al., 2023). High WSS generally promotes adaptive
dilation and structural remodelling of the artery wall through endothelium-dependent
mechanisms, which are considered protective against atherosclerosis. In CFD, WSS is
used to derive additional hemodynamic metrics that provide deeper insights into the
mechanobiological stimuli experienced by endothelial cells. The most common
metrics are the time-averaged wall shear stress (TAWSS), oscillatory shear index
(OSI), relative residence time (RRT), and endothelial cell activation potential (ECAP),
and are defined as follows (D1 Achille et al., 2014, Himburg et al., 2004, Ku et al.,
1985, Malek et al., 1999):

1 T
TAWSS = [Irldt 1.1
T
0sI =051 — (Lo 1.2
Iy lzlat
RRT = ——L~ 1.3
(1—2.051).TAWSS
EcAp = 2 1.4
TAWSS

where T is the cardiac cycle period (s), and 7 the instantaneous WSS vector.

TAWSS is a metric used to quantify the average WSS experienced by the
endothelium over a cardiac cycle. It provides insight into the overall haemodynamics
environment and is often used to identify regions prone to atherosclerosis development
when low (<0.4 Pa) (Malek et al., 1999). Additionally, a TAWSS >5 Pa is generally
considered high in the aorta. Some studies even classify TAWSS >3 Pa as elevated for
example, in ascending aortic aneurysm patients, regions with TAWSS exceeding 3 Pa
were found on the aneurysm's outer curvature and linked with wall degradation risk
(Salmasi et al., 2021).

OSI quantifies the cyclic departure of the WSS vector from its predominant
axial alignment. It varies between 0 and 0.5. High OSI values indicate areas where the
flow direction changes frequently during the cardiac cycle. These regions of
oscillatory flow are often correlated with endothelial dysfunction and

increasedsusceptibility to atherosclerosis (Di Achille et al., 2014).

65



RRT is another important parameter in assessing the local haemodynamics
environment. It represents the relative time blood particles spend near the vessel wall.
Areas with high RRT are associated with increased particle-wall interactions,
potentially leading to a greater accumulation of atherogenic particles and an increased
risk of plaque formation. Research suggests that values around 20-30 Pa! represent a
threshold above which there is a higher likelihood of promoting cell deposition (Stokes
etal., 2023a, Xu et al., 2017, Xu and Avila, 2018).

ECAP combines various haemodynamics parameters to predict areas where
the endothelium is likely to become dysfunctional or "activated." It typically
incorporates low TAWSS and high OSI. Regions with high ECAP (>1.4 Pa’!) are more
susceptible to endothelial activation, leading to increased inflammation and

atherosclerosis (Deyranlou et al., 2021, Di Achille et al., 2014).

1.5.2. TBAD Haemodynamics

TBAD is characterised by unique haemodynamics features that significantly
impact patient outcomes and treatment strategies. The AA often exhibits dilation,
leading to a reduction in velocity and mean WSS in this region, consequently
diminishing the typical helicity development found in healthy aorta (Callaghan et al.,
2019, Frydrychowicz et al., 2012). This dilation increases WSS immediately distal to
the LSA, where the PET is typically found, proximal to the LSA and allows blood to
enter the FL (Liu et al., 2022, Weiss et al., 2012). This creates a jet-like flow that can
impinge on the opposite FL wall, potentially leading to further expansion or
complications (Li et al., 2021, Saitta et al., 2021).

The flow in the aorta is typically laminar. However, in TBAD, blood flow is
disrupted, exhibiting turbulence and recirculation patterns that can develop in both TL
and FL. The high flow velocity found in the vicinity of entry tears can lead to high
Reynolds numbers (Re), causing turbulence (Takahashi et al., 2021). This turbulence
increases energy dissipation, leading to higher pressure losses and risks of blood
damage, such as hemolysis and platelet activation, which can contribute to thrombosis

and local dilatation (Andersson and Karlsson, 2021, Kaji, 2018, Spanos et al., 2019).
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Thrombosis in AD is closely linked to luminal pressure differences,
particularly in TBAD. Studies have shown that proximal FL thrombosis is associated
with lower FL pressure, which can lead to fewer complications (Parker et al., 2022).
This relationship between thrombosis and pressure differences has important
implications for patient outcomes and treatment strategies.

The pressure difference between the TL and FL is a critical haemodynamic
factor in TBAD, and associated links to thrombosis have been widely studied
(Lawrence and Gooch, 2009, Marlevi et al., 2021, Zilber et al., 2021, Parker et al.,
2022).

The size and location of entry and re-entry tears influence the luminal pressure
gradient in TBAD. A larger entry tear typically results in higher FL pressurisation,
while a smaller entry tear can increase the pressure difference between the TL and FL
(Zimmermann et al., 2023, Chen et al., 2022a). The size of the exit tear also plays a
crucial role; a smaller one can led to negative pressure differences between the TL and
FL, potentially causing FL expansion (Cuellar-Calabria et al., 2021). Additionally, the
number, size, and location of tears significantly influence TBAD haemodynamics.
Multiple re-entry tears can help decompress the FL, potentially stabilising the
dissection, while fewer are associated with progressive aortic dilatation (Jafarinia et
al., 2023, Kotelis et al., 2016).

The pulsatile nature of blood flow adds another layer of complexity to TBAD
haemodynamics (Birjiniuk et al., 2017). The wall elasticity differences between the
TL and FL result in varying rates of flow and pressure wave propagation within each
lumen, depending on the number and shape of luminal communications (Brandon et
al., 2024, Veger et al., 2021). During systole, the pressure and flow in the FL increase,
potentially causing expansion of the FL (Bellala et al., 2024), and displacement of the
IF (Karmonik et al., 2012c, Rudenick et al., 2013). These differences can cause
desynchronised TL and FL pressure gradients, which drive the motion of the IF and
could potentially lead to malperfusion (Mega et al., 2006, Sakata et al., 2015).

Over time, FL dilatation leads to modified lumen perfusion, reduced flow
velocities near the FL wall, and significant decreases in WSS and total pressure

(Higashigaito et al., 2021, Kotelis et al., 2016, Ruiz-Mufioz et al., 2022). This
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dilatation might serve as a compensatory mechanism to minimise stresses on the vessel
wall tissue (Chen et al., 2013a; Ruiz-Mufoz et al., 2024).
Assessing TBAD haemodynamics can be done clinically using medical

imaging; the following section reviews the most common techniques employed.

1.5.3.Clinical Techniques

1.5.3.1. 2D Flow MRI

Through-plane phase-contrast MRI, also known as 2DMRI, is a valuable non-
invasive imaging technique for assessing haemodynamics in patients with TBAD. This
method measures blood flow velocity within the aorta, capturing flow data in a single
plane perpendicular to the specified direction (Dillon-Murphy et al., 2016). It provides
critical insights into blood flow dynamics, essential for understanding the progression
and management of TBAD.

However, the application of 2D-Flow MRI in assessing aortic flow presents
several challenges. Aortic blood flow rarely adheres to a single, straightforward
trajectory, with secondary flow structures such as helical and retrograde flows inherent
in healthy and pathological aortae, making it challenging to capture the full extent of
flow dynamics (Garcia et al., 2019). Aligning the imaging plane perfectly
perpendicular to the flow can be difficult, as the primary flow direction is not known
in advance, potentially leading to inaccurate or misleading data. Furthermore, 2D-
Flow MRI captures only a single component of the velocity vector.

While 2DMRI offers valuable insights, it is often complemented by 4DMRI,
which provides a more comprehensive assessment of blood flow throughout the entire

aorta.

1.5.3.2. 4D Flow MRI

4DMRI is an advanced imaging technique that has revolutionised the

visualisation and quantification of complex flow patterns within the cardiovascular
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system, particularly in TBAD. This technique allows for the measurement of three-
component, three-dimensional velocity fields throughout a volumetric region,
providing a comprehensive view of blood flow dynamics in the TL and FL of the
dissected aorta (Clough et al., 2012, Takahashi et al., 2022). Unlike traditional 2D
imaging techniques, 4DMRI captures flow data over the cardiac cycle, providing a
dynamic view of blood flow changes during systole and diastole. This temporal
information is crucial for understanding the pulsatile nature of flow in TBAD. The
technique covers the entire aorta, allowing for a holistic assessment of flow patterns
from the aortic root to the abdominal aorta, which is particularly valuable in TBAD,
where the dissection can extend over a large portion of the aorta (Catapano et al., 2020,
Lescan, 2022).

The detailed haemodynamics data provided by 4DMRI aids in the risk
stratification of TBAD patients and can guide treatment decisions. Those with more
complex flow patterns or higher FL flow parameters may be at greater risk of adverse
outcomes, potentially requiring more aggressive management or earlier intervention.
The technique allows the assessment of thrombosis within the FL, which is crucial for
predicting outcomes (Stankovic et al., 2013, Zhuang et al., 2021).

Recent developments in 4DMRI have focused on reducing acquisition times
through compressed sensing acceleration techniques (Kilinc et al., 2023, Pathrose et
al., 2021). These advancements allow for significantly faster scan times without
compromising the quality of haemodynamics measurements, which is particularly
beneficial for TBAD patients who may have difficulty with prolonged scanning.

One of the key advantages of 4DMRI is the ability to extract velocity vectors
from any plane, enabling the computation of related indices from the data (Callaghan
and Grieve, 2018, Kolipaka et al., 2017, Veger et al., 2021). This helps to detect
complex flow patterns and velocity distributions in vivo, even in cases where vessel
structures or the size of dissection tears are not well-defined (Allen et al., 2023, Liu et
al., 2023). Additionally, 4DMR has been used with numerical methods to extract
intravascular pressure fields, showing promise in supporting the diagnosis and
prognosis of TBAD and the timing of interventions (Bock et al., 2011, Meier et al.,
2010).
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However, several challenges remain for widespread clinical implementation.
Long acquisition times have historically limited use, though recent advances have
reduced scan times to a few minutes (Callaghan et al., 2016, Markl et al., 2012). The
large data volumes necessitate the spatial and temporal resolution to be compromised,
with 1-5 mm and 35-50 ms typically used for aortic imaging (Cherry et al., 2022).
This limited spatial resolution contributes to partial volume effects and
underprediction of velocities, which are especially problematic near the vessel wall
and in smaller arteries. In these regions, the velocity gradients are steep, and the
inability to accurately capture flow near the wall leads to errors in the estimation of
critical hemodynamic parameters, such as WSS (Berhane et al., 2020, Juffermans et
al., 2021, Marin-Castrillon et al., 2023, Zimmermann et al., 2018). Additionally, near-
wall resolution issues can exacerbate inaccuracies in vessel wall segmentation,
particularly when the boundary between blood and vessel wall is blurred due to voxel
averaging or in small vessels where the wall-to-lumen ratio is higher (Levilly et al.,
2020, Markl et al., 2011a, Soudah et al., 2017). Deep learning techniques can be used
to improve the segmentation of the aorta significantly and enhance the quality of 4DMI
images (Fujiwara et al., 2022, Sundstrom and Laudato, 2023). Automating the
segmentation process can minimise the variability and potential errors associated with
manual segmentation, leading to more consistent and reliable results that are
particularly important for accurate WSS calculation.

The limitations of cycle-averaging in capturing the dynamic nature of blood
flow are significant, as it fails to account for the pulsatile variations that occur with
each heartbeat. Moreover, the influence of respiratory and proximal cardiovascular
motion can introduce additional inaccuracies in flow measurements. A critical
challenge in flow imaging is the need to predetermine a velocity encoding (VENC)
value, which represents the anticipated maximum velocity and varies among patients
(van Ooij, 2024). Selecting an excessively high VENC can compromise the signal-to-
noise ratio (SNR) in areas of slow flow. At the same time, an overly low VENC may
lead to inaccuracies in regions of rapid flow and potentially cause aliasing artefacts.
This issue is particularly pronounced in TBAD, where extreme velocity variations are
commonly observed throughout the affected area (Kroeger et al., 2021). Although

multi-VENC techniques have been developed to address this problem and are
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recommended for use in TBAD cases, their adoption in clinical practice remains
limited (Moersdorf et al., 2019, Sherrah et al., 2017).

While 4DMRI shows great promise for assessing haemodynamics in TBAD,
ongoing efforts have focused on validating its measurements, assessing limitations and
standardising protocols across centres to enable widespread clinical adoption and
multi-centre studies (Wang et al., 2022, Mongeon et al., 2016). Integrating 4DMRI
data with CFD models can enhance the images, provide more accurate insights into
TBAD haemodynamics and potentially improve predictive capabilities for disease
progression and treatment outcomes (Armour et al., 2020a, Armour et al., 2022,

Armour et al., 2020b, Stokes et al., 2023b).

1.5.3.3. Doppler Ultrasound

Doppler ultrasound is an effective diagnostic tool for detecting and managing
thoracic aortic dissection (TBAD), particularly in emergency settings. Its ability to
provide real-time haemodynamic information makes it valuable for rapid decision-
making, including the detection of dissection flaps, blood flow abnormalities, and
complications such as false lumen thrombosis (Brubakk, 1982). The technique is non-
invasive, widely accessible, and critically, non-ionising, making it a safer option for
repeated assessments and follow-up, especially in vulnerable or haemodynamically
unstable patients. Doppler ultrasound also facilitates ongoing monitoring of cardiac
function, offering estimates of stroke volume and cardiac output, which contribute to
a broader understanding of cardiovascular health.

However, there are limitations to using Doppler ultrasound in this context.
Doppler may only provide comprehensive information about the extent of the
dissection or the involvement of branch vessels. The resolution of ultrasound images
can be limited compared to other imaging modalities, such as CTA or MRI, which
offer more detailed anatomical visualisation (Nauta et al., 2016, Donati et al., 2015).
Similar to 2DMRI, Doppler ultrasound can be prone to measurement inaccuracies
stemming from the selection of the imaging plane. This technique also yields

inaccurate results in areas characterised by intricate flow patterns. Additionally, the
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accuracy of Doppler ultrasound can be operator-dependent, requiring significant

expertise to interpret the findings correctly.

1.5.3.4. Blood Pressure Measurements

While 4DMRI imaging provides detailed insights into blood flow patterns and
velocities, it does not directly measure blood pressure, which is essential for assessing
the severity and progression of TBAD. Integrating blood pressure measurements with
flow imaging modalities offers a comprehensive understanding of haemodynamics in
TBAD patients (Zhou et al., 2017). Regular blood pressure measurements guide
antihypertensive therapy, which is a crucial aspect of medical management in TBAD.

Invasive arterial pressure monitoring, involving the cannulation of a peripheral
artery, remains the gold standard for obtaining accurate, localised pressure
measurements in segments affected by dissection (Hernandez et al., 2022, Ruszala et
al., 2014). This technique provides real-time data on arterial waveform morphology
and quantitative pressure values, which is particularly valuable in critically ill patients
or those undergoing surgical interventions. However, in TBAD, where the integrity of
the aortic wall is compromised, invasive monitoring is cautiously used due to the risk
of further damage to fragile vessel walls (Nguyen and Bora, 2023).

Non-invasive methods, such as brachial sphygmomanometry, are commonly
employed to measure systemic blood pressure (Chung et al., 2013, Meidert and
Saugel, 2017). While these measurements reflect systemic pressure at the brachial
artery, they do not provide information about pressures within specific segments of the
aorta affected by dissection (Chung et al., 2013, Sultan et al., 2023). Moreover, they
do not capture the waveform morphology of aortic pressure, which is crucial for
diagnosing and managing TBAD effectively. The ankle-brachial index can help detect
malperfusion syndromes associated with TBAD, but it has limitations in accurately
determining pressures within the dissected aorta (Sultan et al., 2023, Memig¢ Sancar et

al., 2022).
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1.5.4.Cardiovascular Flow Modelling

CFD plays a crucial role in understanding and simulating the complex
haemodynamics of the cardiovascular system. In engineering terms, the
cardiovascular system is analogous to a network of pipes through which blood flows,
subject to varying geometries and boundary conditions (BCs). The study of blood flow
dynamics is governed by fundamental principles of fluid mechanics, primarily the
conservation laws of mass and momentum.

Blood flow is described by nonlinear partial differential equations (PDEs),
namely the continuity and the Navier-Stokes equations. Two well-known analytical
solutions that provide foundational understanding are the Poiseuille Flow and
Womersley Flow (Loudon and Tordesillas, 1998, Sutera and Skalak, 1993, Womersley,
1955). Poiseuille Flow describes the steady-state laminar flow in a straight, rigid pipe
with a constant circular cross-section driven by a constant pressure gradient. The

velocity profile for Poiseuille Flow is parabolic, given by:
A
u(r)=4—lfL(Ra2—r2) 1.5

where Ap is the pressure drop (Pa), L is the pipe length (m), R, is radius (m),
and 7 is radial position (m). On the other hand, Womersley Flow describes the
pulsatile, laminar flow in a straight, rigid pipe with a constant circular cross-section
driven by a periodic pressure gradient. It accounts for the oscillatory nature of blood
flow due to the heartbeat. The Womersley number characterises the relative

importance of pulsatile inertial forces to viscous forces, such as:

a=Ra% 1.6

Where w is the angular frequency (1/s) of pulsation. The velocity profile for
Womersley Flow is more complex and involves Bessel functions to account for the
oscillatory nature of the flow.

However, the complexity of real-world cardiovascular flows necessitates using
numerical methods to approximate solutions. For TBAD applications, both zero-

dimensional (0D) and three-dimensional (3D) models play a crucial role. Zero- (0D)
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provide efficient simulations of wave propagation and global haemodynamics, while

3D models offer detailed local flow analysis.

1.5.4.1. Lumped Parameter Models

The OD lumped parameter model is a simplified, yet effective, approach to
simulate cardiovascular system haemodynamics, including the aorta. This modelling
technique treats the vascular system as interconnected compartments characterised by
lumped parameters: resistance (R), compliance (C), and inertance (L). These
parameters represent hydraulic analogies to electrical components in a circuit, where
pressure (P) and flow rate (Q) are functions of time (#) rather than spatial coordinates.
R is analogous to friction losses in the vascular system, C represents the elasticity and
deformability of vessel walls, and L is analogous to the inertial effects of blood flow
(Figure 1. 6) (Schonfeld, 1954). The table below summarises the hydraulic-electric

analogy of the RLC components, their equation and electrical schematic.

Electric Hydraulic Component Equation
Fricti /P\
. riction Q AP= R
Resistance losses < AN~ Q
R
1Q
Capacitance Compliance P L C Q= Cd_P
T t
P
Ld
Inductance Inertance Q _N\I:Y\_ AP = d_tQ

Figure 1. 6 Electric components and their hydraulic analogy.

Lumped-parameter models can represent the vasculature using either single or
multiple blocks. A single block describes an entire vascular compartment or the
vasculature using R, L and C (Loudon and Tordesillas, 1998, Sutera and Skalak, 1993).

The Windkessel model is a fundamental concept in cardiovascular modelling,
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representing the arterial system as a lumped parameter model in a single block. The
two-element Windkessel (WK2) model, first proposed by Stephen Hales in 1733 and
mathematically formulated by Otto Frank in 1899, consists of a capacitor (C) and a
resistor (R) in parallel. The capacitor represents the elastic properties of large arteries,
while the resistor models the resistance of small peripheral vessels (Westerhof et al.,
2009, Zhou et al., 2019). Despite its simplicity, the WK2 model provides a basic
representation of arterial behaviour, particularly useful for estimating total arterial
compliance when the peripheral resistance and the aortic pressure waveform are
known. However, it has limitations in capturing high-frequency components

associated with pressure reflections in the arterial network.
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Figure 1. 7: Schematic of the two-element (WK2) and three-element (WK3)
Windkessel models.

To address these limitations, a three-element Windkessel (WK3) model is
commonly employed, which includes a proximal impedance element (R, ) in parallel
with the distal resistance (R;) which is in series with the original compliance (C)
(Westerhof et al., 1969, Westerhof et al., 2009). This additional resistance represents
the ratio of oscillatory pressure to oscillatory flow rate in the absence of reflective
waves. In the WK3 model, the total resistance (Rt =R, + R;) equals the systemic
vascular resistance of the WK2 model, while C continues to represent arterial
elasticity. The introduction of R, significantly improves the model's high-frequency
performance.

In more complex scenarios, the vascular system is modelled as a network of
these OD building blocks, each representing a vessel segment with its own R, C, and L
parameters. This approach allows for a more detailed representation of pressure and
flow dynamics throughout the cardiovascular system, accounting for interactions

between different vascular segments (Shi et al., 2011, Zhou et al., 2019).

75



1.5.4.2. Three-Dimensional Models

Three-dimensional (3D) CFD models are essential tools for studying TBAD.
These models are based on the fundamental governing equations of fluid dynamics,
the continuity and Navier-Stokes equations. For an incompressible, isotropic, and
Newtonian fluid, the continuity equation expresses mass conservation, stating that the

divergence of the velocity field must be zero, such as:
2 +v.(pu)=0 1.7

Where p is the fluid density (kg/m?) and u=u(x,),z,¢) is the three-dimensional
velocity vector. The Navier-Stokes equations represent the conservation of
momentum, accounting for forces such as pressure gradients, viscous forces, and fluid-

wall interactions, such as:
p (3 +wvu)=—Vp+uviu+f 1.8
Where p is the pressure (Pa), u the dynamic viscosity (N. é) and f'represents

body forces (%).

To solve these equations computationally, the process begins with mesh
generation, where the geometry of the aorta is discretised into a finite number of small
elements. The partial derivatives in the continuity and Navier-Stokes equations are
then approximated using finite difference, finite volume, or finite element methods.
These approximations transform the PDEs into a system of algebraic equations that
can be solved numerically. The choice of discretisation scheme significantly affects
the accuracy and stability of the numerical solution, with higher-order schemes often
employed to improve precision.

To capture the transient nature of blood flow within the aorta, the temporal

derivative in the Navier-Stokes equations must be discretised using appropriate time-
: . N ] .
stepping methods. This involves approximating the unsteady term a—’: over discrete

time intervals, At, transforming the problem into a sequence of time-dependent
algebraic equations (Ferziger et al., 2020, Versteeg et al., 2007). Common time

integration schemes include explicit methods, which calculate the solution at the next
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time step directly but require small time steps for stability, and implicit methods, which
allow larger time steps by solving coupled equations at each step but at a higher
computational cost. Semi-implicit schemes, such as the Crank-Nicolson method, offer
a balance between stability and accuracy. Additionally, the nonlinear convective term
u. Vu is often linearised or treated with specialised discretisation schemes to prevent
numerical instabilities and ensure accurate representation of complex flow patterns.
The selection of the time step size is crucial; it must be small enough to resolve
important transient phenomena and maintain numerical stability, but large enough to
allow efficient computation. Adaptive time stepping techniques are sometimes
employed to optimise this balance dynamically throughout the simulation. Overall,
careful temporal discretisation and time-stepping strategy are essential to achieve
stable and accurate unsteady CFD simulations of blood flow in thoracic aortic

dissections.

1.6. Computational Modelling of TBAD

1.6.1.Numerical Methods

Numerical methods are essential for solving the complex Navier-Stokes and
continuity equations in most practical applications, as these partial differential
equations typically lack unique analytical solutions. The Finite Volume Method
(FVM) is the most widely adopted approach, which discretises the flow domain into
small control volumes (McDavid, 2001). The governing equations are integrated
within each volume, and flow variables are assumed constant therein. This method
effectively transforms the differential equations into a set of algebraic equations that
can be solved numerically. FVM has gained popularity due to its robustness and ability
to handle complex geometries, making it the foundation of many commercial and
open-source CFD software packages.

While FVM dominates fluid simulations, the Finite Element Method (FEM) is
sometimes employed in aortic simulations for fluid-structure interaction (FSI)

modelling (Hirschhorn et al., 2020). FEM excels at modelling solid mechanics and
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can be coupled with FVM to simulate scenarios where fluid flow influences structural
deformation and vice versa. This coupling enables more comprehensive simulations
of phenomena like blood flow in flexible vessels, albeit at a significantly higher
computational cost.

To address the computational demands of full 3D simulations, Reduced Order
Modelling and Machine Learning (ML) techniques have attracted considerable
attention in recent years (Hahn et al., 2021, Pegolotti et al., 2024, Tahir et al., 2023).
These approaches aim to capture the essential physics of complex flows while
reducing computational complexity. One such method is Proper Orthogonal
Decomposition, which decomposes velocity data into a set of orthonormal modes and
their temporal dynamics (Chatpattanasiri et al., 2023, Han et al., 2020). This technique
has been applied to enhance the resolution of medical imaging data and analyse flow
features in cardiovascular systems.

Another promising development is using Physics Informed Neural Networks
(Du et al., 2023, Zhang et al., 2023). These ML models incorporate the Navier-Stokes
equations directly into their loss functions, allowing them to reconstruct detailed flow

fields from limited data more efficiently than traditional numerical solvers.
1.6.2.Image Segmentation

Segmentation of TBAD from medical imaging data, mainly CTA scans and
MRI sequences, is a critical step in generating image-based, patient-specific CFD
models. This process involves delineating the aortic wall's boundaries and identifying
and characterising the TL, FL, IF, and any tears present (Pepe et al., 2020).

Although highly accurate, manual segmentation is challenging and time-
consuming, especially in complex cases. It relies heavily on the expertise of operators
(Preim and Botha, 2014), and this dependence can introduce inconsistencies in the
geometrical representation of the aorta, potentially influencing subsequent CFD
results, particularly in estimated haemodynamics parameters such as WSS, as
discussed in section 1.5.2.

The complex geometry of TBAD presents a significant challenge for
segmentation (Nienaber et al., 2009, Pepe et al., 2023). The aorta morphology in

78



TBAD patients can vary widely, affecting the shape, size, and tortuosity of both
lumina. Despite the high resolution of CTA imaging, tears can be subtle and
challenging to differentiate from other structures within the aorta, which can be crucial
for accurately simulating flow dynamics in TBAD.

In MRI, anatomical sequences like TrueFISP delineate the aortic lumen and IF,
providing better soft tissue contrast than CTA (Babin et al., 2014, Worz et al., 2014).
Flow-based segmentation using 4DMRI data can refine the segmentation, particularly
in distinguishing the TL from the FL based on flow patterns. However, 4DMRI data
often suffers from lower SNR than CTA, especially in slow or complex flow regions,
such as in the FL as the flow can be stagnant in some cases. This low SNR can make
accurate segmentation challenging, particularly for automated algorithms (Juffermans
et al., 2021, Marin-Castrillon et al., 2023, Ramaekers et al., 2023).

