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Abstract

The arteriovenous fistula (AVF) is a vasculature created for end-stage renal disease patients
who undergo haemodialysis. This vasculature is often affected by stenosis in the juxta-
anastomotic (JXA) region and the presence of disturbed haemodynamics within the vessel
is known to initiate such diseased conditions. A novel treatment involving the implantation
of a flexible stent in the JXA region has shown potential for retaining healthy AVFs. Only
a limited number of experimental studies have been conducted to understand the disturbed
flow conditions, while the impact of stent implantation on the haemodynamics within the
AVF is yet to be explored.

The study was initiated by developing a benchtop patient-specific AVF model to conduct
a Tomographic Particle Image Velocimetry (Tomo-PIV) measurement. The subsequent
temporally resolved volumetric velocity field was phase-averaged to quantify fluctuations
occurring over the inlet pulsatile conditions. It was noted that high turbulent kinetic
energy (TKE) was generated at the JXA region.

To study the effects of the stent implantation, Large Eddy Simulations (LES) comparing
the AVF geometry with and without the presence of the stent implantation were con-
ducted. The trajectory of the flow in the stented case was funnelled within the stent
encapsulated region which in turn, contained the disturbed flow within the stent lumen
while mitigating the generation of turbulence. Consequently, the distribution of adverse
wall shear stress (WSS) in the stented region was much lower compared to that of the
‘stent-absent’ case.

Simulations were also conducted on the diseased patient AVF, before the stent implan-
tation, to make an overall assessment of the effect of treatment. Larger and persistent
regions of high TKE were noted in the vessel downstream of the stenosis despite the lower
velocity of flow in the diseased model.

In summary, the stent implantation in the patient AVF showed the ability to funnel flow
disturbances away from the vessel wall, thereby leading to lower adverse WSS distribu-
tions. The presence of the stent also mitigated turbulence generation. These findings
provide valuable insight into the favourable haemodynamic effects of this novel endovas-

cular procedure, thus, substantiating this treatment strategy to treat vascular disease in
AVFs.
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Chapter 1

Introduction

An arteriovenous fistula is a vascular structure that is surgically created by joining a
vein and an artery in the forearm of patients with renal disease. The resulting vessel
enlargement and increase in blood flow enables easy and efficient haemodialysis. However,
this unnatural structure is faced with disease occurring most commonly at the junction
(known as the anastomosis) and along the nearby venous section (also referred to as the
Juzta-anastomotic region). The disease onset constricts the vessel lumen area, restricting
blood flow. Of the many factors known to be involved in the initiation of AVF diseases, the
dynamics of the blood flow plays a crucial role. A novel treatment that has seen clinical
success involves the implantation of a flexible metallic scaffolding, known as a stent, across

the anastomosis to hold open the blood vessel.

This thesis is an investigation of the unsteady haemodynamics within a physiological AVF
and an assessment of the role the stent implantation plays in the flow dynamics of the AVFE.
A combination of computational (flow modelling) and experimental methods will be em-
ployed to understand the bulk flow behaviour, turbulent fluctuations and vessel wall forces
within the AVE. Subtleties of the stenting procedure will be assessed using patient-specific
models of the treated AVF, while overall changes will be detailed by drawing comparisons

of the flow field to that of the diseased AVF model.



1. Introduction

This chapter provides an overview of kidney disease and the necessity of the AVF. Charac-
teristics, disease conditions and treatment methodologies of the AVF will be detailed along
with subsequent blood flow behaviour. The chapter will conclude with the structure of the

thesis.

1.1 Vascular access for kidney replacement treatment

Approximately 1.7 million Australians, 10% of the population, have biomedical indica-
tors of Chronic Kidney Disease (CKD), with the prevalence increasing after the age of
65 (Australian Institute of Health and Welfare). CKD is the progressive decrease of fil-
tration ability of the kidneys, and is usually accompanied by underlying risk factors such
as diabetes, obesity and hypertension. The last stage of CKD is known as End Stage
Renal Disease (ESRD). At this stage, patients require some form of Renal Replacement
Treatment (RRT) substitute for the deteriorated kidneys. Data from 2012 showed that
an estimated $4.1 billion was spent on treating CKD and the cost of treating ESRD from
2009 to 2020 is estimated to be $12 billion (Cass et al., 2006).

The optimum treatment of ESRD is a kidney transplant, due to its higher survival rates
and subsequent improved quality of life among other advantages (McDonald and Russ,
2002; Tonelli et al., 2011), but the number of patients that are deemed eligible for a
transplant significantly outnumbers the available donor kidneys (Australia et al., 2018).
This has led to the use of a points system for transplant candidates, which factors in
tissue typing, age and health among other considerations (Browning and Thomas, 2001)
and results in an average waiting period of three years (Wright and Narayan, 2016).
Additionally, the general requirement to be wait-listed for a deceased donor kidney in
Australia is the commencement of dialysis (TSANZ, 2019) which is an artificial method of
filtering the blood outside the body. Therefore, undergoing dialysis as an alternate renal
replacement treatment is an eventuality and can be done either by peritoneal dialysis or
haemodialysis. Peritoneal dialysis is an ongoing process where a catheter is placed in the

abdomen and the filtration occurs within the body. However, haemodialysis requires the
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Cephalic vein

Radial artery

AVF anastomosis

Figure 1.1: Location of the radial-cephalic arteriovenous fistula. Reprinted from Allon
and Robbin (2002).

blood to be filtered outside the body in a dialysing machine and patients usually attend
four-hour sessions, about three times a week. Haemodialysis, opted for by the majority
of dialysis patients (Australia et al., 2018), requires vascular access that can take place
either across an arteriovenous fistula, an arteriovenous graft or a catheter. Because of
the complications that are associated with grafts and catheters, the arteriovenous fistula

(AVF) is considered the preferred option for vascular access (Santoro et al., 2014).
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Figure 1.2: Configurations of the AVF anastomosis. a) Side-to-side, b) end-to-end, c)
side-to-end and d) end-to-side AVFs.

1.2 Features of an Arteriovenous Fistula

The AVF is a surgical anastomosis of a vein to an artery with the primary goal of increas-
ing blood flow in the vein. It is frequently created at the lower end of the fore-arm by
connecting the radial artery and the cephalic vein (as illustrated in figure 1.1), however,
the brachial artery and the cephalic vein can also be connected higher up in the arm
for patients that have unsuitable vessels in the fore-arm (Allon and Robbin, 2002). The
anastomosis between the two vessels can be created from one of four general configura-
tions illustrated in figure 1.2. The original AVF, referred to as the ‘Brescia-Cimino’ fistula
(Brescia et al., 1966), was created in the side-to-side configuration. However, due to better
clinical performance (Stanziale et al., 2011; Wedgwood et al., 1984) and the less techni-
cally demanding nature of the surgical procedure (Bashar et al., 2018), the end-to-side

AVF configuration has been the preferred option.

After creation, the AVF goes through a period of ‘maturation’ where the vein enlarges
(or remodels) due to the significant increase in flow rate. The larger blood vessel makes
it easier to cannulate and link the circulatory network to the external dialysing unit that

replaces the function of the diseased kidneys (figure 1.3). The increase in flow rate ensures
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Figure 1.3: Overview of haemodialysis. a) General components of a dialysis machine and
b) the approximate locations of the cannulation points. Adapted from Les Laboratoires
Servier.

the dialysis session can be completed effectively within 3 to 5 hours (Jun et al., 2013).
Early guidelines suggested the assessment of AVF readiness using the ‘rule of 6s’, which
requires the AVF to have a flow rate larger than 600 mL/min, a venous diameter larger
than 6 mm and a depth of less than 6 mm. However, clear criteria for the suitability of

an AVF for dialysis is still an area being widely researched (Lok et al., 2020).

1.3 Complications encountered by the AVF

Obstacles that prevent AVF's from reaching dialysis suitability come in multiple forms of
vascular diseases such as stenosis, thrombosis and ischaemia (Beathard, 2017). Stenosis,
which is a narrowing of the blood vessel, frequently occurring in the juxta-anastomotic
(JXA) region of the vein is the most common process that threatens AVF patency (Stolic,
2013), and is often caused by intimal hyperplasia (IH) (Duque et al., 2017). The propaga-
tion and proliferation of vascular smooth muscle cells and extra-cellular matrices (Jennette
and Stone, 2014) to the innermost vessel wall layer (intima), illustrated in figure 1.4, is

known as Intimal Hyperplasia (IH) and it is linked to vascular activation mechanisms
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that can be initiated due to many reasons such as injury and inflammation (Newby and
Zaltsman, 2000). Haemodynamic forces causing injury to the endothelial cells lining the
vessel wall are known to be one of the many pathways that initiate IH (Roy-Chaudhury
et al., 2006). Observations of vasoprotective cell processes in the presence of laminar flow,
contrary to inflammatory cell responses in the presence of disturbed flow, have been made
in studies (Gimbrone Jr and Garcia-Cardena, 2016), which restate the impact of the flow
behaviour on the disease initiation.

Proximal Artery  Proximal Vein Vascular remodelling
(PA) (PV)

(4

>

Successful Unsuccessful

j Juxta-anastomotic (JXA)

: Outward Outward remodelling Intimal
Vein segment remodelling & intimal hyperplasia hyperplasia
__Healthy Vein __
L)
Endothelial Vascular smooth VSMC Proliferative
Nagus? cell muscle cell (VSMC)  proliferation VSMC
Distal Artery | ! Calcified VSMC Osteogenic VSMC  Calcification
(DA) p— ]
 ESRDVein

Figure 1.4: Illustration of the difference between a healthy remodelled vein of AVF and a
diseased vein facing intimal hyperplasia with proliferation of smooth muscle cells towards
the inner layers of the vessel wall. Adapted from Browne et al. (2015a).

1.4 AVF Treatment

Treatment of AVFs can be separated into two overarching fields which are surgical salva-
tion and endovascular management. Relocation of the anastomosis site and restructuring
the vessel are some methods of surgical salvation, whilst balloon angioplasty and stent
implantation are well known endovascular options (Bharat and Shenoy, 2010; Tessitore

et al., 2006). The endovascular methods are commonly used due to the minimally inva-
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sive procedures and the potential to use the resulting treated AVF immediately (Williams
and Stone, 2010). Stents, which are metallic mesh-like scaffolding devices that hold open
vessels, have been used sparingly in AVF's due to the concerns associated with the device
hindering cannulation (Mallik et al., 2011) and the potential for an undersized stent to

migrate to the anastomosis and occlude the artery (Anwar and Vachharajani, 2017).

Although stent implantation was initially a contested method of treating diseased AVFs,
current studies have shown that the advancement in stent technology has yielded better
clinical outcomes in comparison to angioplasty alone (Fu et al., 2015). Higher patency
rates were noted in AVFs treated with nitinol stents when compared to those treated
with balloon angioplasty alone (Kakisis et al., 2012). Nitinol stents are known for their
elasticity thereby increasing the shape conformity to various sections of the vessel (Stoeckel
et al., 2004) reducing the potential for stent migration. Particularly, the use of flexible
nitinol stents across the anastomosis has yielded high unassisted patencies (Swinnen et al.,
2015; Thomas et al., 2019) retaining a large proportion of functioning AVFs. However,
a side-effect of implanting the flexible stent across the sharp-angled anastomosis is the
malapposition of the stent (sometimes referred to as the incomplete stent apposition),
where the device is not completely embedded against the wall of the vessel as seen in

figure 1.5.

Figure 1.5: An angiogram of a juxta-anastomic stent implanted arteriovenous fistula with
malapposition of the stent. Adapted from Thomas et al. (2019).



1. Introduction

1.5 Thesis outline

This thesis reports an investigation of the impact of stent implantation on the flow environ-
ment within an AVF by developing a benchtop experimental measurement methodology
that will complement high-resolution numerical simulations of flow within in silico' AVF

models.

The relationship between disease onset and disturbances in the AVF flow environment will
be elaborated in chapter 2. To this end, the current understanding of the complex flow
behaviour within the AVF will be documented. Furthermore, the varied impact of stent

implantation on blood vessels will be covered.

Chapter 3 contains the procedure involved in obtaining the patient data and setting
up the benchtop model of the patient-specific AVF. The detail involved in matching the
physiological flow conditions and obtaining spatially and temporally resolved volumetric

flow measurements has been recorded in this chapter.

The procedure followed to obtain the stent geometry within the in silico patient-specific
AVF model is described in chapter 4. Additionally, the methodology to conduct high-
resolution numerical simulations within the AVF domains has been included in this chapter

with further supplementary details (such as temporal and spatial refinements) in Appendix

A.

The effect of the stent placement on the bulk flow and the cycle-averaged wall shear stress
measurements of the AVF is detailed in chapter 5 by comparing the flow field with and
without the presence of the stent. These findings are further enhanced by assessing the

effect of the stent implantation on turbulent fluctuations in chapter 6.

A realistic assessment of the differences in the flow dynamics brought upon by the treat-
ment procedure will be detailed by comparing the flow field of the treated AVF with that
of the diseased AVF in chapter 7. Finally, the thesis will conclude with chapter 8

IStudies performed via computer simulations
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which summarises the main outcomes, thereby providing a comprehensive fluid dynamic

assessment of the stent implantation procedure in an AVF.



Chapter 2

Literature Review

This chapter begins by providing an overview of the cellular mechanisms that are influenced
by haemodynamic behaviour. This overview leads to a detailed discussion of the current
literature on the AVFE flow environment that has been mainly explored using in silico ap-
proaches but also with a few in vitro and in vivo measurements. Subsequently, strategies for
assessing the haemodynamic impact of vascular treatment avenues will be detailed, which

provides context to the assessment of the AVF stent implantation procedure in this thesis.
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2.1 Impact of haemodynamics on the AVF vessel wall

The AVF vasculature is an environment that is faced with multiple unfavourable events
such as endothelial injury (from surgical trauma and haemodynamic influences), endothe-
lial dysfunction (due to excess urea in the blood) and the ensuing inflammatory responses
(Gameiro and Ibeas, 2020) that lead to disease and the failure of the vascular access.
In spite of these factors which are further confounded by variables, such as the patient’s
background (Fitts et al., 2014), a general theory that is currently accepted is that preced-
ing events responsible for endothelial cell injury influence complex adverse cell responses
(Roy-Chaudhury et al., 2006). Variations in wall shear stress are known to be one key

event that initiates the pathways for intimal thickening (Tarbell et al., 2014).

There is a general understanding that in the presence of disturbed flow with low wall shear
stress, there is increased activity of endothelial cell genes that promote venous inflamma-
tion (Chiu and Chien, 2011). In vitro studies of cell layers provided the valuable insight
that endothelial cells conformed to the direction of laminar steady flow (as illustrated
in figure 2.1) without cell division (Topper and Gimbrone Jr, 1999) which replicated ob-
servations made in vivo. Laminar steady flow was seen to promote cell quiescence and
alignment whereas low shear stress in recirculating flow regions was noted to initiate pro-
liferation and apoptosis (a type of cell death) (Paszkowiak and Dardik, 2003). An in vitro
study examining the effect of flow disturbances emanating from the dialysis needle flow
found the endothelial cells to be sheared off the vessel walls (Huynh et al., 2007). The cell
alignment with the graft flow direction was lost in the presence of the disturbed flow from
the needle and there was a significant decrease in nitric oxide production which is a key
factor in inhibiting inflammation and smooth muscle cell proliferation. In a study involv-
ing an arteriovenous graft geometry, in vivo vein-wall vibration measurements, using Laser
Doppler Vibrometry, were observed to be consistent with the transitional flow noted using
experimental and numerical in vitro methods (Loth et al., 2003). Importantly, preliminary
biological studies of the geometry noted the elevated activity levels of proteins, commonly
involved in the signalling pathways of cell migration and proliferation, at regions of high

vein wall vibration. Studies of canine arteriovenous grafts have also noted the correlation

11



2. Literature Review

of intimal-medial thickening with the increase in vibration, suggesting that the energy of
the flow disturbances are transferred to the vessel wall in the form of vibrations which

initiate disease propagation (Fillinger et al., 1990).

Figure 2.1: Alignment of endothelial cells with the direction of laminar flow. Reprinted
from Topper and Gimbrone Jr (1999).

The ensuing wall shear stress behaviour resulting from the disturbed flow field has also
been studied in relation to its effects on cell behaviour. For instance, various haemo-
dynamic environments were imposed on porcine vein samples and the extent of intimal
hyperplasia was noted to decrease with lower levels of shear stress (Gusic et al., 2005).
Similarly, an in vivo study of the haemodynamics within carotid arteries of mice noted a
negative correlation between vessel wall lesion growth and time-averaged wall shear stress
measurements (De Wilde et al., 2016). The inverse correlation of wall shear stress with the
intimal hyperplasia has been consistently noted in AVF models as well (Boghosian et al.,
2014; Jia et al., 2015; Krishnamoorthy et al., 2008). However, studies have also noted con-
nections between venous lesions and regions of elevated wall shear stress (Carroll et al.,
2009) and temporal gradients of wall shear stress (Carroll et al., 2009; Rajabi-Jagahrgh
et al., 2013). Therefore, it is quite evident that shear stresses have an impact on the
disease initiation in vessel walls, however, there is still a lack of understanding linking the

exact shear stress behaviours to the adverse vessel wall mechanisms.

12
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2.2 Haemodynamic studies of AVFs

To understand the haemodynamic environment in detail, spatially and temporally resolved
measurements of the AVF blood flow are required. One tool used to obtain two and three
dimensional, high resolution in vivo! data is phase-contrast magnetic resonance imaging
(PC-MRI) (He et al., 2018; Suqin et al., 2020), however, this technology is still emerging
(Wymer et al., 2020). Meanwhile, MRI and CT (computerised tomography) scanning
methodologies that use contrast agents to capture blood flow measurements, increase the
likelihood of secondary complications in dialysis patients with compromised renal systems
and hence are rarely utilised (Collidge et al., 2007). Therefore, many haemodynamic
studies have been conducted by recreating the geometry and the boundary conditions
with in silico methods (Ene-lTordache and Remuzzi, 2017), and to a lesser degree with in

vitro? methods (Drost et al., 2017).

These include studies that have used idealised AVF geometries to examine features such
as the anastomosis size (Van Canneyt et al., 2010) and inlet artery curvature (Iori et al.,
2015). Ome important key geometrical feature that surgeons had some control over was
the anastomosis angle. Initially, an acute-angled anastomosis (of 30°) was thought to yield
a haemodynamic environment suitable for a patent AVF (Ene-Iordache et al., 2013). Sim-
ulations assuming laminar flow in idealised geometries replicating patient AVF geometries
have concluded that a shallow angle (of approximately 45°) would be ideal for AVF health
(Yang et al., 2020).

However, low-resolution simulations (with larger grid sizes, longer time-steps and modelled
turbulent behaviour) (Carroll et al., 2019; Lee et al., 2016) and high-resolution simulations
(with smaller grid sizes, shorter time-steps and partially or completely resolved turbulent
behaviour) (Prouse et al., 2020) have consistently noted that larger anastomosis angles
create a haemodynamic environment that is more conducive to a healthy AVF. Further-

more, larger reintervention rates have been required for patients with anastomotic angles

IStudies performed within the living organism

2Studies performed in a controlled environment replicating the conditions of the living organism

13



2. Literature Review

less than 30°(Sadaghianloo et al., 2015) and smaller neointimal thickening was noted with

obtuse-angled AVF anastomoses in mice (Bai et al., 2021).

A crucial component of replicating the velocity field in the AVF is the application of
the appropriate boundary conditions. Simulations varying the ratios of the two steady
inlet flow rates while holding a constant outlet flow rate in arteriovenous graft geometries
have noted contrasting flow behaviour at the anastomosis and beyond (Broderick et al.,
2015; Lee et al., 2007). Employing pulsatile flow conditions at the proximal artery inlet
and imposing outlet flow conditions at the distal artery resulted in capturing important
high-frequency pressure fluctuations (Browne et al., 2015b) that were not observed with
steady inlet flow. The distal artery of the AVF has the characteristic of either having
antegrade flow, where the blood flow direction is away from the anastomosis and towards
the palmar arch, or retrograde flow where the blood flow is directed back towards the fistula
further supplementing the flow from the proximal artery (illustrated in figure 2.2). Clinical
observations have noted a significant number of retrograde flow conditions (Kwun et al.,
1979; Sivanesan et al., 1998) possibly due to the significantly lower hydraulic resistance
at the ‘shunt’ in comparison to that at the extremity of the vascular network of the
hand (Beathard and Spergel, 2013). The common occurrence of retrograde flow which in

effect involves two inlet flow boundaries would further aggravate the flow behaviour in the

anastomosis.

Figure 2.2: Regions of the AVF that are most prevalent to disease with a) retrograde
and b) antegrade inlet flow conditions. The proximal artery (PA), distal artery (DA) and
proximal vein (PV) of the AVF, along with the sections of the anastomosis (toe, heel and
floor)

have been annotated. Adapted from Cunnane et al. (2017).

The initiation of transitional flow behaviour at the anastomosis of the vasculature has been
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observed in numerous CFD simulations of patient-specific AVF models. Using the statis-
tical skewness calculation of velocity time series data at points along the AVF, Browne
et al. (2015b) observed a significant increase in flow instabilities at the centre of the
anastomosis and this deduction was confirmed with the power spectral density (PSD)
of the velocity. Decomposing the velocity trace of a turbulent field yields three distinct
bandwidths, namely the energy containing range, inertial subrange, and dissipation range
(Pope, 2001; Richardson, 2007). These characteristics were noted in the frequency distri-
bution of the velocity obtained at the monitor points placed at the anastomosis. Other
simulations have also noted the cascade of high-frequency velocity fluctuations, attributed
to turbulent behaviour, at points close to the anastomosis (Bozzetto et al., 2016; Fulker
et al., 2018). Bozzetto et al. (2016) used localized normalized helicity (LNH), an indica-
tor of helical flow, to show the nature of the transitional flow field at the anastomosis.
Similarly, McGah et al. (2013) used isosurfaces Q-criterion to illustrate the vortical flow
generation from the anastomosis region along the vein. Stella et al. (2019) computed the
turbulent kinetic energy (albeit using only four cycles) across the geometry and noted
high variances at the anastomosis. All these studies have noted the dissipation of the
anastomotic disturbances as the flow traverses along the vein. Along these lines, Fulker
et al. (2018) have assessed the interactions of these disturbances with dialysis needles and
surmised that needle placement further than 3 ¢m would enable improved blood extraction
that is not inhibited by turbulent structures emanating from the anastomosis as seen in

figure 2.3.

Therefore it is crucial to establish experiments that capture the three-dimensional tran-
sitional effects directly in contrast to simulations that are aided by turbulence models.
However, experimental studies of flow within AVFs have been largely restricted to CFD
validation studies (Drost et al., 2017). End-to-end (Kharboutly et al., 2010), end-to-side
(Botti et al., 2013; Browne et al., 2015b; Decorato et al., 2014a; Sivanesan et al., 1999)
and side-to-side (Lwin et al., 2014) configurations of AVFs have been used for pressure

and velocity field comparisons with most examined at steady flow boundary conditions.

