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Abstract

The arteriovenous fistula (AVF) is a surgically-made vascular structure connecting an artery
to a vein. It is the optimal form of vascular access for haemodialysis-dependent end-stage renal
disease patients. However, AVF are prone to access dysfunction through the formation of
stenoses, which compromise the structure’s utility. To date, a plethora of clinical models are
used to predict AVF formation failure based on patient factors and other models predicting late
AVF failure by assessing haemodynamics and quantifying disturbed flow behaviours and wall
shear stress metrics with stenosis formation. That said, inconsistencies were identified in the

correlation between these metrics and diseased AVFs.

This thesis aims to assess the suitability of another haemodynamic-related metric, resistance,
derived from pressure drop and flow rates through patient-specific CFD modelling, for
diagnosing and predicting AVF failure. A three-dimensional ultrasound scanning system was
used to obtain patient-specific geometry and flow profiles, used for CFD models which were

then analysed, with resistance calculated for each patient.

The significance of patient-specific CFD modelling was demonstrated in its usefulness to
generate a patient-targeted indicator of diseased AVF. To study the effectiveness of resistance
as a metric, the relationship between CFD-derived resistance and the potential for AVF failure
was evaluated, starting with classification of resistance results among patients who had
undergone treatment for stenosis. An exploratory study into the suitability of CFD-derived
resistance and its association with patients’ AVF conditions was further conducted by
classifying data from a larger patient dataset and fitting the classified data to a multilevel

regression model.
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CFD-derived resistance was found to be higher at the proximal vein of problematic AVF,
however this figure was 76% lower among patients who had undergone stenosis treatment.
Meanwhile, no correlation was found between resistance at the proximal artery and patency
status. An area under curve of 92.1% was found from the receiver operating characteristic
analysis, noting an outstanding discrimination of the classification. CFD-derived resistance
appears to be a promising metric in the assessment of a suitable diagnostic marker for AVF
failure. This research concludes with aspirations for clinical implementation of a related

system, alongside routine surveillance of AVF.
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1. Introduction
1.1 Haemodialysis

Kidneys are central to the body’s waste filtration system, removing waste products and excess
fluid from the body through urination. This process removes toxins from the blood stream,
maintains the body’s delicate balance between water, salt and other minerals, and releases
hormones that regulate blood pressure. When kidney function is compromised, a person will
be diagnosed with chronic kidney disease (CKD). In the final stage of CKD, known as end-

stage renal disease (ESRD), a person’s kidneys will lose their function completely.

To maintain the body’s waste filtration system, ESRD patients will require kidney transplants,
to replace their malfunctioning kidney. However, long waiting lists for kidney transplants can
result in the need for patients to undergo dialysis instead. Dialysis is a process of artificially
cleaning a person’s blood using an external machine, thereby maintaining the function of the

kidney.

There are three types of dialysis available: peritoneal dialysis, in-centre haemodialysis and
home haemodialysis. Among these, haemodialysis (in-centre or home-based) is most common,
due to favourable long-term outcomes [1]. Each haemodialysis session generally lasts for
approximately four to five hours, where patients typically require three sessions per week [2].
Blood from the arteries side is drawn through a cannulation needle as it passes through the
extracorporeal system to the dialysis machine. The dialyser filters blood with treated water,
and waste from the blood is drained before the blood is re-introduced to the body [3]. Blood
pressure was monitored before and after being removed and entered the body, as well as before

entering the dialyser. The haemodialysis extracorporeal circuit is illustrated in Figure 1.
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Figure 1: Haemodialysis extracorporeal circuit: Blood removed from the body was pumped to the dialyzer (filter). Then,
filtration happens at the dialyser before filtered blood returns to the body. Pressure was being monitored before and after
blood was removed and entered the body, as well as before entering the dialyser. Heparin was infused to the stream to
prevent blood clot. The arrows represent the direction of blood flow.
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1.2 Vascular access

Vascular access refers to quick and direct access to the body’s venous and arterial circulation.
Types of vascular access include arteriovenous fistula (AVF), arteriovenous graft (AVG) and
central venous catheter (CVC), shown in Figure 2 [4]. CVC is usually used for the short-term,
as well as when immediate vascular access is required, such as in the case of an acute ESRD.
However, with CVC there is a high risk of complications such as infections which lower a
patient’s quality-of-life, thus making it both AVF and AVG more desirable choices for vascular

access, compared to CVC [5], especially for elderly patients [6].
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Figure 2: The three different types of vascular access: (a) Arteriovenous fistula (AVF) (b) Arteriovenous graft (c) Central
venous catheter. Reprinted with permission [4].

To create an AVF or AVG as an access point from a blood vessel to the dialysis machine,
surgical processes are required. The artery and vein of an AVG are connected through the
placement of a synthetic tube, made from materials such as polytetrafluoroethylene [7].
Although the AVG has a simpler surgical technique and can be used for haemodialysis quicker
than an AVF, it is more prone to failure due to infection [5] and has yielded a higher all-cause

mortality rate among patients [5], [8].
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1.3 Arteriovenous fistula (AVF)

The AVF is a surgically-created autologous vasculature, connecting the native artery and vein
of a patient, where the vein serves as the accessible conduit for haemodialysis. The AVF has
greater longevity, lower frequency of thrombosis and lower infection rates, as compared to the
AVG [5], [9]. The AVF, however, requires a period of maturation of about 6 weeks to allow
sufficient blood flow along it before starting the dialysis process [10]. This also means that
AVF needs to be created a few months prior to ensure that the blood flow is sufficient for the

patient to undergo haemodialysis [4].

The long-term patency and lower complication rates of an AVF make it the preferred vascular
access type [10], [11]. AVF placement is dependent on the patient’s ESRD plan for
haemodialysis, where patients considering undergoing haemodialysis for a prolonged period
are recommended to first consider a forearm AVF placement, that is the radiocephalic AVF,
before opting for the upper arm such as brachiocephalic and brachiobasilic transposition AVF
(Figure 3) [9],[10], [12], [13]. The radiocephalic AVF is created by connecting the radial artery
and the cephalic vein, where the point of connecting both vessels on is called the anastomosis,
bypassing peripheral capillaries [14]. Radiocephalic AVF are reported to have better long-term
survival than other AVF, although with high primary failure rate [15]. The four types of
anastomoses are end artery to end vein anastomosis, end artery to side vein anastomosis, side
artery to end vein anastomosis and side artery to side vein anastomosis [14]. The AVF
configuration influences blood flow distribution which subsequently affects the patency rate of

an AVF, with end-to-side AVF configuration being the preferred AVF type [16].
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Figure 3: (left to right) Radiocephalic AVF, Branchiocephalic AVF, Brachiobasilic transposition AVF. Reprinted with
permission [9].

Once surgically created, AVF vessel walls take at least 6 weeks, and up to 3.5 months, to adapt
to the new environment as a result of increased blood flow, a phenomena called vascular
remodelling, before the AVF is suitable to be used for dialysis [17]. A matured AVF attains a
high blood flow rate, with the ability to achieve a rate as high as 1000-2000 ml/min [14], [18]
for effective haemodialysis process. The National Kidney Foundation’s Kidney Dialysis
Outcome Quality Initiative (KDOQI) guidelines advise on maturation determinations based on
the rule of 6s: typically 6 weeks after surgery, an AVF with blood flow greater than 600 ml/min,

and diameter greater than 6mm can be used [10].

Within the early stages of AVF formation (the first 2 months), the AVF is closely observed to
ensure sufficient blood flow for haemodialysis. The possible failure mode during this time
includes limited outward remodelling and inward remodelling induced by intimal hyperplasia
(IH) development [19]. The connection of the low-pressure venous system and high pressure

arterial system results in a low-resistance circuit, hence causing an increase in blood flow in
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the venous segment of the AVF [20]. As a response, the vessel lumen will dilate to cope with

the increased flow rate based on Poiseuille’s law (Eq. 1).

_ (mAPTY) Eq. 1
N 8nl

where Q depicts the flow rate, AP depicts the pressure gradient, n depicts viscosity, r depicts

radius of the vessel and [ depicts the length of the vessel.

The overview of the vascular maturation process is illustrated in Figure 4. The flow rates of
the cephalic vein and radial artery increase by 60% and 20% respectively after day 1 and
increase further by 150% and 50% respectively within 4 to 8 weeks, for a successful
maturation. An inadequate increase in flow rates (limited outward remodelling) results in an
unsuccessful maturation process, where AVF is not suitable for haemodialysis due to

insufficient flow [21].
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Figure 4: AVF maturation process: (top) Preoperative flow rate of the radial artery and cephalic vein (middle) An
increase in flow rate at the artery and vein segment of the AVF day 1 after creation (bottom) