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INTRODUCTION
Abdominal Aortic Aneurysms
Definition

Abdominal aortic aneurysms (AAAs) are defined as a localized dilatation of the abdominal
aorta featuring diameter at least 50% larger than the normal one. We accept “normal”
diameter to be approximately 20mm, and therefore an abdominal aorta wider than 30mm, is
labeled as aneurysmal. In practical terms,
“normal” diameter refers to the non-
aneurysmal adjacent abdominal aortic

segment.! The dilatation involves all the layers

Abdominal Aortic

of the arterial wall, e.g. intima, media and
Aneurysm

adventitia.
Prevalence

According to population screening studies, the

prevalence of AAA increases with age,

occurring in 7-8% of men over 65 years.>?
The AAA is typically a disease of the male
population, with six times higher prevalence in
men than in women.* In a more general sense,
5% of the over-60 population will have an
AAA, and at the age of 67, a man is ten times
more likely to die from a ruptured AAA than  Figure 1. Infrarenal abdominal aortic aneurysm.

a woman. Recent data suggest that the

incidence of AAAs is declining. Between 1997 and 2009, there has been a reduction in age-
adjusted mortality from 40.4 to 25.7 per 100.000 population in England and from 30.1 to
20.8 per 100.000 population in Scotland.’

Pathogenesis

Despite extensive research, the exact mechanisms underlying aneurysm pathogenesis remain
unclear. It appears that the process is multifactorial, involving biochemistry, immunological,

mechanical, and genetic components of variable importance.® Much of our understanding



derives from the work performed on the abdominal aorta, and it is assumed that non-aortic
aneurysmal disease results from a similar pathological sequence of events.

The aneurysmal disease ultimately results following gradual proteolytic degradation of
arterial vessel walls. The structural integrity of arterial wall is dependent on adequate
functional connective tissue elements including elastin and collagen. Loss of these elements
weakens the vessel wall and thus predisposes to aneurysm formation. Research into AAAs
has discovered locally increased levels of matrix metalloproteinases (MMPs) that result in
this observed connective tissue breakdown. Four MMP subtypes are thought to be of
importance in this process: gelatinases (MMP-2 and MMP-9), matrilysin (MMP-7), and
macrophage elastase (MMP-12). In addition to this increased local expression, altered levels
of circulating proteases may play a role, and research continues into the contributions to
aneurysmal disease from various plasminogen activators, serine elastases, and cysteine
proteases (cathepsins S and K). Abnormally low levels of protease inhibitors are suggested
to exert the same pathogenic effects, and this has also been the focus of much recent work.
Preliminary research into the most abundant serine protease inhibitor cystatin ¢ has
confirmed that in patients with aneurysmal disease corresponding levels of this protein are
indeed lower than normal.!

Chronic inflammation plays a significant role in aneurysmal disease. Much of the vessel
wall destruction is undoubtedly mediated by the inflammatory infiltrate composed of T cells,
macrophages, B lymphocytes, and plasma cells, but the antecedent trigger for this cellular
migration remains unclear. It has been suggested that aneurysmal disease is, in fact, an
antigen-driven immune disease. Proposed antigenic activators to subsequent inflammation
include elastin, interstitial collagen, oxidized low-density lipoprotein, cytomegalovirus, and
artery-specific antigenic proteins such as AAAP-40. Following T-cell antigen recognition,
the inflammatory cascade begins, ultimately resulting in vessel wall degradation and
progression to aneurysmal disease. !

Arterial wall biomechanical stress is also accepted as being of considerable importance
in both aneurysm progression and rupture. Model analysis of wall stress variation in different
anatomical locations implies that altered hemodynamic profiles may explain the varying
susceptibility of an arterial wall to become aneurysmal (e.g., increased disease incidence in
abdominal as opposed to the thoracic aorta). It is suggested that mechanical failure from
excessive stress initiates and promotes aneurysmal pathogenesis first by the aggregation of

humoral factors, and then by a consequent focal inflammatory response and finally wall



breakdown.!
Risk factors

Etiological factors include increasing age, male sex, ethnic origin, family history, smoking,
hypercholesterolaemia, hypertension and prior vascular disease. Among the risk factors,
male sex and smoking are the most important, increasing the chances of AAA development

by 4.5 and 5.6 times, respectively.’
Clinical features

The majority of AAAs grow asymptomatically, a lethal characteristic of the disease. If the
patient is lucky enough, clinicians will detect the AAA during clinical examinations
undertaken for an unrelated reason. Otherwise, the AAA will continue growing until
possibly the occurrence of rupture, a life-threatening event, which induces severe abdominal
and/or back pain and eventual collapse of the circulatory. Approximately 75% of patients
with ruptured AAAs die before reaching the hospital. Lower mortality rates, i.e. 40-50 %,
have been reported for the patients who are transported to a hospital in time. Aortic aneurysm
rupture is ranked as the thirteenth commonest cause of death in the western world, leading
to approximately 15.000 deaths each year in the US.8

The AAA diameter is currently considered to be the most reliable determinant of rupture
risk. The diameter threshold of 5.5 cm is what clinicians use to distinguish small AAAs from
big AAAs. The threshold size, if crossed, escalates the risk of AAA being ruptured before
the patient takes the proper treatment. Rapid expansion (>1 cm/year) or the development of
symptoms such as abdominal pain, tenderness and back pain usually suggest urgent
hospitalization and prompt surgical intervention, irrespective of size.” However, studies
highlight that AAAs with insusceptible diameter size, are also possible to end up rupturing.
As the threshold diameter size doesn’t seem to warrant the safety of the patient, there is need

for additional indicators of AAA rupture potential.
Endovascular Aneurysm Repair

Since the first case of endovascular aneurysm repair (EVAR) was reported by Parodi et al.
in 1991, this minimally invasive technique has become increasingly popular among
physicians and patients.!® The idea behind EVAR is simple: prevention of further aneurysm
expansion. It is achieved with the deployment of a preoperatively sized stent-graft, which is

implanted transfemorally to the diseased site with a catheter, guided by fluoroscopy and



deployed by either balloon or self-expanding mechanism (Figure 2).!! EVAR is a minimally-
invasive procedure with significantly reduced perioperative mortality, decreased hospital

stay and prompt recovery. EVAR is leading in short- term outcomes over open surgery repair

2

while mid-term outcomes are similar in both techniques.!

Figure 2. Schematic representation of EVAR. A prosthetic graft supported by a metallic wire-frame called
stent, is implanted transfemorally to the diseased site with a catheter, guided by fluoroscopy and deployed by
either balloon or self-expanding mechanism.

Evaluation of the patient with known AAA

Currently, available evidence supports elective surgical intervention for the treatment of
asymptomatic AAAs of 5.5 cm diameter or greater, subject to evaluation of the patient's
general health and fitness for surgery. The aims of evaluation of patients diagnosed with an
AAA are threefold: 1) to identify patients in whom the balance of risk favors operative
intervention; 2) to reduce perioperative morbidity and mortality by identifying patients who
may require further investigation or treatment of comorbidity prior to surgery; 3) to assess
the anatomical suitability of the aneurysm for open or endovascular repair. Accurate clinical
assessment is imperative as it is recognized that perioperative mortality is related to the pre-
existing physiological status of the patient.!* The majority of early deaths following AAA
repair are related to cardiac events and if pre-existing cardiac abnormalities are detected and
treated before surgery, a substantial improvement in survival rates can potentially be
achieved.!'* The risk of perioperative renal failure is increased in those with pre-existing renal

disease, diabetes or coexisting cardiac disease, and in those aged over 60 years.



Procedural imaging

Ultrasound is useful for the initial detection and outpatient surveillance of an AAA.
Preoperatively, virtually all elective patients now undergo more detailed cross-sectional
imaging with contrast-enhanced computed tomography (CT). With thin slice acquisition of
data, multidetector row scanners provide excellent three-dimensional images from which to

plan endovascular repair. '3
Indications and eligibility of EVAR

Originally developed as a treatment option for those where existing comorbidity prohibited
open surgical repair, the current indications for EVAR are less clear. The approach may well
be preferable in cases of a hostile abdomen (e.g. peritoneal adhesions, intestinal stomas) and
also where the risk of iatrogenic injury is significant.

Contrary to open AAA repair, EVAR suitability depends not only on patient fitness but
also aneurysmal morphology. Limitations of contemporary endografts and their delivery
platforms continue to preclude EVAR in many patients, with current elective eligibility rates
quoted between 55% and 74%.'%!7 Features promoting EVAR suitability include a healthy
proximal neck with limited angulation, at least 15 mm in length, no more than 30 mm in
diameter and with smooth, parallel, endoluminal
surfaces without significant mural thrombus. In
addition, the iliac arteries should be of sufficient

calibre, at least 7 mm for most devices, to facilitate the '

passage of the delivery apparatus into the abdominal
aorta. Short ectatic common iliac arteries represent
relatively unfavorable anatomy for EVAR given the

need for a reliable distal seal.'®
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A stent graft is an artificial flexible blood conduit,

designed to act as a false lumen at the site of an  figure 3. Basic design of a tubular grajt
supported by a metallic frame, a stent.

aneurysm. It consists of a tubular graft supported by
a foldable metallic frame, called stent (Figure 3). Over the last two decades, EVAR has

emerged as the treatment of choice for morphologically suitable AAAs and the demand for



efficient stent-grafts has increased. The collaboration of clinicians and bioengineers has
boosted the innovation of stent-graft designs with varying stent material, graft fabric,
fixation, deployment precision, ease of use, delivery sheath size, and flexibility.'

The material of the stent-graft is subject to the pulsatile arterial blood flow. Polyethylene
terephthalate (PET; e.g., Dacron) and polytetrafluoroethylene (PTFE; e.g., Teflon) are high
strength, resilient, and lightweight polymers, of which most aortic stent-grafts are typically
constructed. For the stent skeleton, stainless steel, nitinol (a nickel and titanium alloy), or
cobalt chromium alloys are the options that depend on the graft material as well. In general,
the stent cage must balance strength, conformability, and compressibility to maximize
aneurysm repair durability and device deliverability through challenging aortic and iliac
artery anatomy. Similarly, the stent-grafts apply varying techniques to achieve fixation to
the aortic wall, typically involving hooks, barbs, anchors, or staples that embed into the
aortic wall, or by letting the stent-graft rest on the aortic bifurcation.?’

Four distinct generic schemes are typically dominant in EVAR of infrarenal AAAs:
straight aorto-aortic tube endografts, bifurcated systems, aorto-mono-iliac systems and
combined bifurcated and iliac branched stent grafts. All devices form their proximal seal
within the infrarenal aortic segment, but differences exist in the location of the distal ‘landing
site’. Bifurcated systems offer a reliable solution by providing the potential for distal fixation
beyond the vascular segments that most likely suffer further aneurysmal expansion in the
long term, while maintaining normal anatomical relations. The currently available standard
bifurcated devices may be appropriate for use in up to 50% of patients. As newer devices
become available for the treatment of short and angulated proximal necks, more patients will

be eligible.?!



Current devices
Endurant

The Endurant is a modular device made of
multifilament polyester fabric and electropolished
Nitinol stents (Figure 4). Proximally, it has a
suprarenal fixation system made of a one- piece
laser-cut Nitinol stent with anchoring pins. The
first sealing stent is M-shaped, intended to pro-
vide good neck conformability. The remaining
stent structure of the body and limbs was
engineered to provide flexibility in tortuous

anatomy. The suprarenal stent remains constrained

with a tip capture mechanism until the desired

position of the proximal fabric is reached, and is

Figure 4. Endurant stent-graft system.

then released gradually with a wheel at the end of

the delivery system. Radio-opaque markers are provided at all levels to facilitate
fluoroscopic imaging and accurate placement. The main bifurcated components are provided
with proximal diameters ranging from 23 to 36 mm and packed in an 18 or 20 French
delivery catheter. They are intended to seal inaortic necks measuring 19 to 32 mm in
diameter. The limbs come in 10 to 28 mm diameters for iliac sealing and are packaged in a
14 or 16 French carrier. The treatment range in the iliac arteries is 8 to 25 mm. The single-
use delivery catheter for each component is covered with a hydrophilic coating to improve

delivery in diseased iliac arteries.?
Excluder

The Gore Excluder is a modular bifurcated stent-graft (W.L. Gore and Associates, Flagstaff,
AZ, USA) with documented efficacy, safety, and durability.? It is composed of expanded
polytetrafluoroethylene (PTFE) combined with a thin, non-permeable layer of fluorinated
ethylene propylene, attached to a nitinol stent frame. Its main body has a single docking limb
that supports an assortment of iliac limbs and proximal extensions to fit a range of
aneurysmal morphologies. The fixation of Gore Excluder is achieved with the use of nitinol
barbs at the proximal neck of the main body. The Excluder device is currently approved to

treat infrarenal aortic neck diameters ranging from 19 to 29 mm with a minimum aortic neck



length of 15 mm and a proximal aortic neck angulation lower than 60°. The diameter of iliac
arteries must lie between 8 to 25 mm and distal iliac vessel seal zone length must be at least

10 mm to ensure safe delivery and sufficient seal.?*
Endologix AFX

The AFX Endovascular AAA System (Endologix, Inc., Irvine, CA, USA) is the only device
that takes advantage of the native aortic bifurcation to achieve fixation (Figure 5). Another
unique feature is that the graft is attached to the exterior of the cage with polypropylene
sutures only proximally and distally. The graft
material, low-porosity ePTFE, is consequently
allowed to move independently from the stent
cage providing enhanced seal, termed as
ActiveSeal with STRATA™. The multilayer
processing and bonding of approximately 20
layers of ePTFE, deemed as Strata graft
technology,  offers  exceptional  strength,
conformability = and  impermeability. To
accommodate the aneurysmal morphology, limb
extensions can be attached to the stent-graft

system. The AFX delivery system consists ofa 17-

French hydrophilic introducer sheath with a

Figure 5. The AFX Endovascular AAA System.

hemostatic valve and a 9-French contralateral
percutaneous access and is applicable to

aneurysms with 15mm neck length and less than 60-degree neck angulation.?
Endologix Nellix

Endologix Nellix endoprosthesis (Endologix, Inc., Irvine, CA, USA) is a new endovascular
device, which is designed to treat aorto-iliac aneurysms by obliterating the aneurysm sac,
thus eliminating the endoleak space, while maintaining normal flow to the lower extremities.
The system consists of dual, balloon-expandable, endoframes, each of which is surrounded
by an endobag that is filled with an in situ curing polymer (polyethylene glycol) as displayed
in the graphical simplification of Figure 6.%° The endoframe stenting material is cobalt
chromium and delivered via 17-French sheaths. Each endoframe is surrounded by PTFE and

supports the blood flow lumen through the aneurysm sac to the iliac arteries without the need



for proximal and distal fixation. The polymer- containing endobags surround the flow lumen

and fill the aneurysm sac providing anatomical fixation.?®
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Figure 6. The sac-anchoring system, consisting of two femorally inserted stent grafts with polymer-filled
endobags on the outside of the stent. The polymer-filled endobags enlarge to a pressure preset to support the
stents within the aneurysm sac. The technology eliminates the endoleak space via obliteration of the aortic
aneurysm sac.