An end-to-side AVF was analysed with a steady flow proximal artery inlet and an occluded
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Figure 2.3: Vortical turbulent structures visualized using Q-criterion. Diastole (minimum
inlet flow time-point) in the left column, systole (maximum inlet flow time-point) in the
right column. (a) Arterial needle placed 3cm from the anastomosis, (b) arterial needle
placed 4cm from the anastomosis, and (c) arterial needle placed 5cm from the anastomosis.
Adapted from Fulker et al. (2018)

distal artery due to the complexity of establishing pulsatile conditions with three boundary
nodes (Botti et al., 2013). The velocity field, which was measured using planar particle
image velocimetry (PIV), was compared at two Reynolds numbers and similar flow be-
haviour was noted in the accompanying numerical results as well. However, the relatively
coarse spatial averaging process of PIV together with the low temporal resolution led to
discrepancies with the size and magnitude of the vortical regions at the heel and the toe of
the anastomosis. A discrepancy between the pressure drop measured in the accelerating
phase of the pulsatile inlet flow compared to the pressure drop measured using steady
inlet conditions once again shows the value of replicating realistic boundary conditions.
Planar PIV measurements of an end-to-end AVF with pulsatile inlet conditions (Khar-
boutly et al., 2010) revealed the presence of jet flow at the outer wall of the anastomosis
due to the enlargement of the vessel. The large velocity gradient across the anastomosis

led to a recirculation zone at the heel of the anastomosis together with vortical motion in
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the plane perpendicular to the bulk flow direction. Although this experiment was more
representative of a physiological AVF, the end-to-end AVF geometry is an uncommon
configuration as it is more susceptible to thrombosis formation than other configurations

(Galié¢ et al., 2008; Stanziale et al., 2011).

An idealised end-to-side AVF geometry was used with pulsatile and steady conditions in
the flow visualisation and laser doppler anemometry (LDA) experiments conducted by
Sivanesan et al. (1999). Varying the inlet flow rate ratio (between the proximal and distal
arteries) allowed the visualisation of the shift of the location of the prominent recircu-
lating flow from the heel to the toe of the anastomosis. However, significant differences
between the flow behaviour with the steady and pulsatile inlet flow were not seen in the
flow visualization cases of equivalent Reynolds numbers. An advantage of an experimen-
tal setup is the ability to record large datasets with relative ease to quantify statistically
converged mean and variance quantities (Buchmann et al., 2011; Gunning et al., 2014),
thereby quantifying the disturbances created by the transition to turbulence. Large values
of turbulent intensities, that receded along the outlet vein, were recorded at the anasto-
mosis which complemented the vortical flow features seen using flow visualization (figure

2.4).

A key quantity useful in haemodynamics (see section 2.1) is the wall shear stress (WSS).
The calculation of WSS can be described using the general equation 2.1 where the fluid
dynamic viscosity, wall perpendicular unit distance and the near-wall parallel velocity

component are denoted as p, n and Uy, respectively.

o Uwa
Twall (07“ WSS) = U < 5 n ”> (2.1)
wall

WSS, as the name implies, quantifies the shearing stress imparted onto the vessel wall by
the fluid. Although this quantity can be measured experimentally, as shown by Sivanesan
et al. (1999) who quantified high varying oscillatory WSS at the floor of the anastomosis
using LDA measurements and Buchmann et al. (2011) who noted low WSS at regions of

flow reversal in a carotid artery geometry using tomographic PIV, it requires a high degree
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t (s)

Figure 2.4: Pulsatile flow patterns at four points in a cycle. Adapted from Sivanesan et al.
(1999)

of spatial resolution and near-wall flow fields, which is easier to obtain using numerical

methods.

The initial postulations regarding the interplay between WSS and AVF maturation were
that the blood vessel grows in diameter to compensate for the sudden increase in blood
flow and WSS thereby restoring physiological levels of WSS (Humphrey, 2008). However,
the WSS levels tend to remain at elevated levels that were larger than the initial WSS
values in the vein (Carroll et al., 2011; McGah et al., 2013). To further understand
the relationship between WSS characteristics and AVF disease initiation many cell-based
biological studies, covered in section 2.1, have correlated regions of low time-averaged
wall shear stress (TAWSS) and high oscillatory shear index (OSI) to locations of disease

initiation. The TAWSS is a measure of the mean WSS across the cardiac cycle and
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is calculated using equation 2.2 within which 7,4 represents the WSS vector and T

represents the time for one complete cardiac cycle.

1 T
TAWSS — / o] dt (2.2)
T Jo

The Oscillatory Shear Index (OSI) captures the level of reversal of the WSS vector along
the line of the dominant WSS vector (He and Ku, 1996) and is calculated using equation
2.3.

o f Twall dt|
0SI = 0.5 (1 - T (2.3)

Numerous computational studies have also noted this co-location of known common disease
initiation regions with low TAWSS and high OSI (Ene-lIordache and Remuzzi, 2012; He
et al., 2013). However, there are a significant amount of studies that postulate that high
shear stress and large WSS gradients may be attributed to the onset of intimal hyperplasia
(Carroll et al., 2009; Rajabi-Jagahrgh et al., 2013). Additionally, the TAWSS metric only
provides a mean measure, while the OSI only captures the fluctuation along a single
direction. Because of these deficiencies, additional WSS metrics were introduced, one of

which is transverse wall shear stress (transWSS).

“Jo TwallGl 7_walldt

Twall * <_7—L> )'dt (24)
’fg 7—wozlldt‘

This metric attempts to capture the multi-directional variation of the WSS vector across

1 T
transWSS = /
T Jy

the cardiac cycle and is calculated by equation 2.4. This metric and its derivative (Cross
Flow Index - CFI) have been shown to indicate regions of multi-directional near-wall flow
and have also been linked to regions of disease initiation (Andersson et al., 2017; Carroll,
2018; Mohamied et al., 2015). Fluctuations of WSS from cycle-to-cycle have also been
measured, in the same manner that turbulent kinetic energy is calculated, using higher-

resolution numerical methods thereby inferring the impact of turbulent fluctuations on
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the vessel wall (Andersson et al., 2019; Stella et al., 2019).

2.3 Influence of stent implantations on haemodynamics

Studies investigating the impact of treatment methodologies on AVF haemodynamics are
very sparse. Some examples are the assessment of balloon angioplasty on arterial stenoses
(Decorato et al., 2014b) and the impact of sildenafil on geometric and haemodynamic
parameters of AVFs in rats (Northrup et al., 2021). With some treatments, such as
stent implantation, the dearth of haemodynamic research can be put down to the relative
novelty of the procedure in AVFs. Clinical studies have noted the safe use and good
patency rates for the implantation of novel devices such as the VasQ (Chemla et al., 2016)
and the optiflow (Chemla et al., 2014) in brachiocephalic AVFs. However, a detailed
understanding of the impact of these devices on the flow within the AVF is yet to be

explored.

Extensive fluid dynamic assessments have been conducted on other device implantations,
such as artificial heart valves (Dasi et al., 2009) and ventricular assist devices (Laumen
et al., 2010). Pertinently, numerous idealised and patient-specific studies have assessed the
impact of stent implantations on the haemodynamics of various vessel locations including

the coronary artery, cerebral vasculature and thoracic aorta to name a few.

Focused attention on strut geometries of stents showed the aggravation of flow recirculation
and low shear stress zones with non-streamlined (generally rectangular cross-sectional)
strut shapes which could be conducive to procoagulant and pro-inflammatory elements of
blood (Jiménez and Davies, 2009). It was found that even streamlined (generally circular
cross-sectional) struts with large strut heights prevented endothelialization (Nguyen et al.,
2021) and increased fibrin deposition (Jiménez et al., 2014) thereby showing that both the

strut shape and dimensions affect the health of the nearby vessel area.

The novel AVF treatment technique of implanting a flexible stent across the anastomosis

(Swinnen et al., 2015; Thomas et al., 2019) leads to partial obstruction of the distal artery
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inlet flow and malapposition at the juxta-anastomotic vein as illustrated in figure 1.5 in
chapter 1. These stent implantation characteristics have been leveraged in intracranial
vasculature to divert flow away from aneurysms (Brinjikji et al., 2013). The diversion
of a significant portion of flow away from the aneurysm leads to occlusion in most cases
(Kulcsar et al., 2012) which is a far better outcome than the converse realistic possibility
of aneurysm rupture. Assessing under-sizing and over-sizing of flow-diverter stents that
trap side-branches revealed that the side-branches remained patent when captured by the
under-sized flow-diverters (Berg et al., 2016). The under-sized stents had lower spacing
between adjacent stent struts which effectively restricted flow into trapped side branches.
Using experimental and numerical methods in an idealised geometry with coronary artery
physiological flow, Berry et al. (2000) noted the coalescing of vortical regions with stent
struts of shorter gaps as opposed to the creation of individual recirculation zones with
longer strut gaps. In addition to providing stent design guidance to avoid multiple recir-
culation zones, these findings also provide an additional mechanism that is potentially at

play when diverting or encapsulating flow within the stent.

Stent implantations are known to reduce the overall WSS faced by the vessel with the
lowest WSS regions at stent strut junctions/corners occurring due to stagnation of the
flow (LaDisa et al., 2003). An increase in intimal hyperplasia within in vivo stented artery
models has been noted at regions of low WSS and large spatial gradients of WSS (LaDisa Jr
et al., 2005). Other studies have also observed the co-location of these WSS behaviour
with locations of disease propagation (Murphy and Boyle, 2010) thereby highlighting the
impact of the stent induced wall forces on the vessel health. Using the basis of minimizing
the area exposed to low WSS, an optimisation study yielded an angle of approximately

40°regardless of the vessel size and intra-strut area (Gundert et al., 2012).

In addition to the design of the stent, studies have also assessed how the flow and WSS
behaviour is affected by the degree of stent apposition, where the stent is embedded against
the vessel wall, and malapposition, where the stent is not in contact with the vessel wall.
An undersized stent implantation, that is not well apposed to the vessel, is known to be a

predictor of stent thrombogenicity (Van Werkum et al., 2009) and the malapposition of the
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(e)

Figure 2.5: Shear rate (1/s) contours for flow across stent struts with gaps of a) L/D =
3.53 in a 4 mm vessel, b) L/D = 5.88 in a 2 mm vessel, and a) L/D = 10.55 in a 4 mm
vessel where L represents the length of the strut gap and D represents the diameter of the
strut. Adapted from Berry et al. (2000)

stent has shown to produce recirculation regions near stent struts, along with the increase
in areas of low Time-Averaged Wall Shear Stress (TAWSS) (Beier et al., 2016; Chen et al.,
2017). However, with the increase in the degree of undersizing beyond 5% of the vessel
diameter (equivalent to a decrease in stent lumen area below 90.25% of the vessel lumen)
a decrease in the heterogeneity of the wall shear stress (WSS) was evident across the vessel
(Chen et al., 2009). Flow simulations of patient-specific models have also observed a lower
coverage of adverse time-averaged wall shear stress in the presence of a malapposed stent
(Wei et al., 2021). A recent study has shown that undersized stent-grafts used to treat
cephalic arch stenoses associated with AVFs, have yielded higher access patency rates and

a decrease in interventions (Huang et al., 2020).
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2.4 Thesis objectives

This chapter has highlighted that there is an appreciable impact from the flow dynamics
on AVF health, however, there remains an incomplete understanding of the nature of
the adverse haemodynamics and the mechanisms it initiates in disease propagation in
the vessel wall. In an attempt to treat the most commonly afflicted disease, stenosis of
the juxta-anastomotic vein, clinicians have noted successful outcomes with the novel use
of flexible stent implantations. Nevertheless, like other treatment strategies employed to
treat AVFSs, there has been an absence of investigations discerning the effect of the stent

treatment on the flow environment.

Accordingly, the primary objective of this thesis is to understand the haemodynamic
influence of the stent implantation within the patient AVF. This involves isolating the effect
of the stent by comparing flow fields with and without the presence of the stent in the same
patient AVF geometry. A key outcome of numerous AVF studies to date is the dependence
of the flow environment on the physiological conditions, therefore this work attempts to
replicate an exact patient AVF geometry, boundary conditions and the subtleties of the
device implantation. The flow field will be quantified with bulk flow, turbulent fluctuation,
and wall shear stress calculations obtained using both high-resolution computational fluid
dynamics simulations and tomographic particle image velocimetry experiments. Although
past works have noted the initiation of transitional flow in the anastomosis of the AVF,
there is an absence of experimental studies capturing this three-dimensional behaviour
in realistic AVF geometries without the influence of turbulence models. Hence, a key
objective of this work is the development of a volumetric flow measurement technique

that captures the highly unsteady flow in a physiological benchtop AVF model.

Beyond this, comparisons will be made between the haemodynamic environment within the
treated AVF against that of the diseased AVF. This will be conducted by replicating the
same numerical methodology with the (diseased) AVF geometry prior to the implantation
of the stent. After normalising appropriate flow quantities, to account for the difference

in inlet conditions between the diseased and treated AVFs, comparisons of the bulk flow,
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turbulent fluctuations, and wall shear stresses will be made to understand the overall
change the stenting procedure has had on the AVF flow environment. This comprehensive
assessment of the stent implantation within a patient-specific AVF will not only provide
a fundamental understanding of the potential haemodynamic factors driving the success
of the treatment but would also unravel complexities at play within the unsteady flow

disturbances of a realistic AVF.
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Chapter 3

Development of a volumetric flow
measurement for a benchtop AVF

model!

This chapter details the development of the benchtop AVFE flow measurement to obtain
three-dimensional volumetric flow information. The flow field within the AVF is influenced
by the patient-specific geometry and boundary conditions, and the procedure followed to re-
trieve the relevant patient data has been outlined. Subsequently, the methodology followed
to fabricate an AVE benchtop model and replicate the patient-specific inlet flow conditions
have been detailed. The refinement of the Tomographic Particle Image Velocimetry mea-
surement procedure to obtain temporally resolved velocity information has been specified
and the chapter is concluded with a validation of the bounds and values of the resulting

velocity field.

I This chapter contains work that has in part been published in Experiments in Fluids, Vol. 61(12),
2020:

Tomographic PIV analysis of physiological flow conditions in a patient-specific

arteriovenous fistula
Sanjiv Gunasekera, Olivia Ng, Shannon Thomas, Ramon Varcoe, Charitha de Silva, Tracie Barber
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3.1 Patient Data Retrieval

The complex haemodynamic environment within the AVF is to be studied by obtaining
detailed volumetric flow measurements using the Tomographic Particle Image Velocimetry
(Tomo-PIV) methodology. In order to conduct this study, a sequence of steps, as illus-

trated in figure 3.1, were followed to process the patient data into valuable components of

Patient AVF

the measurement.

Freehand 3D Doppler
ultrasound ultrasound
Volume reconstruction Processing &
& Segmentation Digitising
3D printing & Pump & Tubing
PDMS casting network tuning

Benchtop AVF Patient-specific
phantom inlet conditions

Figure 3.1: The sequence of steps followed to setup the Tomographic Particle Image
Velocimetry measurement.

3.1.1 Overview of the freehand 3D ultrasound scanning methodology

The AVF of a 78-year-old male volunteer (at rest) was scanned with informed consent
under the approval of the Low/Negligible Risk (LNR) application with the South East-
ern Sydney Local Health District Human Research Ethics Committee number 15/063
(LNR/16/POWH/7).

A non-invasive three-dimensional freehand ultrasound scanning method was used to ob-

tain the geometry of the AVF (Colley et al., 2018). The three main components of the
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scanning methodology were the portable ultrasound machine (Mindray TET), the infrared
motion-tracking camera (Optitrack V120:Trio) and the workstation laptop (Intel(R) Core
i7 2.50GHz CPU and 32-GB RAM). The scans displayed by the ultrasound machine were
recorded via a video capture device (StarTech.com Ltd.) that was connected to the laptop
and the B-mode ultrasound scan images were acquired by a linear transducer (Mindray
L14-6NS) which was connected to the machine. A rigid body with passive reflective mark-
ers, that were detected by the motion-tracking camera, was secured to the transducer in
an orientation such that it was visible during the scanning procedure and the 3D locations
of the markers were relayed to the laptop within which the Motive 1.9 (Optitrack) soft-
ware calculated the location and orientation of the rigid body at 100 frames per second.
The location and scans were then synchronised by an in-house MATLAB (The Mathworks
Inc.) script to place the scans in a 3D-volume. This overview of the scanning methodology

has been illustrated in figure 3.2.

The rigid body centroid and orientation, that was relayed across to the laptop, required
a transformation to align with the scan location and orientation. To accomplish this, a
calibration was conducted by placing the transducer on a board with additional reflec-
tive markers placed at pre-determined positions. The transformation matrix between the
scan plane location and orientation was thus calculated by comparing the location and
orientation of the rigid body markers and the additional markers. A verification study of
this calibration has been conducted using a cross-wire phantom submerged in water. A
mean error of 2.5% was recorded after comparing the distances measured in the phantom

against those in the 3D reconstruction of the scans (Carroll, 2018; Colley, 2018).

3.1.2 Patient scanning procedure

A thick layer of conductor transmission gel was placed on the forearm of the patient, to
prevent the deformation of the superficial AVF vessels. The ultrasound transducer was
traversed along the forearm in one smooth motion with minimal sudden rotations and

translations. The motion-tracking camera was placed such that the rigid body affixed to
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Figure 3.2: Overview of the freehand ultrasound scanning methodology. Reprinted from
Colley et al. (2018).
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the transducer was always in view throughout the scanning procedure. The B-mode scan
image depth was fixed to 35 mm which equated to a pixel resolution of 0.0579 mm /pizel.
The recorded B-mode frames placed in their respective 3D locations were visualised by a

MATLAB graphical user interface (GUI) for real-time verification of the scan quality.

3.1.3 Extracting the vessel geometry

The B-mode frames located in a 3D field were then converted to a volume of scans using
a voxel-based method. Although a pixel-based method would be less time-intensive, an
additional strategy would need to be adopted to fill the spaces in the non-uniform scan
frame field since all frames would not intersect every voxel in the final volume. The voxel-
based method was conducted by traversing across every voxel and interpolating intensities

of the nearest adjacent frame pixels. The resampled voxel size was set to 0.05 mm?>.

The resulting volume of uniformly spaced scans was imported into the Simpleware ScanlP
image processing software (Synopsys Inc., CA, USA). The volume was manually segmented
because of the indistinct lumen boundary resulting from the low-contrast ultrasound scans.
A mask around the low-intensity vessel lumen cross-section was created every five slices to
reduce the duration of the segmenting procedure. The masked slices were then interpolated
using a function in ScanlIP. After applying 3D Gaussian smoothing functions and assessing

against the scan volume, a surface mesh file in the STL format was generated.

3.1.4 Obtaining the inlet boundary conditions

In addition to obtaining the B-mode images of the AVF geometry, the spectral doppler
function of the ultrasound machine was used to extract the patient-specific flow rate
boundary conditions of the inlet vessels (Carroll et al., 2020). The patient AVF under
consideration had a retrograde inlet flow configuration where the proximal artery and the
distal artery supplied blood to the outlet vein of the AVF. Since the inlets of the two vessels

were recorded individually, a simultaneous ECG trace was recorded using a 3-lead ECG.
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The peak of the ‘QRS’ complex of the ECG trace was used to temporally synchronise the
inlet waveforms of the two vessels. The Doppler images, which were cycle-averaged and
processed using a median filter and Gaussian smoothing, were digitised using a MATLAB

algorithm (Carroll et al., 2020).

3.2 Experimental Setup

The in-vitro flow experiments involving the patient-specific AVF were conducted in the
Thermofluids Laser Lab in the School of Mechanical and Manufacturing Engineering at
the University of New South Wales. The procedure involved casting a transparent model
of the AVF, which was connected to a pulsatile pump via a tubing network, to replicate the
patient-specific boundary conditions. The seeded working fluid, circulated by the pump,
was illuminated by a high-speed double pulsed laser. Finally, the particle images that were
captured by the cameras (placed in optimised positions), were processed using commercial

PIV software.

3.2.1 Benchtop model fabrication

The surface mesh of the AVF that was generated from the segmentation of the ultrasound
scan volume was used to create a 3D print of the geometry at the same scale, using the 3D
systems Projet CJP 660Pro which has a minimum layer thickness of 0.1 mm. The model
was printed in a gypsum-based material (known as Visijet PXL) without a wax infiltrant
(in a ‘green’ state) and coated with three layers of PVA glue after printing. The lack of the
wax infiltrant ensured that the print remained water-soluble. A clear polydimethylsiloxane
(PDMS) model was created by casting around the 3D print using the Sylgard 184 (Dow
Corning) silicone elastomer with the recommended 10:1, base to curing agent ratio. At
this ratio, the internal walls of the silicone model remain rigid. Numerical simulations
comparing compliant and rigid wall conditions have found that wall shear stress values

are overestimated in the latter case, however, the general qualitative distribution of wall
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shear stress is similar for both wall conditions (Decorato et al., 2014a; McGah et al., 2014).
Finally, the AVF phantom, as shown in figure 3.3, was created by dissolving the 3D print

in water (with the aid of a syringe and an ultrasonic bath).
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Figure 3.3: Comparison of the virtual geometry with the benchtop model. (a) The STL
file resulting from the segmentation of the stack of ultrasound scans of the AVF. (b) The
PDMS benchtop model phantom created with a 3D print of the AVF as the positive.

3.2.2 Working Fluid

The criteria for deciding the working fluid was predominantly based on the need for the
Refractive Index (RI) of the fluid to match that of PDMS (& 1.42) and for the physical
properties of the fluid to be similar to blood. The RI match of the benchtop model, which
prevented any distortion of light at the liquid-solid interface, was scrutinised by placing
a grid behind the fluid-filled benchtop model and assessing the distortion of the lines as
seen in figure 3.4. The equivalent RI was obtained by creating a fluid mixture of 46.3 %
of deionized water, 38.0 % of glycerol and 15.7 % of Sodium Chloride by weight.

SN XX

6 3 N

Figure 3.4: Refractive index matching. (a) The benchtop model filled with water. (b)
The benchtop model filled with the working fluid which is a mixture comprising mainly of
glycerol and NaCl solution.

To obtain dynamic similarity with the blood flow in the patient’s AVF, both the Reynolds

number (ranging between 374 - 735 in the proximal artery and 160 - 386 in the distal

31



3. Development of a volumetric flow measurement for a benchtop AVFEF model

artery) and the Womersley number (of 3.66) were matched to the physiological case. The
definitions for the Reynolds number (Re) and Womersley number («) used for these scaling

calculations are,

D
Re P*¥U*D (3.1)
W
D |Jwxp
= —/— 2
a=- . (3.2)

where, p is the fluid density, U is the average velocity, D is the hydraulic diameter,
is the dynamic viscosity and w is the angular frequency. The patient heart rate was
recorded as 60 bpm at the time of the scan. Blood density and dynamic viscosity values of
1060 kg/m3 and 3.5 mPa - s respectively, were used for the calculations. The density and
dynamic viscosity of the working fluid were measured to be 1202.7 kg/m? and 9.21 mPa-s
respectively at 22°C. The density was measured using a weighing scale and a calibrated
beaker while the viscosity was measured using a tuning fork vibration viscometer. With
this mixture, a cycle period of 0.43 seconds was deemed necessary to meet the dynamic
similarity requirement. It was possible to create a fluid with the RI matched to PDMS
using a mixture of 60.75% of glycerol and 39.25% of water. However, the density and
dynamic viscosity of this mixture was measured to be 1152.9 kg/m?3 and 11.6 mPa - s
respectively, which increased the experimental inlet flow rates by 31% and decreased the
cycle period to 0.3287 seconds. Ultimately, the mixture using Sodium Chloride was chosen
to modify the fluid density and viscosity and enable a longer cycle period and smaller inlet

flow rates (as elaborated in section 3.2.3).

