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Abstract

Minimally invasive vascular interventions with stent deployment have become
a popular alternative to conventional open surgery in the treatment of many vas-
cular disorders. However, the high initial success rates of endovascular repairs have
been overshadowed by reported complications that cause re-interventions and, in
the worst case, morbidity and mortality. The dangerous complications could be
mitigated by better choice of device design and by the appropriate positioning of
the implant inside the vessel. However, there is currently no possibility for the in-
terventionist to predict the resulting position and the expanded shape of the device
for a given patient, before the actual procedure, within the clinical setting.

Motivated by this unmet clinical need and the lack of suitable methods, this the-
sis develops a methodology for modelling virtual deployment of implantable de-
vices inside patient vessels, that features fast computational execution times and
can be used in clinical practice. This novel deployment method was developed
based on a spring-mass model and was tested in different deployment scenarios,
expanding stents inside vessels in the order of seconds. Further, the performance
of the novel method was optimised by calibrating a set of parameters with the help
of a genetic algorithm, which utilises the outcomes of a finite element analysis as
a learning reference. After the calibration, the developed stenting method demon-
strated acceptable accuracy as compared to the “gold standard” of the finite element
simulation. Finally, on a real patient case, 4 alternative stenting scenarios were
investigated by comparing the subsequent blood flow conditions, via computa-
tional haemodynamics. The obtained results suggested that device design, dimen-
sions, stiffness and positioning have important implications on the post-procedural
haemodynamics of the vessel. Ultimately, the presented results can play a transfor-
mative role in aiding clinical decision-making and also give rise to overall improve-
ments in implant design and deployment procedure.
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HAPTER

INTRODUCTION

This chapter describes the motivation for the research work presented in this thesis. After
briefly describing the current standard of care in minimally invasive vascular interventions
and what is potentially missing, I state the aim and scope of the project and its potential
for improving current clinical practice. The chapter ends with an overview of the entire
thesis and a detailed description of the content and structure of the coming chapters.

1.1 MOTIVATION FOR THE RESEARCH

Minimally invasive vascular interventions have become a popular alternative
to conventional open surgery for treating many vascular disorders, including
aneurysms, aortic dissections and atherosclerotic stenoses. A minimally invasive
endovascular repair is performed through a small incision, usually made in the
femoral artery. From this incision, a prosthesis or stemE] is pushed to a target lo-
cation, under fluoroscopic guidance and using a catheter, where it is subsequently
deployed inside the diseased vessel. Compared to open surgery, endovascular re-
pair leads to better treatment outcomes, including fewer complications, less blood
loss, shorter surgery times and shorter hospital stays, etc., mainly attributed to its

minimally invasive nature (Adriaensen et al.,|2002; Lylyk et al.;,|2009).

However, the strong rationale and initial successes of minimally invasive en-

dovascular repairs have subsequently been shadowed by reported complications.

!For the sake of conciseness and brevity, the general term “stent” will be used in the sequel to
denote endovascular devices such as stents, stent grafts and flow diverters.
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For example, there have been cases of stroke, thromboembolism and luminal
restenosis, that can cause re-interventions and, in the worst case, increased mor-
bidity and mortality (D’Urso et al., 2011; Mas et al., 2006). In the case of intracra-
nial aneurysms, major concerns are attributed to occasional haemorrhagic events
that follow an initially successful treatment (Byrne et al., 2010). In approximately
1% of cases, there is an incidence of the subsequent rupture of the treated cerebral
aneurysms occurring between a few days and 3-4 months after treatment (Kulcsar
et al., 2011). With respect to post-procedural stroke, the new rate of 6% has been
recently established by the “Pipeline Embolization Device in the Intracranial Treat-
ment of Aneurysms (PITA)” trial (Fiorella et al., 2009), which is unacceptably high

and could threaten the general use of flow diverters in the future.

It is known that a number of factors play an important role in the outcome of the

stent deployment procedure; the key players being

* incidence of arterial injury,

* vessel geometry,

vessel haemodynamics,

design and placement position of the stent, etc. (Kiousis et al.,[2009).

Specifically, it has been reported that neointimal hyperplasieﬂ can initiate
from arterial injury sustained during intervention and cause significant stenosis
(Schwartz and Henry, |2001). Additionally, several studies have suggested that vessel
injuries can also originate after the procedure due to the non-uniform expansion of
the stent, which occurs, e.g., when the excessive axial contraction of the stent dam-
ages the thin endothelial layer of the vessel (Kiousis et al.,|2009). The adverse effects
can become aggravated by particularities of the vessel geometry. For example, in
tortuous vessels, straightening of the vessel curves can occur due to the longitudi-
nal stiffness of the stent, creating kinks (Zhu et al., 2003). At the end of these kinks,
rigid stent extremes introduce a drastic increase in longitudinal stiffness compared
to the soft vessel tissue and can become an origin of stenosis (Wu et al., |2007b).

On the other hand, the incomplete contact between the stent-filaments and the

2“Neointimal hyperplasia is a formation of a new or thickened layer of tunica intima (the inner

layer) of a blood vessel formed by migration and proliferation of cells from the media, as a vascular
response to injury” (Med,|2007).

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 2
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arterial wall increases the risk of neointimal hyperplasia (Jamous et al.,[2004) and
in-stent thrombosis (Cook et al.,|2007). Moreover, it is thought that haemodynamic
parameters, such as wall shear stress, vorticity, jetting, recirculation, fluctuations in
pressure, etc., might be of even greater consequence than local mechanics of device
contact. For instance, malapposition of the stent to the vessel wall could create un-
favourable vorticity or even turbulence in the blood flow, fostering the initiation of
thrombosis (Wu et al., 2007b).

The dangerous complications caused by the arterial injury and inadequate de-
vice apposition could be mitigated by improving the positioning of the implant in-
side the vessel (Hirabayashi et al., 2004) and by better choice of the stent design
(Lieber et al., 2002). However, there is currently no possibility for a clinician to pre-
dict the resulting position and the expanded shape of the device for a given patient
before the intervention in the clinical setting. Firstly, the unique vessel geometry
of each patient makes any ad hoc predictions of how a particular device is going
to ‘sit’ inside the diseased site extremely tentative. Secondly, in vivo assessment of
stent deployment is particularly challenging since the majority of the nitinol stents
currently employed are not or only poorly visible under fluoroscopic imaging (Kar-
monik et al., [2005). Thirdly, the precise positioning of the device is often compli-
cated by its shortening or migration after placement, for example, due to insuffi-
cient radial stiffness (Saad et al., 2003).

Furthermore, choosing the optimal stent design for a particular patient is not
straightforward. The devices available on the market differ substantially in their de-
sign and mechanical characteristics that affect the deployment performance. For
example, there are currently six FDA-approved devices for abdominal aneurysm
repair and three types of stents for thoracic aneurysm repair. These devices are
very different in design (modular versus unibody), materials (nitinol versus stain-
less steel), deployment mechanisms (balloon-expanded versus self-expanding) and
fixation mechanisms (radial force, hooks and barbs) (Prasad et al., 2013). Apart from
the design, dimensions of the stent are important in selecting a suitable device. A
stent that is too large will result in overly high radial force that can damage the ves-
sel’s endothelial layer, triggering pressure necrosis or other dangerous conditions
(Kleinstreuer et al.,2008). On the other hand, the insufficient radial force of an un-
dersized device may result in its migration, leading to serious complications (Saad
et al.,[2003).
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Hence, the ability to predict a deployed configuration of the stent before the ac-
tual intervention would provide a clinician with crucial information that is currently
unavailable, even in the state-of-the-art medical centers. A computational system
that faithfully represents stent deployment in a virtual environment could therefore
offer the desired predictive capability. Such a system would help in evaluating the
efficacy of different devices and selecting the most appropriate treatment option for

each pathological case.

Further, obtaining the released stent geometry beforehand would enable quan-
titative analysis of the consequences of the stent deployment procedure, such as the
stresses exerted on the vessel wall, providing early indicators for possible complica-
tions. Indeed, the studies mentioned above indicated that non-physiologic stresses
and strains on the vessel wall can trigger unfavorable adaptations of vessel tissue
such as atherosclerosis (Moore and Berry, [2002; Wentzel et al., 2003). Moreover,
predicting the deployed configuration of the device inside the vessel can constitute
the base for a subsequent investigation of the haemodynamic change induced by
the intervention. The post-procedural haemodynamic analysis could provide early
indications of such complications as endoleakageE] (Golzarian and Valenti, [2006),

endotensiorf_f] (Gawenda et al.,[2003), thrombus formation, etc.

1.2 AIM AND SCOPE

This project aims to develop a computational framework of minimally invasive stent
placement that is able to provide clinicians with information required for improved
treatment of common cardiovascular diseases such as aneurysms and dissections.
As stated above, the most important consequences of stent deployment are haemo-
dynamic alteration and stress exerted on the vessel wall. The project will there-
fore focus on the development of a methodology predicting the position and the
expanded shape of the stent when released within patient-specific vessel geome-
tries, with a computational time in the order of minutes, as well as investigating

haemodynamic implications of the stenting procedure.

Providing such a system can play a transformative role in aiding clinical

decision-making on intravascular interventions on a patient-specific basis and give

3Endoleakage is persistent perfusion of the aneurysmal sac (Golzarian and Valenti,|[2006).
4Endotension is the pressure transmission into the aneurysmal sac through the graft material or
blood clots (Gawenda et al.,[2003).
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rise to overall improvements in implant design and deployment procedure.

Specific goals of the project include:

* Development of a computationally fast method for virtual device deploy-
ment. One of the essential requirements for a virtual stenting method to be
utilised in clinical practice is its computational speed. In contrast to common
finite element method studies focusing on a single aspect, the stenting algo-
rithm would be integrated in a complex clinical workflow and thus has to pro-
vide solutions close to real-time. Fast turnover times would ensure that other
components of the workflow remain executable and would give a clinician the

opportunity to explore multiple deployment scenarios quickly.

e Validation of the developed method. To ensure trustworthiness of the virtual
results, the developed method has to be validated. In particular, the results of
stent deployment procedure with the developed method have to be compared
with a trusted alternative in equal intervention scenarios, especially with re-
spect to the reported configurations of deployed devices. Additionally, impor-
tant numerical measurements such as reaction and contact forces have to lie

in the physically adequate range.

* Incorporation of flexible vasculature. It is known that stent placement can
result in dilation of the vessel, vessel straightening and other deformations of
the vessel geometry (Huang et al.,[2011). Geometric changes have enormous
implications on post-procedural vessel remodelling, haemodymanic condi-
tions and, hence, procedure outcomes. Therefore, being able to account for a
possible vessel deformation is an extremely valuable and important aspect of

the envisioned deployment model.

* Integration with haemodynamics. The ultimate consequences of a stent
placement procedure become apparent by performing the haemodynamic
analysis subsequent to virtual device placement. Three-dimensional compu-
tational fluid dynamics (CFD) analysis can supply useful data that is currently
lacking or is too laborious to measure in clinical practice, for example, im-
portant metrics of blood flow such as velocity profiles, pressure fields, wall
shear stress, etc. Hence, performing post-stenting CFD studies can predict
haemodynamic changes and truly help evaluate the suitability of a particular

intervention scenario for a given patient, including the choice of device.
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1.3 OVERVIEW OF THE THESIS

This thesis consists of eight chapters and has the following structure:

Chapter [2 provides the necessary background knowledge. It outlines some rel-
evant aspects of the human cardiovascular system, focusing on healthy vessels and
widespread vascular diseases. Then, the minimally invasive treatment methods are
introduced, in particular those involving the deployment of intravascular stents.
The chapter finishes with a description of different types of stents and their mode

of operation.

Chapter [3| provides a literature review of the previous work in the field. I report
on two classes of existing approaches to virtual stent deployment and their limi-
tations in the context of the goals of this project. The first class of finite element
analysis (FEA) methods are overly slow to constitute a base for a clinical tool, taking
from several days to several hours to run. On the other hand, the second class of
rapid stenting techniques feature major simplifications in important aspects of the
deployment process, especially in stent representation and vessel behaviour. At the
end of the chapter, a brief review of the relevant studies investigating vessel haemo-
dynamics is included, since it constitutes the essential next step in modelling virtual

vascular interventions.

Chapter [4] presents the methods that were used to develop the novel fast stent
deployment method in this thesis. The chapter starts by describing different stages
involved in modelling virtual stent deployment and how they were addressed in the
present work. The weighting of the different sections reflects the importance to the
present project and the amount of contribution offered by the thesis. Hence, the
core of the chapter is dedicated to methods that were developed for reconstruction
of vascular devices and for modelling their expansion mechanics. In particular, the
chapter focuses on the stent expansion process and develops expansion algorithms
based on three different spring analogy techniques. Further, methods for handling
the vessel are described, from geometry reconstruction to modelling its contact with
the stent. Finally, the chapter outlines some of the established methods that were

used as a basis for computational experiments presented in the following chapters.

Chapter |5/ tests the performance of the developed expansion algorithms. For
that purpose, a number of deployment experiments have been carried out and eval-

uated in search of the most appropriate fast stenting method. The performance of

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 6



Katerina Spranger 1.3. Overview of the Thesis

the expansion algorithms was tested on two different devices and five different ves-
sel geometries, including real patients cases, to finalise the developed fast deploy-

ment method.

Chapter [6] is dedicated to a validation study of the developed fast deploy-
ment method. The developed fast method was compared with the gold standard,
the finite element analysis, in a set of computational experiments. The results
showed good agreement between the two methods. Further, this chapter describes
a methodology for calibration and optimisation of the fast method with the help of

genetic algorithms.

Chapter 7] presents the next step in modelling vascular interventions and inves-
tigates haemodynamic conditions of the treated vessel before and after the stent
deployment procedure. On the basis of a real patient’s case, different scenarios of
an intervention were explored virtually, and their consequences for haemodynamic
changes were evaluated using computational fluid dynamics, illustrating the im-
portance of the choice of device, deployment positioning and overall pre-operative

planning.

Chapter 8 concludes the thesis by discussing limitations of the presented work

and outlining future research directions.
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CARDIOVASCULAR DISEASES:
BACKGROUND

This chapter initiates the reader into the fascinating world of vessels and minimally inva-
sive vascular repairs. First, it touches upon some relevant aspects of the human cardiovas-
cular system, focusing on healthy vessels and widespread vascular diseases. Thereafter,
minimally invasive treatment methods are introduced, in particular those involving the
deployment of intravascular stents. The chapter closes with a description of different types
of stents and their mode of operation.

2.1 THE CARDIOVASCULAR SYSTEM

The heart is the first and most tireless muscle of the human body. It starts beating
about three weeks after conception and will beat approximately 3 billion times dur-
ing an average lifetime, 72 times per minute or 100,000 times per day (Sehnert and
Stainier, 2002). Each heartbeat pumps blood around the body through a complex
branching network of elastic vessels that build up the cardiovascular system. As vital
and sophisticated as this system is, it is also extremely vulnerable. According to the
latest medical statistics published by the World Health Organisation, cardiovascular
diseases (CVDs) currently constitute the world’s largest killers, being responsible for
17.1 million deaths annually. In Europe, CVDs cause nearly half of all deaths (Al-
lender et al.,2008) and in the USA, one out of three Americans is estimated to have
one or more types of CVDs (Lloyd-Jones et al., 2009). Similar demographics prevail

throughout the western world.
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Figure 2.1: Structure of a medium-size muscular arterial wall consisting of three
layers. Image (a) was adapted from Lasheras| (2007) and image (b) from |[Holzapfel

etal} 2000,

The term CVD refers to any dysfunctional condition of the heart or blood ves-
sels such as high blood pressure, heart failure, strokes, vasospasm, atherosclerotic

stenoses and congenital defects. The causes of CVDs are profoundly multifacto-

rial, with influencing factors ranging from genetics (Yusuf et al.,2001) to large vessel

haemodynamics (Ventikos et al., 2009) up to psychosocial factors (Rozanski et al.,

1999).

Most CVDs are related to ailments of blood vessels and especially to disorders of

the arterial wall (Kiousis et al., 2009). In order to understand their nature, it is firstly

necessary to gain understanding of the structure and physiology of a healthy artery,

briefly outlined below.

2.1.1 Healthy arterial structure

In general, walls of healthy human arteries consist of three distinguishable layers:
the tunica intima, the tunica media and the tunica adventitia (see Figure|2.1). The
inner layer of the artery is called tunica intima and consists of a single layer of en-

dothelial cells placed on a thin membrane and a subendothelial layer composed of

connective tissue, elastic fibrils and collagenous bundles (Lasheras, 2007). In arter-

ies of healthy young subjects, the intima is very thin and plays an insignificant role

in the mechanical behaviour of arterial tissue (Holzapfel et al., 2000).
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The tunica media is the middle layer of the arterial wall, containing a three-
dimensional matrix of smooth muscle cells, elastin fragments and collagen fibers
(Lee, 1995). These components are interconnected and oriented in a way to form a
continuous fibrous helix, so that some fibrils are in a nearly circumferential orienta-
tion (Holzapfel et al.,|2000). It is due to this arrangement that the media exhibits its
high strength, resilience and resistance to loads. It is thereby responsible for most of
the mechanical characteristics of the arterial tissue, making it structurally the most

significant layer (Lasheras, 2007).

The outermost layer is the adventitia, which is mainly made up of fibroblasts and
fibrocytes (cells that produce collagen and elastin), histological ground substanceﬂ
crimped collagen fibers, blood vessels that supply the vessel itselﬂ and nerves that
stretch all the way to the media (Lasheras, |2007). The wavy collagen fibrils are ar-
ranged in a helical structure, strengthening the wall, and are largely responsible for

stability and support of the artery (Holzapfel et al.,|2000).

Mechanical Behaviour. Human arteries are flexible complex structures and feature
a nonlinear stress-strain response that is predominantly attributed to the presence

of elastin and collagen constituents (Holzapfel et al., 2000).

Elastin is a rubber-like, highly extensible protein that gives elasticity to arterial
tissue. Its fibers possess an elastic modulus of around 0.6 megapascals (MPa) and
can stretch up to 2.5-fold of their initial length, displaying essentially a linear stress-
strain response, displayed in Figure[2.2| (Shadwick, 1999). In contrast to elastin, col-
lagen fibers function as a stiff protective sheath with an elastic modulus of 500 MPa
(note that it is nearly x 103 higher than that of elastin!) (Lasheras, [2007). Collagen
acts as the main load-carrying element of the arterial wall and prevents its over-
stretching through the highly nonlinear stress-strain response, depicted in Figure
2.2] (Shadwick, [1999).

The overall mechanical behaviour of an artery is nonlinear. It is characterised by
the initial compliance of the artery at low pressures due to elastin, while the expo-
nential stiffening effect at higher pressures is attributed to the gradual recruitment
and straightening of wavy collagen fibers, as shown in Figure (Shadwick, 1999;
Holzapfel et al., 2000).

1“Ground substance is the amorphous intercellular material in which the cells and fibers of con-
nective tissue are embedded” (Med, 2007).
2These blood vessels are called vasa vasorum; they are absent in cerebral arteries.
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Figure 2.2: The tension-length response of human iliac arteries. The response of col-
lagen fibers is captured by the curve with diamonds and the response of elastin by
the curve with open circles. The broken curve with filled circles shows the combined
elastin-collagen response for the complete artery (image from Shadwick|1999).

2.1.2 Diseases of arterial walls

Unfortunately, no matter how sophisticated the cardiovascular system is, its repair
mechanisms are sometimes insufficient to prevent the onset of various cardiovas-
cular ailments. The most common CVDs are diseases of the vessel walls such as

aneurysms, arterial dissections, stenoses, briefly outlined below.

Aneurysms. An aneurysm is a pathological dilatation of the artery resulting from
the arterial wall weakening. Rupture of an aneurysm can lead to haemorrhage and
stroke. The outpouching in the artery occurs due to elastin degradation, which
is characteristic to the aneurysmal wall consisting primarily of collagen with ei-
ther a fragmented or absent medial elastic lamina (Humphrey and Canham, |[2000).
Aneurysms are often classified according to their shape in two broad categories:
fusiform and saccular aneurysms. Saccular (“berry-like”) aneurysms most com-
monly originate in cerebral arteries, particularly those surrounding the Circle of
Willis at the base of the brain (Figure a), whereas fusiform (“spindle-shaped”)
predominantly form in the abdominal aorta (Figure b).
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Figure 2.3: (a) Cerebral aneurysms most commonly occur at the arteries surround-
ing the Circle of Willis and have a saccular shape in the majority of cases (> 90%)
(image from Schievink|1997). (b) AAAs form in the abdominal area of the aorta and
usually feature a fusiform shape (image from Lasheras2007).

Cerebral or intracranial aneurysms (Figure a) are quite common among
adults and an estimated 2-5% of the adult population live with undiagnosed cere-
bral aneurysms worldwide (Van Gijn and Rinkel, [2001). The etiology of this disease
has not been fully understood; however, it is thought to be associated with a com-
plex interplay of multiple factors including blood flow, arterial wall composition,
cell populations, genetics and signalling pathways (Ventikos et al., 2009). Once an
aneurysm is formed, haemodynamic forces of blood flow may cause its enlarge-
ment coupled with a further degradation of the arterial wall, which in the worst-
case scenario may lead to rupture of the aneurysmal sac (Lasheras, 2007). Although
only less than 1% of detected cerebral aneurysms rupture per year (Juvela et al.,
2000), the incidence of rupture has dreadful consequences of subarachnoid haem-
orrhageﬂ 45% of ruptured aneurysms result in death in the first 30 days, and 30%
of survivors face moderate to severe morbidity (Brisman et al.,|2006). Despite of the
grave consequences of aneurysmal rupture, there is currently no accurate means of
determining its probability, and the decision on the need for clinical intervention
is based predominantly on the aneurysm size (Ventikos et al., 2009). Even before
rupture, cerebral aneurysms can cause complications by exerting pressure on the
surrounding tissue, inducing symptoms such as “headache, palsy of the third nerve

or brain-stem compression” (Schievink,|1997).

3“A subarachnoid haemorrhage (SAH) is bleeding between the middle membrane covering of
the brain and the brain itself” (Med,|2007).
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Figure 2.4: Angiograms of (a) cerebral fusiform aneurysm of the basilar artery (im-
ages from |Crowley et al.[2009) and (b) abdominal aortic aneurysms (image from The
Vascular Care Centre: www.vascularcarecentre. com).

Abdominal Aortic Aneurysms, or AAAs (Figure b), very rarely appear in in-

dividuals under the age of 50, but their prevalence increases dramatically after 55

years, culminating shortly after 80 (Lasheras| 2007). According to a large screening

study of individuals over 60 years of age, AAAs are found in 8.9% of male and in 2.2%
of female subjects (Singh et al., 2001).

As is the case with intracranial aneurysms, the causes of AAAs are poorly under-
stood. The widely accepted hypothesis is that their formation is linked to the spe-
cific changes in the vessel geometry such as length, diameter and other structural
changes that are associated with the process of aging. In turn, these alterations lead
to modifications in the haemodynamics, for example, creating unsteady flow sepa-
ration and weak turbulence. The disordered flow conditions may induce a gradual

degradation of the wall of the abdominal aorta, whereby its diameter progressively

increases, forming an aneurysm (Lasheras, 2007).

For a developed abdominal aneurysm, the maximum potential rupture rate (ac-
tual rupture rate plus elective surgery rate) is reported to lie around 2.1% annually
for small AAAs (3.0 — 4.4 cm) and 10.2% per year for large aneurysms (4.5 — 5.9 cm)

(Scott et al., [1998). Due to the absence of a reliable method of rupture risk assess-

ment, a surgical intervention is advised at the moment for AAAs with a diameter
larger than 5 cm and for those with the annual growth exceeding 0.5 cm

5003).
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Figure 2.5: Arterial dissections. (a) Schematic representation of an arterial dissec-
tion (image from www.jeffersonhospital.org). (b) Dissection of the thoracic
aorta: contrast medium flows from the true lumen of the aorta (T) across the en-
try tear (arrow) into the false lumen (F) (image from Dake et al.[1999). (c) Dissection
of the carotid artery: the true lumen is severely narrowed, as indicated by the arrow
(image from|Phatouros et al.||2000b[).

Dissections. Arterial dissections are characterised by a separation of layers within
the arterial wall (Figure [2.5). Blood enters the intima-media space and forces the
layers apart, propagating the dissection further. When a dissection occurs in the
aorta, high blood pressure can tear the aorta completely open and lead to heavy and
expeditious blood loss. Thus, aortic dissection is an acute medical condition with a

high-level mortality of 80%, and in half of the cases, there is not even enough time

for the patient to reach a hospital (Isselbacher,|[2006). While it remains unclear how

the event starts, in most instances there is a preceding malformation of the aortic

structure as well as systemic hypertension (Hagan et al., 2000). Other arteries that

may be affected by a dissection include coronary arteries, carotid arteries, vertebral

arteries, etc.

Stenoses. Stenosis is a constriction of an arterial lumen which reduces the lumen
area, decreases the blood flow and thus the transport of oxygen and nutrients to
distal organs (see Figure [2.6). It often occurs as a result of the accumulation of
atherosclerotic plaque on arterial walls, which is a composition of fatty substances,

calcium, collagen fibers, cellular waste products and fibrin (a clotting material in
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Figure 2.6: (a) Schematic representation of stenosis due to atherosclerotic plaque
(image from www.health.com). (b) Angiogram showing stenosis of 80% in the left
internal carotid artery (ICA), indicated by the curved arrow (image from

2000). (c) Angiogram showing severe stenosis of the proximal basilar artery (image
from Marks et al.2005).

the blood) (Holzapfel et al., 2000). A progression of stenosis can cause ischemid

infarct of organs that artery supplies or even a stroke (Bose et al.,[2007).

Although there are many other ailments of the vessel wall, this project will focus
on those outlined above, which constitute the most common cardiovascular disor-

ders.

2.2 MINIMALLY INVASIVE INTERVENTIONS

The advent of minimally invasive vascular interventions has revolutionised the
treatment of common vascular diseases, becoming a preferable option compared to
conventional open surgery. A minimally invasive endovascular repair involves small
incisions made to expose the arteries, from where, under fluoroscopic guidance and
with the help of specially designed introducer systems (guidewires, catheters, etc.),
a prosthesis or stent is deployed inside the diseased vessel, as schematically shown
in Figure[2.7| (Prinssen et al.,[2004).

Originally, minimally invasive interventions were mainly suggested in difficult

cases and for older patients, for which conventional open surgery would be overly

invasive (Prasad et al.,2013). However, due to the expeditious evolution in devices,

4“Ischemia is a decrease in the blood supply to a bodily organ, tissue, or part caused by constric-
tion or obstruction of the blood vessels, leading to a shortage of oxygen, glucose and other blood-

associated fuels” .
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Figure 2.7: Stent deployment in treatments of (a) abdominal aortic aneurysm (im-
age from www.medgadget.com); (b) cerebral aneurysm (image from Alfke et al.
2004); (c) aortic dissection (image from www.thoracicaorticdissection.com);
and (d) stenosis (image from www.sciencephoto.com).

procedure improvements and promising outcomes, they are now recommended for
a wider cohort of patients. This general acceptance is due to the fact that endovas-
cular repairs lead to more effective operative procedures, with a smaller incidence of
systemic complications, less blood loss, shorter surgeries and shorter hospital stays,
as compared to an open surgery. These advantages together with lower rates of post-
operative mortality and morbidity make minimally invasive vascular interventions
a compelling choice for an increasing number of patients (Adriaensen et al., 2002;
Molyneux et al.;,[2002).

2.2.1 Endovascular stents

In most cases, minimally invasive vascular repairs involve the deployment of a stent
inside the treated vessel. Stents are tubular structures that consist of a grid-like

skeleton and possibly a polymer-based sheath (Stoeckel et al., 2002).

Implanted at the neck of an aneurysm, such a prosthesis diverts blood from
flowing into the aneurysmal sac, thereby reducing the pressure on the arterial wall.
Moreover, the reduction in the flow to the sac leads to stagnation inside and forma-
tion of a stable clot that isolates the aneurysm, preventing its rupture (schematic
representation in Figure [a-b] and real angiography in Figure [a-b]). Addi-
tionally, the aim is that after the treatment, the natural absorption of the throm-
bus results in progressive shrinkage of the aneurysm. As a consequence, the in-

creased constriction of the neighbouring tissue due to the presence of the aneurys-
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mal sac can be gradually alleviated, which is especially relevant in the case of cere-

bral aneurysms exerting pressure on neuronal tissue.

Sometimes, the stenting procedure is used in combination with coiling emboli-
sation. In this method, a stent is firstly deployed at the neck of the aneurysm, se-
curing the positioning inside the vessel, after which soft metallic coils (Guglielmi
Detachable Coils) are packed into the aneurysmal sac, being pushed in between the
stent struts (Lanzino et al.,|2005). The goal is to partially fill the aneurysm with the
coils and thereby facilitate formation of a local thrombus, which would lead to oblit-
eration of the aneurysmal lumen. However, because of the more complicated and
time-consuming nature of this method (due to the need to deal with single coils),

using stenting alone to treat aneurysms is desirable.

In the case of aortic dissections, minimally invasive stent graft deployment has
also become a popular alternative to an open surgical graft placement (Dake et al.,
1999). Stent grafts are deployed inside the true lumen of the aorta aiming at cover-
ing the primary intimal tear and thereby obliterating the flow into the false lumen,
as shown in Figure (c) and (c) (Eggebrecht et al., [2005). The effect of stent
grafting resembles that of surgical removal of the dissection tear. The result is com-
parable because the stent graft can seal the entry tear in the intima and prevent
blood from flowing into the false lumen, steering it to only enter the true lumen
(Dake et al.;,|1999). This can prevent severe ischemia or infarction of the organs sup-
plied by the dissected artery and, in addition, promote complete occlusion of the

false lumen and formation of thrombosis (Dake et al.,[1999).

Another method gaining popularity in treatment of symptomatic stenoses is an-
gioplastyﬂ with stent deployment. When deployed within stenotic regions, stents
push the vascular wall outwards and, thus, restore lumen cross section and blood
flow, as schematically shown in Figure [2.7] (d) and Figure [2.8] (d) (Mas et al., 2006).
The endarterectomyﬁ procedure, that previously used to be the standard treatment
for severe symptomatic stenoses, is no longer the first choice for many patients, the
main disadvantages being early relapses and vessel dissections due to the high in-
vasiveness of the method (Weber et al.,|2005).

S“Angioplasty is a minimally invasive procedure in the reconstruction of blood vessels damaged
by disease or injury, often performed by inflating a balloon within the vessel lumen at the site of
narrowing to reconstitute flow” Med| (2007).

6“Endarterectomy is the surgical removal of the intimal lining of an artery to clear a major artery
that may be blocked by plaque accumulation” Med| (2007).
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Figure 2.8: (a) Angiography of an intracranial aneurysm treated by two stents,
with black dots indicating their proximal and distal margins (image from
2010). (b) Stent graft placed over an abdominal aneurysm (image from
www.surgeryinfo.org). (c) Stent graft placed over the primary entry tear of an
aortic dissection (image from |Dake et al.[1999). (d) Stenting of a stenosed cere-
bral artery with arrows indicating the proximal and distal margins (image from Pha-|
touros et al.[2000a).

Stents have become increasingly popular and are also used in treatments of
other conditions, such as kidney or liver disease. However, these conditions fall
out of scope of this thesis, which will only focus on the most common vessel wall

diseases discussed above and the types of stents associated with them.

2.2.2 Key parameters of stents

Stents are introduced into a vessel in a slim configuration to enable their pushing
through the vasculature to a desired location. Deployed by shape-memory effects
or by an inflating balloon, they expand and should fit the diameter of the artery’s
healthy part. Balloon-expandable stents are expanded by a plastic deformation
through an inflation of a balloon placed inside the device. They are usually made
of stainless steel, which is a particularly corrosion-resistant and easily deformable
material (Stoeckel et al.,[2002).

In contrast to balloon-expandable, self-expanding stents are manufactured in
the expanded shape, to be later crimped and placed in a delivery system. Upon
release, they “spring back” to a load free configuration under the elastic forces of
the material. Currently, most self-expanding devices are made of nitinol (a nickel-
titanium alloy), which is a superelastic material that features an elastic response to

small deformations, while larger strains (of up to 10%) can be achieved superelas-
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(@) (b)

Figure 2.9: Flow diverters. (a) Silk stent produced by Balt Extrusion, Montmorency,
France (image from2011 and (b) Pipeline Embolization Device (PED) man-
ufactured by Covidien, Irvine, California (image from www.fda. gov).

tically due to its shape-memory effect (Stoeckel et al., 2002). Figure illustrates
in a sequence of screenshots the expansion process of a nitinol stent induced by an

increase in temperature. First, the crimped stent located in a sealed glass tube was
heated (a). The expansion started to be visible after around 10 seconds (b) and pro-
gressed for another 10 seconds (c-f), after which no diameter change was observed.
During this free expansion process, the stent recovered its initial shape completely
(Zhou, [2009; Zhou and You, 2009). Note that during clinical procedures, the expan-
sion of a stent is usually triggered by the retraction of a constraining sheath, us-

ing the superelastic properties of nitinol, and not by temperature increase (stress-

rather than temperature-induced martensite).

Out of many different types of implants, this project will focus on the self-
expanding stents for the treatment of cerebral aneurysms and the stent grafts used
for aortic aneurysms and dissections. Although these devices are targeting different

diseases, the mechanisms underlying their functioning are the same.

Apart from material, other characteristics of the stent design, such as porosity
(defined as the proportion of an open area to the total area of the stent), are of ex-
treme importance. The appropriate preoperative choice of these features is neces-

sary to avoid such problems as stent loosening, obstruction of branching vessels

and thrombus formation in the healthy part of the vessel (Florez-Valencia et al.,
2002). For example, in treatment of cerebral aneurysms, the stent has to be flex-
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Figure 2.10: The expansion process of a nitinol stent (image from|Zhou|2009).

ible enough to follow tortuous intracranial vessels and, at the same time, provide
sufficient coverage to occlude the aneurysmal sac. The newest flow-diverting sys-
tems that have been introduced in clinical practice for this purpose are the Pipeline
Embolization Device (PED; Covidien Irvine, California, USA) and the Silk stent (Balt
Extrusion, Montmorency, France), shown in Figure They were especially de-
signed for the treatment of fusiform and wide-neck intracranial aneurysms, which
were posing a lot of problems when treated with previous generations of devices
(Pierot, |[2011). Figure depicts the stages of deployment procedure for the PED
device.

2.3 CONCLUDING REMARKS

This chapter provided the background on cardiovascular diseases and a current
method of their treatment by minimally invasive endovascular stenting. The high
prevalence of cardiovascular conditions is expected to increase in the future due
to the aging population in most of the western world. Such demographic develop-
ments and the popularity of vascular repairs by stent deployment necessitate a rig-
orous analysis of the consequences of these procedures. In particular, having seen
that human arteries have complex mechanisms of remodelling (especially active af-
ter the placement of a stent), it appears plausible that stenting procedures should
be performed in the least disruptive way. Although not much is known about ways
to guarantee a successful device placement in the long run, some data is available

on what should be avoided during the intervention. Hence, the sophistication of
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Figure 2.11: Stages of deployment of the PED device: PED advanced 10-15 mm be-
yond aneurysm, the distal end of the implant expanded, PED implant fully deployed
across aneurysm, withdrawal of the delivery system (image from www.fda. gov).

the vascular system provides another motivation for mindful placement of stents,
well-planned interventions and better selection of patients, serving therefore as an

additional inspiration for the present research work.

With respect to stents for cardiovascular disorders, they can be classified into
three broad categories according to the area of implantation, namely, (1) tiny cere-
bral stents and flow diverters for treating intracranial aneurysms, (2) abdominal
stent grafts for treating aortic dissections, AAAs and TAAs; and finally, (3) balloon-
expandable coronary stents to combat stenoses by angioplasty. This thesis will be
focusing on the first two categories due to the greater need for pre-procedural plan-
ning in these areas and the prevalence of self-expanding devices. Although, the de-
vices employed in these two domains differ substantially in their design and archi-
tecture, most of them are made of nitinol and thus feature the same principles of
operation. Their expansion from the crimped state will constitute the primary sub-

ject of the modelling undertaking of the subsequent chapters.

The next chapter is dedicated to the literature review, listing existing work on

virtual stent deployment.
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EXISTING WORK ON MODELLING
VIRTUAL STENT DEPLOYMENT:
LITERATURE REVIEW

This chapter reports on attempts that have been made up to date in modelling virtual stent
deployment. The literature review revealed two major trends in the field that address the
problem from different angles. The first class of methods includes detailed finite element
models, which are very precise and are often designed to study a specific aspect of the
problem, thereby providing a thorough analysis of the studied question. Another class of
approaches includes rapid stenting techniques that are meant to support clinical decision-
making. The latter category is directly relevant to the scope of this project and focuses on
developing techniques capable of simulating the deployment of prostheses in real-time
mode. The methods used by these approaches are reported in detail in the sequel of the
chapter. At the end of the chapter, a brief review of the relevant studies investigating vessels
haemodynamics is also included, since it constitutes the essential next step in modelling
virtual vascular interventions.

3.1 EXISTING APPROACHES

Over the past decade, a lot of effort has been dedicated to the investigation of
the physical behaviour of vascular prostheses and their usage in minimally inva-
sive vascular interventions by means of computational modelling. The developed
approaches can be roughly divided into finite element methods and rapid virtual

stenting techniques.
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3.1.1 Finite element methods

Finite element analysis (FEA) is a powerful method which has been extensively used
to study the mechanical behaviour of stent devices and their deployment process
inside virtual vessels. Previous work on analysing the stent mechanics ranged from
the structural analysis of stent cells (Theriault et al., 2006) to investigations of device
materials (Migliavacca et al.,2005) to examining longitudinal flexibility and bending
behaviour of different stent designs (Ma et al., 2013; Wu et al., 2007c).

With respect to stent deployment, the simulation of the deployment process re-
quires, firstly, modelling the expanding and the crimping behaviour of the pros-
thesis and, secondly, the interaction between the implant and the vessel wall when
they come into contact. Some studies have especially focused on expansion be-
haviour, inspecting the shape change and recoil, maximum stress, strain and the
radial strength of the stent. Such studies have been performed either on an entire
stent (Migliavacca et al., 2005) or on single parts of a stent (Theriault et al., 2006),
which, under the assumption that the prosthesis consists of repeating elements, al-

lows to considerably reduce the computational cost of the simulations.

There have been several proposals on how to realise the expansion and folding
of a stent numerically. In case of balloon-expandable stents, the deployment can be
carried out by placing an initially folded prosthesis inside an artery and expand it to
a radius greater than that of the vessel under control conditions (Wu et al., 2007b;
Gijsen et al., 2008). The expansion process has been simulated either by applying
a direct pressure to the internal surface of the stent (Migliavacca et al., 2005) or by
using the contact between the device and an expanding cylindrical surface (Hall and
Kasper, 2006). Another proposal has been to explicitly model the balloon and the
contact between its external surface and the internal surface of the stent. Thereafter,
the stent was indirectly expanded as a result of applying pressure to the internal
surface of the balloon (Chua et al., 2003).

With respect to the self-expanding stents, their deployment within an artery
usually starts by folding them to a small radius with a subsequent insertion into
the vessel. Following that, the radial constraint is removed releasing the strain en-
ergy of the implant which causes its expansion (Wu et al.,|2007a). The removal of the
constraint can be achieved, for example, via the use of contact between the exter-
nal surface of the stent and an analytical cylindrical surface with a changing radius
(Rebelo et al.,2009).
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Many of the studies examining the interaction between the expanding prosthe-
sis and the vascular tissue used an idealised vessel geometry, for instance, a straight
cylindrical tube (Chua et al., 2003; Migliavacca et al., 2004). For modelling stenotic
arteries, some researches have additionally included an explicit layer of atheroscle-
rotic plague attached to the part or the entire internal surface of the artery (Migli-
avacca et al., 2004; Wu et al., 2007a). The artery and plaque were assumed to have
either linear elastic material properties (Rebelo et al., 2009) or hyperelastic material

properties (Migliavacca et al.,[2004; Wu et al.,[2007a).

When more sophisticated vessel geometries were considered, the analysis of the
stent-vessel interactions has led to interesting predictions about the potential treat-
ment outcomes. For example, the study of|Wu et al. (2007a) modelled the prosthesis
release inside a curved segment of a Y-shaped artery and reported a number of po-
tential problems. Although the curved tissue of the vessel bent the stent, straight-
ening of the vessel geometry also occurred and there was a prolapse of parts of the
vessel wall between the stent filaments. In its turn, the stent was non-conformable
to the vessel, especially the stent extremes departed from the walls at the inner cur-
vature of the vessel. The authors conclude that such a configuration is prone to
(re-)stenosis at the stent extremities, especially at hinge points, where the level of
stress reaches the maximum value and where a sharp transition occurs between the

rigid ends of the stent and the soft vessel tissue.

More recently, Gijsen et al.|(2008) and | Rebelo et al.|(2009) used realistic vessel ge-
ometries which were obtained from MRI data to simulate stent-artery interaction.
Gijsen et al.| (2008) reported that the stresses exerted by a deployed stent on the ar-
terial wall concentrate behind stent struts in those locations where the vessel wall is
thinner (see Figure[3.1). The maximum values of the stress behind stent struts cor-
responded to vessel regions that displayed clinical signs of neointimal hyperplasia.
Moreover, the stents showed larger deformation in the proximal part, with stresses
close to the estimated fatigue fracture stress. Such levels of stress are alarming since
the breakage of stent struts could injure the surrounding vessel tissue and could
trigger the development of in-stent stenosis, as well as potential embolic events fur-
ther downstream. Moreover, the continuous stresses exerted on the damaged ves-
sel tissue could ultimately lead to vessel perforation. Additionally, when analysing
stent-artery interactions, Rebelo et al.| (2009) underlined the significance of utilising

real patient-specific vessel configurations. They reported that the peak maximum
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Figure 3.1: Column A: configuration of the vessel cross section at the beginning of
the stent expansion process (green) and at the maximum inflation pressure of 1.0
MPa (black) for three different locations in the vessel (shown on the left side). Col-
umn B: the corresponding contour maps of von Mises stresses in the vessel wall
(image from |Gijsen et al.[2008).

principal strains measured in the device deployed at the curved vessel segment were

roughly three times higher than those measured in the straight segment.

Another study by De Bock et al. (2012) focused on the procedure of stent assisted

coiling in cerebral aneurysms and investigated the consequences of stent design
and vessel geometry. The authors simulated virtual placement of three different
stents in three different vessel geometries using FEA and analysed the stent appo-
sition to the vessel wall and the impact of implanted stents on straightening of the
vessel. The results suggested that devices with open cell design cover the aneurysm
neck in a better way compared to both the stiff and flexible closed cell stents and in-
duce less straightening of the vessel. The open cell design has, however, less struts

apposing well to the vessel wall compared to the flexible and stiff closed cell de-
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Figure 3.2: Deployed stents (C1, C2, N1) and their apposition to the vessel wall when
deployed in three different vessels (A1, A2, A3). The colour of the stent indicates the
distance to the vessel wall, ranging from blue (0 mm) to red (40.2 mm) (image from
De Bock et al.[2012).

sign. Figure 3.2| shows the resulting configurations, for two generic closed-cell de-
signs (stiff C1, flexible C2) and a design resembling the open cell Neuroform (Stryker
Neurovascular, Fremont, California, USA) design (N1). These findings provide im-
portant general heuristics on the choice of stents for different pathological configu-
rations and illustrate the added-value of computational modeling in pre-procedural

treatment planning.

Finally, probably the most sophisticated FEA setup for analysing intravascular

interventions was recently presented by Ma et al. (2012). The study developed a

complex model of the PED flow diverter and simulated its mechanical deployment
in patient-specific aneurysmal geometries, however, under the assumption of rigid
vessel walls. The specific contribution of the study was to implement interlaced
wires of the braided PED device, as well as to account for other components of the
deployment process such as microcatheter, pusher and distal coil (constraining the
stent distal end). Based on the resulting vessel wall apposition of the deployed de-
vice (see Figure, the authors concluded that flow diverters conform better than
the widely-used Wallstent (Boston Scientific, Natick, MA) but worse than laser-cut

stents.
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(a) (b)

(c) (d)

Figure 3.3: Conformity of the deployed flow diverter to the target vessel. Panels
(a) and (b): vessel segments featuring device malapposition are marked in yellow.
Panels (c) and (d): yellow surfaces show areas of the parent vessel that are covered

by stent struts (image from Ma et al[2012).

In summary, FEA simulations can produce very accurate results for particular
cases and can be used for thorough analysis of many aspects of intravascular stent
placement. However, this accuracy comes together with high computational cost
and considerable complexity of models, especially when applied to patient-specific
geometries. Thus, the major drawback of the FEA approaches with respect to clin-
ical applicability is their speed, which involves execution times from several hours
to a couple of days (excluding setup time), depending on the complexity of simula-
tions, in most cases on clusters with multiple cores (parallelised simulations). Addi-
tionally, FEA models are usually implemented in Abaqus (Dassault Systemes Simu-
lia Corp., Providence, RI, USA) or other FEA software packages, with each model
requiring a complex set-up that cannot be expected to be performed by a clinician
or a nurse. Although highly accurate, these methods are aimed to thoroughly ex-

amine the device mechanical behaviour, the contact with the arterial wall and alter-
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ations in blood flow from a mechanical perspective and are not destined for direct
application in daily clinical routine, which dictates fast turnover times and where a

stand-alone method would be preferred.

3.1.2 Fast stenting techniques

This category of modelling approaches is of great relevance to the present study and
focuses on developing techniques capable of simulating the deployment of stent de-
vices in real time. In this respect, they are different from the previously presented
studies, since they allow small sacrifices of accuracy for the sake of fast execution,
which constitutes an essential requirement for clinical preoperative planning. An
exhaustive literature survey has revealed only three approaches for stent deploy-
ment simulations that aim at evaluating different stent placement scenarios on a

patient-specific, clinically relevant basis.

The first approach allowing the prediction of the stent released shape was pre-
sented by |Cebral and Lohner (2005) and in the follow-up study of Appanaboyina
et al.| (2008) and uses the framework of deformable models. In these studies, the
patient-specific vessel geometries were reconstructed from anatomical images and
discretised with a finite element grid. To simulate the deployment of the prosthe-
sis, first a generated cylindrical surface was placed along the centerline of the target
vessel. The deformation of the cylinder was determined by the combination of in-
ternal forces that were smoothing the stent structure and external forces that were
attracting the stent vertices to the arterial wall (see Figure [3.4). During the simu-
lated deployment process, the interplay of the internal and external forces drew the

Figure 3.4: Stages of virtual stent deployment (from left to right): cylindrical sur-
face placed along the centerline of the vessel, final deployed cylindrical surface, two
stent designs drawn on the cylindrical surface after deployment (image from Ap-
panaboyina et al.[2008).
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cylinder to the arterial walls. The deformation was calculated by solving the elas-
ticity equations on the triangulated cylindrical surface using finite elements. The
vessel was assumed rigid and the deformation process terminated as soon as the
majority of the nodes on the cylindrical surface reached the vessel wall. Thereafter,
different stent designs were projected onto the deformed cylinder by drawing them

as a set of connected lines.

Although specific designs of stents is considered in this study, physical and geo-
metrical features of the design, such as length of struts and angle between the struts,
were not accounted for during the expansion process. Overall, this method is essen-
tially based on deforming a regular cylindrical mesh inside the parent vessel, from
which the final configuration of the stent is recovered. Such mapping of the stent
geometry as a texture over a cylinder can introduce substantial inaccuracies in final

stent configurations, especially in regions of high arterial curvatures.

Another method has been proposed by Florez-Valencia et al.| (2002, 2007) and
is based on deformable 2-simplex meshes. A 2-simplex mesh has exactly 3 neigh-
bours per vertex and is topologically dual to triangular meshes (Delingette, 1999). A
simplex deformable mesh is defined by a collection of vertices {v;}, with each ver-
tex deforming according to the interplay of internal (f;:’“) and external (£{* ") forces,
formally written as the evolution equation:

VI =y v B B, .1

where vf stands for the position of vertex v; at the time point ¢, g € [0,1] is the

weighting parameter for the external force and y is a damping component.

The geometry of both the vessel and the stent is modelled as generalised cylin-
ders, represented as a centerline with orthogonal planar contours of specific radii.
First, the initial stent deployment is carried out by aligning the skeleton of the
straight model of the stent with the vessel axis, while keeping the contour planes
orthogonal to the axis line (see Figure[3.5} left and middle). Thereafter, the deployed
configuration of the vessel is obtained using simplex-mesh deformable model, with
the extended version of Equation (3.I). The idea behind the modification is that
the vertices on the surface of the stent tend to follow the bending of the center-
line, which is reported to them as the “axial” force. Additionally, each vertex tends
to position itself on a circle around the centerline, giving rise to the “radial” force

component. Thus, the new iterative equation for a vertex i features additional axial
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Figure 3.5: Virtual placement of a stent in a patient-specific aortic aneurysm. Left:
vessel mesh with a folded stent. Middle: stent in the deployed configuration. Right:
surface rendering of the vessel to match the surface of the deployed stent (image
from Florez-Valencia et al.2007).

(f**ialy and radial (f7*?%!) force components resulting from the centerline bending:
Vi = vl by (vl = VI AE + I + (1 - AT W+ W), (3.2)

where A € [0,1] is a parameter weighting importance of the local and centerline
forces. However, in the proposed method this equation is only applied to the vessel,
not the stent. The initially deployed stent is not subject to any more deformation
and is visualised by struts drawn smoothly around its surface. In contrast to a static
stent, the vessel is set to be moving towards the cylindrical surface of the stent and
locally fit its shape according to Equation 3.2 (see Figure 3.5} right).

In summary, the stent model is initialised as a cylinder placed along the center-
line of a vessel, which is deformed to comply with the vessel. Similarly to the pre-
vious approach, this method deforms a cylindrical mesh and does not sufficiently
account for either the geometrical properties of the device design or its interaction
with the vessel morphology. Moreover, it is very counterintuitive and physically
implausible that the mechanically more rigid vessel is modelled to be deforming
according to the stent surface that is assumed to be static, rather than other way

around.

The third and the most sophisticated method that explicitly models stent design
was proposed by Larrabide et al.| (2010, 2008); Flore et al.|(2009). Here again, vessels
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Figure 3.6: Shape-constraining forces acting on the vertices of the stent mesh (image
from|Larrabide et al.|2010).

were assumed rigid and their geometrical configurations were reconstructed from
3D-angiography medical data. The modelling of stent release, as in the previous
approach, was based on a variation of deformable simplex meshes (Montagnat and
Delingette,[2005, Equation[3.1), extended to incorporate geometrical characteristics
of the stent.

In order to include the stent design into the model, a second design-specific
mesh (consisting of vertices p,) was defined on the set of vertices of the simplex
mesh (set of vertices p;). This additional mesh was meant to capture the geomet-
rical features of the deployed device, such as stent struts, length of the struts and
angles between the struts, that define soft constraints on the deformation of the
simplex mesh. Thus, the new set of forces responsible for the device shape is added,
which consists of the strut length force (f;) and angle force (f,), along with the inter-
nal smoothing force (f;), resulting in the following evolution equation for a simplex

mesh point p;:

+1 _

Pt =pi+ (- —p. ") + E®) + 1 (P}) + YEa(p}) + foxp®)) +fers (), (3.3)
where ¢ stands for the iteration number, and y, y and ¥ are weighting parameters.

The internal stent expanding force f., is reproduced with springs positioned
along the radial direction, with the rest position at the load-free radius of the stent.
Whereas the external force f,; originates from the vessel wall boundary opposing

the expansion of the stent, and is set to be equal in magnitude but with an opposite
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Figure 3.7: Virtual release of two stents in an aneurysmal vessel geometry (Larrabide

etal}2010)

sign to the stent expansion force. This effectively means that expansion stops when
a particular mesh point is closer to the vessel wall than a given value €. In addition,
the smoothing force f; ensures a smooth distribution of simplex points. Finally, the
length constraint force f; is set to be proportional to the average difference between
reference length (/ ;J.) and current length ([ ;) in order to preserve the initial lengths
of struts (see Figure[3.6} a). Similarly, strut angle force £, is preserving the load-free
angles between the struts (6, in Figure b). Figure (3.7|illustrates the results of
deployment experiments with two different stents.

Although this method explicitly models real stent geometries by capturing them
as soft constraints, the model operates under the assumption of the rigid vessel wall.
This simplification eliminates the possibility of vessel deformation resulting from
stent placement, together with the associated alterations in the haemodynamic en-
vironment, which is of extreme importance for evaluation of treatment outcomes.
Moreover, this method was designed to only focus on cerebral aneurysmal cases,
without considering other areas of stenting and other diseases, especially those
where substantial vessel deformation is known to occur (such as stent grafting of

the thoracic aorta).

In summary, in contrast to FEA studies, the fast methods feature significant sim-
plifications in crucial aspects of the stenting process. These simplifications under-
mine the trustworthiness of the results produced by the simulations and thus their
very usability. More precisely, in all of the described approaches the vessel wall was
treated as a rigid body (Florez-Valencia et al., 2007; Appanaboyina et al.,[2008; Larra-|

bide et al., 2010), which eliminates the possibility of vessel deformation together

with potential alterations in the haemodynamic environment. Moreover, the stent
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expansion process was mechanically unrealistic, especially in the studies that did

not account for the parameters of the stent design.

3.2 VESSEL HAEMODYNAMICS

Computational Fluid Dynamics (CFD) studies of vessel haemodynamics have be-
come a popular way to gain understanding of the role of mechanical forces in the
inception and evolution of many vascular diseases (Lawford et al.,|2008). This popu-
larity is especially augmented by the difficulty of conducting direct in vivo measure-

ments of the relevant haemodynamic parameters, particularly in cerebral vessels.

When a diseased vessel is analysed with CFD, the obtained flow patterns could
display abnormalities that provide clues into the possible progression of disease.
For example, [Cebral et al.| (2005) performed a study of 62 patients with cerebral
aneurysms with known incidence of rupture. After performing CFD simulations for
all cases, the aneurysms were put in different categories based on the characteristics
of the flow pattern, with the purpose of correlating it with the occurrence of rupture.
Based on the obtained results, the authors suggested that unruptured aneurysms
are commonly associated with simple stable flow patterns, large impingement re-
gions (the region of collision between the inflow jet and the aneurysmal wall) and
large jet sizes. In contrast, ruptured aneurysms often display disturbed flow pat-

terns, small impingement regions and narrow jets.

Other studies focused on healthy vessel geometries that were known to subse-
quently form a pathology with the purpose of finding haemodynamics cues respon-
sible for the genesis of the disease. For example, Doenitz et al.| (2010) witnessed the
de novo development and rupture of an intracranial aneurysm within 44 days. The
authors conducted CFD studies of the basilar artery before and after the formation
of aneurysm (see Figure[3.8). Based on the investigation of the haemodynamic pa-
rameters such as velocity, pressure and wall shear stress (WSS), they found partic-
ularly low WSS in the region where aneurysm eventually formed. They concluded
that regions of high WSS have no relevance to aneurysm formation. Finally, they
proposed a mechanism of inception for fast growing aneurysms, which is linked
to areas of permanently low WSS with the reduced ability of the vessel wall to with-
stand pressure changes. When pressure increases, these areas can undergo geomet-

rical changes, leading to changes in flow patterns and lowering the already low WSS.
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(a) (b)

Figure 3.8: 3-D models of the basilar artery (a) on day 1 and (b) on day 44 (image
from Doenitz et al.2010).

Drops in the WSS result in endothelial damage and decreased stability of the vessel

wall, that can eventually induce aneurysm development, growth and rupture.

However, some earlier studies have hypothesised high WSS to be responsible for

the genesis of cerebral aneurysms. For example, |Shojima et al.| (2004) performed

CFD analysis of 20 middle cerebral artery aneurysms. The results of their analysis
suggested that the inception of aneurysms is linked to high values of WSS, whereas
the progression and rupture are associated with low WSS that can cause degener-
ative changes in the aneurysm wall. Overall, the current state of the knowledge on

the etiology and pathogenesis of the intracranial aneurysms was summarised in a

review paper by Singh et al. (2009). The authors put together a table systematising
the most important findings and studies in the field, depicted in Figure[3.9]

With respect to aortic dissections, several aspects of the dissection pathology

have been subjects to CFD investigations. For example, |Cheng et al. (2010) per-

formed analysis of flow patterns within the aorta of a patient with a type BE| dissec-
tion. Their results showed that the dissected aorta features a highly helical flow with
strong recirculation and possibly turbulent regions. Around 80% of the flow injects
into the false lumen, which may facilitate further propagation of the dilatation of
the aorta (see Figure[3.10). Close to the initial tear, the vessel wall displayed regions

IType B aortic dissection involves the descending aorta or the arch, without the ascending aorta.
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Figure 3.9: Studies indicating the importance of haemodynamics in the etiopatho-
genesis of intracranial aneurysms (table from Singh et al. 2009).

of high WSS that could induce further propagation of the dissection.

Another study of |Chen et al.| (2013b) investigated the communication between

the true and false lumen of an aortic dissection with two re-entries. The authors

found complex patterns of blood flow exchange, whereby at systole around 30% of

the flow injected into the false lumen through the primary entry tear and the first

re-entry, after which it flowed back to the true lumen through the second re-entry.

Velocity (m/s)

033
0.25
0.16
0.08
0.00

Figure 3.10: Particle paths of blood flow in the aortic dissection model (image from

(Cheng et al.[2010).
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Figure 3.11: Changes in flow patterns corresponding to occlusions of different en-
tries. (a) Flow patterns at systolic peak in 4 occlusion scenarios, which virtually close
(i) the primary entry, (ii) re-entry 1, (iii) both the primary entry and re-entry 1 and
(iv) all the tears along the flap; (b) diagrams of inter-luminal blood communication
showing that the flow into the false lumen was best reduced by scenario iii, which
sealed both the primary tear and the first re-entry (image from Chen et al.[2013a).

On the other hand, at diastole only around 5% of the flow entered through the pri-
mary tear. During one cardiac cycle, flow rates of the primary entry, two re-entries
and the outlet of celiac trunk were 7.55%, 6.59%, -8.79% and 5.35% of the overall
inlet inflow. The authors conclude that “the dissection not only diverts blood, it also
largely disturbs the flow, inducing very high velocities near the entries and possi-
bly turbulent flow patterns within the lumens, which reduces the available head for

perfusion of the downstream organs.”

Finally, some studies have analysed alterations in flow patterns when certain
entries of the dissected aorta are occluded. These studies provide an initial under-

standing of blood flow and pressure changes in an aortic dissection as a preliminary

preparation for aortic repair. For example, Karmonik et al.| (2011) reported that the
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pressure in the false lumen drops when the tear entrance is occluded. Performing
similar analysis, Chen et al.| (2013a) suggested that in cases of multiple dissection
entries, stent grafts that cover all tear entries offer the most effective reduction in
inter-luminal blood communication and thus can best promote thrombus forma-
tion in the false lumen (see Figure[3.11).

Computational studies specifically relevant to this project are those investigat-
ing alterations in haemodynamics due to the presence of the stent. With respect
to intracranial stenting, the recent series of studies by (Cebral and Lohner| (2005)
and Appanaboyina et al. (2009) presented an extensive methodology for simulating
post-procedural vessels haemodynamics, which includes virtual stenting as well as
CFD. After the virtual stenting procedure, the authors observed changes in flow pat-
terns inside the aneurysmal sac due to the stent placement. Namely, prior to stent
placement, the flow was entering the aneurysmal sac at the distal part of the neck
and rotating inside in the clockwise direction. After the deployment procedure,
the flow entered at the proximal end of the neck and was rotating in the counter-
clockwise direction, which was in line with previous observations in phantom ex-
periments. However, their stent deployment method is the one proposed by Ap-
panaboyina et al.| (2008), which was described in the previous section. Since the
method is based on the deformation of a cylinder, on the surface of which stent
design features are subsequently drawn, it by no means guarantees realistic con-
figurations of a deployed device. Nor can it account for potential alterations of the
vessel geometry, since vessel walls were assumed rigid. However, even though stent
configurations were simplified, the study demonstrated that covering the neck of an
aneurysm with a mesh reduces the inflow into the aneurysmal sac and changes the
flow patterns, which is an important computational confirmation of the capability

of the stenting procedure to reduce flow.

From the same group, there has been a slightly controversial publication that
appeared in the American Journal of Neuroradiology in 2011. (Cebral et al. (2011)
performed a CFD analysis of 7 pre- and post-stented vessels treated with PED flow
diverter. The data included 3 cases with post-procedural rupture and 4 successfully
treated aneurysms, in order to compare haemodynamic indices and quantify the
effects of flow diverter deployment. Based on their analysis, the authors reported
that although reduction in aneurysm velocity was achieved, demonstrating the ef-

fectiveness of the stent in preventing most of the blood from entering the aneurys-
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mal sac, the treatment also induced an increase in pressure inside the aneurysm (>
20 mmHg) in subsequently ruptured cases. In contrast, those aneurysms that did
not rupture after flow diverter placement did not exhibit such dramatic pressure
rises (< 3 mmHg). The pressure increase was supposed to be related to (1) alter-
ations in geometry of the parent artery, such as reduction of a proximal stenosis,
and (2) to “the flow diversion into higher resistance parent artery pathways com-
bined with cerebral autoregulation, leading to higher pressure gradients.” The au-
thors concluded that placement of flow diverters may lead to the increase in pres-
sure inside the aneurysm, followed by a post-treatment rupture, especially in cases

of giant aneurysms.

However, this study was heavily criticised by Fiorella et al. (2011). The concerns
were mainly attributed to the apparent overestimation of the physiologic pressure
gradients, that were an order of magnitude higher than reported in previous in vivo
and ex vivo experiments. The overestimation could occur due to a number of rea-
sons such as assumed flow rates, the rigid wall assumption or the CFD solver. In
their response, Cebral et al. argued that their CFD solver had been validated against
in vitro measurements and that, although flow rates were assumed and not patient-
specific, they were plausible. The controversy led to a CFD Challenge conducted
with the aim of assessing the variability of solutions provided by 25 different CFD
groups (Steinman et al., 2013). The results of the challenge demonstrated a re-
markable consistency in the pressure drop predictions across a wide variety of CFD
solvers and solution strategies. However, flow patterns within the aneurysmal sac
were found to display higher variability and the solution was very sensitive to as-

sumptions about the flow rate.

Another study combining virtual stenting and CFD was that of Bernardini et al.
(2011). The authors tested models of a self-expanding Neuroform stent (Boston
Scientific, Natick, MA, USA) deployed inside idealised aneurysmatic cerebral ves-
sels. After performing virtual deployment with a fast virtual stenting method, a FE
method and subsequent CFD analysis, the results predicted a reduction of WSS and
velocity (by almost 50%) after stent placement, showing the usefulness of the de-
vice. However, the fast stenting algorithm the study used was that proposed by
Larrabide et al.| (2010) and reported in the previous section, which was developed
only for cerebral vasculature and under the rigid wall assumption. When compared

with the stent released shape obtained by a FE method with a flexible vessel, there
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Figure 3.12: Reconstruction of an aortic geometry with TAA after stent grafting. (a)
Initial vessel geometry, (b) removal of the aneurysm, (c) geometry after stent graft-
ing (image from Xiong and Taylor|2010).

were noticeable discrepancies in released configurations of the device and the ves-
sel, especially, the longitudinal straightening of the vessel in the stented part, as the
authors reported. These geometrical differences led to discrepances in haemody-
namic variables inside the aneurysmal sac, showing the importance of taking vessel

distensibility into account.

With respect to stenting of AAAs, TAAs and aortic dissections, there have been
studies investigating haemodynamic changes induced by the procedure, however,
with an inadequate stent deployment part. Namely, these studies mainly focused

on the CFD part and either simply occluded the tear entries in cases of dissected

aorta (Karmonik et al., 2011; |Chen et al., 2013a) or modelled the stent expansion

in an ad hoc way. For example, Xiong and Taylor (2010); Xiong et al. (2012) con-

ducted a series of studies of post-procedural vessel haemodynamics for different
aortic pathologies. To reconstruct the vessel geometry after stent grafting, the au-
thors used a purely geometrical approach, whereby the pathological vessel segment
was clipped and substituted with a surface of a virtual stent graft, aligned with the
centerline of the removed part. Afterwards, the mapping of a 2-D strut pattern on
the stent graft surface was performed (see Figure [3.12). This deployment method
does not simulate the deployment process and does not account for mechanical in-
teraction between the stent and the vessel, leading to implausible geometries upon

which the CFD analysis is based. An interesting result of the study, however, was the
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Figure 3.13: Deployment of the stent graft within the aorta. (a) Initial configuration
of aorta, unloaded stent and bent graft following the main curvature of the vessel,
no contact is activated. (b) The stent is crimped, bent and expanded until contact
between the inner surface of the graft and the outer surface of the stent is estab-
lished. (c) The proximal and distal landing zones of the vessel are expanded via an
incremental pressure to make room for the stent graft. (d) The incremental pressure
is released and contact between the aortic wall and stent-graft is established (image
from Prasad et al|2013).

investigation of the impact of the stent struts on the haemodynamic indices. Their
results indicate that the “strut patterns do not have a significant impact on the mag-
nitudes of the forces as their contributions to the surface integration are minimal.”

However, the struts influenced the local shear stress in the vicinity.

Another recent study by Prasad et al.| (2013) investigated positional stability of

Computational Modelling of Vascular Interventions: Endovascular Device Deployment

41



3. LITERATURE REVIEW Katerina Spranger

aortic endografts. In the performed experiments, the authors varied sizes of devices
and aortic geometries, investigating the implications of fixation length, aortic cur-
vature, friction coefficients and oversizing on device stability. However, stent graft
deployment was implemented by means of contact between the inner surface of the
graft and the outer surface of stent (see Figure[3.13} b) and did not represent a realis-
tic process. Given the results, the authors concluded that unfavorable neck anatomy
is responsible for poor contact at the fixation zone, which is therefore linked to un-
favorable outcomes. Furthermore, their analysis demonstrated that a higher coeffi-
cient of friction leads to better positional stability. Finally, they showed that increas-
ing device oversizing improves contact but may increase the level of circumferential

stresses in the aortic neck to a point that may trigger neck dilation.

Finally, a CFD study by [Figueroa et al.| (2009) investigated the implications of
vessel curvature on displacement forces acting on a stent graft. Here again, the stent
graft was not deployed, but geometrically implanted and then manipulated in order

to investigate the implications on acting forces.

3.3 CONCLUDING REMARKS

This chapter gave an overview of existing approaches to modelling virtual stent de-
ployment in arteries. The reported previous attempts to simulate the deployment
process feature considerable limitations when judged upon their suitability for pre-

operative rehearsals.

The discussed FEA methods are overly slow to constitute a base for a clinical
tool, taking from several days to several hours to run, depending on the complexity
of the model. Hence, they are not suitable for the purpose of this project. However,
FEA is considered to be the “gold standard” in the field, offering accurate results and
reliable measurements. Therefore, it could be used as a benchmark for comparison

to assess the accuracy of the envisioned novel fast deployment method.

The reported rapid stenting methods operate under the assumption of rigid ves-
sel wall. Even though the assumption may be justified in cases of intracranial stent-
ing, it eliminates the very possibility of obtaining crucial information that is absent
in medical imaging data and investigating the potential dangers of the stent place-
ment procedure. Hence, incorporating flexible vasculature into the envisioned stent

deployment model would provide an important contribution to the field.
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In the published literature, the studies usually focus on either the virtual stent
placement or the haemodynamics of the vessels, but the two methods are rarely
coupled in a clinically suitable assembly. The mentioned study of Larrabide et al.
(2010) is an exception. However, their approach is limited to only cerebral cases
and does not account for vessel deformation. Hence, coupling virtual stenting with
a subsequent CFD analysis would provide a possibility to conduct a complete in
silico investigations before performing vascular interventions in vivo, especially in
the abdominal area. In particular, incorporating vessel deformation would enable
detection of cases where stents would cause dangerous deformation in the vessel

geometry and preventing these scenarios from being pursued.

The next chapter describes the methodology adopted and developed in this
project for modelling virtual stent deployment.
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HAPTER

VIRTUAL STENT DEPLOYMENT:

METHODOLOGY

This chapter presents the methodology that was used to develop the novel fast stent de-
ployment method. The chapter starts by describing different stages involved in modelling
virtual stent deployment and how they were addressed in the present work. The weighting
of the different sections reflects the importance to the present project and the amount of
contribution offered by the thesis. Hence, the core of the chapter is dedicated to meth-
ods that were developed for pre-processing of vascular devices and for modelling their
expansion mechanics. In particular, the chapter focuses in detail on the stent expansion
process and develops expansion algorithms based on three different spring analogy tech-
niques. Further, methods handling the vessel are described, from geometry reconstruction
to modelling its contact with the stent. Finally, the chapter outlines some of the established
methods that were used as a base for computational experiments presented in the coming
chapters.

This chapter describes the methodology that was used to develop the novel fast

virtual stent deployment method. The aim of the novel deployment method was to
target interventions performed under radiological guidance both in the aortic and
intracranial areas. Hence, the methodology had to be general enough to be able to
include a broad range of devices, such as stent grafts and flow diverters. With this

in mind, the computational techniques presented here are both sufficiently generic

and computationally inexpensive.

The envisioned stent deployment system would become part of the clinical rou-

tine and serve as a decision support system. The architecture of the system is

schematically represented in Figure It consists of multiple components, some
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Figure 4.1: Integration of the envisioned Virtual Deployment system into clinical
workflow: from obtaining clinical imaging data to analysis of haemodynamics in
vessels after the stent deployment procedure. The dashed box illustrates the inter-
nal architecture of the Virtual Deployment system, showing in red methods devel-
oped in this thesis and in blue established methods that were utilised at a particular
stage of development.

of which rely on already established methods (depicted as blue blocks), others are
novel and will be developed in the coming sections and chapters (red blocks). The
workflow starts with obtaining medical imaging data (box a) and transforming them
into the 3-D geometrical vessel models (b) in the process of segmentation. The cre-
ated 3-D vessel geometry constitutes the input into the Virtual Stent Deployment
system (c), the development of which forms the core of this thesis. Its internal struc-
ture is shown within the dashed box in the image and features many components,
such as modules for pre-processing of stents, vessel modelling, etc. The output of
the virtual deployment process constitutes as the 3-D shape of the expanded device
and the vessel. From these data, a discretisation mesh for subsequent haemody-
namic analysis is constructed (d). The results of the CFD (e) are analysed to aid

clinical decision (f).
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The presented workflow diagram shapes the structure of this chapter, with the
blue and red diagram blocks forming the coming sections and subsections. The
weightings of the different sections reflect the importance to the present project
and the amount of contribution offered by the thesis. Hence, the core of the chap-
ter is dedicated to methods for pre-processing of vascular devices (diagram block
Pre-processing of stents, described in Section and modelling their expansion
mechanics (Stent Expansion Methods, described in Section. Three different ex-
pansion methods are presented with the underlying theory and application to the
stent deployment algorithms. Further, methods handling the vessel are reported,
from geometry reconstruction (Segmentation, Section [4.3.1) to modelling its con-
tact with the stent (Vessel Modelling, Section[4.3). Additionally, the chapter briefly
outlines the two established methods of Finite Element Analysis (Section [4.4) and
Genetic Algorithms (Section[4.5) that will be employed in the coming Chapter [f] for
the validation of the developed novel fast stent deployment method. Finally, meth-
ods for computational grid generation (Omnitree, Sections used for the subse-

quent haemodynamic analysis (Finite Volumes, Section are briefly described.

4.1 PRE-PROCESSING OF STENTS

This section outlines the initial steps required to create a model of the stent and
prepare it for the expansion process. I will briefly describe the reconstruction of
the stent geometry, computation of the local coordinate system, computation of
the crimped configuration and the initial positioning of the device inside the target

vessel.

4.1.1 Geometry reconstruction

The data on commercial stents is usually not available and getting the informa-
tion from manufacturers often proves difficult, given the IP issues involved. The
most straightforward way to reconstruct the geometry of the device is to draw the
stent manually with the help of a CAD software; however, this procedure can be
extremely tedious and thus impractical. One possible solution to avoid the man-

ual process is to reconstruct the stent design from an X-ray computed tomography
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Figure 4.2: (a) Schematic representation of a stent graft, consisting of an external
nitinol wire supporting structure that is attached circumferentially along the surface
(image from www.goremedical. com). (b) Gore TAG thoracic endoprosthesis in the
load-free and partially expanded configurations (image from Wheatley et al.[2006).
(c) 3-D reconstruction of the scanned stent graft with dimensions 40 mmx10 cm.
(d) Computational representation of the stent graft.

(CT)E] scan, saved as an STL ﬁleﬂ This method is especially suitable for devices with
high-porosityﬂwiring and low pore densityﬂ such as aortic stent grafts.

Stent graft reconstruction. The creation of the computational representation of
stent devices is demonstrated on the example of the Gore TAG Thoracic Endopros-
thesis (model TGT4010) which can be seen as a typical representative of an aor-
tic stent graft (see Figure b). The endoprosthesis is comprised of an external
self-expanding nitinol wire structure (stent struts) that is attached circumferentially

along the entire surface of the graft, as schematically illustrated in Figure[4.2} a). The

1“X-ray computed tomography (CT) is an imaging method in which a cross-sectional image of
the structures in a body plane is reconstructed by a computer program from the x-ray absorption of
beams projected through the body in the image plane (Med}2007).”

2An STL (STereoLithography) file represents an unstructured triangulated surface of an object,
describing each triangle with coordinates of its vertices (ordered by the right-hand rule) and the
normal of the triangle in a three-dimensional Cartesian coordinate system.

3Porosity is defined as the ratio of the metal-free surface of a device to the total surface area.

“Pore density is defined as the number of pores per unit surface area.
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device is 40 mm in diameter and 10 cm in length.

In case CAD design files of a stent geometry were available, no scanning of the
device was required and the process was reduced to the creation of a 3-D geome-
try from the available surface mapping. For example, CAD design files constitute
input into a stent cutting machine and are usually two-dimensional. They were
simply wrapped around a cylinder to obtain a 3-D representation by assigning the
x-coordinate to be the circumferential position around a cylinder of a given stent

radius.

In cases the CAD files were unavailable, the design of the device was recon-
structed from an X-ray computed tomography scan of the device with the spatial
resolution of around 150 um (see Figure[4.2} c). With respect to the strut wires, they
were approximated by their centerlines, i.e., they were initially modelled without an
explicit thickness to enable fast deployment. After the centerline representation of
the stent struts has been obtained, it was supplemented with a background mesh,
that emulates the device sheath and prevents an excessive expansion and distortion
of the stent during the simulated deployment.

The merging of the two meshes - stent struts and background mesh - could be
achieved in two ways: using an isotropic triangulation in which the stent geometry
has been given a “best-fit” representation within the background mesh, or creating
an anisotropic mesh using triangulation constraints, i.e., requiring mesh elements
to incorporate the stent struts. Figure[4.2|(d) depicts the final computational model
of the stent graft geometry.

Flow diverter reconstruction. Due to the low porosity, high pore density and regular
struts architecture, the easiest way to model a typical flow diverter (FD), or devices
of a similar design, was to use CAD software to replicate the design of the device. Af-
ter a 2-D representation has been created with CAD, the sheet was wrapped around
a cylinder to get a 3-D structure. Figure[4.3|shows an example geometry for the com-
mercially available Pipeline Embolization Device (PED, Covidien, Irvine, Califor-
nia). At the moment, PED is the only FD device that has been approved by the FDA.
It is a self-expanding device with braided structure, mainly composed of Cobalt-
Chromium-Nickel (Co-Cr-Ni) alloy strands. Since the device does not have a sheath,
there was no need for an additional background mesh. However, each rhomboid of

the stent struts was additionally subdivided into two triangles, by means of adding
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Figure 4.3: (a) Pipeline Embolization Device (PED, ev3, Irvine, California) (image
from 2011). (b) Reconstructed 3-D struts mesh representing the PED flow
diverter with the diameter of 3 mm and the length of 14 mm.

one horizontal background spring to ensure adequate triangulation.

Datastructures. The information about the stent devices was stored as a data struc-

tureﬂ with multiple parameters, the most important of which are the following

e matrix V of coordinates of stent vertices, with the dimension 7 x 3; each row
has the form v; = (x;, y;, z;) for a vertex i, where i is a global index of the vertex

running for i = 1...N and N is a total number of nodes;

e stent struts table that stores pairs of nodes making up stent struts in the form

[vi, vjl;

* background mesh table that stores triples of nodes making up the background

mesh in the form [v;, v;, vgl.

From the above information more parameters were computed and stored in the
stent structure in order to be quickly accessed during the simulation process. For
example, another very useful parameter was the connectivity table that was com-
puted from struts pairs or background triples. The background connectivity ta-
ble Conn was listing for each vertex its direct neighbours in the mesh in the form
i:[ng, ny...,nyl. The connectivity table was computed for both stent struts’ nodes
and background nodes. To note is that the vertices belonging to the stent struts con-

stitute a subset of the background vertices. More details on stent parameters will be

5The stent data structure was implemented as a class with properties that store particular pieces
of information and methods that allow calculation and manipulation of the device structure.

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 50



Katerina Spranger 4.1. Pre-processing of Stents

provided in the coming sections, for instance, stiffness of struts or geometrical fea-
tures like diameter and length.

4.1.2 Local coordinates

For later manipulations of stent geometry, such as the calculation of the crimped
and expanded configuration, it was convenient to establish a local coordinate sys-
tem for the device in order to decouple the mechanical component of computations
from the stent positioning in the global coordinate system. The local coordinates
were set along the principal axes of the stent that also correspond to the principal
components of the stent nodes’ data, i.e., dimensions of the largest possible vari-
ance in the data. For example, for an elongated tubular structure, like a stent, the

dimension with the largest variance is its longitudinal direction (see Figure(4.4).

The principal components of the data were determined with a common mathe-
matical technique called Principal Component Analysis (PCA). PCA is an orthogonal
linear transformation that can establish new basis vectors for the data in a way that

the first coordinate, or the first principal component, bears the greatest variance

25
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Figure 4.4: (a) Two principal components (red and green lines) of the data (blue
points). (b) PCA on stent vertices with the 1st, 2nd, 3rd components in red, green
and blue, respectively, which are set to build the stent’s local coordinate system in-
dicated by the capital X, ¥, Z (global axes are indicated by the small x, y, z).
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in the data. The second principal component is orthogonal to the first and corre-
sponds to the dimension of the second greatest variance and so on. Mathematically,
the transformation is carried out by finding the eigenvalues and eigenvectors of the
symmetric covariance matrix C defined as the following, for the case of n points
vi = (x3,¥i,%i),1 =1...N:
Cxx ny Cx:
C=|Cyx Cy, Cy.|, 4.1)
Czx Czy Ciz

where Cy, represent covariances between the components x; and y; defined as
1 n
Cxy=— D (xi— ) (Vi — thy), 4.2)
N3

and where u, stands for the mean of x: u, = % Zﬁl X;.

Finding the eigenvalues (1) and the corresponding eigenvectors of the matrix C

can be achieved by solving the following characteristic equation for A:
det(C—AI =0, (4.3)

where I is the identity matrix and det stands for the determinant. Having solved
the equation, an orthogonal basis can be formed by placing the eigenvectors in de-
scending order with respect to eigenvalues (largest first), where the first eigenvector
captures the dimension of the largest data spread, i.e., the largest variance of the

points from the mean value.

Matlab offers a predefined function princomp (X) to perform the PCA analysis
on data X. It is used for the stent in the following way, whereby the data consist of

the stent vertices:
[coeff, score] = princomp(stentVertices);

where coeff returns the principal component (PC) coefficients, i.e., the vectors of
the new coordinate system, and score gives the coordinates of each point of X in the
new basis. In order to get the coordinates in the global system, one has to multiply
the coordinates in the new basis (score) by the PC coefficients (coeff) and add
back the mean of the data:

global = repmat(meanX, n, 1) + score * coeff’;
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As the above transformation shows, PC coefficients can also be seen as a rotation
matrix (coeff’) that has to be multiplied with the local or undisplaced configura-
tion (score) to obtain the rotated (here global) configuration (symbol ’ indicates

the transpose of a matrix).

After the PCA has been performed on the stent vertices, the first component
gives the centerline of the stent, whereas the second two lie in its circumferential
plane (see Figure b). The information obtained with PCA was also used to ob-
tain stent dimensions such as length and radius; namely, the length was determined
as the range of values in the first PC dimension, while the radius as the distance of a

vertex to its projection onto a centerline.

4.1.3 Crimped configuration

During the minimally invasive stent deployment, the vascular prosthesis is firstly
crimped and placed into a delivery system. Upon release in a target vessel location,
it “springs” back to a load-free configuration under the elastic forces of the material.
The most widely used material for self-expanding devices is nitinol (nickel-titanium
alloy), which is a superelastic material that features the elastic response to small

deformations of up to 10% due to its shape-memory effect (Stoeckel et al., 2002).

Thus, we have to start the deployment simulation with the crimping of the de-
vice. In order to compute the crimped configuration, an automatic procedure has
been developed, which determines the displacements of the folded stent nodes with
respect to the load-free configuration. All calculations were performed in the local
coordinate system of the stent, and the crimping was carried out around the z-axis

which was aligned with the centerline of the device.

The crimping algorithm consisted of two steps: (1) calculation of preliminary
node coordinates of the crimped stent and (2) their correction to retain the length of
the struts unchanged. Assuming that the stent nodes are arranged circumferentially
on a circle around the centerline of the stent, the first step made use of the following

parametric circle definition:

X

a+r-cos(t)

b+r-sin(t)

y

where the parameter ¢ ranges between 0 and 27 and geometrically represents the

angle that the ray from (a, b) to (x, y) formes with the x-axis. Using this equation,
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(@ (b)

Figure 4.5: Crimping of the stent graft (black) with the dimensions 40 mm x 10 cm
to (a) 50% and (b) 10% of its initial radius (red).

each stent node was parametrised, i.e., the parameter ¢ was obtained, knowing the
nodal coordinates (x, y), the stent initial radius (r) and the location of the center
(a, b). Having found ¢, the new (x, y;) coordinates of the crimped device were cal-
culated by deciding on the radius of the crimped configuration. The z-coordinate

was initially assigned unchanged, which resulted in a distortion of the struts’ length.

When crimping the stent, it was important to retain the length of the struts un-
changed since for a typical ring stent, most of the crimping effect results from de-
crease in the angles between the struts. The correction of the struts’ lengths was
performed in two phases: first, the whole crimped stent was scaled along the z-
axis by stretching because all struts became shorter after the preliminary crimping
step. Choosing the scaling constantas 0.2-(1-crimpingPercent) yielded the best
performance. Thereafter, the node coordinates were explicitly recalculated for each
pair of nodes building a strut, so that the resulting length equals the initial value.
This step was performed in the iterative manner, where the newly calculated node
coordinate was only partially assigned as a weighted sum of the old and the new
value. Iterating helped to avoid a potential elimination of the correction if the node
happened to be chosen for a correction in another strut, since nodes belong to mul-
tiple struts. The iteration terminated when the desired precision was achieved. The
example crimping of the stent graft is shown in Figure and the pseudocode of
the two steps of the crimping procedure is summarised below.

1. Compute center coordinates (a, b) in the xy-plane, stent radius r and

stent crimped radius r. = crimpingPercent-r
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2. For each stent node n = (x, y, z) do

e calculate parameter t = arctan(%) ;

e compute preliminary coordinates of crimped stent (x, y., 2¢) as

Xc=a+rc-cos(t); ye=b+re-sin(t); z.=z
Correction of the struts’ length:

3. Scale the stent along the z-axis: z, = (1+0.2- (1 —crimpingPercent)))-z
4. For each strut pair (n;, n;) with the initial length I do:

* Find the upper node in the pair by comparing the z-coordinates

* Correct the upper node n; by computing its new z-coordinate as
zj, = \/(12 = (X, = X0 = Vi, = ¥j)?) + 2j,

The fact worth mentioning is that the struts’ length correction also resulted in
the foreshortening effect, whereby the stent becomes longer when crimped and
shorter when deployed, which is observed in real stents, especially in case of flow

diverters.

4.1.4 Initial positioning

After the stent has been crimped, which simulates its folding and placement in a
catheter, the next step in the minimally invasive procedure is the positioning of the
catheter in a desired location of the vessel with the help of a guidewire. Both the
guidewire and the catheter are flexible enough to be able to follow the curvature of
the vessel they are being pushed through. Once the target destination is reached,
such as a neck of an aneurysm or the initial tear in the case of an aortic dissection,
the catheter is being pulled out to release the stent which starts expanding under

the elastic forces of nitinol it is made of.

In order to simulate the initial placement of the device before its release out of

the catheter, an automated positioning method has been developed. This method
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deforms the crimped device in a way to let it follow the curvature of the vessel cen-

terline. The alignment with the centerline was implemented in two steps: (1) first,

all vertices of the stent were divided into layers depending on their longitudinal po-

sition in the stent local coordinates; (2) afterwards, each layer of the stent was de-

formed according to the curvature of the vessel centerline, i.e., according to the de-

viation of the corresponding vessel centerline point from the straight line, starting at

the centerline node corresponding to the distal landing zone. Below is the detailed

pseudocode of an algorithm which computes the coordinates of the deformed con-

figuration of the stent aligned with the vessel centerline (deformedVertexGlob).

1. Calculate the stent layers’ matrix which stores indices of all vertices lying

in each of the corresponding layers, depending on their longitudinal posi-
tion (stentLayersMatrix). The distance between the layers in the stent
longitudinal direction is set depending on the stent design. For regular
wiring, for instance, it is set to be the longitudinal distance between two

vertices of any chosen strut pair.

. Determine the necessary centerline points: calculate the location and
length of the centerline segment needed to accommodate the crimped
device and identify the corresponding centerline points. If the centerline
vector does not have a sufficient resolution in a needed segment (to al-
locate a point for each of the stents layers), interpolate the given curve

nodes to obtain the number of points corresponding to stent layers.

. Deform according to the curvature of the centerline:

For each layer from distal to proximal do

 get indices of the stent nodes (layerInd) that belong to the current

layer from the stent layers’ matrix (stentLayersMatrix)

layerInd=stentLayersMatrix(layer)

e calculate the rotation matrix R that represents the rotation of the rel-
evant centerline segment. The segment can be chosen to lie between
the centerline points that correspond to the previous and the current

stent layer. Then, the rotation matrix R can be determined by cal-

Computational Modelling of Vascular Interventions: Endovascular Device Deployment

56



Katerina Spranger 4.1. Pre-processing of Stents

(@ (b) (©

Figure 4.6: The initial positioning of the crimped stent along the centerline of the
vessel. (a) 30%-crimped generic stent; (b) 30%-crimped Gore Tag stent graft; (c)
20%-crimped PED flow diverter in a patient-specific geometry.

culating the principal components of the corresponding centerline
points (curvepoints):

R = princomp(curvepoints)

¢ place the current stent layer (all vertices with indices layerInd) in
the center of the egocentric coordinate system by subtracting its

mean:

shiftedVertexEgo=vertexEgo(layerInd) -

mean (vertexEgo(layerInd))

e deform all nodes of the current layer according to the deformation
of the centerline segment, i.e., rotate the (shifted) egocentric coor-
dinates with the rotation matrix R. Then, the obtained configuration
has to be placed back onto the centerline in order to obtain the final
global coordinates, i.e., it has to be translated with the mean of the

corresponding centerline points (curvepoints):

deformedVertexGlob(layerInd)=shiftedVertexEgo*R+

mean (curvepoints)

The results of the algorithm are shown in Figure [4.6| which illustrates the place-
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ment of three different crimped stents along the centerline of the vessel. After the
deformation, the length of the struts contains a small error. This error was corrected
in a similar way as it has been done after the crimping procedure reported in the

previous section.

4.2 MODELLING STENT EXPANSION

In a process of computational modelling, one inevitably faces a tradeoff between the
accuracy of computations and their speed. Some methods can offer visually appeal-
ing results in a very fast time frame but do not represent physically realistic mech-
anisms. On the other hand, there are very accurate methods that capture physical
processes but are very time-consuming, as has been discussed in Chapter[3] Addi-
tionally, since we are interested in interventions performed under radiological guid-
ance in both the abdominal and intracranial areas, the stenting method should be
general enough to include a broad range of devices, such as stent grafts and flow
diverters. This requirement narrowed down the investigated computational tech-

niques to those that are both sufficiently generic and computationally inexpensive.

This section explores different computational methods in order to determine
the most suitable approach for modelling the process of stent expansion. First, I
briefly describe the overall theoretical framework of the dynamic mesh approaches
and then zoom into the details of three exemplar methods. After outlining the the-
ory behind each of the investigated methods, I show how to apply them to the stent
expansion problem. The three versions employed are the lineal spring analogy, the
semi-torsional spring analogy and the torsional spring analogy. All three versions
are approximative methods; however, they feature increasing complexity and pre-
cision of iterative equations. The ultimate goal of the coming two chapters is to in-
vestigate their suitability for modeling the stent expansion process and finding out
whether the more computationally intensive version is justified by a concomitant

increase in precision.

4.2.0.1 Theoretical framework

The methods under investigation fall within the category of dynamic meshes, which
were originally employed in the field of computational aerodynamics. Dynamic

meshes were proposed as a means of dealing with the moving boundary problems
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— the class of problems that involve the deformation of the computational domain
during the course of the simulation. They arise, for example, in fluid-structure in-
teraction, like modelling of the pulsatile blood flow in arteries undergoing systemic
deformations. One solution for coping with mesh deformation is to perform re-
meshing of the domain during the simulation after the deformation has occurred.
Another approach is to fix the quality of the existing mesh that has been deformed,
which is a preferable option for those computational problems where the move-
ment of the mesh structure itself is unknown and has to be found in the solution
(Moyle and Ventikos, 2008).

To handle a dynamic mesh, it is often viewed as a continuous or discrete sys-
tem with fictitious mass, damping and stiffness properties (Farhat et al., 1998). The

movement of such a system obeys the equation of dynamic equilibrium:
Mg +Dq+Kq =0, (4.4)

where M, D and K are the system’s fictitious mass, damping and stiffness matrices,

respectively; q is a time-derivative of the displacement vector q:
q(1) =¢(1) -¢(0), (4.5)

where ¢ represents the time and ¢ is the vector of nodal coordinates (Farhat et al.,
1998).

The equation of dynamic equilibrium (Equation is often accompanied by

the displacement boundary condition
q(?) =q(?) (4.6)

on I';;,, where q(t) indicates the known displacement vector of the moving bound-
ary I';,. Usually, the grid points originally located on the moving boundary I';, stay
attached to this boundary at the same relative locations, and the new positions of
the nodes inside the mesh are determined through the integration of Equation (4.4)
with the boundary condition (Equation[4.6).

The first way to generate a dynamic mesh is by overlaying the given grid with a
continuous elastic medium that is subsequently discretised. In this case, Equation

(4.4) stems from the discretisation of the classical elastodynamics equation

’q
pW—V'TZO, (47)
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where ¢ is the displacement of the structure, p is the density of the material, 7 is the
stress tensor expressed in terms of 7 = E : €(q), with the tensor of elasticities E and

the strain tensor €.

Alternatively, in the discrete case, the dynamic mesh can be directly assembled
by equipping the grid with additional elements, i.e., by

¢ adding a fictitious mass at each vertex of the mesh,

e attaching a fictitious spring to each edge connecting two vertices

¢ and adding a fictitious dashpot at each edge connecting two vertices.

Very often in applications, the system described in Equation (4.4) is reduced to

its quasi-static version resulting in a simplified form

Kq=0 (4.8)

Numerical solution. Systems of linear equations in the form Kq = f are frequently
solved with the Jacobi method. The Jacobi method is an iterative algorithm where
the matrix K is split into two matrices, diagonal matrix K; and the residual matrix

K;,sothat K = K;+K;, under the assumption of dominant diagonal elements. More

precisely:
ki ki k1n q h
ko1 ko2 kan qz f2
K — . , q = . , f = . (4.9)
| kn1 k2 knn | | dn | | fn)
K is decomposed into a diagonal matrix K; and the residual matrix K; in the follow-
ing way:
k11 0 0 k12 kl n
0 k22 k21 0 k2n
K=K ;+K;, where K;= and K, =
| O 0 knn ] | knl knz O ]
(4.10)
Hence,
Kq=Kuq+K;q (4.11)
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This implies
Kaq =Kq-Kiq

(4.12)
= f_ qu
Finally, we can derive an expression for q which can serve as a base for iterative
solutions g%+
q=K;'¢-K,q = q*V=kK;'¢-Kq"), (4.13)

where k + 1 is the number of iteration. The algorithm is iterated until it converges,

(k)

i.e.,, ¢**D is equal or close enough to q©. Alternatively to the system approach,

the solution can also be found on the element-to-element basis, which takes the

following form for an element i:

1 .
gV = —(fi- Y kijal), i=12,..n (4.14)
ki j#i

In the sequel, the Jacobi method was used to solve the system of stent forces, as

will be described below.

4.2.1 Lineal Springs
4.2.1.1 Lineal spring analogy

The idea behind the spring analogy methods consists in replacing the mesh by fic-

titious springs, as schematically illustrated in Figure [4.7] (Blom), 2000). Each spring
then behaves according to Hooke’s law, stating that the extension of a spring is di-

rectly proportionate to the load applied to it, or mathematically:

F = —kx, (4.15)

(@) (b)

Figure 4.7: (a) Graphical interpretation of the lineal spring analogy. (b) Each edge of

the 2-D mesh is modeled as a fictitious lineal spring (image from Meier et al.[2005).
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where x is the displacement of the end of the spring from its equilibrium position, F

is the restoring force exerted by the material and k is a spring constant.

When spring analogy is based on lineal springs, it is referred to as lineal spring
analogy (LSA). In case the springs in the model are set to possess a certain positive
equilibrium length, Hooke’s law can be written for the fictitious force F; acting on
node i from its neighbours as

1
Fi=) kij(6;-6)), (4.16)
=1

where §; is the displacement of node i, k;; is the stiffness of the segment spring

between node i and j and n; is the number of neighbours of node i (Blom), 2000).

Figure illustrates the behaviour of a mesh consisting of springs elements
when the deformation is prescribed to the farthest upper right node of the mesh.
Assuming that in equilibrium the force acting on each node is zero, the new nodal
displacement can be calculated at every time step as a weighted average of the dis-
placements of the surrounding nodes. This gives the following iterative Equation
(4.17), which can be derived from Equation by setting the force to zero:

ni .. sk
ijzl kll(sj

F
ij:1 kij

sl = : (4.17)

where index k represents the number of iterations.

Applying the iterative Equation (4.17) to all nodes of the mesh, the system is
solved for displacements at the internal nodes, using the known displacements on

boundary nodes and nodal coordinates of the previous iteration. After the sufficient

number of iterations, the new nodal coordinates x"¢%

old

are determined by adding the
final displacement 8/7"% to the old coordinates x°/4, which ensures the conformity
of the mesh with the physical elastic properties of the deforming body:

xew = xold y glulinal (4.18)
Stiffness setting. The value of the springs’ stiffness has implications on how the
boundary deformation is propagated to the inner parts of the mesh. Usually the
stiffness of lineal springs is set proportional to the inverse of the spring length be-
fore the deformation, as originally proposed by Batina (1990). This value of the stiff-

ness is sensible since mesh points that are located in close proximity to each other
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Figure 4.8: Mesh deformation with lineal spring analogy: (a) unloaded configura-
tion; (b) prescribed initial deformation to the node at the upper right corner; (c-d)
regularisation of the mesh by lineal spring analogy with different boundary condi-
tions; result after 100 iterations.

should exhibit larger restoring force onto each other. Since collision of vertices is
more prone to occur in high-density parts of the mesh, this stiffness setting helps to

prevent collisions from happening, as has been proven by Blom|(2000) for 1-D case.

An example of the mesh behaviour with such stiffness setting is illustrated in
Figure[4.9] After the initial boundary deformation shown in the image (a), the mesh
was regularised by 300 iterations of the LSA method with the stiffness value calcu-
lated prior to any deformations and held constant; the result shown in the image
(b). Updating the stiffness during the iterative process made its value deformation-
dependent and influenced the result in a drastic way. For example, the image (c)

presents the resulting mesh when the stiffness was recalculated during the itera-
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tive process after every 100 iterations. As can be seen, the regularisation performs
poorer since springs connected to nodes that were subject to large deformations
got a smaller value of the stiffness and hence started bearing more of the deforma-
tion, without distributing it to inner nodes. When the stiffness was updated in every

iteration, there was no regularisation effect visible.

However, in some cases recalculation of the stiffness during the iterative process
helps correcting the quality of the mesh that is necessary for some types of prob-
lems. This is especially the case for large deformations where inversion of mesh
elements might occur. One approach to avoid this issue is an extension of the lin-
eal springs framework called semi-torsional spring analogy (Blom, [2000; Zeng and
Ethier, |2005), which is described in the following Sectionm

4.2.1.2 LSA-based stent expansion

As already mentioned, the spring analogy method has mainly been used in litera-
ture for regularisation of the mesh after boundary deformations. The regularisation
is achieved by means of propagating the known boundary displacements into the
inner parts of the mesh. However, if we think about a stent expanding inside an
artery, there is no part of the stent structure where the deformation is known a pri-
ori as a boundary condition; thus, there is nothing to propagate. In this case, the
computational problem consists in determining the deformation in the entire stent

structure. To solve the stent problem, a method that draws inspiration from the

(@) (b)

Figure 4.9: The effect of the stiffness setting: (a) initial boundary deformation; (b)
result after 300 iterations of LSA method with constant stiffness calculated before
the initial deformation; (c) result after 300 iterations with stiffness updated after
every 100 iterations.
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spring analogy was developed for determining mesh movements without known
boundary deformations. Since crimping of the stent creates spring forces acting in-
side the structure, the idea was to allow the nodes in the mesh to move under these
forces. The movement took into account the nodal intertwinement with its neigh-
bours by means of the nodal stiffness, the value of which was set to be equal to the

sum of the stiffness of all springs emanating from it.

Input for LSA expansion procedure:

1. Stentin the load-free configuration, especially, matrix of nodal coordinates V.

2. Stent in the crimped configuration (matrix V), folded around its longitudi-
nal dimension, as described in Section All calculations were performed
in the local coordinates of the stent, i.e., with respect to the stent egocentric

coordinate system, found by the PCA, as reported in Section|4.1.2

3. Stiffness of the mesh edges (springs) captured in the matrix Kj;¢q;-

1SN

. Nodal stiffness of the mesh in the matrix K;eai-nodar = X ;2 kij-

n;
j=1
Output: Current stent configuration after the device has been expanded.

When the stent is expanding freely without constraints, the output will ulti-
mately reach the load-free configuration of the device, which is known in advance
in this case. However, the final configuration is unknown in general, especially in
cases where there are obstacles on the way of the expanding stent such as vessel
walls (examples will follow in later sections). Hence, the procedure had to distin-

guish between the two different displacements (deltas):

1. The first one was responsible for the current configuration of the stent, i.e., it
accounts for the remaining crimping status of the structure. This delta, that is
called crimping delta 5¢", was used to calculate restoring forces in the current

crimped stent.

2. The second delta, called expansion delta 6°*P, was the actual displacement
with which the stent was expanding in each iterative step. It was used to up-

date the stent nodal coordinates in the process of deployment.
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Procedure: During the deployment process, the two deltas fed into each other.
Firstly, the initial 6" was determined, which measured the initial crimping defor-
mation. The iterative process started with the calculation of the restoring forces
inside the mesh based on the crimping delta 6. Based on this information and
stiffness of the vertices, one step of stent expansion was calculated which gave the
displacement 6°*P. Afterwards, the current coordinates of stent vertices were up-
dated, as well as 6¢’, so that they both corresponded to the current status of crimp-
ing in the stent structure (after update). The process was repeated until there was
no change in the stent structure, i.e., no restoring forces were acting on the struts.

The detailed pseudocode of the procedure is below.

Incremental LSA displacement algorithm for free stent expansion:

Input:

 Stent coordinates in the load-free configuration in the format for node i:

vﬁf = (xff , yff , sz ) calculated in the stent egocentric coordinate system.

* Stent nodal coordinates in the crimped configuration in the format v" =

(x{",yi", z;") calculated in the stent egocentric coordinate system.

* Stiffness of edges and vertices of the stent structure mesh. Matrix K;;eq1
of stiffness values k; j of the spring edge (i — j) is set to be inversely related
to the length of (i — j). Nodal stiffness for node i is determined as the

sum of the stiffness of all edges emanating from this node: Ky;ineqi-nodal =
ni g
Z]:]_ kl] .

Output: Nodal coordinates of the current expanded stent.

1. Calculate initial displacement of stent vertices by subtracting the load-
free coordinates of vertices from the current crimped coordinates. For a

vertex i initial crimping delta 6;" is found by:

Lf
Ccr cr
o5, X; xlif
cr _ cr | — cr | —
6; =165 |=|Vi yll'f
cr cr
0% z; z;
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2. Tterate until there is almost no change in expansion delta §°*7, i.e., stop

when max{l&ifp l, |6f,fp l, |5§fp I} <€, where i ranges over all internal nodes

(e=107%)

¢ Calculate restoring force F; for each node i from Equation (4.16)

n;
F;, = Z /Cij(6§r —6?)
=1

¢ Calculate expansion delta fo for each node i from force and nodal

stiffness . o cer
P X k65 -8y
e (4.19)
Yy kij Yy kij
* Update stent nodal coordinates for each node i by adding the expan-
sion delta
cr xCT 5?5!9
1 1 i
cr|.— cr exp
=1y |0y,
1 1 1
ZCT ZCT 5695}7
i i Zj

* Update crimping delta values ;" for each node i by adding expan-

sion displacement & fxp to the previous 85"

cr cr exp
5351‘ 6x,- Oy,
cr _ cr|.— cr exp
6, =165 =165 [+]9);
cr cr exp
5zl- 5Zi o

3. Determine the new coordinates of the stent vertices in the global coordi-

nate system from newly found egocentric coordinates.

Free expansion. When a self-expanding stent is released from a catheter during a
minimally invasive procedure, the device springs open to its load-free configuration
under the elastic forces of nitinol. Figure[4.10|illustrates the free expansion process
for three different stents with the lineal spring analogy expansion method. Columns
(a)-(f) capture progression in the stent opening after a certain number of computa-
tional iterations when the entire structure of the stent was let go simultaneously.

The resulting expansion progression looks very similar to that of a real nitinol stent
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Figure 4.10: Free expansion of 3 different stents with the lineal spring analogy,
shown in different rows, respectively. (a) Initial crimped stent, (b) after 10 iterations,
(c) 50, (d) 150, (e) 250, (f) 500, (g-h) 30 and 70 iterations of layered expansion.

shown earlier in Figure The last two columns of Figure feature expansion
initiated in the top layers of the stent and progressing to the bottom, which simu-
lated the way in which a catheter/sheath is pulled out to release the stent during a

real intervention.

4.2.2 Semi-Torsional Springs

The driving force of the lineal spring analogy is the restoring force created by the
stiffness of an edge. In general, the stiffness of an edge is not associated with ei-
ther angular displacement or area (volume) change of mesh elements. Hence, in
problems that involve large deformations of the mesh elements, nothing in the lin-

eal model is preventing the elements from losing their shape or from “snapping
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through”, as shown in Figure (a). Such cases are possible because a lineal spring
can prevent its two ends from colliding, but cannot stop a vertex from crossing an
opposite edge. Thus, to preserve the validity of the mesh in such cases, several ex-

tensions have been proposed in the literature.

One of the proposed solutions is to introduce artificial nodes and additional lin-
eal springs emanating from them that inhibit a vertex of the mesh from moving too
close to the opposite edge. For example, the solution proposed by Bottasso et al.
(2005) was to control the volume (or area) of a mesh element by allowing each ver-
tex to move only within its ball — the so-called ball-vertex method. This is done by
means of additional lineal springs that attach every vertex of the mesh to an artifi-
cial point which is constructed as a projection on the ball of edges or faces, in 2-D
or 3-D, respectively. In 3-D case (see Figure b), for each region R associated
with the vertex i, an additional lineal spring is constructed that attaches i to its pro-
jection p on the plane of the face F; opposite i. Figure[4.11] (b) illustrates this new

spring (in red) for a tetrahedron R.

The additional ball-vertex springs give rise to the corresponding forces, which
are included into the equilibrium equation for each vertex. Hence, the new vertex
coordinates are computed under the influence of both the edge springs and the ad-

ditional ball-vertex springs. Compared to the lineal spring case, the only difference

aa \“u‘\ ‘7_-"/ b’
(@) (b)

Figure 4.11: (a) Possible snap-through of a triangular mesh cell indicated by dashed
lines (image from Blom|2000). (b) The ball-vertex spring method with an additional
lineal spring attaching each vertex i to the opposite face F; in a tetrahedron R (image
from Bottasso et al.[2005).
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is that the springs force equation features the displacement of a virtual point, and
not of an existing vertex (Bottasso et al., 2005).

Another solution is to extend the lineal spring analogy by incorporating the an-
gle information into the spring stiffness, the so-called semi-torsional spring analogy,

which is described in the next section.

4.2.2.1 Semi-torsional spring analogy

The idea of a semi-torsional spring analogy (STSA) is to inhibit element inversion
by simulating a torsional spring connected to each vertex of the mesh. The torsion
spring would account for the angular displacement of mesh elements and enable
control over mesh deformation. Based on the lineal spring analogy, the behaviour of
the torsion spring is modeled indirectly by integrating the element’s angular values
into the stiffness of the spring edge, giving rise to the semi-torsional stiffness. Figure
schematically demonstrates the idea behind the approach for a 2-D unstruc-
tured triangular mesh, showing torsional springs placed at the corners between the

adjacent edges of a triangular element.

There have been different proposals in the literature as to how to define the

Figure 4.12: Schematic representation of the semi-torsional spring analogy. (a) El-
ement collision and snap-through is prevented by torsional springs that are resist-
ing the change of the angles at the vertices they are attached to (from Degand and
Farhat||2002). (b) Torsional springs connected to each vertex of a triangular mesh
element are stiffening the system when neighbouring nodes are close to collision,
preventing thereby the inversion of elements (from Zeng and Ethier|2005).
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semi-torsional stiffness. One of the early approaches for a triangular element was
to simply divide the lineal stiffness of an edge in a triangular element by the angle

this edge faces:

lineal

k?;mi—torsional — ”T’ (4.20)
where 0 is the angle facing the edge (i — j) (Blom, 2000). However, this definition has
been criticised for the fact that it assigns an inconsistent value for internal edges in a
2-D triangular mesh. This is due to the fact that an internal edge is shared between
two mesh cells and possibly faces two angles that differ in magnitude (see Figure
b). Therefore, when considered for each of the two cells separately, the above
definition gives different stiffness values to the one and very same edge (Zeng and

Ethier, 2005).

Another definition, suggested by Zeng and Ethier| (2005), was to determine the
semi-torsional stiffness of an edge by gathering angular information from all fac-
ing edges in a sum, giving it thereby a consistent value. More precisely, the semi-
torsional stiffness is defined as

1

NE;;
k;}aml—torszonal — K

T (4.21)
m=1sin®0,;]
where NE;; is the number of elements that include the edge (i — j), 9,’;5 is the angle
facing the edge (i — j) on the m'" element, and « is a coefficient setting the dimen-
sion of the stiffness; « is set to 1 for now (see Figure|4.13} a).

Since the value of the sine approaches 0 as the angle approaches 0 or 7, the
facing edge becomes very stiff when neighbouring edges are close to collision. Thus,
the above setting of the semi-torsional stiffness prevents further change in the angle,

thereby avoiding element inversion.

Then the total stiffness value of an edge is defined as the sum of the lineal and
the semi-torsional stiffness components
_ p.lineal semi—torsional
The sine of an angle sin 0% can be determined directly without computing the

angle by finding the angle between the normals of the corresponding planes. Let 7;

denote the position of a vertex i, i.e., U/; = (x;, i, z;) and 71}, 7i» be the normals to the
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ik
1 0,

k 1
(a) (b)

Figure 4.13: Schematic representation of facing angles. (a) In a tetrahedral element,
the angle 6/ facing the edge (i — ) is the angle between the face A/*! and the face
A'*! (image from|Zeng and Ethier|2005). (b) In a 2-D triangular mesh, two angles 6;
and 0, are facing the internal edge (i — j) (image from|Zeng and Ethier|2005).

faces A/*! and AP*, respectively (Figure a). The normals that can be found in
the following way

iy = (U = U) x (Uk — U})

it = (U — U;) x (Uy — U;) (4.23)
Then using the definition of the dot product, the normals are related to the angle as
-7l = |ﬁ1||ﬁ2|0089%, (4.24)

from where the sine square can be obtained using the trigonometric identity
sin?@,;] + cos?0,] =1

(77 - 712)?

sin20 =1 (4.25)

|72112 |73, |2
2-D Examples. When the stiffness of the mesh was enhanced with the angular in-
formation, its deformation behaviour changed. Figure[4.14|compares the deforma-
tion of the mesh for the semi-torsional case (blue colour) with the baseline lin-
eal case (black). For the semi-torsional model, the governing equation was the
same as in the lineal case (Equation [4.17), but the stiffness was set to include the
semi-torsional component following Equation (4.22). It can be noted that the semi-
torsional springs mesh exhibited smaller deformation due to its stiffer connections

resulting from the addition of the semi-torsional stiffness to the lineal one.
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(a)

(b) (c)

Figure 4.14: Comparison of lineal (black) and semi-torsional (blue) springs net-
works: (a) initial boundary deformation; (b) result after 10 iterations with constant
stiffness calculated before the initial deformation; (c) after 300 iterations with con-
stant stiffness calculated before the initial deformation. The semi-torsional springs
mesh is stiffer and thus deforming less.

The real advantage of the semi-torsional model became visible in cases that in-
volve large deformations with a possibility of element inversion. Figure illus-
trates an example of a mesh that underwent a deformation as its top right node was
being stepwise displaced inwards, 5 times by 6 = [-2,—-2]. Nodes located on both
axes were kept fixed and the displacement of the top vertex was carried out sequen-
tially. After each displacement, the deformation was propagated with the spring
model. As can be seen, element inversion occurred in the top right corner in the
lineal model (b), which did not happen in the semi-torsional model that was able to
successfully preserve the validity of the mesh for moderately large deformations (c).
However, in case of very large deformations (6 times 6 = [-2,—2]), also this method

was not enough, as seen in image (d) exhibiting element inversion.
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4.2.2.2 STSA-based stent expansion

In order to apply the semi-torsional model to stent expansion, some additional pa-

rameters had to be calculated, the most important of which are:

20|
18|

16|
14
12|

¢ Table of angles that stores the list of all triples in the mesh that build angles.

It was computed from the background mesh triangulation by means of trans-
lating it into three angles, i.e., each triple [v;, v}, vi] gives rise to three angles

(vi, vj, vl, vk, v, V], [0, Vg, Vil

Semi-torsional stiffness that was added to the lineal stiffness component ac-
cording to Equation (4.22). Since in the triangular stent mesh an internal edge
always shares two elements, the governing equation for the semi-torsional

stiffness was rewritten as

k;gmi—torsionalzk( : 12 + — 12 ), (4.26)
J sin“f; sin<0,

where 6, is the angle facing the edge (i — j) in the triangular element A’/!, and
0 is the angle facing the edge (i — j) in A/¥ and k,,i and j are the nodes
of the elements with coordinates 7; = (x;, y;, z;) for an example vertex i, as
illustrated in Figure (b) (Zeng and Ethier, [2005).

The stiffness coefficient ¥ had to be set appropriately in order to implement

the overlay of torsional and lineal springs. x was needed because of the dis-

N

o N s o ® O

(a) (b)

Figure 4.15: Comparison of lineal (black) and semi-torsional (blue) springs net-
works: (a) initial configuration; (b) result after deformation with the lineal model
and updated stiffness: element inversion occurs in the top right corner (area inside
the red circle); (c) result after deformation with the semi-torsional model and up-
dated stiffness: mesh integrity is preserved better and no element inversion occurs;
(d) result after large deformation with the semi-torsional model and updated stiff-
ness: mesh integrity is not preserved, element inversion occurs (area inside the red
circle).
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crepancy in dimensionality in both types of stiffness. More precisely, the lin-
eal stiffness k;; was inversely proportional to segment lengths, whereas the
semi-torsional stiffness would be dimensionless without k. Thus, if the semi-
torsional stiffness was simply added to the lineal stiffness, the relative impor-
tance of the lineal and semi-torsional force components would depend on
the choice of length units (for example, either meters or millimeters), which
clearly should not be the case. In order to avoid this undesirable effect, the
semi-torsional stiffness was scaled with the length, i.e., x was set to be in-
versely proportional to the length:

K=-,

l

where ¢ is the local characteristic length in the mesh, such as the average edge

length of a triangular element.

* The sines of the angles were found directly, as proposed by Zeng and Ethier

(2005)
|(T; — y) x (T — 0))I?
sin261: i 92%] —
|v; — v11°vj — vyl
|(T; — U3) x (T — ) |2
sin26, = — ] (4.27)

| Ui — Uk 210 — Ul
j

The algorithm for free expansion of the stent was the same as in the lineal case,
reported in Section4.2.1.2|in LSA expansion procedure.

Figure[4.16)illustrates the results of free expansion for a PED stent with the semi-
torsional spring analogy expansion method. Columns (a)-(f) capture progression
in the stent opening after a certain number of computational iterations when the
entire structure of the stent was let go simultaneously, while columns (g)-(i) show
layered expansion. The resulting expansion progression looks very similar to that of
the lineal model in Figure third row.

4.2.3 Torsional Springs

The torsional springs model was proposed as an improvement over the lineal spring
analogy since the latter is prone to element inversion in cases of large mesh defor-

mations, as mentioned earlier. In order to control the angular deformations of the
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(a) (b)

(8 (h) @

Figure 4.16: Free expansion of PED stent with semi-torsional spring analogy. (a) Ini-
tial crimped stent, (b) result after 10 iterations, (c) after 50 iterations, (d) after 150
iterations, (e) after 250 iterations, (f) after 500 iterations, (g) after 30 iterations of lay-
ered expansion, (h) after 100 iterations of layered expansion, (i) after 200 iterations
of layered expansion.

mesh elements, additional torsional springs are attached to the vertices of each tri-
angle. The difference to the previous approach is that torsional springs are not in-
directly simulated by integrating the torsional stiffness component into the lineal
stiffness of the springs, as in the semi-torsional method, but directly implemented,
as will be shown below. In reality, torsional springs are flexible elastic objects that
store mechanical energy when twisted (see Figure a). The amount of force

Ysv

(@) (b)

Figure 4.17: (a) A torsional spring serves as an inspiration for the torsional spring
analogy (image from www . advanexusa. com). (b) Graphical interpretation of the tor-
sional spring analogy, whereby an artificial torsional spring is placed at each node
of the mesh to control the angular deformation (image from Farhat et al.|1998).
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(torque) such a spring exerts is proportional to the amount it is twisted, i.e., tor-
sional springs obey the angular form of Hooke’s law, as long as they are not twisted
beyond their elastic limit:

T=—kA0, (4.28)

where 7 denotes the torque exerted by the spring, A8 is the angle of twist from
its equilibrium position and k is the torsional stiffness of the spring. This time,
the kinematics of real torsional springs are incorporated in the calculations of the

method, as reported in the section below.

4.2.3.1 Torsional spring analogy
In the torsional spring analogy (TSA), when a torsional spring is connected to anode
i of a triangular element A“/¥, the torsional stiffness C*/¥ can be defined as
ik 1 1 1

o ik S ik
1 +cos€i] 1 —cos@i] sin® 6

e (4.29)
i

where Cl.ij “is the stiffness of the spring that is attached to the vertex i which is con-
nected with vertices j and k and, thus, associated with the angle 6;] k, as proposed
by Farhat et al.|(1998). Hence, this torsional spring will create torques opposing the

change in the angle, especially when the angle 9;] * becomes close to zero or 7.

The torsional stiffness defined in this way is dependent on the area of the cor-
responding triangular element. This can be seen when sin Bll:j ¥ is derived from the
definition of the exterior vector product (the magnitude of which is the area of the
parallelogram built on these vectors, geometrically) and expressed in terms of edge

lengths /;}, [ and the area A; ji of the triangle A; jx as follows:

.. 2A - k
sing!/* = 2 (4.30)

lijlik

Thus, the torsional stiffness ij k takes the following form:
272
ijk lijlik 4.31)
i 4A%, '
ijk

Here, the derivation of the torsional method for the 2-D case will be shown and
afterwards extended to the 3-D version, which is subsequently employed for the

simulation of stent expansion.
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Kinematics. |[Farhat et al. (1998) proposed a kinematic formulation that was devel-
oped under the assumption that only small displacements and rotations occur be-
tween two subsequent time steps. The assumption is necessary during the deriva-
tion to express the angular displacements in terms of nodal displacements in a lin-
ear way. Thus, the iterative algorithm based on this method has to sufficiently break
down the large deformation that might occur in the course of the simulation into

small ones in order to respect the assumption.

Coming back to Figure the solid line depicts the displacement of a triangle
AU from its reference position, into a current configuration, shown by a dashed
line in the image. The displacement components resulting from the displacement
of the triangle vertices i, j and k are captured in the vector q defined in the following

way

ijk_ | Yj

Uk

L p

The resulting rotation increment is denoted by the vector A@'/*
' AB;
AOF = | Ag;
_ ABy

The rotation increment A@'/¥ can be defined in the matrix form as the following
(details of the derivation are described in Appendix[A.I)

AQ'Tk = Riik glik (4.32)

where the matrix R'/¥ is composed in the following way

bik—bij aij—aix  Dbij —aij —bik aik
ijk
RYV" = —bj; aji bji—bjr ajr—aji b —ajk (4.33)
Dy —dg; —by;j A j bxj—Dby; ak;— ax;j

and the components of the R*/¥ matrix are built as

Vi
2
ll.j

l]_l?.’ ij= ]
)
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Equilibrium. In order to express the moments produced by the torsional springs as
forces acting on the mesh, these moments are first written in a matrix form, analo-

gously to the angular version of Hooke’s law (Equation |4.28):

Miik = ciikpgiik.

where .
M; c/t o 0
Mik=|m;|; ciF=1 0 ¢t o
M o o cf

Substituting the expression for A@*/* defined in Equation (4.32), the torque can be
found as
Miik = [Clik RiTk) giik

In order to attach the additional torsional springs into a lineal spring mesh,
Farhat et al. (1998) have proposed the transformation of the moments M/¥ gen-

erated by torsional springs into a set of equivalent forces at each vertex gathered in
ijk

vector Ftorsion

as
F;
F,'y

Fiik Fj,

torsion — F

J

X

y

Fi
»Fk

X

Y1 torsion

Fiik

rorsion €an be found though moments M ijk by a linear transformation with

the help of the matrix R’/ k" as follows (the detailed derivation is reported in the
Appendix[A.2)

ijk
torsion

F _ RijkTMijk

Hence, in each triangle AJ¥ the contribution of the torsional springs connected to
nodes of the triangular mesh elements can be expressed by discrete forces acting on
these elements:

ijk [RijkTCiijijk]qijk _ Kk ijk (4.34)

torsion — torsionq

F
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Overlay of torsional and lineal springs. In order to overlay the lineal springs, that
were defined for edges, and the newly created torsional springs, the torsional forces

defined above have to be rewritten for each edge (i — j):

ij _ gl ij
Ftotal - Flineal+Fr0rsi0n
i ij ij 1]k
Klznealq + Z [Ftorszon
A”kDE,J
i ij ij ijk ijk
Kllnealq + Z [Ktorswn] q-, (4.35)
Al/kDE”

ij ijk ijk
where [F rorsion) indicates a subvector of F corsion

corresponding to the edge (i—j)

that is part of the triangular element A%/*,

Dimensionality issues. In order to properly overlay torsional and lineal springs,
some modifications to the original definition of torsional forces proposed by Farhat
et al.[(1998) had to be made. The reason for the alteration is the discrepancy in di-
mensionality in both types of forces, as pointed out by Bottasso et al.| (2005). More
precisely, the lineal spring forces are non-dimensional quantities, since lineal stiff-
nesses k;; is inversely proportional to segment lengths and the forces are com-
puted as F; = Z;izl kij(6;—6;) (Equation . In contrast to that, the torsional
forces are dimensional quantities. This is because torsional stiffness is determined

as Kglfsion = RijkTCifkRijk (Equation 4.34), where Ci/* is dimensionless and R'/*
is inversely proportional to the length (Equation|4.33). Hence, K tf) rsion 18 inversely

proportional to length square (1/m?), resulting in torsional forces being inversely

proportional to the length (1/m).

Therefore, if the torsional spring forces were simply added to the lineal spring
forces (Equation [4.35), the relative importance of the lineal and torsional springs
would depend on the choice of length units (as was also the case for STSA). To avoid
this, torsional spring forces were redefined as non-dimensional quantities by scal-
ing the torsional stiffness with a dimensionality constant x (Bottasso et al., 2005):

K

k!
sin 9”

Cciik = (4.36)

% was defined through the local characteristic length ¢

where scaling constant x =
of the mesh, such as the average edge length of a triangular element, scaled with a

chosen constant c.
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4.2.3.2 TSA-based stent expansion

The governing equation for the 2-D triangular mesh element F Z) I:Sl.on = lt{) ]:Sl.onqij k
(Equation[4.34) in matrix form reads:
- qtorsional [ y torsional ¢
F;, kin ki2 kiz ks kis kis U;
Fi, ka1 ko2 kos koo kas  koe Vi
Ej, | kst ks2 kss ksa kss kge uj
Fj, Cka ki ki ka kas kae vj
F, ksi kso Ksz Ksa kss kse Ui
| Fr, | | k61 ke2 kes kea Kkes Ko | | Uk |

. . . . ik .
This extended form allows to notice that, firstly, the stiffness matrix K torsion 1S Sym-

metric and, secondly, that in the structure of K’ k

rorsion tWO different types of compo-

nents can be distinguished. The first component type for a given vertex is the contri-
bution of its own displacement to the force acting on it. The second distinguishable
component is the contribution of displacements of other neighbours to the force
ijk

rorsion € self-contribution

generated on the node in question. In the matrix K
takes the form of a 2 x 2 sub-matrix that is aligned along the diagonal. For example,

. .|k ka2
for the vertex i it is the sub-matrix torsion

1 (highlighted inbold in K/* . Note
ko1 koo

that k2 = ka1 since K*

torsion 1S Symmetric.

The contribution of the neighbouring elements comprises the rest of the ma-
trix. For example, the stiffness elements contributing to the force on the vertex j

that results from the displacement of the neighbour k are captured in the following

kss k
sub-matrix 35 736 . Other way around, the elements contributing to the force
kis kae
. . . . |ks3z ksg
on k due to the displacement of j are located in the sub-matrix Kea | Note
3 4

that again due to the symmetry of K ;{)’: sion’ k35 = ks53,ka5 = k54, k36 = Ke3, kag = Kea4,

which is to be expected in the case of reciprocal force two neighbours exert on each

other.

ijk
torsion
plementation of the combined force from all neighbours based on the vertices con-
ijk
torsion
been assembled for a single triangular element, its stiffness components were re-

This restructuring of the matrix K was convenient for computational im-

nectivity matrix that was mentioned in Section 4.1.1} Thus, once the K has
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grouped into the stiffness matrix of the entire structure — K,,s;on — by placing them
on appropriate slots. Additionally, a new diagonal matrix K; was constructed from
ik and exemplified in Equation (4.10) when describing

diagonal elements of K _ .
orsion
the Jacobi method earlier in the section. Further, another new matrix K4 ;o;sion for

all vertices was constructed by extracting diagonal elements and eventually adding
them in case of nodes shared by multiple triangles.

Numerical solution algorithm. To solve equation Kq = f, Farhat et al. (1998) pro-
posed an iterative algorithm based on the Jacobi method, where g**V in the itera-

tion n + 1 is determined as follows:

g = —Kg " (K-Kg)q™ + Kg ™' f
(n+1) _ w(n+1) q(n+1) +Q _w(n+1) )q(n)

q optimal optimal
T _
mey P KK )
optimal ”I(I(d—lr(n)”2
r(n) :f_Kq(I’l)

where K, stands for the diagonal part of K and w(”J;I.)
(4 1) optim

optim

o 18 the optimal relaxation
parameter. In every iteration n+1, w ,; dims at minimising the two-norm of
the residual """V, The algorithm is an exact implementation of the Jacobi scheme
with relaxation, which becomes apparent when the proposed expression for W

is rewritten in the following form:
gD = —Kg (K- Ka)q™ +Kq ' f
=Ka ' (f ~ (K- Ka)q"™)
=Ka ' (f - Krq"™),
which is exactly Equation (4.13) of Jacobi method, after denoting the residual matrix
K, =K-Kj.

To implement TSA for stent expansion, the Jacobi scheme was also employed to

solve the system Ké = f on a vertex-by-vertex basis, making the following transfor-
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mation:

6" = Ky N (- K 6)
=Ky ' (f- (K- Kp8™)
=K ' (f-K8"™ + K46")
=Ky 'f-K; 'K6" + K7 'K 6"
=Kq 'f-K; ' K6" + 67
Noting that the system should approach static equilibrium, i.e., f = 0, and substi-

tuting in the above expression K6 = F, the final iterative algorithm for the tor-

sional springs model can be summarised in the form below:

F(n) = Klineala(n) + Ktorsion6(n)

6(n+1) — 5(n) _ lF(n)

(Kd torsion T Klineal—nodal)_

Note that in every iteration, the torsional and the lineal spring forces were com-
puted separately and added afterwards to obtain the total force F" = K} ,,00:6 ) 4
Kiorsion0". The separate computation was due to the different structural organi-
sation of stiffness matrices K;;,eq; and K sorsion, Which resulted in a different mode
of calculation for two types of forces. The organisation of the torsional stiffness ma-
trices Korsion and Kg 1orsion Was described earlier in this section and the structure
of Kjnear and K neal—nodal iN Section Since the Jacobi method was operating
on the inverse diagonal matrix in every iteration, the diagonal components of both
stiffness matrices had to be incorporated to overlay the effect of lineal and torsional
springs, which was equivalent to adding the two matrices K g ;orsion+ Kiineal-nodal-
The relaxation parameter w was permanently set to 0.5, since this value resulted in

the best convergence behaviour.

The deformation behaviour of the mesh equipped with torsional (and lineal)
springs is demonstrated in Figure To compare the resulting deformation to
pure lineal and semi-torsional cases, the relevant figures from previous sections

have been placed nearby (lineal in black, semi-torsional in blue and torsional in
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turquoise). The initial mesh on the left most image underwent stepwise displace-
ment in its top right node, 5 times by 6 = [-2,—2]. Nodes located on both axes were
kept fixed and the stiffness was updated after each displacement cycle. As can be
seen, the quality of the resulting mesh was satisfactory as its integrity was preserved
and no element inversion occurred, which was comparable to the semi-torsional

case and eliminated the problems that the lineal springs model faces.

Extension to 3-D stent case. In order to apply the torsional spring analogy to stent
displacement, the algorithm was extended to 3-D. The main idea for the modifica-
tion was to use the 2-D torsion spring analogy in the plane of each triangular el-
ement and then transfer the results to the 3-D stent world. More precisely, since
the stent struts were modelled without taking thickness into account, each of the
triangular elements lay in a 2-D space spun around its three points. Thus, it was
possible to perform computations in the local coordinate system of the triangular
elements, applying the 2-D torsional method, and then convert the obtained forces,
displacements, etc., to the global coordinate system. Alternatively, one could con-
vert the “local” stiffness matrix obtained for 2-D case into a global 3-D stiffness ma-
trix, which was then used for calculation of forces and displacements in the global
coordinate system. The latter way proved more convenient, since it did not require
storing in memory all the local bases and conversion of displacements into these

local coordinate bases, which was computationally more efficient. The schematic

18|
16|
14}

N S o »

N

(@) (b) (© (d)

Figure 4.18: Comparison of lineal (black) and torsional (blue) springs networks: (a)
initial configuration; (b) result after deformation with the lineal model and updated
stiffness: element inversion occurred in the top right corner (area inside the red
circle); (c) result after deformation with the semi-torsional model and updated stift-
ness: mesh integrity was preserved better and no element inversion occurred; (d)
result after deformation with the torsional model and updated stiffness: mesh in-
tegrity was preserved better and no element inversion occurred, which was compa-
rable with the result for the semi-torsional case (c).
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(@) (b)

Figure 4.19: (a) A 3-D configuration of the triangular element in the global coordi-
nate system. (b) The same triangle in its local coordinate system, with local axes
indicated with arrows.

way of switching coordinate systems is represented in Figure [4.19, where the first
image illustrates the 3-D configuration of the triangular element and the second im-
age shows the same triangle in its local coordinate system (with local axes indicated

with arrows).

To implement this transformation, the local coordinate system basis had to be
obtained first, together with local coordinates of the element nodes in that system.
This was done with the PCA method discussed in Section As already men-
tioned, the local coordinate system is actually a rotation matrix (R) that can be used
to switch between two coordinate systems. The matrix R was multiplied with lo-
cal coordinates to obtain the global ones: Vgjopar = ViecasRT, and divided to go in
the other direction. Similar to the 2-D case, the 2-D stiffness was first computed as
described earlier in the section (Equation[4.34):

Kk — Ri/K Ciikgijk (4.38)

torsion—local —

Then, the stiffness matrix was transformed back to the global coordinate system by
multiplying it with the rotation matrix R:

ijk _ ijk T
torsion—global — torsion—local

(4.39)

The last step was to restructure the stiffness matrix in two matrices: for self- and
neighbours’ contributions, as was done for the 2-D case, as well as determining the

diagonal matrix to be later used for the iterative method.
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(b) (© (d) (e) ) ® (h)

Figure 4.20: Free expansion of the stent graft with torsional spring analogy incre-
mental algorithm. The sequence of images from left to right: (a) Initial crimped
stent, (b) result after 10 iterations, (c) after 50 iterations, (d) after 150 iterations, (e)
after 250 iterations, (f) after 500 iterations, (g) after 30 iterations of layered expan-
sion, (h) after 100 iterations of layered expansion.

The stent expansion process used the same iterative method that was utilised in
the 2-D case; one iteration is summarised in Equation (4.37). However, in order to
apply the kinematic derivation for the torsional spring analogy, the requirement of
small displacements had to be respected. To do that, the deformation process was
split in a series of small deformations with regular updates of the stiffness accord-
ing to the configuration in between. With respect to the force vector, as before, it
contained a sum of both types of forces: lineal overlaid with torsional. Finally, to
implement stent expansion, the LSA free expansion algorithm (described in Section
4.2.1.2) was modified to accommodate TSA by substituting the step 2 (Iterate) with

the above iterative step (Equation|(4.37).

Figure illustrates the results obtained by the application of the described
TSA method to the free expansion of a stent graft. Columns (a-f) capture progres-
sion in the stent opening after a certain number of computational iterations when
the entire structure of the stent was let go simultaneously, while (g-h) feature lay-
ered expansion. The resulting expansion progression looks very similar to that of
the lineal model in Figure[4.10} second row.
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4.3 MODELLING THE VESSEL

This section outlines the steps required to create a computational model of the ves-
sel which plays an essential role in the stent deployment procedure. The section
briefly describes the reconstruction of the vessel geometry, its computational rep-

resentation and implementation of contact with an expanding stent.

4.3.1 Segmentation

Clinical imaging data are usually packaged in the DICOM (Digital Imaging and
Communications in Medicine) format, which has now become a standard for op-
erating medical imaging information. Each DICOM file contains the pixel data of a
patient recording, alongside of other attributes, like ID. A sequence of DICOM im-
ages that capture different “slices” of the scanned part of the body in 2-D can be
combined, with the help of a specially dedicated software, to reproduce a 3-D rep-
resentation of the scanned organ. Numerous software packages enable such recon-
struction, called segmentation, some of which are directly integrated into imaging

equipment.

In this work, the segmentation was performed using the Sheffield Image Regis-
tration Toolkit (ShIRT) which is a dedicated semi-automatic software allowing seg-
mentation of the vessel geometries from the CT scans (Barber et al., 2007). The
resulting meshes were smoothed and decimated to a size of approximately 50,000
vertices to make them applicable to virtual stent grafting. The outcome of the seg-
mentation, which is a 3-D representation, was stored as an STL file or some other
format, such as OB]J file, etc., that supports higher-order surfaces. Figure (a)
and (b) show one DICOM image and the reconstructed 3-D geometry, respectively.

4.3.2 Geometry reconstruction

Centerline. A very useful feature of the vessel geometry is its skeleton representa-
tion, or centerline. As discussed in Section [4.1.4] the vessel centerline is used in the
preliminary step of the stent expansion process to obtain the initial positioning of
the device. To achieve this, a common representation of the centerline is utilised,
which includes an ordered list of points lying along the centerline. Usually each
segmentation software has a means of computing a centerline of a vessel according

to a definition used in that package. For example, the skeleton can be defined as a
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(c) (d) (e)

Figure 4.21: Workflow to reconstruct a vessel geometry: (a) DICOM image captur-
ing the angiography of cerebral vessels of a patient (image from ; (b)
3-D vessel geometry obtained after the segmentation of the sequence of DICOM
images; (c) 3-D vessel surface with centerline in black; (d) contact is detected when
stent nodes have moved sufficiently close to the vessel wall; (e) stent-vessel neigh-
bours visualised as green lines emanating from stent vertices to their potential ves-
sel neighbours in contact (zoomed).

(b)

representation of the main line of symmetry of the object (see Figure c), and
it can be computed, e.g., by searching for points which constitute the centers of a
set of maximal spheres that fit inside the vessel. Since the centerline can easily be
exported together with the 3-D vessel surface from an ordinary segmentation soft-
ware, it was taken for granted here and assumed as given for the input of the stent

expansion algorithm.

Data structures. As was the case for the stent, the vessel information was stored in
a data structure with multiple parameters. The structure could be as rich as needed,

but the most essential features were the following

¢ matrix V with dimensions 7 x 3 that contains the coordinates of the vessel
vertices; each row has the form v; = (x;, y;, z;) for a vertex i, where i is a global

index of the vertex running for i = 1...n, and n is the number of nodes;

* mesh connectivity table that stores triples of vertices making up the surface

mesh in the form [v;, v;, vil;

* ordered list of centerline points in the form ¢; = (xj, y;, z;) for a centerline
node j, where j is running for j = 1...m and m is the number of centerline

points.
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From the above key features, more parameters were computed and stored in the
vessel structure in order to be quickly accessed during the simulation process. For
example, another very useful parameter was the connectivity table that was com-
puted from mesh triples. The connectivity table Conn listed for each vertex its di-
rect neighbours in the mesh in the form i : [ng, ny, ..., n;,]. Additionally, the matrix V
had a twin matrix representing the nodal coordinates in the local coordinate system
of the stent (since all computations for the expansion process were performed in the
stent egocentric coordinate system). This twin matrix was also stored in memory for

faster access during the simulation.

4.3.3 Rigid contact

The mechanical behaviour of the vessel was implemented in two different ways.
In some experiments, the vessel was treated as a rigid body (Chapters 5| and [6), in
others the vessel was flexible (Chapter[7). Starting with the rigid-wall assumption
allowed thorough examination and validation of the stent expansion process with-
out interference of any additional parameters. In order to account for the presence
of the vessel, the LSA free expansion procedure (Section was modified to in-
corporate the possibility of contact with the rigid vessel. The pseudocode of the
incremental LSA displacement algorithm for stent expansion inside vessels is de-

picted below.

The stent expansion process was performed on a vertex-to-vertex basis, and
the coordinates of a vertex were updated after each iteration, as long as no con-
tact between the vertex and the vessel occurred. The contact was defined to occur
when the distance between the vertex of the stent and any of the vessel vertices be-
came smaller than a chosen parameter €. To detect contact, a contact check was
performed in every iteration of the deployment loop before the update of the co-
ordinates of stent vertices (step “Check contact”). After the contact was detected,
the displacements of the stent vertex in contact were still calculated in future iter-
ations, to enable possible readjustments resulting from the tension of the neigh-
bouring nodes. However, its position could only change if it was located within the
e-boundary of the vessel inner surface. Figure[4.21](d) illustrates the termination of
the expansion process.

In order to detect contact in a rapid manner, a special matrix was calculated,

which relates the vertices of the stent with those of the vessel in case they are likely
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to come in contact at some point. The computation was performed before the be-

ginning of the expansion process and after the crimped stent was positioned along

the centerline of the vessel. The information was stored in a matrix of potential

stent-vessel neighbours in the form of a list of vessel nodes for each stent vertex i,

ie, i:[vk vp,..., Uml, where [vg, vy, ..., V] is the list of potential vessel neighbours.

Given the position of the crimped stent along the centerline of the vessel, for anode

of the crimped stent, those nodes were set to be the potential points of contact that

were located within a sphere of a chosen radius, which was set equal to the diameter

of the vessel. Figure (e) illustrates the potential vessel neighbours for one vertex

of the stent by the green lines emanating from stent vertices to their potential vessel

neighbours.

Incremental LSA displacement algorithm for stent expansion inside vessels:

1. Calculate initial displacement of stent vertices by subtracting the load-
free (If) coordinates of vertices from the current crimped coordinates

(cr). For a vertex v; = (x;,;,z;) the initial crimping delta 6;" is found

by:
s\ () (=
87 =0y | =y |-| v/
5] \z) \2

n;
F; = Z k,-j(6§’ —6?)
=1

stiffness
6exp _ F;

i i fe. .
Z]‘lzl kl]

the vessel:

2. Iterate until there is almost no change in the expansion delta 6°*7, i.e.,

stop when
max{|6fcfp|, |6f,fp|, |5Zw|} < ¢, where i ranges over all nodes (e = 1076

* Calculate restoring force F; for each node i from Equation (4.16)

 Calculate expansion delta 6 fxp for each node i from force and nodal

* Check contact between the newly determined stent coordinates and
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for each stent vertex v; and each potential vessel contact vertex p; € P;
if they are closer thane: ||(v; + (fo’j) - P I <e
add i to set C of nodes in contact: C:= CU {i}

e Update stent nodal coordinates for each node i not in contact, i ¢ C

cr cr exp
X; X Oy,
cr|.— cr exp
yit (=Y ]9
e
z<r z<r oyl

i i <

* Update crimping delta values 6" for each node i ¢ C, by adding ex-

. . exp . cr
pansion displacement §,"" to the previous §;

cr cr exp
8¢ AN
cr _ cr|.— cr exp
6; =165 =165 [+]9y;
cr cr exp
0% 0% (o

3. Output stent nodal coordinates

4.3.4 Flexible contact

One of the goals of the developed stent deployment method was to be able to model
the vessel tissue as non-rigid, in order to account for a potential deformation of
the vessel geometry in the course of the deployment procedure. The mechanical
response of the vessel tissue was approximated with a linear elastic model. In gen-
eral, the distensibility of the large arteries is not purely elastic, but rather the vessels
exhibit a complex viscoelastic stress-train response (see Section [2.1.I). However,
viscoelastic effects were reported to be negligible within the physiological ranges
of pressure (Tardy et al.,|1991). Hence, the implemented model assumed the elastic

behaviour of the vessel tissue for reasons of simplicity and computational efficiency.

Stiffness. Similarly to the stent, the vessel was represented as a mesh of lin-
ear springs with isotropic stiffness, and the deformation was propagated inside
the mesh through linear elastic forces of the springs. To set the stiffness of vessel

springs, a formula proposed by Lloyd et al. (2007) was utilised, which has been an-
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alytically derived from the finite element method (FEM). The authors equated the
stiffness matrices of the linearised spring-mass equations with the element stiff-
ness matrix calculated using the FEM. The obtained approximative formula was
proposed for arbitrary triangular meshes and related the springs’ stiffness k;; to the
Young’s modulus of the material E, the thickness of the material plane ¢ and the
areas of triangular elements A,:

kij= ZEt?ﬁ—Z, (4.40)

e

where Ay is the area of an equilateral triangle with the edge length equal to the
length of the spring (i — j). The sum is calculated over all adjacent triangular ele-
ments (e) that share the spring (i — j), in order to model the stiffness contribution
of material from all corresponding elements. Further, the nodal stiffness of the ves-
sel mesh was defined as a sum of stiffness values of all springs emanating from this

node: K; nodal = Z;lil ki j, where n; is the number of direct neighbours of node i.

To set the stiffness of the stent springs in an analogous way for consistency, it was
necessary to find the Young’s modulus of the entire stent, which was not straightfor-
ward due to the complex design and distribution of nitinol wires. However, Zahora
and Hanus| (2003) provided an approximative equation for the Young’s modulus of
the entire stent. They modelled a stent as a chain of rings consisting of several semi-
circles and derived the stent stiffness formula based on geometrical parameters of
strut wires and elasticity of the material. Assuming d is the diameter of the strut
wire (m), r is the radius of a semicircle, n is the number of semicircles and E is the
Young’s modulus of elasticity of the material (Pa), the Young’s modulus of the stent
E’ could be calculated as:

E' = ﬁ (4.41)
8n2nrt

Contact. The contact between the stent and the vessel was implemented as a
direct transfer of the residual nodal forces in the stent structure to the vessel mesh.
The residual stent forces were acting as external stresses on the vessel, triggering
the strain response of the vessel tissue. Since the vessel was represented as a mesh
of lineal springs, the deformation was propagated inside the mesh through linear
elastic forces of the vessel springs. Hence, the displacement of the vessel node i was

computed as follows: ‘

~ F?Xt _ Fint
i— ) (4.42)
Ki,nodal
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Sinpu

Figure 4.22: Schematic illustration of the FEA process. (a) The object is subdivided
into a set of finite elements joined by corresponding nodes (marked in red). (b) The
governing equations of all the elements are assembled into a global matrix equation.

(b)

where the external force F¢*  was computed as the sum over the residual forces of
all stent vertices k that came into contact with the vessel vertex i (k L i), that is:
. kli .
ext __ N
Fi*'=-} F}
The internal force Fﬁ’” of the vessel vertex i was determined in a similar way to the

stent: s
int o def odef
F;”f_zlkij(aj -8,"),

]:

where 6?ef is the displacement of the neighbouring node j, computed as the dif-
ference in vertex coordinates between the current to the initial vessel geometry. Fi-

nally, K; 0441 Was the nodal stiffness of the vessel vertex i (K; noqq1 = Z?;l kij).

Modelling flexible vasculature required modification of the stent expansion pro-
cedure described in the pseudocode above (Incremental LSA displacement algo-
rithm for stent expansion inside vessels). In particular, the steps following the con-
tact check in the iterative procedure had to be altered. Firstly, the contact check was
performed between the current stent and the current potentially deformed vessel
(and not the initial undeformed vessel). Secondly, the vessel update procedure had
to be included after the stent update step. The new vessel nodal coordinates were
determined by adding the newly determined nodal displacements (Equation
to the coordinates from the previous iteration.

4.4 FINITE ELEMENT ANALYSIS

This section briefly outlines the finite element analysis (FEA) method which was

used for the validation of the novel fast stent deployment method developed in this
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(@ (b)

Figure 4.23: Individual truss element. (a) Displacement components u and v of end
nodes i and j (image from Roylance |2001). (b) Components of axial force P and
nodal force components f (image from|Roylance|2001).

thesis (see diagram in Figure[4.1). The implementation of the FEA model was a col-
laborative effortﬂ performed using Abaqus suite (Dassault Systemes Simulia Corp.,
Providence, RI, USA). Since the FEA model only served as a benchmark for compar-
ison performed in Chapter|6} the basic theory behind FEA is outlined here merely
for the sake of completeness.

Finite Element Analysis (FEA) is a numerical method that enables finding ap-
proximative solutions of partial differential equations and integral equations asso-
ciated with complex structures. The analysis starts by dividing the geometry of the
object of interest into a collection of regions or “finite elements” that are connected
by a set of nodes (see Figure[4.22). Certain boundary conditions can be prescribed
to some of the nodes of the constructed FEA model, such as fixed displacements or
prescribed loads. Thereafter, the solver assembles a system of equations governing

the behaviour of the model and solves it:
K;ju; =1, (4.43)

where u is the displacement vector of the nodes, f is the vector of external loads on
the nodes and K is the stiffness matrix. Finally, the resulting numerical output of

displacements, stresses, etc., is visualised and analysed.

The basic principal of FEA can be illustrated on the example of a truss element.

61n collaboration with the Cardiovascular Unit, University College London, Institute of Child
Health and Great Ormond Street Hospital for Children, London
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2-D truss element. Consider a simple case of a 2-D truss element having two nodes
i and j and building an angle 6 with the horizontal axis, as illustrated in Figure[4.23]
(a). The displacement of such an element can be described by the vector u in the
following form:

u’ = [u;, v;, uj, v;) (4.44)

The elongation §, expressed in the coordinate system of the element, can be linked

to the displacement vector u by:
6 = (uj cosf + v; sinf) — (u; cosd + v; sind) (4.45)

or in a matrix representation:

0=[-c—-s c¢ s] , (4.46)

where ¢ = cosf and s = sin0.

According to Hook’s law, the axial force P responsible for elongation 6 is given by
P = (AE/L)6 for linear elastic material, where A is the cross-sectional area, L is the
length and E the modulus of elasticity of the given truss element (see Figure

b). Then, the corresponding force components are determined as:

'fx,-’ '—cq r—c‘ r—c‘ 'uiq
i - -S| AE -S| AE Vi
il _ P= 5= Zl-c-s ¢ s| ' (4.47)
fxj c c| L c| L Uj
_fyj‘ | s ] | S ] | S | v |

After performing matrix multiplication, Equation (4.47) becomes:

fxi 2 cs —c —cs| |u;
fyil AE|es & -cs =s*||vi
=— ) ) , (4.48)
fxj L |-c —-cs ¢ cs | |u;
fyi —cs —s* ¢s & vj
Jyil L g IRSES
f; kij u;

where k;; is the “element stiffness matrix”, with each term representing the contri-

bution of one of the displacements to one of the force components.
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To capture contributions of all elements of the structure, the global system of
equations has to be assembled by joining together the stiffness matrices of each
truss element. This is done by taking into account the fact that at every vertex, forces
exerted by neighbouring elements should be balanced by the external force at that
vertex. That is, at static equilibrium, all forces arising from the neighbouring ele-

ments fflem at a given vertex must sum to the external load applied at that vertex

f¢** (see Figure[4.24):

AEDW LD (k;’-e’"uf)=(z kf,’-em)uj=1<ifuj (.49

elem elem elem

To ensure the correct assembling, each element stiffness matrix kl?]l.em is placed at

the corresponding position in the system stiffness matrix Kj;.

Having assembled the system of equations, the FEA solver performs the analysis.
At the beginning, every node of the mesh has to be sufficiently defined, meaning
that either displacement or external load should be assigned to it, which provide
the boundary conditions for the problem. With this information, the FEA solver
computes the appropriate loads that correspond to prescribed displacements and

the displacements for provided external loads.

4.5 GENETIC ALGORITHMS

Genetic algorithms (GAs) were used to optimise the performance of the novel virtual
stent deployment method. Namely, the aim was to find the optimal stiffness values
for the fast stent model. In general, stiffness settings have significant implications
on the expansion process. Without any modification to other parts of the expansion

algorithm, alterations to the stiffness setting can lead to substantial degradation or

fe

Lb

fz
flext f"ext

Figure 4.24: Contribution of neighbouring elements to the total nodal force (image
from Roylance|2001).
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even a complete loss of expanding properties of the modelled device. On the whole,
instantiation of the stiffness values for spring models is not straightforward. Several
attempts have been reported in literature, describing the way of finding the best
stiffness parameters for spring models for different applications; for the most part,
they are rather ad hoc (Louchet et al., 1995). Various optimisation techniques such
as simulated annealing (Deussen et al., (1995), neural networks (Nurnberger et al.,
1998), genetic algorithms (Bianchi et al., 2004), etc., have been employed for adapt-
ing the behaviour of a spring system, chosen depending on the concrete application

and available resources.

Here, the framework of Genetic Algorithms (GAs) was utilised as a means to op-
timise stiffness setting. GAs draw inspiration from natural evolution (Goldberg and
Holland, 1988). They simulate populations of individuals, each individual being
represented by a certain number of genes that encode parameters of the investigated
problem. The fitness of an individual was determined by a cost or fitness function
that was formulated for a given problem setting (see Chapter[6). At the beginning
of the optimisation process, the population was randomly initialised by assigning
to individuals random values of genes that define them. In the course of an iter-
ation, the fitness was assessed and the new population was formed based on the
fitness/cost function and the generic operators of mutation and crossover applied
to selected individuals. Mutation means that when copying the genes from the cur-
rent to a new generation, random changes could occur with a certain probability. In
contrast, crossover combined genes from selected individuals to form an offspring.
The aim of the algorithm was to make the population converge to a final population
in which the best performing individuals are as close as possible to the optimal so-
lution of the problem. As a rule, GAs do not guarantee a convergence to the global
optimum; however, they are able to find good approximative solutions by reaching
local optima. In our case, the idea was to utilise the known FEA stent configurations
and reported residual forces as a reference for optimising the stiffness parameters
of the novel stent deployment method. Thus, the cost function for the GA formu-
lation had to take into account the discrepancy between the fast method and FEA
outcomes in terms of nodal distances and the value of forces. The goal was to find

stiffness parameters resulting in better alignment between two methods.

Formally, the stiffness optimisation problem can be written in the following way.

We aim at minimising the cost function C(k) which is defined as a combination of
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I
.

Figure 4.25: The recursive subdivision of a cell into 8 sub-cells and the correspond-
ing octree data structure (image from commons.wikimedia.org).

errors from measured discrepancy in nodal position and force measurements be-
tween the fast and FEA method, which are dependent on the springs stiffness values

k. The only constraint on the value of k is that it should be nonnegative:

minimize C(k)
k (4.50)
subjectto k=0.

The exact definition of C(k), the rest of the GA setup and the results of the exper-

iments are reported in Chapter|6]

4.6 OMNITREE

In order to perform the haemodynamic analysis of a vessel with Computational
Fluid Dynamics (CFD), it is necessary to discretise the continuous fluid domain
into a finite domain of grid cells (see workflow diagram in Figure [4.1). There are
many software packages offering this functionality. This project used the package
CFD-VisCART (ESI Group, France) which is linked to the CFD solver CFD-ACE+ (ESI

Group, France).

CFD-VisCART is an adaptive Cartesian mesh generation system that is able to
handle extremely complex geometries. It works with tree-based data structures gen-
erating Cartesian-based non-conforming grids. The Cartesian grid approach uses a
recursive subdivision of grid cells and is very efficient in filling a space with a mini-

mum number of cells, given a certain grid resolution.

CFD-VisCART offers both octree and omni-tree methods for subdividing cells.
With octree (Mitchell and Vavasis, 1992), a cell is divided into eight sub-cells along
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all 3 dimensions (see Figure[4.25). In some cases, octree may result in badly propor-
tioned cells. This can occur, for example, when the cell size along one dimension
is much larger than in the other two. In contrast, the omni-tree data structure sup-
ports anisotropic grid adaptation and can choose to split the cell along one, two or
all three dimensions, avoiding thereby the aforementioned problem. The additional
advantage of omni-tree (and anisotropic grid adaptation) is the dramatic reduction

in the total number of cells needed to achieve a given level of solution accuracy.

During grid generation, CFD-VisCART requires specification of the maximum
division level, which determines the maximum number of times (levels) a cell can
be divided. The division starts from the bounding box of the domain, which is con-
sidered to be the first cell and is assigned level 0. Assuming the length of the bound-
ing box is L in the X direction, it would then be split to %, %, %, I—LG, etc., at every
division level, respectively. Hence, the minimum cell size at level 1 would be %, at
level 2 %, atlevel 3 % and so on. In general, the minimum cell size at level 7 is calcu-
lated as 2% (ESI, 2013b). For example, specifying the maximum division level in the

Z direction as level 5, would split the bounding box along Z dimension in 32 cells.

This study used the “Projected Single Domain” mesh in which Cartesian cells
were generated in most of the domain, whereas the mesh near the geometry sur-
faces was projected onto them to capture the geometry curvatures and thus obtain
a body-fitted grid. With respect to cells located close to the boundaries of the geom-
etry, the “Cell Size” method was utilised for their refinement. The method allowed
cell sizes for boundary layers to be specified based on levels as explained above.
Within each level of refinement, it was possible to specify the minimum number of
layers to ensure a smooth transition from the fine boundary layers into more coarse
inner parts of the mesh. Figure shows an example mesh generated by CFD-
VisCART which represents the cross section of a patient-specific aortic geometry.

As can be seen, boundary layers near the vessel walls feature finer mesh.

After meshing, the resulting 3-D Cartesian grid was imported directly to the flow
solver CFD-ACE+ for CFD computations (see Chapter|[7).

4.7 FINITE VOLUME METHOD

After the stent deployment procedure, the next step is to evaluate the alterations

in the haemodynamic environment of the treated vessel (see workflow diagram in
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Figure 4.26: A cross section of the mesh generated by CFD-VisCART for a patient-
specific aortic geometry, with gradual mesh refinements at boundary layers.

Figure [4.1). For that purpose, the established technique of Computational Fluid
Dynamics (CFD) was utilised (as mentioned in Section [3.2). Because of the wide
acceptance of the CFD method, this project capitalised on the already-established
CFD methodology, and the contribution lies in the performed computational ex-
periments (Chapter [7), rather than methodology. This section outlines the theory
behind the CFD method merely for the sake of completeness.

There are many different CFD solvers available to carry out computations. In
this project, the CFD-ACE+ suite (ESI Group, France) was employed, which solves
the incompressible Naviér-Stokes equations using a finite volume formulation.

Naviér-Stokes equations stem from mathematical formulations of the main conser-
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vation laws (ESI, 2013a):

1. The mass of a fluid is conserved, meaning that there is no loss or gain of mass
in the system. This requires that the time rate of change of mass in a control
volume is balanced by the net mass flow into the same control volume, which

formally written gives the conservation of mass equation:

op
—+V-(pU)=0, 4.51
5, + V- (eU) (4.51)

where p is the fluid density and U is the velocity vector. The first term on the
left-hand side of the equation expresses the time rate of change of the density
(mass per unit volume). The second term is referred to as the convective term

and indicates the net mass flow across the boundaries of the control volume.

2. The time rate of change of momentum is equal to the sum of the forces acting
on the fluid (Newton’s second law)

ou
p(E+U-VU):—VP+VT+F, (4.52)

where P indicates the pressure, T is the deviatoric stress tensor and F denotes

external forces.

CFD-ACE+ employs the finite volume method (FVM) to approximate the solu-
tion of equations. To employ FVM, the solution domain is first divided into a set of

cells known as control volumes (which are not necessarily the primary cells of the

(a) (b)

Figure 4.27: (a) Example of a 3-D computational cell or control volume (image from
ESI2013a). (b) Boundary surface S = 0V of a computational cell V with the normal
vectors n (image from ESI2013a).

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 101



4. METHODOLOGY Katerina Spranger

mesh), where the values of variables are stored at the center of the control volume
(see Figure[4.27] a). Afterwards, the governing equations are numerically integrated
over each of these computational cells. The values of the variables between cell
centers are obtained through interpolation. The obtained discretisation equation

captures the conservation principle for the variable inside the control volumes.

Discretisation. The majority of the governing equations can be written as a gener-

alised transport equation for any conservable quantity ¢:

op¢p _

—  + V-(pU¢) = V-(I'Vp) + Se (4.53)
ot ———r ——— ~—

M convection diffusion sink/source

transient

where I is the diffusion coefficient and S is the sink or source term. For FVM, this

equation can be integrated over each control volume Q in the following way:

ap—‘bdQ + fv-(pmp) aQ = fv-(rwp) aQ  + fs¢dQ, (4.54)
a Ot Q Q Q

Each term of Equation (4.54) has to be discretised. The transient term is discre-
tised using the first-order Euler method as follows:
ap(p pn(PnQn_pn—l(Pn—lQn—l

—dQ = , 4.55
a Ot At ( )

where n denotes the current time step, n — 1 is the previous time step and At is the

time step, or using the second order Crank-Nicolson scheme to increase accuracy.

To discretise convection and diffusion terms, FVM uses the Gauss divergence
theorem that converts volume integrals containing a divergence term (V-) into sur-
face integrals. The theorem states that the rate of change of mass in the control

volume is equal to the net mass flux through its boundary:

fV-FdV = fF-ndS, (4.56)
14 ov

where S indicates the surface boundary of volume V (S = 0V) and n is the normal
to the surface (see Figure|4.27, b). This way, the volume integral over the volume V
on the left-hand side of the equation is translated into the surface integral over the

surface S of the volume V on the right-hand side.
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The Gauss theorem applied, for example, to the convection term of Equation

(4.54) leads to:

fV-(pU(,b) dQ = pUp-ndS (4.57)
Q 0Q
= D (pepeU?) Ae (4.58)
= Y Cetpe, (4.59)

where the index e indicates one of the faces of the current computational cell, A,
is the area of the face e, U} stands for the velocity components along the normal

vector of the face and C, can be described as the mass flux through the face.

Similar to the convection term, the diffusion term is also discretised with the
help of the Gauss theorem, while the source term is linearised. The details are pro-
vided in|ESI (2013a).

Interpolation. In FVM, the variable of interest ¢ is available only in the centers of
the control volume, as mentioned before. Hence, to get the values at cell faces (¢,)
interpolation has to be performed. CFD-ACE+ offers several interpolation schemes

that provide varying levels of numerical stability and accuracy.

The simplest interpolation method is the first-order upwind scheme. In this
method, ¢, is taken to be the value of ¢ at the upstream grid point, i.e., ¢, equals ei-

ther ¢p or ¢ of adjacent cells P or E, respectively, depending on the flow direction

J-1n+l Jjn+l Jj+1,n+1

[ o
@ -
j-1,n j.n j+1l,n
(@ (b)

Figure 4.28: (a) Illustration of interpolation schemes for the computational cell
P with face e (image from ESI 2013a). (b) Working terms in the Crank-Nicolson
scheme in 1-D (image from source.ggy.bris.ac.uk).
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(see Figure for schematic illustration):

ifvV:>0
UpP _ { ¢P v, (4.60)

© | ¢r V<0

The upwind scheme is numerically very stable but offers limited accuracy due to
the first-order nature. Hence, to improve accuracy, second-order central differenc-
ing scheme is often used. This scheme assumes that ¢ varies linearly between the
two adjacent centers (P and E) and calculates the value ¢, as the weighted average
of ¢p and ¢g:

¢SP = Yopp + (1= Y)or, (4.61)

where Y, is the weighting function.

The presented second-order central differences scheme is prone to numerical
instabilities. Therefore, a combination of the central differencing and the upwind
scheme is often utilised, with the weighting of each scheme determined by the
blending factor a:

pe = ag)” + (1-a)pS” (4.62)

In this work, the central differences method was employed using the blending

coefficient 0.1.

Temporal discretisation. CFD-ACE+ gives two options for temporal discretisation:
the backward Euler method and the Crank-Nicolson method.

The backward Euler method is a first-order implicit scheme, where the differ-
encing is performed in the following way:
¢;’l+l _ ¢n k(p:’l-:—ll _2¢;’l+l + n+1

LyO(AD) = =1 L 0Ax?d), 4.63
= ) Ne (Ax%) (4.63)

where 7 is the time step, i is the current cell in which the computation is being

performed for the variable of interest ¢ and k is the diffusion coefficient.

Crank-Nicolson is the combination of the forward (at n) and the backward Eu-
ler (at n+ 1) and can give an implicit or explicit scheme depending on the chosen
blending factor (). The Crank-Nicolson scheme works as follows:

GOr (ORS00l 207 g

i—1
RS S 1=
At kb Ax? +1=h) Ax?

(4.64)
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B set to 0.5 results in pure Crank-Nicolson, while = 0 produces the pure forward
Euler and B = 1 pure backward Euler (see schematic representation in Figure
b). In this project, Crank-Nicolson which is second-order in time was used, with
blending 0.6 (which is the default value).

Velocity-pressure coupling. The solution of the momentum equation (Equation
yields the velocity of the system. However, another important flow variable
— pressure — is not directly specified in the remaining governing equation (conti-
nuity Equation 4.5I). CFD-ACE+ determines the pressure field through pressure-
velocity coupling and a pressure correction method, with the help of an iterative
SIMPLEC algorithm (Semi-Implicit Method for Pressure-Linked Equations — Con-
sistent) (Van Doormaal and Raithby, 1984). At first, the pressure field is guessed and
provided as an input to the momentum equation, which is solved for velocity. The
obtained velocity field has to satisfy both the momentum and continuity equations.
Hence, using the linearised continuity equation, the pressure correction term can
be calculated. Finally, this term is used to correct the values of velocity and pres-

sure. This procedure is repeated until convergence is reached.

Solving the system. After the discretised equations have been assembled into a ma-
trix system form, that system needs to be solved. For that purpose, CFD-ACE+ of-
fers two iterative solvers: the Conjugate Gradient Squared (CGS) and the Algebraic
Multigrid (AMG) solver (Ruge and Stiiben, |1987). The conjugate gradient method

seeks to solve the system A¢ = b for ¢p by minimising the following function

f()= %¢TA d-¢'b, (4.65)

whose gradient equals A¢ — b. Starting from the initial value of ¢, in each iterative
step, the direction where the function decreases most quickly is chosen, namely, the
direction opposite the gradient. The minimum point along this direction becomes
an improved approximation of the starting point, and the process is repeated until

the convergence is reached.

In this project, the second method, AMG, was utilised. The idea behind AMG is
to use a hierarchy of grids with different resolution to solve a system of equations.
During one cycle, the residual is firstly obtained on the fine mesh, then iterations
are performed on a coarser mesh, after which the corrections are interpolated and

transferred to the fine grid, etc. More details are provided in|ESI| (2013a).
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4.8 CONCLUDING REMARKS

This chapter described the methodology that was used to develop the novel fast vir-
tual stent deployment method. The chapter started by outlining different prepara-
tory stages for device modelling, from reconstructing of 3-D geometries, establish-
ing the local coordinate system, crimping of devices and, finally, bringing them into

the desired location inside the target vessel.

The core of the chapter was dedicated to modelling the mechanics of the ex-
pansion process. Different expansion methods were presented with the underly-
ing theory and application to the stent deployment algorithms. In particular, the
three spring analogy methods were investigated that are known for their simplicity
and fast speed, which constitute the essential requirements for the envisioned vir-
tual stent deployment system (see Section [I.2). The implementation started with
the baseline version of the lineal spring analogy, which served as an inspiration for
developing the stent expansion algorithm. Thereafter, the attention was turned to
more sophisticated spring analogy methods, recognising that the process of stent
expansion is mostly guided by restoring forces originating from the angular defor-
mation in stent structure. Hence, implementing mechanisms that can capture and
control angular deformation were relevant to explore, since we were interested in a
mechanically feasible behaviour of the model. Thus, the more sophisticated semi-
torsional and torsional spring analogy were employed which constituted the exten-
sions of the baseline lineal version. The stent expansion methods based on all three
versions were developed, which were able to bring the crimped device in its initial

configuration in free expansion experiments.

The chapter continued with methods handling the vessel, from geometry recon-
struction to modelling its contact with the stent. This part included the section on
modelling the flexible vasculature which is of particular importance to be able to
capture the potential vessel deformation (see Section[1.2). Additionally, the chapter
briefly outlined the two established methods of Finite Element Analysis and Genetic
Algorithms that will be employed in the coming Chapter [6] for the validation of the
developed novel fast stent deployment method. Finally, techniques for computa-
tional grid generation and Finite Volume method for CFD were briefly described,
which will be utilised in Chapter [7|for the pre- and post-procedural haemodynamic
analysis of the vessel.
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After introducing the concepts in this chapter, the next chapter investigates the
performance of the three different spring analogy methods in a series of compara-
tive experiments, with the aim of finding the most suitable method for virtual stent

deployment.
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HAPTER

WHICH SPRING IS THE BEST?
COMPARISON OF EXPANSION METHODS

This chapter reports the results of comparative experiments carried out to evaluate the
performance of three different stent deployment methods, based on the lineal, the semi-
torsional and the torsional spring analogy. To compare the different methods, stent de-
ployment was performed in different vessel geometries with two different devices: a stent
graft and a flow diverter. The primary goal of the comparison was to determine whether the
use of the more computationally intensive version of stent deployment procedure would
be eventually justified by the increasing precision of the results. This chapter has been
published in an alternative form in|Spranger and Ventikos|(2014).

This chapter aims at evaluating the performance of the developed stent expan-
sion methods (Section in the context of the virtual stent deployment. For this
purpose, a number of computational experiments were carried out using the ex-
pansion algorithms that were based on (1) the lineal spring analogy, (2) the semi-
torsional spring analogy and (3) the torsional spring analogy. The comparison was
based on the results of expansion of two different devices — a stent graft and a flow
diverter —in four different scenarios: (1) in the case of free expansion, (2) in idealised
straight vessels, (3) in idealised bent vessels and (4) in real patient’s cases. The ul-
timate goal of the chapter was to find the most suitable method for virtual stent
deployment, which is fast and sufficiently accurate. In assessing the precision, we
were mostly interested in the final configuration of the deployed device (and not in
the transient states) as this constitutes the clinically relevant component, especially

with respect to the subsequent CFD analysis.
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Figure 5.1: Computational models of devices. (a) Gore TAG Thoracic Endopros-
thesis (image from www.goremedical.com) and a reconstruction of the model
TGT4010 thatis similar in design but different in dimensions. (b) Pipeline Emboliza-
tion Device (PED, ev3, Irvine, California, image from Pierot|2011) and the model of
the PED device.

5.1 COMPUTATIONAL SETUP

In order to compare the methods, the stent deployment experiments were per-
formed for 2 different devices in different vessel geometries. The two devices were
chosen to represent a “typical” device used in the two distinct areas of radiological

procedures of interest — thoracic and cerebral regions:

1. A stent graft (SG) corresponding to the Gore TAG Thoracic Endoprosthesis
(model TGT4010) was utilised, with dimensions 4 cm in diameter (fully ex-
panded) and 10 cm in length (see Figure[5.1} a). It is one of the most widely-
used devices in radiological procedures to treat thoracic aneurysms as well as

aortic dissections.

2. Aflow diverter (FD) similar to the commercially available Pipeline Emboliza-
tion Device (PED, ev3, Irvine, California) was employed, with a diameter of 3
mm and length of 14 mm (see Figure[5.1} b). PED is one of the three FD devices

currently used in Europe to treat cerebral aneurysmsH

Ihext to the Silk stent (Balt Extrusion, Montmorency, France) and Surpass flow diverter (Stryker
Neurovascular, Fremont, CA)
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The stents were crimped to simulate their positioning in the catheter and
aligned along the centerline of the target vessels at the relevant positions, as de-
scribed in Section For the SG device, the initial crimping was 20% of its labelled
diameter, since in clinical practice the stent graft is compressed into a 24 FRE] sys-
tem, i.e., from 40 mm outer diameter to 8 mm (24 x0.333 mm = 8 mm). With respect
to the FD device, the PED is usually delivered via a 3 FR micro catheter (3x0.333 mm

=1 mm); hence, it was crimped to the 33% of its load-free diameter.

In all simulations, dimensionality parameters for the stent springs were set to
K = ﬁ for the semi-torsional method (Equation , where ¢ is the characteris-
tic length of the device element, measured as an average length of a strut. For the
torsional method, the scaling was with x = g (Equation . These settings were

found experimentally to produce the best and most stable results.

To allow the focus on the process of stent expansion, the vessel was assumed
rigid in order to eliminate possible interdependencies of device expansion and ves-
sel deformation. Hence the rigid contact model described in Section 4.3.3|was used

in all experiments reported in this chapter.

Comparison metrics. To compare the methods and evaluate the results, the follow-

ing metrics of convergence were defined:

— Mean nodal distance between the load-free and the expanding stent:
d= %Zﬁil ln; — n;.||, where n; is the position of the node i in the load-free

stent and 7 —in the current expanding stent.

— Mean mesh point displacement in one iteration due to restoring forces:
b= % Zé\i I16:1l, where §; is the nodal displacement of the node i with i run-

ning from 1 to number of nodes N.

— Mean angle difference between the load-free and the expanding stent:
0= 1\% Z?/I: 110 - 9;. |, where 6 is the value of the angle j in the load-free stent,
9} —in the current expanding stent and M stands for the number of angular

elements in the stent structure.

21 FR=0.333 mm
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— Mean strut length difference between the load-free and the expanding stent:
- k=1, . .
L= %Zizl [ T k l, where I} is the length of the strut k in the load-free stent, [

—in the current expanding stent and S stands for the number of struts.

— Mean nodal force in the expanding stent: F = A%Zfi L IF;ll, where F; is the
reaction force at the node i with the index i running from 1 to number of
nodes N.

Deployment cases. Deployment experiments in 4 different scenarios were con-
ducted for SG and FD devices:

1. free expansion for both devices;
2. deployment in a straight tube for both devices;

3. deployment in a bent tube for both devices as well as in a snake geometry for

SG and in a torus geometry for FD;

4. deployment in real vessel geometries: dissection case for SG and aneurysm
case for FD.

All models were implemented in Matlab and executed on an Intel Core 2 Duo
with CPU 2.66 GHz with 4 GB of memory and no parallelisation (e.g., multi-

threading) was used.

5.2 RESULTS

5.2.1 Free expansion

SG device. From the initially crimped configuration (8 mm in diameter which is
20% of the labelled diameter), the SG device was subject to free expansion un-
til it reached the load-free configuration. Figure captures the evolution of the
expansion process during 300 iterations. The four different convergence metrics
were plotted for each of the springs methods: lineal springs in blue, semi-torsional
springs in green and torsional springs in red. Since the released SG was going to
spring back to the load-free configuration, the shape of which was also known, the
clear way to demonstrate the expansion process was to track the distance to the

target load-free stent. Hence, the average distance from the vertices of the current
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expanding stent to their counterparts in the load-free device was measured (mean
nodal distance), which is displayed in the first graph in the upper left corner. All 3
springs methods were able to reach the load-free configuration; however, they did
so with different speed, with the lineal method being the fastest and the torsional

method being the slowest (completely converges only after about 500 iterations).

The evolution of the angles is shown in the upper right corner as the mean angle
difference between the load-free and the current expanding stent. This measure is

very important since the difference in angles reveals the degree of crimping in the
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Figure 5.2: Free expansion of the SG for 300 iterations. Upper row: mean nodal dis-
tance and mean angle difference between the load-free and the expanding stent.
Bottom row: mean strut length difference and mean nodal force in the expanding
stent. All three methods were able to reach the load-free configuration. The lineal
springs method (in blue) displayed the fastest convergence after about 190 itera-
tions. The semi-torsional springs method (in green) was the second fastest, con-
verging after about 200 iterations. The torsional springs method (in red) was the
slowest, reaching convergence only after about 500 iterations. Black circle marks
the point of first convergence in each of the corresponding metrics.
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structure and indirectly shows the average angular displacement in every iteration.
Again the lineal method displayed faster convergence, the semi-torsional was sim-
ilarly fast and the torsional was the slowest. Equally, it was important to ensure the
adequate struts’ length evolution throughout the iterative process. This was done
by measuring the mean strut length difference which gave the average error length
as a relative percentage of the initial length. The bottom left graph displayed the
behaviour of struts’ lengths during the iterative process. The initial iterations cor-
rupted the average length up to 14% (for the lineal springs method); however, it got
corrected in the course of the expansion process.

Finally, the bottom right graph displays the mean nodal force in the expand-
ing stent which gives account of the reaction forces guiding the expansion pro-
cess. The fact worth mentioning is that the forces for the semi-torsional and the
torsional methods included the lineal component, which resulted from the overlay
of the semi-torsional and the torsional springs in the algorithms, respectively. Con-
sequently, it was to expect that the lineal reaction forces were smaller in magnitude.
On the other hand, the semi-torsional forces were much larger, even after the lineal

component has been subtracted from them (almost three times the lineal value).

The device configuration during the free expansion experiment looked similar
to that of a real nitinol stent (shown earlier in Figure 2.10), with a slight difference
in timing to reach a certain state between different methods. Figure [5.3|shows the

lineal expansion case.

f

W

M

—=:
=
=
<5
22
=

-
=
=
=

==
-~
-
=
=

==
==

(a) (b) () (d) (e) ®

Figure 5.3: Free expansion of the SG device with the lineal springs. (a) Initial
crimped stent, (b) result after 10 iterations, (c) 50, (d) 150, (e) 250, (f) 500 iterations.
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Figure 5.4: Free expansion of the FD device during 500 iterations. Upper row: mean
nodal distance and mean angle difference between the load-free and the expand-
ing stent. Bottom row: mean strut length difference and mean nodal force in the
expanding stent. The lineal springs method displayed the fastest convergence, after
about 200 iterations, followed by the semi-torsional springs. The torsional method
converged fully after about 500 iterations. Black circle marks the point of first con-
vergence in the corresponding metrics.

FD device. The FD device was initially crimped to the 33% of its labelled diameter
and then underwent the free expansion test for 500 iterations. As was the case for the
SG device, the lineal springs method displayed the fastest convergence, after about
200 iterations, closely followed by the semi-torsional springs. Again the torsional

method converged only about 500 iterations (see Figure|5.4).

Interestingly, the semi-torsional forces in this device were not as large as in the
SG device. However, they were still quite large, even without the lineal component.
During the free expansion process, the device configuration looked similar for dif-
ferent methods with a slight difference in timing, as shown in Figure[5.5/for the lineal

case.
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(@) (b) (© (d) (e) (9

Figure 5.5: Free expansion of the FD device with the lineal springs method. (a) Ini-
tial crimped stent, (b) result after 10 iterations, (c) after 50 iterations, (d) after 150
iterations, (e) after 250 iterations, (f) after 500 iterations.

5.2.2 Deployment in straight tubes

SG device. In this set of experiments, the device was deployed inside an idealised
vessel in the shape of a straight cylinder. The diameter of the cylinder was 34 mm,
which is a usual vessel size for a 40 mm device diameter, because the grafts are al-
ways oversized in clinical practice for about 30%. As in the previous case, the de-
vice was crimped to 8 mm and then deployed, this time until it reached the vessel
walls. The snapshots of the expansion with the semi-torsional method after a cer-
tain amount of iterations are captured in Figure The other two methods dis-

played a comparable progression.

Figure shows the convergence of parameters throughout the deployment
process. The lineal springs method displayed the fastest convergence rate again,
which was to expect. However, the torsional springs performed slightly better this
time with respect to the final nodal displacement (see upper left graph), which was
surprising given their earlier performance in the free expansion case. When the de-
ployment was complete, after about 100 iterations on average, there was a very small
but nonzero restoring force that remained due to the oversizing of the device. This

force would help keeping the device placement intact after the intervention.

FD device. The FD was crimped to 1 mm and released into an idealised cylinder
with the 2.3 mm diameter (in order to account for oversizing). As in the previous

case, the deployment process continued until the device reached the vessel walls.
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@ (b) (c) (d) (e) 69 ®

Figure 5.6: Deployment of the SG in a straight tube. Results after (a) initial crimping,
(b) 3 iterations, (c) 5, (d) 10, (e) 30, (f) 50, (g) 200 iterations.
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Figure 5.7: Deployment of the SG in a straight tube for 200 iterations.
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Figure 5.8: Deployment of the FD device in a straight tube. Results after (a) initial
crimping, (b) 3, (c) 5, (d) 10, (e) 30, (f) 50, (g) 100, (h) 300 iterations.
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Figure 5.9: Deployment of the FD device in a straight tube for 300 iterations.
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The snapshots of the expansion with the torsional method after a certain amount
of iterations are captured in Figure[5.8] The other two methods displayed a compa-
rable progression, but with a slightly faster convergence. The general convergence
curve can be seen in Figure[5.9] The fact worth noting is that the struts’ length differ-
ence remained substantial at the end of the deployment process (lower left graph).
Also in reality, the FD struts are not fixed due to the woven design of the device.
Hence, they can slide, changing the apparent struts’ length, which could potentially
be emulated by the flexible nature of the soft constraints imposed by the springs.
However, whether the observed effect represents wire sliding in a realistic man-
ner would require a detailed investigations and validation of the proposed springs
method for flow diverters. Such validation would necessitate identifying the “gold
standard” behaviour for that particular class of devices, information not available

to us at this stage (see Chapter for more).

5.2.3 Deployment in bent tubes

SG device. This time the geometry of the vessel was represented as a bent (rather
than a straight) cylinder with a diameter of 34 mm. As in the previous case, the de-
vice of 40 mm in diameter was crimped to 8 mm and then deployed until it reached
the vessel walls. The lineal springs method was applied in layers, starting from the
center of the device, as performed in the clinical practice. Figure[5.10|displays snap-

shots of the layered lineal expansion.

The overall convergence behaviour is illustrated in Figure Since the lineal
springs method was applied in layers, it converged slower than the semi-torsional

(a) (b) (© (d) (e)

Figure 5.10: Deployment of the SG in a bent cylinder. Results after (a) crimping, (b)
20, (c) 30, (d) 100, (e) 200 iterations of the layered lineal springs method.
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Figure 5.11: Deployment of the SG device in a bent vessel geometry during 200 it-
erations. The lineal springs method was applied in layers staring from the center;
hence, it converged slower than the semi-torsional and the torsional method.

and the torsional method. The latter two methods displayed a progression compa-
rable to the previous cases, although the torsional method was slightly more accu-
rate with respect to the struts’ lengths error. After the deployment completion, there
was small nonzero restoring force that remained present due to the oversizing of the
device and the geometry of the vessel. Note that the semi-torsional force was almost
double at the beginning, compared to the straight tube case in Figure[5.7, while the
angular displacements were comparable. In fact, all forces were almost double at
the beginning of the expansion process. This was due to the larger strut length er-
ror, augmented through the alignment of the crimped vessel with the curved vessel

centerline.

Another fact worth noting is that metrics used to evaluate the performance of
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the methods were not all suitable for the bent (and more complicated) geometries.
For example, the nodal displacements were calculated as the distance of the current
expanding stent to the load-free configuration and did not represent a meaningful
value in the bent vessel case, because the load-free configuration was not the target
of the expansion process in this case. In fact, the target was unknown! Nevertheless,
these familiar metrics were still employed for the reason of consistency, to compare

the spring methods between themselves.

The conformity of the stent grafts to the vessel wall is an important parame-
ter in assessing the outcome of the deployment procedure. Most modern grafts
are specifically designed to account for potentially steep curvatures of the aortic
arch. For example, Figure (a) demonstrates the flexibility of the new Medtronic
Valiant stent graft. To test the performance of the modelled SG in similar geome-
tries, a slightly longer device (34 mm x 150 mm) was utilised. The new device was

expanded in an “arch” vessel geometry and a “snake” vessel geometry with a 34 mm

[

(a) (b)

Figure 5.12: Conformity in highly curved geometries. (a) Demonstration of
the flexibility properties of the novel Medtronic Valiant stent graft (images from
www . cxvascular.com and www.bmctoday.net). (b) Expansion of the modelled SG
device (with different design) in similar vessel geometries.
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diameter, which can be seen in Figure (b) showing comparable conformity.

FD device.

The FD was crimped to 1 mm and released in the idealised bent cylin-

der with the 2.6 mm diameter to account for the oversizing. This time, the semi-

torsional method was applied in layers, the snapshots of which can be seen in Figure

The other two methods were applied simultaneously to all layers. The general

convergence curve is depicted in Figure

To illustrate the flexibility and conformity of the FD device, it was deployed in a
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Figure 5.13: Expansion of the FD device in the bent vessel geometry during 500 it-
erations. The semi-torsional method was applied in layers which led to its slower

convergence.

Computational Modelling of Vascular Interventions: Endovascular Device Deployment

122



Katerina Spranger 5.2. Results

(@) (b) (c) (d) (e)

Figure 5.14: Stages of the expansion of the FD device in the bent vessel.

highly curved torus geometry, built by the parametric equation

cos(t)(R + rcos(u))
sin(¢)(R + rcos(uw)) (5.1)

rsin(u)

V4

where R is the major radius, r is the minor radius and the two parameters ¢ and u
both vary between 0 and 27. The resulting device configuration is shown in Figure

(c) and featured similar bending properties as the real device represented in (a).

5.2.4 Deployment in real vessels

(@ (b) (©

Figure 5.15: Flexibility of the FD device. (a) Bending of PED FD (image from
et al.|2009). (b) Reconstructed torus geometry. (c) Expansion of the modelled FD in
the torus geometry.
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N
(afy

Figure 5.16: Upper row: stages of the virtual deployment process in patient’s aorta.
(a) 20%-crimped SG initially placed on the centerline of the target vessel at the site of
the pathology; (b), (c), (d) after 10, 20 and 30 iterations of the expansion process with
the semi-torsional springs method, respectively, starting from the central part of the
device and propagating to its extremities; (e) configuration of the fully expanded
device after 200 iterations. Lower row: final configuration of the deployed SG as in
(e), displayed from different rotation angles.

SG device. The performance of the virtual deployment algorithm was tested in a
case of aortic dissection. The vessel geometry was obtained by segmentation (see
Section[4.3.1) and the SG device was deployed at the dissection site. As it would be
done in clinical practice, the SG was placed inside the true lumen to cover the initial

tear entry and prevent blood from flowing into the false lumen (see Section|2.2.1).
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The vessel diameter varied at the deployment site and ranged between 3.2 and
2.7 cmin the distal and proximal location of the device in the true lumen. Therefore,
the dimensions of the modelled SG had to be adjusted to match those that would
be required in clinical practice. The modified device was 3.2 cm in diameter and 10

cm in length.

The opening of the SG was initiated in the center of the device, progressing to its
extremities, as is common for this type of devices. Figure[5.16/shows the deployment
snapshots at different time points during the deployment process with the semi-
torsional springs method. The final configuration was obtained after approximately
90 iterations of the virtual deployment algorithm and required about 60 seconds.

The opposition of the device to the vessel wall was good and covered the initial tear
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Figure 5.17: Expansion of the SG in the patient-specific vessel geometry during 200
iterations. The torsional method was applied in layers which led to its slower con-
vergence.
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LeLy
ess)

Figure 5.18: Upper row: stages of the virtual deployment process inside a patient’s
ICA. (a) 33%-crimped FD device initially placed on the centerline of the target vessel
(red arrow indicates the opthalmic artery); (b) and (c) after 100 and 230 iterations of
the expansion process, respectively, with the torsional springs method starting from
the distal to proximal extremity of the device with respect to the aneurysm sac; (d)
configuration of the fully expanded device after 400 iterations. Lower row: final
configuration of the deployed FD as in (d), displayed from different rotation angles.

completely. Figure shows the evolution of the convergence metrics. During the
opening of the device, the struts’ angles and lengths progressively approached the

values corresponding to the load-free configuration.

FD device. The final deployment experiment involved a case of a giant aneurysm
located in the left ICA artery of a patient (see Figure note the small opthalmic
artery originating on the opposite vessel wall with respect to the aneurysmal sac).
The 3-D vessel geometry was obtained by the segmentation (see Section4.3.1) and
featured a variation in vessel diameter from 4.1 mm in the distal and 4.4 mm in the
proximal location with respect to the aneurysm. For such dimensions of the vessel,
a flow diverter of 4.5 mm diameter and 14 mm in length could be utilised in clinical
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setting. Therefore, the modelled FD was adjusted, reconfiguring it to be 4.5 mm in
diameter in order to account for both vessel geometry and oversizing. The device
was deployed over the neck of the aneurysm. The torsional method was applied in

layers this time.

As it would be the case in real interventions, the opening of the device was
started from the proximal extremity of the device, progressing to its distal end, with
respect to the aneurysm sac. Figure[5.18|shows the deployment snapshots at differ-
ent time points during the deployment process with the torsional springs method.
The final configuration was obtained after approximately 600 iterations of the vir-
tual deployment algorithm and required about 2.5 minutes. The device was in a

good opposition to the vessel wall. Figure shows the evolution of the conver-
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Figure 5.19: Expansion of the FD in the patient’s ICA artery during 500 iterations.
The torsional method was applied in layers which led to its slower convergence.
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gence metrics. During the opening of the device, the struts’ angles and lengths pro-

gressively approached the values corresponding to the load-free configuration.

5.3 CONCLUDING REMARKS

This chapter investigated the performance of the developed methods for virtual
stent deployment. In particular, it compared the three different spring analogy algo-
rithms featuring different properties of the springs and showed their performance
in the given problem setting. The three spring analogy methods compared were (1)
the lineal spring analogy, (2) the semi-torsional spring analogy and (3) the torsional
spring analogy. The comparison was based on the results of expansion of two differ-
ent devices — a stent graft and a flow diverter — in four different scenarios: (1) in the
case of free expansion, (2) in idealised straight vessels, (3) in idealised bent vessels

and (4) in real patient cases.

When applied to the stent deployment problem, all three spring analogy meth-
ods converged; however, they did so with different speed. The convergence was
assessed by different metrics, measuring the displacement and force evolution as
well as the evolution of angles between the struts and the struts’ length. The end

values of the convergence metrics for all cases are summarised in Table[5.1]

One of the interesting findings entailed the fact that lineal springs method dis-
plays faster convergence rate in all of the four metrics used. Additionally, it pro-
duced final results comparable with those obtained by its more sophisticated semi-
torsional and torsional counterparts. This was surprising since the lineal method
constituted the base for the other two springs methods and was associated with the
simplest implementation. In the case of the first device, such outcome for the lineal
version was facilitated by the presence of the background mesh, which served as
an integrity-preserving element and simulated the angular elements indirectly. For
the second device, the fine mesh of the struts effectively produced the effect of the
“background” mesh, taking care of the torsional displacements and forces even in

the lineal method.

Another characteristic that was similar to all three springs methods was the
small residual error in the struts’ lengths, even in the final stent configuration. This
fact resulted from the accumulation of imprecisions along the entire deployment

processing chain: the crimping, positioning along the centerline and the sequence
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Simulation setup it time(s) d(@mm) 6C°) L% F
1) SG: Free expansion: lin 250 3 0 0 0 0
2) SG: Free expansion: semi 300 4 0 0 0 0
3) SG: Free expansion: tors 500 40 0 0 0 0
4) FD: Free expansion: lin 250 26 0 0 0 0
5) FD: Free expansion: semi 300 31 0 0 0 0
6) FD: Free expansion: tors 500 120 0 0 0 0
7) SG: Straight tube: lin 70 24 4.2 6 3 0.13
8) SG: Straight tube: semi 100 42 4.2 6 3 0.29
9) SG: Straight tube: tors 170 88 3.9 7 3 0.15
10) FD: Straight tube: lin 45 51 0.47 16 18.1 0.17
11) FD: Straight tube: semi 50 68 0.47 16 18.1 0.39
12) FD: Straight tube: tors 100 112 0.46 16 18 0.18
13) SG: Bent tube: lin layers 120 49 5.9 7 5 0.2
14) SG: Bent tube: semi 150 65 5.8 6.5 4.5 0.23
15) SG: Bent tube: tors 150 90 5.7 6.5 5 0.4
16) FD: Bent tube: lin 70 73 0.59 7 15 0.13
17) FD: Bent tube: semi layers | 370 122 0.59 7 15 0.3
18) FD: Bent tube: tors 140 107 0.59 7 15 0.13
19) SG: Aorta: lin 50 12 7.4 11.3 58 0.3
20) SG: Aorta: semi layers 90 30 7.4 114 59 0.7
21) SG: Aorta: tors 80 24 7.5 12 59 0.3
22) FD: ICA: lin 500 126 0.5 4.5 4 0.1
23) FD: ICA: semi 500 130 0.4 4.5 4 0.15
24) FD: ICA: tors layers 600 150 1 4 10 0.2

Table 5.1: Values of convergence metrics at the end of the deployment process.
Columns correspond to: it is the number of iterations required for convergence,
d is the mean nodal distance, 0 is the mean angle difference, L is the mean struts’
length difference, F is the mean nodal force.

of iterations based on the approximative methods.

With respect to the speed of the virtual simulation, it was sufficiently fast,

the longest simulations lasting about 2.5 minutes for the case of the ICA cerebral
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aneurysm with the high density FD device. Being implemented in MATLAB, with
no parallelisation and on slow and antiquated hardware, the models are likely to
obtain much higher speed when run on the more appropriate and powerful archi-
tectures. Achieving such fast running times was a very positive outcome, for high
speed constitutes one of the top priorities for the development of the stent deploy-

ment method, as outlined in Section|1.2

Overall, the presented results demonstrated that the lineal spring analogy
method proved suitable for modelling the stent expansion in a fast way. Given the
almost identical final device configurations obtained with the other two more so-
phisticated methods, it seemed that the employment of the complex torsional and
semi-torsional springs did not add value in the problem of stent deployment mod-
elling. Not only did they require more iterations to converge, but each iteration in it-
self was computationally more expensive, especially in cases of the torsional springs
method. Therefore, from now on, the fast stent deployment algorithm will only use
the stent expansion method based on the lineal spring analogy, putting aside the

semi-torsional and torsional spring models.

To sum up, the results of this chapter demonstrated that the fast method based
on the lineal springs model was able to bring the stent devices to expand. But how
good is the algorithm in terms of assessing the final device configuration? Next
chapter is dedicated to the validation of the lineal springs stent deployment method.
It presents a study that compares the results reported here with the results of the
finite element method for the SG device. The FEA method, being very slow but pre-
cise, can provide a validation benchmark for the fast springs method, assess the

eventual divergence in the results and estimate the error.

From now on, the developed stent deployment method based on the lineal

springs model will be referred to as simply the “fast method” or “FM”.
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VALIDATION OF DEPLOYMENT METHOD:
COMPARISON TO FEA

This chapter presents a validation study for the newly developed fast virtual stent deploy-
ment method. To validate the new stenting method, its performance was compared to the
gold standard of FEA in a number of in silico experiments. Given the results of the initial
comparison, the fast method was further optimised by calibrating a set of parameters with
the help of a genetic algorithm, which utilised the FEA outcomes as a learning base.

This chapter has been published in an alternative form in/Spranger et al. (2014a).

The newly developed virtual stent deployment method featured fast computa-
tional times, which is a crucial characteristic for its future usefulness it clinical prac-
tice. However, the fast computational speed inevitably comes with a cost of reduced
accuracy; therefore, the error has to be thoroughly estimated. On the other hand, a
good candidate for modelling realistic stent behaviour is the FEA method, which has
become a gold standard in mechanical simulations (as mentioned in Section[3.1.1).
Although slow in speed, FEA can both simulate the process with high accuracy and
provide a benchmark for estimation of the stiffness constants for the lighter spring
method.

Hence, the goal of this chapter is to perform a comparative analysis of the results
obtained by the new fast method (FM) with the FEA results. The SG device employed
in the previous chapter was chosen to be the subject of comparison (see Section
5.1). Additionally, the stiffness setting for the spring model was investigated, using

the FEA results as a learning base for fitting the stiffness parameters. For that pur-
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pose, a number of in silico experiments of increasing complexity were conducted
with the aim of evaluating the divergence in final device configurations and resid-
ual force estimation. To focus exclusively on the process of stent expansion and
perform a valid comparison, the vascular wall was assumed rigid, using the rigid

contact model (see Section4.3.3).

First, the chapter describes the computational setup of validation experiments
(Section [6.1), followed by the comparison report of the initial discrepancy in final
device configurations and residual force estimation (Section . Thereafter, the
optimisation step is reported, in which the parameters of the fast method were cal-
ibrated with the help of a genetic algorithm guided by the FEA results (Section|6.3).

Finally, the post-calibration results are presented.

6.1 COMPUTATIONAL SETUP

FEAmodel. The theorybehind the finite element analysis was presented in Section
The implementation of the FEA model for the FEA deployment experiments
was done by my collaborators Claudio Capelli and Giorgia Bosﬂ who were also ac-

knowledged at the beginning of the thesis.

All FEA simulations were performed using the FE code Abaqus 6.11/Explicit
(Dassault Systemes Simulia Corp., Providence, RI, USA) on an Intel Xeon X5690 with
2 processors of 3.46 GHz and 24 GB of RAM. All simulations ran in parallel using 4
cores. The CAD model of the SG device was meshed with beam and shell elements
to discretise the stent struts and the stent graft, respectively. Following sensitivity
analysis, the average length of the beam elements was 0.9 mm with a final mesh re-
sulting in 2,371 elements, while the average size of shell elements was 0.8 mm for
a total of 13,004 elements. The constitutive models used to characterise both the
nitinol stent struts and polyester graft were based on a previously validated study
by Capelli et al.| (2012). Each FEA deployment experiment consisted of three steps:
crimping, positioning within the vessel model and deployment.

1. Crimping. The device was crimped to the size of the delivery catheter (8 mm
diameter) by applying a radial displacement (15 mm) to a coaxial cylindri-

cal surface. Such cylindrical surface mimicked the presence of a membrane

!Cardiovascular Unit, University College London, Institute of Child Health and Great Ormond
Street Hospital for Children, London
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Figure 6.1: Crimping and initial positioning of the SG with FEA method. (a) The
stent before crimping. C, (inred) is the centerline of the vessel defined by 11 points.
C; (in yellow) is the centerline of the stent and the coaxial cylinder. (b) After the
cylindrical surface crimped the stent, displacements and rotations were applied to
the points of Cj, in order to make them reach the corresponding points of C, and to
position the stent inside the vessel (c).

sheath that constrains the stent into a delivery catheter (see Figure a).
Specific boundary conditions were assigned to the SG device, in order to avoid
rigid translation during the analysis: the device was constrained in its termi-

nal section in both circumferential and axial direction (see Figure[6.1} b).

2. Positioning. In order to position the crimped stent and its cylindrical sheath
within each virtual implantation site, the respective centerlines were used.
Since the stent and the sheath were coaxial, their centerline (C;) was unique.
Such centerline was then aligned to the vessel centerline (C,). For that pur-
pose, the lines were subdivided through a discrete number of points (n = 11).
A kinematic constraint was applied between the points of C; and the nodes of
the cylinder lying on the plane passing through that point and cutting C; per-
pendicularly. Hence, differences in coordinates between the points of Cs and
C, were calculated. The resulting displacements and rotations were applied

onto the points of Cy, causing the bending of the device (see Figure[6.1} c).

3. Deployment. The deployment of the stent was achieved by replicating the re-
lease from the delivery catheter and was implemented by gradually retrieving

the virtual membrane sheath.
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Comparison experiments. The FM versus FEA comparison was based on the analy-

sis of the expansion of the SG device under 6 different conditions:

1. Deployment within a 34 mm cylindrical vessel. This is a usual size for a 40
mm device diameter, since the grafts are always oversized in clinical practice
by about 30% (Golzarian and Valenti, 2006).

2. Deployment within a 20 mm cylindrical vessel. This vessel is too small for a
given graft size and would not be used in such a combination in clinical prac-
tice. However, the narrow vessel was utilised for the purpose of force juxtapo-
sition measured with two compared methods, in order to investigate how the

forces scale with a growing amount of crimping in the device.
3. Deployment within a bent vessel (diameter = 34 mm, curvature = 0.01)
4. Deployment within a C-shaped vessel (diameter = 34 mm, curvature = 0.02)
5. Deployment within an W-shaped vessel (diameter = 34 mm)

6. Deployment within an anatomical model of a patient-specific dissected aorta.
As it would be done in clinical practice, the SG was placed inside the true lu-
men to cover the initial tear entry and prevent blood from flowing into the
false lumen. The vessel diameter was varying at the deployment site: in the
distal location (with respect to the dissection entry) it was approximately of
a circular shape with 2.9 cm in diameter, whereas proximally the true lumen
resembled an oval with dimensions of 1.3 and 2.8 cm. Hence, the geometry in
the proximal end was quite irregular, exhibiting sharp corners that could be
problematic to comply with for a stiff device. In both FM and FEA methods,
the opening of the device was initiated at the distal end and was progressing

to the proximal extremity, as common for this type of device.

Comparison metrics. In order to quantify the differences in outcomes of the two

methods, the following parameters were measured:

1. Residual distance between the corresponding nodes of the deployed stent, ex-
panded with the two different methods: FM and FEA. The difference was cal-

culated by comparing these distances to the vessel diameters.
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2. The distribution of residual forces in stent vertices in the two different meth-
ods: FM and FEA. While FM can directly output nodal forces, the residual
forces (RF) in the FEA method can be calculated only if the structure is con-
strained in all directions. For this reason, the RF of the stent vertices were de-
rived through the reaction forces measured at each node of the vessel, which
is always fully constrained. For each stent vertex in contact with the vessel, it
was possible to find the 4 closest nodes of the vessel with the help of a specif-
ically implemented automated method. These 4 nodes belonged to the ele-
ment of the vessel in contact with the vertex of the stent. The sum of these 4
RF was equal and opposite of the RF in the stent vertices (see Figure[6.2).

3. Relative error in struts’ length, measured relative to the original length of

struts, i.e., in the load-free stent configuration.

6.2 RESULTS
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Figure 6.2: Measurement of reaction forces in FEA. (a) Reaction forces (RF) of the
vessel are represented by a color map for the 20 mm cylindrical vessel. (b) The RF of
the stent vertex V;, which is in contact with the vessel, was calculated summing up
the 4 RF of the 4 closest vessel nodes.
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6.2.1 Free expansion

To test the validity of the models and their overall performance, free expansion
experiments were first set up with both FM and FEA methods. From the initially
crimped configuration (8 mm in diameter which is 20% of the labelled diameter),
the SG device was subject to free expansion, under the subsequent release of con-
straints along the device, until it reached the load-free configuration. Analogous
to the previous chapter, the dynamics of the FM expansion process was evaluated
with the help of 4 metrics of convergence that were defined in Section To set
up the FEA free expansion, quasi-static conditions were used. These postulate that
the contribution of the kinetic energy to the total energy should equal zero, assum-
ing that there are no inertial effects. Therefore, to verify the convergence of the FEA

model, the ratio kinetic energy/ internal energy had to reach a value < 5%.

Figure highlights the phases of the free expansion process simulated with
both numerical methods. In particular, results of FM simulations are presented as
the snapshots of the obtained stent configurations after a certain number of itera-
tions (upper row), while FEA models are shown throughout the time step (30 sec-
onds) of the simulation (lower row). Dynamics of the expansion process are cap-
tured in Figure where the four metrics of convergence (b) and the internal en-
ergy (a) were plotted for FM and FEA, respectively. The evolution of all plotted func-
tions confirm the convergence of the results and the ability of both methods to bring

the device to the load-free configuration.

Specifically for the FM case, the nodal displacement (Figure[6.4]b, upper left cor-
ner) converged completely after 200 iterations, while the measure of angular dis-
tance (Figure[6.4]b, upper right corner) and the measure of the residual nodal forces
(Figure [6.4]b, bottom right corner) exhibited a slightly faster convergence, being al-
most zero during the last 100 iterations. The trend in the struts’ length error (Figure
b, bottom left corner) showed a different tendency, with the error first increas-
ing up to 20% after few iterations and then decreasing in the course of the iterative

process, until complete convergence was reached.

The analysis of the ratio between internal and kinetic energies of the FEA model
confirmed the absence of any dynamic processes at the end of the free expansion

phase, when the stent graft completely recovered its original shape, as displayed in

Figure[6.4](a).
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6.2.2 Deployment in idealised vessels

As in the free expansion case, the device was crimped to 8 mm and then deployed,
this time until it reached the vessel walls.

Straight vessels. In this set of experiments, the device was deployed inside two ide-
alised vessels in the shape of a straight cylinder. The diameter of the first vessel was
34 mm and of the second 20 mm. The deployment was performed in layers simu-
lating the gradual release from a catheter, as can be seen in Figure 6.5 showing the

snapshots of FM expansion after a certain amount of iterations. In the FM case, the
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Figure 6.3: First row: free expansion of the SG device with FM: (a) initial crimped
stent, (b) result after 10, (c) 50, (d) 150, (e) 250, (f) 500 iterations. Second row: free
expansion of the SG device with the FEA method, whereby the crimped configura-
tion was gradually released to the full expansion.
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Figure 6.4: Convergence in the free expansion experiment. (a) The convergence of
the FEA model in the free expansion experiment was achieved when the stent was
fully deployed, and the ratio kinetic energy/internal energy was below 0.05. (b) Free
expansion of the SG for 200 iterations with FM. Upper row: mean nodal distance
and mean angle difference between the load-free and the expanding stent. Bottom
row: mean strut length difference and mean nodal force in the expanding stent. FM
reached convergence after about 200 iterations and 3 seconds of execution time.
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convergence of parameters throughout the deployment process exhibited the same
dynamics as in the free expansion case (Figure[6.4), with the only difference being
that the device did not reach the load-free configuration because of the oversizing,
which also happens in reality. Additionally, convergence was reached faster due to
the contact with the vessel and the device oversizing, after about 200 iterations of

layered expansion.

To visualise the difference between the two methods, Figure illustrates the fi-
nal deployed configuration for FM and the difference between the two methods by
means of overlaying the two resulting devices. To quantify the results, Figure[6.7] (a)
displays the residual nodal distances obtained with different methods for the de-
ployment in two vessels, which is the equivalent of the mean nodal distance metrics
employed in the free expansion case (see Figure b). The distribution of differ-
ences between the load-free (LF) and the resulting FM configuration (FM) is sum-
marised in the histogram in blue, the differences FEA vs LF in green, and finally, the
difference between FM and FEA methods in red. The latter is the most interesting
measure, showing for the 34 mm vessel the average difference in results of about
3.8% (mean p = 2.73211%; percentage with respect to the vessel diameter) and the
standard deviation o = 1.20133%, when fitted to the normal distribution.

For the 20 mm vessel, the discrepancy between FM and FEA methods was more

(@) (b) (c) d (e) @ (8

Figure 6.5: FM deployment of the SG device in a straight tube. Results after (a) ini-
tial crimping, (b) 20, (c) 45, (d) 65, (e) 85, (f) 110, (g) 200 iterations of the layered
expansion.
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Figure 6.6: Deployment in straight vessels. Nodal distance between the resulting
stent configurations, with FM in red and FEA in black (gradual zoom inside the
structure from left to right).

pronounced: mean p = 7.13367% and standard deviation o = 2.59948%. The dif-
ference for the more narrow vessel was larger because the device did not have a
chance to sufficiently open up before hitting the vessel wall and was still exhibit-
ing a configuration very close to the crimped one. Since the crimping procedures
in both methods were different (and hence different crimped configurations), the
nodal difference effectively includes the difference in crimping as well. In a wider
vessel, the difference in crimping was gradually elevated in the course of the expan-
sion process, when the device was moving to its load-free configuration, resulting

in a smaller difference.

Figure (b) shows the relative error in struts length after the deployment in
the two vessels, which is equivalent of the mean strut length difference metrics em-
ployed in the free expansion case (see Figure[6.4} b). In case of the 34 mm vessel, the
majority of struts displayed an error of less than 3% of their original length; however,
there were few struts exhibiting an error of 8%. As could be seen in the free expan-
sion case, FM scrambled the struts length at the beginning of the iterative process,
correcting it in the course of subsequent iterations (see Figure (b), bottom left
graph). This convergence dynamics was the reason for higher error rate in the nar-
rower 20 mm vessel. Here, the average was around 6%. In contrary, the FEA method
did not distort the struts length to such extent; however, for the 20 mm vessel there

was a nonzero error of about 2%.

The distribution of residual forces is plotted in Figure (c). The values of
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forces measured by FM lay in the same order of magnitude as those reported by
FEA method. Even in the case of the narrow 20 mm vessel, the relation remained
the same, which means that the forces reported by FM scaled in a good way with
the increase of the crimping in the device. The general trend was that the FEA forces

were slightly smaller in value compared to those reported by FM.

Curved vessels. In this set of experiments, the vessel geometry was represented as
a curved (rather than a straight) cylinder with a diameter of 34 mm, curved in three
different ways: slightly bent, C-shaped and W-shaped vessel. Figure(6.8|displays the
snapshots of the FM deployment inside the bent vessel after a certain amount of it-
erations. The overall convergence behaviour was similar to the free expansion case
depicted in Figure However, this time the SG did not reach the load-free con-
figuration, as it was also the case for the straight vessels. Similarly, there remained a

small nonzero restoring force after the deployment completion, which was the ex-
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Figure 6.7: Difference between FM and FEA methods for straight vessels: top row
shows results for 34 mm vessel; bottom row — for 20 mm vessel. (a) Residual nodal
distances: (top) mean u = 2.73211% (percentage with respect to the vessel diame-
ter), standard deviation o = 1.20133%; (bottom) u = 7.13367%, o = 2.59948%. (b)
Relative error in struts’ length. (c) Residual force distribution.
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pected outcome due to the oversizing of the device and the geometry of the vessel.

The visual comparison of the resulting device configurations is illustrated in Fig-
ure[6.9] Here, for each of the three geometries, first the final configuration obtained
with FM is shown inside the vessel and then overlaid with the FEA result (omitting
the vessel for the sake of better visibility). It can be seen that the central part of the
devices displayed good agreement between the two methods, while the extremities

featured higher degree of discrepancy.

The quantitative difference between the methods is captured in Figure[6.10} that
tracks the resulting values of the convergence metrics defined earlier. It is worth re-
membering that some metrics which were used to evaluate the performance of the
methods are less meaningful on their own for the bent and more complicated ge-
ometries, as mentioned in the previous chapter. Nevertheless, these familiar met-

rics remain useful to compare the two methods relative to each other.

The general trend in the performance of FM was that there is an increase in
discrepancy for the curved geometries, as compared to straight cases. The mean
residual nodal distance (Figure a) increased to approximately 9% relative to
the diameter of the vessels (34 mm). As already mentioned, the errors seemed to be
concentrated in the extremities of the device. In order to confirm this impression,
the distribution of the nodal differences along the length of the device was addition-
ally plotted (Figure b). Indeed, the discrepancy was more pronounced at the

ends of the devices.

Struts’ length error was also slightly higher than in the straight cases, scattered

(@ (b) (©) (d) (e)

Figure 6.8: FM deployment of the SG in the bent vessel. Results after (a) crimping
and initial positioning along the centerline, (b) after 20, (c) 30, (d) 100, (e) 200 itera-
tions.
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around 4%, but reaching as high as 15% for few exceptional nodal positions (Fig-
ure c). Figure (d) shows the distribution of the residual nodal forces, the
values of which retained the same order of magnitude as those reported by the FEA
method. In general, it can be seen that FM forces exhibited a slightly larger values
than those of FEA.

6.2.3 Deployment in real vessels

The last experiment was performed on the patient-specific geometry of the aor-
tic dissection. Figure (a-e) shows the FM deployment snapshots at different
phases during the iterative process. The final configuration was obtained after ap-
proximately 200 iterations of FM and required around 20 s. The device was in a
reasonably good opposition to the vessel wall and entirely covered the initial tear.
However, as compared to the FEA resulting configuration, the middle of the device
was not complying to the vessel wall completely, which can be seen in Figure [6.11]
(f-j) displaying the difference between the resulting configurations of the two meth-
ods. The reason for the lack of opposition in the FM device was the oval vessel ge-
ometry. In this geometry, FM detected the contact too soon in that part of the vessel
circumference which had smaller radius of the oval. This led to termination of the
device expansion, without further expansion in the part of the vessel circumference
with larger radius of the oval. Such cases clearly show the limitation of the contact

model employed (rigid contact).

(b)

Figure 6.9: Resulting configurations after deployment in curved vessel geometries:
(a) bent vessel, (b) C-shaped vessel, (c) W-shaped vessel. The resulting configura-
tion obtained with FM is first presented inside the corresponding vessel, and after-
wards displayed in red and overlaid with the FEA result in black.

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 143



6. VALIDATION OF DEPLOYMENT METHOD Katerina Spranger

_ Histogram of nodal distances between stents Distribution of nodal distances over stent layers Histogram of strut length errors . Histogram of residual forces in stent nodes
20— ——————————————————
Il FMvsLF 20 = FEA) = FEA
50| [CIFEAVsLF I FM FM
I FM vs FEA 80

50/

o
@
3

Number of nodes
=
o 5 8
o) >
Number of struts
Number of nodes
N IS
8 8
)
o
o

00

@
8
Node layer number

50

0 10 20 30 0 % 5 10 15 20 R 0 5 10 15 % 0.1 .2 .3 4 05
Relative nodal distance (% of vessel diameter) Relative nodal distance (% of vessel diameter) Relative length errors (%) Magnitude of residual forces (N)
Histogram of nodal distances between stents Distribution of nodal distances over stent layers Histogram of strut length errors Histogram of residual forces in stent nodes
70 20 o——————————————
Il M vs LF 20 [ FEA] [ FEA
60| ] FEAvsLF H M 70 M M
FMvs FEA
= = 150} 60|
250 S15 2 8
2 2
] € E 850
2 40 2 2 <
S g ° 100 2 40|
230 19 3 3
E 3 £ £
20 z 50 20
[n .
9 20 40 60 % X § 10 15 20 % 0 10 20 % 0.2 0.4 0.6 0.8
Relative nodal distance (% of vessel diameter) Relative nodal distance (% of vessel diameter) Relative length errors (%) Magnitude of residual forces (N)
Histogram of nodal distances between stents  Distribution of nodal distances over stent layers 120 Histogram of strut length errors Histogram of residual forces in stent nodes
70y 90,
W FM s LF O FEA = FEA
60 CIFEAwsLF | 20 100 B | 80 B v
Il FM vs FEA 70
@ 50 g @ a
§ -g 15] E 80, § 60]
40 2 2 < 50|
5 5 o 60 °
230 F10 3 840
£ o £ L 5§
N K 3 330
5| 20 20,
10 ﬂ ﬂ 10
ol n
0 20 0 e 70 15 20 25 %0 10 0 10 % 0.2 04 06
Relative nodal distance (% of vessel diameter)  Relative nodal distance (% of vessel diameter) Relative length errors (%) Magnitude of residual forces (N)

€y (b) (c) (d)

Figure 6.10: Difference between FM and FEA methods for curved vessels: first row
shows results for the bent vessel; middle row — for the C-shaped and bottom row
— for the W-shaped vessel. (a) Residual nodal distances: (top) mean p = 8.31712%
and standard deviation o = 3.67111%; (middle) u = 9.70638% and o = 4.35756%;
(bottom) p =9.58366% and o = 4.36227%. (b) Distribution of the nodal differences
along the length of the device. (c) Relative error in struts’ length. (d) Residual force
distribution.

Figure sums up the metrics of the resulting differences. The important re-
sult was the mean residual nodal distance that lay around p = 10.5% with respect to
the vessel diameter (taken to be 2.5 cm as the result of averaging of the round distal
and oval proximal diameters). The FM forces were again exhibiting slightly larger

values compared to their FEA counterparts.

The summary of the comparative analysis is captured in Figure[6.13] In the sim-
ple straight geometries, the average nodal distance discrepancy was about 4%, but
was larger in more complex geometries (Figure[6.13} a). Overall, the nodal difference
tended to increase with the increasing complexity of the vessel model, reaching its

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 144



Katerina Spranger 6.2. Results

maximum in the case of dissected aorta (¢ = 10.50% and and o = 4.64%). With re-
spect to residual forces, the average difference in forces between the two methods
lay below 1 N and an absolute maximum was 4 N in the case of the curved C-shaped
vessel (Figure[6.13} b). In all experiments, the forces of FM lay in the same order of
magnitude as the FEA forces but displayed higher values. This outcome indicated
that the stiffness of the springs in FM was set too high. With this in mind, the impli-
cations of the stiffness values are further investigated in the next section, with the
motivation of finding a more appropriate setting and improving the performance of
FM.

One of the most important outcomes of the comparative analysis was the fact

that in all tested cases the use of FM was associated with a dramatic reduction in

(9

Figure 6.11: Placement of the SG over a dissection entry. Result after (a) 1, (b) 20, (c)
50, (d) 80, (e) 150 iterations of layered FM expansion. (f) Resulting FEA configura-
tion inside the vessel. (g) Resulting FM configuration inside the vessel. (h-j) Overlay
of FM (in red) with FEA (in black) final device configurations.
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Figure 6.12: Difference between FM and FEA methods for aortic geometry. (a) Resid-
ual nodal distances: mean u = 10.4888% and standard deviation o = 4.6468%; (b)
Distribution of the nodal differences along the length of the device. (c) Relative er-
ror in struts’ length. (d) Residual force distribution.

computational time when compared to FEA, generally being in the order of seconds
for FM and in the order of hours for FEA. Table [6.1| reports the timings of the sim-
ulations for both methods. Free expansion was the fastest case, where FM reached
the load-free configuration in just 3 seconds, while simulations inside the vessels
with the diameter of around 30 mm took approximately 30 seconds. Most of the

execution time of the FM deployment algorithm was spent on the contact check
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Figure 6.13: Initial difference between the two methods FM and FEA for all vessel
models. (a) Resulting nodal distance with the median value represented as a red
line and the blue box outlining the 25th and 75th percentiles; the whiskers extend
to the most extreme data points not considered outliers, and outliers are plotted
individually. (b) Resulting difference in force magnitude between the two methods.
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Simulation setup Fasttime (s) d (%) FEA time
1) Free expansion 2.01 0 2h 3 min
2) Straight vessel: 34 mm 28.60 2.73  1h 33 min
3) Straight vessel: 20 mm 8.55 7.13 7h 4 min
4) Curved vessel: bent 39.70 8.31 10h 15 min
5) Curved vessel: C-shaped 41.75 9.70 8h 9 min
6) Curved vessel: W-shaped 32.75 9.58 7h28 min
7) Aortic dissection 19.44 10.50 4h 30 min

Table 6.1: Results of 7 stent deployment simulations with FM and FEA.

and calculations of the implications the vessel wall had on the stent structure when
they were in contact. Interestingly, in both methods, the highest computational
time (i.e., curved vessels) was not associated with the most complex geometry (i.e.,
patient-specific case of aortic dissection). Another fact worth mentioning is the re-
lationship between the computational time and the diameter of the vessel in both
methods. While the computational time for FM was directly related to the diameter
of the vessel, the relation is reversed for the FEA case. The reason for this outcome
was that FM employed a rather simple contact model, meaning that the expansion
terminated when the vessel wall was encountered. In contrast to this, most of the
execution time of FEA deployment was associated with the attempt to solve the in-

teractions between stent structure and the vessel model.

Bearing in mind these initial results, the next section reports on the effect of
modifying the FM stiffness setting, following stiffness calibrations with genetic al-

gorithms.

6.3 CALIBRATION WITH GENETIC ALGORITHMS

This section aims at finding more suitable stiffness values for the FM. On the whole,
the stiffness setting has enormous implications for the expansion process. Without
any modification to other parts of the expansion algorithm, alterations to the stiff-
ness setting can lead to substantial degradation or even a complete loss of expand-
ing properties of the modelled device. For example, when the stiffness of the springs

was changed to arbitrary unsuitable values, all other things being equal, even the
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simplest case of free expansion barely converged. Up until now, the stiffness of a
spring was set to be inversely proportional to its length, which is a standard setting
widely used in the literature (Batina,|1990). In the test below, this conventional value
was scaled with a constant scalar. Additionally, it was differentiated between the
scaling values for the background springs and the springs representing stent struts.
More precisely, the stiffness was set to 0.1 x % for springs of the background sheath
and 5.1 x % for the struts, where / was the length of the spring, with the intuition that
the nitinol struts should be much stiffer than the sheath. The resulting convergence
behaviour worsened considerably, as can be seen in Figure (a). Compared to
the previous setting with which the free expansion was completed after roughly 150
iterations (see Figure [6.4), the expansion with the new stiffness setting barely con-
verged after 1,000 iterations! The resulting configuration after 150 iterations (which
was previously enough to reach convergence) is displayed in Figure (a) for il-
lustration purposes. Figure[6.14] (b) shows the new convergence dynamics and (c)
displays the result of another unsuitable stiffness setting (0.03 x % for springs of the
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Figure 6.14: Deterioration of the convergence behaviour for the free expansion case
due to the altered stiffness values. (a) Resulting configuration after 150 iterations
with stiffness set to 0.1 x % for springs of the background sheath and 5.1 x % for the
struts. (b) Convergence curves during 1,000 iterations with the stiffness setting in
(a). (c) Resulting configuration after 150 iterations with stiffness set to 0.03 x % for
springs of the background sheath and 3.03 x % for the struts.
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background sheath and 3.03 x % for the struts).

As reported in the previous section, FM forces were slightly higher than those
reported by the FEA method but lay in the same order of magnitude. Therefore, the
goal here was to find stiffness parameters resulting in better alignment between the
two methods. The idea was to utilise the known final FEA configurations and re-
ported residual forces as a reference for optimising the stiffness parameters of FM,
using the framework of genetic algorithms (GAs). Hence, the cost function for GAs
formulation should take into account the discrepancy between FM and FEA out-
comes in terms of the nodal distances and the value of forces. The theory behind
GAs was outlined in Section 4,5
EAy

Iy’
where E is the Young’s modulus of the material, Ay is the unstretched cross sectional

Setup. In theory, the spring constant of an “ideal” spring can be found as k =

area and L is the unstretched length of the spring. This indicates that, all else being
equal, k is inversely proportional to the original length of the spring (L), scaled by
EAy. Therefore, in the FM model, the inverse relation to the length was kept, as
was the case before, and the quest was set for finding the optimal scaling constant
with the help of the GA. Additionally, it was differentiated between the scaling values
for the background springs (wBg) and the springs representing stent struts (wStr).
Hence, the space the GA was operating within can be visualised as a 3-D function
defined by the two stiffness weights of interest: wStr and wBg. The springs constants
were now calculated in the following way for a spring (i — j) connecting vertices
v, =(x;,yi,2) and v; = (x},yj,2))":
fjg = % and k"= % + kf].g = % (6.1)
i—Uj i—Uj i—Uj
Figure illustrates an approximative extract from this space for the case of
the bent vessel (from the previous section) for the intervals wBg = [0.1...1] and
wStr = [0...1] along abscissa and ordinate axis, respectively, and the correspond-
ing cost value along the z-axis. The graph shows the behaviour of the nodal (a)
and force (b) difference as parameters vary. The mean squared error of the nodal
distance ranged between 80 (blue) and 170 (red), whereas the mean squared force
error lay between 0.015 (blue) and 0.2 (red) in these intervals. Note the difference of
more than 3 orders of magnitude between the error measures. To bring both values
to the same order of magnitude, they will be redefined as dimensionless quantities
for the later stiffness optimisation problem (see Equations[6.2]and[6.3).
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All simulations in the initial comparison (previous section) were performed with
the stiffness setting wStr = 0 and wBg = 1, which was located at the bottom right
corner of the error space, indicated by the red arrows in Figure[6.15| With the help of
the graphs, it can be seen that this stiffness setting corresponded to a relatively low
value with respect to the nodal difference; however, it mapped to a fairly high point
on the force difference space, compared to other values of the analysed interval.
More precisely, the baseline mean squared error values were ¢€,,,4,; = 82.7447 and
er=0.1196.
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Figure 6.15: Variation of the error space as a function of stiffness scaling. (a) Space
of nodal differences. (b) Space of force differences. Baseline values from the initial
comparison (previous section) are indicated by red arrows: €,,4,4; = 82.7447 and er
=0.1196.
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Implementation. As already mentioned, two classes of springs were distinguished:
springs belonging to the stent struts and those of the background sheath.

Population: In each generation, there were 7 individuals in the population.
Each individual was defined by a pair of genes that represented the two scalars
of interest: the weight for the background sheath (wBg) and the (additional)
weight for the struts stiffness (wStr), i.e., an individual was represented as a pair
indy, = [wStr, wBg]. The population was randomly initialised and then evolved for

roughly 100 generations using the genetic operators described below.

Cost function: Both the nodal distances and the force values were optimised si-
multaneously. Firstly, the mean squared errors of both values were computed, by
calculating them from the convergence metrics used in the previous section. More

precisely, the mean squared difference in residual force magnitude was measured

a::i( ! )zﬁ(nlﬂ%”gu—||F4°M||)2 6.2)
FE ! :
N\F max’ i=1 l !

where F; is the reaction force at the node i, with the index i running from 1 to num-
ber of nodes N. Note that to make the force measurement dimensionless, it was
divided by FEE | squared. Similarly, the mean squared difference in nodal distance
was calculated as ) N
_ 1 (100 FE FM,2
e =—|— vV, —U; , 6.3
nodal N(ZR) 1221” i i | (6.3)
where v; is the position of the node i in the final stent obtained with FM (vf My and
FEA (vf Ey method, respectively; R indicates the radius of the vessel wall, i.e., the
error was estimated with respect to the vessel wall diameter. Thereafter, the two

error measures were combined into a single cost function in the following way:

fcost = Enodal + EF (6.4)

to be able to optimise both metrics simultaneously. Note that both the nodal po-

sition values v/ and the force measurements F/* are dependent on the chosen

parameter values wStr, wBG.

Therefore, the formal definition of the stiffness optimisation problem can be

written in the following way (as defined in Equation (4.50):
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minimize = — | vV: — U woltr, w
wStr,wBG cost N\2R) 7 ! !
2
v L) S a1 E M st wBG )
N\FIE ) o : ’
max’ i=1

subjectto wStr,wBG = 0.
(6.5)

Selection: At each generation, all individuals were sorted according to their per-
formance with respect to the cost function. Two best performing individuals were
kept for the next generation without alterations. The rest of the population was sub-

ject to generic operators of mutation and crossover.

Mutations: At each generation, the 3 best performing individuals underwent
random mutations when creating new offsprings. The mutation operator was
adding a random variable from the interval [-1.5...1.5] to each of the two genes.
However, since stiffness could not be negative, the value was corrected if the result
of the addition turned out to be negative, and the positive counterpart was taken

instead.

Crossover: At each generation, the 2 fittest individuals were selected and crossed
to create two offsprings by swapping the defining genes. To ensure the diversity
in the population, at the end of the population forming, an additional check was
performed to ensure that all individuals are different. This allowed to explore the

space of possible solutions in a better way and speed up convergence.

The optimisation was performed once on the case of the bent vessel (diameter
= 34 cm) to capture the bending behaviour, and the resulting stiffness values were

subsequently used in all post-calibration comparisons.

6.3.1 Calibration results

Multiple runs of the GA were performed resulting in similar outcomes. On aver-
age, the convergence was achieved after 50 generations. The results of one typical
run are reported here in detail. The very first, randomly assigned, population and
the final population are captured in Table together with the corresponding val-
ues of the cost function. The superscript ! indicates the values in the first and the

superscript * in the final population, respectively. As can be seen, the cost func-
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tion fell from the initial best value of 275.6908 to 49.4124 during the simulation. All
individuals that were sampled during the evolution process can be seen in Figure
which displays them as red crosses on the cost space (a) and as red circles
on the nodal (b) and force (c) differences spaces. The evolution of the fittest indi-
viduals from each generation are plotted as a black line. The convergence towards
the most optimal exemplar can be noticed by means of the increase in the concen-
tration of red crosses and circles in the lowest interval of both parameters. In the
course of the evolution, the fittest candidate emerged, defined by the pair [0.0688,
0.0874] with f,,,, = 49.4124. Note that wStr was defined as an additional stiff-
ness weighting that would be added to the background stiffness weight (see Equa-
tion . Thus, the overall struts stiffness weight was the sum of the two values
0.0688 +0.0874 = 0.1562, whereas the weight for the background stiffness remained
0.0874.

The optimal individual that emerged in the course of the GA was very sensitive
to the definition of the presented cost function, in particular, to the weightings that
indicate importance of the two error measures. The value of weightings employed
in the presented cost function was found experimentally and seemed to result in
both good simulation outcomes and stable convergence behaviour of the genetic

algorithm.

1

*

Population | wStr! wBg costt | wStr* wBg cost*

Individual 1 | 1.8147 0.5469 440.8714 | 0.7486 0.1202 98.3294
Individual 2 | 1.9058 0.9575 798.7505 | 0.0688 0.0874 49.4124
Individual 3 | 1.1270 0.9649 562.3603 | 0.0939 0.0137 74.6180
Individual 4 | 1.2785 0.4854 275.6908 | 0.9237 0.6537 295.5534
Individual 5 | 1.9134 0.1576 339.3775 | 0.1924 0.0399 63.0566
Individual 6 | 1.6324 0.9706 717.6938 | 0.4658 0.4898 146.7715

Individual 7 | 1.0975 0.9572 547.1314 | 0.2554 0.0205 110.6088

Table 6.2: Population evolution (values are rounded). The superscript ! indicates
the values in the first and the superscript * in the final population, respectively.
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6.3.2 Post-calibration comparison

Figure shows the results of the simulations with the new stiffness values ob-
tained with the GA in the previous section, with the struts stiffness weight set to
0.1562 and the weight for the background stiffness set to 0.0874. Compared to the
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Figure 6.16: Example run of the GA visualised in the space of weighting parameters
for (a) nodal difference function, (b) force difference function, and (c) the overall
cost function. Red crosses and circles represent all individuals that happened to be
instantiated during the 100 generations. The black line shows the evolution of the
best fitted individuals from each generation, converging on the one defined by the
pair [0.0688, 0.0874]. (d) Evolution of the cost function throughout 100 generations
(abscissa is scaled logarithmically). Red, green and blue lines represent the evolu-
tion of nodal error, force error and the overall cost function, respectively.
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Figure 6.17: Difference between the two methods FM and FEA for all vessel models,
after stiffness learning. (a) Resulting nodal distance with the median value repre-
sented as a red line and the blue box outlining the 25th and 75th percentiles. (b)
Resulting difference in force magnitude. This figure shall be compared to Figure
showing the same quantities before GA optimisation.

pre-calibration result (Figure [6.13), there was a considerable improvement in the
force measurement: from the average difference in magnitude of 1 N to 0.18 N. How-
ever, the nodal distance exhibits only small change, with inconsistent tendency: in
some cases there was a slight improvement, whereas others exhibited minor in-

crease of the resulting discrepancy.

These results indicated that mere stiffness scaling was not sufficient to improve
the FM nodal positioning and further increase in nodal accuracy should be ap-
proached by improving the contact model and possibly implementing a more so-
phisticated stiffness mechanisms, for example, 3-D stiffness or different settings for
horizontal versus vertical components for the background mesh, which would re-

quire further investigations.

6.4 CONCLUDING REMARKS

This chapter preformed a validation study for the developed fast virtual stent de-
ployment method. In particular, the chapter presented a comparative analysis of

the new stenting method with respect to the widely-used finite element analysis.
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For that reason, the set of six in silico experiments were conducted and evaluated,
resulting in objective assessment of the novel FM. Further, using FEA results as a
learning base, FM was optimised by calibrating stiffness parameters with the help
of a genetic algorithm. The obtained stiffness setting substantially improved the
force measures reported by the FM and reduced the force discrepancy between the
two methods. Overall, the results of all performed experiments indicated a good
agreement between the FM and FEA methods. More precisely, the mean difference
in the nodal positions ranged between 4% and 10.5% depending on the complexity
of the case, being the highest for the patient-specific case of aortic dissection with a
very irregular geometry. Another quantitative measure of the validity of the FM was

the mean force discrepancy, which after the calibration phase, lay below 0.2 N.

Another crucial point of comparison was the required computational speed of
the two methods. Compared to FEA, FM was associated with a dramatic reduction
in computational time, generally being in the order of seconds, while FEA times
lay in the order of hours. As already mentioned in the previous chapter, such fast
execution times constituted a very important result for the potential usability of FM

in clinical practice.

The obtained results were quite promising, especially bearing in mind the nu-
merous limitations of FM as it was implemented for now. With respect to limita-
tions, the first to mention is the simplistic contact model, which gave raise to higher
errors for the narrow vessels and when facing sharp corners of the analysed aorta.
Improving the contact model would reduce the nodal difference; however, at the
cost of more expensive computations and therefore longer execution time. Another
limitation lay in the assumption of the rigid vessel wall. Although FM already fea-
tures the capability to model the flexible vasculature, here the focus was on the pro-
cess of stent expansion, in order to eliminate possible interdependencies. Hence,

the modeling of the vessel deformation was postponed until the next chapter.

The next chapter is dedicated to the next and final step in modelling the vir-
tual stent deployment, namely, investigation of the vessel haemodynamics after the

stenting procedure.
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HAEMODYNAMICS AFTER STENTING:
IMPLICATIONS OF TREATMENT OPTIONS

This chapter shows the next step in modelling of vascular interventions, namely, investi-
gation of the haemodynamic conditions in the vessel after stent deployment. Using a real
clinical case of an aortic dissection treated with endovascular repair, the chapter recreates
the course of the treatment virtually. In addition to the real scenario, 3 variations of the
performed intervention were conducted, in order to investigate the implications of differ-
ent treatment options on the subsequent haemodynamic conditions of the vessel. In total,
6 computational experiments were performed for a given patient’s case to compare the
haemodynamic changes after treatments with the pre-procedural conditions.

This chapter has been submitted in an alternative form in|Spranger et al.[(2014b).

This chapter shows the next step in the modelling of vascular interventions,
namely, investigation of the haemodynamic conditions of the vessel after stent de-
ployment and comparing them with pre-procedural conditions. The chapter uses
a clinical case of a patient that underwent a Thoracic Endovascular Aortic Repair
(TEVAR) at the Department of Diagnostic and Interventional Radiology, University
Hospital Heidelberg, Germany (Hoegen and von Tengg-Kobligk, June 2013, personal
communication). The goal of TEVAR was to close the primary entry of the dissection
to prevent blood from flowing into the false lumen. However, the initially performed

TEVAR was unsuccessful, and the patient had to undergo 2 further interventions.

The effectiveness of endovascular repair is highly dependent on the configura-
tion of the released stent graft (Bockler et al., 2006). In cases of unsuccessful re-

pair, important complications such as device migration, formation of endoleaks and
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fracture of the device can arise, that may result in secondary interventions or, in the
worst-case scenario, morbidity and mortality of the patient. One reason a therapy
can be unsuccessful is that not all dissection entries are covered by the stent graft,
for example, when device is too short, and substantial flow into the false lumen is
maintained. In general, however, shorter devices are preferred over the long ones in
order to prevent spinal chord ischemia, which occurs when small arteries originat-
ing from the thoracic aorta (that supply the spinal chord with blood) are covered by
the graft. Other reasons of unsuccessful repair may be the device’s inability to with-
stand the haemodynamic loads of blood flow and to keep its originally intended

post-operative position over time (Prasad et al., 2013).

Motivated by the long-term goal of improving vascular interventions, the aim
of this chapter is to investigate the implications of different parameters of TEVAR
on the subsequent haemodynamic conditions of the treated vessel. The parameters
of interest were those that could be varied by a clinician in the course of the treat-
ment, in order to optimise the planned intervention for a particular patient. These
included the design, dimensions and stiffness of the stent graft as well as its place-
ment position. Therefore, this study involves 4 computational experiments aiming
to simulate different TEVAR scenarios for a given patient’s aorta and to compare the
haemodynamic changes they cause with the pre-procedural conditions. In particu-
lar, the difference in positioning of the stent graft was explored by virtually deploy-
ing the same device at different locations along the aorta. Further, the difference in
device design and dimensions was investigated by deploying two different devices
at the same location inside the vessel. Finally, the analysis looked into the implica-
tions of the device stiffness and vessel flexibility by setting the stiffness of the device
to high values and allowing the vessel tissue to deform during the procedure. Each
of the 4 TEVAR experiments included the virtual stent grafting with the newly de-
veloped FM and the subsequent CFD analysis, in order to show the implications of
different TEVAR scenarios on the post-procedural haemodynamic conditions of the
treated vessel. Given the results, the choice of which device and positioning is best
for a particular patient should of course be left to the interventional radiologist. The
contribution of the present study is to demonstrate the entire workflow, that enables
the virtual investigation of different treatment options and thus provides additional
information to the clinician treating the disease. The experiments served as a proof

of concept at this stage.
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Figure 7.1: (a) Analysed dissected aorta with three outgoing supra-aortic vessels:
brachiocephalic artery, left common carotid artery and left subclavian artery. (b)
Four types of possible endoleaks that can jeopardise the TEVAR procedure: Type
I endoleak is caused by failure to achieve a circumferential seal at the ends of the
device; Type 1l endoleak occurs because of the retrograde filling of the aneurysm
from arteries; Type III endoleaks are due to a structural failure of the device; Type IV
leaks result from the porosity of the graft fabric (Golzarian and Valenti2006; image
from www.modernmedicaldictionary.com)

The structure of the chapter is as follows. First the setup of computational ex-
periments is described, namely, details on data acquisition, virtual stent grafting
and the CFD analysis. Thereafter, the results of the FM stent deployment and 6 dif-
ferent CFD experiments are reported: 2 pre-TEVAR and 4-post TEVAR cases. The

chapter finishes by discussing the limitations of the study.

7.1 COMPUTATIONAL SETUP

7.1.1 Clinical case

A female patient with a chronic expanding type Bﬂaortic dissection was treated with
a thoracic stent graft (Gore TAG 34/200) in 2006 at the age of 58. Prior to this, the
dissection had persisted for three years and was treated pharmaceutically to control

blood pressure. However, due to the enlargement of the dissection from 4.5 cm at

IType B dissection involves the descending aorta or the arch (distal to the left subclavian artery).
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primary diagnosis to 7.0 cm, the decision was made to treat the dissection by TEVAR
in order to prevent rupture. Apart from that, the patient was asymptomatic. The
most recent pre-interventional CT scan was acquired four months prior to TEVAR.
In the pre-interventional CT scan, the dissection featured small length and dilated
morphology, with the dissection membrane no longer visible, which made it look
similar to an aneurysm, as can be seen in Figure (a). During TEVAR, the left

subclavian artery was overstented.

After the performed TEVAR, 2 complications were detected: minor remaining
perfusion of the left subclavian artery and a type II endoleak from intercostal ar-
teries (see Figure b). Additionally, the patient showed symptoms (pain in the
arm) arising from the reduced perfusion to the left subclavian artery due to the over-
stenting, but recovered after several days. However, six weeks after the primary in-
tervention, a bypass from the left common carotid to the left subclavian artery was
installed because the patient suffered from subclavian steal syndrome (whereby the
arm is supplied by blood flowing in a retrograde direction). Six months after primary
TEVAR, a second stent graft was implanted to extend the stent graft length distally.
The latest follow-up examination in 2012 showed complete thoracic remodelling

after false lumen thrombosis and did not reveal any aortic complications.

Vessel. The data of the dissection anatomy was acquired from the CT scans of the
patient. Prior to the examination, a formal consent was granted by the patient. The
3-D representation of the aortic geometry was obtained by segmentation (see Sec-
tion[4.3.1). Figure[7.1|(a) shows the resulting dissection anatomy with the three out-
going supra-aortic vessels. The dimensions of the aortic diameter at the proximal
location were about 31.5 mm immediately downstream of the left subclavian artery
and 30.0 mm upstream of it (the proximal landing zone of TEVAR). At the distal end,

the descending aorta was about 27.0 mm in diameter (distal landing zone of TEVAR).

Some of the experiments performed in this chapter treated the vessel tissue as
flexible. In those cases, the flexible contact model was employed, the details of
which were described in Section To instantiate Equation that defined
the stiffness of vessel springs, assumptions about the elastic properties and the
thickness of the aortic wall had to be made, since these were not available from the
clinical data. In previous studies, the Young’s modulus of thoracic ascending aorta
was reported to lie in the range of 2 - 6.5 MPa, decreasing in mid-abdominal aorta to
0.6 — 2 MPa (Mosora et al., 1993). With respect to the thickness of the aortic wall, Li
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et al./(2004) found the mean thickness values to measure 2.32 mm for men and 2.11
mm for women, with values increasing with age. Hence, the aortic stiffness was set
to 4 MPa and the wall thickness to 2.18 mm, considering gender and age of the anal-
ysed patient (female, 58 years old). This setting led to the average stiffness value of
vessel springs of around 7,552 and the nodal stiffness of 43,860 in the created vessel

model, for an average spring length of 2 mm.

Stent graft. The stent graft geometries were obtained with a high-resolution mi-
cro CT of unpacked, non-sterile stent graft samples. Segmentations and meshes of
the implants were generated using medical post-processing software (Mimics, Ma-
terialise, Leuven, Belgium). Geometric parameters were measured both in these
meshes and in the real stent graft samples to obtain exact values and create realis-
tic SG models for virtual stent grafting. These models were created using commer-
cial (CATIA, Dassault Systemes, France) and opensource (Blender, Stichting Blender
Foundation, Amsterdam, Netherlands) computer aided design software (see Sec-
tion[4.1.1]for more details). Figure[7.2|depicts an image of an example stent graft (a)
and the resulting reconstructed Gore TAG 34/200 device (b), as well as the same SG

model with the background mesh visible (c) and its zoomed element (d).

To set the stiffness of the stent springs in a way analogous to the vessel setting
and ensure consistency of the two models, the Young’s modulus of the entire stent
had to be found, which was not straightforward due to the complex design and dis-
tribution of nitinol wires. However, Zahora and Hanus| (2003) provided an approxi-
mative equation for the Young’s modulus of the entire stent. They modelled a stent
as chain of rings consisting of several semicircles and derived the stent stiffness for-
mula based on geometrical parameters of strut wires and elasticity of the material.
Assuming d is the diameter of the strut wire (m), r is radius of a semicircle, 7 is
number of semicircles and E is the Young’s modulus of elasticity of material (Pa),

the Young’s modulus of the stent E’ could be calculated as:

E = E (7.1)

8n2nrt
In the stent model, the diameter of a strut wire was d = 0.4 mm, number of triangu-
lar elements in one layer n = 16 and the radius of the stent triangular element r = 1
mm (34mm/16/2). Assuming the elastic modulus of nitinol at body temperature
to be E = 83 GPa, the Young’s modulus of the entire stent could be estimated to 5

MPa. This estimated elastic modulus was fed into Equation (4.40) to calculate the
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Figure 7.2: Stent graft model. (a) Image of a Gore TAG Thoracic Endoprosthesis
(image from www.goremedical.com). (b) Reconstruction of the stent graft. (c) Re-
constructed SG model together with the background mesh. (d) Zoomed in element
of the mesh with thick lines showing the struts and thin lines the background mesh.

stent springs stiffness which led to the average springs stiffness of 1,748 and nodal
stiffness of 10,175, for an average stent springs length of 11 mm. Note the difference
in stiffness values between the stent and vessels springs, which is inversely related
to the spring length. This inverse relationship was in line with our earlier settings
used in the previous chapters and the wider literature on springs modelling
1990).

Deployment experiments. 4 different stent deployment scenarios were simulated:

1. TAG2 (34 mm x 200 mm) was deployed in the rigid vessel (rigid contact; Sec-
tion 4.3.3), at the position reported in the medical records: the clinical inter-

vention resulted in the overstenting of the left subclavian artery

2. TAG2 (34 mm x 200 mm) was deployed in the rigid vessel (rigid contact; Sec-
tion |4.3.3) at a different position: further downstream and without the over-

stenting of the left subclavian artery

3. TAG (34 mm x 120 mm) was deployed in the rigid vessel (rigid contact; Section
[4.3.3): this was a shorter device, which was different in design and dimensions

and no overstenting occurred

4. TAG2 (34 mm x 200 mm) was deployed in the non-rigid vessel (flexible con-

tact; Section|4.3.4) at the same position as in case 1
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Comparison of cases 1 and 2 was performed to study consequences of different
device positioning, since both utilised the same device deployed at two different lo-
cations along the vessel. Differences between the outcomes in cases 2 and 3 gave
information about implications of device design and dimensions, by deploying two
different devices at the same location site. Finally, cases 1 and 4 provided informa-
tion about the implications of the stent graft stiffness and vessel flexibility, by setting
the stiffness of the device to a substantial value and allowing the vessel tissue to de-

form during the procedure.

7.1.2 CFD model

All haemodynamic simulations were time-dependent and aimed at modelling tran-
sient flow under the assumption of rigid vessel wall with no-slip boundary condi-
tions. The theory behind the CFD analysis was outlined in Section It is worth
remembering that the last deployment experiment simulated a flexible wall defor-
mation; however, the subsequent CFD was run with a rigid wall assumption on the
deformed vessel geometry. In the recent studies, the assumption of a rigid arterial
wall was shown to have little effect on the flow patterns seen when compared to
simulations with elastic compliant walls (Dempere-Marco et al., 2006). Therefore,
the CFD with the rigid-wall setting was chosen for reasons of computational effi-
ciency, which is of a paramount importance in a clinical setting where guidance is
sought regarding haemodynamic features without the option of prolonged compu-

tation times.

Pre-TEVAR cases. 2 simulations of the pre-TEVAR case were performed in order to
establish the baseline model for comparison with post-TEVAR cases. The objective
of setting up two instead of just one pre-TEVAR simulation was to find a particular
configuration of the boundary conditions (BCs) that was initially unavailable in the
given clinical data. Thus, the first simulation was run with the given data, the so-
called “forward” simulation. Its outcome was subsequently used to set up a second
simulation with better-suited BC configuration — the so-called “reverse simulation”.
In the sequel, the latter reverse simulation served as a baseline for comparisons with
the post-TEVAR cases. More details on the reasons for the two different setups and

their implementation are given in the later section describing the BC settings.
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Figure 7.3: (a) Resolution of the CFD grid for a plane cut inside the aortic geometry.
(b) Ilustration of the more fine-grid boundary layers at the vessel walls.

Volume Mesh Generation. The STL file containing the segmented and trimmed
geometry was imported in CFD-VisCART (ESI Group, France) to generate a
cartesian-based grid with omnitree structure (see Section |4.6|for details). The vol-
umetric mesh contained around 2 million cell elements, of course depending on
the experiment, with 3 near-wall Cartesian layers of fine resolution mesh and grad-
ual coarsening towards the centre of the geometry, which gave a smooth and well-
resolved boundary definition (see Figure [7.3). Thereafter, the generated mesh file

was imported into the flow solver CFD-ACE+ (ESI Group, France) for computation.

To ensure the insensitivity of the results to resolution, grid independence anal-
ysis was conducted. A finer grid of around 8 million cells was employed in addition
to the base grid of around 2 million cells. To compare the results of the two discreti-
sations, the pressure and velocity magnitude distribution were measured in both
solutions. The average and maximum difference in the velocity magnitude between
the two grids measured 1.2% and 2% at the descending aortic outlet, respectively.
With respect to pressure, the mean difference between values on boundaries mea-
sured 0.4% and max discrepancy lay under 2%. Therefore, for the purposes of the

present study the base resolution of around 2 million cells was deemed adequate.
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(a)

Figure 7.4: Available patient-specific PC-MRI measurements taken at the ascending
(a) and descending aorta (b) on the planes indicated by the crosses in the images.
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Figure 7.5: Patient-specific velocity profile at the ascending aorta used as a BC set-
ting for the inlet.

Boundary conditions for the forward simulation. Patient-specific PC-MR]E| mea-
surements were available that could be used for setting the boundary conditions in
the simulations. In particular, the patient’s time-variant velocity profile at the as-
cending aorta was used as velocity-fixed BCs for the aortic inflow. The profile con-
tained 40 averaged velocity values of the flow passing through a plane placed at the
ascending aorta, as depicted in Figure[7.4] (a), during one cardiac cycle. It is worth
mentioning that the aortic inlet and outlet were previously trimmed at the planes

matching these planes of measurements and perpendicular to the centerline of the

2Phase Contrast Magnetic Resonance Imaging utilises phase differences to distinguish blood
from static tissue.

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 165



7. HAEMODYNAMICS AFTER VIRTUAL STENTING Katerina Spranger

Velocity Profiles: Outlet

\ :
03- ., . . |— outletux
AN ., e, Outlet Uy
0.2+ . s . ‘. " .“ = Qutlet Uz i
Clor \‘ .: \‘ _.' \‘ === QOutlet mag
hd .
2 01 7:. K ,: “‘ -: “, |
% U "..-'.;"'#.‘: ‘#-."-"".. : ‘.-"'-""..
= 0
o
o
KS)
> -0.11 .
-0.21 N
-0.31 N
i i i
0 20 40 60 80 100 120

Time step

Figure 7.6: Velocity-fixed boundary conditions at the descending aortic outlet.

vessel, in order to be able to directly apply the recorded values as the BC. Since the
heart beat rate of the patient was 69 beats per minute, each interval corresponded
t0 0.0217 s (60 sec / 69 beats / 40 points = 0.0217 sec). This velocity profile was cycli-
cally repeated 3 times in order to obtain the BC settings for the aortic inlet during the

3 simulated cardiac cycles. The resulting waveform featured a systolic peak velocity

of around 0.3 m/s, as shown in Figure[7.5

Further, the phase data for the velocity profile was available at the descending
aorta, recorded through the plane at the location in Figure[7.4](b). However, neither
the information about the magnitude of that velocity nor the data on the flow at the
supra-aortic vessels was available. To compensate for this lack of information, val-
ues previously reported in the literature were used. In their paper, Gallo et al.|(2012)
reported that 13.4% of the aortic inflow is diverted into the brachiocephalic, 10.6%
to the left common carotid and 12.0% to the left subclavian arteries. The percent-
ages were computed as the ratio between the time-averaged flow rate measured at
that outlet and the time-averaged flow rate measured at the inlet section. Hence,
these ratios could be used to calculate the outflow at the descending aortic outlet.
Assuming that 36% of the time-averaged inflow goes to the three supra-aortic ves-

sels, the descending aortic phase profile was scaled in such a way that the outflow
profile corresponded to the time-average of 64% of the inflow. From this calculated
outflow, the velocity profile at the descending aorta was computed (see Figure[7.6).
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Figure 7.7: Upper row: pressure curves reported for 3 supra-aortic vessels (Olufsen
et al., 2000). Bottom row: reconstructed pressure curves obtained by sampling of
the reported above waveforms with 40 evenly distributed data points.

Because of the lack of data about the velocities of the supra-aortic vessels, it
was decided to use pressure BC at these outlets in the forward simulation. This BC
setting allowed to avoid the currently widely-used method of imposing the veloc-
ity profiles at the supra-aortic outlet sections as a scaled version of the inlet. The
rationale behind the decision was that, firstly, the typical velocity profiles for the
supra-aortic vessels look very different from the inlet velocity waveform. Secondly,
it has been shown that this widely-used strategy leads to differences between mea-
sured and simulated flows at the descending outlet section of up to 49% (Gallo et al.,
2012). Instead, the time-dependent pressure profiles were reconstructed for the
three supra-aortic vessels from the study of Olufsen et al. (2000), by importing 40
regularly distributed data points from the reported profile curves. Figure(7.7|shows
the reported curves from the study by Olufsen et al. (2000) and the reconstructed
values for the 40 data points evenly distributed over one cardiac cycle (note the

mmHg to Pa conversion).

In order to prescribe the obtained pressure profiles to the brachiocephalic
(anonyma), left common carotid and left subclavian outlets, they had to temporally

correspond to the velocity profiles of our patient. This was achieved by aligning the
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systolic peaks of measurements for both patients’ profiles: the systolic peak of our
patient fell on the 5th time point (see Figure[7.5), whereas the systolic peak of the
patient from the Olufsen et al.|(2000) study corresponded to the 7th time point of the
reconstructed inflow profile (see Figure a). Therefore, the reconstructed pres-
sure profiles were shifted by 2 time steps, i.e., the first two measured data points
of |Olufsen et al.| (2000) were added to the end of the cycle (due to its circularity),
resulting in the final pressure profiles depicted in Figure[7.8](b).

The overall BC settings for the forward simulation are summarised in Figure
(a). This architecture of the simulation should result in physiologically realis-
tic haemodynamic conditions, although not entirely patient-specific, but sufficient
for the purposes of the present study, comparing pre- and post-TEVAR haemody-

namics.

BCs for the reverse simulation. Since the study aimed at comparing the pre- and
post-TEVAR cases, how the flow within the region develops and how it changes on
the descending aorta, the BC setting should not be prescribing the same velocity
profiles on the descending outlet as in the pre-TEVAR case. Especially in cases
where the left subclavian artery was overstented, the flow on the outlet could not be
assumed to remain unaltered. Moreover, in their study Gallo et al. (2012) found that

in order to obtain realistic flow diversion patterns, measured flow rates need to be
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Figure 7.8: (a) Inflow profile at the ascending aorta measured by Olufsen et al.
(2000). (b) Final reconstructed pressure profiles for the three supra-aortic vessels
used as pressure-fixed BC for the three corresponding outlets.
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Figure 7.9: Boundary conditions applied to the geometry in the forward (a) and re-
verse simulation (b) as well as in the post-TEVAR cases (b).

imposed as BCs at three of the four outlets of the CFD model. For this reason, a setup
was sought which fulfilled the condition of prescribing the 3 of the 4 outlets and
allowed to perform direct comparisons between the pre- and post-interventional
cases. Since it was known from the clinical experiments (private communication
with research clinicians) that the flow at the supra-aortic vessels undergoes insignif-
icant changes after the TEVAR procedure, even in cases of overstenting (in the non-
overstented arteries), a setup with velocity-fixed BCs on the supra-aortic outlets was
chosen. For this purpose, the data for the supra-aortic velocity profiles was deter-
mined from the results of the forward simulation. Therefore, the new setup for the
reverse simulation entailed the same velocity-fixed BCs on the ascending aortic in-
let as in the forward simulation, velocity-fixed BCs on the 3 supra-aortic vessels and
the pressure-fixed BC for the descending aortic outlet. The profiles for all outlets
were determined from the results of the forward simulation. The necessary aver-
aging had to be performed in order to obtain 40 data points of one cardiac cycle
that had to be set as the BC profiles. Figure[7.9|(b) summarises the BC setup for the
reverse simulation. The same setup was used for all post-TEVAR cases to enable a

valid direct comparison.
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Numerical Settings. A finite volume solver (CFD-ACE+, ESI CFD) was employed
for the numerical solution of the Naviér-Stokes equations (see Section[4.7for more
details). Although in general blood is non-Newtonian, it has been shown that
the non-Newtonian effects can be assumed secondary in arteries with a diameter
greater than 0.5 mm (Perktold et al., 1991). Hence, since our study investigated
the flow within large arteries, blood was treated as Newtonian and incompressible
(Fung, 1997), with a density of 1044% and a dynamic viscosity of 0.00365 Pa - s.

The Reynolds Number (Re) is a measure of the ratio of inertial forces to viscous
forces and can be determined as

L
Re=2"~ (7.2)
7

where p is density of the fluid, v is mean sectional velocity, L is the vessel diam-
eter and p is the dynamic viscosity. Considering the inlet diameter of approx-
imately 0.0357 m and the systolic peak velocity of blood when it enters the as-
cending aorta of 0.3 m/s, Re could be calculated to lie around 3,106 at systole
(1044 -0.3-0.0357/0.00365), indicating that the blood flow within the aorta was at

a transitional state, with possible turbulent patches and laminar regions.

Post-TEVAR cases. After performing virtual stent grafting with FM, both the de-
ployed stent and the (potentially deformed) vessel were exported from Matlab as
STL files and imported into CFD-VisCART. There, the inner lumen of the stented
vessel (which contains the inner lumen of the stent graft in the stented part of
the vessel) was meshed building a single domain. The BC settings for all post-
procedural CFD simulations were the same as in the reverse simulation case, which
are depicted in Figure[7.9](b).

CFD analysis metrics. To investigate the haemodynamic conditions of the vessel in
pre- and post-procedural cases, the following flow metrics were evaluated in each
of the experiments:

e Mass flow rates at all boundaries to capture the flow distribution across all

outlets

* Lines tangential to the instantaneous velocity vector (called velocity stream-

lines) passing through the inlet plane and an additional plane at the dissec-
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tion site during one computational time interval (0.0217 s), coloured by the

velocity magnitude, in order to check the flow organisation

* Velocity contours and velocity vectors measured on the plane at the dissection

site, in order to check the flow characteristics within the dissection lumen

* Vorticity contours at the plane passing through the center of geometry, in or-
der to assess the flow organisation

e Pressure distribution and energy loss on the surface of the aortic geometry
» Wall shear stress (WSS) on the surface of geometry

* Pressure on boundaries and pressure drop at the ascending aortic inlet as

compared to the descending aortic outlet

* Velocity profile at the descending aortic outlet

The measured metrics allowed to preform the qualitative and quantitative com-

parison of the pre- and post-TEVAR haemodynamic conditions.

7.2 RESULTS

This section reports the results of the virtual stent grafting with FM, followed by the
CFD experiments.

7.2.1 Virtual stent grafting

The first three deployment cases were performed under the assumption of rigid ves-
sel wall. Firstly, devices were crimped to 20% of their initial diameter, which simu-
lated their positioning in the catheter of 24 FR (24x0.333 =8 mm). Subsequently, the
crimped prostheses were placed along the centerline of the vessel at the relevant po-
sition for the start of the expansion procedure. Thereafter, the deployment process
was initiated starting from the proximal end of the graft, gradually progressing to the
distal layers (see Section [4.1|for more details). Because of the rigidity of the vessel
wall and stent oversizing, the devices remained underexpanded, which is a desired
effect since it ensures stability via higher forces. Figure[7.10|(first three rows) depicts

the final configurations of deployed devices from different view angles.
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TEVAR case 1

TEVAR case 2

TEVAR case 3

TEVAR case 4

Figure 7.10: Virtual stent grafting with FM: final expanded configurations of devices
and the vessel in 4 different TEVAR scenarios. In the last row (TEVAR case 4), the
vessel geometry underwent substantial deformation, as shown on the surface in red.

The final deployment case modelled flexible vasculature. This time, the deploy-
ment process took longer than previously due to the more complex contact interac-
tions. At the end of the deployment, the stent featured a more expanded configura-

tion when compared to the previous cases. In particular, this case could be directly

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 172



Katerina Spranger 7.2. Results

Deformation of the vessel

—max
= mean | |

N w » [¢)] ) ~ oo
T

Distance between vertices (mm)

—_
T

50 100
lteration number

(a) (b)

oO

150 200

Figure 7.11: Vessel deformation. (a) Vessel vertices with displacement of more than
6 mm are shown in red, vertices with displacement magnitude of more than 5 mm
(< 6 mm) are shown in magenta and of more than 4 mm (< 5 mm) in deep blue. (b)
Graph showing the maximum and mean displacement of vessel vertices during the
stent expansion process.

compared with the first TEVAR case, which simulated exactly the same deployment
conditions in terms of the device and its placement position; the two cases differed
only in the vessel flexibility assumption. Figure (last row) depicts the final con-
figuration of the vessel and the graft. As can be seen, the vessel geometry under-
went substantial deformation, shown on the surface in red colour. Maximum nodal
displacement measured 7 mm and the mean displacement (among the displaced
nodes) was 2 mm. This can be seen in Figure (b) which displays the evolution
of the vessel deformation during the expansion process. Figure (a) shows the
areas of major nodal displacement in the vessel. It can be observed that major ves-
sel deformation concentrated at the inner curvature of the vessel and in areas of the

device extremities.

7.2.2 Haemodynamic analysis

For each of the six analysed cases (2 pre-TEVAR and 4 post-TEVAR cases), a transient
simulation was carried out for 3 full cardiac cycles, with a time step of 0.0217 sec-
onds and 40 time steps per cycle, totaling 2.6 seconds. Time-step sensitivity studies

at 0.01 and 0.005 seconds have produced similar results and hence a time step of
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0.0217 seconds was deemed appropriate. The flow distribution was measured only
in the third cycle, in order to remove as many initialisation effects of the pulsatile
flow profile as possible. Hence, the results presented below are based on informa-
tion output from the final third cardiac cycle. All simulations converged to a stable
solution with a solution time for each time step of around 40 minutes when run on
8 Cores (3.40 GHz), depending on the mesh size. Each time step of the simulations
typically converged to five orders of magnitude residual reduction in approximately

70 iterations.

Pre-TEVAR case: Forward simulation. The goal of the forward simulation was to ob-
tain the missing velocity profiles for the three supra-aortic vessels as well as the

pressure BC for the descending aorta.

Mass flow. In order to ensure the consistency of the results, the equality of the
mass flow rates was checked on boundaries. The mass flow rate measures the mass

of a substance passing through a given surface per unit of time and was computed

as
m=pV =pvA, (7.3)
Mass flow on boundaries Mass flow on boundaries
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Figure 7.12: Forward simulation: total mass flow on boundaries. (a) Flow rates
through the planes located at the boundaries during one cardiac cycle: flow at
the inlet (red curve) was equal to the flow passing through all 5 outlets combined
(dashed black line). (b) Flow profile curves for three supra-aortic vessels, with the
peaks delayed in time as expected.
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Figure 7.13: Patient-specific measurements of flow rates during one cardiac cycle
from the study of|Gallo et al.| (2012).

where 7i7 denotes the mass flow rate in kg/s, p is the mass density of the fluid, V

is the volume flow rate, v is the flow velocity and A is the cross-sectional vector

area/surface.

At every time step of the simulation, the mass flow rates computed across all
inflow boundaries should be equal to those across all outflow boundaries to satisfy
the continuity condition, which was the case in our simulation. Figure shows
the mass flow rates on the inlet and all outlets, showing the equality of the inflow
to the outflow by overlaying the flow at the inlet (red curve) with the flow passing
through all 5 outlets combined (dashed black line). At systole, the inflow rate was
slightly more than 310 mg of blood per second, that rushed from the heart into the
ascending aorta at the systolic peak (Figure[7.12|(a) red curve). At the corresponding
peaks, roughly 81 mg of blood per second (26% from total inflow) went to the bra-
chiocephalic vessel (magenta curve), which is divided in the right common carotid
artery and the right subclavian artery and supplies the entire right upper body. The
other two branches - left common carotid and left subclavian - of the supra-aortic
arteries both supply the left upper body and received 21 mg (7%, cyan curve) and
51 mg (16%, green curve) of blood per second at their peaks, respectively, which lay
within the physiological range. The point to note is that slight reversal of the flow di-
rection occurred in the brachiocephalic and left subclavian arteries at diastole, that

can sometimes be observed in patients (see Figure (b) magenta curve).

Although the flow and pressure profiles vary significantly even among healthy
individuals, it was interesting to draw a comparison between the obtained results
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and those reported by|Gallo et al. (2012) for a healthy human, shown in Figure[7.13]
As can be seen, the temporal sequence of the systolic peaks of different arteries
of our results matched the experimental measurements of Gallo et al.| (2012). The
supra-aortic vessels experienced highest flow earlier or at the same time in the cy-
cle as the inlet: the brachiocephalic and left common carotid arteries peaked at the
4th time point, whereas left subclavian at the 5th time step, together with the inlet.
The descending aortic outlet peaked later than the three supra-outlets, at the 6th
time step. Similarly, the patient from the |Gallo et al. (2012) study experienced flow

reversal in the left subclavian artery, similarly to our patient’s case.

Calculation of Velocities. The spatially averaged velocity profiles were computed
for the supra-aortic vessels from their mass flow measurements. From Equation[7.3}

velocity was obtained from the flow rate, density and plane area, as follows:

V= p_A (74)

Figure depicts the average velocities through the plane (dotted black line)
as well as the 3-D velocity components (red, green and blue lines). The 3-D veloc-
ity vectors were calculated by multiplying the velocity measured through the outlet
plane with the normal of that plane. Velocities much higher than the peak inlet ve-
locity could be observed, especially at the left subclavian artery, where the velocity
magnitude reached 1.6 m/s, which was a fivefold increase compared to the 0.3 m/s
peak on the inlet. Both brachiocephalic and left subclavian vessels experienced re-

versal in the flow direction at certain points during diastole.

Pre-TEVAR case: Reverse simulation. The goal of this simulation was to establish
a baseline for the direct comparison with the post-TEVAR cases. To keep things
ceteris paribus, a specific BC configuration was defined that would be used across all
subsequent simulations that were subsequently compared. Since the velocities at
the supra-aortic vessels were reported not to undergo substantial changes after the
intervention, the velocity fixed BC were used at the supra-aortic outlets, in addition
to the velocity-fixed inlet. Such a setup aimed at determining the change of the
flow in the entire geometry, including at the descending aorta, in order to compare
haemodynamic conditions in the pre- and post-procedural cases. Additionally, this
setup prescribed flow profiles at 3 of the 4 outlets, which was a desired combination,
as described earlier in the chapter. Therefore, the results of the forward simulation
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Figure 7.14: Simulated velocities at the supra-aortic vessels and pressure at the de-
scending aortic outlet, used as BCs for the reverse and post-TEVAR simulations.

were used to obtain velocity profiles for the supra-aortic vessels as well as pressure

profile for the descending aortic outlet (see Figure [7.14). These waveforms were
prescribed as BCs at the corresponding boundaries.

Mass flow. As it was the case for the forward simulation, the mass flow rates
across all inflow boundaries were equal to those across all outflow boundaries, as
can be seen in Figure (@). The flow at the inlet (red curve) matched the flow
passing through all 5 outlets combined (dashed black line). This time, however,
there was slightly less flow on the supra-aortic vessels and, consequently, more on
the outlet than in the forward simulation case (compare to Figure that shows
the flows for the forward case). The overall shape of the waveforms remained the
same. However, in the reverse simulation, approximately 69% of the inflow went
to the descending aortic outlet, 14% was diverted to the brachiocephalic, 6% to the

left common carotid and 11% to the left subclavian arteries. Recall that the initial
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Figure 7.15: Reverse simulation: total mass flow on boundaries. (a) Flow rates
through the planes located at the boundaries during one cardiac cycle: flow at
the inlet (red curve) was equal to the flow passing through all 5 outlets combined
(dashed black line). (b) Flow profile curves only for the three supra-aortic vessels,
with the peaks delayed in time as expected.

percentages of the forward setup, with which the outlet velocity profile was scaled:
64% was going into the aortic outlet and 36% to supra-aortic vessels. This discrep-
ancy resulted from the averaging of the supra-aortic velocity profiles to derive a bulk

velocity used as BCs for the reverse simulation.

Velocities. Figure displays the flow patterns within the aorta by drawing
lines tangential to the instantaneous velocity vector (that we shall call streamlines
from now on, for brevity), coloured by velocity magnitude. At systolic peak (Figure
a), the flow was fairly well-organised within the entire aortic lumen, presenting
few helical features at the dissection site. The blood entered the ascending aorta
with a velocity of around 0.31 m/s, slowing down in the wider dissection area and

accelerating thereafter into the descending aorta due to the narrower outlet.

The mid-systole (Figure[7.16} b) already exhibited more pronounced helical fea-
tures, which became more and more aggravated in the sequel of the cycle. For ex-
ample, in diastole (Figure[7.16} c), high velocities with respect to the inlet (0.15 m/s)
and highly vortical features could be observed inside the dissection site. Addition-

ally, substantial flow reversal occurred in the descending aorta close to the outlet.
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Figure 7.16: Flow patters within the aorta at 6 different time points during the 3rd
cardiac cycle: (a) at the systolic peak (T = 1.8445 s), (b) middle of systole (T = 1.953
s), (c) diastole (T = 2.1266 s), (d) middle of the cycle (T =2.17 s), (e) peak of diastole
(T=2.4087s), (f) end of the cycle (T = 2.604 s). Streamlines were coloured according
to the value of velocity magnitude.

The flow was far from being parallel to the boundaries or the centerline of the ves-
sel along the entire aortic geometry. Similarly, in the rest of the cycle (Figure [7.16}
d-f), the maximum velocity on the inlet was around 0.03 m/s (1/10 of the systolic
peak), and the flow featured substantially more vortical pattern, as expected. At this
stage, the flow presented highly helical features, and highest velocities (up to 0.15
m/s) could be observed within the dissection site, when the flow circulated inside

the sac.
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To examine the characteristics of the flow at the dissection site, an additional
plane was placed cutting through the dissection area, as shown in Figure (a-
b), which enabled measuring the velocity magnitude and velocity direction on the
plane. Figure (c-e) depicts the plane coloured into velocity magnitude, with
the velocity vectors on top, at three time points during the 3rd cardiac cycle. As can
be seen, diastole displayed highly vortical features, with velocity vectors going in

circles on the plane (d-e).

Further, another plane was placed across the entire lumen of the geometry, en-
abling to plot vorticity magnitude on top of it, as shown in Figure Vorticity (w)

is defined as the curl or rotational of the velocity field (u)

w=Vxu (7.5)

(c) (d) (e)

Figure 7.17: (a) Plane through dissection. (b) Plane aligned with the viewer. Flow
measured through the plane at the dissection site, aligned as in (b), coloured by
velocity magnitude with velocity vectors during the 3rd cardiac cycle: (c) at the peak
inlet velocity (T = 1.8445 s), (d) in the middle of the cycle (T = 2.17 s), (e) at the last
time step (T = 2.604 s). Colourmap scale goes from 0 to 0.3 m/s.
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(a) (b)

Figure 7.18: Plane through the entire lumen, coloured by vorticity magnitude value
at 3 time points during the 3rd cardiac cycle: (a) at the peak inlet velocity (T = 1.8445
s), (b) in the middle of the cycle (T =2.17 s), (c) at the last time step (T = 2.604 s).

and describes the local “spinning” motion of the fluid, as would be seen by an ob-
server located at that point and traveling along with the fluid. Vorticity is indicative
of high levels of energy spent on “spinning”, which is then not available for further
perfusion of organs, leading to higher pressure drop. One can see that vorticity was
high in diastole, especially close to the dissection site and when approaching the
descending aortic outlet. This confirms the overall flow characteristics displayed by
the trajectories of velocity traces in Figure In general, considering the highly
dissorganised flow within the dissected aorta, the hope for the stent-grafting proce-
dure is not only to close the dissection entry but also to align the flow more parallel

to the boundaries.

Lastly, the simulated velocity profiles were plotted on the descending aortic out-
letin Figure[7.19] The waveforms were almost the same as in the forward simulation
(that were prescribed) but were of a slightly higher magnitude when compared to
Figure This discrepancy occurred due to the performed averaging of the veloc-

ity profiles for supra-aortic vessels, as previously pointed out.

Pressure. Figure shows the pressure distribution along the aortic dissec-
tion at 3 points during the cardiac cycle: at the peak inlet velocity (T = 1.8445 s), in
the middle of the cycle that is close to diastole (T = 2.17 s) and at the last time point

of the cycle (T = 2.604 s). As can been seen from these snapshots, the pressure val-
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Figure 7.19: Simulated velocity profiles at the outlet in the reverse simulation.

ues varied from as high as 16,830 Pa (126 mmHg) to as low as 11,820 Pa (89 mmHg)

along the aortic geometry.
On boundaries, the pressure variation was more pronounced. Figure de-

picts the pressure profile curves on the ascending (inlet) and thoracic aorta (outlet)
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Figure 7.20: Pressure patterns on the aortic wall at three time points during the 3rd
cardiac cycle: (a) at the peak inlet velocity (T = 1.8445 s), (b) in the middle of the

cycle (T =2.17 s), (c) at the last time step (T = 2.604 s).
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and the corresponding pressure drop. At the inlet, the pressure peaked at the 86th
time step, which lay after the peak systole (time step 85) and measured 16,683 Pa
(126.2 mmHg), while the simultaneous pressure at the outlet was 16,538 Pa (124
mmHg). At the outlet, the peak pressure fell at the 88th time step and measured
16,749 Pa (125.6 mmHg), with the simultaneous 16,744 Pa (125.6 mmHg) measure-
ment at the inlet. The measured pressure drop along the analysed aortic geometry
was about 11.2 mmHg, which lay within the physiological range for the thoracic
aorta (Bock et al., 2011). The point worth mentioning is that since the analysed data
came from actual acquisition, the observed pressure drop is the combined effect
of vessel distensibility and energy dissipation in flow. The highest pressure drop
occurred at the time step 83, slightly before the systolic peak, as expected. Addi-
tionally, one could also observe the anticipated inverted pressure drop during early

diastole.

In general, the blood pressure in our patient was slightly higher than normal:

it measured 126.2 x 88 mmHg instead of the usual 120 x 80 mmHg, which could
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Figure 7.21: Upper row: pressure profile at the inlet and outlet during all 3 cardiac

cycles. Lower row: pressure drop profile which corresponds to pressure difference

between the ascending (inlet) and descending aorta (outlet).
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Figure 7.22: WSS distribution at 3 time points during the 3rd cardiac cycle: (a) at
the peak inlet velocity (T = 1.8445 s), (b) in the middle of the cycle (T =2.17 s), (c)
at the last time step (T = 2.604 s). Note the scaling of the colour legend to increase
visibility, with 5 Pa as the maximum value.

indicate an onset of the hypertension often found at the initial presentation of type-

B aortic dissections (Hagan et al.,|2000).

The importance of the Wall Shear Stress (WSS) metric for the healthy haemo-
dynamics of the vessel has been widely discussed in the literature. Figure rep-
resents the WSS distribution for the same 3 time points of the 3rd cardiac cycle.
During systole, the studied aorta experienced relatively high WSS up to 58.97 Pa,
which was concentrated mostly in regions of the supra-aortic vessels. In contrast,
during diastole, the maximum values lay around 3.6 Pa, with wide area exhibiting
values close to zero. To be able to compare the three snapshots, the colour map of
the Figure[7.22|was scaled to feature the maximum WSS value of 5 Pa. Note that this
scaling placed most of the area on the supra-aortic vessels out of the value range at

systole (a).
Post-TEVAR cases.

Velocities. Figure captures the difference in flow patterns in a table, which
shows the streamlines coloured by velocity magnitude for all four post-TEVAR cases
at three time intervals during the cardiac cycle: at systolic peak, in the middle of

the cycle and at the last time point. At it was the case in the pre-TEVAR simulation
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Post-TEVAR case 1

Post-TEVAR case 2

Post-TEVAR case 3

Post-TEVAR case 4

Figure 7.23: Velocity magnitude coloured streamlines with the colourmap scale run-
ning from 0 to 0.3 m/s.
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(Figure[7.16), at the systolic peak, the flow was fairly organised within the entire aor-
tic lumen, presenting few helical features at the inner curvature of the aorta, close
to the dissection site (Figure first column). Note that more helical elements
were present in the 3rd post-TEVAR case at the distal extremity of the stent graft.
This case employed the shorter device, indicating that it would be insufficient for
the given aortic geometry. On the contrary, helical features were absent in the 4th
post-TEVAR case, which featured wider aortic diameter due to the dilated vessel
geometry after the stent grafting. The blood entered the ascending aorta with a ve-
locity of around 0.31 m/s, slightly slowing down in the wider dissection area and

accelerating thereafter into the descending aorta due to the narrower outlet.

Similarly to the pre-procedural case, mid-systole (Figure second column)
exhibited very pronounced helical features (compare to Figure d). Addition-
ally, mild flow reversal could be observed close to the descending aortic outlet. The
flow was not parallel to the boundaries or the centerline of the vessel. Interestingly,
however, case 4 exhibited relatively parallel flow, which was disrupted only close to
the vessel wall boundaries, when compared to the other three cases. This fact can
be possibly attributed to the passage expansion and the resulting wider cross sec-
tion. Another fact worth mentioning is that in all post-procedural cases, the helical
features were equally distributed along the entire geometry and were not mostly
concentrated at the dissection site (since it was covered), as it was the case in the
pre-procedural case. The last part of the cycle was characterised by slower flow, in-
creased flow reversal and higher velocities in the supra-aortic vessels, compared to

the mid-cycle.

The flow at the dissection site differed significantly among the 4 post-TEVAR
cases — an observation that fully justifies this study and underpins the value of mod-
elling for interventional planning. Figure shows velocity magnitude vectors on
top of the velocity magnitude contours. Both velocity magnitude values as well as
vector trajectories varied in all cases and at all measured time points during the cy-
cle. They were also very different from the pre-procedural case (compare to Figure
[7.17). One can observe that the first three stent graft placements only covered the
actual dissection entry, but did not result in reduction of vortical features in the re-
maining lumen at the dissection site. As before, diastole displayed highly vortical
features, with velocity vectors forming circular patterns on the plane (2nd and 3rd

column). However, the 4th post-TEVAR case substantially reduced vortical features
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Post-TEVAR case 1

Post-TEVAR case 2

Post-TEVAR case 3

Post-TEVAR case 4

Figure 7.24: Velocity magnitude contours and velocity vectors at the plane cutting
the dissection site. The colour scale in column (a) runs from 0 to 0.4 m/s, while in
(b) and (c) from 0 to 0.3 m/s. The lack of smoothness on the contour of the in-stent
lumen results from the stretching of the sheath in between the expanded struts.

in diastole, which was an interesting result, especially given the lack of reduction
in the 1st case that differed only in flexibility of the vessel wall. Hence, it can be
asserted that the difference in flow patterns between the 1st and 4th post-TEVAR
cases illustrated the importance of simulating the distensible vasculature in order

to capture the change in haemodynamics of the vessel after TEVAR.

Vorticity plots show further differences between the post-procedural cases. Fig-

ure displays vorticity magnitude on the plane cutting through the entire aortic
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Post-TEVAR case 1

Post-TEVAR case 2

Post-TEVAR case 3

Post-TEVAR case 4

Figure 7.25: Vorticity contours on the plane cutting through the geometry with the

colourmap running from 0 to 100 s~ 1.
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geometry. In general, vorticity was high in diastole, especially close to the dissec-
tion site and when approaching the descending aortic outlet, similar to the pre-
procedural case (compare to Figure[7.18). However, one could notice the more pro-
nounced vorticity features in the 3rd case, confirming the inappropriateness of the
shorter device for the given patient’s anatomy. As it was the case with velocity traces,
vorticity patterns differed significantly between the 1st and 4th post-TEVAR cases,
with the former exhibiting higher vorticity at the dissection site as well as in the
descending aorta. This fact reaffirmed the earlier point about the importance of

modelling the distensible vasculature.

Lastly, the simulated velocity profiles were plotted at the descending aortic out-
let in Figure second column. The 1st and the 4th post-TEVAR cases feature
higher velocities, as compared to the pre-procedural case, due to the overstenting of
the left subclavian artery. The peak outlet velocity in the 1st case measured 0.36m/s
and in the 4th case 0.37 m/s. On the contrary, the 2nd and the 3rd post-TEVAR cases
exhibited the velocity profiles very similar to the pre-TEVAR case with the peak of
0.29 m/s (see Figure[7.19). Analogously, the mass flow rates behaved in a similar way.
The 1st and the 4th cases exhibited different flow profiles because of the remaining
two supra-aortic arteries instead of the three, as can be seen in Figure (first col-
umn), while the 2nd and the 3rd cases had similar profiles to the pre-procedural
case (see Figure[7.15). Note the increase in flow rate resulting from the overstenting
of the left subclavian artery. The mean flow at the descending aortic outlet increased
from 69% in the pre-TEVAR case to 79% in the 1st and 4th post-TEVAR cases. Sim-
ilarly, the peak outflow at the descending aortic outlet (time step 6) increased from

0.18 kg/s pre-procedurally to 0.22 kg/s in the 1st and 4th post-procedural cases.

Pressure. Figure[7.26]shows the pressure distribution along the aortic geometry
in all four post-TEVAR cases and at 3 points during the cardiac cycle. As can been
seen from the snapshots, the pressure values varied differently in each case. Note
the difference in scaling of the colourmaps of the plots. Because the pressure on the
outlet was fixed as a BC for all simulations, pressure drop provided a clear compar-
ison between the cases, which can be seen in Figure third column. Compared
to the pressure drop in the pre-procedural case (which is depicted as a black dashed
line), the most significant raise in the pressure drop peak could be observed in the
1st post-TEVAR case (red solid line). This simulation modeled the real positioning of

the stent graft but without taking into account the distensibility of the vessel. In con-
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Post-TEVAR case 1

Post-TEVAR case 2

Post-TEVAR case 3

Post-TEVAR case 4

Figure 7.26: Pressure patterns within the stented aorta at three time points during
the 3rd cardiac cycle. The lack of smoothness on the contour of the in-stent lumen
results from the stretching of the sheath in between the expanded struts.
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Post-TEVAR case 1

Post-TEVAR case 2

Post-TEVAR case 3

Post-TEVAR case 4

Figure 7.27: Wall shear stress distribution with the colourmap scaling running from
0 to 5 Pa. The lack of smoothness on the contour of the in-stent lumen results from
the stretching of the sheath in between the expanded struts.
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Figure 7.28: Flow features during the 3rd cardiac cycle: (a) mass flow rate through
boundaries, (b) velocity profile of the descending aortic outlet, (c) pressure drop
between the inlet and descending aortic outlet.

trast to that, the 4th simulation that also modeled the vessel dilation led to almost no
change in the pressure drop peak. The least change in pressure drop resulted from
the 3rd TEVAR deployment with the shorter device, showing the almost negligible
contribution of the employed stent graft. In this case, the overall pressure drop pro-
file remained very similar to the pre-procedural case. In general, all virtual TEVAR
procedures resulted in almost no change in pressure drop and overall pressure val-
ues, which stayed slightly elevated also post-operatively. Such outcomes usually

occur in cases in which the initial pre-procedural configuration presents relatively
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low vorticity. This seemed to be the case in our patient due to the relatively regular

geometry, more resembling a huge aneurysm rather than a dissection.

Finally, Figure presents the WSS distribution in the four post-TEVAR cases.
Similar trends as in the pre-procedural case could be observed (compare to Fig-
ure [7.22). Namely, the relatively high WSS up to 58.97 Pa prevailed during systole
and concentrated mostly in regions of the supra-aortic vessels. On the contrary,
low maximum values of around 3.6 Pa and wide area exhibiting very low WSS were
present in diastole. In particular, the 4th post-TEVAR case (with the distensible
aorta) experienced even lower values of the WSS, which was especially visible in

diastole.

7.3 CONCLUDING REMARKS

This chapter presented the haemodynamic analysis of the post-treatment vessel,
which constitutes the next step in modelling of vascular interventions after the
phase of virtual stent deployment. In particular, the chapter reported the study
demonstrating the implications of different stent grafts and their positioning on the
post-procedural blood flow conditions of the treated vessel. Four different TEVAR
scenarios were investigated, comparing the haemodynamic changes they induced
to the pre-procedural case. The obtained results suggested that both device design,
dimensions, stiffness and positioning have important implications on the post-
TEVAR haemodynamic conditions of the vessel. With respect to device dimensions,
the results indicated that a shorter device was insufficient for the given patient’s
anatomy, which became apparent from the comparison of the 2nd and 3rd TEVAR
scenarios. Especially since this device introduced some additional vortical features
at the site of the transition from the end of the graft to the vessel wall, that could

introduce some adverse effects on the vessel remodelling after TEVAR.

Further, with respect to the device positioning, the presented experiments ques-
tioned the necessity of overstenting of the left subclavian artery that was performed
during the real TEVAR. Firstly, by taking a closer look, the investigated geometry did
not present obvious reasons for overstenting. Secondly, the overstenting triggered
aggravated changes in flow conditions, such as elevated flow rate downstream the
aorta and occlusion of the flow to the left arm supplied by the left subclavian artery.

Hence, occlusion of an artery should only be pursued when clearly required by the
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presented patient’s pathophysiology. In addition, the investigation of the velocity
and vorticity profiles in post-TEVAR cases 1 and 2 showed preference for position-
ing of the device further distally of the aorta, due to the accompanying relative de-
crease in vortical features. Therefore, it could be hypothesised that deploying the
stent graft lower downstream in the initial intervention could possibly eliminate the
need for the additional device, that was deployed during the secondary TEVAR to
extend the length of the graft. Having said that, the final interpretation of the re-
sults and the judgement on the device choice and its deployment position should

be made by the clinician.

With respect to the modelling aspect, this study showed the importance of tak-
ing the flexibility of the vessel into account. The performed experiments demon-
strated that deformation of the vessel had significant implications on the flow pat-
terns. This fact became clearly visible from the direct comparison of the two deploy-
ment cases that differed only in accounting (or not) for vessel deformations — case 1
and 4. The two cases featured notably different flow characteristics in all measured
comparison metrics. Therefore, the obtained results point to including distensibil-
ity of the vessel tissue into a computational model of vascular interventions, as well
as showing the implications of the stiffness of the device. On the other hand, it can
be claimed that any computational model that assumes rigidity of the vessel when
modelling the stent deployment and the subsequent CFD must be viewed as an ap-
proximation, since it is well known that vascular interventions in the abdominal and

the thoracic area tend to deform the vessel geometry.

As expected, this study featured a number of limitations. Firstly, the velocities
and pressure profiles used as BCs for the simulations were not entirely patient-
specific. Using complimentary profiles from another patient and another study re-
sulted in inevitable inaccuracies in the alignment of profiles. Difference in patients
imply the discrepancies in systemic conditions, which have direct implications on
the pressure profiles that were utilised. Also, assumptions about the flow distribu-
tion between the outlets had to be made due to the lack of velocity magnitude infor-
mation for the descending aorta. All these assumptions could lead to imprecisions
in resulting haemodynamic indicators, which cannot, therefore, be claimed to di-
rectly apply to our patient. However, since the primarily goal of the presented study
was to perform a comparative analysis between the different TEVAR scenarios, this

setup was deemed to be valid for our purposes.
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Secondly, the CFD was performed on simplified aortic models. The initial in-
accuracies stemming from the resolution of the CT-scanning device (which is often
unable to capture small arteries), were aggravated by the segmentation procedure
and subsequent smoothing of 3-D geometries. Thirdly, although the CFD simula-
tions were transient, the aortic geometry was static during the whole cardiac cycle,
which is not the case in reality. In reality, the vessel wall dilates during the cycle
and accumulates fluid, which implies a reservoir effect connecting the inflow and
outflow rates. This constitutes another limitation of the current CFD method that
enforces the continuity constraint. The final limitation was the assumption regard-

ing the rheological behavior of blood, which was treated as a Newtonian fluid.

The above limitations could lead to overall effects in the CFD models that cannot
be neglected. However, since this study aimed at performing a comparative anal-
ysis, the differences between the models were of primary interest. Thus, no claim
was being made about the validity of a single simulation; it was rather demonstrated
that there were substantial discrepancies in post-procedural haemodynamic condi-
tions of different TEVAR procedures. To sum up, it can be reiterated that both device
choice and its positioning have important implications on the post-TEVAR haemo-
dynamics. Therefore, it is crucial to carry out CFD studies of different deployment
scenarios to evaluate the consequences of a stent deployment procedure. Hence,
the present study constitutes an important proof of concept for demonstrating the

necessity of computational modelling of vascular interventions in advance.
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HAPTER

CONCLUSIONS

Providing the best possible care for every individual patient necessitates patient-
specific approaches. In treating cardiovascular diseases, the need for patient-
specificity becomes exacerbated by the uniqueness of each patient’s vascular ge-
ometry, especially at the diseased site, and by differences in mechanical properties
of devices used in stent placement procedures. In this context, the inability of the
clinician to predict the final shape of the deployed device inside a treated vessel and
assess the potential vessel deformation, as well as the implications of the placement
in terms of the haemodynamic changes, create the need for virtual pre-operative re-
hearsals. Providing a computational platform that enables pre-operative rehearsals
constitutes an enormous technical challenge, which will continue to be the topic of
multi-disciplinary research in the future. Nevertheless, this thesis aimed at making

a sound step towards creating such a platform.

Summary. This thesis achieved several milestones:

* A computational platform that enables virtual deployment of stents inside
patients vessels was developed. The framework allowed performing pre-
operative rehearsals for the treatment of cerebral and aortic aneurysms as well

as aortic dissections, in a user-friendly way for a clinician (see Appendix.

* The stent deployment algorithm fulfilled the requirement of fast execution
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times, delivering the results in the order of several minutes for real patient

cases, which is of a paramount importance for its clinical usability.

e The results produced by the fast method have been validated for a stent graft
device with the help of a “gold standard” FEA model, displaying reasonable
accuracy in the final device configurations (mean nodal difference < 10.5%)

and force measurements (mean force discrepancy < 0.2 N).

e It has been shown how to model a stent device in order to test its virtual de-
ployment. All steps involved in the modelling pipeline have been demon-
strated, starting from the reconstruction of device geometry to modelling its
expansion process. Additionally, it was illustrated how to obtain a device-
specific stiffness by means of parameter calibration with the help of GA and
FEA.

* The FM deployment method included the possibility of modelling flexi-
ble vasculature and potential vessel deformation which might occur in the
course of the stent deployment procedure. For that purpose, a novel con-
tact model was implemented that influenced both the final shape of the ex-
panded devices and the post-procedural vessel geometries due to the inter-
play of forces and strains of the two bodies in contact. The stiffness param-
eters for both the vessel and the stent were instantiated in a compatible way
with values previously reported in the literature. Although not yet validated,
this aspect of the model opened up a new array of possibilities and took the

predictive capability of the stent deployment platform to a whole new level.

e The virtual stent deployment was linked to the subsequent haemodynamic
analysis of the treated vessel. The CFD simulations of different treatment sce-
narios demonstrated the importance of modelling virtual stent deployment
pre-operatively, showing significant variation in resulting flow patterns due
to treatment differences. These differences in haemodynamics underpinned

the value of modelling for interventional planning.

In conclusion, the developed virtual framework can be explored as an additional
tool to facilitate clinical practice. It could contribute to assessing the risk of adverse
effects of stent deployment and predict the stent behavior for each specific patient
in an acceptable run time, thereby making an additional step towards bringing pre-

operative computational modelling into the operating room.
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Limitations. Inevitably, there were a number of overall limitations associated with
the present study, in addition to those already listed at the end of the corresponding

chapters.

Firstly, the FM deployment method included the possibility of modelling the
vessel deformation resulting from the stent deployment procedure. However, the
parameters for instantiating the stiffness of the stent and the vessel are yet to be
investigated. Although the utilised values were taken from the literature, they were
not validated for the given setup or for the employed device and the patient. Not
to mention that the actual stiffness of the patient’s aorta can differ substantially
from the average values, especially due to anisotropy of the tissue or the presence of
the disease. Further, the implemented flexible contact model was fairly simplistic,
which while ensuring fast execution times of the model, inevitably introduced some

compromises in accuracy.

Additionally, the proposed virtual model did not support the investigation of
such important complications of stent placement procedures as occurrence of en-
doleaks or possible fracture of devices. The possible investigation of endoleaks was
excluded due to the simple meshing strategy employed for the CFD analysis, which
discretised the stent and the vessel as a single domain, disregarding any potential
gaps between the device and vessel walls. With respect to the device fracture, it

could only be indirectly investigated through measurements of residual forces.

Further, although the performance of FM was improved with GA, more complex
stiffness mechanisms are needed to increase accuracy of the results. In particular,
the FM method should be improved with respect to the struts length error. It is pos-
sible, however, that a special handling of the struts’ length is necessary for the FM
method, for example, incorporation of an additional constraint into the algorithm

to preserve or correct the lengths.

Finally, the FM has to be validated for FD devices. The validation of the FM was
performed only for the SG device, where obtaining the target for comparison was
easy due to the existence of numerous established FEA methods for these types of
devices. On the contrary, FEA models for FDs hardly exist due to the novelty and the
braided design of these devices. Therefore, building the benchmark for comparison

would be a substantial research endeavor in its own right.
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Future work. The long-term success of stenting procedures largely depends on the
fact that flow reduction or stagnation within the aneurysm sac (or false lumen of
the dissection) leads to the formation of a stable thrombus. The hope is for the
thrombus to eventually obliterate the lesion and restore normal blood flow within
the parent vessel (Kulcsar et al., 2011). Thus, the next extension of the treatment
planning model would be to account for the thrombus formation, especially since

failure to produce a stably positioned clot often leads to secondary interventions.

Modelling of thrombosis in relation to local haemodynamics is an extremely
challenging task, since its formation is a complex function of the underlying bio-
chemistry, cell signaling, flow conditions, etc. Nevertheless, a tangible starting point
could be, for example, to explore the thrombus growth alone through shear stress.
Afterwards, the necessary comparisons between in silico simulations and in vivo
data could be made, revealing the role of the shear stress. Following the work of
Ventikos et al.| (2009), the thrombus clot could be modelled as a porous medium,

and its growth could be tracked through the use of a level set method.

A number of other possible extensions of the virtual stent deployment model
can be envisioned. For example, based on the haemodynamic analysis of the post-
treatment vessel, evaluation of the stent stability, possibility of endoleakage and en-
dotension, or formation of hyperplasia could be incorporated into the model. These
factors are of great importance with regards to recanalisation, subsequent regrowth

at the neck of the aneurysm and overall success of the treatment.

Another possible research direction beyond the treatment planning lies in the
investigation of aneurysm evolution following treatment. The evolution of the
blood flow within the aneurysm determines the evolution of the WSS and spatial
wall shear stress gradient (WSSG) distributions that act on the endothelial cell layer
of the tissue. The challenge of the task would consist in incorporating the arterial
micro-structure into the model and relating the local haemodynamic stimuli to tis-
sue remodelling. For this purpose, conceptual models of aneurysm growth are cur-
rently being developed, for instance, where elastin degradation is linked to the local
haemodynamics and collagen synthesis is linked to local stretching of the fibroblast
cells (Watton et al.;|2009).

Finally, I hope that the developed computational system becomes a useful tool

in improving patient outcomes and advancing future research!
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APPENDIX

DERIVATIONS FOR TORSIONAL
SPRING ANALOGY

This appendix provides additional derivations for the torsional spring analogy method,
described in Section The derivations are based on|Farhat et al.| (1998).

Y,v

X,u

Figure A.1: Graphical interpretation of the torsional spring analogy, where each ver-
tex is attached to a torsional spring that resists the change of the angle at the vertex.
The moments generated by these torsional springs are proportional to the torsional
stiffness and the angular displacement (image from Farhat et al.|1998).
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A.1 KINEMATICS

Figure shows a reference position of a triangle A;jx in solid line and the posi-
tion of this triangle after its j and k vertices have been displaced by the vector g in
dashed line.

At vertex i, the rotation increment AB;ik due to the relative motion of vertex k
with respect to vertex i is given by

1&ik * &irl

, (A.1)
Lili

sinAQYF =
ik

where & =& —&;and & =& —&; = &1+ qi.

The equation[A.1]is derived from the definition of the cross product of two vec-
tors a x b, the magnitude of which can be geometrically interpreted as the area of
the parallelogram with sides a and b. That is,

|axb|=lal-|b|-sin®,

where 6 is the corresponding (smallest) angle between them. Taking &;; as a and
&1 asb, we get
. i jk
&1k x &l = 1€ k] - 18101 - SINAO
Hence, denoting |€;;| = [;x and |&;1/| = [;x, results in the expression for sine shown

in Equation

The following derivation was proposed by Farhat et al.| (1998) and assumes that
the increment of mesh motion between two time-steps is sufficiently small. The
assumption of small displacements and small rotations is needed for obtaining a

linearised formulation. This assumption enables substitution of sin AH;ik = At9ll.£’C

(small angle approximation) and equation of /;j = ;5. Then Aeﬁik can be computed

from Equation[A.1]as
-
A0 = ajkvi — bigug,
where
_ Xik _ Jik
aix = 2 ik= 7z
ik ik

Similarly, at vertex i, the rotation increment AB;;k due to the relative motion of
vertex j with respect to vertex i can be computed as

ijk

Agij = —a,-]-vj+b,-juj,
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where
X u
&= , q=

¥ v

and X y
_X Vi
aif_lT’ z]—lT

ij ij

The total rotation increment at vertex i is

K _ A0T* 1 AU 4 npTE

Agl ii ij ik

The remaining AH;:{ ¥ can be determined by analogously decomposing it as
.
AH;.{ =yv; + fu;
The two unknowns y and f can now be determined by stating that for a rigid

body motion characterised by u; = u; = uy = u and v; = v; = v = v, the total rota-
tion increment at vertex i must be zero. Hence, y and f must satisfy

Yu,v (y—ajj+aij)v+B+bij—bip)u=0
It follows that
y—a,-j+aik:0 = Y=aj—ai
ﬁ"’bij_bik:O = ﬁ:_bij+bik

Substitution gives the final expression of the total rotation increment at vertex i. The
expressions of the total rotation increments at vertices j and k can be analogously
deduced by cyclic permutation.

The final matrix form looks in the following way

AQITk = Rijkqijk, A.2)
where ]
Ui
- ~ Ui
AG;
.. .. uj
AQUF = A8 | q’Jk =
vj
A\
| ] g
Uk
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bik—bij aij—aix  bij —aij —bir ik
ijk _
R-"=| -bj aji  bji—bjx ajx—aji  bjk ar:
by —ag; —byj agj bxj— by ay;— ax;j

A.2 EQUILIBRIUM

To determine the contribution of the proposed torsional springs to the fictitious
elastic forces acting on the dynamic mesh, we consider the moments generated by
these springs that can be written in matrix form as

Miik = clikpgiik

where o )
M; c’* o o

1

M7= p;|; €=] 0 cF o

k

M o o ci*
Substituting the expression for A@'/ ¥ defined in the Equation we get
Miik =[Gk RiTk) giik

We convert the moments M*/¥ into a set of equivalent forces at each vertex gath-
ered in vector F'/*

torsion
F;,
Fi,
ijk  _ Fj,
torsion —
Fj,
Fr,
Fg, '
n < torsion
ijk i i . .
F lt{) -sion €an be deduced from moments M'/ k by a linear transformation of the form
Fijk = iikpgiik
orsion
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ijk
torsion

and requiring that the work done by the forces F is equal to the work done by

the moments M'/¥
ijk” ijk _ apijk” A gijk
torsiond =M A6
where superscript T indicates a transpose. Substituting the expression for the forces
"y
F!

P ijk
rorsion A0d rotation increments A9*/*, we get

MijkT TijkTqijk _ MijkTRijkqijk

which implies

Ti jkT _ Riik
Hence, in each triangle A'J¥ the contribution of the torsional springs connected to
nodes of the triangular mesh elements can be expressed by discrete forces acting on
these elements:

ijk _pijkt pijk pijky . ijk _ pijk ijk
torsion — (R C''R ]q - Ktorsionq
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APPENDIX

VIRTUAL STENT DEPLOYMENT SYSTEM

This appendix illustrates an example of a rehearsing session of a minimally invasive stent
deployment. The developed virtual deployment system is used to deploy a stent graft in an
aorta of a patient with a dissection pathology.

The geometry of a patient’s vessel obtained by segmentation of CT images (Fig-
ure a) has to first be discretised, i.e., meshed with an appropriate resolution
to enable computations (Figure b). This 3-D mesh serves as an input to the
Virtual Stent Deployment system, after which a sequence of deployment steps is

performed, as illustrated in Figures(B.2HB.9

The concluding step of the clinical workflow is the haemodynamic analysis of
the performed deployment. For that, the final vessel and stent geometries are ex-
ported from the Virtual Stent Deployment system (Figure and imported into a
flow solver, e.g., CFD-ACE+ (ESI Group). Haemodynamic parameters in the focus of
attention are flow exchange between true and false lumen, blood velocity and blood
flow patterns, pressure distribution and WSS in the vessel wall. These measure-
ments indicate whether the introduction of the stent graft results in an obliteration

of the flow into the false lumen and hence, predict the outcome of the intervention.

If after the haemodynamic analysis, the virtual intervention does not bring de-
sired outcomes, an alternative stenting scenario, e.g., with another graft or changed
dimensions, should be tried out and the workflow repeated until the most optimal

patient-specific procedure is identified.
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(@) (b)

Figure B.1: The configuration of the patient’s aorta is obtained from medical images
by segmentation and saved as a 3-D geometry (a), which is meshed for computa-

tions with the appropriate resolution (b).

Virtual Vascular Intervention

File Edit View Insert Tools Desktop Window Help
» DEede h A0V EW- 3 08 @O

() Cerebral case (O Coronary case
I [~ Vessel Panel

Load cerebral vessel: Load coronary vessel:

Vessel 1 [ Aorta - Dissect
Reload vessel [ Display deformation ]
[~ Stent Panel
Load flow diverter: Load stent-graft:
IC: PED 2] [ Stent-grait

Position stent along the vessel centerline:
Back || Forward

Check stent dimensions:

Fold Stent || Expand Stent

[~ Deployment Panel

Select deployment
method for flow-diverter:

Lineal springs 4] [Balloon-expand stent-graft

RunCFD |

Figure B.2: Initial screen of the Virtual Stent Deployment tool.

Computational Modelling of Vascular Interventions: Endovascular Device Deployment

216



Katerina Spranger

000 Virtual Vascular Intervention
File Edit View Insert Tools Desktop Window Help
» DEEdS M RKAU9RL- 3 0E o @

X (O Cerebral case (*) Coronary case
[~ Vessel Panel
Load cerebral vessel: Load coronary vessel:
Vessel 1 + [ Aorta-Dissect... 3!
Reload vessel [ Display deformation J
i Stent Panel
Load flow diverter: Load stent-graft:
IC: PED + || Stent-graft s

Position stent along the vessel centerline:

Back || Forward

Check stent dimensions:
Fold Stent || Expand Stent
— Deployment Panel

Select deployment
method for flow-diverter:

Lineal springs 4] [Balloon-expand stent-graft

[ RunCFD

Figure B.3: Choose either “Cerebral case” or “Aortic case” in the right panel on the
top (indicated by a red oval).

000 Virtual Vascular Intervention

File Edit View Insert Tools Desktop Window Help
» DEds M RKAU9RL- 8 08 o @

(O Cerebral case () Coronary case
I [~ Vessel Panel

: H Load cerebral vessel: Load coronary vessel:
4 Vessel 1 A\ | Aorta-Dissect... 3!
: L Reload vessel | Display deformation |

— Stent Panel
Load flow diverter: Load stent-graft:

IC: PED 4 | Stentgraft 4

Position stent along the vessel centerline:

Back Forward

Check stent dimensions:

Fold Stent | [ Expand Stent

— Deployment Panel

Select deployment
method for flow-diverter:

Lineal springs 4] [Balloon-expand stent-graft

Run CFD

Figure B.4: In the vessel panel, choose the desired medical case (indicated with the
red oval). The 3-D geometry of the patient is loaded on the left.
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Virtual Vascular Intervention
File Edit View Insert Tools Desktop Window Help
>

Ddde K ©

BT

2 08 @O

(O Cerebral case (+) Coronary case
[~ Vessel Panel

Load cerebral vessel: Load coronary vessel:
Vessel 1 + [ Aorta-Dissect... 3|

Reload vessel [ Display deformation ]

[ Stent Panel

Load flow diverter: stent-graft:
IC: PED ¢ [ Stentgraft thin) 3 |

Position stent along the vessel centerline:

| Back || Forward

Check stent dimensions:

Fold Stent || Expand Stent

Deployment Panel
Select ment Select ment
method for ogwydveﬂen method '?)?':gym.gmn;

Lineal springs

& | [ Balloon-expand >

RunCFD |

Figure B.5: In the stent panel, choose the desired device (red oval). The stent graft

is loaded in a folded state inside a micro catheter and placed along the centerline of
the vessel initiating the minimally invasive stent deployment (red arrow).

Virtual Vascular Intervention
File Edit View Insert Tools Desktop Window Help
» DSES h @

A9 E- 2 0B nO

() Cerebral case (=) Coronary case

[ Vessel Panel
Load cerebral vessel: Load coronary vessel:
Vessel 1 4 [ Aorta-Dissect... 3

Reload vessel [ Display deformation J

— Stent Panel

Load flow diverter: Load stent-graft:
IC: PED

4 [ Stentgraft (thin) 3 |

Position stent along the vassel centerline:

Check stent dimensions:

Fold Stent || Expand Stent
i~ Deployment Panel
Select deployment Select deployment
method for flow-diverter: method for stent-graft:
Lineal springs

| | Balloon-expand s

Run CFD

Figure B.6: In the stent panel, advance the stent graft along the centerline to the
desired location by pushing the “Forward” button (red circle). You can go back by
clicking the “Back” button.
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Virtual Vascular Intervention
File Edit View Insert Tools Desktop Window Help

» Dade W KNO9EL- 3 0E @

O Cerebral case (%) Coronary case

[~ Vessel Panel

Load cerebral vessel: Load coronary vessel:
Vessel 1 : [ Aorta-Dissect... 3

Reload vessel Display deformation

[ Stent Panel
Load flow diverter: Load stent-graft:
IC: PED 4 | Stentgraft (thin) 3 |

Position stent along the vessel centerline:
| Back || Forward

Check stent dimensions:

Fold Stent Expand Stent

Deployment Panel
Select deployment Select deployment
method for flow-diverter: /* method for stent-graft:
Lineal springs 2\ [ Lineal springs B

Run CFD

Figure B.7: When the stent reaches the desired location along the centerline (red ar-
row), choose the deployment method in the stent panel (red circle). You can choose
either the ballon-expansion of the device or the self-expansion with lineal springs,
depending on the type of the endograft. The deployment process starts, showing
the outcome after every iteration.

Virtual Vascular Intervention
File Edit View Insert Tools Desktop Window Help

» DEdS W KAUDRM- @ 0E u @

() Cerebral case (%) Coronary case
Vessel Panel
1 Load cerebral vessel:  Load coronary vessel:
Vessel 1 : [ Aorta-Dissect... 3]
Reload vessel { Display deformation J
et Stent Panel
Load flow diverter: Load stent-graft:
IC: PED | Stentgraft (thin) 4|

Position stent along the vessel centerline:

Back Forward

Check stent dimensions:

Fold Stent Expand Stent

~ Deployment Panel

Select deployment Select deployment
method for flow-diverter:  method for stent-graft:

Lineal springs % | | Lineal springs 2
20 3 :
qu'%g 50 80 [ AumcFD |
4p -0 0 20 40

Figure B.8: The stent is iteratively expanding which allows to observe the deploy-
ment process. The final configuration of the device is indicated by the red arrow.
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Virtual Vascular Intervention

File Edit View Insert 5o Desktop Window Help
R D k@' 2 08 sm

I O Cerebral case ( Coronary case

[ Vessel Panel

Load cerebral vessel:  Load coronary vessel:
Vessel 1 4 || Aora-Dissect... +|

Reload vessel Display deformation

— Stent Panel

Load flow diverter: Load stent-graft:
([ Ic: PED 4+ || Stentgraft (thin) 4|

Position stent along the vessel centerline:

Back Forward

Check stent dimensions:

Fold Stent  |[ Expand Stent

D Panel

Select deployment Select ment
method lmdiveﬂer: method fm‘i‘;quaﬁ:

Lineal springs 4+ | [ Lineal springs

4]

Run CFD

Figure B.9: It is possible to zoom in and out and to rotate the 3-D model by ma-
nipulating the toolbar (red circle) in order to inspect the final configuration of the
deployed device. Additionally, the vessel deformation can be displayed by pressing
the button “Display deformation” in the vessel panel. If the deployment result is
satisfactory, the configurations of the vessel and the stent can be submitted to the
CFD solver by pressing the button “Run CFD” at the bottom of the window.

Computational Modelling of Vascular Interventions: Endovascular Device Deployment 220



	Contents
	List of Figures
	List of Tables
	Acronyms
	Introduction
	Motivation for the Research
	Aim and Scope
	Overview of the Thesis

	Background
	The Cardiovascular System
	Healthy arterial structure
	Diseases of arterial walls

	Minimally Invasive Interventions
	Endovascular stents
	Key parameters of stents

	Concluding Remarks

	Literature Review
	Existing Approaches
	Finite element methods
	Fast stenting techniques

	Vessel Haemodynamics
	Concluding Remarks

	Methodology
	Pre-processing of Stents
	Geometry reconstruction
	Local coordinates
	Crimped configuration
	Initial positioning

	Modelling Stent Expansion
	Lineal Springs
	Semi-Torsional Springs
	Torsional Springs

	Modelling the Vessel
	Segmentation
	Geometry reconstruction
	Rigid contact
	Flexible contact

	Finite Element Analysis
	Genetic Algorithms
	Omnitree
	Finite Volume Method
	Concluding Remarks

	Comparison of Deployment Methods
	Computational Setup
	Results
	Free expansion
	Deployment in straight tubes
	Deployment in bent tubes
	Deployment in real vessels

	Concluding Remarks

	Validation of Deployment Method
	Computational Setup
	Results
	Free expansion
	Deployment in idealised vessels
	Deployment in real vessels

	Calibration with Genetic Algorithms
	Calibration results
	Post-calibration comparison

	Concluding Remarks

	Haemodynamics after Virtual Stenting
	Computational Setup
	Clinical case
	CFD model

	Results
	Virtual stent grafting
	Haemodynamic analysis

	Concluding Remarks

	Conclusions
	References
	Derivations for Torsional Spring Analogy
	Kinematics
	Equilibrium

	Virtual Stent Deployment System