EVAR-related complications and device failure
Endoleaks

Endoleak refers to the persistence of arterial flow of blood into the “excluded” aneurysm sac
but outside the lumen of the deployed stent graft. It represents one or more of the following
processes: incomplete sealing of the proximal or distal landing sites (type I); continued blood
flow into the sac by collateral and lumbar vessels (type II); an incomplete seal at junctions
of overlapping graft components or ruptured graft fabric (type III); or leakage of blood
through a porous graft membrane (type 1V), Figure 7. '° The incidence of endoleak is

approximately 20% and may be further classified as immediate, early, or late. Without

(a) (b)
Proximal End
Migration
Insufficient Grip
Endoleak-la
Back feeding
branch vessels
Similarly, insufficient
grip at distal end can
cause Endoleak-Ib
(c) (d)
Dislocation
of modular
Components Leakage resulted

from the micro-
Fractured holes, in the
Stent Graft-Fabric

Small Hole
as a result
of fabric tear

Figure 7. Different types of endoleaks. a) Type I—Proximal leak, b) Type II—Leak through
branch vessels, c¢) Type Ill—Mechanical failure, d) Type IV—Leakage due to graft porosity.
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treatment, the aneurysm may continue to expand, thus carrying the risk of rupture, although
most cases seal spontaneously with thrombosis. Bearing this in mind, the majority of
vascular surgeons initially manage an endoleak with simple observation. If, after a
prescribed time period, the endoleak persists or rapid aneurysm expansion is observed,
further interventions such as endoluminal graft extension deployment, band ligation of the

aortic aneurysmal neck, or even open repair may be indicated.'
Migration

As part of the circulation (a passage for blood), the endografts are subjected to fluctuating
displacements. If their magnitude increases unexpectedly, an irreversible dislocation of the
endograft might take place. The seals fail to allow blood to flow in the previously excluded
aneurysmal sac. The application of systemic pressure to the aneurysmal sac is an immediate
consequence of migration. The distal movement of the stent-graft at the proximal fixation
site is met in most cases. However, the proximal movement of the distal limbs in the iliac
arteries is not impossible. Late migration (1 year after implantation) is the main reason for
reinterventions.?’

The excessive oversizing of an endograft is frequently associated with migration

phenomena, as reported by Sternberph et al.?®

To prevent migration, the device should be
placed correctly. Even miniscule deviation from the lower renal artery, increases the risk of
migration by 5.8% for the AneuRx stent-graft system, according to Zarins et al.?® The
exclusion of the aneurysmal sac succeeds only if adequate proximal fixation is achieved.
Accordingly, the iliac fixation length is a migration-preventing factor as well as the
endograft takes greater support.>*3! Higher migration resistance is associated with balloon-
expandable stent-based grafts, which are attached to the internal elastic lamina stronger than

self-expanding stent-based grafts.>> After the promising outcomes, the development of

balloon-expandable stents has accelerated.
Kinks, Thrombosis, and Limb Occlusions

Occlusion of stent-graft limbs due to kinks or thrombosis is a relatively infrequent but
nonetheless important problem that occurs as a delayed event in 2.2% to 3.9% of patients. 34
Hobo et al.** found that the use of iliac extensions during the endovascular procedure was
related to the development of kinks in the stent-graft. It would seem reasonable to conclude

that preventing stent-graft kinks relies on satisfactory distal fixation. It is likely that patients
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who have iliac aneurysms are more vulnerable to stent-graft kinks than patients with healthy
iliac arteries.

Morphological changes in the aneurysm that cause geometric changes in the stent-graft
are another major cause of stent-graft kinks.>® Blood flow through a kinked stent-graft may
be irregular and could lead to localized thrombosis and stent-graft occlusion. Hypothetically,
kinks or occlusions that inhibit the flow of blood through the stent- graft substantially
increase drag force, possibly causing migration of the graft. Fransen et al.>’ reported that
kinks were significantly associated with type I endoleak, but they were unable to pinpoint
whether the migration and subsequent failure of the proximal seal was a result of the kinks

or the kinks were a result of the migrated graft.
Endotension

This term refers to continued pressurization and expansion of the aneurysm sac after EVAR
when no endoleak can be identified on computed tomography (CT). Endotension, which
occurs in up to 15% of patients, can cause significant increase in aneurysm diameter and
increase the risk of rupture. Endotension usually requires secondary intervention.*®

Several theories have been put forward to explain endotension, including the transfer of
pressure through a thrombotic seal at the attachment sites, very low flow endoleak, and graft
fabric tears sealed with thrombus. Lin et al.*” stated that aneurysm enlargement cannot occur
without expansion of intrasac volume and hypothesized that this in turn means continued
thrombus generation from endoleak, supporting the low flow theory. Another possible
explanation is that blood components could transude through the walls of the stent-grafts
and be responsible for this phenomenon.** Endotension is more frequently associated with
stent-grafts that are fabricated from expanded polytetrafluoroethylene (ePTFE).

Until recently, noninvasive monitoring of excluded aneurysm sac pressures had not been
possible. Sonesson et al.*’ described a catheter-based method that could identify aneurysms
subjected to high pressure when no endoleak is visible on the completion angiogram. Using
this method, they concluded that successful EVAR reduced sac pressure to 20% of systemic
pressure. They also utilized this method to investigate the difference in sac pressures in
shrinking, unchanged, and expanding aneurysms. In patients without endoleaks, the
investigators found that the mean pressure index (MPI: percentage of mean aneurysm
pressure relative to mean systemic pressure) for shrinking aneurysms was 19% versus 59%

for expanding aneurysms. In aneurysms that did not change in size, they identified two (2)
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groups: patients with an MPI similar to the expanding-aneurysm group, who subsequently
showed expansion of their aneurysm, and patients with lower MPIs, who displayed shrinking
aneurysms.*! This method of aneurysm pressure measurement has been validated in vivo
and in vitro; it is repeatable and could be an invaluable tool in deciding the best course of
action for aneurysms that remain unchanged in diameter or expand after EVAR.*?
Recently, a wireless AAA pressure sensor that can monitor sac pressures over the life of
the stent-graft was made available. This device may produce completely noninvasive
measurements similar to Sonesson et al.*’ and Dias et al.*! and could lead to a more in-depth
understanding of the endotension enigma, facilitating corrective action prior to the aneurysm
being at risk of rupture.* These methods measure pressure locally and then assume it as the
global pressure inside the aneurysm sac. Unfortunately, pressure distribution in the thrombus
within the excluded aneurysm sac may not be uniform, which could lead to underestimating
the intrasac pressure and the rupture risk of certain aneurysms.* These pressure differences

are most likely due to the microstructure of the intraluminal thrombus (ILT).
Computational approaches
AAA modeling

The AAAs have several aspects that have not been explored exhaustively due to the
complexity of the disease. The use of computational modeling facilitates the research for the
mechanical factors related to the genesis, growth and rupture of AAAs. The computational
approach has several advantages. It is by nature non-invasive and demands limited resources.
In contrast to experiments, computational simulations feature increased flexibility and are
certainly less time-consuming. The numerical techniques also offer higher resolution than
imaging modalities and can capture phenomena unobservable by cardiac-gated imaging
sequences.*’

The AAA modeling has mainly two branches: the arterial wall mechanics (solid
mechanics) and the blood flow properties and patterns (fluid mechanics). Recent
technological advancements have enabled simulations that combine blood flow and arterial

wall in a single fluid-solid interaction model.*®

Solid mechanics

Three basic types of information are needed to solve any problem in continuum mechanics:

geometry, material properties, and applied loads/boundary conditions. Advances in medical
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imaging, particularly CT and MRI, provide precise information on patient-specific
geometries. Applied loads arise primarily from three sources: the hemodynamic loads that
act on the luminal surface, the perivascular tissue that acts on the outer surface, and an
inherent pre-stretch that stresses the aorta axially. Whereas hemodynamic loads (i.e.,
components of the traction vector normal and tangential to the lumen) can be estimated from
computational studies, perivascular effects
remain difficult to assess.*’ In vivo residual and
axial pre-stresses and material properties are
similarly difficult to assess on a patient-specific
basis, particularly when seeking to include
changes due to aging, co-morbidities, and the

evolution of the lesion.*®*°

Mechanical properties

Despite universal recognition of the importance
of wall mechanics in the natural history of AAAs,
there have been few detailed studies of the
mechanical properties.’>! Early studies focused
on gross measures of structural stiffness, which
are useful for clinical correlations but not

biomechanical analyses.*” The most complete

data on both the (biaxial) mechanical behavior of

) Figure 8. Velocity streamlines in an anatomical
aging aorta and AAAs comes from vande Geest odel derived from reconstruction of computed

et al.”>> Ferruzzi et al.>* report quantifications of tomography data.

these data using a single nonlinear constitutive relation and both Labrosse et al.>> and Haskett
et al.>® compared them to other aortic locations. Nevertheless, we must account better for the
different compositions and properties of the intima, media, and adventitia within the aorta
and how they contribute to lesion enlargement.®’ There have also been limited studies on the
mechanical properties of ILT, the most complete of which include vande Geest et al.’® and

Tong et al.>
Finite element analysis

Stress analyses have appropriately improved from early estimates based on Laplace’s

equation, axisymmetric membrane solutions, and linear elastic FEA such that most studies
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now use geometrically and materially nonlinear FEA. Moreover, many other inappropriate
assumptions (e.g., idealized geometries, isotropic properties, and stress-free diastolic
reference configurations) have given way to more sophisticated studies, which can include
the presence of calcifications and/or an ILT.°*%5 Nonetheless, most studies continue to
assume an isotropic constitutive behavior despite clear evidence to the contrary.>*5°
Moreover, nearly all prior studies assumed uniform wall thickness and all prior studies
assumed material homogeneity, both of which are unlikely based on available mechanical

and histological data and growth and remodeling computations.®”%® There is clearly a need

for improved computational modeling.*
Fluid mechanics

Computational fluid dynamics (CFD) has been used for several years to identify mechanical
risk factors associated with aneurysmal evolution and rupture as well as to understand flow
characteristics before and after surgical treatments to help the clinical decision-making
process. The flow conditions that might promote the development of ILT are under extensive
research as well. The latest breakthrough was the coupling of CFD with anatomical models
featuring patient-specific morphologies of AAAs, deporting gradually from idealized
geometries designed in computer-aided design (CAD) software.

CFD can provide a list of informative flow properties such as flow and pressure fields,
principal and shear stresses - in variations involving spatial and time averages throughout
the cardiac cycle - or the helicity index that combines velocity and vorticity. With so many
hemodynamic data being available in a patient-specific manner, the progress in identifying
the clinical implications of pathological blood flow was rapid.

Studies into AAA hemodynamics have helped reveal possible biomechanical
mechanisms underlying AAA pathogenesis and progression.®’® Early studies started from
idealized models, e.g., to track the formation and propagation of vortices, and to determine
regions of high shear stresses at the proximal and distal ends of an aneurysm. Finol et al.”’

and Deplanoa et al.”?

studied common asymmetry in AAA, reporting the appearance of
asymmetric vortices, and a relative higher shearing of the posterior wall of the aneurysm,
which is the most prevalent location of rupture. Peattie et al.”> and Salsac et al.”*
demonstrated changes to the flow patterns based on bulge diameter, and Egelhoff et al.”
considered the effects of exercise.

In vivo flow conditions can be far more complicated than flow in simplified aneurysm
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models. Patient-specific computational models have been used to predict possible in vivo
flow patterns and wall shear stress in AAA (Figure 8).”° Patient-specific AAA models have
also been used in studies of fluid-structure interaction,””-’® ILT particle,”®! image
velocimetry,®? and validation of image-based flow modeling.®* Vessel morphology has a
wide variability in AAA and the geometry of the aneurysm and surrounding vasculature is

1.45

critical in determining the hemodynamics. Les et al.*> compared different Eulerian-based

flow measures in multiple patient-specific computational models, and Suh et al.’*%
investigated AAA flow using a Lagrangian-based particle residence time (PRT) measure the
effects of exercise.

Despite all these advances many authors point out that several issues remain regarding
the consistency and reliability of computational results and the mechanical variables used to
characterize the hemodynamic environment, as well as to the analysis of relatively small
clinical datasets. Therefore, challenges such as reproducibility and sensitivities of flow
parameters due to diverse pre-processing inputs like geometries, grid resolution, inflow and

outflow boundary conditions, blood rheology, wall compliance, and solution methods need

to be addressed before CFD is qualified for clinical and industrial use.%
Post-EVAR Numerical Simulations

Endovascular devices are being designed currently by trial and error involving animal testing
and human clinical trials to determine their efficiency. Despite the remarkable advances over
the past 15 years, there are persistent concerns regarding the long-term durability of
endovascular devices. This may be due to deficiencies in device design, which has lagged
behind other industries in adopting computational methods that are now routinely used to
design, develop, and test new aircraft and automobiles. Similar computational design and
failure mode simulations that evaluate performance under stress conditions have not been
widely applied in the development of endovascular devices.®’

Advances in medical imaging and computational modeling now allow simulation of
physiological conditions in patient-specific 3-dimensional vascular models, which can
provide a framework to design and test the next generation of endovascular devices. This
type of modeling will allow the prospective design of devices such that it can withstand the
force variations in the cardiovascular system that occur during bending, coughing, and
varying degrees of exercise, as well as the extremes encountered during sudden impact in

contact sports. Utilization of computational design methodology that takes into
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consideration the physiology of the cardiovascular system will improve future endovascular
devices so that they are safer and more efficient and durable.®’

The persistence of complications, despite the technological advancements, urged
researchers to search for novel ways to understand the reasons behind their occurrence.?*
The ultimate goal is to design complication-free endografts, taking into account the
mechanical challenge of their deployment. The impact of EG implantation on blood flow
can be studied by computational means. ¥ To this end, researchers have managed to
quantify post-EVAR effects harnessing the power of computational methods.’! The
migration of an EG and the occlusion of its limbs are multifactorial events, with
unambiguous biomechanical aspects.”>”* The mismatch of EG and arterial wall compliance
is considered to promote pressure wave reflections.” Morris et al.?® claimed that excessive
hemodynamic variations after EVAR could trigger a catastrophic sequence of events for the
vascular system, based on computational and experimental results. Exploiting the plasticity

of computational models, Molony et al.”’

proposed geometrical enhancements for the aortic
EGs. The fatigue performance of different EG materials is a valuable piece of information
for the medical community and industry.”® Being able to predict deformations during EVAR
is an achievement that might inspire the development of future EG generations.” Despite
that computational studies are promising, the medical community is skeptical about their
validation. There are studies nevertheless showing that experiments and numerical

simulations are in good agreement.'%%1%!
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MOTIVATION AND AIMS

Endovascular aneurysm repair (EVAR) is a reliable method for the treatment of abdominal

aortic aneurysms (AAA) with suitable morphology. EVAR has a lead in favorable short-

term outcomes over open surgery, but both techniques have similar long-term surviva

1.12

Meanwhile, the stent-graft technology is evolving. The improvements already benefit more

and more patients with anatomically challenging aneurysms. However, there are issues

related to EVAR that have not been explored. The motivation of the thesis relies on the

following points:

After EVAR, the endograft establishes a hemodynamic environment that blood is
experiencing periodically in every cardiac cycle.

The literature states that the installation of an endograft alters the hemodynamics
with adverse effects possibly perturbing the functionality of the device itself.

The frequency of postoperative adverse events is variable among the available
endografts (EGs).!0%103

There are endovascular devices for the treatment of infrarenal AAAs with varying
specifications in terms of design and material. It is unknown if the hemodynamic
characteristics are different among the various endografts.

There is a lack of a methodology that can capture the hemodynamic flow within the
endografts, after their implantation, therefore accounting for the positioning of the
endografts in the aneurysmal sac.

Computational studies pursuing the endograft hemodynamics mainly involve limited
number of medical cases. Computational studies are slowly following the example

of clinical studies that employ larger clinical datasets.

Based on the above, the aims of the thesis were the following:

Establish a computational framework that is driven by medical imaging data and can
provide patient-specific hemodynamic analytics. The workflow includes briefly the
reconstruction of medical imaging data, development of anatomical models, grid
generation, numerical simulations and data post-processing.

Fit the computational framework in the context of EVAR thus adjusted to account

for the positioning of the endografts in the aneurysmal sac.



e Apply the workflow in an extended number of patients introducing statistics into
computationally acquired hemodynamic datasets.

e Acquire control data by performing simulations in physiological cases.

e Resolve the hemodynamic performance of 4 commercially available endografts:
Endurant, Excluder, AFX and Nellix. Estimate the efficiency of those endograft in
terms of restoring the hemodynamic properties to the physiological levels.

e Identify potential hemodynamic differences between the endografts that have similar
designs, Endurant and Excluder.

e Estimate the clinical significance of an endograft inducing hemodynamic variations.

The previous aims are pursued by Chapters 2,3 and 4. Chapter 1 is focused on the effects
of intraluminal thrombus (ILT) on aneurysmal blood flow. Specifically, we introduce a
methodology for the modeling of ILT, which is different from the traditional simulation
of the ILT as an elastic structure. ILT is modeled as a porous medium with gradually
smaller permeability following studies that provide histological analysis of the ILT
structure and report permeability and porosity values throughout the ILT thickening

procedure.
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CHAPTER 1
Effect of Intraluminal Thrombus on AAA Hemodynamics

Intraluminal thrombus (ILT) is found in most AAAs.!** There is a global debate regarding
its role in the growth of AAA and whether it offers protection from rupture or vice versa.!®
The ILT structure and its evolving biological and mechanical properties pose a challenge for
developing reasonable mathematical models describing the complex nature of such lesion
and its progression.

The formation of ILT is based on the activation, coagulation and clotting of platelets and
other blood constituents. Tong et al.*, based on preliminary studies, proposed a four-phase
thrombus gradual formation during which the percentage of erythrocytes and leucocytes or
thrombocytes is gradually increasing sustaining a thick fibrin mesh. As ILT is becoming
denser, the erythrocytes disrupt until the complete loss of elastic fibers and myocytes. The
growth of blood clots, like ILT, is regulated by the interstitial blood flow according to
Wufsus et al.! They assumed that a clot generally can be modeled as a porous medium.
They calculated the hydraulic permeability based on the Darcy’s law with known fibrin and
platelet densities and they suggested that hydraulic permeability can vary up to five orders
of magnitude.

Beyond biological models describing the hemostasis/thrombosis, many computational
studies have been developed to simulate thrombus progression. These simulations
demonstrate the gradual thrombus formation in space and time. The more complicated part
is to include in the model the sub-processes during the blood clotting, like the generation of
thrombin on the surface of a platelet, which is taking place in a nanoscale and simultaneously
predict the blood flow in the vessel in the macroscale.!’” In a characteristic study by
Leiderman and Fogelson, the two-way interaction between the blood flow and the growing
platelet mass is modeled by a spatial-temporal mathematical model in terms of fluid
dynamics, coagulation biochemistry and chemical activation of blood platelets.!” The blood
flow was described by a modified version of Navier-Stokes equations in which the Brinkman
term is added to represent the frictional resistance due to bound platelets.

Realistic modeling of ILT is a standard challenge among researchers developing
hemodynamic models of AAAs. The uniaxial tensile properties of ILT were measured and
used for modeling it as a linear isotropic material.'” A hyperelastic isotropic constitutive

relation for the ILT which also resulted from uniaxial tensile test indicated the heterogeneity



of the ILT-composed of three distinct layers with different mechanical properties.'' More
recent work has shown that the luminal layer of ILT behaves as an isotropic material.!?-!!!
Researchers have also proposed models utilizing theory of poro-elasticity or proposed
coupled porohyperelastic mass transport models to describe the impact of ILT on wall
stresses.!!?" 115 Others treated ILT as a structural component with typical solid mechanical
properties. '

The current Chapter details the application of porous media theory to study the effects of
ILT on the blood flow in an idealized fusiform AAA with aortic bifurcation.'!” Porosity and
permeability of a building-up ILT structure varies as indicated by literature histological data.
We demonstrate the disturbed blood flow patterns in the AAA bulge, which possibly trigger
the formation of the ILT, through different stages between its onset and its final, more

compact form.!'® Modeling ILT as a porous medium offers a representative description of

the lesion from a mechanical point of view.
Methods
Mathematical Analysis

We designed a two-dimensional idealized aneurysmal geometry as shown in Figure 9. Since
ILT was experimentally proved to be permeable to fluids, its mechanical behavior is
simulated by a porous medium; i.e. a material consisting of a solid matrix with an
interconnected void space.'!®!"” The fibrous nanostructure of the ILT is part of the solid
phase and blood flows within the void space. Porosity, ¢, of a porous medium is defined as
the fraction of the total volume of the medium that is occupied by the void space.'?® The
steady incompressible blood flow within a porous medium of porosity, ¢, is governed by the
Brinkman-Forchheimer equation accompanied by the continuity equation.!'?! In vector form,
we get the following equations:

Continuity equation

_ (1)

Momentum equation

2)

’
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Blood is modeled as an incompressible fluid, of a given density p. u' is the Darcy

3
u

velocity, is the magnitude of the Darcy velocity and p’ is the intrinsic quantity of the

pressure.'® The effective viscosity is ue and is equal to g, :%, where u is the dynamic

viscosity of the blood. ¢ is the dimensionless Forchheimer coefficient and K is the intrinsic

permeability.

Transformation of Equations and Boundary Conditions

In the Cartesian coordinate system (x',)"), the velocity is #' =u'(u,0). We introduce the

following dimensionless variables:

x! y! u! U! p! (3)
x:7,y:—,u:—,0:—’p—_

=L,
! Uy U Py

where / is a characteristic length and, in our case, is the actual length of the inlet of the
idealized aneurysmal geometry and uo is a characteristic velocity which is equal to the
magnitude of the mean velocity of the blood at the inlet. By substitution of the above
dimensionless variables (3) into the Cartesian form of the equations (1)-(2), we derive the
following coupled dimensionless system of non-linear partial differential equations:

Continuity equation

ou v (4)
+

x-momentum equation

ou  ou op ¢(u u) vl Pl ®)
u—+u—=—¢2—p+— S+ — |- u——=Lu\u® +0’
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y-momentum equation
(6)

2 2 2 2.1
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The origin of the coordinate system was placed in the midpoint of the inlet as is shown in
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Figure 9. The Reynolds number (Re) is defined by the relationship Re = u—ol, where v is the
v

kinematic viscosity of the blood.

In the AAA lumen region, there is no solid matrix to obstruct the blood flow defining
porosity equal to ¢=1. In this way, the Brinkman-Forchheimer equations are converted to
the two-dimensional, steady, incompressible Navier-Stokes equations. In the ILT region
where porosity is 0< ¢<1, the additional terms in the right-hand side of equations (5)-(6) are
preserved and the rest are modified. Specifically, the pressure gradient is now multiplied by
the square of porosity, the second term is the Brinkman term, the third is the Darcy term and
the last is the Forchheimer term. A detailed analysis of the significance of the various terms
can be found in the study of Nield.!?!

We assume that velocity at the entrance has a parabolic profile and that fully-developed

flow is achieved at the outlets (Figure 9). In this way, the dimensionless boundary conditions

are:

. 2

© atthe nlet u(y) :1—[lj ,0=0,-05<y<05 ()

0.5

e at all solid boundaries(wall): u=u=0 (no-slip condition) ®)
e at the outlets: ou _0v —

Qu_2 g, p=0 9

ox  Ox P ©)

ILT

.!75%

Figure 9. Two-dimensional idealized aneurysmal geometry and sketch of the ILT formation in three different
instances with mean porosity of 98%, 75% and 55% respectively.
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Numerical solution

The strong form of the equations (4)-(6) is defined in the above section alongside with the
definition of the appropriate boundary conditions (7)-(9). For the numerical solution of the
system of non-linear partial differential equations, we utilized the Galerkin Weighted
Residual method.'?»!?* In the Galerkin approach, the equations are weighted with
appropriate weighting functions and the sum of the integrals of the resulting residual

equations over each element is equated to zero,

i j WRAA® =0, (10)

where, w is a weighting function, R is the residual differential equation, 4¢ denotes the area
of each element and n° is the total number of elements. We also need a definition of the
spatial variation of the variables u, v and p. The flow domain is divided into quadrilateral
elements and the computational grid is demonstrated in Figure 10. The spatial variation is
described analytically by appropriate bilinear shape functions, N;, for the velocity

components u and v, and linear, M;, for the pressure.

”:iNi”i’ U:ZHZN,-Uiap:iMipi:n:&mZZ" (11)
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By substitution of the above definitions (11) into the equations that are drawn from the
utilization of the Galerkin Weighted Residual method (10) we derive the weak formulation
of the equations (12)-(14). The application of Green’s theorem reduces the differential order
of the equations. The final algebraic system is:

Continuity equation
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y-momentum equation
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where /; denotes the boundary where flux is defined. U and O are assumed to be constants

when formulating the matrices. The equations are defined in the global (x, y) coordinate
system but are transferred to a local (¢, #) one making the methodology applicable in
complex geometries. It is necessary that a direct relationship exists between discrete
variables and the global coordinate location.'?* The first order variations with respect to the
global coordinates must also be expressed in local terms and this can be achieved by the

expressions of the form,

N e a]fav)]  [an,
o5 | |0 0& || ax ox
= = (15)
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where J is the Jacobian of the transformation and can be evaluated explicitly since the local
variation in x and y can be defined. Inverting J to find the global variation in the shape

function, we can re-write,

oN, oN;
o e
=" (16)
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£l on

The inverse of the Jacobian can be found by using standard matrix inversion techniques,
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The only further transformation required is,

dvdy = det JdEdn, (18)
where det/ is the determinant of J with the assumption that it is non-zero and positive and
Xz Xy, ye yq are the metrics of the transformation. The above procedure is thoroughly
described by Somayaji et al.!?* for integration with the Finite Volume method but is also
applicable in the current study. Gauss-Legendre quadrature is used for the numerical
evaluation of the integrals in (12)-(14). After the formation of the element matrices, these
are assembled into a global fluid matrix which is solved using a Gaussian elimination

technique.!'?®
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Figure 10. Structured computational grid of the idealized abdominal aortic aneurysm composed of finite

elements.

Finally, we denote that mesh convergence has been optimized so that the results are not
depended on the size of the grid. Specifically, we calculated the Root Mean Square (RMS)
in the section where the aortic wall is dilated as the development of ILT and the existence of
vortices could potentially make the accuracy of the results vulnerable. So, based on a grid of
12.000 elements we are demonstrating the % RMS error for a grid of 6.000, 3.000 and 1.500
elements respectively. The % RMS error generated by the utilized grid of 6.000 elements is
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less than 1% proving that we have achieved grid independence, Table 1.

Table 1. Grid independence study.

Grid size RMS %

1500 2.51
3000 1.09
6000 0.71
12000 -

Results

The development of thrombus is mainly based on the aggregation of activated platelets and
the entrapment of erythrocytes.!'®* Wufsus et al.!% correlated the fibrin and platelet density
with the permeability of an evolving blood clot. In our case, the porous medium that
simulates the ILT structure is characterized by their proposed range of porosity and
permeability. Specifically, porosity belongs in a range of 0.45<¢<0.98 and intrinsic
permeability in a range of 1.5E-10<K<1.2E-7m’. Reynolds number was set to Re=300,
describing a mean value during the dynamic cardiac cycle.!?” The Forchheimer coefficient
was set to, ¢;=0.1. '?°

Initially, we considered a case of an AAA with fully dilated aortic wall but without ILT
developing in the dilatation region. We modeled blood flow inside the aneurysm by setting,
¢=1 in every region of the idealized geometry, Figure 9. In this way, we didn’t incorporate
the frictional resistance due to the porous medium which represents the ILT structure. The
rationale behind the developing of blood flow in an AAA without ILT was to use the results
for comparison purposes. Subsequently, we activated the porous medium in the ILT region
but kept ¢=1, in the AAA lumen region to preserve the unobstructed blood flow. We
performed consecutive simulations employing increasingly smaller values of porosity and
permeability according to the predefined range.

The case of AAA without ILT showed that, in the dilatation region, a vortex is developing
occupying the greater portion of the aneurysmal bulge. Figure 11 demonstrates the effect of
the macroscale ILT formation on the blood streamlines through different stages between its
onset and its final, more compact, form. It is evident that the vortex is slowly diminishing

while moving towards the neck of AAA with permeability gradually reducing which means
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that the ILT is getting more compact. For a permeability range of 3E-10<K<1.2E-7m?, the
vortex is not altered significantly but surpassing a crucial value of, Ky= 3E-10m?, the vortex
is restricted to the zone proximal to neck and completely vanishes while ILT structure
acquires more condensed formation. The restriction of the vortices shows in a mechanical
way that the ILT is gradually developing and seem to justify the utilization of porous media
theory in the ILT modeling.

The examination of the velocity results showed that blood flow in the AAA lumen region
accelerates with reducing permeability. Figure 12 demonstrates the velocity profiles in the
lumen and the dilated region for an AAA case without ILT and two cases with ILT. Mean
velocity increases by 9.9% and maximum velocity increases by 17.1% comparing the AAA
case without ILT and the case with a fully compact ILT (¢ =0.45, Ks=1.5E-10m?). The results
indicate that blood velocities in the aneurysmal cavity are getting nullified while ILT is

getting more compact.

Streamlines

#=098
K =12E—7nf

$=0.75
K =57E—10nf

#=055
K =33E—10nf —

Reducing porosity & permeability

Figure 11. Contours of the magnitude of the velocity and visualization of blood streamlines in ILT to
demonstrate the impact of reducing intrinsic permeability, K, on the vortex.
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Pressure results in the aneurysmal bulge seem to be of great interest. Maximum pressure
decreases by 7.17% and mean pressure decreases by 5.62% inside the dilated region
comparing the case of AAA without ILT and the case of a compact ILT (¢ =0.45, Ks=1.5E-
10m?), Figure 13. An interpretation could be that the gradual formation of the ILT is having
a cushioning effect with possible extensions to the aneurysmal expansion rate and the rupture
risk. On the other hand, results indicated that in the ILT zone close to the neck of the
aneurysm, pressure is increased by 9.87%. So, the ILT development seems to relocate the

position where the maximum pressure is observed from the region distal to the region

proximal to neck.
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Figure 12. u-velocity profiles at x-direction in the axisymmetric dilatation region for different values of
intrinsic permeability, K.

Discussion

Many researchers develop models of AAAs focusing on biomechanical properties like the
potential rupture site and not necessarily with the microscopic subprocesses taking place in
the ILT structure. Different ILT modeling approaches, however, might predict different
values of the biomechanical properties.''*> Modeling ILT as an elastic material limits the
interaction of blood - ILT on their interface by using the computed lumen pressure as a
boundary condition for a solid mechanics analysis of ILT.®!128 This approach does not

engage the fluid flow through ILT which was also a goal for Ashton et al.!*® On the other

30



hand, studies describing ILT as a poroelastic material neglect to report the fluid behavior,
e.g. recirculation zones, and focus their attention to the pressure distribution in the
poroelastic material.!'>!13 Generally, modeling thrombus as a porous medium through which
pressure is transmitted seems to be more representative than modeling it as a solid structure,
as initially proposed by several researchers.!%>1913% Fyrthermore, there is a lack of a
computational approach that incorporates a macroscale at least description of the ILT
formation.

The interaction of biochemical and biomechanical properties is a significant factor
leading to the genesis and development of ILT. Many computational studies of
hemodynamic flow in idealized or patient-specific aneurysmal geometries suggest that
disturbed hemodynamics, like vortical structures, are developing and propagating inside the
AAA cavity during the cardiac cycle. %1313 The recirculations set up a viable mechanism
that can explain the formation and growth of the ILT, according to several researchers.””-”-
8L133 Qpecifically, recirculations are favorable regions to platelet activation where the high
shear stresses may be active for long enough. The activated platelets adhere at regions of
low wall shear stresses posing the foundation of the lesion.” The luminal blood flow feeds
the fresh fibrin-dominated matrix with new blood cells. The volume increase of ILT is also
correlated with the enhanced blood particles residence time inside vortical structures, as
explained by Basciano et al.!** The ongoing deposition and entrapment of blood constituents,
mainly eryrthrocytes, inside the fibrin mesh leads to a reduction of the vortices and a parallel
decrease of the ILT fibrin structure permeability during time. The results provided by our
model showed that the vortices inside AAA bulge are gradually diminishing and stop
developing after a crucial value of permeability. A comparison of our results with the
processes that are believed to lead to ILT initiation and development justify the utilization
of the porous media theory. Similar results regarding the ILT formation are also indicated
from histological investigations.

There is a debate whether the presence of ILT offers protection to the AAA as Thubrikar

explains.’** Schurink et al.'*® and Hans et al.!3®

claim that there is no significant
differentiation between lumen pressure and pressure within the ILT which can be explained
by the fact that ILT is permeable to fluids. However, a question of great significance is which
are the differences of blood pressure in AAAs cases with ILT under development and
without ILT at all? An answer to this question could explain whys AAAs without ILT seem

to be more prone to rupture.''® Our analysis showed that mean pressure is reducing through
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the ILT establishment procedure. So, by a fluid mechanics point of view, we can speculate
that the aneurysm is more protected under the presence of ILT. On the other hand, very
interesting is the fact that pressure in the zone proximal to the neck is increasing. It seems
that while ILT is getting more condensed, a rupture event might take place in the upper
region of the aneurysm, closer to the neck. This finding might be important as Li et al.'*’
suggest that highest value of wall stress does not occur strictly at the maximum AAA
diameter but more likely in its neck or shoulder. The induction of disturbed hemodynamic

flow may cause changes in the neck and shoulder regions as predicted by Wilson et al.!*8
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Figure 13. Dimensionless pressure, p, distributions in ILT.

The results suggest probable clinical implications that more studies are required to
confirm them. The decreasing ILT permeability values, i.e. the modeling of the gradual ILT
formation, resulted in the decrease of blood pressure in the ILT structure. Pressure reduces
significantly compared to the AAA case without ILT. On the other hand, it is highly possible
that the degradation of the AAA wall, and eventually its rupture, may have its source in the
ILT. So, the emergence and formation of the ILT may decelerate but eventually may induce
a rupture event.

The permeability of ILT is inhomogeneous based on the different layers observed in that
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structure (luminal, medial and abluminal). In our computations, we utilized a mean value of
porosity and permeability over the ILT, like Polzer et al.''> Moreover, the mathematical
model does not engage the interaction of the porous medium (ILT) with the aortic wall. Other
mechanisms, such as the gradual wall weakening that usually accompanies AAA and ILT
formation are not included in the current study. Advanced three-dimensional fluid structure

interaction modeling of blood flow through a porous medium (ILT) is a future aim for our
group.
Conclusions

The conventional approach to model ILT is as an elastic structure. The disadvantage is that
in this way the interaction of blood flow with the ILT is limited to the surface of ILT. The
type of modeling affects the calculations, with the possibility that the numerical simulations
predict a different mechanical response of ILT than the actual one occurring in vivo.
Histological analyses have shown that ILT is permeable, especially in the initial phases of
its formation. Based on the literature, we introduced a type of ILT modeling with attached
permeability and porosity properties enabling a macroscale simulation of ILT thickening
procedure. Our simulations predict the development of a recirculation zone that is restricted
to the shoulder of the aneurysm while ILT is thickening, exactly as described theoretically
in the literature. The pressure at the surface of the ILT decreases during its initiation,
formation and maturation offering probably protection to the aneurysm. A clinical
implication suggested by the study is that an aneurysm might be more prone to rupture when

ILT is fresh contrary to when ILT is mature.
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CHAPTER 2
Physiological vs Postoperative Blood Flow

The deployment of an EG likely alters the hemodynamics, which might adversely affect its
performance.'3° The clinical significance of the altered hemodynamics needs to be evaluated,
with the inclusion of the largest possible number of patients. A step in this process is the
comparison of physiological and endovascular repaired blood flow, which is pursued by the
current study. ¥+1*0 Combining computational fluid dynamics (CFD) with patient-specific
models and statistics, we attempted to define the flow characteristics that deviate
significantly from their physiological values after EVAR. The hemodynamic performance

of the Endurant® (Medtronic, Santa Rosa, CA, USA) stent-graft system is explored.

Table 2. Basic geometrical characteristics of the AAAs and specifications of the corresponding EGs in mm.

Lumen AAA Main body Right limb  Left limb

Patient A Gioieter  diameter  diameter diameter diameter
EN1 80 37 51 25 16 16
EN2 61 32 52 25 16 16
EN3 75 45 64 28 16 16
EN4 79 43 58 25 20 16
ENS 76 35 53 28 20 16
EN6 75 39 56 36 16 16
EN7 60 39 50 32 20 20
ENS 86 32 51 36 16 20
EN9 68 33 50 25 20 20

EN10 79 42 50 25 20 16




Methods

The computed tomography (CT) scans of ten (10) male patients were obtained before and
one month after EVAR by a 16-slices CT system with intravenous injection of contrast agent
(0.75-2.0 mm slice thickness, 120KVp, 366 mA). The patients had been suffering from AAA
and underwent implantation of an Endurant stent graft system at the University Hospital of
loannina, Greece. The volume rendering of the AAAs pre- and post-operatively are
demonstrated in Figure 14 preoperatively and in Figure 15 postoperatively. The basic
geometrical characteristics of the AAAs preoperatively and the specifications of the

corresponding EGs are summarized in Table 2. The five healthy abdominal aortas derived

Figure 14. 3D representation of the AAAs that patients involved in the study had been sufferimg from.
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from male patients that had no sign of aneurysmal disease and underwent CT angiography
for an irrelevant reason. Their maximum infrarenal diameter was around 20mm in all cases.
The current work has been approved by the ethical committee of the University of loannina,

and the participants gave written consent for further utilization of their imaging data.
Modeling

The geometrical coordinates of the healthy, aneurysmal and repaired abdominal aortas and
common iliac arteries were extracted from the CT scans.!*! The parallel two-dimensional
DICOM images were converted into three-dimensional models using the image processing
and reconstruction software Mimics (Materialise, Leuven, Belgium). The models of the
Endurant and Excluder endografts, as positioned in the corresponding AAAs, are displayed
for all cases in Figure 16. The models were restricted to the EG interior space (no extension
to the suprarenal abdominal aorta or the native iliac arteries) while the preoperative and
control models (healthy aortas) included only the lumen between the renal arteries and the
iliac bifurcation. Smaller arteries, such as the lumbar and the inferior mesenteric, were not
taken into account. The three-dimensional geometries were meshed with tetrahedral
elements by the software package ICEM CFD (Ansys Inc., Canonsburg, PA). The meshes
consisted of 0.35 to 1.1 million cells. For selected cases, mesh independence tests were
carried out. The size of the mesh was successively increased until pressure and velocity were
altered less than 2% between the tests.!* The proper time step size was determined
respectively.”

The numerical simulations were performed in the software package Ansys Fluent (Ansys
Inc., Canonsburg, PA). Blood was considered as a Newtonian fluid with density, p=1050
Kg/m?and kinematic viscosity, v =3.2x10® m%/s. The unsteady and incompressible blood
flow is governed by the coupled non-linear system of continuity and Navier-Stokes partial
differential equations:

V-u=0,
g—l;jt(u-V)u—vVZqu%VP:O,
where u is the velocity vector, v is the kinematic viscosity, p is the density and P is the blood

pressure.
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Figure 15. 3D representation of the stented AAAs one month after EVAR with the Endurant stent-graft
system.

The no-slip condition was applied to the surface of the lumen, following the rigid wall
assumption. The boundary conditions at the inlet and the outlets were based on the flow and
pressure measurements of Olufsen et al.'**, that were also employed by Xenos et al.'*,
Specifically, at the inlet, a physiological pulse pressure condition was applied in all cases
while, at the outlets, the extracted volume output was divided by the variable (among
patients) outlet areas, determining the appropriate pulsatile velocity waveforms. Spatially at
the outlets, we imposed a parabolic velocity profile that followed the direction of the
upstream.

The governing partial differential equations of blood flow are discretized with the Finite
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Volume method. The resulting system of algebraic equations is solved in every cell of the
mesh. The cardiac cycle was considered to last 0.7s divided into 200 sub-divisions with a
fixed time step of At =0.0035s. A residual error equal to 10-5 determined the achievement
of convergence to the solution per time step. The simulations were performed for two cardiac
cycles in two Intel Xeon processors (E5645, 2.40GHz, 1 2MB Cache, 5.86GT/s Intel QPI)
of'a Dell™ Precision™ T7500 workstation. We exclusively utilized the results of the second
cardiac cycle avoiding any dynamic disturbances of the numerical solution during the first

one. The workflow is summarized in Figure 17.
Hemodynamic properties and measurement zones

The properties of blood flow were measured and compared in two regions of interest (ROI):
a) the abdominal aorta and b) the iliac arteries. The preoperative models guided the
specification of the abdominal and iliac part of the corresponding EG models, as indicated
in Figure 18.

The following hemodynamic properties were measured: maximum WSS, pressure drop
and maximum velocity at peak systole and mean helicity at mid-diastole. Helicity is a scalar
quantity that measures the intensity of helical motion and is defined as the inner product of
velocity and vorticity with units of m/s?.!*:14¢ For the representation of vortical structures,
the A2-method was employed. The critical value, Azcr, for the implementation of the method
was equal to -20s%, in line with Biasetti et al.*® According to the method, a vortex develops
in a region of the flow around a local minimum pressure. Pressure drop was defined as the
difference between the absolute pressure calculated at points intersecting the centerline and

the cross-sections that bound the ROI.

EN1 EN2 EN3 EN4 ENS EN6 EN7 ENS8 EN9 EN10

Endurant

Figure 16. Models of the Endurant and Excluder models after EVAR that derive from image reconstruction
of postoperative CT scans.
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Statistical analysis

The hemodynamic data are presented with their mean value (MV) and standard error (SE).
The statistical significance of the groups was determined by Student’s t-tests, performed in

Matlab (MathWorks, Natick, Massachusetts, USA). A value of p<0.05 determined statistical

significance.

Collectionand * Mimics e Gambit - Ansys . Ansys Comparison ?f
sorting of *» VMTK . ICEM FLUENT CFD post herr_10dynam|c
medical data e ITK-snap indexes

Figure 17. Graphical representation of the computational workflow that is fed with computed tomography
scans and can deliver flow properties in patient-specific AAA geometries.

Results
Wall Shear Stress

The maximum values of WSS at the abdominal aorta and iliac arteries ROI are presented in
Figure 19a. Based on the numerical solution, there was an insignificant decrease in
maximum WSS at the abdominal part of the EG compared to the physiological value. The
calculations however at the iliac part, showed a significant reduction of the maximum
postoperative WSS, compared to the physiological value (MV+£SE: 8.7+0.5 Pa vs. 16.8+1.4
Pa, p=0.01). The contours of WSS, displayed in Figure 20, show that WSS remains high for
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the normal cases, whereas lower values with more fluctuations are observed in the stented

cases.
Helicity

According to the numerical simulations, at the abdominal part of EG, the mean helicity was
found to be higher than the normal value, but the variation was not statistically significant,
Figure 19b. A concentration of helical structures was observed cephalad to the graft
bifurcation, as indicated by the representation of helical structures along with streamlines in
indicative stented cases at mid-diastole, Figure 21. At the iliac part of the EG, the intensity

of helical flow is close to the physiological measurements, Figure 19b.
Pressure

The average postoperative pressure drop, calculated at the abdominal part of the EGs, is
lower than the normal value, but the variation was not statistically significant. On the other
hand, at the iliac part of the EG, the pressure drop was significantly lower than the average
value observed in the physiological iliac arteries (MV+SE: 0.7£0.1 mmHg vs. 2.5+0.4
mmHg, p=0.04). The MV of systolic pressure drop is presented for both groups in Figure
19¢. The contours of pressure at peak systole are displayed for representative normal and
postoperative cases in Figure 22, indicating the existence of lateral pressure gradients in

regions where recirculation zones are located.

preoperative postoperative
Y -« =)
) © b ) ~ 'Y
Lo © 2 @ - | 2 \
common cross sections abdominal part iliacs part

regions of interest

Figure 18. The specification of ROI in the postoperative models was achieved with the help of the
preoperative ones. The cross-section at the aortic bifurcation of a preoperative model is shared with the
corresponding postoperative one, separating the regions of the EG that reside in the infrarenal abdominal
aorta and iliac arteries.
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Velocity

The patient-based simulations revealed that maximum velocity decreases after EVAR. The
statistical analysis, however, indicated that the variation between the postoperative and
normal values was significant only in the iliac arteries ROI (MV+£SE: 0.7+0.02 m/s vs
1.1£0.1 m/s, p=0.04). The average values are presented in the chart of Figure 19d. The
streamlines depicted in the left panel of Figure 21, indicate a concentration of recirculation

zones prior the EG bifurcation, as mentioned in the helicity results as well.
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Figure 19. MV and SE of, a) max WSS, b) mean helicity, c) pressure drop and d) max velocity, calculated in
the ROI of the physiological and postoperative cases. The asterisk (*) indicates statistically significant
variation (p<0.05).
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Discussion

EVAR is one of the prevailing techniques for dealing with AAAs. Moving towards
personalized treatment, a significant milestone is the identification of the hemodynamic
impact of commercial EGs. Knowing their hemodynamic features, clinicians could make

decisions based on the hemodynamic specifics of each patient. The occurrence of
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Figure 20. WSS contours at peak systole for indicative physiological and postoperative cases.

postoperative complications such as EG migration, endoleaks, limb occlusion, limb
thrombosis and repressurization of the sac, might also be associated with the deviation of
endovascular repaired from physiological blood flow. To this end, the combination of CFD
and medical imaging could unravel underlying processes that experiments are not always
able to replicate. The numerical simulations have exponentially increased their impact while
being validated by experimental measurements.*

Our objective was to test through numerical simulations whether the geometries of
endovascular repaired aortas induce significantly altered hemodynamic flow compared to
the geometries of healthy aortas. The numerical simulations can be considered as a

“computer-generated experiment” that restricts the degrees of freedom to a single parameter,
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the complexity of the geometry, justifying the application of common boundary conditions
among the cases. The statistical comparison of the hemodynamic indexes could highlight
possible disturbances that the lumen remodeling (due to the graft implantation) causes on

blood flow. In this direction, Frauenfelder et al.'*’ have also taken advantage of CFD

streamlines helical structures

Figure 21. Streamlines and helical structures at mid-diastole for three representative postoperative
cases in the left and right panel respectively. The intense concentration of helical structures and
recirculation zones cephalad to the EG bifurcation is depicted in the middle.

simulations to study blood flow before and after EG implantation. In the present study, we

employed additional hemodynamic parameters, performing statistical comparisons between

44



physiological and postoperative flow data.

The shear stresses, in general, have a rich clinical background. A physiological profile of
shear stresses can impede atherogenesis, thrombosis, adhesion of leukocytes, smooth muscle
proliferation and endothelial apoptosis.'*® Contrariwise, the parallel action of high and low
shear stresses at the aortic wall in connection with irregularities of the lumen geometry, could
trigger the activation and consecutively the adhesion of the platelets. The ILT deposition in
a major percent of AAAs has been examined through the prism of WSS distribution.”-31:14
For the context of stented cases, the presence of low shear stresses might lead to in-stent
restenosis and possibly limb occlusion that in turn will force the patient to undergo re-
intervention.'*® So, the significant deviation of peak shear stresses at the iliac part of the EG
is a finding that might have a clinical interpretation, worth to be studied in more depth.

The helical flow, existing in several areas of the arterial and venous systems, has been
reported to play an active role in facilitating blood flow transport, suppressing disturbed
blood flow, preventing the accumulation of atherogenic low-density lipoproteins on the
luminal surfaces of arteries, enhancing oxygen transport from the blood to the arterial wall
and reducing the adhesion of blood cells on the arterial surface. For more details, the
interested reader could consult the comprehensive review of Liu et. al.!*® The application of
Ah2-method and the estimation of helicity levels offer a quantitative method for the detection
of vortical structures. Based on the results, there is an increase of mean helicity in the
abdominal part of the EG (but not statistically significant), which might be due to the
noticeable concentration of helical structures and recirculation zones before the graft
bifurcation.®® Contrariwise, the measurements indicate that the helical flow is restored in the
iliac part, highlighting in this respect the positive reaction of blood flow to the graft
implantation.

Pressure drop drives blood flow. Deviation from physiological measurement could lead
to disturbed flow. For instance, low pressure drop might be an indicator of the deceleration
or even stagnation of blood flow, which has been primarily observed in aneurysmal regions.
In our case, the results showed that in the abdominal part of the EG, pressure drop
measurements are close to the physiological ones, which is a point in favor of the Endurant®
EG. On the other hand, the calculated pressure difference in the iliac part is much lower than
the normal one, suggesting that there is room for improvement. A relative conclusion can
also be drawn from the velocity measurements, which happen to be lower than the normal

ones in the iliac part of the EG as well. Further experimental and clinical studies are
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necessary to explore the clinical importance of the present hemodynamic observations.

Pressure

98.03

97.92

9781

9771

9760

h " I ” g4
o1C ] 9727
pnysiologica g
96.94

9683

9673

96,62

96,51

96,40

9629

97.38

©
~
B

>_ postoperative

8B828BEINT
RENZNRESIN

3
3
I

)

AYWAW.S

Figure 22. Pressure contours at peak systole for indicative physiological and postoperative cases. Lateral
pressure gradients exist in regions where recirculation zones were detected.

The elastic properties of the graft material were not taken into account (the surface of the
lumen was modeled as rigid). Respectively, the control models did not involve the arterial
wall. Even though the patients did not have any sign of insufficient blood supply or
unregulated arterial pressure, the application of patient-specific boundary conditions would
be more appropriate. Blood could be modeled as a non-Newtonian fluid, separating red blood
cells from plasma, which were considered in the current study as a single continuum
medium. Finally, the cohort is relatively small (ten patients and five healthy volunteers)

limiting our capability to infer undeniable clinical outcomes.
Conclusions

The clinical efficiency of EVAR is proven but it is unknown if blood completely restores to
physiological levels. The combination of image reconstructions, CFD and statistics can
provide a specific answer to the question from a biomechanical point of view. The applied
workflow takes into consideration two factors that are considered to affect the postoperative
hemodynamic conditions, the type of the endograft and the patient-specific post-
implantation configuration of the endograft. The current study discusses the hemodynamic

performance of the Endurant stent-graft system, comparing the postoperative blood flow
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indexes to physiological ones, based on a cohort of patients. Blood flow in the part of the
Endurant endograft that resides in the pathological infrarenal aorta seems to acquire
physiological characteristics while statistical deviations were observed in the iliac limbs. In
the main body of Endurant, there is a dense localization of helical structures as proposed by
the increased helicity intensity index. The current study paves the way for the more active
integration of numerical simulations in the field of endovascular devices. More patients need

to be examined to assess clinical implications with more certainty.
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CHAPTER 3
Endurant vs Excluder

Endurant (Medtronic Vascular, Santa Rosa, CA, USA) and Excluder (W.L. Gore &
Associates, Flagstaff, AZ) are reliable EGs with increased levels of safety and effectiveness.
Clinicians frequently discuss the role of hemodynamics in the occurrence of
complications.'>"'>3 However, there is not a clear picture about the hemodynamics in the
particular EGs. In this Chapter, we defined the flow characteristics that are significantly
different between Endurant and Excluder cases. The results derive from twenty patient-based
simulations incorporating in the statistical analysis the positioning variability among the
EGs. The belief that two EGs with similar commercial specifications probably share

common hemodynamic features is questioned.
Methods

Ten patients with an Endurant EG and ten patients with an Excluder EG were selected from
a large cohort. The existence of an infrarenal fusiform AAA, without extension of the disease
in the common iliac arteries, had been diagnosed in all cases. The two groups of patients
were matched with respect to the following morphological characteristics of the
corresponding AAAs: neck length, neck diameter, suprarenal and infrarenal angle, aorta
length, right and left iliac length, right and left iliac diameter, neck diameter to right iliac
diameter, and neck diameter to left iliac diameter (Table 3). The measurements were carried
out in the medical imaging software 3mensio (Pie Medical Imaging BV, Maastricht, The
Netherlands).

Endurant and Excluder are both modular bifurcated graft systems with nitinol stents and
wires. The former is composed of high-density polyester fabric and the latter of expanded
polytetrafluoroethylene. The specifications of the given Endurant and Excluder EGs are
reported in Table 4 and 5.

The preoperative and postoperative (one month after surgery) computed tomography
(CT) scans had been obtained from a 16-slices CT with intravenous injection of contrast
agent (0.75-2.0 mm slice thickness, 120KVp, 366 mA). The protocol and the informed
consent were approved by the Institutional Review Board of the University of loannina, and

all subjects gave informed consent for the use of their screening data.



Table 3. The morphological characteristics of the AAAs of the patients treated subsequently with Endurant
and Excluder endografts (in mm and degrees for angles) were matched between the two groups (p>0.05).
The statistical significance was determined with t-tests.

Anatomical metric Endurant Excluder p-value
Neck length 20.0£6.0 26.6+8.2 0.06
Neck diameter 24.8+3.1 22.6+2.1 0.09
Infrarenal angle 21.4+9.0 20.5+13.6 0.9
Suprarenal angle 19.5+10.0 16.9+8.4 0.5
Aorta length 105.9+16.1  117.349.3 0.07
Right iliac length 65.9+8.4 67.7+£16.9 0.8
Right iliac diameter 15.5+£2.0 13.7+£2.0 0.06
Neck to right iliac 16403 174022 0.7
Left iliac length 70.249.0 70.7+£14.7 0.9
Left iliac diameter 14.4+2.2 14+2.7 0.7
Neck to left iliac 17402 16402 0.4

diameter

Modeling

The two-dimensional DICOM images were converted into three-dimensional models with
the software package Mimics (Materialise, Leuven, Belgium). The reconstructions were
restricted to the interior of the EG. The surface of the lumen coincides with the surface of
the EG postoperatively. However, the thickness or the material properties of the EGs were
not taken into account. The three-dimensional geometries were meshed with tetrahedral
elements with the software package ICEM (Ansys Inc., Canonsburg, PA). The optimal mesh
size was determined by grid independence tests, carried out in regions of expected disturbed
flow. Specifically, the mesh was successively being increased until pressure and velocity

were altered by less than 2% in the surrounding region of the EG bifurcation.'#?
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Table 4. Geometrical specifications of the implanted Endurant EGs (in mm).

Patient Main body Right limb Left limb

diameter diameter diameter
EN1 25 16 16
EN2 25 16 16
EN3 28 16 16
EN4 25 20 16
EN5 28 20 16
EN6 36 16 16
EN7 32 20 20
ENS 36 16 20
EN9 25 20 20
EN10 25 20 16

The numerical simulations were performed in the software package Ansys Fluent (Ansys
Inc., Canonsburg, PA). Blood was considered as a Newtonian fluid with density, p=1050
Kg/m?, and kinematic viscosity, v =3.2x10° m?/s. The no-slip condition was applied to the
surface of the EG, following the rigid wall assumption. A physiological pulse pressure
condition was employed at the inlet and a physiological flow rate condition was employed
at the outlets, as reported by Olufsen et al.!* A residual error equal to 10~ determined the
convergence to the solution per time step. A trial simulation showed that two cardiac cycles
were sufficient for the elimination of possible dynamic disturbances of the numerical

solution.
Hemodynamic properties and measurement zones

The following hemodynamic properties were measured: maximum WSS and velocity at peak
systole, and mean helicity at mid-diastole. The magnitude of the displacement force was
calculated in various time instances throughout the cardiac cycle (the term magnitude will
be implied in the subsequent references to the displacement force). The displacement force

is the combination of pressure and WSS.?’ Helicity is a scalar quantity that measures the
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intensity of helical motion, defined as the inner product of velocity and vorticity.'*® For the
representation of the helical structures, the A>-method was employed, in accordance with

Biasetti et al.’°

Table 5. Geometrical specifications of the implanted Excluder EGs (in mm).

Patient Main body Right limb Left limb

diameter diameter diameter
EX1 23 16 16
EX2 28 16 16
EX3 23 14 14
EX4 28 14 14
EX5 28 14 16
EX6 28 20 20
EX7 23 20 16
EXS 23 16 16
EX9 31 16 16
EX10 26 14 16

The hemodynamic properties were evaluated in three regions of interest (ROI): a) part of the
main body, 3cm above the EG bifurcation; b) upper part of the limbs, 4cm below the EG
bifurcation; and c) lower part of the limbs, 4cm above the ends of the EG (Figure 23). The
lengths were defined such that the ROI exist in all cases and do not overlap in each case

separately.
Statistical analysis

The statistical significance of the hemodynamic variations between the Endurant and
Excluder groups was determined by Student’s t-tests. The analysis was performed in Matlab
(MathWorks, Natick, Massachusetts, USA) and a value of p<0.05 was considered to

determine statistical significance. The hemodynamic properties are presented with their
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mean value (MV) and standard error (SE) for all the ROI in Endurant and Excluder cases in

Figure 24.
Reference points and zone | main body l | upper limbs | | lower limbs
lengths
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Figure 23. Schematic definition of the ROL Part of the main body, 3cm above the bifurcation, the upper part
of the limbs, 4cm below the bifurcation and lower part of the limbs, 4cm above the distal end of the EG.
Diagrams of pulse pressure and flow rate conditions applied at the inlet and the outlets respectively.

Results
Wall shear stress

According to the numerical results, the Excluder generates higher WSS on the main body
(MV=SE: 10.8+1.0 Pa vs 4.5+£0.2 Pa, p=0.01), the upper part of the limbs (MV=£SE: 12.4+0.8
Pa vs 7.3+£0.2 Pa, p=0.02) and especially the lower part of the limbs (MV+SE: 17.7+0.5 Pa
vs 8+0.5 Pa, p=0.001) compared to Endurant (Figure 24a). The contours of WSS for
representative cases highlight the smooth WSS distribution on the Endurant structures
(Figure 25). Spatially fluctuating WSS zones were observed below the bifurcation of the

Excluder cases, extending along the lower part of the limbs.
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Velocity and helicity

The variation of maximum blood velocity between Endurant and Excluder cases (Figure
24b) was significant in the main body (MV=£SE: 0.4+0.01 m/s vs 0.51£0.01 m/s, p=0.04),
the upper part of the limbs (MV+SE: 0.52+0.01 m/s vs 0.68+0.02 m/s, p=0.01) and the lower
part of the limbs (MV+SE: 0.66+0.02 m/s vs 1.0+0.02 m/s, p=0.004). The biggest difference

of maximum velocity between the two groups occurred in the lower part of the limbs.
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Figure 24. The mean value and standard error of a) maximum WSS, b) maximum velocity, ¢c) mean helicity
and d) displacement forces in all ROI. e) Displacement forces at indicative time instances throughout the
cardiac cycle at the lower part of the limbs. The asterisk indicates statistical significance (p<0.05).