A limitation of this mixture is that it is a Newtonian fluid. However, numerical studies
(Vijayaratnam et al., 2015) analysing the effects of non-Newtonian and Newtonian fluid
have shown that the discrepancies are negligible at high shear rates (typically seen in
AVFs). The working fluid was seeded with Rhodamine-B melamine resin particles of size
5 um (LaVision Gmbh), which were coated with Polyethylene Glycol (PEG) to minimise

agglomeration, with a volume percentage of 0.06% of the total working fluid from the
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aqueous solution of 2.5% w/v concentration. The calculated Stokes number for the particle
in this domain was well below 0.1 confirming that the particle has a sufficient temporal
response with the flow. The surfactant Tween 20 was used with a volume ratio of 1:100
to prevent seeding particles from adhering to the wall of the model. The RI matching was
conducted after the surfactant was mixed, and the addition of the particles did not make

a noticeable difference to the RI because of the low volume added.

3.2.3 Physiological boundary conditions

The ViVitro Superpump (ViVitro Labs Inc., BC, Canada) was used as the flow source and
a network of rigid tygen tubing inclusive of valves, to simulate vascular resistance, and
air-filled syringes, to simulate vascular compliance, connected the model to the pump. The
Superpump, which is a piston pump with an elastic diaphragm in the output chamber,
was used to produce a sinusoidal flow waveform. The eccentricity of the sinusoid can be
modestly controlled by modifying the coordinates of the piston displacement with time. By
varying the gain of the pump, the mean outlet flow rate can be altered while maintaining
a waveform that is close to the derivative of the piston coordinate mapping. The interplay
of the driven piston flow with the diaphragm and the one-way valves are some factors that

restrict the user’s control of the waveform via the piston displacement coordinates.

The challenge with the retrograde blood flow configuration is that two different inlet
waveforms needed to be created from one source. The combination of resistance from
the valves and compliance from the syringes assisted in achieving the different inlet flows.
The resistances from the valves were altered to control the ratio of flow diverted to each
inlet. The excessive amplitude of the inlet flow in the distal artery was dampened using
an optimised ratio of fluid to air in the syringe. A downside that was seen in using this
method of compliance is the presence of a secondary localised peak, due to the flow stored
in compliance being ejected. An air volume of 20mL in the 40mL syringe gave the required
dampening with a low secondary peak. The use of rigid tubing helped in concentrating

the control of the compliance predominantly to the syringe. To avoid these complexities
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in the tubing network, two pumps that are synchronised with each other would be a more
direct alternative to obtain two different patient-specific profiles, provided the availability

of such resources.

The suitability of the mixture with added Sodium Chloride over the mixture containing
only Glycerol and Water was evident in this procedure of replicating the physiological
flow by tuning the resistance and compliance of the flow-loop. The larger inlet flow rates
(required with the Glycerol-Water mixture) would have led to a requirement to dampen
a larger amplitude in the distal artery. Additionally, the damping response would have
a shorter time duration to be enacted. Another consideration was the pump limit for
the time period of each cycle that was stipulated to be 0.3 seconds (200 BPM) by the
manufacturers of the Vivitro Superpump. The cycle period required with the Glycerol-
water mixture (0.33 seconds - 183 BPM) was much closer to this limit than the cycle
period with the addition of Sodium Chloride ( 0.43 seconds - 139 BPM) thereby hastening

equipment wear and tear.

The flow rate was measured using a Sonoflow clamp-on ultrasonic flow sensor (Sonotec
Gmbh). The sensors were placed as close to the model as possible when measuring the
flow rates at the inlets. Cycle-to-cycle variation of the inlet flow rates were calculated and
the average standard deviations across all timesteps were found to be 0.32 ml/s (=~ 4.79%)

and 0.35 ml/s (=~ 2.07%) at the distal artery and proximal artery respectively.

The recorded mean flow rates were compared against the scaled physiological flow rates as
shown in figure 3.5. Approximately 50 cycles of the patient’s cardiac flow were recorded
at the vessels using Doppler ultrasound and the final mean experimental pump flow rates
were compared to the range of patient flow rates. The larger range in the proximal artery
could be due to the higher flow rates and therefore relatively higher disturbances were seen
at the proximal artery. Additional errors in the scanning procedure would be aggravated
when scaling the recorded flow rates. Upon comparison of the pump and patient scaled
inlet flow rates, an average deviation of 7.57% and 21.16% was noted at the proximal
artery and distal artery respectively. A sharp acceleration of the inlet flow profile in the

distal artery was arduous to obtain due to the added compliance in that section of the
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tubing network. Given that the flow rate was significantly higher in the proximal artery,
matching the flow profile at the proximal artery with the patient data was prioritised,

resulting in the higher deviation at the distal artery.
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Figure 3.5: Experimental flow profile at the inlets. The red curve shows the average flow
rate obtained at the patient’s proximal artery. The red filled region shows the range of flow
rates captured at the proximal artery of the patient. The black line imposed on the red
region is the flow rate at the proximal artery in the experimental setup. The green curve
shows the average flow rate obtained at the patient’s distal artery. The green filled region
shows the range of flow rates captured at the distal artery of the patient. The black line
imposed on the green region is the flow rate at the distal artery in the experimental setup.
The patient flow rates were measured using Doppler ultrasound and the experimental
setup inlet flow rates were measured using ultrasound flowmeters.

3.2.4 Laser and Camera specifications

The region of interest (ROI) was illuminated using a 527 nm Nd:YLF (Pegasus PIV
dual-head, 10 mJ at 1 kHz per cavity) laser with a volume optic at the end of the laser
arm (LaVision). The anastomosis (the point where the vein meets the artery) and the
region surrounding it, clinically referred to as the juxta-anastomotic (JXA) region, is most
susceptible to stenosis development, therefore the illumination was focussed onto the JXA
region of the model. After assessing reconstructions of varying laser volume thicknesses, it

was concluded that beyond a thickness of 4 mm a significant amount of erroneous vectors
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C - Cameras with scheimpflug adapters

F - Ultrasonic flowmeters

L - Laser volume (527 nm at 1 kHz)

P - Vivitro superpump

R - Reservoir

S - Syringe (used as compliance chamber)
V - Hydraullic valves

,_

/

(/I
%

451

@ S DA - Distal Artery . _
JXA - Juxta-anastomotic region

PA - Proximal artery

PV - Proximal vein

C5

Cé

——————————-——————————————_—_—_—_/‘/' '

Figure 3.6: The general experiment setup inclusive of the model, tubing components and
the approximate camera positions. The annotations on the inset image explain the various
regions of the model.

were produced due to the increase of ghost particles and reduction in illumination intensity,
therefore the laser was clipped to a thickness of 4 mm. For the preliminary stereoscopic
PIV measurements used for validation, a sheet optic was used instead to illuminate the
region of interest (Gunasekera et al., 2019) and the laser sheet thickness was measured to

be approximately 1 mm.

Four Phantom Miro M310 high-speed cameras (with CMOS sensors), fitted with macro
lenses of 100 mm focal length (Tokina AT-X M100 PRO D Macro), and 540 nm long-pass
filters, recorded the double-frame particle images at 1 kHz with a 25 us separation be-

tween the two frames (dt). The aperture set to a focal stop of 8 ensured that the 4 mm
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Table 3.1: Summary of the experimental conditions and equipment.

PDMS Box dimensions 210 (L) x 40 (W) x 50 (H) mm?
model
Proximal Artery Diameter ~ 4.5 mm near the anastomosis
Distal Artery Diameter ~ 4 mm near the anastomosis
Proximal Vein Diameter ~ 6.5 mm near the anastomosis
Working Composition Water 46.3%, Glycerol 38.0% and
Fluid Sodium Chloride 15.7% (w/w)
Surfactant Tween 20 (1% volume ratio)
Density 1202.7 kg/m?
Dynamic Viscosity 9.21 mPa * s
Seeding type 5 pm Rhodamine-B melamine resin
particles with PEG coating
Seeding concentration (0.06% volume ratio)
Stokes number 410711
Boundary Reynolds number (Proximal 374 - 735
conditions  artery)
Reynolds number (Distal 160 - 386
artery)
Womersley number 3.66
Time period 0.43 s
Laser Type Nd:YLF 527 nm double pulsed
Speed 1 kHz
Pulse separation 25 us
[luminated volume 30 (L) x 4 (W) x 20 (H) mm?
Camera Type Phantom Miro M310 x4
Resolution 1280 x 800
Pixel resolution 29.4 pizels/mm
Aperture -8
Lens filter 540 nm long-pass
Azimuthal and elevation an- 30°

gles with respect to the per-
pendicular of the XY plane

volume was in focus. Camera positions with non-zero optimised elevation (and azimuthal)
angles have been shown to produce reconstructions of better quality in tomographic PIV
experiments (De Silva et al., 2012); therefore the four cameras were placed in a pyramid
configuration with the model at the apex and the cameras at the vertices of the pyramid
as annotated C1-4 in figure 3.6. However, the Scheimpflug adapters restricted the opti-
misation of the azimuthal and elevation camera angles to approximately 30° each. Two

cameras were previously placed on a plane perpendicular to the laser beam with only an
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azimuthal angle of approximately 40° as annotated by C5-6 in figure 3.6. The images
acquired from these two cameras were used to conduct preliminary stereoscopic PIV mea-
surements of the AVF flow field. As forward scattered light has also been demonstrated
to be beneficial (De Silva et al., 2012), a silver-coated front-surface mirror was placed

beneath the ROI to increase the reflected particle intensity.

A summary of all the experimental values and settings is included in table 3.1.

3.3 PI1V procedure

3.3.1 Calibration

As noted, the RI matched working fluid reduced the distortion across the liquid-solid inter-
face, however, there would still be distortion due to light crossing the solid-gas interface
of the transparent PDMS model to the surrounding air. A method of overcoming this
obstacle is to orientate the cameras perpendicular to the solid face of the PDMS model
either by placing them in orthogonal locations or by including optical devices such as
prisms (Buchmann et al., 2011), however, neither method was feasible for this experiment
due to the oblique camera viewing angles necessary for better quality tomographic recon-
struction. Therefore, the calibration images were captured with an equivalent amount of
optical distortion by embedding the calibration target (which was a LaVision 058-5 cal-
ibration plate) in a PDMS ‘holder’ of equivalent thickness to the AVF PDMS model as
illustrated in figure 3.7. Since the thickness of the calibration target (5.9mm) was larger
than the ROI thickness, one view of the target placed at the centre of the ROI was deemed

sufficient.

3.3.2 Image pre-processing

The particle images were captured and processed using the commercial PIV processing

software, DaVis 8.4.0 (LaVision Gmbh). To improve the volume reconstruction, the raw
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S 3 4 mm
X¢Z %5.8mm

Figure 3.7: The comparison of the calibration plate holder and the PDMS model. The
thickness of the holder and the PDMS model (denoted in red) are both 25 mm. The
calibration plate thickness (denoted by the blue outline) is wider than the laser volume
thickness (denoted by the green solid region).

images were first pre-processed. Although the pairing of fluorescent particles and long-
pass lens filters reduce the background noise significantly, the remaining low intensity noise
was eliminated by first, subtracting the minimum intensities of 1000 images at each pixel,
followed by applying a sliding minimum subtraction and a constant subtraction of each
image. The non-uniform spread of the laser volume intensity was mitigated by applying a
local average normalisation with a large window for every image. A Gaussian smoothing
step is included to combat the intensity reduction steps at particle pixel locations and to

mitigate the effects of small calibration errors (Elsinga et al., 2006; Scarano, 2012).

3.3.3 Volume Self-Calibration

Although the calibration procedure was followed with care, sources of error such as mis-
alignment of the PDMS holder to the AVF PDMS model, camera vibrations and so on
would introduce disparities that are significant to the tomographic reconstruction step.
Therefore, two volume self-calibration (VSC) techniques have been implemented with the
first being the intensity correlation based VSC (VSC-IC) (Wieneke, 2018) to correct large
disparities, followed by the standard VSC (Wieneke, 2008) which is based on comparing
detected particle positions across the four cameras. The advantage of using the VSC-1C

method is evident in figure 3.8 where the peaks of the disparity maps are much sharper and
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are of equal intensity across all sub-volumes following the application of this method. The

disparity maps were further refined by conducting five iterations of the standard disparity

map based VSC method.

Before VSC-IC

— Max
After VSC-IC
2
2
ko)
=
After VSC-IC and standard VSC 0

Figure 3.8: Comparison of the disparity maps after various Volume Self-Calibration (VSC)
steps. The first two images show the difference between the spread of the peaks in the
sub-volumes before and after applying the Intensity Correlation based VSC (VSC-IC).
The final image shows the refinement of the disparity peaks after five iterations of the
standard disparity map based VSC.
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3.3.4 Volume Reconstruction and Correlation

The volume was reconstructed using a fast MART (multiplicative algebraic reconstruction
technique) algorithm with 10 iterations (Elsinga et al., 2006) in DaVis. Before proceeding
to cross-correlate the volume pairs, an internal 3D masking procedure, similar to that
proposed by Im et al. (2014), was followed to minimise the effect of ghost particles affecting
the correlation. The 3D masking was implemented by obtaining the summation of 150
volume reconstructions which were then subjected to a threshold elimination to null low
intensity particles which is a typical characteristic of ghost particles (Scarano, 2012).
Subsequently, the 3D mask was further refined using dilation, erosion and smoothing
morphological operations that filled small null zones within the envelope of the geometry,

eliminated spurious external spots and levelled the bounds of the mask, respectively.

The refined 3D mask was applied to the corresponding 150 volumes and correlated using
a multi-step procedure starting with a window size of 64 x 64 x 64 reducing to 32 x 32 x 32
with an overlap of 75% for all steps. The equivalent vector spatial resolution in real
world dimensions was 0.27 x 0.27 x 0.27 mm3. Each correlation step was conducted
in two passes using the universal outlier detection epsilon set to 0.1 pixels (Westerweel
and Scarano, 2005) and the final vectors were post-processed using the universal outlier

detection method and a median filter with a window size of 3. An overall field of view of

35 x 22 x 4 mm? was captured using this measurement.

3.3.5 Stereoscopic PIV processing methodology

The preliminary images acquired by the two cameras placed orthogonal to the light sheet
(C5-6 in figure 3.6) were used for stereoscopic PIV measurements. These double-frame
images were recorded with the same imaging speed and separation as previously mentioned.
Since the viewing angle was less oblique in comparison to the Tomo-PIV configuration,
only a sliding background minimisation of 3 pixels was necessary to refine the images. A
multi-pass algorithm with a decreasing window size of 48 x 48 reducing to 24 x 24 with

an overlap of 50% was used for cross-correlation. The equivalent vector spatial resolution
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in real world dimensions was 0.25 x 0.25 mm?. The universal outlier detection algorithm
along with a median filter with a window size of 3 pixels was used to filter out erroneous
vectors. A mask of the ROI was created by outlining the vessel cross-section on the
summation of all the particle images. This mask was used to eliminate vectors calculated
outside the bounds of the ROIL. An overall field of view of 33 x 21 mm? was captured using

the stereo-PIV measurement.

Table 3.2: Comparison of the domain extent from the stereoscopic and tomographic PIV
measurements.

Stereo-PIV Tomo-PIV
Interrogation window 48 x 48 — 24 x 24 | 64 x 64 x 64 — 32 x 32 x 32
Interrogation window overlap | 50% 75%
Resolution 0.25 x 0.25 mm?/pz | 0.27 x 0.27 x 0.27 mm3 /vzl
Field of view (X x Y x Z) 33 x 21 mm? 35 x 22 x 4 mm?

3.4 Validation of vector field

3.4.1 Volume reconstruction comparison

The vectors were exported and post-processed using Matlab (The MathWorks Inc.). Be-
fore assessing the nature of the flow recorded within the AVF, the reconstruction was
qualitatively assessed by comparing the recreated volume to the original STL. The global
coordinates of the STL were modified manually using the Computer-Aided Design soft-
ware, Netfabb (Autodesk Inc.) and then overlaid with the Tomo-PIV vector field using
Tecplot 360 (Tecplot Inc.) as shown in the figure 3.9. The general reconstruction of the
vector is the main focus of this figure. By assessing the outer edge of the vector field and
the black band signifying the bounds of the STL, it can be seen that the reconstruction
is very similar to the initial dimensions. Since relatively shallow camera viewing angles
have been used, the accurate recreation of the Z dimension was the most challenging.
However, the accuracy of the reconstruction in the Z direction can be seen by the fact
that the circular features of the slices mimic the vessels with an insignificant amount of

over-estimation (approximately 1-2 voxels). Reconstruction errors accumulated by opti-
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Figure 3.9: Comparison of slices of the Tomograpic PIV vectors (shown with the
colourmap) and slices of the original STL (shown with the black band at each vector
slice region).

cal distortions and the slight imperfection of the 3D masking procedure are likely factors
that lead to this subtle error. The geometry used for this experiment is patient-specific,
therefore, the vessels do not align perfectly with any axis. Because of the non-alignment
of the geometry, some regions were not illuminated by the 4 mm thick laser volume. The
spacing between the vector field and the STL bounds in the Z direction of the first and

last slice is because those regions have not been illuminated.

3.4.2 Comparison with the Stereoscopic PIV measurement

To assess the integrity of the Tomo-PIV procedure, the resulting vector field was compared
to that of the Stereo-PIV measurement velocity field as shown in figure 3.10. To match

the spatial averaging across the thickness of the laser sheet occurring in the Stereo-PIV
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processing, adjacent Z plane slices of the Tomo-PIV vector field, amounting to an equiv-
alent thickness of 1 mm, were averaged. To accurately co-locate the Tomo-PIV results,
adjacent averaged Z plane slices were compared with the Stereo-PIV results and the Z-slice
with the least error was selected. Both measurement methodologies were conducted with
pulsatile inlet conditions; however, the procedure followed to match the waveform to the
physiological inlets was refined after the Stereo-PIV measurements were completed. The
inclusion of compliance into the flow-loop enabled a smaller amplitude of the waveform
at the inlets which mimicked the average physiological waveform better. The decrease in
the amplitude created a disparity in inlet flow conditions at the maximum and minimum
points, therefore for the following velocity comparison, time-points where the inlet pump
waveforms were equivalent in both measurements were selected. One time-point was at

high decelerating inlet flow while the other was at low accelerating inlet flow. The com-

parison was made using the velocity magnitude |U| = \/ mz + 7?,2 + @2 contour plot and
the in-plane (U, U,) vector plot. The velocity components were phase-averaged across
multiple cycles to obtain the general behaviour at specific flow time-points throughout the
inlet cardiac cycle. 20 cardiac cycles were used for averaging the Tomo-PIV field while 10

cycles were used for averaging of the Stereo-PIV field.

The contour plots of |U]| reveal that the flow fields are qualitatively in good agreement
with each other. A low velocity zone is observed at the floor of the anastomosis and
near the heel of the vein with the high inlet flow reaching the upper wall of the vein.
The low velocity zone enlarges at the low-flow time-point in both measurements. The
small discrepancies at certain locations at the heel of the vein at both time-points could
be explained by transient flow effects of the two different waveforms. Another source of
discrepancy is the rotational misalignment of the laser sheet relative to the principal axes
of the Tomo-PIV measurement. Despite these factors, it is evident that the integrity of the

flow field is retained in the progression of the experiment from stereo-PIV to Tomo-PIV.

The unsteadiness of both flow fields were quantified using Turbulent Kinetic Energy,
TKE = %(u’i + u/z + u’z), where the velocity fluctuations, v’y = U, — Uy, vy = Uy — Uy,

u', = U, — U, were calculated using the phase-averaged velocity components, Uy, Uy, U,
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Figure 3.10: Comparison of the velocity field between the Stereo-PIV measurement and
the Tomo-PIV measurement. The in-plane velocity vector field is overlaid on the velocity
magnitude contour plot in sub-figures a), b), d), and e). The relative error between the
Stereo-PIV and Tomo-PIV measurements are shown in sub-figures ¢) and f). The velocity
field has been compared at a high-flow decelerating time-point and a low-flow accelerating
time-point as seen in the inset waveform images on the right.

at each time-point across the cardiac cycle. The resulting T'K FE was phase-averaged across
all available cycles to observe persistent regions of unsteadiness. As seen in figure 3.11, the
main regions of high T'K F generation, at the interface of the two inlet flows and at the heel
of the anastomosis, are captured in both Stereo-PIV and Tomo-PIV techniques. The high
TKFE region in the centre of the outlet vein is of higher values and has a sharper drop-off

in the stereo-PIV derived flow field. This is owed to the lower amount of cycles available
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for phase-averaging for the Stereo-PIV measurement. A larger spatial extent of high TK F
at the interface of the inlet flows for the Tomo-PIV flow field at both time-points could
be caused by the transient effects of the slight variations in the two inlet profiles. The
volumetric averaging taking place in the Tomographic PIV correlation procedure could
capture additional large in-plane disturbances leading to the higher TK E. Additionally,
the relatively larger noise at the bounds of the illuminated volume contributed to the

elevated TKE value at the inlet flow interface.

Although the Tomo-PIV flow field replicates the high T K E regions to that of the Stereo-
PIV flow field, a latent non-zero level of TKFE is noted particularly in the Tomo-PIV
flow field, even in regions where the flow is expected to be undisturbed such as in the
proximal artery inlet. The elevated levels of low T K E could be attributed to the overall
sensitivity of the volumetric flow measurement technique to noise flow. Furthermore, the
disturbances conveyed across from the multi-element tubing network although noted to
be minimal (with standard deviations of approximately 4.79% and 2.07% of the proximal
and distal artery inlets, respectively) could contribute to the elevated levels of TKE at

the inlet.
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Figure 3.11: Comparison of the turbulent kinetic energy (TKE) between the Stereo-PIV
measurement and the Tomo-PIV measurement. The TKE has been represented at a high-
flow decelerating time-point and a low-flow accelerating time-point as seen in the inset
waveform images on the right.
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Chapter 4

Flow modelling of the stented
AVF!

In this chapter, the procedure followed to recreate the stent features within the AVF is de-
tailed. Subsequently, the methodology followed to discretize both the stented and the stent-
absent geometries is outlined along with other simulation settings required to conduct the
Reynolds Averaged Navier-Stokes simulations and Large FEddy simulations. Accordingly,
this chapter aims to set the stage for stented CFD studies in the AVF in order to un-
derstand the flow changes caused by this stenting mechanism that has been found to be

clinically successful.