Given these challenges, there is a growing interest in automated and semi-
automated segmentation techniques. Semi-automated methods often employ region-
growing algorithms, where a seed point is placed in the TL or FL, and the algorithm
expands to fill the lumen based on intensity thresholds (Ashok and Gupta, 2021, Jin et
al., 2021, Krissian et al., 2014, Sieren et al., 2021). Additionally, hybrid approaches,
including AI/ML algorithms for initial segmentation, are increasingly being adopted,
followed by human review and refinement (Dey et al., 2019, Lim et al., 2020, Szabo
et al., 2022). Convolutional neural networks have shown promise in automating the
segmentation of aortic structures from CTA (Cao et al., 2019, Chen et al., 2022b, Gu
and Cai, 2021). These methods learn from annotated datasets to accurately delineate
the aortic wall, lumens, and tears. They aim to improve segmentation accuracy, reduce
operator dependence, and streamline the process for large-scale simulation studies of
TBAD.

Rigid and elastic registration techniques allow to reconcile differences in
patient positioning during different scans and to help compare CFD simulations based
on a different dataset, for example, pre- and post-surgery (Bian et al., 2022, Biesdorf
et al., 2012, Schenkenfelder et al., 2021). Rigid registration aligns images by applying
translation and rotation without accounting for deformations, making it suitable for
bony structures or minimally distorted anatomy. In contrast, elastic registration allows

for local deformations, enabling the alignment of soft tissue structures that may shift
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or deform between scans. For example, CTA-based segmentation can be elastically
registered to other imaging modalities, such as 4DMRI, to incorporate additional

geometric details and refine the accuracy of the model.

1.6.3.Inlet Boundary Conditions

The concept of inlet boundary conditions (BCs) in TBAD simulations involves
specifying the velocity profile of blood as it enters the aorta from the heart. The inlet
plane in aortic simulations usually lies near the aortic root. Patient-specific inlet
velocity profiles (IVP) can be extracted from imaging modalities such as 2DMRI and
4DMRI, which provide two- and three-directional IVPs, respectively (Saitta et al.,
2023, Yokosawa et al., 2005). These waveforms capture the pulsatile nature of blood
flow, offering a realistic representation of haemodynamics throughout the cardiac
cycle. Preserving this variability is essential for accurately reflecting patient-specific
haemodynamics.

Idealised flow profiles, such as Poiseuille or uniform flow, are often employed
when detailed patient-specific inlet data is unavailable. These profiles typically consist
of normalised physiological flow waveforms or flat velocity distributions with
assumed stroke volumes and heart rates. However, their application may not
accurately capture the intricate TBAD flow dynamics present in vivo (Alimohammadi
et al., 2014, Chen et al., 2013, Dillon-Murphy et al., 2016, Tse et al., 2011).

The choice of IVP can significantly affect the predicted haemodynamics in
TBAD simulations. Studies have shown that different [VPs can lead to variations in
flow patterns, WSS, and other haemodynamics parameters, particularly in the AA and
aortic arch (Armour et al., 2020a, Morbiducci et al., 2013, Stokes et al., 2023a). In
TBAD cases, where the PET is often located just distal to the left subclavian artery,
the influence of the IVP can be substantial (Pirola et al., 2017, Stokes et al., 2023b,
Youssefi et al., 2018). It was also proposed that the helicity and counter-rotation
vortices in the AA could not be represented with non-patient specific or flat profiles in
TBAD (Bozzi et al., 2017, Youssefi et al., 2018). Similar conclusions were obtained
in studies involving valve abnormalities or prostheses (Bruening et al., 2018,

Jayendiran et al., 2020, Pirola et al., 2018). However, this influence diminishes as the
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flow progresses downstream, with the effects on the DA being limited or minimal

compared to the upstream regions (Mariotti et al., 2023, Tajeddini et al., 2023).

1.6.4.0utlet Boundary Conditions

Zero-pressure, flow split, and dynamic (lumped parameter models) BCs are
the three most common types of outlet BCs used in CFD simulations for TBAD.
Accurate outlet BCs are critical for achieving realistic haemodynamics predictions.
Zero-pressure outlet BCs have been commonly used in the past at the supra-aortic and
abdominal outlets .(Chi et al., 2022, Osswald et al., 2017). However, this method has
been shown to inadequately replicate physiological flow and pressure conditions
compared to more advanced techniques (Morbiducci et al., 2010, Pirola et al., 2017).
It is well understood that the flow distribution among vascular branches is highly
dependent on the downstream vasculature. Implementing a zero-pressure boundary
condition at the outlets causes the flow split to be determined solely by the impedance
of the 3D domain (Vignon-Clementel et al., 2006). However, this approach can result
in unrealistic flow distributions and pressure gradients, as it neglects the influence of
downstream vascular resistance and compliance. Furthermore, it is crucial to calculate
realistic pressures for deformable models, especially at the aortic wall as the fluid force
drives the vessel's deformation. Some studies use time-dependent pressure waves from
previous research (Tse et al., 2011). However, it is important to note that pressures in
TBAD can differ significantly from those in healthy individuals.

Murray’s Law, which states that flow in a vessel is proportional to its diameter
cubed, has been employed more recently to determine the proportion of flow exiting
each outlet in the absence of patient-specific data (Briining et al., 2018; McElroy and
Keshmiri, 2018). However, this law relies on several assumptions that may not be
applicable to flow in large arteries, and its accuracy is even more questionable for
smaller vessels. Small vessels are generally defined as those with diameters less than
approximately 300—-500 um, such as coronary arteries, where the effects of blood’s
non-Newtonian behaviour, vessel tortuosity, and local geometric variations become
increasingly significant (Padro et al., 2020, Sherman, 1981). In addition to small

vessels, low shear rate conditions are also observed in aneurysms and false lumens,
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regions characterised by disturbed or stagnant flow. At low shear rates, blood exhibits
non-Newtonian properties such as increased viscosity due to erythrocyte aggregation,
which can significantly alter local haemodynamics and wall shear stress distributions
(Cho et al., 1991). Ignoring these effects when defining flow splits at outlets can lead
to unrealistic flow separations and reattachments, substantially impacting the accuracy
of WSS predictions (Boccadifuoco et al., 2018; Gallo et al., 2012).

Dynamic BCs, such as lumped parameter models, have emerged as the
preferred choice for TBAD simulations. Among these, the WK3 model, described in
Section 1.5.4.1, is widely regarded as the optimal approach for coupling with 3D
simulations to create multi-scale models of the vascular system (Vignon-Clementel et
al., 2010). This method addresses the limitations of traditional boundary conditions by
prescribing a pressure-flow relationship at the outlet, which accounts for the
impedance of the downstream vasculature that is not included in the 3D domain. WK3
models are particularly effective in capturing the dynamics of distal vessel
compliance, making them an ideal compromise for simulating peripheral vasculature
(Westerhof et al., 2018).

Windkessel model parameters can be tuned using patient-specific data when
available to optimize simulation accuracy. This process typically involves extracting
flow rates from 2DMRI and 4DMRI data, measuring or estimating pressure values at
key locations, and adjusting the model parameters to match the observed data (Armour
et al., 2022; Boccadifuoco et al., 2018; Bonfanti et al., 2019, 2020; Pirola et al., 2019).
Recent advancements in computational methods have significantly improved the
calibration process of WK3 parameters (Black et al., 2023; Li et al., 2023;
Romarowski et al., 2018). Whether utilizing Bayesian approaches or least-square
methods, the calibration aims to adjust the parameters more rapidly to enable faster

and more accurate deployment of patient-specific CFD simulations.

1.6.5.Aortic Compliance Modelling

Modelling aortic wall compliance is crucial for accurately simulating
haemodynamics in TBAD, where the behaviour of the aortic wall, the IF and its

interaction with blood flow significantly influence disease progression and treatment
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outcomes. The ability of the aortic wall to expand and store blood during systole and
contract and eject during diastole plays a vital role in maintaining proper blood flow
and pressure throughout the cardiovascular system. This results in lower peak flow
rates and often negative flow rates during systole and diastole, respectively.
Additionally, the compliance reduces the peak pressure and the PWV (Schiffrin,
2004). PWV is a measure of how quickly pressure waves travel through the arteries,
with higher PWYV typically indicating stiffer, less compliant arteries.

In TBAD, the vessel's cross-sectional area can dynamically expand by up to
10% during the cardiac cycle (Zhu et al., 2022a). Additionally, the mobility of the IF
varies from acute to chronic cases, with acute cases often exhibiting significant flap
movement, reported up to 8-10 mm, and chronic cases showing reduced mobility,
between 0-2mm (Ganten et al., 2009, Lortz et al., 2019, Yang et al., 2014). After
surgical interventions such as a stent or graft placement, the compliance of the aortic
wall can be significantly altered. These devices are typically made from materials
much stiffer than the natural aortic wall, leading to a compliance mismatch that can
affect haemodynamics within the aorta (Rovas et al., 2023, Sultan et al., 2022). This
mismatch may result in altered WSS, higher pressures and PWYV, potentially
contributing to increased heart load, endothelial damage, atherosclerosis, endoleak,
device migration or dislocation (Mohan et al., 2001, Morris et al., 2016, Weston et al.,
1996).

Consequently, the points discussed in the previous paragraphs highlight the
importance of accurately modelling aortic compliance in both pre- and post-operative
conditions to understand its effects on haemodynamics. Compliance alters the
distribution of WSS along the vessel wall, typically showing lower peak WSS due to
increased luminal areas during systole (Emendi et al., 2021, Looyenga and Gent,
2018). However, modelling compliance in CFD is complex due to the often limited
availability of in vivo aortic wall material properties, leading many studies to rely on
a rigid-wall assumption that cannot fully capture patient-specific haemodynamics of
TBAD (Wang et al., 2023a).

To accurately model these complex fluid wall interactions, FSI, previously
mentioned in section 1.5.4.1, is commonly method. FSI modelling involves the

coupling of CFD and FEM, enabling the simulation of both fluid (blood) and solid
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(aortic wall) interactions to capture the compliant behaviour of the aorta (Wang et al.,
2023a). CFD, governed by the Navier-Stokes equations, simulates the fluid dynamics,
while FEM models the mechanical response of the aortic wall, typically represented
as a hyperelastic material to account for its compliant nature (Hirschhorn et al., 2020).
FEM captures the deformation of the aortic wall under varying pressure conditions,
including systole and diastole. The FSI coupling integrates these two models by
allowing data to transfer between the fluid and solid domains at each time step. CFD
provides the pressure and velocity fields, which act as forces on the aortic wall, and
FEM uses these forces to compute the resulting deformation. The deformed geometry
of the aortic wall from FEM is then fed back into the CFD model to update the flow
field, enabling a dynamic and accurate simulation of the FSIs.

When modelling the mechanical behaviour of the aortic wall and intimal flap
(IF) in fluid-structure interaction (FSI) simulations, the vessel material is often
assumed to behave as a linear elastic solid, characterised primarily by its Young’s
modulus (E). This linear elastic assumption simplifies the complex, inherently
nonlinear and anisotropic properties of arterial tissue, enabling more tractable
computational analysis. However, it does not fully capture the hyperelastic and
viscoelastic behaviour exhibited by the aortic wall under physiological loading
conditions (Holzapfel et al., 2000; Humphrey, 2002). Consequently, this simplification
introduces inaccuracies in stress-strain predictions, which may impact the fidelity of
simulated haemodynamics and wall deformation. Moreover, the E values employed in
literature vary widely—from approximately 0.4 MPa up to 7 MPa for the aortic wall
and from 1 MPa to 6 MPa for the intimal flap (Alimohammadi et al., 2015; Baumler
et al., 2020; Chen et al., 2016; Chong et al., 2020; Zhu et al., 2022b; Zimmermann et
al., 2021)—reflecting both variability in tissue properties and the lack of patient-
specific data. These challenges are compounded by the limited availability of in vivo
measurements to characterise the true hyperelastic material behaviour of the dissected
aortic tissue (Deplano and Guivier-Curien, 2024). Thus, while FSI provides valuable
insights into TBAD haemodynamics and mechanics, the assumption of linear
elasticity and variability in E values remain significant limitations affecting simulation

accuracy.
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To bypass the aforementioned limitations of FSI, alternative methods have
been developed that can achieve physiologically realistic simulations without the
computational cost of fully coupled FSI and material properties assumptions. One such
method is using Radial Basis Functions (RBFs), which are mathematical functions that
depend on the distance from a central point, allowing for smooth interpolation between
known data points. RBFs have been used for AD simulations to morph and deform the
computational mesh of the aorta based on dynamic CTA data, to account, for example,
for longitudinal and radial aortic displacements and aortic root motion (Calo et al.,
2023, Capellini et al., 2021, Capellini et al., 2018). The advantage of using RBFs in
this context is their ability to handle complex geometries and large deformations while
maintaining mesh integrity.

Additionally, the immersed boundary (IB) FEM has emerged as a powerful
tool for simulating blood flow in complex geometries such as the aorta (Bourantas et
al., 2021, Fumagalli and Vergara, 2024, Zorrilla et al., 2020). The IB FEM reduces
computational costs as it does not require remeshing at every time step like FSI, which
is particularly beneficial for aortic simulations involving large deformations.

Another method is the Moving Boundary Method (MBM) developed by
Bonfanti et al., (2017), which describes the wall motion by relating the displacement
of mesh nodes to pressure on the luminal surface. The MBM was validated against
both in vitro and in vivo data, showing the successful ability to capture flow and
pressure waves in a TBAD (Bonfanti et al., 2020). It has also been validated against
FSI and was found to agree to within 1.8% and 1.3 % in predicting flow and pressure
waveforms, respectively, using an average relative difference calculation (Bonfanti et
al., 2018); similar WSS-indices contours were also calculated. The MBM was also
applied in the work of Stokes et al., (2021) in which they used cine-MRI and 4DMRI
to inform the simulation framework. They showed closely matched luminal area
expansion against the cine-MRI, and pressure and mean flow rate were simulated
within 3% of error against the in vivo target.

However, the MBM has several limitations in its current implementation.
While it provides accurate predictions of flow and pressure dynamics in compliant
vessels, it does not account for longitudinal displacements and relies on a linear elastic

relationship between displacement and force, which oversimplifies the material
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behaviour of the aorta. Additionally, the temporal resolution of 4DMRI and cine-MRI
images of TBAD is often insufficient to capture transient changes in the radial and
non-elastic behaviour of the aorta, preventing the implementation of the method with

a nonlinear and anisotropic tissue response.

1.6.6.Blood Rheology

Blood is a complex fluid composed of 45% red blood cells suspended in
plasma, which makes up about 55% of its volume (Alexy et al., 2022). While plasma
is considered as a Newtonian fluid, where shear stress and shear rate are linearly
related with viscosity, p, as the constant of proportionality, blood exhibits more
intricate rheological properties (Meiselman and Baskurt, 2003), due to its particulate
nature. These include yield stress, viscoelasticity, shear-thinning, and thixotropy. At
shear rates exceeding approximately 100 s, blood tends to behave more like a
Newtonian fluid. This characteristic has led many researchers to adopt a simplified
approach in CFD simulations of aortic flow, assuming a constant viscosity of about 4
x 107* Pa-s (Skiadopoulos et al., 2017). This simplification is often applied in models
of AD as well, given the typically high shear rates in large arteries (Pirola et al., 2017,
Polanczyk et al., 2018, Salmasi et al., 2021).

However, recent studies have highlighted the importance of considering non-
Newtonian effects in certain regions of the dissected aorta, particularly in areas with
low shear rates, such as the closed-end sections of the FL (Jafarinia et al., 2020, Qiao
et al., 2019b). The most commonly used non-Newtonian viscosity model is the
Carreau-Yasuda, for which empirical parameters are obtainer using measurements of

blood (Beris et al., 2021)

1.6.7. Turbulent Flow Modelling

The modelling of blood flow in AD involves critical considerations regarding
laminar and turbulent flow. While blood flow in the aorta is traditionally regarded as
laminar, specific aortic conditions, such as an AD or coarctations, can lead to the

formation of high-velocity regions and turbulence, particularly in the vicinity of the

86



PET (Helps and McDonald, 1954, Liepsch and Wallis, 1986). The onset of turbulence
in steady fluid flows has been extensively studied, with the Re playing a critical role
in characterising this transition.

For AD modelling, the choice of assumption is often justified using empirical
correlations to determine critical and peak Re (Re. and Re,,) following some empirical
correlations (Peacock et al., 1998). In this approach, the onset of turbulence occurs

when Re, exceeds the Re,, as follows:

Re, ==~ 1.9
Re, = 1695t083q =027 1. 10

with D (m) being the inlet diameter, V, (m/s) the peak velocity, p (%) the blood

density, u (l;—‘i) the blood dynamic viscosity, St the Strouhal number. However, such

correlations were established on an ideal straight tube, and thus the complex, patient-
specific AD geometry and haemodynamics have necessitated the use of turbulence
models in many studies.

Direct numerical simulation (DNS) is a powerful computational approach for
turbulent modelling which provides highly accurate results by resolving all scales of
motion in the flow, from the largest eddies down to the smallest dissipative scales.
However, the application of DNS to AD presents significant challenges due to the
complexity of the problem. The computational cost of DNS for AD is prohibitively
high, making it impractical for routine clinical use or large-scale studies. DNS has
been employed in limited TBAD and aortic pathologies studies (Corso et al., 2021, Xu
et al., 2018). Continuous improvement of computational resources offers a promising
perspective for DNS simulation as it has also been used in intracranial aneurysms
studies (Eken and Sahin, 2017, Li et al., 2019, Yadollahi-Farsani et al., 2019).

Large Eddy Simulation (LES) is used in CFD simulations of turbulent flows
by directly resolving larger eddies while employing models for smaller-scale
turbulence. Lantz et al., (2012) have demonstrated the capability of LES to capture
intricate flow patterns in a subject-specific human aorta model. Xu et al., (2020)
compared LES with laminar flow modelling in aortas with dilation, concluding that

LES more accurately represents the complex flow structures and turbulence
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characteristics in such pathological conditions. Similarly, Manchester et al., (2021)
evaluated LES alongside other computational methodologies for predicting WSS and
turbulence parameters in patient-specific aortas, finding LES to be superior in
accurately capturing flow features and delivering reliable estimates of turbulence
intensity and WSS. However, LES is computationally expensive in the initialisation
phase of the simulation, needing about 30-50 cardiac cycles to ensure the periodicity
of the results (Andersson and Karlsson, 2021, Manchester et al., 2021).

Reynold Averaged Navier Stokes (RANS) is an averaging process resulting in
additional terms, such as the turbulent kinetic energy and dissipation rate, that
represent the effects of turbulence. These terms are not resolved directly but are
modelled, making RANS computationally less demanding than DNS and LES.
However, RANS models are inherently limited by their underlying assumptions and
simplifications. They often rely on isotropic turbulence models, which inadequately
represent the anisotropic nature of turbulence, especially in complex geometries and
pulsatile flows, such as those found in blood flow modelling. These assumptions can
fail to fully capture small-scale turbulence dynamics and intricate flow characteristics
(Lopes et al., 2024, MdMolla and Paul, 2017, Schwarze and Obermeier, 2006).
Despite this limitation, the lower computational cost of RANS makes it widely used.

The k-o Shear Stress Transport (SST) is a widely used formulation of RANS
as it is effective for simulating complex flows like those in AD (Menter, 1994). This
model blends two turbulence models: the k- model, which is well-suited for near-
wall turbulence modelling due to its ability to accurately resolve boundary layers,
making it suitable for low-Reynolds-number flows but within turbulent regime, and
the k-e¢ model, which performs better in the free stream by effectively handling
turbulent kinetic energy dissipation. By switching between these models depending
on the flow region, the k- SST model is particularly effective at capturing flow
separation and adverse pressure gradients. Chen et al., (2013) compared a fine 28
million elements mesh in a laminar simulation with k-® SST simulation using a 2
million elements mesh. Findings suggest that while the flow in the TL remained
largely laminar, regions of turbulence were observed in the FL, especially near the
PET. The study reported higher turbulence kinetic energy values in FL compared to
the TL. Tomasi et al., (2023) used the RANS k—w SST model for its computational
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cost tradeoff compared to LES and DNS techniques in their coupled 0D-3D CFD
model with reduced-order modelling for TBAD.

The SST-Tran model, an extension of the k-w SST model, incorporates
additional equations to account for laminar-to-turbulent transition (Cheng et al., 2014,
Cheng et al., 2015). The model used in published studies is relevant for AD because it
accurately represents the complex flow dynamics and transitions between laminar and
turbulent states, which are critical due to the altered geometry and high Re. Additional
formulations, such as the Launder and Sharma k-g¢ model, have been used in AD
simulations (Moretti et al., 2023).

The choice of flow modelling approach can significantly impact the predicted
haemodynamics, affecting the understanding of disease progression and wall
remodelling risks in AD. The lack of consensus on the most appropriate turbulence
modelling approach underscores the need for further research to establish more

reliable and clinically relevant computational methods for AD simulations.

1.7. Applications of TBAD Modelling

Simulating the haemodynamics of TBAD involves a multidimensional
exploration aimed at understanding complex interactions between blood flow
dynamics and aortic wall behaviour. The primary goal of these computational models
is to enhance our understanding of disease progression, predict adverse events, and
ultimately improve patient outcomes. Key objectives include matching aortic flow
characteristics with the behaviour of the dissected aortic wall, studying thrombosis
and fluid dynamics within the FL, and providing comprehensive insights into the
disease (Ong et al., 2020). Additionally, computational models evaluate different
treatment strategies, aiding personalised treatment planning and predicting distal
aortic remodelling after interventions.

The following sections review the state-of-the-art in TBAD haemodynamics
and disease progression modelling, emphasising in silico approaches. Virtual
interventions and the validation of in silico work against in vitro and in vivo data are

also covered.
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1.7.1. TBAD Morphology: Impact on

Haemodynamics

In TBAD patients, blood flow in the FL is typically characterised by slow,
recirculating patterns, while the TL exhibits faster flow. This difference arises
primarily due to the compression of the TL, which shifts most of the flow into the FL.
As aresult, the FL, despite its relatively larger volume, has slower velocities, whereas
the TL experiences higher velocities (Armour et al., 2022, Jafarinia et al., 2023).
Similar findings in terms of high FL flow rate and TAWSS were described by Fatma
et al., (2022) when comparing favourable and unfavourable (FL being thrombosed)
follow-ups of two cases. Such findings are supported by an FSI study, which shows
that the movement of the IF can significantly compress the distal TL, with
compression of up to 21.4% reported (Chong et al., 2020). Feiger et al., (2021)
correlated the FL/TL volume flow split with aneurysmal degeneration in a parametric
study. They observed that medically managed patients had a flow split averaging about
55% vs 80% for the aneurysmal degeneration group. Shang et al., (2015) reached
similar conclusions in a study evaluating 14 patients. FSI simulations also
demonstrated that even small pressure differences between the FL and TL are
sufficient to displace the IF and induce dynamic obstruction in acute TBAD (Kim et
al., 2023). This finding is particularly relevant for understanding the mechanisms
behind sudden clinical deterioration in AD patients.

The interplay between TL and FL pressure and flow variations naturally
amplifies these differences, contributing significantly to the development of the
disease. CFD models have shown that the FL often experiences higher pressures than
the TL, especially during systole (Armour et al., 2022). Moreover, the mechanical load
applied to the FL, especially high pressures, have been shown to restrict positive
remodelling and lead to expansion (Xu et al., 2017). This FL/TL pressure gradient also
called the transmural pressure (TMP), can contribute to the expansion of the FL over
time and increase the risk of rupture (Aghilinejad et al., 2022). However, the TMP

varies through the cardiac cycle and depends on the patient-specific geometry of the
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aorta. For example, Cheng et al., (2015) reported a case in which the TMP was mostly
positive during the cardiac cycle. Xu et al., (2021b) proposed that when TMP balance
occurs distally (i.e., TMP=0 mmHg), it leads to better longitudinal aortic remodelling.
A balanced pressure between the TL and FL promotes even force distribution along
the aortic wall, reducing localised stress and preventing adverse remodelling,
particularly in the FL. This equilibrium, often achieved through drug treatment or ET,
stabilises the aorta and minimises the risk of aneurysm progression or further
dissection (Fatma et al., 2022).

Flow and pressure patterns are significantly influenced by the location and size
of the PET. High-velocity jet-like flow entering the FL, observed in numerous CFD
studies, creates arcas of elevated TAWSS, which can contribute to further tear
expansion or weakening of the surrounding aortic wall (Armour et al., 2022, Bonfanti
et al., 2020). The size of the PET also plays a crucial role: larger PETs are associated
with patent FLs, whereas smaller PETs are linked to complete thrombosis due to
reduced circulation in the FL (Jafarinia et al., 2023). The flow conditions near the PET
are particularly important for thrombus formation, as flap-induced high shear stress
and shear rates have been shown to transport activated platelets and trigger the
coagulation cascade (Baumler et al., 2020, Fatma et al., 2022). Aneurysmal growth in
the FL has also been linked to the amount of flow passing through the PET. Shang et
al., (2015), demonstrated in a large cohort study that their aneurysmal degeneration
group had an average PET flow of 78%. Similarly, FL growth rates of 3—7 mm per
year have been reported in CFD follow-up studies of TBAD and reconstructed TAAD,
particularly when the fenestration is proximal to the LSA (Stokes et al., 2023b, Zhu et
al., 2021). Near-zero helicity and vortical structures proximal to the PET have also
been associated with the most pronounced aortic growth (Fatma et al., 2022, Zhu et
al., 2023). Furthermore, studies have shown that low TAWSS, high OSI, and elevated
ECAP are closely associated with aneurysmal growth in this region (Stokes et al.,
2023b, Fatma et al., 2022). FSI simulations further reveal that wall compliance and IF
motion can exacerbate these dynamics, accelerating thrombus formation and
influencing long-term aortic remodelling (Béumler et al., 2020, Fatma et al., 2022).

Similar to PETs, re-entry tears (RETs) exhibit high-velocity blood jets that can

lead to elevated local shear stress, contributing to further tearing or FL enlargement
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(Deplano and Guivier-Curien, 2024). A jet impingement proximal to the left renal
artery has been shown to generate high TAWSS and velocities (Pirola et al., 2019).
Larger RETs promote increased retrograde flow and reduce FL pressure, whereas
smaller RETs increase resistance, elevating FL pressure and retrograde velocities
(Zadrazil et al., 2020). The highest WSS values are found at the edges of RETs, and
larger RET sizes tend to amplify WSS more. RET diameter strongly correlates with
TMP; larger RETs equalise pressures, while smaller RETs contribute to higher TMP
differences (Keramati et al., 2020). Multiple RETs can stabilise the dissection by
redistributing flow between the TL and FL, hence reducing retrograde flow in the FL,
redistributing pressure, and lowering FL growth rates (Wan Ab Naim et al., 2014,
Armour et al., 2020b). The proximity of RETs further influences flow dynamics:
closely spaced RETs increase FL. TAWSS and prevent thrombosis, whereas wider
spacing reduces TAWSS, promoting thrombosis (Karmonik et al., 2012a, Karmonik et
al., 2012c¢, Tsai et al., 2008, Armour et al., 2020b).

TBAD thrombosis has been extensively modelled using advanced
computational techniques, focusing on parameters such as shear rates, fluid residence
time, and platelet distributions derived from convection-diffusion-reaction transport
equations (Chong et al., 2022, Menichini et al., 2016, Menichini and Xu, 2016,
Menichini et al., 2018). These models incorporate platelet activation and aggregation,
crucial steps in thrombus formation, through iterative approaches that simulate
thrombus growth over time. Haemodynamics parameters and the likelithood of
thrombosis are recalculated with each iteration as the flow domain adapts to the
predicted thrombus formation, enabling personalised predictions of thrombus growth
patterns, which can be validated against follow-up CTA scans (Menichini et al., 2018)

Recent advancements in computational techniques have allowed for the
integration of fluid dynamics with chemical reactions involved in the coagulation
cascade for in abdominal aortic aneurysm simulation (Biasetti et al., 2012, Rausch and
Humphrey, 2017, Wilson et al., 2013, Wang et al., 2023b, Wang et al., 2021). The key
distinction of these newer models is their incorporation of biochemical processes
alongside fluid dynamics, providing a more comprehensive simulation of thrombus
development. The models aim to capture the complex process of thrombus formation

and growth within the aortic aneurysm. This involves platelet activation, fibrin
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formation, and the interaction between the blood flow and the evolving thrombus.
While such cascade models have primarily been demonstrated in the context of
abdominal aortic aneurysm, they offer a promising framework that could be adapted

and applied to the study of thrombus formation in TBAD.

1.7.2.Virtual Interventions and Digital Twins

CFD simulations have become a valuable tool for predicting outcomes post-
surgery and evaluating potential treatment options. For instance, virtual stenting
studies by Alimohammadi et al., (2014), showed that a double-stent procedure in the
DA effectively reduces flow resistance, pulse pressure, and WSS, creating a healthier
environment for endothelial cells. Auricchio et al. (2014) conducted a patient-specific
computational study comparing the haemodynamics of a post-operative TEVAR case
with a virtual scenario in which the distal stenosis was artificially corrected. Their
simulations demonstrated that alleviating the distal stenosis led to significant reduction
in local peak velocities and pressures, and a more physiological wall shear stress
distribution throughout the thoracic aorta. These findings suggest that correcting post-
TEVAR geometric abnormalities—such as distal narrowing—can substantially
enhance local hemodynamics and potentially reduce long-term complications related
to flow disturbances.

These virtual experiments are not limited to standard procedures but also
explore innovative techniques. Qiao et al., (2020a) and Qiao et al., (2019a), by
simulating a double in situ fenestration of the LSA and the LCC, demonstrated that
avoiding LSA coverage during TEVAR improved blood supply to aortic branches,
enhanced TL expansion, and maintained stable pressure distribution.

Another promising aspect of virtual surgical planning is its ability to support
the design of patient-specific stent-grafts. Tailored devices conform better to local
anatomy, reducing stress concentrations and improving outcomes. It was demonstrated
how medium-length endograft struck a balance between FL flow reversal and LV
workload, minimising risks of malperfusion (Aghilinejad et al., 2022). Similarly,

Bologna et al., (2023), showed that custom stent-grafts reduced Von Mises stress by
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23% and improved flow patterns near aneurysms, offering a safer, more
physiologically accurate solution.

When combined with compliant simulation, virtual surgery simulations offer
deeper insights into post-surgical outcomes as they account for the interaction between
the device and the dynamic behaviour of the aortic wall. This allows for the virtual
testing of various surgical scenarios, such as different endograft lengths or device
positioning strategies, to identify the optimal approach before surgery (Lee et al.,
2023, Qiao et al., 2015). Qiao et al., (2020b), showed that an endograft optimised for
individual anatomies (length and centreline angles) preserved flow and pressure
distributions but flagged areas of high thrombosis risk, prompting the need for further
refinements. Additionally, the impact of vascular interventions on cardiac function and
structure provides valuable information on how procedures like TEVAR affect the
heart. A study revealed a significant increase in LV stroke work and mass index
following TEVAR, with both showing positive correlations with elevated mean blood
pressure post-surgery (Van Bakel et al., 2019).

TEVAR modelling can also be done using only FEM simulation. The latest
reviews highlighted the growing interest in evaluating the outcome of TEVAR using
FEM simulation, allowing for detailed modelling of stent-graft and aortic wall
interactions from a mechanical perspective (Derycke et al., 2023, Mandigers et al.,
2023). Most studies model the thoracic stent-graft as two separate components, graft
and nitinol, for more accurate representation. Various parameters are often evaluated,
including Von Mises stresses, stent-graft apposition, and drag forces. Such predictive
work prevents the kinking of the distal thoracic stent-graft, a deformation caused by
excessive curvature or improper placement, and helps in selecting the most suitable
stent-graft length for optimal TL expansion (Kan et al., 2024, Mandigers et al., 2023).

These virtual environments and interventions fall within the scope of Digital
Twin simulations. A Digital Twin refers to a virtual representation of a physical object,
system, or process that mirrors its real-world counterpart through data integration and
computational modelling. In its most advanced form, a Digital Twin dynamically
evolves over time by incorporating time-series or real-time data, allowing for
continuous updates that reflect physiological changes and treatment effects.

Specifically, a Digital Twin of the aorta is a patient-specific model that replicates
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vascular structure, function, and biomechanics to simulate blood flow, predict disease
progression, and support clinical decision-making (Sel et al., 2024). Although the
simulations discussed here are not continuously updated with live patient data, they
reflect the foundational concept of Digital Twins as a convergence of high-fidelity
modelling and patient-specific clinical information.

Efforts such as the EU-funded MEDITATE project exemplify this paradigm by
combining real-time haemodynamic modelling, high-resolution imaging, big data
analytics, and 3D printing to replicate and investigate pathological aortic conditions
(DOI: 10.3030/859836). By supporting 14 PhD researchers, the project aims to
enhance individualised risk prediction, optimise surgical planning, and refine
endovascular intervention strategies.

Another example is TAVR-AID, developed at Queen Mary University of
London and Barts Health NHS Trust. This Digital Twin platform integrates imaging
data, CFD simulations, and Al-based outcome prediction to assist in transcatheter
aortic valve replacement. While it may not yet function as a real-time feedback system,
it leverages pre-operative data to inform valve sizing, placement, and positioning
helping clinicians reduce complications such as stroke or paravalvular leaks and
improving long-term valve durability.

As Digital Twin technology evolves, it holds great promise for transforming
cardiovascular care through personalised diagnostics, virtual clinical trials, and

improved long-term health management.

1.7.3.Model Validation

Validating CFD simulations is a complex yet essential step to ensure their
accuracy and reliability in predicting patient-specific outcomes. This process typically
involves comparing CFD results with in vivo measurements, such as blood flow and
aortic wall displacement measurements obtained from MRI data and pressure
measurements from catheter or brachial measurements (Armour et al., 2022, Ong et
al., 2020). However, obtaining such in vivo data poses significant challenges, not only

in terms of accuracy but also in availability. As a result, CFD simulations often lack
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precise validation against real-world data, limiting their reliability, as previously
mentioned.

An alternative validation method involves in vitro modelling with 3D
phantoms, which offers several advantages in CFD validation (Franzetti et al., 2019,
Yazdi et al., 2018). These phantoms allow researchers to replicate complex aortic
geometries under controlled conditions, enabling repeated experiments without the
risks and ethical concerns associated with patient studies. Additionally, 3D phantoms
are cost-effective compared to clinical trials and provide the flexibility to test various
configurations, BCs, and stent designs through trial-and-error approaches. Despite
their usefulness, constructing 3D phantoms presents significant challenges.
Replicating the complex and patient-specific geometry is time-intensive and
technically demanding, requiring precise fabrication techniques and experience to
ensure anatomical accuracy and appropriate material properties (Franzetti et al., 2022).
Additionally, developing compliant phantoms that mimic the elasticity of the aorta is
particularly difficult due to limitations in transparent materials suitable for flow
visualisation techniques like Particle Image Velocimetry (PIV) (Franzetti et al., 2022).
As a result, most phantoms are rigid and idealised rather than anatomically accurate,
which simplifies the fabrication process but reduces the physiological relevance of the
validation (Schoenborn et al., 2022, Yazdi et al., 2018).

PIV is a non-intrusive optical technique that measures fluid instantaneous
velocity fields (Abdulwahab et al., 2020). PIV works by illuminating tracer particles
in the flow with a laser sheet, capturing their positions at two closely spaced time
intervals, and then analysing the particle displacements to calculate velocity vectors
across the entire field of view. Zadrazil et al., (2020) combined CFD and PIV on an
idealised TBAD geometry to study the impact of tears. A patient-specific TBAD case
was investigated using a combined in silico and in vitro approach involving CFD
simulations and PIV experiments (Bonfanti et al., 2020). In both models, boundary
conditions were tuned using in vivo measurements, ensuring realistic physiological
input. The comparison between CFD and PIV revealed excellent agreement in key
flow features, such as velocity fields, jet formation across the primary entry tear, flow

separation patterns, and the development of vortical structures in both the true and
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false lumens. Quantitatively, the velocity profiles matched closely in multiple cross-
sectional planes, with minimal discrepancies in flow magnitude and direction.

As an alternative to the rigid phantom assumption, Zimmermann et al., (2021),
produced an MRI-compatible compliant phantom which enabled them to validate their
FSI results. The study showed overall agreement of the simulated and 4DMRI-
captured TL and FL complex flow. Similarly, Comunale et al., (2021) proposed an in
vitro in silico framework in which the design of their compliant aortic phantom was
validated with FSI to ensure the right compliance of the material. Conversely,
Bertoglio et al., (2014), validated the material of the phantom using in vivo data, then
replicated and applied the material properties in an FSI simulation. In their study, they
successfully demonstrated that incorporating realistic aortic wall properties improved
the accuracy of FSI simulations in capturing the dynamic behavior of the aorta under

physiological conditions.
1.8.CFD for TBAD: Challenges and Insights

The state-of-the-art presented in this chapter highlights the significant potential
of CFD simulations in advancing the clinical understanding of the pathogenesis and
progression of TBAD. Key findings include the identification of associations between
adverse outcomes in TBAD and specific hemodynamic factors, such as high FL flow
rate and large TMP. Furthermore, CFD simulations have revealed that the combination
of high TAWSS and low OSI indices, resulting in high ECAP, correlate with rapid
aortic growth rates, while regions of stagnant flow, which promote thrombus
formation, are linked to high RRT (Kamada et al., 2022, Song et al., 2023).

However, accurate CFD simulations are highly dependent on the defined use
of patient-specific BCs and data sets. Inlet and outlet BCs, particularly those derived
from 2D or 4DMRI, are critical for reliable flow predictions, especially when using
IVP and WK3 outlet BCs. Equally important is the use of compliant models, as the
significant displacement of the aortic wall and IF in TBAD, due to high pressures and
disturbed flow, must be captured. Among these, FSI simulations are the most
commonly used; however, they are often constrained by simplified assumptions

regarding material properties and the extensive computational resources required. To
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address these limitations, an alternative moving boundary method has been developed
(Bonfanti et al., 2017).

Despite these advances, applying CFD analysis to clinical practice for TBAD
presents several challenges. Notably, inconsistent associations between flow
parameters, pressure, WSS indices, and disease progression have been reported across
studies. These inconsistencies often stem from differences in modelling assumptions,
simulation inputs, modelling choices, and simplifications, as well as the availability
of accurate in vivo input and validation data. From this thesis review, the following
key points emerged as essential requirements to bridge the gaps identified in the
literature.

First, patient-specific inlet and outlet BCs, particularly those derived from 2D
or 4DMRI, are fundamental for accurate flow predictions, especially when using IVP
and WK3 outlet BCs. Equally important is the use of compliant models, given the
significant displacement of the aortic wall and intimal flap that occurs in TBAD due
to high pressures and disturbed flow. While FSI models are often employed to capture
these interactions, there are still limitations around wall properties and computational
time. In response to these challenges, an alternative moving boundary method has been

developed (Bonfanti et al., 2017; Capellini et al., 2021)

1.9. Objectives and Outline of the Thesis

The overarching aim of this thesis is to improve the accuracy and clinical
relevance of haemodynamics modelling in TBAD by addressing key limitations in
current computational approaches, as identified through a comprehensive literature
review. This is achieved by developing novel, patient-specific modelling frameworks
that account for graft properties, intimal flap movement, and realistic compliance
using clinically accessible data.

The research focused on three main objectives:
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oeThe first objective was to study the impact of graft length and
compliance on TBAD. As described in 1.5.4.4, the compliance
mismatch is important in the disease progression after an OS.
Additionally, available clinical data are often limited as acquiring a
detailed 4DMRI data set or invasive pressure, described in 1.5.2, is not
part of routine clinical practise. The first aim was, therefore, to develop
a virtual surgery framework in which different graft lengths and
compliances would be tested using compliant simulations. The second
aim was to use a common and limited data set comprising CTA scans
and a few planes of 2DMRI and cine-MRI. The third aim was to apply
the MBM in a multi-compliant patient-specific case to study the graft
length and compliance impact. The impacts of the grafts were evaluated
on clinically used and relevant markers such as pressures, energy loss
and PWV.

The second objective was to develop a computational pipeline to
analyse patient-specific haemodynamics and IF movement in TBAD.
Also described in 1.5.4.4, the IF displacement impacts the TBAD
haemodynamics. Such impact on haemodynamics can be observed
with 4DMRI and anatomically with TRUFI MRI. Additionally, the
MBM was previously applied to simulate a TBAD assuming a zero-
thickness flap, which was a limitation. To this end, the first aim was to
reformulate the MBM to simulate a patient-specific TBAD post-
TEVAR with a more realistic finite thickness flap. The second objective
was to use only MRI sequences to build and validate the entire
framework. Then, the patient-specific simulation was compared
against a rigid IF case and two additional cases showcasing more
compliant IF to evaluate the impact on haemodynamics and WSS
indices.

The third objective was to develop a new methodology which
incorporated a routine clinical measurement, the PWV, to assess

reconstructed TBAD haemodynamics. The spatiotemporal resolution of



4DMRI can hinder wall displacement measurement in a large field of
view when capturing the entire thoracic aorta. Hence, the area-based
distensibility can be wrongly measured in distal regions. The first aim
was, therefore, to use the RPWV-based distensibility to inform the
MBM. The second aim was to validate the simulation results against
the in vivo 4ADMRI. Then, the simulation was compared against an area-
based distensibility one to investigate the difference in disease

prediction progression between both methods.

Chapters 2, 3, and 4 present the work performed to complete the objectives

stated above. In each chapter, the medical data, methodology, and results are

described, followed by a discussion of key findings and the limitations Finally,

Chapter 5 concludes this thesis and summarise the main contributions and future work.
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Chapter 2

Virtual Grafting Strategies: Evaluating
Haemodynamics Outcomes and

Surgical Optimisation for TBAD

2.1.Introduction

Computational Fluid Dynamics (CFD) and medical imaging play crucial roles
in enhancing surgical decision-making and understanding the progression of Type-B
aortic dissection (TBAD), particularly in the context of thoracic endovascular repair
(TEVAR) and open-surgery (OS).

Medical imaging techniques, such as flow magnetic resonance imaging (MRI)
and cine-MRYI, are invaluable for assessing aortic blood velocity and wall displacement
(Wang et al., 2022). These imaging methods can quantify the success of blood flow
reinstatement and the impact of device placement on aortic wall behaviour post-
surgery. Despite their potential, MRI is not routinely used in the clinic and is prone to
spatiotemporal limitations and measurement artefacts due to the implanted devices
(Krupa and Bekiesinska-Figatowska, 2015). These limitations affect the accuracy of
assessing metrics like wall shear stress (WSS), which is crucial for understanding
vessel wall structure and aortic degeneration (Lamata et al., 2014).

Predicting aortic surgical outcomes using CFD is a complex task due to the
patient-specific nature of TBAD and the inherent variability in aortic wall properties.
This variability includes differences in dissection morphology, the extent of the
affected aorta, the number and location of fenestrations, and the mechanical properties

of the aortic wall, all of which influence haemodynamics responses and surgical
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outcomes. CFD allows for virtual testing of TBAD surgical procedures, which is
impractical during surgery (Auricchio et al., 2014). As a result, many CFD studies
investigate device sizing and positioning and their relationship to aortic
haemodynamics changes.

However, most such studies use a rigid wall assumption, neglecting wall
compliance and the compliance mismatch between the native tissue and device
(Sengupta et al., 2022, Xiong et al., 2020, Ong et al., 2019). Such assumptions fail to
capture the effects of septal motion and wall deformation on aortic haemodynamics.
They can lead to inaccuracies in the prediction of important metrics such as WSS as
demonstrated by Alimohammadi et al., (2015). Additionally, as discussed in Section
1.7.2, compliance mismatch has been linked to increased LV load and hypertrophy, a
factor that rigid models fail to account for.

As mentioned in Chapter 1, compliant simulations for aortic dissection are
commonly performed using fluid-structure interaction (FSI) methods. FSI models can
guide treatment planning, such as selecting optimal stent-graft designs (Jayendiran et
al., 2018, Qiao et al., 2021). However, they are computationally demanding and are
limited by the patient-specific material properties of the aortic wall (Karlsson et al.,
2023), which impacts their deployment in clinical settings (Mourato et al., 2022, Sturla
et al., 2013, Vignali et al., 2021).

To circumvent these challenges, alternative methods have been developed as
described in Section 1.6.5. One such method is the Moving Boundary Method (MBM),
developed by Bonfanti et al., (2018) to bypass the wall material assumptions of FSI
while being drastically faster in computational time. The method has been applied in
TBAD and healthy aorta cases (Bonfanti et al., 2017, Stokes et al., 2021). One key
advantage of the MBM is its ability to be applied with multi-compliant fields, such as
the aorta post-surgery, where regions of different stiffness coexist (i.e. the implanted

stiff device and the native vessel).
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This chapter presents a computational framework and virtual surgical platform
to evaluate grafting strategies in TBAD!, focusing on the haemodynamics impact of
aortic grafts after OS. Using a patient-specific model and leveraging the MBM, the
chapter assesses the impact of graft length and compliance on key biomechanical
parameters. CFD simulations, informed by routine medical imaging (CTA
angiography, Cine-MRI, and 2D MRI), explore five grafting scenarios. By analysing
uvelocity and pressure distributions, pulse wave velocity (PWV), energy loss (EL),
and WSS—derived indices, this study provides insights into graft selection and its
influence on left ventricular (LV) load and aortic haemodynamics, emphasising the

need for patient-specific surgical planning.

2.2.Methods

2.2.1.Clinical Data

A patient with a complicated chronic TBAD was presented at St
Bartholomew’s Hospital, London, UK. The patient underwent OS, where a dissected
portion of the thoracic aorta was replaced with a graft (Gealweave, Terumo Aortic,
Vascutek LTD, UK), leaving two downstream lumina separated by the intimal flap.
The graft was 130 mm long with a 32 mm diameter (Figure 2. 1A). Their aorta was
imaged before and after OS. Following an ethically approved protocol (St
Bartholomew’s Hospital BioResource ethical application number 97), Cine-MRI and
2DMRI were acquired pre-operatively using a Siemens MAGNETOM Aera 1.5T
(Siemens Healthcare GmbH, Erlangen, Germany) with a spatial resolution of 1.7
mm*1.7 mm and temporal of 49 ms. 2DMRI was acquired in one plane 50 mm distal
to the primary entry tear (PET), located 36 mm distal to the aortic arch. CTA

angiography images were also acquired as part of the routine post-operative clinical

! This work has been published in the Journal of Cardiovascular Engineering and Technology
in 2024 (Girardin et al., 2024a) Please refer to Research Declaration Form A for details.
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examination (Figure 2. 1A) using a Siemens SOMATOM Definition Edge with a
resolution of 0.73 mm*0.73 mm*0.75 mm. Brachial pressures were acquired post-
operatively. It should be noted that the patient was on medication with beta-blockers

to reduce arterial pressure.

Centreline
Length=110mm

Length=188mm Length=223mm

Figure 2. 1. (A) Automatic 3D rendering of the CTA angiogram showing, in
red, the aortic vessel and, in green, the graft; the segmented post-operative DA
resulting from the CTA angiogram is shown next to it, namely the baseline case. (B)
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The three virtual surgical scenarios were created from the baseline case by varying the
length of the graft. The red centreline from which the grafts have been swept is shown
on the post-operative geometry. Red and green dashed lines indicate the extent of the
32mm and 28mm diameter thoracoabdominal graft of ETR, respectively. The length
of each graft is indicated in blue. (C) aortic segments defined along the centreline
using anatomical landmarks to account for proximal variations of stiffness. The
numbers indicate: 1 ascending aorta, 2 arch, 3 brachiocephalic trunk, 4 left common
carotid, 5 left subclavian, 6 isthmus, 7 graft, 8 descending aorta, 9 coeliac trunk, 10
superior mesenteric artery, 11 left renal, 12 right renal, 13 abdominal aorta, 14 left
iliac, 15 right iliac.

2.2.2.Geometry

The CTA angiography data (Figure 2. 1A) were segmented using automatic
thresholding and manual correction of the mask implemented in ScanIP (Synopsis
Simpleware, USA). The clinical team verified the segmented geometry, confirming
the location of the tears. The resulting mask was then smoothed using Meshmixer
(Autodesk, USA). The inlet and all outlets were trimmed so that their cross-sectional
areas were perpendicular to the flow direction using Fluent Mesh (Ansys Fluent, USA)
(Figure 2. 1B). The final processed geometry obtained at this stage was denoted as the
'baseline' case (Figure 2. 1A). Three virtual grafting scenarios were subsequently
created in consultation with the clinical team by extending the graft using ScanIP and
Meshmixer. Two lengths corresponding to the descending half and total length of the
aorta were considered, denoted as mid-descending (MDA) and complete descending
(CDA) aorta, respectively. The third grafting scenario involved an entire replacement
of the thoracoabdominal aorta (ETR) to the iliac bifurcation. Two additional cases with
compliant grafts were simulated, termed baseline compliant 1 (BC1), and baseline

compliant 2 (BC2+), described in more detail in later sections.
2.2.3.Mesh

Tetrahedral computational meshes were created for each domain using Fluent
Mesh 19.0 (Ansys Inc., USA). Ten prism layers with a first layer corresponding to a

y+ of 1 were used to ensure appropriate boundary layer modelling for each mesh. A
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mesh independence study was conducted using the baseline case; coarse, medium, and
fine meshes were generated by approximately doubling and dividing the maximum
and minimum element sizes. The Grid Convergence Index was used to assess the
quality of the mesh used in the baseline case (Craven et al., 2009). The index did not
exceed 4.5% on every mesh for all metrics, consistent with past research. More details
are available in Appendix A.1. Using the medium mesh resolution determined from
the mesh independence study, the baseline, MDA, CDA, and ETR cases contained
1.35, 1.2, 1.1, and 0.9 million elements, respectively. The maximum and minimum

cell sizes were i1dentical across all cases (4 mm and 0.35 mm).

2.2.4.Flow Boundary Conditions

The inlet flow rate was extracted from the pre-operative 2DMRI data near the
aortic arch using GTFlow (GyroTools LLC., Switzerland) (Figure 2. 2A). The flow
rate curve was spline-interpolated in MATLAB (MathWorks Inc., USA) to match the
CFD timestep of 1 ms and applied as a uniform inlet velocity profile (Figure 2. 2A).

Three-element Windkessel (WK3) outlet pressure boundary conditions were
applied to mimic the effects of the peripheral vascular system (Figure 2. 2) (Westerhof
et al., 2009). Target mean flow rates at each outlet, necessary for the calibration of the
WK3 parameters (Bonfanti et al., 2017, Stokes et al., 2021), were split as follows: 30%
of the flow was assigned to the supra-aortic branches, and the mean flow rates for each
branch were calculated by dividing the total supra-aortic branches flow by their

respective cross-sectional area ratio, such that:

Qsap,i = 0.3Qinier 245, 2.1

Atot,SAB

where Q;nier (mL/s) is the mean flow rate at the inlet over a cardiac cycle,
Agap i (m?) is the cross-sectional area of the supra-aortic branches outlet, and Atot sa
(m?) the sum of the supra-aortic branches cross-sectional area. The distribution of
blood flow in the abdominal region varies among patients and can be affected by the
precise nature of the dissection. A study found that the blood flow leaving the

abdominal branches ranged from 25% to 75% in a group of 10 patients (Amanuma et
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al., 1992). After consultation with the medical team, the mean flow leaving the
abdominal arteries was set as 40% of the residual flow in the descending aorta after
OS. The abdominal branches are perfused by both lumens, as shown in Figure 2. 2B-
C. Hence, the mean flow rates to the abdominal branches were estimated in a similar

manner as equation 2.1, such that:

N N A 0,i
Qabdo,i = 0.4Qp4 —Abdol 2.2

Atot,Abdo

where Qp,4 and Q 4,4, (mL/s) are the descending aorta and abdominal branches
mean flow rates over a cardiac cycle, Agpq,; (M?) is the cross-sectional area of the
abdominal branches outlet, and Ayo¢ apgo (M?) the sum of the abdominal branches
cross-sectional area. The remaining mean flow was split using a 70/30% balance
between the external and internal iliac arteries as shown in Figure 2. 2B (Bonfanti et
al., 2019). The same flow split methodology was applied to the four geometries and is
summarised in Table 2. 1.

The WK3 model calibration also necessitated determining the target values of
aortic systolic and diastolic pressures (P;,, P;,) (mmHg). Diastolic pressure remains
relatively constant throughout the arterial tree, so Py,was set equal to the diastolic
brachial pressure (P, ). The systolic aortic pressure (P, ) was derived from the systolic
brachial pressure (Psp,) using the empirical relationship Py, = 0.83P, + 0.15Py,
(Westerhof et al., 2018).
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k\‘\ ~2D MRI FLow Rate

\-Tuned Flow Rate

Qrer = 0.7Qpa

Figure 2. 2. (A) 2DMRI plane showing in blue and green the false and true
lumen respectively; below are the extracted raw and rescaled by 30% flow rates. (B)
An asterisk indicates the WK3 boundary condition used at the outlets. Flow splits are
shown at the outlets: 30% of the flow leaves through the supra-aortic branches, and
40% of the remaining DA flow leaves through the abdominal arteries following the
TL and FL shown in (C). (C) The remaining abdominal false and true lumen flows are
split as 70/30% between the exterior and interior iliac arteries; the right exterior (REI)
and interior (RII) iliac arteries are shown as an example. (D) Sample cine-MRI planes
used to measure the stiffness of the aorta. The aortic arch of BC1 is zoomed in to show
the distribution of local stiffness values K obtained for the case of a compliant graft.
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Table 2. 1 Mean flow rates at the outlets for each case. Flow splits are very
close between the post-operative, medium (MDA) and complete descending aorta
(CDA) cases due to close morphological similarities. Differences are found in the
abdominal and iliac arteries of the ETR case due to idealised abdominal branches of
the graft. Arterial outlet abbreviations are as follows: brachiocephalic trunk (BT), left
common carotid (LCC), left subclavian artery (LSA), coeliac trunk (CT), superior
mesenteric artery (SMA), left renal artery (LR), right renal artery (RR), left internal
and external iliac arteries (LII, LEI), and right internal and external iliac arteries (RII,
REI).

Qmean ImL/sl Baseline MDA CDA ETR

BT 18.5 185 18.5 185
LCC | 5.1 5.1 5.1
LSA 12.1 121 121 121
CT 15.0 150 149 10.2
SMA 28.4 285 272 102
LR 12.2 122 11.6 6.52
RR 6.7 6.6 79 6.52
LEI 29 29 34 242
LIl 25 25 28 117
REI 10.2 10.2 10.1 9.78
R1l 5.7 57 57 452

Following previous works, the calibration of the boundary conditions was
performed using an analogue 0D model to obtain the WK3 parameters (Bonfanti et al.,
2019, Stokes et al., 2021). The inlet flow rate, Q;y, was applied at the inlet. Aortic
segments k (Figure 2. 1C), were represented with RLC blocks which simulate blood
pressure loss (Ry) (mmHg*s/mL), inertance (L;) (mmHg*mL/s?) and aortic volume
compliance (Cy ;) (mL/mmHg). Each resistance is calculated as the pressure drop over

the mean flow on every aortic segment:
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Rk=: 2.3

The pressure drop across each segment AP, (mmHg) were computed using a
steady-state CFD simulation with a mean pressure P,y (mmHg) condition at the inlet
calculated as follows:

pIN:FF(Psa_Pda)‘l'Pda 2.4

FF is a form factor calculated as (Chemla et al., 2002):

FF — Pmean—Pda 2 5
Psq—Pgq
with P,0qn (mmHg) defined as:
1
BPrean = Paa +§(Psa_Pda) 2.6

Inertances L, were calculated for large arteries using the following expression:
= 4Pl
L, = 3, 2.7
With A4, (m?) and 1), (m) the cross-sectional area and the length of a segment
k, p is the fluid density (kg/m?). Volume compliances, Cy x (mL/mmHg), are derived
from the area-based distensibility measured on the cine-MRI, and then calculated as

follows:

CV,k = Vo,ka,ab 2.8

Where Vj (m3) is the diastolic volume of an aortic segment and the

distensibility (1/mmHg) is defined as:

Ak, max—Ak,min
Ak,min 2 9

D =
k.ab Psq—Pgq

With Ay max and Ag min (m?) the maximum and minimum cross-sectional area
of a segment k. WK3 hydro-electrical analogues consisting of a proximal resistance

(R;',) (mmHg*s/mL), a distal resistance (Ré) (mmHg*s/mL) and a compliance (C‘i,k3)
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mL/mmHg were used at each outlet i. The compliance of each WK3 outlet, Cyy k3 ; was

calculated as follows:

Q,
CWK3,L' = ﬁ (Ctot -2 CV,k) 2.10

Where one WK3 model was used to obtain the total aortic compliance

Ciot (mL/mmHg) as described by Les et al., (2010). The total outlet resistance Ry ; =
R;', + Rl (mmHg*s/mL) was calculated using the ratio of the predicted outlet pressure

from the steady-state CFD simulation to Q; such as:

RtOt,i - 2. ll

Q|

R} and R% were calculated such as for the renal arteries and 5.6% for the rest
of the outlets (Les et al., 2010). The system of ordinary differential equations using
20-sim (Controllab Products, Netherlands) was solved by backward differentiation
(Curtiss and Hirschfelder, 1952).

The WK3 parameters obtained after calibration for the post-operative, MDA,
CDA and ETR cases are presented in Table 2. 2. The BC1 and BC2+ cases are not
included in the table for clarity since the resistances are the same as those of the

baseline case where the same flow split is applied to the same geometry.
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Table 2. 2 WK3 parameters for the Baseline, MDA, CDA and ETR cases, R,

and R, are in (mmHg*s/mL), Cy k3 is in (mL/mmHg).
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Baseline MDA

Rp Rd Cwk3 Rp Rd Cwk3
BT 0.24 4.00 0.32 0.24 4.00 0.31
LCC 085 14.38 0.09 0.85 14.38 0.09
LSA 0.36 6.10 0.21 0.36 6.10 0.21
CT 0.74 12.51 0.10 0.74 12.48 0.10
SMA  0.42 7.10 0.18 0.42 7.09 0.17
LR 1.41 3.62 0.26 1.39 3.56 0.25
RR 8.45 21.74 0.04 8.54 21.95 0.04
LEI 0.15 2.48 0.50 0.15 2.48 0.48
LII 0.35 5.89 0.21 0.35 5.88 0.21
REI 0.64 10.75 0.12 0.66 11.05 0.11
RII 1.49 25.05 0.05 1.51 25.53 0.05
FDA ETR
Rp Rd Cwk3 Rp Rd Cwk3
BT 0.24 4.00 0.30 0.24 4.00 0.28
LCC  0.85 14.38 0.08 0.85 14.38 0.08
LSA 036 6.10 0.20 0.36 6.10 0.19
CT 0.74 12.54 0.09 0.42 7.08 0.16
SMA 042 7.13 0.17 0.42 7.08 0.16
LR 1.40 0.26 0.25 3.28 8.44 0.10
RR 7.95 20.44 0.04 3.28 8.44 0.10
LEI 0.15 2.61 0.45 0.17 2.94 0.37
LII 0.37 6.18 0.19 0.37 6.19 0.18
REI  0.54 9.06 0.13 0.44 7.36 0.15
RII 1.25 21.11 0.06 0.94 15.85 0.07
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2.2.5.Wall Compliance

The MBM developed by Bonfanti et al., (2018) was applied to simulate aortic
wall displacement. The wall displacement follows the surface node normal and is
proportional to the difference between local and external pressures; the constant of
proportionality is the stiffness coefficient, K. The local displacement of each mesh
node is thus calculated as follows:

5, = ”";—i’e’“ni 2.12
where the local pressure is p,, (Pa), pey: (Pa) is the external pressure (equal to

P,,). The stiffness coefficient K,, (N/m?) is equal to:

where A9 (m?) is the local diastolic cross-sectional area where a node 7 is
located. Regions were defined along the centreline using anatomical landmarks to
account for proximal variations of aortic stiftness (Figure 2. 1C). When axial Cine-
MRI images were unavailable, for example at the aortic arch, sagittal images were
used to measure wall displacement. The assumption of a circular cross-section in the
aorta and supra-aortic branches was employed so that diameters could be used in lieu
of the cross-sectional area to calculate distensibility. The distensibility of each region
was used to calculate the stiffness coefficient K, which was then mapped onto its
respective region of the geometry using an in-house MATLAB code. As observed in
Figure 2. 2D and following the work of Stokes et al., (2021) three smoothing iterations
were performed to prevent discontinuities between regions of varying stiffness. The
number of iterations was chosen as the minimum required to ensure a smooth
transition, preventing mesh folding at high displacements, which could otherwise lead
to solver instability and crashes. Following reported graft stiftness measurements, the
graft was considered to be 20-200 times stiffer than the native aorta (K=1.0x*N/m?) in
the baseline case, MDA, CDA and ETR cases (Ferrari et al., 2019, Tremblay et al.,

2009). Two additional cases were simulated in which the graft was considered
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compliant. In the first, BCI, the graft properties were assumed identical to the baseline
geometry, i.e. the graft stiffness was taken equal to the measured aortic stiffness at the

native ascending aorta (Kz-,=7.5*10°N/m?) (Fig 2 D). In the second case, BC2+, a

graft stiffness half that of BC1 (KBC2+=3.75*106N/m3) was assumed with the aim of

simulating a graft which was more compliant than any region of the aorta.
2.2.6.CFD Simulation

The three-dimensional, transient Navier-Stokes equations were solved using
the finite-volume solver ANSYS CFX 19.0. Blood was modelled as an incompressible
non-Newtonian fluid with a density of 1056 kg/m3 and a rheology described by the
Carreau-Yasuda viscosity model and empirical constants from Tomaiuolo et al.,
(2014). The Reynolds number descriptions for pulsatile blood flow in cardiovascular

systems outlined in Peacock et al., (1998), were used to calculate the peak Re, and

the critical Re,, for transition to turbulence. An effective shear rate based on Cagney
and Balabani, (2019), was used for the viscosity estimation in the Re formula and the
maximum velocity obtained from the 2DMRI plane was scaled up by 30% to account
for the supra-aortic branches flow loss; Re, and Re, were found equal to 2257, and
3890 respectively. Under these conditions, a laminar flow assumption was used. As
most aortic flows are likely to exhibit some degree of transitional flow, simulations
assuming laminar flow were compared against Reynolds-Averaged Navier Stokes
turbulent flow simulations using the k-w SST model. For brevity, the findings are
described in Appendix A.2. The observed differences between laminar and turbulent
flow simulations did not affect the conclusions of the study. As a result, the results
reported herein are based on laminar flow simulations.

The solver employs the finite volume method, which is based on the integral
form of the Navier-Stokes and continuity equations. An implicit, second-order time
integration scheme with a time step of 1 ms was used to solve these equations. During
the final cycle, all equations within each timestep achieved an absolute root-mean-
square (RMS) residual value of 107, ensuring solution convergence. After seven

cycles, the compliant simulations reached periodic conditions, i.e., less than 1%
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variation in systolic and diastolic pressures between cycles. Simulations were
performed using parallel computation on the high-performance computing cluster of
the UCL Computer Science Department, with a computational time of approximately

23 hours per cardiac cycle.

2.2.7.Haemodynamics Analysis

In this work, energy loss (EL) and WSS-driven indices were calculated. EL is
calculated from the difference in the sum of static and dynamic pressures between the
inlet and outlets during a cardiac cycle and is defined as follows (Qiao et al., 2022):

EL =TPy,Qin — > TPyutQout 2.14

where TP; = P; + 0.5p|u;|?, p is the blood density (kg/m*), Q; the volume
flow rate (m>/s), P; the pressure (Pa), and |u;| the velocity magnitude (m/s) at each
outlet i. EL often increases in the case of AD due to increased blood pressure (Chung
et al., 2014). The heart must work harder to compensate for the increased pressure,
EL, and reduced blood flow, potentially leading to heart failure (Babu et al., 2015).

WSS is defined as the tangential force per unit area exerted by blood flow on
the arterial wall and is closely related to the shear rate at the vessel surface. WSS has
been linked to the development of aortic disease (Sun and Chaichana, 2016). Three
WSS-related indices were used in this study, the time averaged wall shear stress
(TAWSS), oscillatory shear index (OSI), and endothelial cell activation potential
(ECAP) as described in Section 1.5.1.

The TAWSS and ECAP differences between the baseline and the five cases
examined in this study were computed to better elucidate the impact of the various
grafting choices on the haemodynamics of the reconstructed vessel. The latter are
normalised by the baseline average values as follows:

TAWSSdiff — (TAWSSbaseline_TAWSScase) 2.15

TAWSSpaseline
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2.3.Results

2.3.1.Validation of the Baseline Case

Validation and verification are performed via qualitative and quantitative
comparisons between the CFD simulations of the baseline case and the target values
from clinical data. Relevant metrics of interest are compared between the baseline and
additional cases using the relative change. The relative change is defined as the

difference between the metric of the baseline case and that of the compared case,
divided by the metric of the compared case (Table 2. 3). The predicted P, and Pg,

vary within 1% of the measured brachial pressure cuff values. The simulated aortic

wall displacements were validated against cine-MRI measurements, with the

maximum observable diameter variation occurring during peak systole. Measurements

at the ascending aorta and supra-aortic branches, where the largest displacement
occurs, show differences under2% (Figure 2. 2D). The 2DMRI plane
coordinates were registered onto the CFD domain for comparison, yielding a 1.6%
difference in mean flow rates (Table 2. 3). With simulation differences

remaining below 3.2%, the model was considered suitable for additional intervention

cascs.
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Table 2. 3 Inlet systolic P,, and diastolic P4, pressures, mean flow rate Q; at
the registered plane location, and maximum diameter variation at regions of interest
are reported for the baseline simulation and clinical measurements. A% represents the
relative change between the baseline simulation and clinical data.

Measured Baseline A%
L o~
Sz Sys 96.5 97.5 -1.0%
S E Dia 68 68.4 0.6%
A =
S 5 o @
£ Z S22 Inlet 83.5 84.9 -1.6%
SEg E
s AA 1.3 1.26 3.2%
g § E BT 0.7 0.69 1.4%
E tE Lce 0.5 0.49 2.0%
e LSA 0.5 0.49 2.0%

2.3.2. Flow and Pressure Distributions

Streamlines of blood flow through the aorta, coloured by velocity magnitude
(m/s), are shown at peak systole and diastole in Figure 2. 3 and Figure 2. 4,
respectively. In the baseline case (top-left), high velocities are observed at the PET
and in narrowed regions such as the LR and left iliac arteries (Figure 2.3). A high-
velocity blood flow jet passes through the PET, impacts the adjacent graft, and
circulates downstream. As the flow moves toward the lower aorta, the velocity
gradually decreases. Streamlines generally follow a smooth path along the aortic
curvature; however, circulation zones are present in the aneurysm region and near the
bottom part of the graft sutures. At diastole, the baseline case exhibits a similar blood
flow distribution but with lower velocities compared to peak systole (Figure 2. 4). As
at peak systole, higher velocities are observed at the PET, within the blood flow jet,

and in the LR and left renal arteries.
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Streamlines are also shown for the five additional virtual surgery cases at both
time points (Figure 2. 3 and Figure 2. 4). Flow structures are generally similar when
the graft is either longer along the DA or more compliant (MDA, CDA, BCl1, and
BC2+), with high velocities occurring in the same regions as in the baseline case.
However, in the case of a complete thoracic graft replacement (ETR), the flow is more
organised, and velocities are lower in the downstream aorta. This improvement is due
to the stented geometry of the graft, which closely resembles a healthy aorta. Treating

the narrowed lumina and abdominal branches helps restore a normal blood flow.
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Figure 2. 3 Velocity magnitude distributions at peak systole shown for every
case using streamlines.
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Figure 2. 4 Velocity magnitude distributions at the end of diastole shown for
every case using streamlines.

Pressure contours are shown in Figure 2. 5 and Figure 2. 6, at peak systole and
the end of diastole, respectively. In the baseline case, at peak systole, high pressure is
observed in the ascending aorta, which gradually decreases downstream, with lower

pressures found in the abdominal and iliac branches (Figure 2. 5). A high-pressure
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region is collocated with the high-velocity jet impacting on the graft. At diastole, the
pressure distribution is reversed, with lower pressures overall. The highest pressures
are found in the downstream part of the aorta, contrasting with the peak systole
distribution (Figure 2. 6).

Pressure contours for the five additional virtual surgery cases are shown in
Figure 2. 5 and Figure 2. 6. Overall, similar pressure patterns and distributions are
observed across all cases at peak systole (Figure 2. 5). However, pressure increases
with a longer graft (MDA, CDA), with the highest increase occurring in the case of an
entire thoracic graft replacement (ETR) and when the graft is more compliant than the
proximal native aorta (BC2+). Additionally, in the ETR and BC2+ cases, higher
pressures are observed in the downstream abdominal aorta and the right iliac arteries,
compared to the baseline case. At diastole, a similar trend is observed, where pressures
remain elevated in the same surgical cases (MDA, CDA, ETR, BC2+) relative to the
baseline case (Figure 2. 6).

In contrast, when the graft compliance matches that of the native proximal
aorta (BC1), pressures remain unchanged at peak systole compared to the baseline
case (Figure 2. 5). However, at diastole, pressures in the downstream abdominal aorta

are lower than in the baseline case (Figure 2. 6).
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Figure 2. 5 Pressure contours at peak systole for all cases.
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Figure 2. 6 Pressure contours at the end of diastole for every case.

The LV pressure has been reported to vary linearly with ascending aortic
pressure; if the ascending aorta pressure increases, so does the LV pressure. To show

the impact of the graft length and compliance on inlet pressures, Py, and Py, were
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reported at the inlet of the baseline case along with differences with the additional
cases (Figure 2. 7). Inlet pressures increased with longer grafts. In the case of a
complete thoracic aortic replacement, P, and Pg4, increase by 4.1% and 5.5%,
respectively (ETR). Additionally, in the case of a graft mimicking the proximal vessel
compliance (BC1), Py, decreases and P, increases, leading to a reduction in pulse
pressure. Conversely, a graft with compliance exceeding that of the native proximal
vessel (BC2+) increase pulse pressure.

The pulse wave velocity (PWV) is measured between the inlet plane and the
plane separating segments 8 and 13 (Figure 2. 1C). The PWV is calculated as the pulse
wave travel time along the aortic centreline separating those two planes (Figure 2. 7).
The PWYV increase by up to 15.4% in the cases where the graft was more rigid and
decrease up to 7.4% in the case with the most compliant graft (BC2+).
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Figure 2. 7 Y-axis represents systolic and diastolic pressures (Psys, Pdia), EL,
PWYV, and maximum diameter variation at the ascending aorta (D_AA), left common
carotid (D_LCC), and graft (D_Graft) for the baseline case. The X-axis shows values
of the metrics of interest for five additional cases, each labelled with their respective
errors. Bold lines denote the metric values for the baseline case and those
corresponding to 0% of relative change.
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2.3.3.Wall Displacement and Energy Loss
(EL)

The maximum diameter variation of the ascending aorta, left common carotid,
and graft is compared between the baseline and five additional virtual intervention
cases. For clarity, only the left common carotid is shown in Figure 2. 7, as the
displacement trends for the other supra-aortic branches are similar. In the case of a
long and rigid graft, the maximum diameter variation differs by up to 10% (ETR). This
pattern follows the previously described pressure increase, driven by intrinsic
compliance modelling (MBM), where displacement is linked to the difference between
local and external pressure. Consequently, maximum diameter variations are lower
than in the baseline case when the graft matched the proximal native aorta's
compliance (BC1) and higher when the graft exceeded it (BC2+).

EL increase the most, by up to 4.2% (MDA, CDA), when the virtual
replacements extend to the DA. Conversely, it decreases by 4% when the graft matches
the proximal native aorta's compliance (BC1). However, with the entire thoracic aorta
replacement (ETR), where the graft geometry replicates a healthy aorta, EL drops
significantly by 24%, highlighting the reduction in EL associated with the altered
morphology and condition of TBAD in the baseline case.

2.3.4.WSS-Based Indices

Contours of TAWSS and ECAP, capped between the critical ranges (0-5 Pa)
and (0-1.4 Pa™!), respectively, are plotted in Figure 2. 8, Figure 2. 9 and Figure 2. 10.
The left side shows the baseline case, while the right side presents contours depicting
the differences between the baseline and the five additional cases. The most
pronounced differences appear in key clinical regions, particularly around the aortic
arch, including the PET, aneurysm, and graft sutures. To better visualise these

variations, zoomed-in contours of these regions are provided. These contours are
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color-coded based on the differences between the baseline and the five cases, as
calculated using equations 2. 15 and 2. 16.

In the baseline case, TAWSS is globally low (Figure 2. 8 and Figure 2. 9). High
TAWSS is observed in the vicinity of PET (9.73 Pa), graft sutures, and abdominal and
iliac arteries due to high velocities in these narrowed locations (as observable on
Figure 2. 3 and Figure 2. 4). High ECAP values (>1.4Pa’") are found at the graft
sutures, around to multiple re-entry tears proximal to the abdominal branches and the
narrowing of the lumina, and at the aneurysm with a maximum reported value of 4.49
Pa’! (black arrow in F igure 2. 10)

The similarity in TAWSS and ECAP distributions across all cases can be
attributed to the application of identical inlet and outlet boundary conditions to
geometries that share similar overall morphologies, apart from the graft length.
TAWSS differences are mainly observed at the PET and graft sutures, where TAWSS
is elevated. As shown in Figure 2. 8 and Figure 2. 9 (black arrow), the most significant
differences are found in the case of a complete DA graft replacement (-1.37% and
1.87%, respectively). ECAP differences are most pronounced at the aneurysm, where
blood velocity is low and flow stagnation occurs, such as depicted in Figure 2. 3 and
Figure 2. 4. The maximum differences, observed in the complete DA replacement

(CDA) case, were -16% and 20%.
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Figure 2. 8 Front view of the TAWSS. On the left, values over 5 Pa are found
at the PET, the abdominal arteries, and the left iliac of the baseline case. The black
arrow indicates the maximum TAWSS at the PET. On the right, the TAWSS differences
between the baseline and the five cases are shown. A zoom is made on the AA and
aortic arch as regions of interest where the TAWSS is high.
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Figure 2. 9 Back view of the TAWSS. On the left, values over 5 Pa are found
at the PET and sutures with the graft of the baseline case. The black arrow indicates
the maximum TAWSS at the sutures with the graft. On the right, the TAWSS
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differences between the baseline and the five other cases are shown. A zoom is made
on the AA and aortic arch as regions of interest where the TAWSS is high.
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Figure 2. 10 ECAP distributions, front view. On the left, ECAP absolute values
for baseline case; values over 1.4 Pa~! are noted in the aneurysm. The black arrow
indicates the maximum ECAP value in the aneurysm. On the right, ECAP differences
between the baseline and the five virtual cases.
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2.4.Discussion

Aortic stiffening and pressure increase (Ikeno et al., 2022), as well as increased
PWYV (O'Rourke et al., 1968), have been shown to result in LV hypertrophy. Similarly,
it has been reported that the interaction between the implanted graft and wall
movement may be responsible for increased EL (Qiao et al., 2021). In an FSI study
comparing a pre-and post-TEVAR case of TBAD, (Van Bakel et al., 2019)
demonstrated an increase in LV stroke work after the intervention. They concluded
that the increased aortic impedance and decreased aortic compliance between the
endovascular stent and the aorta led to an increased LV afterload and suggested using
compliant devices. Additionally, (Rong et al., 2019), and (Nauta et al., 2017) found
increasing diameters in supra-aortic branches and DA after ascending and thoracic

repairs due to the rigid grafts employed. They noted increased pulse pressure and
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deformation of the AA and aortic arch, increasing the risk of dissection propagation or
aneurysmal degeneration.

Similarly, in this study, results suggest that longer DA grafts impact
cardiovascular health, including their impact on the LV load. Pressures increased up
to 4% at the inlet (Figure 2. 7). The pressure values in the distributions displayed in
Figure 2. 5 and Figure 2. 6 were also higher than in the baseline case. As a result, aortic
wall displacements were also higher and can be attributed to the pressure-displacement
relation in the MBM. Additionally, the impedance mismatch with a longer graft
contributed to PWYV increase, with an increase of up to 15% (CDA). The EL were also
higher, with an increase of 4% in the case of a complete DA replacement.

In the entire thoracic aorta replacement (ETR) case, despite having the longest
graft, the lowest aortic compliance, and the highest pressure and aortic displacement
increase, the results did not show the expected rise in PWV and EL. The stented
geometry of the graft, which includes four ideal abdominal branches with circular
outlets, closely resembles a healthy aorta, helping to restore normal blood flow, as
shown in Figure 2. 3 and Figure 2. 4. This likely reduces the reflection of pressure
waves. Additionally, the stented geometry and improved flow conditions help preserve
total pressure along the aorta, ultimately contributing to lower EL, as described by
equation 2. 14.

If no other factors are considered, the ETR case would offer a favourable
surgical option. That being said, complete replacement of the aorta has been associated
with serious negative consequences, such as spinal cord injury resulting in paraplegia,
as most segmental arteries are no longer attached to the aorta (Petroff et al., 2019).
Additionally, in the case of a more extensive dissection, kidneys must cope with an
abnormal level of perfusion. Therefore, recovering a physiologically typical flow split
after surgery may lead to the deterioration of renal function (Urbanek et al., 2020).

Moreover, the simulations of the compliant graft cases were more complex to
analyse, and direct conclusions were challenging to reach. In the case of a graft
matching the compliance of the native proximal vessel (BC1), all metrics showed
improvement compared to the baseline case (Figure 2. 5, Figure 2. 6 and Figure 2. 7).
This can be attributed to the increased aortic compliance, providing an additional

buffering effect that reduces pressures and wall displacement as the graft extends. This
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could suggest that a patient-specific compliance-matching graft might mitigate the risk
of LV hypertrophy (Takeda et al., 2014). However, such a conclusion was not readily
attainable in the case of a graft exceeding the compliance of the native proximal vessel
(BC2+). With the graft being twice as compliant as the native proximal vessel, a
compliance mismatch was also introduced. Pulse pressure increased by 3.6%
compared to the baseline case. Despite the compliant graft expanding by 6% in
diameter, this buffering effect did not lead to a reduction in the diameters of the
upstream inlet and supra-aortic branches compared to the baseline case (Figure 2. 7).
Conversely, the PWV was reduced the most out of all cases by 7%.

These results reflect the different grafting strategies. Theoretically, greater
compliance leads to a lower PWV due to the damping effect of the graft. However, the
results indicate that a highly compliant graft can create a compliance mismatch with
the native proximal aorta. This mismatch may be detrimental, as it can increase aortic
impedance, elevate pulse pressure, and induce excessive pressure reflections.
Therefore, matching the compliance of the proximal vessel appears to be the most
sensible approach to ensure smoother pressure wave propagation and reduce cardiac
workload.

High TAWSS has been linked with aortic wall degeneration, such as
aneurysmal growth and aortic dissection propagation and is commonly found in
narrowed regions such as the PET and re-entry tears due to higher velocity gradients
in these regions (Munshi et al., 2020, Salmasi et al., 2021). High ECAP may indicate
regions with an elevated risk of atherosclerotic plaque formation and calcification, a
known risk factor for aortic rupture commonly found in TBAD (Golledge, 2003).

In this study, high TAWSS was also collocated in high-velocity regions, such
as at the PET, proximal to entry and re-entry tears, and the graft sutures. These TAWSS
results inform on potential risks of aortic degeneration at those locations, such as graft
rupture at the sutures. Additionally, the highest ECAP values region was observed at
the aneurysm, where low blood velocity magnitudes and circulating flow were
observed (Figure 2. 3 and Figure 2. 4). This might indicate a high risk of aneurysmal
growth.

In the five additional surgery cases, the main differences against the baseline

case were collocated with the locations of high TAWSS and ECAP (Figure 2. 8, Figure
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2. 9 and Figure 2. 10. Differences were the highest in the case of a complete DA
replacement (CDA), especially at the PET and graft sutures. Such results could
indicate a higher risk of tear expansion or local rupture with this grafting strategy.
Similarly, the highest ECAP differences against the baseline case were found at the
aneurysm in the CDA case. With maximum differences of -16% and 20%, respectively,
suggesting that graft length may influence aneurysmal growth remodelling risks.
Results from this study suggest that compliant grafts may benefit TBAD
patients after OS by reducing EL, thereby lowering the risk of LV hypertrophy and
heart failure. While rigid grafts remain the standard, recent advancements in 3D
bioprinting technology have shown promising progress. In recent years, tissue
analogues for aortic valves and blood vessels have been successfully developed
(Khanna et al., 2022). However, biomimetic technologies for compliant tissues have
primarily been applied to smaller vessels (Moreno et al., 2011). Replicating the
mechanical properties of the aorta remains a complex and costly challenge, with
limited reports of success (Chlupac et al., 2009). By integrating in silico virtual
grafting with in vivo imaging data, 3D bioprinting technology may pave the way for

further research and encourage graft and stent manufacturers to explore this approach.
2.5. Limitations

In this study, the impact of graft length and compliance in a patient-specific
case of chronic TBAD post-surgery was simulated using routinely acquired clinical
data including limited pre-operative 2DMRI and Cine-MRI data. Using pre-operative
data may introduce inaccuracies in post-intervention virtual scenarios due to changes
in inlet flow rate and aortic wall compliance after the intervention. However, previous
research by Pirola et al., (2018), demonstrated the feasibility of using preoperative
data to tune postoperative boundary conditions using post-intervention invasive aortic
pressure measurements acquired during a follow-up. They showed overall acceptable
agreement with their simulated post-intervention pressure.

In this study, the aortic wall and intimal flap downstream of the graft were
assumed to be stiff due to the lack of in vivo data. This limited the ability to fully

capture the potential impact of aortic displacements downstream of the graft.
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However, in a chronic dissection, especially after an OS, the dissected aorta rigidifies
with age and displacements are negligible (Bissacco et al., 2022)

This study was limited by the availability of post-surgical in vivo clinical data.
Incorporating 4D-Flow MRI and Cine-MRI datasets can improve the understanding
of clinical cases, and thus the accuracy of the simulations, by refining the study’s goals
and providing more in-depth measurements and driven analysis. These datasets can
enable a more comprehensive validation and alternative methods such as the use of
PWYV to inform the compliant model further as will be demonstrated in Chapter 4.

The MBM only considers radial displacements, and it was assumed that
neglecting the longitudinal displacement does not affect the simulation of a stiff graft
and the conclusions of the study. Previous studies have shown that Dacron graft
stretching occurs mostly in the axial direction, with a ratio of about 50 between axial
and radial stretching (Bustos et al., 2016, Ferrari et al., 2019, Tremblay et al., 2009).
Axial stretching is approximately 20-30 times lower than the healthy ascending aorta
while the radial one is 40 times. The volume compliance of the graft primarily thus
stems from its axial stretching; however, it was reported that the longitudinal
stretching of the thoracic aorta does not exceed 1% during the cardiac cycle (Morrison
et al., 2009). Once the graft is sutured at the DA, its axial stretching is minimal due to
its stiffness.

The nonlinear and anisotropic response of the aortic tissue is complex. Without
access to specific tissue in vivo patient data, the model in this study assumes a linear
relationship between pressure difference and stiffness K (equation 2.12 and 2. 13).
This approach, adopted in previous studies, has been extensively validated and keeps
the workflow patient-specific as it uses in-vivo wall displacement data (Bonfanti et
al., 2018, Stokes et al., 2021). Additionally, Rissland et al., (2009), and Mesti et al.,
(2017) suggest that while this model assumes a linear response, it can still provide
valuable comparative conclusions. A higher peak WSS is anticipated in a nonlinear
response, while the distribution of regions with low and high WSS would remain
consistent, which would not change the comparisons and conclusions made between

the baseline and five virtual surgical cases.
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2.6.Conclusions

This chapter presented the simulation of a patient-specific post-operative case
of TBAD and explored the impact of different surgical strategies via virtual grafting.
Five virtual intervention scenarios were explored; these included three virtual
surgeries using varying graft sizes (stiff grafts) and two cases with compliant grafts.
The influence of various potential surgical strategies for TBAD was evaluated using
velocity and pressure distributions, aortic displacements, PWV, EL, TAWSS and
ECAP, considering the effects of graft length and compliance. Results illustrated that
an optimal graft selection cannot be determined without considering the morphology
and condition of the aorta of each patient; any results should be used as a guideline
and carefully considered against clinical evidence and expertise.

As mentioned, in this chapter, the patient selected for the study underwent OS,
with the surgical approach involving replacing a portion of the dissection at the DA,
while leaving the downstream lumina separated by an intimal flap. Due to the lack of
in vivo data, the intimal flap was considered rigid in this study. However, in some
cases, the flap may be mobile, which may significantly impact aortic haemodynamics.
Understanding these effects is crucial. To address this, the next chapter (Chapter 3)
introduces a novel formulation of the MBM, applying it to a TBAD case post-TEVAR
with a remaining intimal flap. Results from the patient-specific CFD simulation are
compared against a rigid flap simulation and additional cases with varying levels of

intimal flap compliance.
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Chapter 3

A Novel Computational Framework
Integrating Intimal Flap Compliance:

Impact on Aortic Haemodynamics

3.1. Introduction

Surgical interventions for type-B aortic dissection (TBAD) can result in a
residual intimal flap (IF) when the implanted device does not fully cover the entire
dissected segment of the aorta (Trahanas et al., 2022). The persistence of a non-
resected intimal tear and a patent false lumen (FL) have been identified as risk factors
for delayed aneurysmal expansion, reoperation, and worse long-term survival in
TBAD (Trimarchi et al., 2013, Tsai et al., 2007, Yasar et al., 2023).

The interplay between FL and true lumen (TL) blood volume changes, driven
by cyclic expansion and contraction, generates dynamic pressure differences between
the lumina. This luminal pressure difference, also known as transmural pressure
(TMP), contributes to the mobility of the compliant IF, which can alter
haemodynamics post-surgery (Lortz et al., 2019). IF movement has been associated
with the persistence of a patent FL and has been reported to affect positive aortic
remodelling (MacGillivray et al., 2022). Consequently, a mobile IF can contribute to
luminal growth and disrupt normal haemodynamics (Cheng et al., 2015, Xu et al.,
2021a). In particular, when the IF remains mobile in the visceral aorta (VAO) region,
it can lead to organ malperfusion, posing significant clinical risks (Mega et al., 2006,

Kamman et al., 2017b, Kim et al., 2023).
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While imaging techniques like CTA or MRI scans offer insights into the TBAD
anatomy (Litmanovich et al., 2009, Sherrah et al., 2015), their limitations in
spatiotemporal resolution prevent accurate measurement of IF movement (Lamata et
al., 2014, Ramaekers et al., 2023). Computational fluid dynamics (CFD) simulations
can complement these imaging modalities, providing a deeper understanding of the
impact of [F movement on aortic haemodynamics (Wee et al., 2018).

Compliant models are essential for investigating the influence of the IF
movement in TBAD, with fluid-structure interaction (FSI) being commonly
employed. As discussed in Section 1.7.1, FSI facilitates the study of the effects of IF
movement on aortic remodelling, FL expansion, and aneurysm progression, providing
valuable data to predict disease outcomes. However, FSI-based studies are limited by
the lack of in vivo data to describe patient-specific material properties and differences
between the aortic wall and the IF (Kim et al., 2023, Qiao et al., 2015). The moving
boundary method (MBM) demonstrated in the previous chapter can circumvent this
challenge, allowing patient-specific simulations of the compliant behaviour of the
aortic wall and IF.

In previous work by Bonfanti et al., (2018), the IF was modelled as a zero-
thickness membrane, accounting only for relatively small displacements. This
approach imposes limitations in capturing the cross-sectional area variations that
might be encountered in TBAD. To address this, this chapter “introduces a novel
approach to modelling a thick, mobile IF, incorporating an improved MBM applied to
a TBAD case post-TEVAR. The computational framework leverages 4D Flow MRI
(4DMRI) and cine-MRI to inform the CFD simulation with blood flow and aortic
displacement measurements, and the aortic geometry is segmented from TRUFI MRI.

The displacement of both the exterior aortic wall and the IF is simulated,
treating the flap as a thick, mobile structure. This is achieved by longitudinally
splitting the IF into two surfaces corresponding to the TL and FL, which are then

divided into paired patches for effective modelling. Each patch pair maintains aligned

2 This work is under review in the Journal Annal of Biomedical Engineering in 2025. Please
refer to Research Declaration Form B for details.
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surface normals, ensuring smooth displacement during simulations. The displacement
is calculated using a force-based equation that incorporates local stiffness coefficients,
iteratively tuned to match patient-specific displacements observed in cine-MRI.

CFD simulations are first validated against in vivo data and further compared
with additional simulations. These include a rigid IF simulation and two cases where
the IF has lower stiffness, leading to higher displacements. Haemodynamics markers
such as pressure, velocity magnitude, aortic wall and IF displacement, TMP, and WSS-

driven indices are analysed and compared across simulations.

3.2.Methods

3.2.1.Data Acquisition

A patient with chronic TBAD previously treated with TEVAR underwent
follow-up imaging at Inselspital Bern, following an ethically approved protocol (Local
Institutional Review Board ID 2019-00556), including patient consent. Brachial
pressures were measured before the imaging procedures. MRI sequences were
performed on a MAGNETOM Sola fit scanner (Siemens Healthineers). The imaging
protocol included acquiring 4DMRI, two planes of cine-MRI, and T2/T1 weighted
TRUFI MRI sequences, with respective pixel sizes of 2.5%2.5%2.5 mm> 1.88*1.88
mm? and 1*1*1 mm?, to visualise the patient’s thoracic aorta. Cine-MRI planes were
acquired at the ascending aorta (AA) and visceral aorta (VAO) locations (shown in
Figure 3. 1B). 4DMRI and cine-MRI had a temporal resolution of 37 ms. This
dissection case was selected as it represents a unique scenario where TEVAR treatment

left a residual mobile IF due to partial dissection coverage.
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A Patient-Specific Model
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Figure 3. 1. (A) Patient-specific model of the domain showing the boundary
conditions used and the aortic wall stiffness. T0 is mid-acceleration, T1 is peak systole,
T2 is mid-deceleration, and T3 is end of diastole. (B) Planes in red are used to extract
variables in the post-processing at the ascending aorta (AA), PET, descending aorta
(DA), VAO and abdominal aorta (ABAO). (C) The MBM is applied both at the
exterior aortic wall and the IF. The rightmost part of the figure illustrates the pairing
technique used for the IF, showing how TL/FL pairs of patches, coloured in black and
green respectively, share the same surface normal.
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3.2.2.Geometry and Mesh

The aortic geometry was obtained from the T2/T1 TRUFI utilising similar
semi-automatic segmentation and smoothing techniques as those in Chapter 2,
implemented in ScanIP (Synopsis Simpleware, USA). The IF was split longitudinally,
following its curvature, forming two separate surfaces (Figure 3. 1C), with one surface
belonging to the TL and the other to the FL. Each IF surface was then divided into 10
mm segments. This division resulted in pairs of segments facing each other,
alternatively shown in black and green in Figure 3. 1C. This ensures that the dot
product of the surface normal of corresponding nodes within each pair is one or close
to one [0.97-1]. This allows smooth nodal displacement within each patch pair,
facilitating the application of the moving boundary method (Figure 3. 1C). The
meshing process described in Chapter 2 was followed to create a mesh with tetrahedral
elements. To accurately capture the turbulent boundary layer, ten prism layers were
employed, with the initial layer thickness calibrated to achieve a y+ value of
approximately 1. A medium-resolution mesh, with cell sizes ranging from 2 mm to 0.5
mm, resulted in 1.9 million elements and was evaluated in a mesh independence study
alongside a coarse (0.9M elements) and fine (4.2M elements) mesh. Details of the
mesh sensitivity analysis used to determine the final mesh configuration are provided
in B.1, along with details on sizing parameters for the coarse and fine meshes.

The planes shown in (Figure 3. 1B). were selected to observe specific localised
flow characteristics and wall displacements. For instance, the DA plane was positioned
equidistantly along the vessel centerline between the PET and the VAO, ensuring it is
perpendicular to the vessel and sufficiently distanced from the stent to minimise noise
in proximal 4DMRI measurements. The AA and VAO planes were positioned so that
they matched the cine-MRI planes.
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3.2.3.Wall Compliance

The MBM previously described in Chapter 2 (see section 2.2.5) was further
developed so that it could be applied to simulate the displacement of the entire aorta,
1.e., both the exterior wall and the thick IF.

The motion of the exterior wall of the aorta is modelled as in Chapter 2. The
local exterior wall displacement §,, (m) is estimated using equation 2. 12. The
stiftness, K,,, was derived from the area-based distensibility, which was measured from
the 4DMRI images (Figure 3. 1A). Limitations in aortic wall displacement
measurements due to the spatial resolution of the 4DMRI are discussed in Section 3.5.

As described in section 3.2.2, the TL and FL sections of the IF were discretised
in patches along the centreline (Figure 3. 1B). Each patch in the TL section was paired
with the nearest patch in the FL section on the opposite side of the IF. This pairing
ensured that the displacement of facing IF patches was synchronised, thereby
preserving the thickness of the IF.

The displacement of a pair of patches i, is proportional to the normal force
gradient of the patches and inversely proportional to a local stiffness coefficient K; ;r

(N/m3) along the surface normal, such as:

_ Forr+lFirn|=IFirL] ——
Oup1 = KiirAiFL T FL 3.1
_ _ ForrelFire|=|Firr| ——
Ourt. = KiIrAiTL LTL 3.2

where TL and FL denote true and false lumen, respectively, 6; v, and §; ;, (m)
are their displacements, F;r; and F; ; (N) the average forces, A; 7, and A; g, (m?) the
surface areas, n, 7, and 1, z; the surface normal of each respective i patch, i.e TL/FL
pair. F,¢r (N) is the pre-stress force measured on the rigid IF simulation used to start

the displacement from zero and to avoid a displacement ‘jump’ at the first simulation
time step. K;;r was iteratively tuned to match the patient-specific displacement

measured on the cine-MRI.
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Four IF stiffness values were then considered: a rigid one (named DO0), the
patient-specific stiffness (D1) derived from clinical images, and two additional cases
where the stiffness was two times smaller (D2) and three times smaller (D3) than in
the patient-specific case. A smoothing algorithm was used between regions of different
stiffness to avoid abrupt displacement transitions as shown in the previous chapter and

in previous work of the group where the MBM was used (Stokes et al., 2021).

3.2.4.Flow Boundary Conditions

4DMRI was used to extract the three-dimensional inlet velocity profile
(3DIVP) (Figure 3. 1A) and outlet mean flow rates using GTFlow (GyroTools LLC,
Switzerland) (Table 3. 1), as described in Stokes et al.,, (2023a), MATLAB
(MathWorks Inc., USA) was used to spline-interpolate the inlet flow rate to apply a 1

ms time-step for the CFD simulations.

Table 3. 1. Targeted values of inlet pressures and outlet mean flow rates against
simulation results.

Target DO D1 D2 D3
@ o~
5 =  Diastole 84.00 82.9/1.3% 82.8/1.5% 82.5/1.7% 82.1/2.3%
Eg Systole 113.86 113/0.7%  114/-0.1% 114.9/-0.9% 115.6/-1.5%
RCC 10.02 10-02%  10/0.1%  10/0.0%  10/-0.2%
RSA 6.82 6.8/-0.3% 6.8/-0.7% 6.9/-3.7% 7.1/-1.5%
LCC 6.55 6.51-03%  6.6/0.1% 6.50.4%  6.5/0.1%
z _ LsA 10.42 104/1.1% 10.3/0.6% 10.4/0.3% 10.4/0.7%
= g% CT 3.51 3.5/23% 3.4/-14% 3.6/0.6%  3.5/1.5%
S2E SMA 572 57/-2.1% 5.8-1.7% 5.8/-2.1% 5.8/-4.5%
= LR 6.83 6.8/-0.4%  6.9/0.6% 6.8/33%  6.6/3.3%
RR 8.35 8.4/2.8%  8.1/12% 83/2.7% 8.1/2.1%
LI 6.28 6.3/-52%  6.6/-12% 6.4/-4.8% 6.6/-4.6%
RI 5.57 5.6/2.0%  5.5/0.9% 5.5/2.5%  5.4/2.5%

A zero-dimensional lumped parameter model of the aorta was tuned in 20-sim

(Controllab Products, Netherlands), targeting the in vivo inlet pressures and outlet
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mean flow rates (Table 3. 1). Three-element Windkessel (WK3) pressure conditions
were used at the domain outlets, following the same process presented in Chapter 2
and in published works (Figure 3. 1A) (Westerhof et al., 2009). WK3 parameters are
provided in Appendix B.2.

3.2.5.CFD Simulation

The simulation settings used in this chapter were identical to those in Chapter
2. As the peak and critical Reynolds numbers were 8262 and 7407, respectively, the
k- shear stress transport model was employed to capture turbulence effects accurately
(see Section 1.6.7 for details on turbulence model). A low turbulence intensity of 1%

was introduced to account for the laminar-turbulent transition (Kousera et al., 2013).

3.2.6.Haemodynamics Analysis

To assess the impact of IF displacement on the TL and FL haemodynamics, the
transmural pressure TMP, vorticity, in-plane rotational flow (IRF) and WSS-driven
metrics were estimated and compared for all the cases simulated.

TMP (mmHg) is the pressure difference between TL and FL:

TMP = Py, — Pipy, 3.3

TMP values were extracted along the IF centerline, every 20 mm from the PET
for four points in the cardiac cycle: mid-acceleration (T0), peak systole (T1), mid-
deceleration (T2), and end of diastole (T3).

Vorticity (1/s) was used to visualise the rotational characteristics of the blood
flow. The component orthogonal to the cross-sectional planes of the aortic geometry

(Figure 3. 1B) was calculated as follows:
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dv  ou
w, = a - 5 3.4
This vorticity was then integrated to produce the in-plane rotational flow (IRF)
(m?/s) metric, which quantifies the strength of vorticity and has been correlated to the
expansion of the FL (Rodriguez-Palomares et al., 2018):

IRF = [[. wdS 3.5

In TBAD with residual and mobile IF, IRF measurements can provide insight
into the altered haemodynamics environment and highlight potential areas
contributing to the growth of the FL. The in-plane rotational flow was calculated at
four points in the cardiac cycle similar to TMP, namely TO, T1, T2 and T3 at the
following locations: AA, PET, DA, VAO and ABAO (see Figure 3. 1B).

Additionally, the following WSS-derived indices, previously defined in 1.5.1,
were calculated: the time average wall shear stress (TAWSS), the oscillatory shear

index (OSI) and the relative residence time (RRT) (see equations 1. 1, 1. 2 and 1. 3).

3.3.Results

3.3.1.Pressure and Flows

Table 3. 1 shows the target values of inlet pressures and outlet means flow rates
against values of the four simulations. In the patient-specific case, where the IF
stiffness is derived from displacements measured on the 4DMRI (D1, Table 3. 1) target
mean flow rates and pressures are simulated with maximum differences of 1.7% and
1.5%, respectively. Aortic pressures are closely matched in all other simulations.
However, in cases where the flap is more mobile (D2 and D3), mean flow rates are
simulated with differences up to 4.5% at the visceral branch outlets.

In Figure 3. 2, 4DMRI planes are colored with velocity magnitudes values at
mid-acceleration (T0), peak systole (T1), mid-deceleration (T2), and end of diastole
(T3) in selected locations (AA, PET, DA, VAO and ABAO). Additionally, similar
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planes are shown for the patient-specific case (D1) and rigid IF case (DO0) for
comparison.

There is a good qualitative agreement in velocity magnitude distribution and
values between the patient-specific case (D1) and the 4DMRI measurements (Figure
3. 2). Particularly, the velocity magnitude distributions are well-matched at TO, T1,
and T2, especially at the AA, PET, DA, and VAO where the patient-specific IF
displacement impacts the flow (D1). Specifically, the three-dimensional input applied
at the inlet leads to a good comparison with the 4DMRI at the AA. At the PET and
DA, the patient-specific simulation (D1) aligns well with the 4DMRI at T1 and T2,
especially in the TL region. At the end of diastole (T3), the comparison becomes less
evident due to the overall reduction in blood velocity at this phase of the cardiac cycle.
Low blood velocity leads to a weaker flow signal, which, combined with the inherent
limitations of 4DMRI, results in a low signal-to-noise ratio.

In contrast, in the case of a rigid IF (DO0), lower and inaccurate velocities are
predicted at T1, which shows poor agreement in terms of velocity distribution with
4DMRI measurements at T2. Additionally, at the VAO, the rigid IF simulation (DO0)
shows excessively high FL velocity at TO and fails to capture the velocity distribution

in the TL at T1, with velocity magnitudes also significantly underpredicted.
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Figure 3. 2. Velocity magnitude comparisons between patient-specific
simulations (D1), 4DMRI and rigid wall simulations (DO0) at mid-acceleration (T0),
peak systole (T1), mid-deceleration (T2), and end of diastole (T3) in selected locations
(AA, PET, DA, VAO and ABAO).

3.3.2.Patient-Specific Displacement

Cine-MRI is used to verify the model by comparing the predicted
displacements of the patient-specific case (D1) at the AA and VAO (Figure 3. 3). The
resolution of the cine-MRI does not allow for the measurement of transient
displacements of the aortic wall and IF; only the peak deformations at systole (T1) and
diastole (T3) are measured and compared. The patient-specific simulations (D1)
capture both the magnitude and pattern of the wall displacement between T1 and T3,

with TL being compressed and FL expanding at T1.

149



Displacement Displacement
1.0 Lo

T3
0.75 0.8 Q
! 0.5
0.3
Tl

VAO
1 mm Q
Figure 3. 3. Validation of the aortic wall and IF displacement in the patient-
specific case D1 against cine-MRI measurements. The left panel in each subset shows
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3.3.3.IF Displacement, TMP and Pressure

Contour

Figure 3. 4 illustrates the displacement of the IF at the PET, DA, VAO, and
TMP along the IF for each case at four different points in the cardiac cycle (TO, T1,
T2, and T3). In the patient-specific simulation (D1), the maximum IF displacement
reaches 0.5, 0.6, and 1 mm at the PET, DA, and VAO, respectively. While
displacements are small and potentially within the error margins of the displacement
measurement methods used in 4DMRI, the maximum displacement at the VAO
matches the target. Further details on these limitations are discussed in Section 3.5.

In the patient-specific case (D1), TMP values increase with the distance from
the PET at each time point. Specifically, the TMP is negative at TO, T2, and T3 and

increases linearly with the distance from the PET, with a maximum of about -4 mmHg.
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At T2, the TMP is positive and correlates with the decreasing part of the displacement
curve when the IF moves back towards its diastolic position and the FL is compressed.

The TMP magnitude is lower in the case of a rigid IF simulation (D0) and
increases with higher IF displacements. Additionally, it is worth noting that the TMP
remains near 0 mmHg in DO at T3, which inaccurately represents the TMP behaviour
compared to the patient-specific simulation (D1). The rigid IF simulation (DO0) fails to
capture the expected TMP increase and distribution, showing a value close to zero,
except for a slight rise near the DA location. Moreover, in the most mobile IF
simulation (D3) the TMP curve deviates from the trend seen in the patient-specific
simulation (D1) at T2 and T3, relatively close to the entry tear. These differences
suggest the importance of modelling the intimal flap to improve predictions of luminal

pressure dynamics, which could have implications for the progression of the tear.

PET DA VAO

Displacement [mm]
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Figure 3. 4. IF displacement at the PET, DA and VAO over the cardiac cycle
and TMP starting from the PET at TO, T1, T2 and T3 for all cases.
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The pressure distribution for the patient-specific case (D1) is shown in Figure
3. 5 for two instants in the cardiac cycle (T1 and T2). The FL is highly pressurised at
T1, with a pressure of 116 mmHg. Conversely, at T2, the TL becomes more pressurised
and compressed. Comparisons against the pressure values obtained in the other cases
indicate lower pressures in the case of a rigid IF (D0), especially at T1 in the FL, where
a maximum difference of 2.4 mmHg is observed. On the contrary, when the IF is more
mobile (D2, D3), simulations exhibit higher pressures, reaching up to 122.34 mmHg

at the visceral branches in D3, close to the location of the highest IF displacement.
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Figure 3. 5. Pressure contours for DI and point-wise difference against
additional cases at T1 and T2.

3.3.4.Rotational Flow Features

Vorticity patterns are analysed at selected locations (PET, DA, and VAO)
(Figure 3. 6). In the patient-specific simulation (D1), vorticity patterns at PET reveal
ongoing dynamic interactions between the TL and FL. In the PET region, counter-
rotating vortices are clearly present in the TL, with vorticity peaking at peak systole
(T2). This indicates significant rotational flow dynamics that may influence the motion
of the flap separating the TL and FL. The persistent vorticity in the FL near the PET,
even after TEVAR, indicates the presence of non-uniform flow that could contribute
to flap displacement, potentially impacting FL growth and remodelling. Additionally,
there are persistent vortices in the FL near the PET, even after TEVAR, that may
influence flap displacement, potentially impacting FL growth and remodelling. In the
DA region, vorticity is less pronounced, indicating lower recirculation and more
uniform flow patterns compared to the PET region. This suggests that the flow
dynamics in the DA are less likely to significantly influence flap motion. However, in
the VAO region, despite overall lower vorticity values, some vortical structures are
still observed in T1 for all cases and some clear differences in circulation at T2 (with
two clearly distinct regions) for the patient-specific case (D1). These affect the flow
dynamics, influencing the haemodynamics environment near the VAO and might
potentially be of interest when assessing thrombotic risk.