The projection of velocity in x- and y-direction indicated that there are focal points of
secondary flow, mainly in the main body of Endurant and in the limbs of Excluder (Figure
26). The combination of velocity contours and streamlines on a cutting plane for
representative Endurant and Excluder cases highlight the development of a larger
recirculation zone in the main body of the Endurant compared to the Excluder case, followed
by smaller ones in the upper part of the limbs at mid-diastole (Figure 27). The flow in the
upper part of the Excluder limbs seems to be more streamlined. At the systolic phase, the
flow is streamlined for both EGs.

The intensity of the helical flow is maintained at similar levels in all ROI of Endurant and

Excluder cases, as justified by the non-statistically significant variation (Figure 24c).
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Helicity was modestly increased in the main body and the upper part of the limbs of Endurant
compared to Excluder. The reverse was observed in the lower part of the limbs where
Excluder features increased helicity compared to Endurant. The vortical structures that take
form in the late systole and propagate during diastole are depicted throughout the cardiac
cycle in Figure 28. In the upper part of the Excluder limbs right below the flow divider, there

is a zone where helical structures seem to disintegrate but are reintegrated lower at the limbs.
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Figure 25. WSS spatial distribution at peak systole for representative Endurant and Excluder cases.

Displacement force

The variation of the displacement force, acting on Endurant and Excluder models at peak
systole, was significant only in the lower part of the limbs (MV=£SE: 4.3+1.2 N vs 7.2+0.7
N, p=0.03). For both EGs, the stronger displacement force was found at the lower part of the
limbs, compared to the rest ROI (Figure 24d). The displacement force at the lower part of
the Endurant and Excluder limbs were calculated in additional time instances throughout the
cardiac cycle (Figure 24e), besides peak systole. The results indicated slightly stronger
displacement force for the Excluder cases. The variation of displacement force with time,
approximated by trend lines for both EGs (Figure 24e), corresponds to the pressure wave

during the cardiac cycle (Figure 23).
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Discussion

The combination of image reconstructions and CFD has boosted the research in the medical
field of endovascular therapy.'*° Numerical simulations could assist with minimal resources
in identifying the cause of the common complications and in outlining the hemodynamic
features of the existing EGs.’ However, there is a large distance to be covered before a robust
numerical tool, qualified for clinical and industrial use, is released. The increase of their
reliability can be achieved through validation, escalation of modeling complexity, and close
cooperation of engineers and doctors.®¢

In this study, we attempted to delineate the hemodynamic differences between Endurant
and Excluder EGs. The two EGs have a similar pre-installation design, but the post-

implantation configuration has a direct effect on the blood flow conditions. To this direction,
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Figure 26. Focal points of secondary flow at mid-diastole for representative Endurant and Excluder cases.
In red boxes, the visualization of the component of velocity in x direction. In green boxes, the visualization of
the component of velocity in y-direction. Intense secondary flow in the main body of Endurant and the limbs
of Excluder.

56



we developed patient-specific models based on postoperative imaging data and not custom
models based on commercial characteristics that would not reflect the post-implantation
configuration of the EGs. However, an EG adapts to the morphology of the AAA in which
it is installed. By taking matched groups with respect to the AAA morphological
characteristics, we effectively excluded the effect of AAA morphology and preserved the
effect of EG positioning (Table 3). The core idea behind the study was to evaluate the
hemodynamic response of two different EGs when installed in similar AAAs.

WSS is suspected of revealing thrombogenicity potential when specific conditions are
met. Zones of increased WSS followed by zones of decreased WSS combined with a steep
increase of the diameter are considered to promote the initiation of thrombus formation. The
platelets might be activated in the former zones and adhere to the local bulge of the latter
zones where recirculations possibly develop.”>*!3* According to the numerical simulations,
the Excluder structures reveal such zones (Figure 25), where in one of the two limbs for each
representative case, a zone of high (red) WSS succeeds a zone of low (blue) WSS where a
local increase of the diameter is apparent. However, it is important to note that the maximum
WSS was found to be lower in the Endurant limbs (both upper and lower parts) and that
Excluder induces higher blood velocity in all ROI.

The role of helical flow in the human circulatory system, developing primarily in the
bigger arteries and veins, is under research. According to the review of Liu et al.'*°, helical
flow suppresses disturbed blood flow, prevents the accumulation of atherogenic low-density
lipoproteins on the luminal surfaces of arteries, enhances oxygen transport from the blood
to the arterial wall, and reduces the adhesion of blood cells on the arterial surface. There is,
however, evidence of the contrary arising from the migration of red blood cells from the
near-wall region, causing a lowering of wall hematocrit.'** Even though the helicity levels
do not vary between Endurant and Excluder, a concentration of helical structures was
observed in the main body of Endurant structures, and a reduction of helical structures was
observed in the upper part of Excluder limbs (Figure 28).'>> The former observation in
connection with the concentration of recirculation zones and the deceleration of blood flow
in Endurant was addressed by Nelson et al.'’® as parameters that promote the in-graft
accumulation of thrombus.?* On the other hand, the smaller concentration of recirculation
zones in the main body along with the higher velocity, gives the impression that Excluder
facilitates blood flow, which might, however, come at the cost of the previous observations,

i.e. WSS, forces and helical structures in the upper part of the limbs. Finally, the
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ENDURANT EXCLUDER

Figure 27. Contours of velocity magnitude and surface streamlines on a plane for an Endurant and an
Excluder case. At peak systole, blood flow is streamlined for both cases. At mid-diastole a larger
recirculation zone, followed by smaller ones after the flow division.

representation of focal points of intense secondary flow (Figure 26) confirms the previous
remarks showing that in Endurant, the secondary flow is more intense in the main body while
in Excluder, the secondary flow is developing mainly in the limbs.

The displacement forces are possible to predict, EG migration phenomena.’>%%14%157 In
this direction, we reported the forces that apply to the surface of the ROI, comparing them
between the Endurant and Excluder postimplantation models. The displacement forces were
calculated at peak systole since the forces are essentially the combination of pressure and
WSS, the latter being many orders of magnitude smaller than the former. We reported the
forces in a dynamic way to show that the forces follow the pressure distribution during the
cardiac cycle. The direction of the forces coincided with the direction of the blood

mainstream with a minimal deviation between the cases, probably due to the uniformity of

the initial morphological characteristics of the aneurysms. Based on the numerical
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simulations, the only statistical variation of the forces was observed in the lower part of the
limbs that might be of clinical interest.

The current study does not involve the interaction of blood flow with the EG or the arterial
wall. The patients did not have any sign of insufficient blood supply, and their arterial
pressure was regulated postoperatively. However, the application of patient-based boundary
conditions would be preferable. Despite that the Newtonian model is an acceptable
approximation of blood flow in large vessels, the non-Newtonian model is more accurate as
it captures the dependence of blood viscosity and shear rate. Finally, the sample of patients

in this study is relatively small to infer unquestionable clinical implications.
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Figure 28. Evolution of helical structures throughout the cardiac cycle for representative Endurant and
Excluder cases. Formation of helical structures during the deceleration phase and propagation during
diastole.

Conclusions

Endurant and Excluder have similar designs; it is, therefore, natural to expect similar flow
conditions postoperatively. We introduced a methodology for the identification of
hemodynamic differences between EGs, accounting for their positioning variability. There
is a lack of a computational study that explores the hemodynamic properties and patterns in
the particular EGs. The results showed that the hemodynamic environment might be
different, even in similar EGs. Specifically, there were differences mainly in the velocity and
WSS and slightly in the displacement forces. The two EGs seem to promote the development
of secondary flow and recirculation zones in different regions. The hemodynamic features

of the various EGs should be delineated on the way to more personalized treatment.
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CHAPTER 4
Hemodynamic Performance of AFX and Nellix Endografts

The AFX Endovascular AAA System (Endologix, Inc., Irvine, CA, USA) is the only device
that takes advantage of the native aortic bifurcation to achieve fixation. Another unique
feature is that the graft is attached to the exterior of the cage with polypropylene sutures only
proximally and distally. The graft material, low-porosity ePTFE, is consequently allowed to
move independently from the stent cage providing enhanced seal. It is apparent that the AFX
endograft introduces mechanical innovations, but its post-implantation hemodynamic
performance has not been studied adequately. As the AFX achieves fixation exploiting the
native aortic bifurcation, the lumen morphology after the installation of the endograft
resembles to a physiological infrarenal aorta, but it is not scientifically proven that the flow
conditions are also similar.

The Nellix endograft (Endologix, Inc., Irvine, CA, USA) introduces a novel technology
that is different from most commercial endografts. The endovascular sealing technology,
which is the formal name of the technology behind Nellix, involves two separately inserted
stent-grafts that are supported by polymer-filled endobags (more information are provided
in the Introduction section). The Nellix device is a new device and subsequently there no
studies in the literature dealing with the hemodynamic environment after the implantation of
a Nellix endograft. The postoperative hemodynamics are absolutely related to the
morphology of the lumen established as an effect of the endograft lumen remodeling. The
numerical simulations can provide a patient-specific picture of the hemodynamics that
develop in every cardiac cycle. The optimal value of hemodynamics cannot be explicitly
defined but a physiological range of the indexes can be estimated by corresponding
numerical simulations in normal infrarenal aortas.

As with the Endurant and Excluder endografts (Chapter 3), there are not computational
studies that focus on the hemodynamic aspects of AFX and Nellix endografts after EVAR.
The current Chapter deals with the flow conditions in AFX endografts taking into account
their post-implantation configuration in the aneurysmal sac of a cohort of patients. The
computationally acquired flow properties are statistically compared to normal ones to test
the hypothesis that the endografts under research restore blood flow to the physiological
levels. The hemodynamic properties and patterns in the endograft structures are visualized

to offer a complete picture of the hemodynamics and outline the strong and the weak



hemodynamic points of the particular endografts.

NELI1 NEIL2 NEL3 NEL4

NELS NEL6 NEL7 NELS

Figure 29. 3D reconstructed models of all AFX cases. The models reflect the positioning of the endografis in
the corresponding aneurysmal sacs.

Methods

The patients were selected retrospectively from a larger cohort so that 8 of the them had been
treated with the AFX and 8 of them with the Nellix stent-graft system. The computed
tomography (CT) scans of the patients had been obtained before and one month after EVAR
by a 16-slices CT system with intravenous injection of contrast agent (0.75-2.0 mm slice
thickness, 120KVp, 366 mA) Eligible patients were only those with a fusiform infrarenal
AAA. All patients underwent EVAR at the University Hospital of loannina.

The morphological characteristics of the AAAs before EVAR were measured with the
use of the commercial software 3mensio. The specific anatomical metrics are listed in Table

6 for the patients that were treated with the AFX and in Table 7 for the patients that were
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AFXS5 AFX6 AFX7 AFX8

Figure 30. 3D reconstructed models of all Nellix cases. The models reflect the positioning of the endografis
in the corresponding aneurysmal sacs.

treated with the Nellix endograft. The two groups of patients have matched morphological
characteristics of the AAAs, i.e. there was not statistically significant variations between all
the anatomical metrics for the two groups as listed in Table 8. The statistical significance
was determined with t-tests using the software Matlab. The five (5) physiological infrarenal
aortas derive from cases that had a CT scan for irrelevant reason in the University Hospital
of Ioannina as well. The normal cases are the same with the ones used in the comparison of
physiological and postoperative hemodynamic properties with the use of Endurant
endografts in that case (Chapter 2).

The specifications of the AFX endografts that were deemed appropriate for each case by
the supervising clinician are summarized in Table 9. There are no varying specifications for
the Nellix cases as Nellix has an immutable design (there is only one diameter size available
for the stent-grafts, 10mm). The normal cases are the same with the ones employed in

Chapter 2.
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Table 6. Preoperative anatomical metrics of the AAAs (in mm and degrees for angles) treated with the AFX
Stent-graft system.

. neck neck infrarenal  suprarenal rightiliac left iliac
patient length diameter angle angle diameter diameter
AFX1 45.00 20.7 46.0 24.1 15.7 16.3
AFX2 29.00 242 32.8 14.2 14.0 14.6
AFX3 32.00 244 29.2 10.8 12.1 13.5
AFX4 22.00 24.6 46.3 50.8 15.9 17.4
AFX5 36.00 23.6 9.7 13.5 12.1 13.2
AFX6 20.00 22.9 25.7 6.7 11.3 11.5
AFX7 18.00 213 18.8 20.3 12.9 14.0
AFX8 19.00 243 26.1 22.5 12.6 12.1

Modelling

The two-dimensional DICOM images were converted into three-dimensional models with
the software package Mimics (Materialise, Leuven, Belgium). Briefly, a mask is applied in
the consecutive slices of the CT axial view. The mask designates the region of interest that
the user wants included in the three-dimensional model after the reconstruction. The
reconstructions extended from (below) the renal aortas to the distal ends of the endograft
thus the models reflect the positioning of the endografts in the aneurysmal sacs. The surface
of a model coincides with the graft of the EG. However, the thickness or the material
properties of the stent-graft materials were not taken into account which would require a
more complex fluid-structure interaction approach that accounts both for hemodynamics and
solid mechanics. The three-dimensional geometries were meshed with tetrahedral elements
with the software package ICEM CFD (Ansys Inc., Canonsburg, PA). The optimal mesh size

was determined by grid independence tests, carried out in regions of expected disturbed flow.
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Specifically, the mesh was successively being increased until pressure and velocity were
altered by less than 2% in the surrounding area of the EG bifurcation.'*

The numerical simulations were performed in the software package Ansys Fluent (Ansys
Inc., Canonsburg, PA). Blood was considered as a Newtonian fluid with density, p=1050
Kg/m?, and kinematic viscosity, v =3.2x10° m?/s. The no-slip condition was applied to the
surface of the EG, following the rigid wall assumption. A physiological pulse pressure
condition was applied at the inlet and a physiological flow rate condition was applied at the
outlets, as reported by Olufsen et al.'** A residual error equal to 10 determined the
convergence to the solution per time step. A trial simulation showed that two cardiac cycles
were sufficient for the elimination of possible dynamic disturbances of the numerical

solution.

lliacs

}Jed oey|

Abdominal aorta

Abdominal aorta part

Figure 31. Definition of the control regions in Nellix cases guided by the preoperative models to distinguish
the parts of endografts relying in the infrarenal abdominal aorta and iliac arteries.