I This chapter contains work that has in part been published in the Proceedings of the 22nd Australasian
Fluid Mechanics Conference, 2020:

A numerical investigation of a stented arteriovenous fistula
Sanjiv Gunasekera, Olivia Ng, Shannon Thomas, Ramon Varcoe, Charitha de Silva, Tracie Barber
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4.1 Geometry preparation

The initial ultrasound scans could not be used to segment the stent due to the presence
of excessive artefacts in the scans. Therefore the steps outlined in figure 4.1 were followed

to obtain the stent geometry within the patient-specific AVF domain.

Patient AVF

Freehand 3D Doppler
ultrasound ultrasound
Volume reconstruction Processing &
& Segmentation Digitising
3D printing &

PDMS casting

v

Stent
implantation

v

Micro-CT scanning
& segmentation

Virtual stented Patient-specific
AVF domain inlet conditions

Figure 4.1: The sequence of steps followed to setup the domain and boundary conditions
for the Large Eddy Simulations.

The AVF vessel geometry that was segmented, as detailed in section 3.1.3, was 3D printed
using an Ultimaker 3 (Ultimaker BV) with a PVA filament. A polydimethylsiloxane
(PDMS) model of the geometry was fabricated by casting the Sylgard 184 (Dow Inc.)
silicone around the 3D printed model, using an elastomer to curing agent ratio of 22.5:1
to make the silicone model more elastic. The elasticity of the model allowed the stent to

embed in the walls. As before, the PVA 3D print was dissolved by flushing the model with
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water to create a phantom model of the patient-specific AVF vessels.

Ultrasound scan image Micro-CT scan image
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Figure 4.2: Comparison of a scan image of the stented patient AVF obtained using B-
mode ultrasound against a scan image of the stented silicone AVF model obtained using
ultra-focus micro-CT.

An Abbott Vascular Supera stent, the same size of which was implanted in the patient’s
AVF (5 mm diameterx 60 mm length), was deployed (by a vascular surgeon) into the
PDMS model. The patient scans were utilised to assess whether the placement of the stent
along the vessels in the PDMS model approximately matched the corresponding location
of the stent along the vessels of the patient AVF. The initial ultrasound scans could not be
used to segment the stent due to the presence of excessive artefacts in the scans and the
lack of resolution of the scans to pick up the detail of the stent as illustrated in figure 4.2.
To obtain a precise rendering of the stented AVF model, a micro-CT scanner (MILabs
U-CT at MWAC, UNSW Sydney) with a step angle of 0.25°, was used to obtain an ultra-
focus scan at an approximate overall resolution of 40 ym. A comparison of approximately
co-located scan slices from the two scanning modalities (ultrasound and micro-CT) in

figure 4.2 illustrates the superiority of the micro-CT scan when imaging medical devices.
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The resulting high-resolution scan volume was segmented to generate an STL of the stent
geometry and the segmentation of the vessel geometry was repeated to locate the AVF

vessels in the same local coordinate system of the stent STL as shown in figure 4.3.

The stent and vessel geometries were smoothed using several iterations of a Gaussian
smoothing algorithm. To ensure the stent strut diameter was equivalent to 152 um (the
physical stent strut diameter), sections of the segmented stent radius were measured using
MATLAB (Mathworks Inc.) by calculating the distance between the stent strut centerline
and the closest STL surface elements. This method was used after each smoothing iteration
to ensure an appropriate level of surface smoothness was achieved whilst avoiding overly

shrinking the stent STL.
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Figure 4.3: a) A segment of a stent strut with the centerline imposed across the strut.
b) The physiological inlet flow waveforms imposed on the proximal artery (red) and dis-
tal artery boundaries (green). c) The AVF geometry with the stent implantation and
annotations of important regions.

4.2 CFD domain settings

To obtain time-averaged velocity and wall shear stress quantities, the incompressible

Reynolds-Averaged Navier-Stokes (RANS) equations, composed of the equations for con-
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4. Flow modelling of the stented AVF

tinuity and conservation of momentum shown below in equations 4.1 and 4.2, were solved

using the Fluent (version 2020 R2, ANSYS Inc.) software package.

dU — — .= — —
The mean velocity vector, mean pressure, density, dynamic viscosity and Reynolds stresses
are denoted by U, P, p, it and 7’ in the above equations. To close the equations, the values

for the Reynolds stress are modelled using an appropriate turbulence model.

The pressure and velocity variables were solved using the pressure-based SIMPLE algo-
rithm. A second order upwind scheme was used for the spatial discretization of pressure
and momentum quantities while a second order implicit scheme was used for temporal

discretization.

Although the Reynolds numbers (Re) of the venous outflow of the AVFs ranged from 100
to 1000, numerous studies have determined the presence of transitional flow within the
AVF (Bozzetto et al., 2016; Fulker et al., 2018; Loth et al., 2008). The tortuous nature
of the vessel geometries, the imposed pulsatile boundary conditions and the confluence of
inlet flow from opposite directions at the anastomosis lead to a fluid domain that is more
susceptible to transition to turbulence when compared to the straight pipe experiments
from which the critical Re of 2000 has been derived. Therefore, to model the turbulent
characteristics of the flow, the k — w SST turbulence model, which is a combination of
the &k — w and the k — e models (Menter, 1994) built upon the Boussinesq assumption
(Wilcox et al., 1998), was implemented. The standard k — w model is known to perform
well in the near-wall region of Low-Re flow while also being robust in handling the bound-
ary layer without a damping function. However, its sensitivities in the free-stream flow
make the standard k — € model a better choice in this region. The k — w SST combines

both of these models using a blending function which allows the application of the k — w
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4. Flow modelling of the stented AVF

model in the near-wall region while transitioning to the k — ¢ model in the free-stream
region. The refinement of the turbulent shear stress calculation towards maintaining the
assumption of proportionality of the turbulent shear stress with turbulent kinetic energy
(via another blending function) advanced the performance of the two-equation model in
adverse pressure gradients. Furthermore, comparison of this model’s performance with
a stenosed carotid bifurcation with inlet flow varying from Re from 200 to 1000 showed

good agreement to the experimental findings (Tan et al., 2008).

The fluid region of the AVF geometry was discretized by creating a tetrahedral mesh in
the bulk flow and boundary layer regions using ICEM CFD (ANSYS Inc.). Tetrahedral
elements were used, even in the boundary layer region, because of the complexity of the
geometry which incorporated the small intertwining surface of the stent within the rela-
tively larger vessel surface. Approximately 90% of the elements were of high aspect ratio
and low skew (further detail of the quality assessment is provided in appendix A). The
grid convergence index (GCI) (Celik et al., 2008) was calculated by using the average of
the velocity magnitude across a vessel lumen slice in the vein. 17 slices were made and
the calculations were conducted for values obtained at the peak inlet flow rate timepoint.
Multiple cycles of the stent-absent case were run to obtain phase-averaged velocity mag-
nitude values at the peak inlet flow rate timepoint. This ensured that any cycle-to-cycle
variations did not affect the GCI calculations. The multi-cycle simulation was carried out
for stent-absent domains with coarser and finer meshes as well that were created using the
same meshing strategy but adjusting the parameters to yield larger and smaller overall
edge lengths respectively. The average GCI values were 0.016% and 1.95% for the stented
and stent-absent geometries, respectively. Additionally, circumferentially averaged wall
shear stress (WSS) values along the vein were compared against those from the coarse and
fine mesh as shown in figure 4.4. The WSS values were largely seen to match the values
of the fine mesh in both geometries with an average relative error of 1.86% and 1.63%
for the stented and stent-absent geometries, respectively. Therefore a sufficient level of
spatial discretization was achieved with 19.75 million elements for the stented geometry

and 4.89 million elements for the stent-absent geometry.
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Figure 4.4: Circumferential averaged wall shear stress values along the vein of the stented
and stent-absent geometries at the peak inlet flow rate timepoint.

In addition to the ultrasound scans, the flow rates of the feeding vessels of the AVF were
also recorded using the Doppler function of the ultrasound machine as previously detailed
in section 3.1.4. The recorded flow rates were digitized to use as pulsatile inlet flow
waveforms at the proximal artery and the distal artery boundaries of the AVF geometry.
A comparison of the inlet boundary conditions of the simulation with those imposed at
the inlets of the experimental model has been illustrated in figure 3.5 of chapter 3. The
recorded heart rate of the patient was 60 bpm which was matched in the simulations by
setting the period of the inlet waveforms to 1 s. The proximal vein was maintained as
a non-tractive outlet condition with relative pressure held at zero. To ensure the inlet
flow waveforms had a developed flow profile, the ends of the vessels were extended by 10
times the diameters of the relevant vessel. The transient simulations were conducted with
a fixed time-step of 0.001 s. Comparison of the slice-averaged velocity magnitude values
between a time-step of 0.001 s and 0.0001 s showed a difference of 0.0218% and 0.166%

for the stented and stent-absent cases, respectively. The difference in the circumferentially
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4. Flow modelling of the stented AVF

averaged WSS measurements were 1.50% and 1.52%, respectively, therefore the time-step

of 0.001 s was deemed suitable for the simulations.

The vessel and stent walls were set up with a no-slip wall condition and without compli-
ance. A comparison between a stationary wall to a compliant wall in AVF flow simulations
has shown that the resulting WSS trends remain similar with a general overestimation of
the values at regions of low WSS in the case of the stationary wall (McGah et al., 2014).
The fluid properties were set to replicate the average blood physical properties with a
density of 1060 kg/m3.The effect of the non-Newtonian nature of blood, known to be
minimal at the high shear rates (Vijayaratnam et al., 2015) encountered in an AVF, was
modelled using the Carreau model (Cho and Kensey, 1991) provided in equation 4.3.

ne—1

p= fioo + (10 — phoo)[1 4+ (A9)?] 2 (4.3)

The shear rate variable is denoted by 7, and the model parameters: zero-shear rate vis-
cosity (o), infinite-shear rate viscosity (i), characteristic time (A) and power-law index

(ne) were set to 0.056 Pa - s, 0.00345 Pa - s, 3.313 s and 0.3568, respectively.

4.3 Adjustments for Large Eddy Simulation

The presence of flow transitioning from the laminar regime, particularly in the deceleration
phase of pulsatile flow, within vascular geometries have been noted in direct numerical
simulations (DNS) (Valen-Sendstad et al., 2011; Varghese et al., 2007). Therefore, to
understand any haemodynamic disturbances within the AVF, a simulation that is able to
resolve any turbulence generation is of value. Since obtaining the spatial and temporal
resolution to conduct a DNS is highly resource intensive, a Large Eddy Simulation (LES)
that resolves a significant portion of the turbulence generation can provide inferences of
the behaviour of larger, higher energy containing eddy disturbances while modelling the

energy of the eddies smaller than the grid size.

To resolve larger scales while modelling smaller scales, an LES makes use of a spatial filter

which results in the filtered Navier-Stokes equations that take a similar shape to equations
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4.1 and 4.2 as shown below.

V-U=0 (4.4)

U | o - 5 ;.
p(dt +U- V)U) = —VP +pV?U -V - 7565 (4.5)

The filtered velocity and pressure variables are denoted by U and P, respectively. To close
the filtered Navier-Stokes equations, values for the subgrid scale turbulent stresses (instead
of the Reynolds stresses in the RANS simulations), denoted by 7sgs, are modelled. For the
simulations in this thesis, the dynamic Smagorinsky subgrid scale (SGS) model was chosen
to capture the lower energy disturbances and contribute to the dissipation of turbulent
energy. The original Smagorinsky SGS model is based on the assumption that small scale
turbulent energy (contained within the grid) is isotropic. The Smagorinsky constant (Cg)
is used to estimate the subgrid energy which is proportional to the grid length scale.
Therefore the model had a tendency to be overly dissipative at regions close to the wall.
Improvements of the model, such as the use of a mixing length (instead of the grid length
alone) and a dynamically varying Cs value based on an additional filter length, twice the
size of the grid length, has made the model more robust in applications of wall bounded
flow (Germano et al., 1991; Lilly, 1992). However, the subgrid viscosity does not go to
zero in laminar shear flow regions, thereby still maintaining the behaviour of being overly
dissipative in regions of separating flow (Nicoud and Ducros, 1999; Nicoud et al., 2011).
Despite this drawback of the SGS model, studies of stenotic flow have shown that the
model replicates the mean flow and turbulent statistics well when compared with results
from DNS (Jabir and Lal, 2016; Pal et al., 2014; Tan et al., 2011). Similarly, a patient-
specific study of a stenosed region in a carotid artery demonstrated that LES with the
dynamic Smagorinsky model was able to replicate the mean flow and turbulent features
with pulsatile inlet conditions (Mancini et al., 2019), thereby showing the applicability of
the SGS model in the current AVF study as well.

The fluid domain was initialised using the k —w SST turbulence model based simulation
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4. Flow modelling of the stented AVF

that was detailed in section 4.2. The mesh was further refined using a mesh adaption
algorithm which refined elements, with a value of the gradient of subgrid dynamic viscosity,
greater than a stipulated value. The chosen value was altered such that 1—5% of the total
cells were marked at each mesh adaption step. Basing the mesh adaption on the gradient
of the subgrid viscosity lead to marking regions where sudden changes in dissipative scales
were present (such as in the anastomotic region and the along the vein) thereby providing
the opportunity to further resolve these regions to avoid overly dissipating the turbulence
generated in important regions. Four mesh adaption steps were conducted (two each at
the maximum and minimum point of the cycle) to refine a sufficient amount of elements
to capture behaviour across the cycle. Application of this targetted mesh refinement
methodology resulted in meshes composed of 24.60 million (increasing from 19.75 million)
and 6.91 million (increasing from 4.89 million) elements for the stented and stent-absent
cases, respectively (illustrated in figure 4.5), with much of the refinement taking place
at areas of concern. The average cell edge length on the stent wall was 32.5 pum which
resulted in approximately 17 cells back-to-back across the circumference of a 152 um stent
strut. The average cell edge length on the vessel wall was 103 pm which resulted in
approximately 176 cells back-to-back across the circumference of a vessel segment that is
5 mm in diameter. Using the stent strut diameter and the average outlet velocity (as the
malapposed stent struts faced high velocities), flow with a Reynolds number of 25 would
be the maximum faced at the stent struts. The detail of the mesh at the stent wall and

vessel wall have been illustrated in figure 4.6.

It is recommended that an LES is capable of resolving 80% of the turbulent kinetic energy
(TKE) (Pope, 2001). This requirement was assessed to determine the appropriateness of
the level of spatial resolution. The resolved turbulent kinetic energy was calculated using
a phase-averaged approach to account for the pulsatile nature of the flow domain. Phase-
averaged turbulent kinetic energy, TK Eycsolved = %(u’ :20 + 12/ + z) was calculated at
seven specific time points of the cycle. Here, v/, = Uy — Uy, vy = Uy — Uy, v/, = U, — U,
correspond to the instantaneous velocity fluctuations, where U,, U,, U, are the phase-

averaged velocities. In addition to the maximum and minimum time points, T K E,csoived

was calculated at two points in the acceleration phase and three points in the deceleration
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Stented Stent-absent

5mm

Figure 4.5: The tetrahedral meshes used for both the stented and stent-absent cases. The
inset figures give further detail of the mesh elements close to the stent strut and the vessel
wall.
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Figure 4.6: Detail of cells at the vessel and stent wall boundaries near the anastomosis.

phase. This approach was necessary as calculating T K E,¢soiveq for all time points would
have overwhelmed the storage resources due to the small time-step and grid size. The
TKE,csoived Was phase-averaged over 12 cycles to ensure that the quantity was converged
as shown in figure 4.7. A user-defined function was employed to update the phase-averaged
quantities on each passing cycle in an efficient manner. The unresolved turbulent kinetic

energy (contained within the subgrid) was estimated using the following equations,

(CsAS)?

TKEunresolved = 0.3

(4.6)
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Figure 4.7: Convergence of the phase-averaged quantities: Turbulent Kinetic Energy and
Turbulent Wall Shear Stress, for both stented and stent-absent model simulations.

where A is the subgrid length of the tetrahedral elements and S is the strain rate magnitude

as calculated within the solver (Menter, 2012). The average ratio of TK E;esolped aCross

the domain, calculated at the maximum inlet flow time point, was 96.8% and 97.03%

for the stented and stent-absent models, respectively, thereby showing that the spatial

resolution of the mesh was largely sufficient. The average y+ from the vessel wall across

the domain at the maximum time point was 0.51 and 0.45 for the stented and stent-absent

cases. Therefore, an overwhelming majority of the near-wall cells were placed well within

the viscous sub-layer, thereby accurately calculating the wall shear stresses.
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4. Flow modelling of the stented AVF

With the increased resolution of the spatial discretization, the temporal discretization
requires refinement as well to maintain the Courant-Friedrich-Lewy (CFL) (defined in
equation 4.9) below 1, such that the distance travelled by the flow within a time-step,

remains within the bounds of the cell (Courant et al., 1967).

UAt
CFL=—— (4.9)

The velocity magnitude, time-step and grid length are denoted by U, A ¢ and A =,
respectively. Although the Fluent solver employs an implicit solver (which remains stable
for Courant numbers larger than 1), it is recommended that this aforementioned condition
is maintained to accurately resolve the LES temporally (Menter, 2012). After decreasing
the time-step to 0.0002 s (from 0.001 s), the average Courant numbers across the domain
at the maximum inlet time points were 0.45 and 0.51 for the stented and stent-absent

models, respectively.

In a similar fashion to the calculation of phase-averaged TKE, the phase-averaged tur-
bulent fluctuations of WSS were also calculated at the same 7 time points in the cy-
cle. The fluctuations for each component of the WSS vector, wss', = WSS, — WSS,
wss'y = WSS, —WSS,, wss', = WSS, —WSS,. The magnitude of the WSS fluctuations

were subsequently calculated, TWSS = \/ (wss'2 + wss/ 5 + wss'?), and shall be referred
to as Turbulent Wall Shear Stress TW.SS. Figure 4.7 shows that the circumferentially

averaged TW SS values sufficiently converges after 12 cycles.

4.4 Comparison of the flow field across the different mea-

surement methodologies

As detailed in sections 4.2 and 4.3, both RANS simulations and LES were conducted to
obtain understanding of the temporally averaged quantities and flow disturbances in the

vasculature. To make a comparison of these methodologies with the Tomo-PIV measuring
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4. Flow modelling of the stented AVF

technique, additional simulations were conducted with matching boundary conditions and

fluid properties.

The velocity magnitude at the maximum and minimum time-point were compared using
contour plots on the central XY -plane and a sequence of Y Z-planes as shown in figures
4.8 and 4.9. Care was taken to rotate and translate the CFD geometry such that it is
aligned well with the Tomo-PIV field (as shown in 3.9 in Chapter 3). All methodologies
show a low velocity zone in the heel region of the anastomosis that extends along the
vein. However, the RANS model shows that the lower velocity magnitude zone (below
0.5 m s~ !) extends well beyond the near wall region and towards the center of the vessel
particularly at the maximum inlet flow time-point. The results from the LES however,
show that the same region in the vein is of slightly higher velocity magnitude similar to the
behaviour seen in the Tomo-PIV field. The characteristics of the low velocity magnitude
zone were more similar across the methodologies at the minimum inlet flow time-point.

RANS LES Tomo-PIV Ve|ocity
, (msT)

L, 2

Figure 4.8: Comparison of velocity magnitude contours across Reynolds-Averaged Navier-
Stokes (RANS) simulations, Large Eddy Simulations (LES) and Tomographic Particle
Image Velocimetry (Tomo-PIV) measurements at the maximum time-point of the inlet
flow.

At the maximum inlet time-point, the high velocity portion of the flow moving across

the vein is initially seen to hug the upper wall of the vein, however, the RANS captures a
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Figure 4.9: Comparison of velocity magnitude contours across Reynolds-Averaged Navier-
Stokes (RANS) simulations, Large Eddy Simulations (LES) and Tomographic Particle
Image Velocimetry (Tomo-PIV) measurements at the minimum time-point of the inlet
flow.

secondary high velocity region in the vein. This feature possibly arises from the momentum
of the distal artery inlet. The detail of the velocity magnitude values across the vessel
depicted in figure 4.10, reveals that the LES also captures a secondary high velocity region
(at rake 3) which is lower in magnitude than that of the RANS flow field. A key similarity
is the angle of the interface of the two inlet flow at the floor of the anastomosis in the LES
and Tomo-PIV results, suggesting that there is a combination of the inlet flow which is
then transported to the vein. However, the angle of the interface in the RANS suggests
that the proximal artery interface dominates, leading to the momentum of the distal artery
to create another secondary flow transport across to the vein. The interface is a sharp
region which faces a large pressure gradient and this might be a reason for the LES to be
able to capture this complex region in a similar manner to the Tomo-PIV as opposed to
the RANS. Yet again, the characteristics at the interface of the two inlet flow are more

similar across the methodologies at the minimum inlet time-point.

Another feature that can be seen in the contour plots of figures 4.8 and 4.9 is that the

velocity gradient at the near-wall region in the inlet proximal artery is much sharper in the

62



4. Flow modelling of the stented AVF

Rake number 1

e,

JRN Rake number 2 Rakg number 3

0.8

0.6

d/D
d/D
d/D

0.4

0.2

>
0 0.5 1 15 2 25 0 0.5 1 1.5 2 25 0 0.5 il 15 2 25
Velocity (m 5'1) Velocity (m 3'1) Velocity (m 5'1)

Rake pumber 4

—#— RANS

—6—LES
« Rake number 5
S,

————— Tomo-PIV ~
Ej g >
0.8 // 0.8 s 10 4 5
- 2
— ~ \\:2
0.6 " 06 4 e 5
a Z Q I £
3 ke v >
04 0.4 0 /5
R 7 /D1
02 / 0.2 -5
.
0 0C-—# B
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25 -10 0 10
Velocity (m 54) Velocity (m s'1) X (mm)

Figure 4.10: Comparison of velocity magnitude across Reynolds-Averaged Navier-Stokes
(RANS) simulations, Large Eddy Simulations (LES) and Tomographic Particle Image
Velocimetry (Tomo-PIV) measurements using rakes across the vessel at the maximum
time-point. The rake numbers correspond to the locations denoted in the bottom left

sub-figure. The circle at the end of each rake denotes the starting point of each rake
(d/D =0).

CFD results as opposed to the results from the Tomo-PIV. The plots in figure 4.10 reveal
this difference within the outlet vein as well where there is a larger gradient from the high
velocity regions to the wall in rakes 3, 4, and 5. However, this is to be expected as the PIV

procedure involves averaging over an interrogation volume size of 0.27 x 0.27 x 0.27 mm?

as
opposed to the average CFD near-wall grid length of 0.025 mm (in the stent-absent model).
The low resolution of the PIV procedure would hinder derivative calculations (especially
with limits towards the wall for WSS) making it less suitable for WSS measurements

compared to the numerical methods that have high near-wall resolution (as detailed in

section 4.3).