Vorticity differences between the patient-specific case (D1) and the additional
cases (D0, D2, and D3) are relatively mild at the PET. At the DA, particularly at T1,
where peak IF displacement is observed, significant differences in both vorticity
values and vortical structures are evident in both lumina for the patient-specific case
(D1) compared to the rigid IF case (DO0). Increased IF displacement (D2, D3) also
leads to differences compared to the patient-specific case, especially at T1, where
negative vorticity in the TL is lower and vortical structures in the FL differ. At the

VAO, where the highest IF displacements occur, vortical structures differ substantially
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between the patient-specific case (D1) and the rigid IF case (DO0) at TO, T1, and T2.
Vortical structures are also different when the IF is more mobile (D2, D3) as depicted

at T1 and T2, additionally, minimum and maximum vorticity values are higher.

i /S]-s.o

Figure 3. 6. Vorticity contours and overlapping streamlines for every case at
the PET, DA and VAO at TO, T1, T2 and T3.
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The rotational flow characteristics observed across different regions,
particularly at the FL, are reflected in the IRF values summarised in Table 3. 2. In D1,
IRF values tend to increase from TO to T1 and then decrease during the deceleration
phases (regardless of the sign), at the AA, DA, VAO, and ABAO (Table 3. 2). High
IRF magnitudes (>20 cm?/s) are particularly noted in the AA, PET, and VAO at T1,
suggesting significant rotational flow in these regions. Conversely, IRF values at the
DA remain close to zero, indicating a balance between positive and negative vorticity.
At the PET, notable differences are observed between the patient-specific simulation
(D1) and the rigid IF model (DO0). These disparities are most evident at T1, where the
IRF is underpredicted in the TL and overpredicted in the FL, which may affect
predictions related to growth and vascular remodelling. Furthermore, at the PET, the
increased magnitude of the IRF suggests a higher risk of growth, particularly with
greater displacement of the more mobile IF (D2 and D3).

Table 3. 2. IRF measured at the AA and ABAO, and in both lumina at the PET,
DA, and VAO for every case at TO, T1, T2 and T3.

IRF[em’/s]
DO D1 D2 D3
TO T1 TO T1 TO T1 TO T1

AA 5.51 34.30 5.54 34.22 5.60 34.08 5.98 33.92
PET TL 5.13 25.72 5.30 33.92 5.47 44.56 5.63 56.37
FL -10.65  -13.33  -11.34 -6.01 -12.71 2.21 -13.87 11.20

DA TL -0.09 -1.11 -0.11 -0.99 -0.14 -0.83 -0.18 -0.61
FL 0.29 -1.84 0.21 -1.48 0.15 -1.05 0.02 -0.57
VAO TL -2.84 -19.47 -3.53 -18.15 -4.97 -15.86 -6.83 -12.47
FL -0.23 -0.7 -0.18 -0.52 -0.13 -0.27 -0.03 0.059

ABAO 0.66 5.38 0.51 5.62 0.44 5.95 0.33 6.36

T2 T3 T2 T3 T2 T3 T2 T3

AA 22.94 122 22.9 1.12 22.86 0.95 22.79 0.78
PET TL 50.69 -4.5 53.24 -3.53 57.25 -3.48 61.23 -2.82
FL 21.50 -7.18 2543 -8.62 30.16 -8.77 36.57 -4.25

DA TL -0.72 -0.11 -0.51 -0.23 -0.34 -0.45 -0.09 -0.89
FL -0.26 -0.07 -0.18 -0.13 -0.13 -0.19 -0.01 -0.24

VAO TL -0.73 0.12 -0.81 0.65 -0.89 1.28 -1.11 2.12
FL -0.26 -0.34 -0.63 -0.33 -0.99 -0.37 -1.34 -0.43

ABAO 3.89 0.85 4.01 0.84 4.3 0.84 4.78 0.74
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3.3.5.Wall Shear Stress-Related Indices

Figure 3. 7, Figure 3. 8 and Figure 3. 9 display the contours of time-average
wall shear stress (TAWSS), oscillatory shear index (OSI) and relative residence time
(RRT) obtained for the patient-specific case (D1), alongside point-wise differences of
these metrics from the additional cases.

Figure 3. 7 displays qualitatively similar TAWSS distributions. High values
(>5 Pa) are found at the outlets and PET, where high velocities occur. Significant
point-wise differences are observed between the cases at the TL, celiac trunk (CTA),
and superior mesenteric artery (SMA) locations. TAWSS values tend to be higher for
DO at the FL and lower for more mobile IF simulations, with the highest difference

being -3.35 Pa at the SMA compared to D3.

TAWSS

I 5.0

3.75

[Pa) 0.0

ATAWSS
25

Figure 3. 7. Contours of TAWSS for the patient-specific simulation (D1) and
point-wise differences against additional cases.
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Figure 3. 8. Contours of OSI for D1 and point-wise differences against
additional cases.

The distributions of OSI values indicate highly fluctuating flow in lumina in
all cases (Figure 3. 8). Notably, regions of high OSI are present at the arch, along both
lumina and proximal to the VAO. The D1-DO0 point-wise differences highlight that the
rigid IF simulation slightly underpredicts OSI values at the FL. Conversely, higher
OSI values are predicted at the TL in D2 and D3. Additionally, proximal to the VAO
at the bottom of the FL, where higher displacements occur, a -0.36 point-wise

difference is measured in the D1-D3 comparison (Figure 3. 8).
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Figure 3. 9. Contours of RRT for D1 and point-wise differences against
additional cases.

Relatively low TAWSS and fluctuating OSI lead to high RRT (>25 Pa!) at
both lumina and the VAO in D1 (Figure 3. 9). The highest RRT value observed is
910.55 Pa™! at the DA. The rigid flap simulation does not capture this localised region
of elevated RRT. Conversely, this high RRT region is accentuated in D2 and D3, with

the maximum point-wise difference reaching -1649.43 Pa! in D3.
3.4.Discussion
This chapter aimed to understand the impact of IF displacement in TBAD

haemodynamics by further developing the MBM used in Chapter 2 to account for

intimal flap motion. The new approach relies solely on MRI sequences acquired during
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a single session, including 4D Flow MRI, cine-MRI, and high-resolution TRUFI,
along with brachial pressure measurements as input clinical data.

Quantifying IF mobility, a highly patient-specific variable, has been explored
in various studies, revealing its crucial role in influencing malperfusion,
haemodynamics, and treatment efficacy throughout different stages of TBAD (Ganten
et al., 2009, Karmonik et al., 2012b). IF displacement is typically found to range from
0 to 3mm in chronic cases (Lortz et al., 2019). The patient-specific simulations (D1)
revealed detailed insights into the interplay between intimal flap (IF) displacement,
transmural pressure (TMP), and associated area changes throughout the cardiac cycle.
These findings align with literature observations, demonstrating that these factors are
associated with TL compression, FL expansion, and increased risk of rupture
(Aghilinejad et al., 2022, Lee et al., 2023). The IF displacement reaches its maximum
at peak systole (T1), resulting in TL compression and FL expansion due to high
pressure within the FL (Figure 3. 4 and Figure 3. 5). During the deceleration phase,
these FL/TL-compression/expansion patterns were inverted as the IF moved back
towards its diastolic position, promoting a positive TMP and aligning with the
reduction of cross-sectional area at the VAO observable in Appendix B.3 (see Figure
IV). Neglecting the motion of IF in numerical simulations of TBAD (DO0) results in a
lower TMP at every time point in the cardiac cycle. This has clinical implications since
it suggests that rigid IF simulations may lead to inaccurate luminal remodelling
predictions, as a TMP close to zero is associated with better FL remodelling outcomes
(Fatma et al., 2022, Xu et al., 2021a). While the pressure differences are small, they
can be attributed to the IF displacement, as both rigid IF (D0) and the patient-specific
IF stiffness (D1) share identical boundary conditions, inlet profiles, and geometry,
isolating the effect on the compliant IF motion. This highlights the sensitivity of local
flow dynamics to small pressure variations driven by the flap mobility. Conversely,
simulations assuming a more compliant IF exhibited higher pressures within the FL
during peak systole. This facilitated higher cross-sectional area variations, with the
most significant expansions noted at the VAO for the D3 case. This suggests that a
more mobile IF could contribute to higher TMP, possibly influencing luminal
expansion and impacting flow conditions. The TMP trends observed align with

previous studies (Figure 3. 4), which proposed a correlation between IF motion and
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risk of FL growth (Zhu et al., 2022b, Zimmermann et al., 2023). This highlights the
potential of the model to further explore the mechanism of disease progression,
particularly for highly mobile IF.

Compliant models, whether experimental or simulation-based, have been
shown to more accurately mimic aortic flow compared to 4DMRI, according to recent
research (Baumler et al., 2020, Stokes et al., 2021, Zimmermann et al., 2021). Studies
on TBAD showed that 4DMRI provides a good qualitative overview of flow patterns
in regions of interest within the aorta. However, 4DMRI fails to accurately quantify
flows in low-velocity and highly aneurysmal regions, where a poor signal-to-noise
ratio degrades flow measurement quality (Figure 3. 2) (Stemkens et al., 2018,
Takehara, 2022). CFD simulations informed by 4DMRI, as in the present study, offer
an opportunity for detailed haemodynamics analyses (Armour et al., 2022, Stokes et
al., 2023a) even in regions that 4DMRI fails to capture, e.g. low flow velocity regions
during diastole and near wall haemodynamics (Figure 3. 2, Figure 3. 7 and Figure 3.
9). Notably, using the 3DIVP at the inlet successfully replicated the velocity magnitude
distribution in the AA as seen in the 4DMRI (Figure 3. 2).

In the proximal region to the IF, the patient-specific simulation (D1) exhibited
good agreement with 4DMRI during the systolic time points (TO, T1, and T2).
Notably, at the PET, DA, and VAO, the simulation accurately captured the high-
velocity magnitudes within the TL, which were linked to elevated pressure and IF
displacement, as well as the overall luminal velocity magnitude distribution. The
accuracy of this simulation is critical as it not only validated the model but also
facilitated the evaluation of additional haemodynamics metrics essential for assessing
the risk of aortic degeneration.

In contrast, the rigid IF simulation (DO0) displayed underpredicted TL and
overpredicted FL velocity magnitudes at the PET, DA, and VAO, along with inaccurate
flow distributions, particularly during T1 and T2 (Figure 3. 2). These discrepancies
were most pronounced in the proximal region of the IF, where limited displacement
did not capture well the local haemodynamics. These findings underscore that it is
important to incorporate IF movement in these simulations, as this plays an important
role when calculating haemodynamic indices that attempt to predict patient-specific

outcomes derived from these models.
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At the visceral branches, higher flow rate differences were observed with a
more mobile IF than in vivo measurements, with differences reaching up to 4.5%. This
has implications for the potential prediction of malperfusion since a highly mobile IF
can alter flow through the visceral branches.

The complex geometry of the aortic arch has been found to induce rotational
flow and vortices, potentially contributing to the development of aortic dissection
(Marrocco-Trischitta and Sturla, 2022, Sturla et al., 2019). Furthermore, the presence
of rotational flow/vortical structures has been recently linked to the remodelling and
growth of localised regions in both TBAD and reconstructed TBAD (Guala et al.,
2020, Naim et al., 2016, Stokes et al., 2023a), found that vortical structures dominated
the FL in a TBAD study. These structures expanded and clustered around the entry
tear during systole, causing frequent platelet collisions and likely promoting thrombus
formation. Additionally, recent studies demonstrated that the intensity and the
topology of helical flow structures can be affected when comparing compliant to rigid
wall simulations (Calo et al., 2023, Capellini et al., 2021). In the present study, the
vorticity contours at the PET in the patient-specific case (D1) highlighted the presence
of counter-rotating vortices, leading to high IRF values (Figure 3. 6) The most
complex patterns were observed at peak systole (T1). Such vortical patterns were less
evident at the DA and VAO, where a separation between clockwise and anticlockwise
vorticity was clear in both lumina. Swirling flows are not well captured when a rigid
IF was assumed (DO0) in regions where high IF displacements were predicted, for
example, at the VAO during systole (TO, T1 and T2). Similar vorticity locations with
higher magnitudes were simulated when the IF reached greater displacements in D2
and D3 (Figure 3. 6). At the PET and VAO, swirling patterns differed at peak systole.
This local haemodynamics impact the WSS distributions as observed in Figure 3. 7,
Figure 3. 8 and Figure 3. 9 (Von Spiczak et al., 2015).

The IRF, which gives a measure of the intensity of the rotation of the flow on
a plane, has been proposed as a marker of ascending aorta dilation (Dux-Santoy et al.,
2019, Rodriguez-Palomares et al., 2018). Additionally, in TBAD pre- and post-surgery
studies, it was also indicated that reduced IRF can be linked to low WSS at the
descending aorta, and, hence, the promotion of thrombosis and local growth (Guala et

al., 2020, Guala et al., 2019, Gil-Sala et al., 2021, Ruiz-Munoz et al., 2022, Ruiz-
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Muioz et al., 2024). In line with these findings, the study demonstrated that the
patient-specific three-dimensional inlet velocity used as an inlet boundary condition
contributed to high circulation intensity at the AA. Moreover, our model provided a
finer distinction between the TL and FL compared to the 4DMRI-based studies cited
earlier, and the patient-specific simulation (D1) predicted elevated IRF values
specifically within the TL at the PET and VAO, coinciding with vortical structures
(Table 3. 2). This suggests that under certain flow conditions, high IRF may not be
confined to the AA but may also arise along the compressed lumen, in this case the
FL, where patient-specific aortic morphology and flow dynamics contribute to
increased rotational flow intensity. Conversely, as observed in the literature, IRF was
reduced within the FL, potentially indicating an increased risk of local growth (Table
3.2).

Given the interplay between IF motion, flow dynamics, and pressure variations
observed in the literature and this study, it is essential to consider its broader
implications on thrombus formation and vessel remodelling. Chong et al., (2022)
demonstrated that IF motion significantly influences thrombus formation in TBAD by
altering local flow patterns and WSS, which affect platelet aggregation and clot
stability. Abnormal aortic haemodynamics have been shown to affect WSS
distributions and associated metrics (Osswald et al., 2017). For example, collocation
of low TAWSS and high OSI has been linked to aortic growth, thrombosis and high
RRT (Figure 3. 7) (Wang et al., 2024, Trenti et al., 2022). Thus, in this study, high OSI
values, triggered by the flow circulation close to the visceral branches, and low
TAWSS in the distal and narrowed portion of the FL in the patient-specific case (D1)
(Figure 3. 8), suggest the likelihood of cell deposition therein. Such conditions were
also observed at the DA. More specifically, RRT >900 Pa! values were predicted at
the DA, coinciding with locations of disturbed and unstable flow and indicating an
increased risk of aortic remodelling (Figure 3. 9). Similar observations can be made at
the PET, where the high values of TAWSS>5Pa observed, due to a high velocity and
chaotic vortical structures, could promote a risk of aneurysmal formation or local wall
rupture (Figure 3. 7). In the case of a rigid IF simulation (D0), such observations were

not possible close to the SMA, suggesting that accounting for compliant IF simulations
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may be important for assessing markers related to the risk of aortic wall remodelling

in TBAD.

3.5. Limitations

The new MBM formulation employed in this study makes certain
simplifications, such as assuming a linear relationship between displacement and
force. Due to limitations in the temporal resolution of 4DMRI and cine-MRI, it was
not possible to obtain a transient description of the discrete radial and non-elastic
behaviour of the aorta. Additionally, since only one plane of cine-MRI captures the
displacement of the IF, a constant stiffness had to be applied across the entire IF.
Although the wall and IF displacement measurements taken from the cine-MRI fall
within the resolution error margin of the imaging technique, the simulation results
remained consistent with these measurements, demonstrating the accuracy of the
model.

The method assumes that each pair of IF patches share the same normal,
whereas a more granular approach would consider pairs of nearest neighbouring nodes
individually. This would result in a very high number of node pairs, on the order of
the mesh elements along the IF, significantly increasing the complexity of the model,
and ultimately making it computationally expensive. However, the current accuracy
of the method in simulating the in vivo target IF displacement at the VAO in the
patient-specific simulation (D1) demonstrates that it offers a balance between
accuracy and computational feasibility. While future research will aim to incorporate
higher-resolution in vivo data for a broader patient cohort, the findings from this study
remain valuable for understanding the haemodynamics effects of IF mobility in similar

cascs.

3.6.Conclusions

This chapter presented significant advancements in simulating the impact of
IF displacement on TBAD haemodynamics. Through the development of an enhanced

MBM, the study was able to capture the dynamics of aortic wall displacement,
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including the motion of the intimal flap, using patient-specific 4DMRI data. The new
formulation of the MBM ensured that the displacement of both the exterior wall of the
aorta and the thick intimal flap was accounted for in the simulations, providing more
accurate and representative results than previous models that assumed a rigid IF. The
IF was divided into segments along its curvature, each pair of patches from the TL and
FL sections was synchronised to ensure realistic displacement during the cardiac cycle.
This technique proved essential in capturing the nuanced flow dynamics and pressure
variations that arise due to IF motion.

By accurately simulating patient-specific IF displacement, the simulations
revealed that increased IF mobility exacerbates TMP and promotes chaotic and
disorganised flow conditions, potentially leading to luminal expansion, thrombus
formation, and aortic rupture.

The findings also highlighted notable differences in simulation results and
derived markers when comparing a patient-specific compliant IF model to a rigid IF
model. Specifically, differences in vorticity distribution, IRF, TAWSS, and RRT were
co-located, factors that have been associated with adverse aortic remodelling risks
such as aneurysmal growth, tear expansion, or rupture. This underscores the
importance of compliant I[F models, while it remains uncertain to what extent rigid
models may misguide predictive assessments.

Clinically, these insights may guide more effective intervention strategies,
including tailored surgical planning to mitigate the adverse effects of a mobile IF and
evaluate whether a conservative approach might lead to optimal outcomes in the
natural resolution of TBAD. Future work should focus on acquiring higher-resolution
in vivo data to further refine these models and enhance their clinical relevance.

In conclusion, the incorporation of patient-specific, compliant models that
account for the motion of the intimal flap has significantly enhanced the accuracy of
haemodynamics simulations in TBAD. However, to refine post-surgical assessments,
further improvement is needed to more precisely capture aortic mechanics beyond
intimal flap motion alone. The next chapter builds upon these advancements by
incorporating regional pulse wave velocity, offering a more comprehensive framework

for simulating aortic distensibility post-TEVAR. By integrating RPWYV into patient-
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specific models, Chapter 4 aims to refine the understanding of aortic stiffness and its

influence on the haemodynamics of the repaired aorta.
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Chapter 4

A patient-specific compliant
simulation framework informed by

4DMRI-extracted Pulse Wave
Velocity: Application post-TEVAR

4.1.Introduction

Aortic stiffening is commonly found in elderly patients as part of aortic ageing,
as well as in diseased aortas and following surgery. Aortic ageing can be attributed to
the breakdown of elastin, a protein that provides elasticity, and an increase in collagen,
which makes the arteries more rigid (Cavalcante et al., 2011). Calcification, i.e. the
buildup of calcium deposits, and plaque from atherosclerosis also contributes to
ageing. Ageing affects the endothelial cells lining the arteries, reducing their ability to
relax, while chronic inflammation and oxidative stress damage the arterial walls. In
diseased aortas, such as those affected by type B aortic dissection (TBAD),
rigidification occurs due to the septum and false lumen remodeling in the chronic
phase (Papakonstantinou et al., 2022, Schepens, 2018). The increased mechanical
stress on the aortic wall and altered haemodynamics promote further damage and
stiffening. Additionally, the underlying conditions that predispose individuals to aortic
dissection, such as hypertension and atherosclerosis, contribute to the rigidity of the
aorta. In TBAD surgery, either a thoracic endovascular aortic repair (TEVAR) or open-
surgery (OS), the device implanted introduces a compliance mismatch with the native

proximal vessel and leads to aortic stiffening (Hori et al., 2020, Spadaccio et al., 2016).
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Elevated pulse wave velocity (PWV) is a clinically used marker which is
associated with aortic stiffening and TEVAR (De Beaufort et al., 2017, Hori et al.,
2020). Increased PWYV has been linked with cardiovascular outcomes such as stroke
and left ventricular hypertrophy (Valencia-Hernandez et al., 2022). PWV can be
determined through 2D flow MRI or cine-MRI by assessing the pulse wave travel time
along the aortic centreline or the distensibility by measuring the cross-sectional
variations of the vessel throughout the cardiac cycle (Wentland et al., 2014). The
regional PWV (RPWYV) can also be measured using 4D Flow MRI (4DMRI),
providing local stiffness information along the vessel (Wentland et al., 2014, Nguyen
et al., 2023). Estimation of RPWYV is important in the context of TEVAR due to the
proximal aortic stiffening after endograft placement (Bissacco et al., 2022).

4DMRI allows the assessment of various functional parameters, such as blood
flow dynamics, which are not routinely measured in the clinical assessment of TEVAR
(Cosset et al., 2022, Takahashi et al., 2022). However, its low spatial resolution limits
the quantification of pressure and wall shear stress (WSS) in abnormal regions
(Lamata et al., 2014, Markl et al., 2011b). Computational fluid dynamics (CFD)
simulations can be fused with 4DMRI to calculate these haemodynamics variables
accurately (Armour et al., 2022, Black et al., 2023), enhancing the quality of clinical
information for decision-making.

In this chapter’, a 4DMRI-informed computational method based on the
moving boundary methods (MBM), as described in previous chapters, is developed.
This method uses 4DMRI and non-invasive pressure measurements to inform patient-
specific, compliant CFD simulations of TBAD post-TEVAR. Specifically, RPWVs, a
routinely used clinical marker, are extracted from 4DMRI using a cross-correlation
method to iteratively tune the aortic stiffness in the simulations, ensuring that it
captures the propagation of the pressure wave inside the vessel.

Compared to a simulation informed by area-based distensibility, the RPWV-

based simulation results in significant improvements in both computational efficiency

3 This work has been published in the Journal of Biomechanics in 2024 (Girardin et al., 2024b).
Please refer to Research Declaration Form C for details.
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and predictive accuracy. The RPWV-based simulation not only outperforms the area-
based method in terms of accuracy but also minimises discrepancies in key
haemodynamics indices, such as systolic and diastolic pressures, velocity magnitudes,
rotational flow metrics, and WSS-driven metrics. By adjusting stiffness to match
RPWYV measurements, the simulation framework enhances the prediction of these
indices, providing a more reliable tool for assessing the post-surgical condition of

patients with TBAD.

4.2 . Methods

4.2.1.Data Acquisition

A patient with chronic TBAD previously treated with TEVAR was presented
for follow-up at Inselspital Bern. Their aorta was imaged following an ethically
approved protocol (Local Institutional Review Board ID 2019-00556). MRI sequences
of the thoracic aorta down to the abdominal aorta were acquired using a MAGNETOM
Sola fit scanner (Siemens Healthineers). 4DMRI was acquired with a resolution of 2.5
mm*2.5 mm*2.5 mm. A T2/T1 weighted TRUFI MRI sequence was acquired with a
1 mm*] mm* 1 mm resolution. Brachial pressures were also acquired before the

scanning.
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Figure 4. 1. Patient-specific compliant simulation model showing the boundary
conditions used at the inlet and outlets.

4.2.2.Geometry and Mesh

The aorta was segmented from the T2/T1 TRUFI using ScanIP (Synopsis

Simpleware, USA) as in previous chapters. The combined geometry was smoothed

using MeshMixer (Autodesk, USA). Inlet and outlets were trimmed perpendicularly

to their cross-sectional area using Fluent Mesh (Ansys Fluent, USA) (Figure 4. 1). To

facilitate the implementation of the MBM, the geometry was divided into discrete

regions along the aortic centerline based on anatomical landmarks and stiffness

characteristics (Figure 4. 1). The segmentation followed major regions of the aorta,

including ascending aorta (AA), arch, right common carotid (RCC), right subclavian
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(RSA), left subclavian (LSA), isthmus, proximal and distal ends of the endograft,
descending aorta (DA), visceral aorta (VAO), coeliac trunk (CTA), superior
mesenteric (SMA), right renal (RR), left renal (LR) and abdominal aorta (ABAO),
ensuring physiological relevance. Additionally, variations in the mechanical properties
of' the aortic wall were identified using wall displacement features observed in 4DMRI.
These variations helped define regions with distinct elastic behaviours such as the ends
of the endograft.

A mesh with tetrahedral elements was generated using the methods outlined in
Chapter 2. Similarly to Chapter 3, ten prism layers were incorporated to accurately
capture the turbulent boundary layer, with the initial layer thickness adjusted to
achieve a y+ value of approximately 1. The mesh consisted of elements ranging in size
from 0.5 mm to 1.5 mm, resulting in a total of 1.7 million elements. This medium-
density mesh, used for the simulations in this study, was evaluated through a mesh
sensitivity analysis. A similar process to that described in Chapter 2 and Chapter 3 was

followed, with further details provided in Appendix C.1.

4.2.3.Wall Compliance

The MBM described in section 2.2.5 was used to simulate the compliant behaviour of
the aorta. The stiffness K; was calculated using equation 2. 13. The distensibility, Dy,
was evaluated using two different methods, an area-based and an RPWV-based one.

The area-based distensibility Dy, 45, was calculated as described in equation 2.
9 for each segment k depicted in Figure 4. 1. The stiffness obtained from the area-
based distensibility was used in the simulation case denoted S1 (Figure 4. 3).

The distensibility was also estimated from the RPWV using the empirical
relationship (Reymond et al., 2009):

Dy rpwy = P RPWV, 2 4.1

where p is the density of blood (kg/m?). RPWVs were estimated from the
4DMRI velocity data within each segment k depicted by the red lines in Figure 4. 2A
using a cross-correlation method (Markl et al., 2010, Fielden et al., 2008), as illustrated

in Figure 4. 2B. The segments were chosen to be representative of the major aortic
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landmarks and were the following: AA-Arch-Isthmus-Endograft-DA-VAO and
ABAO. However, 4DMRI resolution limited measurements in the aortic branches and
hence the Dy ppyy values of the proximal segment to each branch were assigned

therein.
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Figure 4. 2. (A).- Red lines depict the 4DMRI planes on which the flow rates
were measured. (B) schematic of the cross-correlation method used to calculate the
PWYV between planes A and B (Markl et al., 2010, Fielden et al., 2008).

In the endograft region, this method yielded a distensibility of

-1
1.6*10'3mmHg , which is an order of magnitude higher than reported values in the
literature (Johnston et al., 2010, Rovas et al., 2023, Tremblay et al., 2009). The area

near the endograft is typically subject to measurement noise, and hence a literature-

-1
based distensibility value of 1.6*10'4mmHg was employed in the calculation of
stiffness in this region.