Measurement zones

The simulations provide a wealth of hemodynamic data and the post-processing is carried
out in the software CFD-Post (Ansys Inc., Canonsburg, PA). The software provides the
capability of drawing hemodynamic zones within the control and endograft models and
calculate mean or maximum values of hemodynamic properties locally. For the needs of the

current study, the endograft models where divided into two regions of interest (ROI): 1) the
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part of the endograft that resides in the abdominal aorta below the renal arteries and 2) the

part of the endograft that lies in

Table 7. Preoperative anatomical metrics of the AAAs (in mm and degrees for angles) treated with the Nellix
stent-graft system.

patient neck neck infrarenal  suprarenal rightiliac left iliac
length diameter angle angle diameter diameter
NELI1 13.00 204 41.6 8.8 16.6 12.2
NEL2 23.00 224 14.7 254 13.7 15.7
NEL3 33.10 28.0 44.1 35.5 16.5 16.5
NEL 4 31.10 20.9 18.5 33.1 10.9 11.1
NELS 35.10 23.2 16.8 35.9 13.4 12.5
NEL6 46.10 26.1 50.3 45.6 13.1 12.7
NEL7 30.00 21.9 8.5 8.5 15.3 16.1
NELS 11.00 23.6 11.1 15.3 10.9 93

the iliac arteries. In this way, the calculated flow properties after EVAR are comparable to
the ones measured in the physiological infrarenal aortas and part of the iliac arteries.
Regarding AFX, the design of the endograft designates the ROI automatically as it is
positioned on the native aortic bifurcation to achieve greater fixity. The control regions in
the Nellix systems are not as distinct as in AFX cases so the reconstruction of the
corresponding preoperative CT scans was employed to define the extent of the control

regions in Nellix cases. Figure 31 shows the control regions in a Nellix case.

Hemodynamic properties
The following hemodynamic properties were measured: maximum WSS, pressure drop
and maximum velocity at peak systole and mean helicity at mid-diastole. Helicity is a scalar

quantity that measures the intensity of helical motion and is defined as the inner product of
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velocity and vorticity with units of m/s?.!*:146 For the representation of vortical structures,
the A2-method was employed. The critical value, Azcr, for the implementation of the method
was equal to -20s%, in line with Biasetti et al.}! According to the method, a vortex develops
in a region of the flow around a local minimum pressure. Pressure drop was defined as the
difference between the absolute pressure calculated at points intersecting the centreline and

the cross-sections that bound the ROI.

Table 8. The morphological characteristics of the AAAs treated with AFX and Nellix endografts (in mm and

degrees for angles) were matched (p>0.05).

Anatomical metric AFX Nellix p-value
Neck length 27.6£9.6 27.8+11.7 0.9
Neck diameter 23.2+1.9 23.3+2.6 0.9
Infrarenal angle 29.3£12.5 25.7£16.7 0.6
Suprarenal angle 20.4£13.6 26.0£13.8 0.4
Aorta length 112.7+16.6 115.6£16.5 0.7
Right iliac length 58.6+9.6 65.6+11.5 0.2
Right iliac diameter 13.3+1.7 13.8+2.2 0.6
Neek fo night iliac 18403 1.740.3 0.7
Left iliac length 62.6+7.3 62.2+18.1 0.9
Left iliac diameter 14.1£2.0 13.2+£2.6 0.5
Neck to left iliac 1.7+0.3 1.8+0.4 0.8

diameter

Statistical analysis

The statistical significance of the hemodynamic variations between the control, AFX and
Nellix groups were determined by ANOVA tests. The analysis was performed in Matlab
(MathWorks, Natick, Massachusetts, USA) and a value of p<0.05 was considered to

determine statistical significance. The hemodynamic properties are presented with their
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mean value (MV) and standard error (SE) for all the ROI in Endurant and Excluder cases in

Figure 32.
Results
Pressure drop

According to the numerical simulations, mean pressure drop in the physiological infrarenal
abdominal aortas was higher compared to the pressure drop in the corresponding parts of
AFX and Nellix endografts, Figure 32a. The same applies to the iliac arteries control regions
as well. Nellix induces slightly higher pressure drop than AFX in both ROI. However, the

variations were not found to be statistically significant.

Table 9. Geometrical specifications of the AFX endografts (in mm) used to treat the AAA patients, as
determined by the clinicians.

. Main body Right limb Left limb
Patient . . .
diameter diameter diameter
AFX1 25.0 16.0 16.0
AFX2 28.0 16.0 16.0
AFX3 28.0 16.0 16.0
AFX4 28.0 16.0 20.0
AFX5 28.0 16.0 16.0
AFX6 25.0 16.0 16.0
AFX7 25.0 16.0 16.0
AFXS8 28.0 16.0 16.0

Velocity

In the main body / abdominal aorta (part) control region, Nellix seems to induce slightly
higher velocity compared to the physiological and AFX cases. Nellix preserves higher
velocity than AFX but the physiological iliac arteries outperform both endograft groups with
respect to the induced blood velocity. The velocity results maintain largely the same trend

with the pressure drop measurements, but the variations were also not statistically
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significant, Figure 32b. To acquire a better understanding of the velocity field, the focal
points of secondary flow, i.e. the components of velocity in x- and y-directions, are displayed
for typical Nellix cases in Figure 33 and for AFX cases in Figure 34. It seems that
postoperative configuration of Nellix structures promote a streamlined field of secondary
flow along the stent-grafts while in AFX structures, it appears that the focal points are largely
concentrated in the upper part of the endograft while before the bifurcation, blood doesn’t
appear to engage in recirculating paths. It should be noted that the screenshots of secondary
flow are captured at mid-diastole where recirculations are expected to develop due to the

deceleration experienced by blood at the specific time instance of the cardiac cycle.
Wall Shear Stress

Regarding max WSS, the results from the numerical simulations are notified in the chart of
Figure 32b. Higher WSS in the abdominal aorta ROI was observed in the Nellix cases, while
AFX seems to induce the lowest and the physiological value lies between the two endograft
groups. In the iliacs ROI, the physiological value seems surpasses the measurements carried
out both in AFX and Nellix cases. The variations between the groups were not statistically
significant both in the abdominal and the iliac ROI. The contours of WSS are visualized at
peak systole for Nellix and AFX cases in Figure 35. It is apparent that WSS is low on the
upper part of AFX post-implantation structures and increases at the lower part, before and
after the bifurcations. Regarding Nellix, the profile of WSS maintains uniformity along the
stent-grafts, while before the entrance of blood in the endograft, WSS takes its lower

magnitude.
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Figure 32. The MV and SE of a) pressure drop, b) maximum velocity, ¢c) maximum WSS d) mean helicity in
all ROI for AFX, control and Nellix cases. The asterisk indicates statistical significance (p<0.05).

Helicity

The helicity results, obtained from the numerical simulations, are summarized in Figure 32d.
The results indicate that Nellix cases were associated with the lowest value of helicity at the
abdominal aorta part of the endograft, significantly lower than AFX (MV+SE: 0.04+0.0075
m/s? vs 0.2£0.02 m/s, p=0.02) and physiological cases (MV+SE: 0.04+0.0075 m/s> vs
0.26+0.03 m/s, p=0.02). At the limbs/iliacs ROI, the highest mean helicity value of blood
flow occurred in the Nellix cases. The variation of helicity levels between AFX and Nellix
was statistically significant in the parts of the endografts residing in the corresponding iliac
arteries (MV+SE: 0.23+0.008 m/s? vs 0.44+0.01 m/s, p=0.01), while the physiological value
stands between AFX and Nellix mean helicity values, without statistically significant
variations. The Figure 36 for AFX cases and the Figure 37 for a Nellix case, display the
evolution of helical structures at various key time-instances throughout the cardiac cycle,
namely the acceleration, peak-systole, deceleration, mid-diastole and end-diastole phases. It
is apparent that the helical structures are mainly localized in the upper part of the AFX

structures in agreement with the localization of secondary flow and the low WSS occurring
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at the specific part. On the other hand, it seems that flow is not helical before the entrance of
blood in the Nellix endograft. The helical patterns at the deceleration, mid-diastole and end-

diastole phases, preserve a uniform profile along the whole length of the Nellix endograft.

y-component of velocity

B

x-component of velocity

Figure 33. Focal points of secondary flow at mid-diastole for representative Nellix cases. In red boxes, the
visualization of the component of velocity in x direction. In green boxes, the visualization of the component of
velocity in y-direction.

Discussion

In the current study, we focused on two recently available for commercial use endografts,
AFX and Nellix, that have more diverse designs that the Endurant and Excluder endografts,
employed in the Chapters 2 and 3. AFX and Nellix are the latest iterations of GORE and
Endologix respectively. The endograft industries are developing new designs to deal with
the long-term device-related complications which are a serious challenge that endovascular
therapy is facing in general. The persistence of complications probably limits the clinical
benefits that EVAR has over open surgery.'>®!> The short-term clinical outcomes seem to
be favorable for both endografts, but there are no long-term data available. More studies are

necessary to reach safer conclusions regarding the clinical efficiency of AFX and Nellix.
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As the endografts under consideration are new, there are no computational studies in the
literature exploring their hemodynamic performance. The current study shares the same
methodology with the previous ones, presented in Chapters 2 and 3, at the level of
computational modeling, accounting for the post-implantation configuration of the
endografts, which is a determinant factor of post-EVAR hemodynamics. The two groups

(AFX and Nellix) are matched with respect to the morphological characteristics of the AAAs

| x-component of velocity |

’ y-component of velocity ]

streamlines on cut-plane

Figure 34. Velocity streamlines, x-velocity projection (red box), y-velocity projection (green box) and surface
streamlines on a cut-plane (blue box) for two (2) representative AFX cases.

prior to their repair. The patients of each group were chosen such that the morphological
variability of the AAAs preoperatively is minimized while the variability of endograft
positioning postoperatively is maintained. Our intention was to render the results comparable
between the two endografts to give a broader picture of their hemodynamic capabilities. The
comparison also includes control data, calculated in physiological infrarenal aortas, to
examine if the endografts induce a physiological hemodynamic environment. Despite that

the current study cannot infer direct clinical implications, the deviation of a hemodynamic
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index from the desired physiological value could be a source of potential clinical instability.

The AFX stent-graft system takes advantage of the native aortic bifurcation achieving
stabilization in a physical manner. The postoperative lumen, determined by the post-
implantation configuration of the endograft, resembles largely to a physiological infrarenal
aorta. However, the resemblance needs to be defined more strictly, in terms of the blood
flow restoration levels. The current study was especially designed to provide answers

regarding the restoration of blood flow by performing statistical analyses on top of the
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Figure 35. Contours of WSS for three (3) representative cases for each
endograft group (AFX and Nellix) at peak-systole.
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computationally acquired hemodynamic properties. According to the results, the AFX
largely restores blood flow to physiological levels as there were no statistically significant
variations of pressure drop, velocity and helicity between physiological and AFX cases,
Figure 32. On the other hand, it is notable that all calculated properties have lower values
than the normal ones in the part of the endograft that resides either in the abdominal aorta or
in the iliac arteries, in the part of the endograft that lies in the iliac arteries. Furthermore, the
AFX seems to promote the development of secondary flow during diastole at its upper part
while in the lower part there was not lateral movement of blood observed in the AFX
structures, Figure 34. Both WSS contours (Figure 35) and the localization of helical
structures (Figure 36) point to the same direction, i.e. blood seems to engage in recirculating
paths at the upper part of the endograft causing a decrease of WSS while the flow is more
streamlined in the downstream, accelerating before and after the bifurcation. Despite that the
variation of pressure drop was not statistically significant, its mean value in the iliac arteries
ROI than the corresponding value revealing that there are margins of improvement AFX
could be performing more efficiently with respect to the handling of blood flow in its limbs.

The use of separate stent-grafts supported by polymer-filled endobags is a novelty
introduced by the Nellix endograft. The creative endovascular approach applied by Nellix
has attracted the interest of medical community while favorable outcomes are being reported

in a recent study.?® The current study is occupied with the hemodynamic performance of
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Figure 36. Evolution of helical structures throughout the cardiac cycle for representative AFX cases.

Formation of helical structures during the deceleration phase and propagation during diastole.
Concentration of helical structures at the upper part of AFX endograft.
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Nellix using CFD that has not been addressed in the literature. The comparison of the flow
properties induced by physiological and Nellix-treated infrarenal aortas can provide detailed
results regarding the hemodynamic efficiency of Nellix. Besides mean helicity, the rest
calculated flow analytics are not significantly altered compared to the corresponding normal
(and therefore desired) ones. Compared to AFX, the numerical simulations showed that the
mean values of the Nellix induced flow properties are closer to the mean physiological ones.
However, the intensity of helical flow before blood enters the Nellix endograft was
significantly different from the mean values calculated in the corresponding infrarenal
vascular zone. The helicity value was also significantly lower than the one induced by AFX,
a fact that definitely worth further research. It is also notable that in the stent-grafts of Nellix,
the helicity value restores to physiological levels with AFX being in this case the endograft
that induces the significantly lower helicity value. The spatial distribution of WSS is uniform
along Nellix structures, a point clearly in favor of Nellix if the effects of disturbed WSS
profiles are taken into consideration. The clinical background of WSS is described in the
discussion sections of Chapters 2 and 3, along with the significance of helical flow in the
human circulatory system. The representation of helical structures evolution in a Nellix case,
Figure 37, shows a uniform development and propagation of helical structures within the
stent-grafts of the endovascular device, as a final remark.

The hemodynamic conditions established with the implantation of an endograft are

5
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Figure 37. Evolution of helical structures throughout the cardiac cycle for a representative Nellix case.
Streamlined profile of helical structure formation and propagation. Reduced helicity levels before the
entrance of the endograft structures.
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experienced by blood in every cardiac cycle and are have therefore special meaning.
However, the current computational study cannot infer with certainty clinical implications
of a flow property being significantly different from a physiological value. More cases are

also required to confirm the trend of the results presented here.
Conclusions

The current study addresses the hemodynamic performance of two endografts that have not
been adequately studied. Regarding AFX, it seems that the endovascular device achieves
absolute restoration of blood flow based on the statistical analysis. However, there are points
that need attention such that the development of secondary flow in the upper part of the
engraft or the low pressure drop occurring in its limbs. The Nellix endograft seems to be
hemodynamic efficient as well, a statement that is agreement with the intuition of vascular
surgeons that have experience with the device. According to the simulations, the mean values
of most calculated properties are close to the physiological ones. The only concern that
seems to have a basis is whether the suppression of helical flow occurring before blood enters
the device could potentially have clinical extensions. In any case, more studies are required
to address the clinical significance of the flow variations observed between AFX, Nellix and

physiological cases.
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FUTURE DIRECTIONS

The potential of the numerical simulations is largely admitted to be unlimited. Our plans
involve further exploration of their potential in multiple levels of theory and application. We
will move ahead to address as possible the causes that prevent in a global scale the integration
of computational simulations in the clinical practice, such as validation issues or the extent
of the clinical datasets that are examined computationally. To this direction, we are planning
to deploy more advanced computational models that will incorporate both blood flow and
arterial wall in unified studies. In our plans, there are also studies that will compare in-vivo
and computationally acquired blood flow properties to explore the most efficient balance of
modeling complexity and accurate representation of the in-vivo biomechanical environment.
As the cost of commercial software is many times prohibitive, we intend to get familiarized
and contribute to available open source software which is cost-free, more customizable,
produces accurate results and is powered by very active scientific communities globally.