In addition to the velocity comparison, the TKE (modelled in the RANS and resolved
in the LES) were compared between the simulations and the experimental results using
contour plots at the maximum and minimum time-point of the inlet cycle as seen in figures
4.11 and 4.12. All methodologies show three general locations where T K FE is generated,

which are the floor region near the distal artery, the toe and the heel of the anastomosis.
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Figure 4.11: Comparison of turbulent kinetic energy contours across Reynolds-Averaged
Navier-Stokes (RANS) simulations, Large Eddy Simulations (LES) and Tomographic Par-
ticle Image Velocimetry (Tomo-PIV) measurements at the maximum time-point of the

inlet flow.
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Figure 4.12: Comparison of turbulent kinetic energy contours across Reynolds-Averaged
Navier-Stokes (RANS) simulations, Large Eddy Simulations (LES) and Tomographic Par-
ticle Image Velocimetry (Tomo-PIV) measurements at the minimum time-point of the

inlet flow.
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However, the LES seems to capture a much broader spatial extent of high TKE when
compared with the other methodologies. All the results show the transport of the TKFE
along the vein but the experimental results particularly show that the high TKE flow is
transported away from the lower vein wall (close to the heel of the anastomosis). The
high levels of TK E generated in the LES dissipate much quicker than in the experiment,
however this is to be expected with a Smagorinsky-Lilly SGS model (as detailed in section
4.3). The contour plots of the TK E at the minimum time-point show generation at the
same three regions as stated before; however, the level of TKE is significantly lower in
the RANS results. At both time-points, non-zero TKE has been noted in the Tomo-
PIV derived field which has been attributed to the noise flow captured in this volumetric

measurement technique (as detailed in section 3.4.2 in chapter 3).

LES RANS
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Figure 4.13: Comparison of TAWSS, OSI and transWSS from across the vessel wall of the
stent-absent AVF case using LES and RANS simulations.
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Finally the cycle-averaged WSS metrics: TAWSS, OSI, and transWSS, calculated using
both numerical strategies across the vessel wall of the stent-absent case, were compared
in figure 4.13. As expected, the distribution of the time-averaged WSS obtained from
the LES was very similar to the distribution from the RANS methodology. Similarly, the
large ring of OSI at the heel of the anastomosis is equivalent in spatial extent across both
methodologies. The LES tends to capture unstructured behaviour at the downstream
end of the OSI ring. The OSI features at the toe of the anastomosis are also equivalent
with the behaviour spread across a slightly larger space in the LES derived contours.
transWSS attempts to capture multi-directional intra-cycle variations in the WSS vector,
hence leading to larger values measured via the LES in the anastomosis. The transWSS
distribution from the RANS simulation is located in similar regions to that of the LES

but is far more understated in magnitude.

In summary, the RANS simulations have matched other methodologies in time-averaged
quantities such as velocity magnitude and TAWSS, however disparities were noted at
locations where complex behaviour within the flow took place. The unsteady behaviour
of the velocity field was better captured with the LES, although this methodology was
subject to larger dissipation of TK E. Even though regions of high TK F in the LES were
reflected in the Tomo-PIV measurement, a foreseeable increase in noise was noted in the
experimental measurement, thereby showing the value of complementing the experimental

volumetric flow measurement with the high-resolution numerical simulation.
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Chapter 5

Impact of the stent implantation

on the bulk flow!

In this chapter, a controlled study of the effects of the stent implantation on the bulk flow
of the AVF has been detailed. The study isolates the effects of the stent by conducting
simulations on the same geometry with and without the stent implantation. Quantification
of the ratio of flow held within the stent compared to flow across the whole vessel yielded the
finding of funnelling flow through the stent lumen in malapposed regions of the AVE. This
behaviour, in turn, is seen to affect the wall shear stress distribution across the cardiac

cycle.

I This chapter contains work that has in part been published in the International Journal of Heat and
Fluid Flow, Vol. 92, 2021:

Impact of juxta-anastomotic stent implantation on the haemodynamics within a single

representative patient AVF
Sanjiv Gunasekera, Olivia Ng, Shannon Thomas, Ramon Varcoe, Charitha de Silva, Tracie Barber
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5. Impact of the stent implantation on the bulk flow

5.1 Introduction

Recent investigations of the clinical impact of stent implantation (Huang et al., 2020;
Thomas et al., 2019) have shown benefits of the procedure despite the occurence of malap-
position of the device. However, malapposition in other regions of the vascular network
is known to be a predictor for stent thrombogenicity (Cook et al., 2007; Van Werkum
et al., 2009). In silico assessments of flow in idealised coronary (Beier et al., 2016; Chen
et al., 2017; Poon et al., 2014) and patient-specific carotid arteries have shown that in-
complete stent apposition leads to a haemodynamic environment composed of disturbed
flow, resulting in atheroprone WSS behaviour. Conversely, the significant increase in space
between the malapposed stent and the vessel wall has also resulted in a decrease in the
heterogeniety of the WSS levels across the vessel (Chen et al., 2009). A controlled study
of stent malapposition in a patient-specific coronary artery revealed a lower percentage
area of adverse WSS in the malapposed case, with the differences in other WSS metrics
being minimal (Wei et al., 2021). This finding suggests that the malapposition might not
be the initiator of stent thrombogenicity. In fact, the lack of contact between the stent
and the vessel wall provide a means to treat cerebral aneurysms by harnessing the flow
diverting ability of the stent (Wang et al., 2016), thereby also eluding to another potential
flow mechanism that could affect malapposed stented vessels. Accordingly, this chapter
details the study of stent malapposition in a patient-specific arteriovenous fistula and by
examining its impact on the funnelling (or diversion) of the bulk flow and the subsequent

effects on the WSS.

5.2 Study-specific geometry preparation

As detailed in section 4.1, a virtual stent model was recreated by segmenting a micro-CT
scan of a stent-implanted PDMS model of an AVF. Simulataneously, the AVF geometry
was also segmented in the same 3D coordinate space. It was apparent that there was a

level of malapposition of the stent in the venous segment close to the anastomosis. This
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occurrence has also been observed in clinical cases where the vein is of a large diameter

(Thomas et al., 2019), as can be seen in the example angiogram shown in figure 1.5.

To isolate the impact of the stent, two cases were used, with and without the stent present
for the simulations as depicted in figure 5.1. The stent implanted vessel geometry without
the physical stent present is referred to as the ‘stent-absent’ case whereas the geometry

with the stent present will be referred to as the ‘stented’ case.

To assist with visualising the flow within the vein of the AVF, cross-sections of the vessel
lumen were created by extracting planes perpendicular to the centerline such that the
slices conformed with the tortuous nature of the patient-specific geometry. The vessel
lumen slices were spaced 5 mm away from adjacent slices and located in the region where
the malapposition was highest. To understand the effect of the malapposition of the stent
in the vein, additional slices were manually created to represent the subspace of the slices
that were encompassed by the stent, referred to as the stent lumen slices. Figure 5.1

illustrates the two types of lumen slices and their locations in both geometries.

B Stent lumen slice
Vessel lumen slice

N

/

L

S V. —
X 5 mm : : - X 5 mm

Figure 5.1: Stented (left) and stent-absent (right) cases with lumen slice locations. The
stent lumen slices have been shaded in red while the vessel lumen slices have been shaded
in dark grey.
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5.3 Flow features within the vein

Each simulation was run for four cycles and the flow features were analysed using the
data from the final cycle. Velocity streamlines coloured with the velocity magnitude were
plotted at the maximum and minimum points of the inlet flow profile for both the stented
and stent-absent geometries, and is shown in figure 5.2. In both geometries and at both
time points, a central region of high-speed flow enveloped by a spiralling region of low-
speed flow is observed. The results reveal that the initial spiralling streamlines in the
stented geometry realigns with the outflow direction, closer to the anastomosis than in
the stent-absent geometry. The delay in reattachment could be related to the extent of
the recirculating region seen in the vein close to the heel of the anastomosis. Specifically,
the recirculating flow in the stent-absent geometry at both time points are much larger
compared to those in the stented geometry. The Tomo-PIV study of the stent-absent
geometry in this thesis (further detailed in section 6.1 in chapter 6) also showed similar
behaviour where the flow in the anastomosis was enveloped by spiralling flow (Gunasekera
et al., 2020). A recirculation zone was also noted in the lower region of the vein, further

aligning with the observations in the Tomo-PIV study.
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Figure 5.2: Velocity streamlines coloured with the velocity magnitude at the maximum
(subfigures a) and b)) and minimum points (subfigures ¢) and d)) of the inlet flow profile.
The subfigures a) and c) are of the stented geometry while the subfigures b) and d) are
of the stent-absent geometry.
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5. Impact of the stent implantation on the bulk flow

Contour plots of the velocity magnitude are plotted on the vessel lumen slices to better
observe the central flow features of the vein as illustrated in figure 5.3. The high velocity
is distributed in the upper outer regions of the slices in both geometries. A low velocity
region is seen at the lower border of the vessel lumen slices. Much like the observations
made with the streamlines, the low velocity region is of a larger span in the stent-absent
geometry where it reaches the fourth slice, whereas the region is not visible beyond the
second slice in the stented geometry. The low velocity region coincides with the region of

recirculating flow in the stent-absent geometry.

0 0204 0608 1

0 0204 0608 1

Figure 5.3: Velocity magnitude contours at the 5 vessel lumen slices at the maximum
(subfigures a) and b)) and minimum points (subfigures ¢) and d)) of the inlet flow profile.
The subfigures a) and c) are of the stented geometry while the subfigures b) and d) are
of the stent-absent geometry.

The counter-rotating spirals of flow are created in the anastomosis as the flow is forced
through the curved juxta-anastomotic vein. The flow in the outer regions of the curve
accelerate in order to traverse across the curve which results in the lower velocity observed
at the heel. The flow at the outer regions of the curved vessel cross-sections eventually
traverse the near wall regions towards the inner edge of the curved vessel resulting in the
flow spirals (or helicals). The low velocity region at the heel coincides with the region of
recirculating flow in the stent-absent geometry. Previous studies have postulated that low

velocity recirculating flow could be related to the onset of vascular disease (Gimbrone Jr
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and Garcia-Cardena, 2016; Ishibashi et al., 1995; Remuzzi and Ene-Iordache, 2013).

Another less distinct feature that can be seen in the slices of the stented geometry is the
presence of a second low velocity region at the lower section of the stent lumen slices.
This secondary low flow section extends towards the third slice as well. The high velocity
central region is maintained for a longer distance within the stented geometry as opposed
to the high flow in the stent-absent geometry which spreads throughout the vessel after
slice two. Furthermore, the high flow region in the stented geometry is encapsulated by
the bounds of the stent, hence the flow is concentrated within the stent. These findings
suggest that the stent funnels a portion of the flow which increases the velocity magnitude
(due to a decrease in the effective cross-sectional area) and contains recirculating flow

behaviour.

5.4 Flow rate ratios across stent and vessel lumen slices

To quantify the concentration of flow within the stent encapsulated region of the flow
domain, stent lumen slices were created in the subspace of vessel lumen slices at five
locations as seen in figure 5.1. The flow rate across both the vessel lumen slice and the
stent lumen slice was measured for both the stented and stent-absent geometry at the five
locations. The ratio of the flow rates across the stent lumen slice and the vessel lumen slice
at each location was averaged over time and compared against each other in figure 5.4.
Along with the flow rate ratio, the area ratio between the stent lumen slices and the vessel
lumen slices were also calculated to provide an indication of the level of malapposition
at these locations. There is a significant level of malapposition at slice number three,
where only 54% of the vessel lumen is captured by the stent; the flow rate ratios also are
lowest at slice number 3. The trend of the flow rate ratios decreasing with the increase
in malapposition (i.e. slices 1 and 2) and vice versa (i.e. slices 4 and 5) is seen with
both geometries. However, the most important finding is that the flow rate ratio of the
stented geometry incurs a decrease from 99% to 84% (=~ 15% change) in the first three

slices whereas the decrease in the stent-absent geometry is much larger where the flow
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rate ratios drop from 92% to 68% (= 24% change). On average across all slices, the flow
rate ratios in the stented geometries are higher by 12%. The disparity is the highest at

slice number 3 where 17% more flow passes through the stented lumen slice in the stented

geometry.
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Figure 5.4: Cycle-averaged ratios of flow rate across the stent lumen slice and the vessel
lumen slice at five locations in the vein in both stented and stent-absent geometries along
with the area ratios of the stent lumen slice and vessel lumen slice.

These ratio differences clearly show that although the stent is porous in structure it sig-
nificantly ‘funnels’ the flow within its bounds similar to flow-diverter devices, which are
used in the treatment of intracranial aneurysms (Brinjikji et al., 2013). In addition to
funnelling the bulk flow within the stent, the flow dynamics such as the secondary low
velocity region and the high velocity magnitude at the outer edge of the curved vessel
appears to be also contained within the stent encapsulated region thereby containing the

adverse haemodynamic flow conditions away from the vessel wall in the malapposed region.

5.5 Impact of the malapposition on the wall shear stress

To understand the effect of the funnelling of flow within the malapposed stent on the wall
shear stress (WSS) of the vessel wall, various cycle-averaged WSS metrics were plotted
on the surface of the vessel as shown in figure 5.5. The TAWSS contour distribution is

generally similar in both the stented and stent-absent geometries. A large high TAWSS
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region occurs at the sides of the anastomosis region due to the confluence of the two inlets.
These high TAWSS values on the sides of the vessels continue to reduce as the flow reaches
the venous outlet. Both geometries show a low TAWSS region in the vein close to the heel
of the anastomosis, however, the low TAWSS region is larger in the stent-absent geometry
compared to that of the stented geometry. When comparing the TAWSS contours with
the velocity magnitude slices shown in figure 5.3, the reason for the larger low TAWSS
region becomes clearer. As noted with the velocity contours in figure 5.3, the low velocity
region in the heel of the vein of the stent-absent geometry is much larger than that of the
stented geometry and this behaviour translates to the extent of the low TAWSS region in

both cases.

The distribution of OSI across both geometries largely remains at zero except at the heel of
the vein where there is a region of high OSI. This region is much larger in the stent-absent
geometry, within which a large ring of high OSI occurs. Another location that shows high
OSI is at the toe of the anastomosis region close to the DA (see figure 5.1 for annotated
locations of the AVF) in both geometries, however, the region is much narrower in the

stent-absent case.

Finally, the cycle-averaged WSS vectors were used to plot surface streamlines on the AVFs
as seen in figure 5.5. Both cases show a separation node at the heel where recirculation
begins to take place. A node of attachment (annotated with red arrows) is seen in both
geometries, and it coincides with the point at which the high OSI is observed. A notewor-
thy aspect of the attachment node in the stent-absent geometry is that it is encountered
much further down the vein (approximately 6 mm further) in the stent-absent geometry
resulting in a larger recirculation zone. Furthermore, a streamline focus (annotated with
a blue arrow) is noted closer to the heel of the vein, only in the stent-absent geometry. A
streamline node point (annotated with a green arrow) coincides with the high OSI region
in the DA of both geometries. The alignment of these critical points of near wall flow
patterns (Ethier et al., 2000; Perry and Chong, 1987) with the high OSI regions asserts
the idea that the complex near wall flow behaviour (such as recirculation) varies in space

throughout the inlet cardiac cycle.
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The funnelling effect of the stent decreases the extent of vessel wall regions with high OSI
and low TAWSS while also reducing other complex WSS behaviour. Regions of high OSI
coupled with low TAWSS are known to encounter intimal thickening (Ku et al., 1985) and
disturbed flow in these regions could be promoting inflammatory cell responses (Wang
et al., 2013), leading to non-uniform remodelling and stenosis development (Cunnane
et al., 2017). Therefore, the malapposed stent implantation alleviates the aforementioned

adverse conditions within the vein, reducing the risk of initiating intimal thickening.
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Figure 5.5: WSS metrics across the stented (a, ¢ and e) and stent-absent AVFs (b, d
and f). The distribution of TAWSS is shown in the contour plots of subfigures a and b.
The distribution of OSI is shown in the contour band plots of subfigures ¢ and d. The
cycle-averaged WSS vectors are displayed using surface streamlines in subfigures e and f.

5.6 Conclusion

A numerical simulation was conducted of the blood flow within a patient-specific AVF,

to assess the impact of the juxta-anastomotic stent implantation treatment on the bulk
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flow. Micro-CT imaging of the stented benchtop AVF phantom was used to gain the stent
features and the vessel lumen. An important feature that was apparent in the stented
geometry was the malapposition of the stent close to the heel of the anastomosis; the
impact of the stent malapposition was compared for the flow in an AVF model with and

without the presence of a stent.

Visualisation of the flow streamlines and the velocity magnitude contours showed spiralling
flow features in the anastomosis region of both models. A large recirculating low velocity
region was observed at the heel of the anastomosis in the stent-absent geometry, which has
also been observed and predicted in other studies. The equivalent region in the stented
geometry is much smaller. A second low velocity region was present at the lower regions
in the stent encapsulated area, coupled with a high velocity region which was sustained
further down the vein. These observations suggested the funnelling of flow within the stent
encapsulated region which was further confirmed by assessing flow rate ratios between the
stent lumen and the vessel lumen. The ratios were significantly higher in the stented
geometry. The funnelling effect of the stent on the WSS was clearly evident, with a larger
high OSI - low TAWSS region present in the stent-absent geometry along with more

complex WSS behaviour in the vein.

The findings of this study show that, in this single patient-specific case, the severe malap-
position of a stent yields favourable haemodynamic conditions that could prevent the
initiation of inflammatory vessel wall mechanisms. The adverse flow behaviour is seen
to be contained in the stent encapsulated region, thereby offsetting its impact away from
the near-wall region. The suppression of adverse vessel wall forces potentially being the
corollary of the degree of stent malapposition suggests that similar detailed studies on
larger cohorts could lead to better understanding of the complex effects of endovascular

treatment.
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Chapter 6

Impact of the stent implantation

on turbulence generation

This chapter extends the findings from the previous chapter and details the impact the
stent implantation has on the generation of oscillatory flow behaviour and turbulent kinetic
energy (TKE) within the AVF. Locations of significant TKE generation have been identified
and compared between the stented and the stent-absent cases. The chapter is concluded by

assessing the impact of the high TKE regions on the fluctuations of the WSS.
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6.1 Phase-averaged flow field in the treated AVF geometry
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Figure 6.1: Phase-averaged velocity magnitude contours across the central XY plane. The
contours have been displayed at the (a) accelerating, (b) maximum, (c) decelerating and
(d) minimum inlet flow time points of the cardiac cycle.

The Tomo-PIV measurement provides the opportunity to understand the flow field of

the treated AVF geometry without the presence of the stent implantation. The flow

field is initially assessed by plotting the velocity magnitude W = \/ 793 + Zﬁ + 7;
colour contours across the central XY plane at the maximum, minimum, accelerating and

decelerating time points of the inlet profile as illustrated in figure 6.1. To assess the general
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behaviour at these time points, the velocities were phase-averaged across 20 pump profiles
of the experimental data before calculating [U|. A significant feature that can be seen in
the venous region close to the heel is a low velocity zone that extends well beyond the
juxta-anastomotic region and persists across the cycle albeit with slight differences in its
spatial extent at the various time-points. The streamlines illustrated in figure 6.2 show the
presence of a recirculation zone at certain time points in the low velocity zone mentioned
previously. This temporal non-uniformity suggests continually varying flow features in the
low velocity zone. The postulation that a low velocity zone would, in turn, lead to a small
velocity gradient and persistent low wall shear stresses in this region has been shown in
section 5.5. The low wall shear stresses when coupled with disturbed flow is known to be

a factor in the onset of vascular disease (Gimbrone Jr and Garcia-Cardena, 2016).

Another low velocity zone at the floor of the anastomosis can be seen throughout the cycle
with varying spatial extent, although covering a much smaller region. However, this zone
is seen to move across the floor of the anastomosis at different time points. For instance,
at the accelerating time point, the low velocity zone is much closer to the centre of the
anastomosis floor than at other time points. This behaviour could be caused by the two
opposing inlet flows varying in momentum across the cardiac profile, thereby suppressing
each inlet flow to various degrees temporally. The implications of this behaviour could
be twofold: first, the varying suppression of each inlet flow could provoke disturbance
in the flow field which would then propagate downstream; and second, the effect of the
varying near-wall velocity could have an impact on the vessel wall at the distal end of
the anastomosis floor. Vessel wall damage in the distal artery is not detrimental to the
efficiency of haemodialysis in the same way that disease in the vein is; the incidence rate

of disease in the distal segment of the AVF is lower (Stolic, 2013).

To assess the effect of these flow features across the Z-direction, [U| contours on Y Z cross
planes are plotted across the geometry at the same time points as illustrated in figure 6.3.
The thickness of the low velocity zone in the vein close to the heel varies at different slice
points with the zone extending beyond the laser thickness (4 mm) at the decelerating and

minimum time points. The low velocity zone near the toe is seen to be much broader in
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Figure 6.2: Streamlines of flow coloured with the phase-averaged velocity magnitude. The
streamlines have been displayed at the (a) accelerating, (b) maximum, (c) decelerating
and (d) minimum inlet flow time points of the cardiac cycle.

this cross-plane plot as opposed to the previous plots, however, this zone also is widest
at the minimum time point. The momentum of the flow across the curved anastomosis is
significant enough for separation to occur at the heel but is insufficient to spiral and meet
the lower wall of the vessel in a short space, therefore leading to the broader low velocity

magnitude regions.

The cross planes at the anastomosis region also show the discontinuity of the high flow from
the proximal artery. At all profile time points, it is observed that the high velocity flow

tends towards the upper and outer walls of the vessel while the low velocity flow aggregates
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Figure 6.3: Phase-averaged velocity magnitude contours across the five YZ planes. The
contours have been displayed at the (a) accelerating, (b) maximum, (c) decelerating and
(d) minimum inlet flow time points of the cardiac cycle.

to the central and lower regions of the vessel, suggestive of vortical flow emanating from
the anastomosis region. This flow feature, which has been seen in computational studies
of AVFs (Carroll et al., 2019; Fulker et al., 2018), could be caused due to the flow being
directed along a curved trajectory across the anastomosis at a high velocity, and the
traditional AVF geometry (with an acute-angled anastomosis) has been seen to further

aggravate this feature (Lee et al., 2016).
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A common feature of the low velocity recirculation zones at the heel and the floor of the
anastomosis and the connecting spiralling flow is that the spatial location varies at the
various time-points. This temporal variation is captured in detail in a video of the phase-
averaged velocity magnitude across the cross-planes and central plane throughout the
cardiac cycle (linked here and included in the supplementary material). The low velocity
zone at the floor of the anastomosis exhibits a periodic movement at the interface of the
two inlet flows. This behaviour is seen to affect the high velocity flow traversing around
the outer edges of the vein and finally interacts with the end of the recirculation zone at

the heel of the anastomosis as well.

Expanding the measurement of the vessel-stent lumen slice flow rate ratios, detailed in
section 5.2, temporally gave rise to the presence of oscillations in the time traces as shown
in figure 6.4. This behaviour is caused by the flow (temporally) traversing in and out of
the boundaries of the smaller stent lumen slices. The key difference between the two cases
was that these oscillations only occurred for a short duration (of approximately 0.29 s) in
the deceleration phase of the inlet flow in the stented case while the oscillatory behaviour
persisted throughout the cardiac cycle in the stent-absent case, the same case used in the

Tomo-PIV experiment.
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Figure 6.4: Ratios of flow rate across the stent lumen slice and the vessel lumen slice at
five locations in the vein in both stented and stent-absent geometries obtained using the
numerical methods. The procedure followed to calculate the ratios have been described in
section 5.2 of chapter 5

These time traces were decomposed using a fast-Fourier transform (FFT) at the in-vivo

timescale, illustrated in figure 6.5. The resulting spectral distributions facilitated a better
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understanding of the differences in oscillations between the two cases. In the stent-absent
case, at the first and middle slice locations, there were two clear local peaks, at approxi-
mately 22 Hz and 56 Hz, contributing to the oscillations. The amplitudes of these local
peaks increased at the central slice in comparison to the first slice that was placed closer
to the anastomosis. These local peaks plateaued at the final slice locations. In the stented
case, a range of frequencies from approximately 10 Hz to 100 Hz was noted to have high
amplitude; however, no specific local peak was observed. Like the stent-absent case, the
overall amplitude increased at the central slice for the stented case as well. These ob-
servations show that there is a level of disturbed flow behaviour in both cases, however,
the stent-absent case conveys across a specific oscillatory flow behaviour towards the vein.
This specific oscillation could be attributed to the periodic oscillations initiating at the
interface of the two inlets in the anastomosis.

Slice location 1 Slice location 3 Slice location 5

Stented Stented Stented
Stent-absent Stent-absent Stent-absent

Amplitude(f)

Amplitude(f)
=)
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Figure 6.5: Spectral decomposition of the flow rate ratio time-traces at slice locations 1
(closest to the anastomosis), 3 and 5 (furthest from the anastomosis) for the stented and
stent-absent cases.

To make a comparison of the oscillations seen at the floor of the anastomosis, as seen in
the aforementioned video (link here) a spectral decomposition (at the in-vivo timescale)
of the time-trace of the velocity magnitude values close to the floor of the anastomosis
was conducted. Figure 6.6 shows the location of the monitor point used to conduct the
decomposition. As seen in the spectral graph, high amplitudes were detected at 10 Hz and
20 Hz. The frequency of the second peak is very similar to those noted in the oscillations
of the stent-absent case ratios as well. The high velocity spiralling flow noted in the

streamlines and cross planes of figures 6.2 and 6.3, respectively, are impacted by the
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oscillations generated at the floor of the anastomosis as substantiated by the similarity of

the frequencies of oscillations.
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Figure 6.6: Spectral decomposition of the velocity magnitude at a point near the floor of
the anastomosis. The location of the monitor point has been visualised on a contour plot
of the Tomo-PIV stent-absent data-set.

In addition to these persistent oscillations noted in the stent-absent case, both cases showed
an increase in disturbance of the flow rate ratios (of figure 6.4) just after the inlet con-
ditions reached their peak. Additionally, disturbances that are initiated within the stent

encapsulated region of the stented case could be contained within the bounds of the de-

vice.

6.2 TKE generation within the AVF

To quantify the fluctuations generated in the LES of the two AVF cases, T K E was calcu-
lated using equation 4.6 that was defined previously. The distribution of the T K E across
a central plane cutting through all vessels at the anastomosis is illustrated in figure 6.7.
The general level of turbulence generation is much lower (by approximately an order of

magnitude) in the stented case when compared to the stent-absent case.

High T K FE persisted throughout the cardiac cycle at the distal region of the anastamosis

in the stent-absent case. This region coincides with the oscillations in velocity magnitude
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Figure 6.7: Contour plots of turbulent kinetic energy (TKE) on the central plane of the
anastomosis. The distribution of the TKE is illustrated at the minimum, acceleration,
maximum and deceleration inlet flow time-points for both stented (left) and stent-absent
(right) cases.

noted in the stent-absent case. The variations in velocity from cycle-to-cycle, when there
is a slight phase difference in the oscillations, contribute to this increase in turbulence. A
parametric study using large eddy simulations of AVF geometries (without stent implan-

tations) of varying anastomosis angles have also encountered a large standard deviation of
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velocity (proportional to the square root of TK E) at the anastomosis (Stella et al., 2019).
The large regions of variance were located closer to the distal region of the anastomosis,
somewhat similar to the findings of the current chapter. In contrast to the stent-absent
case, the TKE generation at the distal region of the anastomosis in the stented case is
much lower. The oscillatory behaviour of the flow rate ratios of the stented case did not
show any peaks, therefore, the contribution of disturbances from such behaviour is negated
to a certain extent in the stented case. An LES study of flow across the junction of a mix-
ing tee noted the significant reduction in temperature fluctuations with the presence of a
porous interface (Lu et al., 2010). The averaged flow fields of the case with the porous
junction also showed smoother velocity vectors towards the outlet. Similar dynamics could
be at play with the presence of the stent (acting as the porous interface) obstructing the
incoming distal flow (that could be likened to the branch of the mixing tee) yielding a

smoother outlet flow with lower fluctuations.

To interrogate the disturbance levels at the interface of the two inlets, three monitor
points were placed close to the heel, centre and toe of the anastomosis of both LES cases,
as illustrated in the inset diagrams of figure 6.8. The phase-average and range of the
velocity magnitude were computed at each time-point of the cycle for all monitor points.
Compared to the monitor points at the heel and the centre (red and purple, respectively),
the phase-averaged m oscillations are significantly higher closer to the toe (blue) in both
cases. These oscillations are restricted to the deceleration phase in the stented case,
however, the oscillations are persistent throughout the cardiac cycle in the stent-absent

case.

Crucially, even though m at the toe oscillates in the deceleration phase in the stented
case, there is very insignificant cycle-to-cycle variation as illustrated in the last two rows
of figure 6.8. Conversely, there are consistently large fluctuations in the stent-absent case,
not only at the toe but also at the centre and the heel of the anastomosis. Although it is

very clear that the fluctuations at the toe are the largest.

In addition to this source of turbulence generation, the heel region of the stent-absent

anastomosis was another location where high T'K FE flow was emanating. The spatial extent
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Figure 6.8: Comparison of the velocity magnitude ([U]) at monitor points in the anas-
tomosis of the stented and stent-absent cases. The first two rows show the average and
range of |U[, while the last two rows show the instantaneous |U] at the maximum and
deceleration time-points of each cycle.

and the magnitude of the T K F increased at the maximum inlet flow time-point and was
sustained in the deceleration phase of the inlet flow. Regions of high standard deviation of

velocity have been noted at the anastomosis with a further increase at the heel during the
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deceleration phase (particularly with the intermediate angle) in the aforementioned LES
study (Stella et al., 2019). Similar increases in disturbances at the anastomosis have been
noted in other studies of AVF geometries (Bozzetto et al., 2016; Browne et al., 2015b)
where it was postulated that the spiralling flow separated at the heel. Similar behaviour
has been noted in the tortuous intracranial aneurysm geometries (Valen-Sendstad et al.,

2014) where disturbances tended to grow in the deceleration phase.

To visualise the flow separation at the heel of the anastomosis, velocity magnitude plots
have been shown on the central plane of the two AVF cases as seen in figure 6.9. A
clear and persistent low velocity magnitude region is seen at the heel of the stent-absent
case. Streamlines, shown in the previous chapter (figure 5.2), illustrated the presence of
a recirculation zone in this low velocity region. The implication of this behaviour is the
necessity of the flow to accelerate through a smaller cross-section of the vessel. The ensuing
velocity gradient together with the spiralling flow in the outer regions of the vessel would
further contribute to the generation of high TKFE. The low velocity magnitude region
noted at the heel of the stented case is much smaller due to the uneven wall surface,
created by the stent struts, energising the boundary layer which in turn delays or negates
flow separation (Lin et al., 1990). However, the resemblance of smooth flowing features
across the vein is lost at the maximum time-point where two separate high velocity regions
are seen closer to the inner stent surface. These regions of high velocity magnitude are
further broken down in the deceleration phase. Although the TKFE distribution is much
lower in magnitude in the stented AVF, an increase in TKF is noted at the heel of the
anastomosis at the maximum time-point. These features are seen to be transported along
the vein in the deceleration phase in a manner mimicking the breakdown of the high
velocity magnitude regions. The disturbed flow regions are conveyed through the vein
of the stented case as well, however, the interaction of these disturbed flow regions with
the near-wall flow is reduced due to the funnelling effect of the flow within the stent

encapsulated region.

88



6. Impact of the stent implantation on turbulence generation

A
—

[ I -
o 02 04 06 08 1 0 02 04 o6 o8 1 Mms)

Figure 6.9: Contour plots of velocity magnitude (|U]) on the central plane of the anasto-
mosis. The distribution of |U| is illustrated at the minimum, acceleration, maximum and
deceleration inlet flow time-points for both stented (left) and stent-absent (right) cases.
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6.3 Turbulence generation at the end of the stent implan-

tation

Although the noted TK E is much lower in the stented case, there is an increase in TK FE
magnitude (relative to other regions in the stented case) after the end of the stent. This
increase in disturbance is seen most clearly in the deceleration phase of the inlet flow
waveform. A study measuring shear stress of stented in vitro vessels noted the presence
of disturbances downstream of the stent implantation (Peacock et al., 1995). The authors
postulated that the struts could behave similar to a cylinder placed in a cross-flow where
the oscillating vortices shed from the cylinder become unstable with flow over a certain
Reynolds number. A recent PIV measurement of a stent-graft in an in wvitro compliant
model noted a recirculation zone at the trailing edge that was postulated to be caused by
the compliance mismatch between the graft and the artery (Yazdi et al., 2021). Vorticity
magnitude was plotted across a central plane at the stent edge, as illustrated in figure
6.10 to assess the span-wise vortical behaviour suggested in other studies. The magnitude
(rather than a component) of the vorticity was used to avoid complications that arise with

aligning the tortuous vessel with the principle axes.
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Figure 6.10: Contour plots of vorticity magnitude (left) and turbulent kinetic energy
(right) on the central plane at the edge of the stent. The distributions have been plotted
at the minimum, acceleration, maximum and deceleration inlet flow time-points for the
stented case.
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The vortical behaviour is relatively low in the bulk flow of the vessel except at the deceler-
ation phase where there is a high vorticity region coming off of the heel of the anastomosis.
The magnitude of this feature reduces as the flow approaches the edge of the stent. More
complex vortical behaviour is initiated in the bulk flow past the proximal edge of the stent
(at the deceleration time-point). These complex regions are co-located with regions of

non-zero T K E as well.

Another striking feature is the high vorticity magnitude region at the stent struts. This
behaviour is persistent throughout the cycle, however, the interaction between the vortical
flow from adjacent stent struts is much higher at the outer wall surface (refer to figure 6.11
for the inner/outer wall surface localities). The coalescing vortical flow structures amount
to a shear layer forming and shielding the stent encapsulated flow. The shear layer is seen
to continue past the stent edge at the outer wall surface, however, the shear layer at the

inner wall surface is seen to interact with the aforementioned bulk flow complexities.
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Figure 6.11: Contour plots of vorticity magnitude and turbulent kinetic energy at cross-
sectional slices near the stent edge. The distributions have been plotted at the maximum
and deceleration inlet flow time-points for the stented case.
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To detail the distribution across the vessel, the vorticity magnitude and T'K E was plotted
on cross-sectional slices close to the edge of the stent at the maximum and deceleration
time-points, as shown in figure 6.11. Two counter-rotating Dean vortices that are created
at the anastomosis are seen to propagate along the vein at both time-points. At the
maximum time-point, these vortices continue to travel beyond the stent edge with little
disturbance. This is further reflected in the TK E distribution which is seen to increase

only in the small region downstream of the stent struts at the outer surface.

The high vorticity magnitude circumscribes a large portion of the cross-sectional planes at
the maximum time-point. However, in the deceleration phase, less of the cross-sectional
circumference is covered by the high vorticity magnitude due to a decrease in the velocity of
the incoming flow. Another separate high vorticity region at the strut of the inner surface
of the stent edge is noted (highlighted in red in figure 6.11). This region is observed to
grow in size and agitate the two counter-rotating vortices further downstream, creating
disturbances that are quantified by the TK E. This increase in magnitude and traversal
of vortical flow towards the bulk flow region was noted in PIV studies of flow around a
spanwise cylinder close to a wall (He et al., 2017), where, at a critical gap width, the

vortices created from the gap flow interact with the upper vortices.

6.4 Impact of the turbulence generation on the wall shear

stresses

The previous sections detailed turbulence generation in the AVF cases. The stent-absent
case showed higher levels of TK E that were generated at the interface of the two inlet
flows and at the heel of the AVF. A lower magnitude of TK E generation was observed
at these two locations in the stented case, however, there was an increase in turbulence
generation at the end of the stent implantation. To further illustrate the effects of these
disturbances on the vessel wall, a MATLAB script was developed to unwrap the vessel wall
onto a 2D surface plot. This script utilised the vessel centerline node locations together

with the vessel wall locations.
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A local centerline node direction vector can be calculated using a central difference of the
two adjacent centerline node locations. Another direction vector, perpendicular to the
local centerline direction vector, was created such that it pointed to the inner surface of
the vessel from the centerline node. In the case of the outlet vein, the inner half of the
vessel was the half that was closest to the proximal artery vessel, and vice-versa. The inner
surface of the distal artery was also determined relative to the location of the proximal
artery. Following these two steps provides a local axial vector and an auxiliary in-plane
(vessel cross-section) vector to calculate distances away from the anastomosis and angles

relative to the inner surface, respectively, at each node.

Distal Artery wall Vein wall
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Figure 6.12: Example of unwrapping the 3D vessel wall locations onto a 2D space using lo-
cal vectors constructed from centerline node locations. The colour bar of the cross-sectional

slices assist with understanding the 3D location of the wall element on the corresponding
2D plots.

The next step was to assign each wall element to its closest centerline node. Using the
in-plane vector, an angle was measured for each of these assigned wall elements relative
to the inner surface of the vessel. Assuming that the vessel cross-sections were close to
circular, a circumferential distance of the wall element from the inner surface could be
calculated using the aforementioned angle and the distance of the wall element from the

centerline node.

Following these steps yields an axial location along the vein and a circumferential location
along the cross-section of the vessel for each wall element, thereby converting the prior

3D vessel wall surface to a 2D surface. The spacing of the centerline nodes was reduced
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to 0.1 mm increments to decrease unnatural steps in the plot. The clarity obtained
by visualising the whole tortuous vessel on 2D outweighed the effects of the circularity

assumption.

6.4.1 Behaviour of the WSS at the distal artery

To understand the effect of the oscillatory flow behaviour at the distal floor of the anas-
tomosis, cycle-averaged WSS metrics have been plotted along the distal artery using the
vessel unwrapping method explained previously. There is a clear low TAWSS region in
the distal artery near the anastomosis for both the stented and stent-absent cases. This is
to be expected as the collision of the two inlet flows creates a recirculation zone near the
floor of the anastomosis. Since the trajectory of the coalesced flow is directed towards the
vein and the high velocity flow moves towards the outer wall of the vessel (relating to the
maximum circumferential distances in figures 6.13 to 6.15), the TAWSS starts increasing
in the anastomosis. The increase is more sudden and persistent in the stent-absent case
compared to the stented case. This is due to the stent implantation inhibiting the high

velocity flow from being incident on large sections of the vessel wall.

In the stent-absent case, large regions of high OSI are noted in the same regions that low
TAWSS was observed. Similar patterns are noted in the stented case as well, however,
the magnitude and spread of these regions are very much subdued. The generation of
high TKFE in the anastomosis of the stent-absent model could explain the high regions
of oscillating wall shear stresses. However, transWSS is a better metric to assess multi-
directional disturbances in the anastomosis. As expected there are much larger regions of
high transWSS noted in the stent-absent case when compared to that of the stented case.
An important observation is that the high transWSS and OSI regions of the stent-absent
AVF case are adjacent or coincident with the band of low TAWSS.
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Figure 6.13: Wall shear stress metrics on vessel wall at the distal artery.
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Figure 6.14: Turbulent Wall Shear Stress distribution at the maximum and deceleration
time-points.
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Figure 6.15: Turbulent Wall Shear Stress distribution at the minimum and acceleration
time-points.
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In addition to the cycle-averaged WSS metrics (such as TAWSS, OSI, transWSS), phase-
averaged turbulent WSS (TWSS) were also calculated to measure the vessel wall force
fluctuations. This metric provides further clarity on the relationship between the impact
of the contrasting T K E regions noted in both cases, as it has been calculated in a similar
manner. In addition, the TWSS values have also been normalised using the phase-averaged

WSS to understand the level of shear stress fluctuations.

The TWSS at the anastomosis floor is of much higher magnitude in the stent-absent case
in comparison to the stented case. This high level of TWSS which is persistent throughout
the cardiac inlet flow profile is also mobile with the high TWSS covering a larger region at
the maximum and deceleration time-points. The normalised TWSS in the same region is
also of high magnitude and follows a similar behaviour of spreading across a larger region
of the anastomosis of the stent-absent case at the maximum and deceleration time-points.
The fluctuations are significant in comparison to the phase-averaged WSS magnitude
sensed at these locations. The oscillatory flow and the ensuing high TK E generated at
the interface of the two inlet flows in the stent-absent case are very likely to be contributors
to this mobile high TWSS region. Observing converse subdued behaviour in both TKFE

and TWSS distributions in this region of the stented case further substantiates this claim.

6.4.2 Behaviour of the WSS in the juxta-anastomotic vein

As detailed previously, the proximal vein wall has been unwrapped onto a 2D surface to
visualise the WSS patterns. The distribution of the cycle-averaged WSS metrics: TAWSS,
OSI, and transWSS, across the vein is illustrated in figure 6.16. A clear difference between
the stented and stent-absent cases is noted at the heel region of the vein. A large TAWSS
accompanied by a large ring of high OSI is noted in the stent-absent case, however, the
stent-absent case shows a much smaller region of high OSI. The funnelling capability of
the porous stent is a major contributing factor to the decrease in OSI (detailed in section
5.5 of chapter 5). The disturbances generated in the anastomosis are kept away from the

vessel wall in the malapposed region of the vessel. The impact of the shorter recirculation
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Figure 6.16: Wall shear stress metrics on vessel wall at the distal artery.

zone results in a shorter region of low TAWSS in the stented case.

There is a large distribution of high transWSS on either side of the recirculation zone
in the stent-absent case, with the magnitude decreasing at the downstream edge of the
recirculation zone. There is also a large distribution of high transWSS at the outer surface
of the vein (relating to the maximum circumferential distances in figures 6.16 to 6.18). The
oscillatory flow behaviour that was initiated at the interface and conveyed along the outer
bounds of the vein (as detailed with the temporal flow rate ratios of section 6.1) would lead
to the vessel wall continually sensing a high and low velocity gradient across the cycle, with

variations in the WSS vector direction. These flow oscillations were very much tempered
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in the stented case which resulted in a smaller distribution of the high transWSS.

As before, to better understand the impact of the T K E flow behaviour, the distribution of
the absolute and normalised TWSS has been considered at the maximum and deceleration
time-points in figure 6.17 and at the minimum and acceleration time-points in figure 6.18.
A persistent high TWSS region is seen at the outer regions of the vessel wall near the
anastomosis in the stent-absent case throughout the cycle. A possible contributor to
these fluctuations in WSS is the TKE generated at the interface of the two inlets. At
the maximum and deceleration time-points, the high magnitude fluctuations are seen to
spread across the venous cross-section for a length of about 25 mm along the vessel which
is a similar behaviour to the TK FE in the vein. A high normalised TWSS ring at the heel
of the stent-absent case resembles the behaviour of the OSI and transWSS. Therefore, the
extent of the recirculation zone not only varies within the cycle but also fluctuates across

cycles.

Conversely, the distribution of high TWSS marginally encroaches the heel region in the
stented case. The main behaviour seen in the stented case is that the high TWSS (and
the normalised TWSS) is concentrated to the stent strut regions. Studies have shown
the presence of recirculation zones in the spaces between struts of apposed (Jiménez and
Davies, 2009) and malapposed (Chen et al., 2017) stent segments. The disturbances caused
in these micro-recirculation zones coupled with the high velocity flow traversing on the
outer edge of the vessel yields significantly high levels of TWSS localised to the stent
strut spaces. It is also clear that these dynamics localised to the strut regions are not

propagated to the vessel in the malapposed region.
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6.4.3 WSS behaviour proximal to the stent implantation

The WSS behaviour appears to be generally homogeneous in the stented case downstream
of the heel until the flow reaches the stent edge. There is an increase of OSI and transWSS
at the inner vessel wall (relating to a circumferential distance of zero in figures 6.16 to 6.18).
The increase in these WSS measures are co-located with a decrease in TAWSS which
would be caused by the recirculating flow emanating from the malapposed stent edge.
The decrease in shear stress and presence of recirculatory flow has also been noted in
simulations of peripheral arteries with insufficient stent-graft apposition (Al-Hakim et al.,
2017). The variation of the vortical flow emanating from the stent edge leads to the increase
in the transWSS and OSI which spans an extent of approximately 7.5 mm downstream of

the stent-edge.

The absolute and normalised TWSS at the stent-edge is generally low at all analysed time-
points except at the deceleration time-point. Although the absolute TWSS is not as large
as what is measured around the stent struts, the normalised TWSS significantly increases
up to an extent of approximately 20 mm downstream of the stent edge. The elevated
regions of normalised TWSS are noted at approximately equal intervals which could be
caused by the periodic shedding of vortices during the deceleration stage. The dynamics
of the interactions of the multiple vortices (detailed in 6.3) lead to a sudden increase in
the TK F near the wall that subsequently affects the near-wall velocity gradients as well.
The increased fluctuating near-wall dynamics caused by the stent edge could lay claim
to the build-up of IH downstream of stent implantations noted in aorta subjects (Barth

et al., 1990) and could potentially affect stented AVFs in a similar manner.

6.5 Conclusion

The complex spiralling flow behaviour stemming from the anastomosis of the AVF was
further examined using the Tomo-PIV measurement of the stent-absent case. In addition

to the flow spirals, oscillatory behaviour was noted to be originating from the distal toe
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of the anastomosis. The frequency peaks of the oscillatory behaviour were very similar to
that measured across slices in the vein using large eddy simulations of the stent-absent
case. Furthermore, a high T'K E region was consistently noted at the interface of the two
inlet flows at all analysed time-points in the stent-absent case. This coincidence in findings
asserts that the oscillatory disturbances initiated due to the collision of the two inlet flows
at the distal region of the anastomosis are conveyed towards the vein. Conversely, the
levels of T K F in the anastomosis of the stented case were far lower. The presence of the

stent at the location of the inlet flow interface could mitigate the flow disturbances.

An increase in TK F levels was also noted at the heel of the stent-absent AVF anastomosis
at the maximum and deceleration time-points. These flow features led to a ring of high
WSS fluctuations within the cycle (OSI, transWSS) and across cycles (TWSS). The in-
crease in T K F was far less significant in the stented case and these disturbances were held
within the stent encapsulated region (assisted by the funnelling feature of the stent that
was detailed in chapter 5). The stent circumvented these minor disturbances away from
the vessel walls thereby resulting in a smaller region of adverse WSS behaviour at the heel
of the AVF. However, there were localised regions of high WSS fluctuations surrounding

the stent struts due to the generation of micro-recirculation regions.

Although the fluctuating haemodynamics of the stented case were far less apparent than
that of the stent-absent case, an increase in T K F was noted at the downstream edge of the
stent which was malapposed from the inner vessel wall. Complex vortical flow behaviour
emanating from this malapposed stent edge acted as a catalyst in the increase in flow
disturbances, particularly at the deceleration time-point of the inlet flow. These obser-
vations were mirrored with the TWSS measurements which also increased downstream of
the stent edge. Therefore, the stent placement mitigated the initiation of TKE and the
malapposition at the heel shielded the vessel from the disturbed flow, however, the malap-
position at the stent edge could potentially create adverse disease-causing flow conditions

downstream of the implantation.
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Chapter 7

Comparison between the stented

and diseased AVF

In this chapter, the overall effect of the stenting procedure on the shape of the AVF and the
subsequent haemodynamic conditions are assessed by comparing fluid dynamic quantities
between the treated AVF and the diseased AVFE. Accordingly, an additional LES has been
conducted on the diseased AVF case to measure the turbulent flow quantities and their

effects on the wall.
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7.1 Introduction

The previous chapters focused on the effects of the stent device on the haemodynamic
environment by isolating the impact of the stent. This strategy was employed by assessing
the flow field within the same (treated) AVF geometry with or without the presence of the
stent. However, after subjecting the diseased AVF to the stent implantation treatment,
the geometry of the AVF changes noticeably. The flexible metallic structure alters the
anastomosis from a tight-angled junction (in the diseased geometry) to an obtuse-angled
smooth loop and the subsequent venous flow rates have been known to increase significantly
as well (Thomas et al., 2019). Therefore, in this chapter, we will explore the progression of
the AVF haemodynamic environment from the diseased condition to the stent implanted

condition.

To assess this transition, the recorded geometry and boundary conditions from the same
patient AVF (studied in preceding chapters) prior to the stent implantation procedure
was utilised. Apart from the sharper anastomosis angle and the decreased flow rate, the
main characteristic of the diseased AVF is the presence of the severe stenosis in the vein
as illustrated in figure 7.1. As before, the freehand 3D ultrasound scanning methodology
(Colley et al., 2018) was used to scan and then segment the diseased patient AVF geometry.
Similarly, the Doppler function of the ultrasound machine was used to obtain the pulsatile
inlet flow conditions (Carroll et al., 2020). This overall methodology of obtaining the
patient data has been illustrated in figure 7.2 and has been detailed in chapter 4. It
is worth noting that the additional steps involving device implantation and micro-CT
imaging were not necessary for the diseased case as this scan was obtained before the
stenting procedure was conducted. A summary comparing the diseased AVF geometry
with the stented AVF geometry is shown in table 7.1. In particular, a stark difference
between the two cases is the significant increase in the outlet flow rate of the vein upon

stent implantation.

The segmented diseased AVF geometry was (spatially) discretized by creating a tetrahedral

mesh using ICEM CFD. Care was taken to follow the same initial meshing strategy of
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Figure 7.1: Comparison of the geometry and boundary conditions of the stented and
diseased AVF cases. The diseased patient AVF inlet flow rates and geometry. a), b), and
c) have been reproduced from figure 4.3 and display the stent strut details, stented case
inlet flow rate profiles and the stented AVF geometry. The diseased case inlet boundary
conditions d) and the diseased AVF geometry e), with the annotated stenosis location, is
displayed in the bottom half of the figure.

employing tetrahedral elements in the boundary layer as well. The average y+ across
the vessel wall at the maximum time-point was measured to be 0.28 thereby ensuring
sufficient refinement to the wall. After initialising the flow domain with three simulation

cycles run using the RANS turbulence model, the mesh was refined in the initial LES
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Figure 7.2: The sequence of steps followed to setup the domain and boundary conditions
for the Large Eddy Simulations of the diseased AVF.

Stented AVF | Diseased AVF

Proximal Artery - Re 451 - 884 141 - 375
Proximal Artery - Diameter (mm) | 4.5 5.6

Distal Artery - Re 202 - 427 113 - 241
Distal Artery - Diameter (mm) 3.8 2.7

Proximal Vein - Re 481 - 964 242 - 363
Proximal Vein - Diameter (mm) 5.8 6.9

Outlet flow rate (L/min) 0.309 - 0.606 | 0.223 - 0.421
Cycle length (s) 1 1.2

Table 7.1: Comparison of the stented AVF with the diseased AVF.

cycles by using the mesh adaption strategy. As before (refer to section 4.3), the gradient
of subgrid dynamic viscosity was used to mark approximately 1-5% of the total cells.
This mesh adaption strategy was employed four times, i.e. twice at the maximum and
minimum timepoints of the inlet pulsatile flow, which resulted in a domain consisting of
18 million elements. Further, consistent fluid physical properties were maintained across
the stented and diseased cases, with the density set at 1060 kg/m? and the Carreau model

with zero-shear rate viscosity set at 0.00345 Pa - s.

The recorded heart rate of the patient at the time of the diseased AVF geometry scan

was noted to be 50 bpm, which equated to a cycle length of 1.2 s. The same time-step
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of 0.0002 s was used for the diseased AVF LES, which resulted in an average Courant

number of 0.08 at the maximum inlet flow time-point.

The simulation was run for three cycles using the k —w SST turbulence model to set the
initial flow domain for the LES. As with the stented geometry simulations (elaborated in
chapter 4), the Smagorinsky sub-grid scale model was used with a Dynamic Smagorinsky
constant. After the mesh adaption was conducted using the LES, a further 12 cycles
were run to ensure TK F and TW.SS measurements, made throughout the domain and at

specific time-points in the cycle, were sufficiently converged.

In contrast to chapter 6, to make comparisons of the quantified disturbances between
the two cases, the T K FE magnitude required a normalising procedure as the inlet flow
rates of the two AVFs were different. A higher velocity field would usually generate larger
TKFE, however, normalising the disturbances will quantify the level of T K F relative to the
general kinetic energy in each case thereby providing a more appropriate comparison. The
average outlet velocity, Uy, was calculated by dividing the outlet flow rate, Qoutier, bY
the outlet area. The average kinetic energy at the outlet, K E,,.t, was used to normalise

TKE as shown in the equations (7.1) to (7.3).

Uoutlet = Qoutlet/Areaoutlet (71)
1 2
KEoutlet = 5 * Uoutlet (72)
TKE
TKE, (7.3)

orm —
KEoutlet

Although normalisation of the WSS can be obtained following the Darcy Friction Factor
(Cengel and Cimbala, 2014), absolute values are generally used even with comparisons

across cases (Andersson et al., 2019; Manchester et al., 2021; Stella et al., 2019). Therefore,
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the absolute TWSS and the consequent normalisation with the phase averaged WSS will

be used to analyse the fluctuations of the WSS as before.

7.2 Flow behaviour at the anastomosis

Diseased

Velocity (m s™) 0 0.2 0.4 0.6 0.8 1

Figure 7.3: Contour plots of velocity magnitude (|U]) on the central plane of the anas-
tomosis. The distribution of |U| are shown at the minimum, acceleration, maximum and
deceleration inlet flow time-points for both stented (left) and diseased (right) cases.
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7. Comparison between the stented and diseased AVF

As previously outlined, the inlet flow rates of the diseased case are significantly lower in
comparison to those of the stented case. To understand how these inlet conditions trans-
late to the flow behaviour in the anastomosis region, phase-averaged velocity magnitude
contour plots were created on the central plane of the anastomosis for both the stented
and diseased cases. Results are presented in figure 7.3, where a clear increase in velocity
magnitude can be seen in the proximal artery of the stented case, especially at the maxi-
mum time-point. A more unexpected observation in the diseased case is the presence of a
low velocity magnitude region at the heel of the anastomosis that is persistent throughout
the cycle. This highlights that even with the low inlet flow rate, a recirculation zone could
be initiated due to the sharp angle of the anastomosis. The difference in the outlet flow
is further shown on vessel cross sections close to the anastomosis (figure 7.4). At the slice
closest to the anastomosis in the vein (slice 3) in the stented case, a high velocity flow re-
gion is seen to surround the central bulk flow region. Further, there is a more even spread
of intermediate velocity (approximately 0.5 m s~!) and a distinct low velocity region close

to the heel of the equivalent slice (slice 6) of the diseased case.
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Figure 7.4: Contour plots of velocity magnitude and normalised TKE on vessel slices
close to the anastomosis in both stented and diseased AVF geometries. The maximum
and deceleration time-points have been used for these contour plots. The locations of the
slices have been illustrated in the first row.
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The streamlines of the flow in the diseased AVF, shown in figure 7.5, reveals the presence of
highly disturbed behaviour within the anastomosis, albeit with a lower velocity magnitude
to the stented case. The two inlet flow streams are observed to interact with one another
and finally swirl towards the outlet vein. A swirling pattern of intermediate velocity
magnitude is also observed in the vessel cross slice (slice 5), shown in figure 7.4, suggesting
that the swirling behaviour is present in the central region of the anastomosis. This
disturbed behaviour is initiated despite the lower velocity magnitude through the distal
artery (see slice 4). The stented AVF case also has a moderate degree of streamlines
that swirl around the central bulk flow region; however, the majority of the streamlines
maintain a trajectory towards the outlet vein. The interaction between the two inlet flows
is also much less understated, as seen in slice 2 in figure 7.4. This behaviour is partially
attributed to the effect of the funnelling behaviour of the stent previously discussed in
chapter 5. The larger anastomosis angle of the stented geometry also plays a role in

reducing the swirling flow in the anastomosis.

Stented Diseased

Velocity (m s™) 0 0.2 0.4 0.6 0.8 ¥1

Figure 7.5: Streamline plots of the stented and diseased AVF cases at the maximum and
minimum time-point. The streamlines are coloured with the velocity magnitude.

To investigate the fluctuations in the flow field, the distribution of normalised TKE on

the central plane is shown in figure 7.6. The results reveal a clear difference in the dis-
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Stented Diseased

TKE normalised I [
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Figure 7.6: Contour plots of normalised TKE on the central plane of the anastomosis.
The distribution is illustrated at the minimum, acceleration, maximum and deceleration
inlet flow time-points for both stented (left) and diseased (right) cases.

turbances generated in the two AVF cases. Specifically, at the heel of the diseased AVF,
where persistent recirculating flow was noted previously, a high region of normalised TK F
is present. This is caused by the high velocity gradient developed due to the recirculation
zone. The high normalised T'K E locations, observed using isosurfaces in figure 7.7 appear
close to the vessel wall at the heel region, which suggests that the shear stress at these

regions would also experience a higher degree of fluctuations. The anastomosis region also
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shows an intermediate level (about 0.1 of the outlet kinetic energy) of fluctuating energy.
The swirling flow behaviour in the AVF leads to regions of varying velocities that con-
tribute to the increase in disturbance. The spatial distribution of the disturbances, caused
by the swirling flow in the anastomosis, is better observed in slice 5 of figure 7.4. The
high normalised T K F is seen to follow a similar distribution as the swirling features of the
velocity magnitude contour plots. The disturbances initiated due to the recirculation zone
are noted in the normalised T'K E contour plots on slice 6, however, additional regions of
disturbances are also seen on this cross section which can be attributed to the transport of
disturbances initiated in the anastomosis towards the outlet vein. The spatial distribution
of the disturbed regions is marginally increased at the deceleration time-point of the cycle
at the anastomosis (as seen in slice 5 of figure 7.4). However, the high normalised TKE
regions marginally decrease in magnitude at the deceleration time-point at the heel of the
diseased AVF anastomosis as seen in both slice 6 of figure 7.4 and the central plane in
figure 7.6. As mentioned before, a crucial difference, further illustrated by the normalised
T K FE contours, on slices of figure 7.4 and the central planes of figure 7.6, is the significantly

lower disturbance in the stented AVF geometry.

normalised TKE = 0.2 1IN

Figure 7.7: Isosurfaces of normalised TK E of value 0.2 at the a) acceleration, b) maxi-
mum, c¢) deceleration and d) minimum time-points of the diseased AVF.
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7.3 Flow behaviour at the stenosis

The most noticeable feature of the diseased AVF is the stenosis, which underpins the
diseased state. The narrowing of the blood vessel (stenosis) leads to an increase in the
velocity across the stenosis as seen in the velocity magnitude contours of figure 7.3. There
is a decrease in cross-sectional area by a factor of 2.5 leading to a comparable increase in
the velocity at the stenosis. The increase in bulk flow velocity would subsequently lead to
an increase in WSS, thereby leading to an environment where the vessel wall is faced with
largely varying levels of WSS. Furthermore, the subsequent increase in velocity due to the
decrease in cross-sectional area would lead to significant fluctuations in the bulk flow that

would also incur fluctuations of the WSS.

As expected, the increase in velocity is consistent throughout the cycle, but importantly,
it results in a high velocity jet formation proximal from the stenosis as the vessel cross-
section increases. The jet flow initiating at the stenosis can be seen in the isosurfaces of
velocity magnitude shown in figure 7.8. The formation of the jet leads to a swirling flow

behaviour at the outer boundary of the jet as seen in the streamlines of figure 7.5.

In addition to the swirling flow, a shear layer surrounding the jet is formed due to the
large velocity gradient in this region. Contour plots of vorticity at the central plane of the
stenosis in figure 7.9 illustrate the formation of the shear layer. The stented AVF geometry
is also susceptible to a shear layer formation due to the aggregation of the vortical flow
over the stent struts across the vessel. At the deceleration time-point (second row of
figure 7.9), the vortical flow in the lower regions of the stented edge is seen to interact
with the bulk flow, as detailed in section 6.3 of chapter 6. There is a larger spread of
high vortical regions in the diseased AVF geometry in comparison to the stented AVF
geometry at both time-points. The temporally varying behaviour of the shear layer in
the diseased geometry is better visualised on the vessel cross-sectional slices shown in the
figure 7.10. Two clear counter-rotating vortical regions are noted in the slices proximal
to the stenosis at the maximum time-point. The results reveal that Dean vortices are

created due to the flow traversing across the sharp curve of the anastomosis. The Dean
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Figure 7.8: Isosurfaces of velocity magnitude (|U]|) of value 1 m s~! at the a) acceleration,
b) maximum, c¢) deceleration and d) minimum time-points of the diseased AVF.

Stented Diseased

Vorticity (s S |
y (&%) 0 200 400 600 800 1000

Figure 7.9: Contour plots of velocity magnitude (|U]|) on the central plane of the stenosis
and stent edge. The distribution of |U| is illustrated at the maximum and deceleration
inlet flow time-points for both stented (left) and diseased (right) cases.
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vortices are squeezed at the stenosis and subsequently coalesced into the shear layer. The
annulus shaped shear layer deforms and travels towards the vessel wall finally collapsing
to dissipate the rotational energy. At the deceleration time-point, similar Dean vortical
motion is detected, however, the annulus shaped shear layer breaks down much earlier (as
annotated in red on slice 4 of figure 7.10). Studies conducted on an idealised eccentric
stenosis model also noted the formation of a vortex ring that travelled downstream of the
constriction and collapsed at the wall of the vessel (Varghese et al., 2007). The study also
noted the increase in the localisation of turbulence after the peak of the inlet flow rate

was reached.
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Figure 7.10: Contour plots of vorticity magnitude and turbulent kinetic energy at cross-

sectional slices along the vein of the diseased AVF. The distributions have been plotted
at the maximum and deceleration inlet flow time-pointse.
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In comparison to the disturbances prevailing at the heel of the anastomosis, the magnitude
of the normalised T'K E' is much larger at the stenosis as seen in the contour plots of figure
7.6. The spatial extent of the high normalised TKF is also much larger at the stenosis
region as illustrated using isosurfaces of normalised T K E in figure 7.7. The location of
the high normalised TK F is initially seen just proximal to the stenosis. However, after
observing the contour plots on the vessel cross sections in figure 7.10, it is understood
that the disturbances are primarily in the near-wall region. This is caused due to the
steadily accelerating flow causing a larger velocity gradient at the wall, thereby initiating
turbulent behaviour. However, proximal to the stenosis, the higher normalised TKFE

follows the boundaries of the shear layer.

Stented Diseased

normalised TKE |
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Figure 7.11: Contour plots of normalised TK E on the central plane of the stenosis. The
distribution is illustrated at the maximum and deceleration inlet flow time-points for both
stented (left) and diseased (right) cases.

At slice 7 at the maximum time-point, two large regions of high normalised TKFE are
noted to have broken away from the annulus shaped shear layer, which appears to be
from the breakdown of the vortical motion. The spread of the normalised T K E at slices
6 and 7 at the deceleration time-point show a much larger spread in comparison to those

at the maximum time-point. The sudden increase in turbulent energy at these slices
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could be attributed to the breakdown of the shear layer emanating from the stenosis. As
previously discussed in chapter 6, the elevated turbulent behaviour in the deceleration
phase has been observed in other vascular geometries (Manchester et al., 2021; Valen-
Sendstad et al., 2014). In this case, the rotational energy in the shear layer cannot be
sustained with the decreasing inlet flow rate, potentially leading to a violent breakdown

of the energy.

An important observation made in chapter 6 was that the disturbance level increased at
the stent edge. However, in comparison to the disturbances created at the stenosis, the
normalised TKE at the stent edge is significantly lower as shown in figure 7.11. This
re-asserts the value of the stent implantation procedure which yields a far less turbulent

environment in comparison to that of the diseased AVF.

7.4 Pressure drop across regions of the AVF

Although the goal of the stent implantation was to broaden the stenosed region of the
vessel, the use of the interwoven nitinol stent across the anastomosis has yielded an AVF
resembling the ‘smooth’ loop geometry as well. In comparison to the acute-angled geome-
try of the diseased AVF, the larger angle of the treated AVF is more conducive for the flow
to traverse across the anastomosis. The use of pressure drop to assess the effectiveness
of treatments has been used not only for AVF geometries (Carroll et al., 2020; Mallinson
et al., 2020) but also in aorta models (Xu et al., 2021). Therefore, it is apt to use a similar

methodology in this instance as well.

Instantaneous pressure drops at the maximum and minimum time-point have been quan-
tified at specific cross-sectional slices. For all the ensuing calculations, the instantaneous
pressure values were averaged across each slice. The calculation was conducted with the
stented and diseased AVF geometries and care was taken to place the corresponding cross-

sectional slices at equivalent distances from the anastomosis.

One cross-sectional slice each was created in the proximal and distal artery, approximately
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5.5 mm away from the anastomosis. Pressure drop measurements were made from each of
these two slices to the slice placed approximately 2.5 mm away from the anastomosis in
the vein. These two measurements captured the pressure drop from both feeding vessels
individually. To measure the pressure drop in the juxta-anastomotic region of the vein,
a slice was created 5 mm away from the anastomosis in the vein and the pressure drop
was calculated relative to the slice placed 2.5 mm away from the anastomosis in the vein.
To make a comparison between the pressure drop of the stent edge and the stenosis, two
slices, approximately 6 mm apart, were created with the stent edge and the stenosis in the
centre. Finally, to compare the overall pressure drop across the vein, a slice was placed
in the vein approximately 75 mm away from the anastomosis and the pressure drop was
calculated relative to the vein slice located 2.5 mm away from the anastomosis. The spatial
location of the slices has been illustrated in figure 7.12 with the corresponding pressure

drop measurements.

- [,
e — B
1 7
Tomm omm

1. Proximal Artery to Vein (anastomosis) 2. Distal Artery to Vein (anastomosis)
3. Venous JXA 4. Stent edge/Stenosis
5. Vein (approx. 75 mm)

Figure 7.12: Location of pressure drop measurements for both the stented and dieased
AVF geometries.

Since the two AVF geometries experience different inlet flow rates, the pressure drop (A P)
was normalised using flow rate values which resulted in the calculation of instantaneous
hydraulic resistance (Rp,yq.). For locations 1 and 2, the pressure drops were divided by the
inlet flow rate (Qiniet) in the proximal artery and distal artery, respectively, using equation
7.4. However, all the other pressure drop measurements were divided by the outlet vein
flow rate (Qoutiet) using equation 7.5. The resulting hydraulic resistance measurements

are recorded in table 7.2 and illustrated in figure 7.13.
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Table 7.2: Hydraulic resistance.

. . . Stented Diseased
Hydraulic Resistance (mmHg / L / min) (Min./Max.) | (Min./Max.)
1. Proximal Artery - Vein (near anastomosis) 0.52/0.89 1.54/2.52
2. Distal Artery - Vein (near anastomosis) 2.67/3.32 7.95/14.12
3. Venous JXA 0.65/1.23 0.74/1.04
4. Stent edge/Stenosis 0.34/0.62 9.75/14.10
5. Vein (approx. 75 mm) 3.38/5.34 | 16.75/24.72
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Figure 7.13: Graph of the hydraulic resistance (in mmHg / L. / min) calculated at the
locations stipulated in figure 7.12 for the stented and diseased AVF cases. The graph
displays the mean resistances along with the range.
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A consistent finding throughout all locations except location 3 is that the hydraulic re-
sistance is higher in the diseased case when compared to the stented case. The hydraulic
resistance values from the proximal artery to the vein (location 1) are approximately three
times higher in the diseased AVF case while the values from the distal artery to the vein
(location 2) are approximately four times higher in the diseased case. The swirling flow
noted in the anastomosis of the diseased case is a major contributor to the increase in
hydraulic resistance in this region. This behaviour is significantly mitigated in the stented
case due to the funnelling effect caused by the stent. This enables the proximal artery
inlet flow to be effectively guided towards the vein while minimising disturbances created

from the interaction with the distal artery inlet flow.

The hydraulic resistance calculated at the juxta-anastomotic region of the AVF is more
comparable between the two cases. More turbulent behaviour is transported in the bulk
flow region of the diseased AVF case. However, the friction caused by the rotating vortical
flow near the stent wall could be contributing to the pressure drop that the flow needs to
overcome in the JXA thereby accounting for the similarity in hydraulic resistance values

between the stented and diseased AVF cases.

The hydraulic resistance across the stenosis is more than an order of magnitude larger than
that across the stent edge, once again justifying that the negative effect of the disease far
outweighs the drawback of the treatment procedure. The hydraulic resistance value across
the stenosis is the main contributor to the hydraulic resistance value of the diseased vein
which is approximately five times larger than the hydraulic resistance of the stented vein.
Assuming that the overall cardiac flow rate from the patient’s heart remained the same
before and after the stent implantation, it is quite evident that the increased pressure drop

caused by the stenosis has led to the lower flow rates at the inlets of the AVF.
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7.5 Comparison of WSS imparted on vessel walls

The previous sections were focused on assessing and comparing the behaviour in the bulk
flow by not only calculating detailed metrics such as normalised TKE at specific time-
points but also by measuring general metrics such as pressure drop. The impact of the
discussed bulk flow characteristics on the vessel wall will be explored in this section using
cycle averaged metrics such as time-averaged wall shear stress (TAWSS), oscillatory shear
index (OSI) and transverse wall shear stress (transWSS) along with detailed cycle-to-
cycle variance measurements such as turbulent wall shear stress (TWSS) and normalised
TWSS. To clearly visualise the distribution of these metrics across the vessel wall, a vessel
wall unwrapping methodology (figure 7.14), detailed in chapter 6, was utilised. The WSS
behaviour will be assessed across the vessel walls of the distal artery (anastomotic and
juxta-anastamotic regions) and vein (juxta-anastomotic and stenosis/stent-edge regions)

of both the diseased and stented AVF.
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Figure 7.14: Example of unwrapping the 3D vessel wall locations onto a 2D space using lo-
cal vectors constructed from centerline node locations. The colour bar of the cross-sectional
slices assist with understanding the 3D location of the wall element on the corresponding
2D plots.

7.5.1 WSS characteristics at the distal artery

A clear band of low TAWSS is seen in the distal artery close to the anastomosis in the

stented geometry (see figure 7.15). Conversely, a decrease in the TAWSS of the distal
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artery close to the anastomosis is not apparent for the diseased AVF as the general flow

velocity is low in this vessel contributing to low shear forces.

The distribution of high OSI is limited to a few isolated points in the anastomosis of the
stented AVF. In contrast, a curved streak of high OSI is noticeable at the anastomosis of
the diseased AVF. The swirling disturbed flow noted in figure 7.5 is evidently contributing
to oscillatory shearing forces. The impact of the swirling disturbances would also cause
multi-directional shearing forces throughout the cycle as illustrated by the high transWSS
regions of the diseased AVF. Similar increases in transWSS are much less pronounced in

the stented AVF with these regions localised closer to the heel of the anastomosis.

There is an increase in the cycle-to-cycle fluctuations of WSS at the anastomosis of the
diseased AVF (figures 7.16 and 7.17). The increase is most noticeable at the maximum and
acceleration time-points of the inlet cycle, however, the significant fluctuations (quantified
by the normalised WSS) are present in a curved streak across the anastomosis, similar in
pattern to the OSI distribution, at all recorded time-points. In this case, the highlighted
feature is caused by the shear force fluctuations converging to locations where low phase-
averaged WSS exist. In comparison, the distribution of TWSS and normalised TWSS at

the anastomosis of the stented AVF vessel remain at low levels at all time-points.
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Figure 7.15: Distribution of TAWSS, OSI and transWSS across the distal artery close to
the anastomosis of both stented and diseased AVF geometries.
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Figure 7.16: Turbulent Wall Shear Stress (TWSS) and normalised TWSS distribution
across the distal artery at the minimum and acceleration time-points for both stented and
diseased AVF geometries.
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Figure 7.17: Turbulent Wall Shear Stress (TWSS) and normalised TWSS distribution
across the distal artery at the maximum and deceleration time-points for both stented

and diseased AVF geometries.
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7.5.2 WSS characteristics at the proximal vein
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Figure 7.18: Distribution of TAWSS, OSI and transWSS across the proximal vein of both
stented and diseased AVF geometries.

The distributions of the cycle-averaged WSS metrics across the vein (figure 7.18) reveal
that the two main areas of concern are the juxta-anastomotic region and the stenosis
region. The juxta-anastomotic region of the diseased AVF is faced with a small low TAWSS
region that is surrounded by high OSI and transWSS. The recirculating flow present at
the heel of the anastomosis creates a low velocity gradient leading to low TAWSS. The
change in the extent of the recirculation zone across the cycle would lead to high OSI,

while the general disturbance created in the vicinity leads to high levels of transWSS.
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This behaviour is very similar to that seen in the stent-absent AVF of chapter 6, where
the recirculation zone created a large ring of high OSI around the low TAWSS region.
However, the ring of high OSI is much smaller in the diseased AVF because of the low
velocity flow carrying comparatively lower momentum resulting in a shorter recirculation
zone. There is a presence of a low TAWSS region at the heel of the stented AVF model as
well; however, the clearly defined ring of high OSI does not present itself suggesting that
the recirculation zone is more stable across the cycle. Additionally, the high transWSS
regions lie predominantly adjacent to the stent struts resulting from the high vortical flow

over the struts.
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Figure 7.19: Turbulent Wall Shear Stress (TWSS) and normalised TWSS distribution
across the proximal vein at the minimum and acceleration time-points for both stented
and diseased AVF geometries.
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Figure 7.20: Turbulent Wall Shear Stress (TWSS) and normalised TWSS distribution
across the proximal vein at the maximum and deceleration time-points for both stented
and diseased AVF geometries.
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In addition to the oscillatory and disturbed behaviour occurring across the cycle, fluc-
tuations from cycle-to-cycle have also been noted at the heel of the anastomosis in the
diseased AVF as illustrated in the contour plots of TWSS and normalised TWSS across
the vein in figures 7.19 and 7.20. The spatial extent of the normalised TWSS at the heel
is very similar to that of the OSI as the behaviour is consistent at all the recorded time-
points. As before, the spread of the high fluctuations in the stented AVF close to the heel
is largely at the stent strut regions. The mitigating factor of this behaviour is that the
fluctuations are present in the upper layers of the vessel where higher WSS are present.
Because of the stent malapposition at the lower section of the vein (closer to the heel of
the anastomosis), the effects of the vortical flow near the stent struts have less impact on

the vessel wall in that region.

Although the behaviour of WSS at the heel of the diseased AVF is of concern, it is
outweighed by the dynamics of the WSS caused by the stenosis. A large low TAWSS
region is initiated at the stenosis site and spreads for at least 30 mm downstream. This
low TAWSS region is surrounded by high TAWSS regions on the upper side of the vessel
caused by the asymmetric constriction forcing the high velocity flow closer to the upper
portion of the vessel. As expected, the TAWSS continuously increases with the increasing

flow velocity up to the stenosis site.

The large low TAWSS region is bordered by high OSI separating it from the high TAWSS
regions of the upper vessel wall. The asymmetric jet flow that is created at the stenosis
leads to a recirculating low flow region. As with the flow at the heel, the dynamic nature
of this recirculation zone contributes to the back and forth movement of the WSS vectors
at the boundary of the zone leading to high OSI. High levels of transWSS were also noted
at the upper edge of the vessel close to the stenosis. This could be caused by the swirling
flow that traverses around the jet and fills the void created in the low velocity region
of the lower section of the vessel as seen in the streamline plot in figure 7.5. The high
transWSS in this region suggest that this three-dimensional flow behaviour close to the
vessel wall has some fluctuating characteristics that are conveyed from the boundary of

the jet. There is a low TAWSS - high OSI region downstream of the stent edge in the
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stented AVF, however, this region spreads for about 5 mm at most.

The WSS fluctuations in the diseased AVF increase at the stenosis and this corresponds to
the high near-wall normalised T K E that was noted from figure 7.10. As with the heel, the
high normalised TWSS spread at all recorded time-points was similar to that of the OSI.
The importance of assessing the cycle-to-cycle WSS fluctuation comes to light with the
plots at the maximum and deceleration time-points as seen in figure 7.20. Waves of high
TWSS and normalised TWSS are noted approximately 20 mm downstream of the stenosis
and the spacing of these waves are seen to decrease at the deceleration time-point. The jet
flow loses momentum and breaks down, creating disturbed flow that travels further down
the vein. The breakdown of the jet is worsened with the decrease in inlet flow, similar
to the behaviour noted in DNS studies of symmetric (Blackburn and Sherwin, 2007) and

asymmetric (Varghese et al., 2007) stenosis models with pulsatile conditions.

The TWSS levels remain low downstream of the stent edge in the stented AVF case,
however, there is an increase in fluctuations noted at the deceleration time-point. Once
again, the absolute and relative TWSS values were lower at the stent edge in comparison
to the stenosis, thereby reassuring that the impact of the stenosis is far more detrimental

than that of the stent edge.

7.6 Conclusion

Additional Large Eddy Simulations were conducted on the diseased AVF geometry (prior
to stent implantation) of the same patient that underwent the treatment procedure. The
diseased AVF consisted of a stenosis and the inlet flow rates were much slower than those of
the stented AVF. Care was taken to follow the same methodology for patient data retrieval
and computational domain setup. An additional step of normalising the turbulent kinetic
energy measurements with the mean outlet kinetic energy was done to allow comparisons

of the fluctuations with that of the stented AVF.

Swirling disturbed flow was noted at the interface of the two inlet flows in the diseased
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AVF, and a short recirculation zone at the heel of the anastomosis was present despite
relatively low inlet flow rates. The primary source of turbulence generation was caused
by the behaviour associated with a jet flow formation at the stenosis site. The breakdown
of the shear layer surrounding the jet flow created elevated levels of normalised TKE
downstream of the stenosis which spread at the deceleration time-point of the inlet flow.
The levels of flow disturbances far outweighed those noted in the stented AVF despite the

diseased case having lower inlet flow rates.

Hydraulic resistance measurements yielded the fact that a significant pressure drop was
built from the distal artery to the vein in the diseased AVF. However, the main reason for
the additional resistance in the diseased AVF was the constriction at the stenosis site and

is likely to be the main contributor to the lower inlet flow rates.

The swirling flow in the anastomosis had an effect on the shear forces on the vessel wall,
where streaks of low TAWSS and high OSI were noted. Similarly, low TAWSS together
with high OST and transWSS were noted at the heel of the anastomosis, where recirculating
flow was present. The normalised TWSS also followed a similar pattern asserting that
variations in WSS were not only occurring throughout the cycle but also from cycle-to-
cycle. As expected, a large low TAWSS region surrounded by high OSI and high transWSS
was noted downstream from the stenosis. The TWSS measurements at the maximum and
deceleration time-points revealed the impact of the breakdown of the jet flow on the vessel
wall. A sequence of high TWSS regions was noted and the spacing decreased at the

deceleration time-point.

The haemodynamic environment of the diseased AVF is one that is of high disturbances
mainly caused by the stenosis site. However, the sharper angle of the anastomosis also
yields recirculation zones and high pressure drops even with lower flow rates traversing
across this region. The ill effects of this environment are more severe than the limited ef-
fects of the disturbances caused by the stent edge, thereby justifying the stent implantation

treatment avenue from a haemodynamic standpoint.
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Chapter 8

Conclusions and Future Research

The main aim of this thesis was to investigate the haemodynamic influence of a stent
implantation in an arteriovenous fistula, thereby understanding an important aspect of a
clinically successful treatment avenue. To this end, the effect of the stent was assessed
with high-resolution simulations of a patient-specific AVF with and without the presence
of the device. The simulations were complemented with tomographic particle image ve-
locimetry measurements of the AVF with realistic flow conditions, providing much needed
experimental data of the complex haemodynamic environment. Additionally, comparisons
of the flow field of the diseased AVF have been made with that of the treated AVF to gain
a comprehensive understanding of the alteration of the flow environment following the

treatment.
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8.1 Key outcomes

Disturbed blood flow is known to initiate disease pathways in vessels. Accordingly, com-
plex transitional flow has been noted in the AVF using numerical methods, specifically
noting the dependence of the flow behaviour on the geometry and boundary conditions. A
benchtop model, inclusive of a silicone-based phantom of a patient-specific AVF geometry
connected to a tubing network incorporating resistances and compliances that replicate
the physiological flow conditions, was used for tomographic particle image velocimetry
measurements. In doing so, high turbulent kinetic energy (TKE) in the order of approx-
imately 10% of the outlet kinetic energy, calculated using 20 cardiac cycles, was found
originating at the anastomosis and was conveyed along the vein. Large eddy simulations
were conducted on the same geometry capturing the onset of turbulent fluctuations at the
interface of the inlet flow streams and at the heel of the anastomosis using TKE mea-
surements over 12 cycles. Oscillation frequencies noted in flow rate measurements in the
vein of the stent-absent LES case were confirmed to be stemming from the distal floor of
the anastomosis by observing equivalent oscillation frequencies in the time-resolved Tomo-
PIV field. Additionally, a large recirculation zone at the heel of the anastomosis was noted

which resulted in a region of low TAWSS surrounded by a ring of high OSI.

A key objective of this thesis was to understand the impact that stent implantation had on
the haemodynamic environment within the AVF. Micro-CT images of a stented silicone
AVF phantom provided the capability to capture the small stent features in the same
domain as the parent vasculature, thereby also replicating the subtleties of the treatment
procedure such as the occurrence of stent malapposition. The analysis revealed that the
flow in the malapposed region of the stented AVF was being funnelled through the stent
encapsulated region of the lumen. This behaviour was first observed when comparing
contour plots of velocity magnitude between the flow field of the same AVF geometry with
and without the presence of the stent. Flow rate ratios of the flow within the stent bounded
cross-section over the flow rate across the whole vessel cross-section further affirmed this
observation. The subsequent recirculation at the heel of the anastomosis of the stented

AVF was much smaller, leading to a smaller region of low TAWSS and high OSI. However,
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the stent malapposition also was a source of disturbance at the stent edge where vortical
flow was emanating, which led to turbulent fluctuations (in the bulk flow and wall shear

stress) that eventually dissipated further downstream.

The isolation of the stent provided insight into the flow mechanisms that the stent in-
fluenced, however, the assessment of the treatment methodology as a whole required a
comparison of the flow field of the diseased AVF geometry prior to the stent implantation.
Accordingly, an LES was conducted of the diseased AVF with a stenosis site in the vein,
with closely matching numerical settings. Due to the lower flow rates experienced by the
diseased AVF, the resulting TKE calculations were normalised to make comparisons to
the flow field of the treated AVF. Despite the lower inlet flow, a short recirculation zone at
the heel, together with swirling disturbed flow initiating at the interface of the two inlet
flows, was observed in the diseased AVF. However, the most significant source of turbulent
fluctuations was the stenosis site where the constrained flow was ejected as a jet in the
expanding section of the vessel. The breakdown of the vortical shear layer surrounding the
jet led to turbulent fluctuations that imparted varying wall shear stresses on the vessel,
proximal to the stenosis site. This was particularly noted in the deceleration phase of the
inlet cardiac cycle. The disturbances originating from the stenosed region of the diseased

AVF far outweigh those that were occurring at the stent edge in the treated AVF.

The hydraulic resistance measured across the anastomosis was larger in the diseased AVF
geometry (even with lower flow rates) suggesting that the larger angle that the anastomosis
conformed to, following stent implantation, posed less resistance in conveying blood flow.
However, it was apparent that the extremely high hydraulic resistance across the stenosis
overshadowed the resistance across the anastomosis and the relief gained by placing the
stent would have resulted in the considerably higher (approximately double) flow rates in

the treated AVF.

In summary, it is clear that stent implantation in the AVF has transformed the haemody-
namic environment to one that is faced with lower turbulent fluctuations in the bulk flow
and of the wall shear stresses. Malapposition of the stent at the heel of the anastomosis

assists in shielding the vessel wall from recirculating flow, which in turn leads to smaller
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regions of concerning wall shear stress behaviour. However, the malapposition at the edge
of the stent implantation contributed to the initiation of disturbances that could be harm-
ful to the vessel wall. Despite this drawback of the stent implantation, the characteristics
of the haemodynamic environment of a treated AVF are far less hostile than that of a

diseased AVF (particularly with a stenosis).

8.2 Future research avenues

The findings of this thesis involved high-resolution numerical results that were comple-
mented with velocity fields obtained using Tomo-PIV. However, the experimental results
could not be extended to calculate wall shear stresses due to the lack of reliability in the
flow field in the near-wall region. This limitation could be overcome by employing a La-
grangian particle tracking methodology which would provide a higher spatial resolution
and avoid the necessity for averaging over the interrogation volumes, allowing calculations
of wall shear stress. This would provide the opportunity to capture the fluctuating WSS

behaviour, which would be a more direct consequence to the health of the AVF.

A shortcoming in the benchtop experiment was the absence of the physical stent implan-
tation in the AVF phantom. The opaque medical device would have obstructed the laser
beam and the view from the cameras, thereby severely undermining the three-dimensional
reconstruction of the flow field. This obstacle could be overcome by implementing inno-
vative fabrication strategies that recreate a transparent version of the stent within the
benchtop AVF model. Despite the challenging nature of this objective, the resulting
data-set would provide a valuable time-resolved flow field that would further unravel the

mechanisms of the decrease in turbulent fluctuations with the presence of the stent.

The outcomes of this thesis were restricted to a single representative patient case due
to the level of detail involved in the experimentation. Replicating turbulent fluctuation
measurements (numerically and experimentally) for a larger cohort of AVF patients would

be very time consuming and resource-intensive. Alternatively, the funnelling flow char-
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acteristic of the stent in the malapposed region and the subsequent reduction in area of
the low TAWSS - high OSI region can be captured with appropriate Reynolds-averaged
Navier Stokes turbulence models, which would considerably reduce computational time.
Subsequently, scaling up a methodology that captures these flow characteristics in a larger

cohort would elucidate the effect of varying patient AVF geometry and flow conditions.

Another avenue of future work is to hold patient AVF geometry and boundary conditions
constant, and vary parameters of the stent itself. Variations of the nominal stent diameter
chosen could affect the level of malapposition at the heel of the anastomosis. Addition-
ally, stents with larger overall diameters would better appose the vessel walls but would
also lead to larger strut gaps, thereby potentially minimising the funnelling effect and
increasing the turbulent fluctuations. Variations of the overall length of the stent would
affect the level of apposition at the stent edge, thus, affecting the disturbance noted at
this location. Furthermore, variations of the design of the stent using flexible stents from
other manufacturers could provide understanding of the effects of additional stent specific

parameters (strut shape, strut angle etc.).

Finally, turbulent fluctuations at the interface of the inlets were noted in both the diseased
AVF geometry and the stent-absent AVF geometry suggesting that the collision of the
opposing inlet flow could play a significant role in the disturbance at the anastomosis.
Experimenting with vascular plug implantations that seal the distal artery inlet could
further inform this view while remaining more realistic than simply ligating the distal
artery or removing its inlet flow. However, implementation of this methodology, although
surgically possible, could surface other clinical complications such as ischaemia (i.e. if
the AVF had antegrade flow conditions) or a lack of adequate venous outflow (i.e. if the

proximal artery flow rate was insufficient).
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RANS CFD spatial and temporal
discretization assessments

A.1 Mesh quality

The AVF geometries were discretized using tetrahedral elements to achieve high quality
elements in regions close to the stent and the vessel wall. This meshing strategy was
used in the stent-absent and diseased geometry as well to ensure uniformity in spatial
discretization strategy. The quality of the meshes were assessed using the aspect ratio and
the skew where a measure of 1 was ideal in both metrics. Approximately 90% of the mesh
elements in the stented and stent-absent geometries had aspect ratio values larger than
0.6 and 0.65, respectively, and the skew values for more than approximately 90% of the
stented and stent-absent mesh elements were larger than 0.9 and 0.85, respectively. The
spread of these values has been illustrated in figure A.1.
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Figure A.1: Mesh quality statistics of the stented (top row) and stent-absent (bottom
row) geometries. Sub-figures a) and c) show the spread of the mesh elements with the
corresponding aspect ratios while sub-figures b) and d) show the spread of the mesh
elements with the corresponding skew values.

A.2 Grid Convergence Index assessment

In order to verify that the mesh element sizes were sufficiently resolved for the Reynolds-
averaged Navier-Stokes (RANS) simulations, the Grid Convergence Index (GCI) was cal-
culated based on average velocity across slices along the vein (Celik et al., 2008). The
location of the slices has been illustrated in figure A.2. Three mesh sizes for the stented
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model (9.65 million, 19.75 million, 43.48 million elements) and the stent-absent model
(2.95 million, 4.89 million, 6.85 million elements) were created and the velocity values
obtained at the maximum inlet time point were used. The slice-averaged velocity values
and the resulting GCI%, shown in tables A.1 and A.2, confirm that the grid spacing of
the intermediate meshes (of size 19.75 million and 6.85 million elements) was sufficient for
the RANS simulations.
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Figure A.2: Locations of slice planes in the vein of the AVF.

Table A.1: Slice averaged velocity magnitude values used for the GCI calculation of the
stented case.

Coarse Mesh Intermediate Mesh Fine Mesh GCI (%)

Slice 1 0.5845 0.5120 0.5031 0.2339
Slice 2 0.7112 0.6674 0.6698 0.0186
Slice 3 0.4985 0.4618 0.4633 0.0118
Slice 4 0.4484 0.4136 0.4137 0.0000
Slice 5 0.5001 0.4628 0.4639 0.0058
Slice 6 0.5801 0.5360 0.5367 0.0021
Slice 7 0.5896 0.5435 0.5441 0.0012
Slice 8 0.5876 0.5424 0.5427 0.0002
Slice 9 0.5866 0.5418 0.5419 0.0000
Slice 10 0.5864 0.5414 0.5416 0.0002
Slice 11 0.5864 0.5414 0.5416 0.0001
Slice 12 0.5861 0.5411 0.5412 0.0000
Slice 13 0.5854 0.5409 0.5411 0.0002
Slice 14 0.5857 0.5407 0.5411 0.0005
Slice 15 0.5858 0.5409 0.5411 0.0002
Slice 16 0.5853 0.5406 0.5408 0.0001
Slice 17 0.5854 0.5407 0.5410 0.0002
Average 0.016
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Table A.2: Slice averaged velocity magnitude values used for the GCI calculation of the
stent-absent case.

Coarse Mesh Intermediate Mesh Fine Mesh GCI (%)

Slice 1 0.5100 0.5047 0.5022 2.160
Slice 2 0.6356 0.6311 0.6292 0.792
Slice 3 0.4575 0.4595 0.4634 0.270
Slice 4 0.4160 0.4238 0.4224 0.176
Slice 5 0.4489 0.4482 0.4488 2.008
Slice 6 0.5189 0.5189 0.5192 0.001
Slice 7 0.5414 0.5414 0.5416 0.001
Slice 8 0.5412 0.5412 0.5413 0.002
Slice 9 0.5409 0.5407 0.5408 0.072
Slice 10 0.5408 0.5407 0.5410 0.016
Slice 11 0.5410 0.5409 0.5411 0.173
Slice 12 0.5404 0.5405 0.5409 0.017
Slice 13 0.5406 0.5406 0.5408 0.000
Slice 14 0.5407 0.5408 0.5408 0.001
Slice 15 0.5406 0.5407 0.5411 0.004
Slice 16 0.5406 0.5405 0.5409 0.002
Slice 17 0.5406 0.5405 0.5410 0.003
Average 1.95

A.3 Time-step verification

To ensure that the time-step of the RANS simulations was fine enough to capture unsteady
features, simulations were run with a time-step an order of magnitude smaller. The
circumferential averaged WSS values along the vein were very similar between the two
time-steps (0.001 s and 0.0001 s) as seen in figure A.3 verifying the choice of using a
time-step of 0.001 s for the RANS simulations.
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Figure A.3: Circumferential averaged WSS values at the peak inlet timepoint along the
vein.
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