An automatic iterative method was developed to tune the stiftness field to

match the 4DMRI-derived RPWVs. The calibration process involved the following
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two steps: 1. An initial stiffness calculation using equations 2. 13 and 4. 1 on the
distensibility derived from 4DMRI data. 2. An iterative tuning method for the
stiffness, K,,, was implemented using MATLAB to call CFX (Ansys Inc., USA). In
each iteration, the simulation script is updated with new stiffness values K, ;¢ (N/m).
This includes running a systolic phase simulation to avoid wave reflections during
diastole and to reduce computational time. At the end of each run, the flow rates from
planes enclosing regions of interest are extracted, and the RPWVs are calculated

(Figure 4. 2B). The distensibility of each region £ is updated such as:

i _ pi-1 TD4pMRI
Dy rpwv = Dy rpwv * TDi-1 4.2

where TDypg is the time delay (s) measured from the 4DMRI data and TD?~!
(s) is the time delay measured at the i-/ CFD simulation. Finally, the new stiffness

values are updated in each iteration, such as:

2 T
K == |=% 4.3
n,new i 0 N
Di.rpwv | Ak

The process was run until the time delay error was lower than 10%. Seven
iterations were required, each taking 3 hours in an 8 Intel Core 19-11900K. The final
stiftness map was inputted to the final simulation denoted S2 (Fig. 3). An algorithm
was used to smooth the stiffness between the different regions, as can be observed in

Figure 4. 3. S1 and S2 are the final simulations, which are run and post-processed.
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Specific Stiffness 106 [N/m3]

Figure 4. 3. Stiffness maps derived from area- and RPWV-based distensibility
to compare S1 and S2, using a logarithmic scale in both the colour bar and the contours
to highlight differences in stiffness across regions introduced by the RPWV-based
stiffness tuning.

4.2.4.Boundary Conditions

A 3D inlet velocity profile (3DIVP) (Figure 4. 1) and outlet mean flow rates, extracted
from the 4DMR data using GTFlow (GyroTools LLC, Switzerland) (Table 4. 1), were
employed as in Chapter 3. The cardiac cycle period was 0.93 s; the stroke volume was
53.2 mL. The 3DIVP was spline-interpolated to apply a 1ms CFD timestep using
MATLAB (MathWorks Inc., USA).
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Table 4. 1. Target mean flow rates at outflow boundaries and inlet systolic and
diastolic pressures against CFD values.

Flow rate [mL/s| Pressure [mmHg]|

RCC RSA LCC CT SMA LR RR AbAo Systole Diastole
Target 18.88 7.41 8.12 3.13 825 1.87 1.50 14.70 101.8 70
S1  18.98 7.38 8.09 3.17 8.21 1.89 1.50 14.63 100.36  68.4
S2  18.75 7.35 8.15 3.12 8.33 1.84 1.53 14.75 102.5 70.5

A 0D lumped parameter model of the vasculature (20-sim, Controllab
Products, Netherlands) was used to calibrate three-element Windkessel (WK3)
parameters, used as pressure boundary conditions at the outlets of the domain, as
described in Chapters 2 and 3 and previous works (Stokes et al., 2023b, Westerhof et
al., 2009). Parameter values are listed in Appendix C.2. The boundary conditions were
used both to tune the RPWVs described in the prior section and to run the final

simulation cases S1 and S2.
4.2.5.CFD Simulation

The simulation settings used in this chapter were identical to those in Chapter
3. The k-o shear stress transport model was employed as the peak and critical
Reynolds numbers were 6855 and 6000, indicating the transition to turbulence (see

Section 1.6.7 for details on turbulence model).

4.2.6.Haemodynamics Analysis

The time average wall shear stress (TAWSS), the oscillatory shear index (OSI)
and the endothelial activation potential (ECAP) previously described in Chapter 1 and
Chapter 2 were computed (see equations 1. 1, 1.2 and 1. 4).

To assess the extent of rotation present in the flow, the in-plane rotational flow

(IRF) metric, was utilised similarly to Chapter 3 and computed using equation 3. 5.
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IRF was computed both area- (S1) and RPWV-based (S2) distensibility simulations,
on each plane delimiting regions of interest (Figure 4. 1) at peak systole.
Additionally, the systolic flow reversal ratio (SFRR) was also quantified to
measure the amount of retrograde flow at the interface between the regions of interest
(Figure 4. 1). Increased SFRR may contribute to asymmetric increases and directional
variations in wall shear stress, potentially playing a role in aortic dilation (Rodriguez-
Palomares et al., 2018). SFRR was calculated as the ratio of total systolic backward

flow volume to total systolic forward flow volume, expressed as a percentage:

Tsystole

SFRR =5

fTsystole
0

vspr(t)dt

vspr(t)dt

100 4.4

4.3.Results

4.3.1.Validation

Mean flow rates and diastolic and systolic pressures are compared against
target values in Table 4. 1. In both area- (S1) and RPWV-based (S2) distensibility
simulations, inlet pressures and outlet mean flow rates are predicted within 2.3% of
differences.

The simulated RPWVs are compared against the 4DMRI ones in the regions
of interest (Figure 4. 4). The results indicate that in the RPWVs-based distensibility
simulation (S2), a maximum difference of 8% is observed in the arch and DA regions,
excluding the endograft; this corresponds to a 1 ms difference in travel time. These
findings suggest that the tuning process effectively minimises differences in pulse
wave travel time predictions throughout the aorta. In contrast, the area-based
distensibility simulation (S1) shows substantial discrepancies, with predicted PWV
values exceeding 20 m/s higher than the 4DMRI measurements. These significant
differences arise from the high stiffness assigned by the area-based distensibility
calculations, particularly between the isthmus and the ABAO, where the discrepancies

are most pronounced (Figure 4. 3).

176



AA
Arch mS2 mS1l m4DMRI

Isthmus

Endograft

DA

VAO

ABAO

0.00 5.00 10.00 15.00 20.00 25.00 30.00
PWV[m/s]

Figure 4. 4. Comparison of predicted RPWVs, S1 (orange) and RPW V-based
S2 (green), against 4DMRI extracted (blue).

4.3.2 Flow Characteristics

Figure 4. 5 compares velocity magnitude contours obtained from two
simulation approaches, the area- (S1) and RPWVs-based (S2) distensibility, against in
vivo 4DMRI data at three selected cross-sectional planes (i, ii, iii) along the aortic
geometry. The velocity distributions are presented at four key time steps in the cardiac
cycle: TO (mid-acceleration), T1 (peak systole), T2 (mid-deceleration), and T3 (end
diastole).

In the RPWVs-based simulation (S2), at the AA (Figure 4. 5i), the tuned
stiffness and 3DIVP allow a good qualitative agreement with the 4DMRI. Especially
at TO and T1, where the peak velocity magnitude values and distributions are well
predicted. At T2, the high-velocity magnitudes observed in the bottom-left quadrant
of the plane are not well-captured compared to the in vivo 4DMRI data. At the end of
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diastole (T3), the comparison becomes less evident due to the overall reduction in
blood velocity at this phase of the cardiac cycle. Similarly to what was observed in
Chapter 3, low blood velocity leads to a weaker flow signal, which, combined with
the inherent limitations of 4DMRI, results in a low signal-to-noise ratio (SNR). Such
the downstream part of the VAO has a maximum of § pixels in the diameter length of
the cross-sectional area, making it highly prone to low SNR.

At the plane located proximally to the isthmus and endograft connection
(Figure 4. 5ii), similar observations are made to those at the AA. The velocity
magnitude distribution and values are well predicted in the RPWVs-based case (S2)
at TO and T2. However, at peak systole (T1), the simulation does not accurately
replicate the velocity magnitude distribution. In the in vivo 4DMRI, high-velocity
values are located in the bottom quadrants of the plane, whereas this pattern is not well
reproduced in S2 (Figure 4. 5ii).

Similarly, at the downstream plane (Figure 4.5iii), the RPWVs-based
simulation (S2) accurately predicts the velocity magnitude during the three systolic
time points (T0, T1, and T2).

In contrast, in the area-based simulation (S1), discrepancies in velocity
magnitude values and distributions are observed compared to the in vivo 4DMRI. At
the AA (Figure 4. 51), velocity magnitudes are overpredicted at TO, and distributions
differ significantly from 4DMRI at T2. Proximal to the isthmus (Figure 4. 5i1), similar
distribution patterns to the RPWVs-based simulation are observed; however, velocity
values are underpredicted compared to the 4DMRI. Finally, at the downstream VAO
(Figure 4. 5iii), the results from the area-based simulation (S1) are qualitatively similar

to those of the RPWVs-based simulation (S2).
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Figure 4. 5. Contours of velocity magnitude at different flow phases for the
4DMRI, the area- (S1) and RPWVs-based (S2) simulations at the AA (i), endograft
(i1) and VAO (iii) at TO (mid-acceleration), T1 (peak systole), T2 (mid-deceleration),
and T3 (end diastole). The value on top of each contour is the maximum velocity
magnitude.
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Figure 4. 6 presents a comparison of SFRR values obtained from in vivo
4DMRI measurements and area-based distensibility (S1) and RPWVs-based
distensibility (S2) approaches. The SFRR is evaluated at the planes separating the
aortic regions, as illustrated in Figure 4. 1. Each plane represents the interface between
two adjacent regions, with the ascending aorta (AA) corresponding to the boundary
between region 1 and region 2.

4DMRI-estimated SFRR values exceed 30% in the AA region (Figure 4. 6),
which can be attributed to the circulating flow pattern at the inlet. The elevated SFRR
suggests significant flow reversal due to recirculation near the aortic root. The stenosis
at the aortic arch causes upstream flow acceleration, recirculation, and pressure build-
up before the constriction, leading to nearly half of the flow moving backwards during
systole. This effect is reflected in the high SFRR values at the arch. The compliance
mismatch between the proximal aorta and the endograft is known to produce
pronounced flow disturbances and higher SFRR values (Sultan et al., 2021). In this
study, an SFRR >30% is found at the interface between the isthmus and the DA) with
the endograft, consistent with previously reported values. Downstream of the
endograft, where the compliance mismatch is reduced and the aortic geometry
becomes more tubular and straighter, the SFRR decreases progressively, reaching 18%
at the VAO and 14% at the ABAO.

While the RPWVs-based (S2) simulation differs from 4DMRI measurements,
predictions at all plane locations remain consistently closer to the 4DMRI values
compared to the area-based distensibility (S1) approach (Figure 4. 6). This is
particularly evident from the isthmus and further downstream, where high
discrepancies in flow reversal predictions are observed. Overall, the stiffness tuning
applied in the RPWVs-based (S2) simulation improved the ability to capture SFRR
patterns, particularly downstream of the isthmus, where the area-based (S1) approach

assigned high stiffness values, leading to an inaccurate representation of flow reversal.

180



AA

mS2 mS1|{m4DMRI

Arch

Isthmus

Endograft

DA

VAO

ABAO

0.0 10.0 20.0 30.0 40.0 50.0 60.0
SFRR %
Figure 4. 6. Comparison between 4DMRI (blue) measured and predicted, area-

(S1, orange) and RPWVs-based (S2, green) simulations SFRR values along the aortic
domain.

Figure 4. 7 presents a bar chart comparing IRF measured at planes delimiting
regions of interest between two simulation approaches: area-based (S1, orange) and
RPWVs-based (S2, blue). Due to spatial resolution limitations in this study, IRF could
not be accurately estimated from the 4DMRI, which might have led to errors in the
velocity gradient determination and vorticity.

Similarly to the SFRR trends discussed above, the area-based simulation (S1)
consistently overestimates IRF compared to the RPW Vs-based simulation (S2) (blue).
Particularly, in regions where significant stiffness differences exist between the two
simulation methods, i.e., for the isthmus and downwards to the ABAOQO, differences

exceeding 10% are simulated (Figure 4. 7).
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Figure 4. 7. IRF for the area- (S1, blue) and RPWVs-based (S2, orange)
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4.3.3.Wall Shear Stress Indices

Figure 4. 8 presents contours of the aorta, coloured according to TAWSS, OSI,
and ECAP, for both the area-based (S1) and RPWVs-based (S2) simulations.
Additionally, on the right side of the figure, an extra contour is shown, highlighting
the point-wise difference between S1 and S2.

Table 4. 2 presents the minimum, maximum, and mean values of each WSS-
driven metric shown in Figure 4. 8 or the regions of interest. Furthermore, the mean
percentage difference between the two simulations is computed, such as

o, _ |metricgy-metricsy |
A%= metricg, tmetricg | 100.

2
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High TAWSS is found in regions where high velocities occur (Figure 4. 8), as
seen in previous chapters (Figure 2. 8, Figure 2. 9 and Figure 3. 7). In the RPWVs-
based (S2) simulation, the highest TAWSS values are observed in the AA, arch, and
particularly in the VAO, where it reaches 13.35 Pa. While the overall TAWSS
distributions are comparable between the two simulations (S1, S2), notable differences
emerge in regions where both high velocities and stiffness variations are present, such
as the AA, arch, and isthmus. Specifically, the area-based (S1) simulation predicts
higher TAWSS values in the AA, whereas, at the arch, S1 underpredicts TAWSS
compared to the RPWVs-based (S2) simulation, as highlighted by the dotted circle in
Figure 4. 8.

The OSI distribution in the RPWVs-based (S2) simulation reveals highly
disorganised flow throughout most of the aortic geometry, particularly proximal to the
endograft and in the DA, where compliance mismatches occur due to differences in
regional stiffness Figure 4. 8. The point-wise difference between the two simulations
highlights these broad discrepancies, with specific locations of variation marked by
dotted circles at the arch, isthmus, and areas proximal to the visceral branches. The
minimum and maximum OSI differences are observed at the VAO (-0.22 to 0.24),
while the isthmus shows a minimum difference of 0.24. Downstream of the arch, the
OSI mean differences between S2 and S1 range between 4.7% and 8.9%, reflecting
substantially different flow conditions predicted by the two models (Table 4. 2).

The ECAP contour identifies multiple regions exceeding the critical threshold
of 1.4 Pa' (D1 Achille et al., 2014) indicating a potential risk for endothelial cell
deposition. Specifically, at-risk locations are found at the isthmus, the endograft struts,
the DA, and areas proximal to the visceral branches. While qualitative similarities
exist between the ECAP distributions in S1 and S2, significant differences are
observed in the sinotubular junction, isthmus, and ABAO regions characterised by
stiffness variations Figure 4. 8. Additionally, the location of overestimated TAWSS
and OSI in the area-based (S1) simulation also corresponds to an overprediction of
ECAP, suggesting a greater risk of endothelial cell deposition. Conversely, S1
underpredicts ECAP values at the isthmus and DA, where a maximum difference of

1.71 Pa™! is reported (Figure 4. 8). These findings are further supported by mean
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regional percentage differences computed in Table 4. 2, which indicate discrepancies

exceeding 5% at the isthmus, endograft, and DA.
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1.0

Figure 4. 8. Contours of TAWSS, OSI, RRT and ECAP for S1 (left) and S2
(centre) and point-wise differences such as S1-S2 (right). Values on regions discussed
in the core text are reported with dotted circles and lines.
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Table 4. 2. Minimum, maximum and mean values per region for S2. Also

|metricg,-metricg; |
metricqy +metri * 100
S Tmetricg |
2

shown are percentage differences (A%) values such as A%=

TAWSS OSI  ECAP
[Pa] ] [Pa-1]
Min 026 0.0l 0.00
Max 183 0.49 1.68

1:AA
Mean 1.74 0.17 0.31
A% 03%  04%  1.3%
Min 0.18 0.0 0.00
Max 214 049 2.01

2:Arch
0 IMean 062  0.19 0.44
A% 35%  37%  -3.0%
Min 0.07 __ 0.04 0.18
N 129  0.49 5.18
Gilsthmus | o 025 028 1.88
A% 11.0%  89%  5.4%
Min 007 _0.15 031
Max 070  0.50 4.24

7:End ft

neo8T A IMean 026 034  1.40
A% 16.0% 8.1%  5.0%
Min 008 __ 0.04 0.07
Max 050  0.50 5.13

8:DA
Mean 017 037 235
A% 23%  12%  6.2%
Min 0.09 0.0 0.00
Max 1335 0.49 3.77

9:VAO
Mean 0.56 0.14 0.65
A% 03%  64%  1.3%
Min 012 0.0l 0.04
Max 043 047 3.05

14:ABAO
Mean 023 021 0.96
A% 6.6%  47%  3.4%

186



4.4.Discussion

A novel simulation framework was developed, driven entirely by a single
image modality, 4DMRI, and informed by routinely used PWV measurements. The
computational framework was applied to a patient-specific, compliant CFD simulation
of TBAD after TEVAR. Two simulation approaches were compared, differing in how
the local wall stiffness informing the MBM is calculated: RPWV-based (S2) and area-
based (S1). Comparing S1 and S2 simulation results highlighted that it is possible to
obtain very good agreement with clinical measurements when using the RPWV-based
distensibility approach whilst showing that relying solely on the area-based
distensibility may not accurately capture patient-specific haemodynamics.

Accurate simulation of RPWVs is crucial for evaluating the haemodynamics
impact of increased aortic wall stiffness after TEVAR. In this study, aortic wall
stiffness, coupled with the spatiotemporal resolution limits of 4DMRI, hinders the
measurement of smaller changes in aortic luminal area. Consequently, the aortic wall
downstream of the arch was considered stiff in area-based (S1) simulation, leading to
inaccuracies in simulated RPWVs (Figure 4. 4).

In contrast, the RPWVs-based (S2) approach, with iterative stiffness tuning,
closely matched in vivo RPWVs, except for the endograft. A similar method in an FSI-
based Marfan syndrome study demonstrated improved agreement with 4DMRI
compared to rigid CFD simulations, particularly in peak velocity predictions (Pons et
al., 2020). Similarly, in this chapter, the RPWVs-based simulation (S2) achieves
superior agreement with 4DMRI when comparing velocity magnitude values and
distributions, especially at systolic phases (T0, T1, T2) (Figure 4. 5). While limitations
persist at diastole (T3) due to low SNR, the proposed computational framework in S2
refines CFD simulations, helping bypass the spatiotemporal constraints of 4DMRI and
enhancing diastolic flow characterisation. The 4DMRI was obtained in a clinical
setting for qualitative observation of the aorta. Hence, the quality of the measurements
should be interpreted with a degree of caution due to potential limitations in accuracy

and precision.
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After TEVAR, a compliance mismatch is introduced between the device and
the native aorta (Sultan et al., 2022). At the interface between the native aorta and the
endograft, different radial displacements occur (Cao et al., 2022), resulting in
increased pressure gradient and disturbed flow dynamics. A study on flow
abnormalities post-TEVAR showed an increased SFRR after the treatment (Gil-Sala
et al., 2021). This is well demonstrated in this study at the endograft-vessel interfaces,
where limited device dilation capacity leads to flow reversal ranges of 27-42% (Figure
4. 6). Despite differences due to SNR and the limitations of 4DMRI and CFD, the
RPWVs-based (S2) simulation captures SFRR more accurately and highlights the
impact of compliance mismatch, particularly near the endograft ends (Figure 4. 6).
While its predictions differ from 4DMRI, they remain consistently closer than those
of the area-based (S1) simulation, especially downstream of the isthmus, where the S1
simulation fails to indicate flow abnormalities.

A reduction in vorticity in aortic flow has been associated with promoting
aortic growth and dilation (Guallo et al., 2012, Guala et al., 2019, Stokes et al., 2023a).
The IRF metric was found to reduce drastically after TEVAR in 19 patients (Guala et
al., 2020). Previous research showed the reduction of the IRF in rigidified and dilated
aortae and can serve as valuable markers for TBAD and TEVAR outcomes (Gil-Sala
et al., 2021, Dux-Santoy et al., 2019). In this study, the IRF is overpredicted in the
area-based (S1) simulation compared to the RPWVs-based (S2) simulation (Figure 4.
7). Differences of up to 12% at the isthmus, VAO, and ABAO suggest a lower risk of
local growth, which could be misleading if only S1 results were considered.

High TAWSS occurs in regions characterised by elevated velocities and risks
of local disruption (Chen et al., 2013). In this study, regions of TAWSS >3Pa were
found at the AA, supra-aortic and visceral branches (Figure 4. 8). While both
simulations showed similar TAWSS distributions, local differences are evident at the
AA. The area-based (S1) simulation predicts more high-TAWSS regions (>3Pa) than
the RPWVs-based (S2) simulation, suggesting a higher rupture risk in S1. However,
these results could be misleading, as the RPWVs-based (S2) simulation consistently
matched in vivo 4DMRI data more accurately across all comparisons.

Additionally, the OSI contour in the RPWVs-based (S2) simulation shows

distinct variations along the aorta (Figure 4. 8). As noted, differences in flow
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conditions between S1 and S2 translate into OSI differences, particularly at the arch,
isthmus, and proximal VAO. These OSI disparities further influenced ECAP
distribution, with notable differences at the isthmus, where the mean ECAP in the
RPWVs-based (S2) simulation reached 1.88 Pa™!, exceeding the critical threshold—
an effect not captured in the area-based (S1) simulation. Such disparities have
significant implications for predicting thrombosis and vascular remodelling as high
ECAP has been correlated with aneurysmal growth, as noted in previous chapters and

the literature (Liu et al., 2019, Zhu et al., 2021).
4.5. Limitations

As mentioned in previous chapters, the MBM simulates only radial
displacements and assumes a linear elastic model with a uniform radial stiffness
distribution. Research has found that in the aorta, mainly the AA undergoes non-
uniform radial and longitudinal displacements while behaving non-elastically.
However, these longitudinal displacements are limited distally from the AA (Morrison
et al., 2009, Wedding et al., 2002). In this study, longitudinal displacements can be
neglected as the isthmus and descending aorta are sealed with the endograft. The total
volume compliance, defined as the sum of the radial and longitudinal compliance, 1s
responsible for the RPWV in an aortic segment. In this study, the stiffness at the
ascending aorta was reduced to match the RPWYV, which resulted in increasing the
radial compliance and the volume compliance. To some extent, longitudinal
compliance was indirectly accounted for within the volume compliance by adding
some radial compliance. Moreover, the ability to accurately describe the in vivo radial
displacement of the aortic wall in this study is constrained by the spatiotemporal
resolution of the 4D MRI images. Additionally, 4DMRI did not allow for the
measurement of RPWV in any of the branches. The stiffness attributed to each branch
was shared with its most proximal region. This assumption did not affect the
simulation, as S2 matched the in vivo RPWVs well. While there are limitations with
the method, this study is patient-specific and has been shown to provide accurate

results using routinely available clinical in vivo data.
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Similarly to Chapter 2 and Chapter 3, this study was performed with data from
a single patient. The aim was to develop a methodology to better simulate the in vivo
pulse wave propagation in the aorta. Future work will include validating the method

in a patient cohort.

4.6.Conclusions

In this chapter, a new CFD framework, making use of PWYV, a clinical metric
to assess cardiovascular health, is proposed. The framework is informed by 4DMRI
images and derived measurements and is applied in patient-specific simulations of a
reconstructed aorta following TEVAR. Through detailed comparison with in vivo
data, the RPWVs-based simulation demonstrates well-replicated haemodynamics of
reconstructed aortas. Notably, the analyses can capture the compliance disparities
induced by TEVAR, unveiling significant alterations in SFRR and reduced IRF at the
interfaces of the endograft. This approach offers unique insight into predicting
potential regions prone to cell deposition, which is crucial for assessing risks
associated with aortic wall degeneration. By contrast, methods reliant on area-based
distensibility exhibit notable differences from in vivo 4DMRI, underlining the
advantages of RPWV-based simulations for more accurate clinical assessments. It
would be interesting to assess the function of the graft using PIV on a compliant and
transparent phantom, as the device's material limits 4DMRI in the stented region. This
would provide an essential understanding of the aortic function post-TEVAR and
could help to validate the simulation model. This methodology presents a compelling
case which could empower clinicians to explore different virtual interventional
scenarios, thus improving clinical decision-making.

The next chapter summarises the key findings and novel contributions
presented in this thesis. It also provides suggestions for future research directions and

discusses the potential advancements of these simulation techniques.
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Chapter 5

Conclusions and Future Work

The work presented in this thesis aimed to enhance the understanding of the
impact of patient-specific compliance modelling on post-surgical TBAD in CFD
simulations of aortic haemodynamics by enhancing and developing novel
computational techniques and by leveraging clinically available in vivo data.
Specifically, the research focused on better capturing and understanding the impact of
aortic graft morphology, IF compliance and displacement, and the use of PWV as a
proxy for aortic stiffness. This final chapter summarises the key contributions, main

findings, and prospective directions for future work.

5.1.Contributions

The main contributions of this work to the aortic community can be
summarised as follows:

1. InChapter 2, a modelling framework for evaluating aortic graft impact
using personalised CFD simulations of complex TBAD post-surgery
implemented with commonly available clinical data was developed.
Leveraging the MBM, this work represented the first aortic graft sizing
study focusing on the compliance mismatch between the synthetic graft
and the native vessel using compliant CFD simulations in a TBAD
case. The work was published in the Journal of Cardiovascular

Engineering and Technology in 2024 (Girardin et al., 2024a).

2. A fully MRI-based, patient-specific computational framework
incorporating an improved MBM to account for aortic wall and IF

motion in TBAD CFD simulations was developed in Chapter 3. The
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MBM was tuned using 4DMRI and allowed for a personalised and
spatially varying stiffness of the aorta. This study marked the first
application of the MBM to a finite IF, addressing limitations of widely
used FSI simulations, such as high computational costs. The work is

currently in revision in the Annals of Biomedical Engineering (2025).

3. In Chapter 4, a fully MRI-based, patient-specific CFD framework was
developed, where compliance was iteratively tuned using a clinically
relevant parameter, the RPWYV, was developed. The methodology was
applied to a reconstructed TBAD post-TEVAR case and compared to
an alternative compliance tuning approach based on cross-sectional
area variation. The proposed framework effectively captures the impact
of aortic wall motion on haemodynamics, overcoming the limitations
of area-based distensibility, which is constrained by the spatiotemporal
resolution of MRI. This work was published in the Journal of
Biomechanics in 2024 (Girardin et al., 2024b).

5.2.Main Findings

The research presented in this thesis leveraged CFD applications to advance
the understanding of TBAD haemodynamics, particularly in assessing the impact of
surgical and endovascular interventions on aortic haemodynamics.

In Chapter 2, the MBM was leveraged to study the impact of graft length and
compliance on post-surgical TBAD outcomes and haemodynamics. A comparison
between virtual surgeries and the patient-specific simulation indicated that longer DA
grafts can increase pressure by up to 4%, which in turn elevated parameters associated
with LV hypertrophy, namely wall displacement, PWV, and EL, by up to 7%, 15%,
and 4%, respectively. Such increases were linked to elevated cardiovascular risks such
as LV hypertrophy due to increased cardiac workload. Full thoracoabdominal graft

replacement showed haemodynamics benefits, such as an EL decrease of 24%, but
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raised concerns such as malperfusion of visceral branches. However, such an invasive
surgery must be carefully balanced with the significant risks of spinal cord injury. A
compliance-matching graft effectively mitigated these risks by reducing pressure
reflections and impedance mismatch, while an overly compliant graft led to increased
pulse pressure, potentially contributing to localised aortic growth and a higher risk of
rupture near the graft sutures. The study underscored the importance of tailoring graft
length and compliance to patient-specific aortic conditions to optimise surgical
outcomes and minimise risks.

In Chapter 3, the MBM was enhanced to be able to model and better understand
the impact of IF displacement in TBAD. By integrating 4DMRI and brachial pressures
as input data, this approach builds upon the framework from Chapter 2 to simulate the
dynamic behaviour of the IF more accurately. The simulations revealed that IF motion
significantly influences local haemodynamics, especially in regions with disturbed
flow, such as the visceral branches and aortic arch. Using metrics such as pressure,
rotational flow features and WSS-indices, the model highlighted how a mobile IF can
amplify haemodynamics variations, thus altering the risk of aortic degeneration,
including thrombus formation, vessel wall damage, and an increased risk of
aneurysmal rupture. In contrast, a rigid IF simulation failed to capture these effects,
especially in areas where flap motion significantly influences flow dynamics,
potentially misrepresenting the risks associated with aortic degeneration. Additionally,
simulations with higher degrees of flap mobility, beyond the patient-specific case,
provided further insights into how such mobility affects haemodynamics. By
improving the MBM to enable the modelling of a compliant IF, this study introduced
a novel capability, and underscored the critical importance of incorporating patient-
specific IF compliance in TBAD simulations to enhance the accuracy of CFD-driven
haemodynamics predictions.

In Chapter 4, a CFD framework using RPWYV to tune aortic compliance
successfully, replicated haemodynamics metrics measured in vivo with 4DMRI. This
alignment between simulation and imaging is crucial for accurately identifying regions
at risk of aortic degeneration. Specifically, the simulation demonstrated overall good
agreement in predicting velocity magnitude values and distribution. At the aortic arch,

isthmus and endograft-vessel interface, SFRR, which has been shown to correlate with
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risk of local aortic dilatation and compliance mismatch, was well predicted compared
to 4DMRI data. In contrast, an area-based simulation failed to capture these effects
adequately, especially downstream of the isthmus. There, the spatiotemporal
resolution limitations of the 4DMRI led to inaccurate measurements and the
application of high local stiffness to the aortic wall. As a result, haemodynamics were
mispredicted compared to the RPWV-based simulation, such as the PWV being about
three times higher than the in vivo measurements. Such discrepancies may lead to
misleading conclusions about the risk of local growth and aneurysmal rupture. This
chapter emphasised the importance of accurately simulating pulse wave propagation
in the reconstructed aorta to capture compliance disparities and predict regions prone

to aortic degeneration, offering valuable insights for clinical decision-making.

5.3. Limitations

The methodologies proposed in each chapter of this thesis, along with the
conclusions drawn from the simulation results, are subject to certain limitations. These
limitations stem from assumptions made in the modelling approach, the quality of the
in vivo data used, and the scope of each chapter. Specifically, the extent to which the
findings can be generalised to a broader patient population and varying aortic
conditions. These limitations have been discussed in detail in the preceding chapters
and are summarised in this section.

First, there are inherent limitations regarding the medical images used in this
thesis. The simulation methodologies make use of patient-specific cine-MRI, 2D-
MRI, and 4D-MRI to inform and validate patient-specific TBAD modelling. While
these imaging techniques have demonstrated significant value in the observation and
diagnosis of TBAD, they are not yet routinely or widely available in clinical practice
(Isselbacher et al., 2022). Furthermore, even when accessible, acquiring high-
resolution MRI data at multiple critical locations, such as the AA, aortic arch, DA,
visceral segment, and abdominal aorta, is not standard clinical protocol. This

limitation affects the broader applicability of the methodologies developed in this
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thesis, as they depend on detailed imaging data that are not consistently available in
routine clinical workflows. As discussed in the limitations sections of each chapter,
the imaging data used in this study are subject to acquisition-related errors that
introduce inaccuracies in the calibration of simulation parameters. While the
segmentations were semi-automated using specialised software, human input was still
required, introducing an additional source of variability. This manual involvement,
coupled with artefacts arising from implanted devices and limitations of the imaging
modalities, affected the accuracy of anatomical reconstructions and the reliability of
parameter calibration in CFD simulations. Aditionnaly, CTA and TRUFI MRI images,
particularly the latter, are prone to errors due to motion artefacts and variable contrast
enhancement levels, which can obscure the aortic wall and complicate accurate
boundary delineation. These challenges, inherent to the imaging techniques and
human involvement in segmentation, can result in inaccuracies that impact both the
analyses and clinical decisions derived from the simulations.

Secondly, while each chapter focused on modelling improvements, such as the
enhancement of the MBM, the conclusions drawn from these works are limited by the
small cohort size, with only one patient analysed in each of the three chapters. This
limitation restricts the generalisability of the findings, despite the in-depth exploration
of the clinical presentation, management, and haemodynamics outcomes in TBAD.

Thirdly, there are inherent limitations in measuring certain parameters used in
the simulations. For example, in Chapter 2, 3 and 4, the brachial pressure calibration
formula is derived from data on healthy aortas, which may not apply to conditions
such as TBAD, where the aortic structure deviates from the idealised shape. Similarly,
the RPWV formula used in Chapter 4 is based on a one-dimensional model that
assumes a tube. Although the aorta is reconstructed in this context, factors such as
endograft struts, aortic curvatures, and morphological variations can introduce
inaccuracies in the calculations. Additionally, the distensibility calculation in Chapter
2 relies on radius-based simplifications to estimate the area, assuming a perfectly
round aorta. This method fails to account for the irregular geometries often observed
in TBAD, potentially leading to significant errors in parameter estimation.

Fourthly, the MBM employed throughout each chapter has several key

limitations. It only simulates radial displacements and assumes a uniform radial
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stiffness distribution. This fails to capture the complex non-uniform radial and
longitudinal displacements observed in the aorta, especially in the AA. The AA
undergoes intricate non-elastic behaviours not represented by this simplified model.
Additionally, the MBM assumes a linear relationship between displacement and force,
which does not accurately reflect the nonlinear and anisotropic response of aortic
tissue. Aortic behaviour varies with direction and load, exhibiting complex
characteristics oversimplified by linear elasticity. This affects the precision of
simulated haemodynamics responses, particularly under physiological conditions.
Finaly, a notable limitation of this study is the extensive computational time
required for simulations. Each methodology employed across the chapters was novel
and relied on distinct in vivo data sources, contributing to a prolonged completion
timeline spanning several months. However, once established, applying these
frameworks to similar patient cases with comparable in vivo data structures would
reduce the processing time to approximately one to two weeks. While this timeframe
aligns more closely with decision-making in chronic TBAD, it remains suboptimal for
acute TBAD and entirely impractical for TAAD, where rapid intervention is critical.
These constraints highlight the need for improvements in computational efficiency,
whether through algorithmic optimisation, enhanced processing power, streamlined
data acquisition methods or machine learning approaches to better integrate these

advanced modelling techniques into clinical practice.

5.4.Future Work

The limitations outlined in Section 5.3 highlight the key challenges that must
be addressed before patient-specific simulations can be widely adopted in clinical
practice. These include the reliance on high-quality, non-standard imaging data, the
small patient cohort, and the computational complexity of the current workflows.
While the simulation tools developed in this thesis, based on clinically available data,
show great promise for clinical decision-making, their deployment remains

constrained by both complexity and substantial computational demands.
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Two critical limitations are likely to be overcome in the near future. First, as
previously discussed, incorporating a longitudinal displacement component into the
model is essential. This remains particularly challenging in the context of TBAD due
to the spatiotemporal limitations of current imaging techniques, often further
complicated by the presence of implanted devices. However, in the case of the AA,
particularly in healthy individuals where imaging quality is less affected by artefacts
or large deformations, this approach appears feasible. Furthermore, with the
availability of high-quality in vivo data, it would be possible to incorporate more
sophisticated and physiologically accurate models of aortic tissue. This would allow
for better representation of non-uniform radial and longitudinal displacements, and
facilitate the modelling of the nonlinear and anisotropic material properties of the
aorta. Once validated, these advancements could be extended to more complex
conditions such as ascending aortic aneurysms and TAAD, and eventually to TBAD
cases, provided imaging quality supports such detailed analyses.

The second achievable point is the deployment of the methodologies
demonstrated in this thesis on a larger cohort of patients. The current models, while
promising, have primarily been tested on a small sample size. Expanding the cohort to
include a wider range of patients will help to validate and refine these methods,
ensuring they can be generalized to diverse clinical scenarios. This step is crucial for
assessing the scalability of the simulation tools and ensuring their effectiveness in real-
world clinical practice.

Addressing these challenges will require close collaboration between
clinicians and researchers. Furthermore, establishing standardised data acquisition and
storage protocols will ensure seamless integration into clinical workflows. Advanced
techniques such as machine learning and reduced-order modeling can play a pivotal
role in overcoming some of these challenges. Machine learning can automate tasks
such as image denoising, segmentation, and enhancement of limited datasets, while
reduced-order modelling can reduce the computational load by simplifying the model
without sacrificing accuracy.

The combination of these advanced techniques could therefore accelerate the
integration of patient-specific simulations into clinical decision-making. With ongoing

advances in computational power, data storage, and artificial intelligence, the future
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of personalised medicine in the management of aortic diseases holds considerable
promise. Ultimately, the clinical adoption of these simulation methods has the
potential to improve patient outcomes, enhance quality of life for patients and their
families, and ease the burden on increasingly strained healthcare systems and

clinicians around the world.

199



200



Appendix A

This appendix concerns the contents of Chapter 2.

A.l. Mesh Sensitivity Analysis

A description of the mesh sensitivity study can be found in this section. The
quality of the mesh and the analysis were assessed on six planes (Figure 1) of interest
using the following metrics f;: mean and maximum velocity and time average wall
shear stress (TAWSS). In addition, the relative error between the metrics was
computed between the coarse (M1) and medium (M2), and M2 and the fine (M3)
meshes. Also, the grid convergence index (GCI) was computed following the study of
Craven et al., 2009, and the GCI was calculated as follows:

Ny 13
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With Nj ; 3 the number of elements of M1, M2 and M3, f; , 3 is the evaluated

metric for each mesh, Fs is a safety factor equal to 1.25 (Celik et al., 2008).
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Mean TAWSS

Region 1 2 3 4 5 6 7
M1 [Pa] 0.1357 0.1788 0.1292  0.1155 0.1542  0.145 0.1241
M2 [Pa] 0.1369 0.1852 0.1305 0.1162 0.1569  0.144  0.1272
M3 [Pa] 0.1391 0.1830 0.1300 0.1167 0.1562 0.1440 0.1280
%om,e  0.9% 3.6% 1.0% 0.6% 1.8% -0.7% 2.5%
Y%fym  16% -12% -04% 0.4% -0.4% 0.0% 0.6%
GCI21 041 7.29 6.94 2.60 3.03 1.50 2.53
GCI32 0.02 1.64 3.54 0.64 0.77 0.37 0.37
Mean velocity
Plane 1 2 3 4 5 6
M1 [m/s] 0.614  0.685 0.612 0.427 0.370 0313
M2 [m/s] 0.651  0.845 0.583 0.455 0.346 0.302
M3 [m/s] 0.653  0.863 0.598 0.462 0.352 0.299
Yome  6.0% 234% -4.8% 6.6% -6.5% -3.6%
%fm  03% 2.1% 2.6% 1.6% 1.8% -0.9%
GCI21 241 2.26 0.78 1.88 0.75 1.56
GCI32 435 0.79 0.30 1.34 0.20 1.04
Max Velocity
Plane 1 2 3 4 5 6
M1 [m/s] 1.209 0.5409 04775 04221 09172 0.6162
M2 [m/s] 1.228  0.5903 0479 04255 09283  0.6232
M3 [m/s] 1.238  0.5811 0.486 0.431 0.933  0.6239
%m,c 1.6% 9.1% 0.3% 0.8% 1.2% 1.1%
%f,m 0.8% -1.6% 1.5% 1.3% 0.5% 0.1%
GCI 2,1 2.15 2.39 0.50 2.62 1.10 0.16
GCI13,2 1.12 0.45 229 4.18 0.46 0.02

Figure I. Left is the geometry on which regions, numbered from 1 to 7, and
planes of interest, highlighted by a black line, are depicted. Tables gather mean
TAWSS, mean and max velocity relative error and GCI comparisons.

Mean and maximum velocities were measured on planes delimiting regions
numbered from 1 to 7, on which the mean time-averaged wall shear stress (TAWSS)
was calculated. The relative error between the metrics was calculated for both M1
versus M2 and M2 versus M3. The relative error in the metrics of interest between M2
and M3 was less than 3.0%. Additionally, GCI3, did not exceed 4.32%, consistent

with the previous study (Craven et al., 2009).
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A.2. Comparison Between Laminar and

Turbulent Flow Simulations

In this study, the flow throughout the aorta is unlikely to be strictly laminar, as
transitional flow has been observed even in vessels at very low Reynolds numbers
(Saqgr et al., 2022). The assumption of using a laminar flow model was evaluated. A
turbulent flow simulation was run using the RANS model kw-SST model in CFX with
1% turbulent intensity was used previously in the literature (Kousera et al., 2013;
Stokes, Haupt, et al., 2023). RANS models characteristic turbulence parameters like
turbulent kinetic energy and dissipation rate through transport equations without
directly resolving turbulent scales. In many simulations of aortic blood flow, the
RANS k—w SST model is commonly employed (Lantz et al., 2011). However, a
comparative investigation by Andersson and Karlsson, 2021, scrutinising RANS and
LES in the context of aortic coarctation revealed notable disparities. RANS
simulations exhibited limited agreement with LES, significantly underestimating
turbulence anisotropy and turbulent kinetic energy, particularly in near-wall regions.
Despite its limitations, the RANS model is still widely adopted for its cost-
effectiveness.

This analysis compared the contours of point-wise differences of TAWSS, OSI
and ECAP, and mean and max values were evaluated (Figure I1). Additionally, systolic
and diastolic pressures, mean flow rates at the outlets, pulse wave velocity and energy
loss were compared between the two models.

Comparing the point-wise differences of TAWSS, OSI, and ECAP, similar
distributions are observed between the laminar and turbulent flow simulations.
Although there is a slight shift in the distribution of high TAWSS values in the
turbulent flow simulation, the overall pattern remains consistent with the laminar flow
simulation. Peak TAWSS are found at the entry tear, the narrowed dissection and the
right renal, indicating areas of high near-wall velocity. While there is a local maximum
increase of 3.29 Pa at the right renal region in the turbulent simulation, it is important
to note that the laminar values are already above 5 Pa. This suggests that, despite the

shift in the peak values, the conclusions regarding the potential risks associated with
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elevated TAWSS (>5Pa) remain valid in the turbulent flow simulation. OSI and ECAP
point-wise distributions did not exhibit any differences, which could alter the message
of the paper. Additionally, systolic and diastolic pressures were 0.8 mmHg higher in
the turbulent case Table I. The turbulent flow simulation also led to a maximum
relative error of 3% in mean flow rates. Energy loss and pulse wave velocity increased
by less than 1%.

The differences in comparing the laminar and SST flow simulations did not
affect conclusions on these clinical metrics. Thus, the original laminar flow

simulations were retained in this study.

TAWSS ATAWSS  ECAP
5.0 14

0.7

F0.0 0.7 0.0

-0.7

0 1.4

0.
[Pa] [Pa' ] [Pa ]

TAWSS 0S| ECAP

[Pa] - [Pa']
Mean -0.09 000 002
025 0.0 Max 329 028 165

0.0 -0.5

Figure II. TAWSS, OSI and ECAP contour map of the laminar simulation and
point-wise differences between the laminar and turbulent simulations. The table shows
the mean and max point differences for TAWSS, OSI and ECAP.
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Laminar Turbulent Diff

Mean Flow [mL/s]
Brachiocephalic trunk 18.9 18.74 0.16
Left common carotid 5.26 5.09 0.17
Left subclavian 12.4 12.41 -0.01
Celiac trunk 5.78 5.69 0.09
Superior mesenteric 10.32 10.6 -0.28
Left renal 3.11 3.21 -0.1
Right renal 14.71 14.51 0.2
Left exterior iliac 9.46 9.63 -0.17
Left interiror ihac 4.01 4.14 -0.13
Right exterior iliac 26.2 26.23 -0.03
Right interior iliac 11.22 11.1 0.12
Pressure [mmHg]
Systole 97.5 98.27 -0.77
Diastole 68 68.8 -0.8
Energy Loss [W]
81.1 81.74 -0.64
Pulse wave velocity [m/s]
6.9 6.91 -0.01

Table 1. Mean flow rates at the outlets, inlet systolic and diastolic pressures,
energy loss and pulse wave velocity for the laminar and turbulent simulation; the last
column is the difference between the laminar and turbulent simulations
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Appendix B

This appendix concerns the contents of Chapter 3.

B.1. Mesh Sensitivity Analysis

A process similar to that in Chapter 2 was used in this chapter to conduct the
mesh independence study. A medium mesh, referred to as M2, with cell sizes ranging
from 2 mm to 0.5 mm, was part of a mesh independence study. Detailed elements

count data for each mesh is provided in Table II:

Mesh Change
Mi M2 M3 MI/M2  M2/M3
Element Count 924994 1931786 4251967  47.9%  45.4%
Minimum Ele ment Size [mm] 1 0.5 0.25
Maximum Element Size [mm 4 2 1

Table II. Element count of M1, M2 and M3 and percentage change between
M1/M2 and M2/M3.

The mesh quality and analysis were evaluated across seven planes and regions
of interest (refer to Figure I1I). Mean and maximum velocities were measured on the
planes, while the mean TAWSS was recorded in each region. The relative error in the
metrics of interest between M2 and M3 was less than 4.6%. Additionally, GCI3, did

not exceed 4.3%, a consistent previous study (Craven et al., 2009). Consequently, the

medium mesh, M2, was selected for the study and subsequent analysis.
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Mean TAWSS

Region A B C D E F G
M1 [Pa] 1.229 1.026 0.566 0.238 1.268 0.771 1.049
M2 [Pa] 1.200 1.009 0.565 0.236 1.370 0.911 1.040
M3 [Pa] 1.2087 0.996 0.569 0.240 1.333 0.921 1.034
%M2,M1 -2.4% -1.7% -0.1% -1.0% 8.1% 18.2% -0.8%
%M3,M2 0.7% -1.3% 0.6% 1.6% -2.7% 1.1% -0.5%
GCI2,1 0.3% 0.0% 0.4% 0.5% 1.5% 1.7% 0.0%
GCI 3,2 0.1% 4.3% 0.5% 0.2% 0.3% 0.0% 0.0%
Mean velocity
Plane 1 2 3 4 5 6 7
M1 [m/s] 0.1559 0.1632 0.0938 0.057 0.0881 0.0356 0.0356
M2 [m/s] 0.155 0.167 0.093 0.057 0.091 0.036 0.036
M3 [m/s] 0.1573 0.1746 0.0943 0.0588 0.0920 0.0353 0.0353
%M2,M1 -0.3% 2.3% -0.5% 0.5% 2.7% -0.3% -0.3%
%M3,M2 1.2% 4.6% 1.1% 2.6% 1.7% -0.6% -0.6%
GCI12,1 1.8% 9.0% 5.1% 4.8% 6.0% 3.7% 0.6%
GCT3,2 3.0% 1.4% 0.1% 0.3% 0.3% 1.6% 2.3%
Max Velocity
Plane 1 2 3 4 5 6 7
M1 [m/s] 0.5078 0.5737 0.2909 0.1367 0.3372 0.1318 0.1318
M2 [m/s] 0.503 0.571 0.289 0.136 0.336 0.132 0.132
M3 [m/s] 0.504 0.573 0.289 0.135 0.337 0.133 0.133
%M2,M1 -0.9% -0.4% -0.6% -0.9% -0.3% -0.2% -0.2%
%M3,M2 0.1% 0.3% 0.0% -0.3% 0.1% 1.1% 1.1%
GCI21 1.8% 9.0% 5.1% 4.8% 6.0% 3.7% 0.6%
GCI 3,2 3.0% 1.4% 0.1% 0.3% 0.3% 1.6% 2.3%

Figure III. Mean TAWSS, mean and max velocity relative error and GCI
comparisons. Below the tables is the geometry on which regions and planes of interest,
denoted by capital letters and numbers, respectively, are depicted.
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B.2. Three Element Windkessel Parameters

Below is Table III, which regroups the three-element Windkessel parameters
used at the outlets of the aorta to apply a pressure condition mimicking the effects of
the peripheral vasculature system (Westerhof, 2009). The abbreviations stand for right
common carotid (RCC), right subclavian (RSA), left common carotid (LCC), left
subclavian (LSA), coeliac trunk (CTA), superior mesenteric (SMA), right renal (RR),
left renal (LR), left iliac (LI) and right iliac (RI). Considering the compliance of the
aorta downstream of the arch in S2 after the specific stiffness leads to an increase in

aortic compliance.

R2[mmhg/mL.s] R1[mmhg/mL.s] C[mL/mmHg

RCC 9.03 0.54 0.16
RSA 13.05 0.77 0.11
LCC 13.82 0.82 0.11
LSA 8.69 0.52 0.17
CT 26.58 0.77 0.06
SMA 15.91 0.46 0.09
LR 10.08 3.92 0.11
RR 8.16 3.17 0.13
LI 14.91 0.43 0.10
RI 16.82 0.48 0.09

Table III. Three-element Windkessel parameters were used for all simulations
in the paper.

B.3. Area Changes over the Cardiac Cycle

The cross-sectional area variation over the cardiac cycle is plotted at multiple
locations to demonstrate the compliant behaviour of each case (Figure IV). As
expected, the displacement at AA and ABAO is the highest. Additionally, the interplay
between FL expansion and TL contraction is depicted at the IF locations, with the

maximum FL expansion occurring at the VAO for D3, reaching about 25%.
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Area DA FL [mm2] Area PET FL [mm2] Area AA [mm2]

Area VAO FL [mm2]
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Figure IV. Cross-sectional area variation over the cardiac cycle in selected
locations for all simulated cases
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Appendix C

This appendix concerns the contents of Chapter 4.

C.1. Mesh Sensitivity Analysis

A similar process as in Chapter 2 and Chapter 3 was used in this chapter to
conduct the mesh independence study. The medium mesh, M2, had maximum and
minimum cell sizes of 1.5 mm and 0.5 mm, respectively. Detailed information on the

element counts for each mesh is provided in Table I'V:

Mesh Change
M1 M2 M3 MI/M2  M2/M3
Ele ment Count 838452 1761218 3393476  47.6% 51.9%
Maximum Element Size[mm] 0.8 0.5 0.25
Minimum Element Size [mm]| 2 1.5 0.8

Table IV. Element count of M1, M2 and M3 and % change between
coarse/medium and medium/fine

The quality of the mesh and the analysis were assessed on seven planes and
regions of interest (see Figure V). The relative error in the metrics of interest between
M2 and M3 was less than 4.3%. Additionally, GCI;, did not exceed 4.3%, which
aligns with past research (Craven et al., 2009). Hence, the medium mesh, M2, was

chosen for the study and the analysis.
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Mean TAWSS

Region A B C D E F G
M1 [Pa] 0.661 0.578 0.292 0.233 0.220 2.240 0.590
M2 |Pa] 0.721 0.538 0.162 0.134 0.108 0.558 0.228
M3 [Pa] 0.731 0.558 0.168 0.139 0.103 0.542 0.227
%M2,M1 9.1% -6.9% -44.4% -42.4% -50.9% -75.1% -61.4%
Y%M3,M2 1.4% 3.7% 3.6% 3.6% -4.6% -2.9% -0.5%
GC12,1 1.8% 9.0% 5.1% 4.8% 6.0% 3.7% 0.6%
GCl13,2 0.1% 4.3% 0.5% 0.2% 0.3% 0.0% 0.0%
Mean velocity
Plane 1 2 3 4 5 6 7
MI [m/s] 0.078 0.067 0.021 0.023 0.017 0.059 0.058
M2 [m/s] 0.082 0.059 0.032 0.036 0.026 0.048 0.053
M3 [m/s] 0.0840 0.0610 0.0310 0.0350 0.0270 0.0500 0.0510
YeM2,M1 5.1% -11.9% 50.5% 56.5% 54.7% -19.3% -9.0%
%M3,M2 2.4% 3.4% -1.9% -2.8% 2.7% 5.0% -3.4%
GCI 2,1 6.1% 5.6% 2.5% 3.8% 3.6% 8.0% 6.5%
GCI3,2 3.0% 1.4% 0.1% 0.3% 0.3% 1.6% 2.3%
Max Velocity

Plane 1 2 3 4 5 6 7
MT1 [m/s] 0.256 0.25 0.171 0.168 0.175 0.271 0.257
M2 [m/s] 0.281 0.343 0.267 0218 0.157 0.244 0.207
M3 |m/s] 0.285 0.346 0.259 0.224 0.162 0.252 0.209
YoM2,M1 9.8% 37.2% 56.1% 29.8% -10.3% -10.0% -19.5%
% M3,M2 14% 0.9% -3.0% 2.8% 3.2% 3.3% 1.0%
GCI 2,1 2.1% 1.1% 4.1% 3.9% 5.5% 5.8% 1.3%
GCl13,2 0.3% 0.0% 0.4% 0.5% 1.5% 1.7% 0.0%

Figure V. On the left side are planes and regions of interest, denoted by
numbers and capital letters. On the right side, tables display the relative error and GCI
comparison for M1, M2, and M3 regarding the mean TAWSS and mean and maximum

velocity.

C.2. Three Element Windkessel Parameters

and Outlet Boundary Conditions

Similarly to Appendix B.1, in Table V, are gathered three-element Windkessel
parameters used in S1 and S2; ABAO stands for abdominal aorta. Considering the
compliance of the aorta downstream of the arch in S2 after the specific stiffness leads
to an increase in aortic compliance. As the total compliance does not vary, the

peripheral compliance and Windkessel compliance were proportionally decreased in

S2 (Westerhof, 2009).
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RCC RSA LCC CT SMA LR RR AbAo

S1 R1 0.33 0.62 0.57 1.47 0.55 1231 1533 0.31
R2 4.03 10.47 9.57 24.82 9.19 31.65 39.42 5.29
C 0.143 0.056 0.061 0.024 0.062 0.014 0.011 0.111

S2 R1 0.35 0.65 0.59 1.54 0.57 12.89 16.06 0.33
R2 4.22 10.97 10.02 26.00 9.63 33.15 41.29 5.54
C 0.037 0.014 0.016 0.006 0.016 0.004 0.003 0.029

Table V. Three-element Windkessel parameters for S1 and S2. R1 and R2 are
in [mmHg.mL.s] and C is in [mL/mmHg].
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