The medical field of vascular and endovascular surgery is expected to be revolutionized
in the future with the introduction of computational applications that will help clinicians in
the decision making, inform about the risk of vascular diseases, promote more patient-
friendly development of endovascular devices limiting the need for human clinical trials and
contribute to the research of vascular diseases in general. From our side, we plan to explore
the efficiency of novel endovascular approaches for the treatment of aneurysms with the use
of fenestrated or branched stent-graft systems that are customized based on the
morphological specifics of the patients. It is certain that we will attempt to expand the
applicability of numerical simulations in other vascular areas such as the ascending and
descending thoracic aortas, the carotid arteries or even in the brain vasculature.

As it is not long ago that computational tools were introduced in the vascular research,
their actual capabilities might remain unexplored in a great extent. It is therefore imperative

to combine our efforts and work hard to produce cutting-edge research.






HNEPIAHYH

To avebpuopa kothakng aopts (AKA) opiletar ®g 1 S106TOAN TNG KOIAOKNG 0LOPTHG TOV
vrepPaivel ™ @uctoroyikn owdueTpo kotd 50% TOLAGYIOTOV KOl 0mOTEAEL TNV MO KON
LOPON TV 0OPTIKAOV aveLPLGUATOV. ZuviBng o AKA Tapapévouy acuumtopatikd neéypt
™V eUeavion pog mhovag Bavatneopog emmlokng dnAaon g pnéng. H evdayyeiokn
anokatdotoon oavevpoopotog (EAA) amotelel alidomotn Oepameio yio v acbévela,
OTOKAEIOVTOG TOV OVEVPLGHATIKO GAKO KOl SLOXETELOVTAG TN PON TOL Oipatog pEca omd
HOGYEVLLOL, TTOV TOTOOETEITOL EVOOLYYELOKDC.

H vroloywotikny pevotopnyovikr] (YP) eivor éva emotmuovikd medio mov eumAéketon
evepyd ot HeAETN TG PONG TOL iHATOS G€ OAO TO KUKAOQOPIKO choTnua. Ot aptOunTiKeég
TPOCOUOIMGELS TNG PONG TOV OULLOTOS TTPOGEAKDOVY TO EVOLOPEPOV TNG LULTPIKNG KOWVOTNTAG
AOY® TOL Un eTEPPATIKOD YOPAKTNPO TOVS, TWV GYETIKA YOUUNADY OTKOVOUUK®OV OTUITCEMV
T00¢ (o€ obykplon Qe To TEWPAROTO), TG eveMElag TOLG Kol TnGg TOCOTNTAG TMV
OLLOOVVOUIK®OV OEIKTOV VYNANG avdAvong, mov eival wavég va mapéyovv. Ot Tpdopateg
TEYVOLOYIKEG eEEMEELG emTPEMOVY TO GLVIVAGHO TG Y P pe dedopéva 1aTpikng ameikoviong,
enekteivovtag Tic epapproyéc e YP og ayysiokd poviéda mov Pacilovral oe acbeveig. Ot
gpevvnTég ypnotpomowovy v YP yio va peletioovv Tig mBovES EMMTOGELS NG
OLLOSVVOUIKNG pong oty Ttaboyéveo, e&EMEn kat prén tov AKA. Ot epappoyég g YP
dev epropilovtar 6T PLGIOAOYIKN 1| 6TV TAHOAOYIKN POT| TOL CUIATOG, AAAG UTOPOVV VO
ypnoorombovv eniong ota mlaicwa g EAA.

210%0¢ TG Topovong dtpiPng eival var EPELVNGEL TIG dLVATOTNTES TOV APOUNTIKAOV
TPOCOUOIDGEMV KOt VO, OEUEMMDGCEL TNV EPAPLOYT TOVG GE PLGIOAOYIKEG, TPOEYXEPNTIKEG
Kol peteyyepntikég mepmtooelg tov AKA. Zto Kepdiaio 1 giodyetor puo evaAAaKTIKY
povtelomoinon tov gvdoavAtkov BpouPov (E®), o omoiog mapatnpeital oe éva peydio
1060010 TV AKA emnpedlovtag onpovtikd v e£éMEN tovg. Xvykekpuyéva, o EO
povtelomoteitol ¢ mopmoeg PEco pe Pabuiaio pikpdTepn domepaTdOTNTO GOUE®VA WE
OTOAOYIKEG  avoAvoels eedoocopevav dopmv EO. Ot dwgpopikéc elodoelc mov
TEPLYPAPOVY TNV OAANAETIOpacT TS TABOAOYIKNG PONG TOVL GIUATOC UE TOV EEEAMGGOUEVO
EO® dwaxpirorotovvion pe m pébodo tov Ienepacpuévav Ltoryeiov Kot emivovtal o€ £va
povtédo AKA pe m xpnon Aoyiopikod mov avamthyOnke yio Tig avaykeg Tov TPOPANLATOC.
H avdivon tov emntdcewv tov EO otig ouvOnkeg g opotikng pong oe AKA eival og

CLUP®VID. e TOLG EUPLOUNYOVIKOVUG TOPAYOVTIEC TTOV TPOo®BOBOLV TN YEVvNon Kol TNV



avdantuén tov EG.

H Biproypapio avapépetl 6Tt 10 T0GOGTO TV EMTAOK®V petd and EAA petafdiieton
UETOED TOV EUTOPIKMOV LOGYEVUAT®V, ®GTOCGO VILAPYOVY EALYIOTES KMVIKES, VTTOAOYIOTIKEG
N TEPAUOTIKEG LEAETES, TTOV TOPEYOLV OLLOSVVAUKA OEOOUEVA. Y10, TOL O16.POPa. LOTKEV AT
yopotd. Emmiéov, sivor yvootd 0Tt n guevTELON €VOC HOGYEVLUOTOG UETAPAAAEL TNV
OLLOOLVOULKT pON) HE TOOVES OPVNTIKEG EMMTMOGELS GTY| AELTOVPYIKOTNTO TNG 101G TG
GLOKEVNG, TOPOAD OVTA dgV VILAPYEL (o cuvenmng pebBodoroyio yio TOV LTOAOYICUO TV
GUYKEKPIUEVOV HETOPOADY TOV 1O10TNTOV TNG POoNG Tov aipatog. Xta Kepdiowo 2,3 o 4
dtvetal amdvinon 6€ avoLyTé EPMTAATO GYETIKA LE TNV OLOOLVALLKT] arddooT g EAA
Kol SlEPEVVATAL TO CLUOSVVOAUIKO TPOPIA TOV JPOP®Y EUTOPIKMOV LOGYEVUATOV LE TN
XPNON  TPONYUEVODV  TPIoOAoTAT®OV  SLUVOUIKAOV  aplOuNTIK®V  TPOGOUOUDGE®Y, TOV
BaciCovtor oe wtpikd dedopéva. H peBodoroyio meptlappdver: 1) m oviioyn tov
KATOAANA®V 10TPIKOV LTOBEGE®V, 2) TNV 0VOOOUNON WITPIKAOV ATEIKOVIGEDV Omd aEOVIKEG
TOHOYPOQies acBevdVy Yia TNV eEaymyN TG EEATOMKEVUEVIC YEMUETPIKNG AVATOPAGTACTG
TOV AYYELKOV SOUMV TPOEYXEPNTIKA KOl TOV SOUDV TOV HOGYELUATOV petd and EAA, 3)
™ onuovpyio. aplOuUNTIKOV TAEYUATOV OOTE Vo, KataoTtel dvvorr 1 eaywyn VWnAng
avEALONG QULOSVVOUKDV WO0TATOV, 4) TNV EKTEAECT] APOUNTIKOV TPOGOUOIOCE®DY Y P, 5)
™V enelepyncio TOV OMOTEAECUATOV LE EQPOCT] OTIG TEPLOYES EVOLUPEPOVTOG EVTOG TMOV
HOVTEA®Y, 6) TNV ONTIKOTOINGN T®V OHOSVVOUIKOV 1WO0TTOV Kol HoTifov kot 7) ™
OTOTIOTIKY] OVOAVGT Y10 VO TPOGALOPICTEL 1] GNUOGI0 TOV HETAROADY TOV OUOSVVOUIKOV
WO0TNTOV.

H EAA éyet euvoikd PBpayvypdvio omoTteAEGHOTA KOl  OTOOEOEYUEVT] KAWVIKY
OTOTEAECUOTIKOTNTA, OAAL DV Exel pedetnOel emapKdS av 1 pon Tov aipatog amokadicToTon
TAMPOS HETE amd TNV EUPVTELOT] €VOG HOGYELMATOC. 10 Kepdhoto 2 peletdue Tig
LETAPOAEC TNG OUUOTIKNG POTG OE VYLELG KO EVOOOYYEINKMG EMGKEVACUEVES VITOVEPPIKES
aoptéc. 1o Kepdaio 3 epappolovpe ) pebodoroyia mov avamthydnke yio vo eEETAGOVLLE
Vv vdOeom, 6T dVO (2) pooyevpata pe Tapopolo oyedacpd, to Endurant kat to Excluder,
ENAYOLV TTOPOUOL0 OpodVvapKd epiaiiov petd and EAA. H pebBodoroyio Aapfdvet
VoY tov Tapdyovia mov Kabopilel oe peydrlo PaBUd TIG HETEYXEPNTIKEG AULOSVVOLLKES
ocuvOnkeg onAadn tn Béon TV HOGYELUATOV GTO GAKO TOL OveELPLGHOTOC. TEAOG, GTO
Kepdhowo 4, avaivovpe v aiploduvopukn arnddoon Vo (2) HooYeLHATOV HE 1010iTEPO
oyxedopd, Tov AFX mov ekUETAALEVETAL TV EYYEVT] QLOPTIKT SLOKAASMOT Y10l VO EMLTOYEL

M otafgpomoinon kot tov Nellix mwov 1 Asrtovpyion tov Pociletor oty kovotduo
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eVOayYEWKY| TEYVOLOYia oTeYavomoinomg avevpuoudtov (EVAS).

Ot VTOAOYIGTIKES TPOGOUOLDGELS BempovvTal 0 TPiTog MLA®VIS TG €peuvag HeTald
Bempiog Kol TEWPAUOTOS. XTO TTESIO TNG AYYEIOXELPOVPYIKNG Ol TPOCOUOUDCELS OEV EXOVV
eloayBet axkopo otV KAVIKN TpdEn. Q61660, TOALES KAVIKES KO BLopunyovikég EQapLOYES
TOV VTOAOYIGTIKAOV TPOGOUOIDCEMY AVOUEVETOL VO, £Vt S10OEGILES Y100 SIELPLUEVT XPNON

67O €YYVG LEALOV.
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NUMERICAL SIMULATIONS OF BLOOD FLOW EFFECTS UNDER
THE PRESENCE OF ABDOMINAL AORTIC ANEURYSM

ANASTASIOS A. RAPTIS

ABSTRACT

Abdominal aortic aneurysms (AAAs) are defined as a localized dilatation of the abdominal
aorta featuring diameter at least 50% larger than the normal one. AAAs usually remain
asymptomatic until the occurrence of a possibly catastrophic complication, i.e. the rupture.
Endovascular aneurysm repair (EVAR) offers a reliable treatment for the disease by
excluding the aneurysmal sac and redirecting blood flow through an endovascularly
deployed stent-graft system.

Computational fluid dynamics (CFD) is a scientific field involved actively in the study
of blood flow throughout the circulatory system. The numerical simulations of blood flow
have attracted the interest of the medical community due to their non-invasive character,
relatively low resource demands (compared to experiments), their flexibility and the quantity
of high-resolution flow analytics that are capable of providing. Recent technological
advancements have enabled the combination of CFD with medical imaging data, extending
the applicability of CFD to patient-specific vascular models. Researchers are using CFD to
unravel possible implications of hemodynamic flow in the pathogenesis, evolvement and
rupture of AAAs. The applications of CFD are not limited to physiological or pathological
blood flow but can be employed in the context of EVAR as well.

The aim of the current thesis was to explore the capabilities of numerical simulations and
set up applications in physiological, preoperative and postoperative AAA cases. Chapter 1
introduces an alternative modeling of intraluminal thrombus (ILT) which is apparent in most
AAAs and has a crucial role in their growth. Specifically, ILT is modeled as a porous
medium with gradually smaller permeability following histological analyses of evolving ILT
structures. The differential equations that describe the interaction of pathological blood flow
with a growing ILT are discretized with the Finite Element method and solved by an in-

house numerical code in an AAA model. The analysis gives an estimate of the ILT effects



on the flow conditions in AAAs that is in agreement with the biomechanical factors that
according to the literature promote ILT initiation and growth.

The literature states that the percentage of post-EVAR complications is variable among
the commercial endografts. However there are only a few clinical, computational or
experimental studies, providing hemodynamic data in an endograft-specific manner.
Additionally, it is known that the implantation of an endograft alters hemodynamics with
possible adverse effects on the functionality of the device itself, but there is not a consistent
methodology to calculate the blood flow variations specifically. Chapters 2,3 and 4 are
attempting to answer open questions regarding the hemodynamic efficiency of EVAR and
unravel the hemodynamic profile of various commercial endografts using advanced dynamic
three-dimensional numerical simulations coupled with patient-specific medical data. The
methodology involves: 1) the collection of suitable medical cases, 2) reconstruction of
computed tomography data to acquire the geometrical representation of patient-specific
AAAs or endograft structures, 3) generation of numerical grids to enable capturing high-
resolution hemodynamic analytics, 4) performance of numerical simulations using CFD, 5)
post-processing of the results focusing on regions of interest within the models, 6)
visualization of hemodynamic properties and patterns and 7) statistical analysis to determine
the significance of the flow variations.

EVAR has favorable short-term outcomes and proven clinical efficiency but it has not
been studied adequately if blood flow completely restores to physiological levels after the
deployment of an endograft. In Chapter 2, we attempted to define the flow variations in
healthy and endovascularly repaired infrarenal aortas. In Chapter 3, we applied the
developed workflow to test the hypothesis that two (2) endografts with similar designs,
Endurant and Excluder, induce similar hemodynamic environments after EVAR. The
applied methodology accounts for the determinant factor of postoperative hemodynamics,
i.e. the position of the endograft in the aneurysmal sac. Lastly, in Chapter 4, we analyze the
hemodynamic performance of two (2) endografts with more diverse designs, AFX that
exploits the native aortic bifurcation to achieve fixation and Nellix, whose function is based
on the novel endovascular aneurysm sealing technology.

The computational simulations are considered as the third research pylon between theory
and experiment. In the field of vascular surgery, simulations have not been yet introduced in
clinical practice. However, many clinical and industrial applications of the computational

simulations are expected to be available for broader use in the near future.
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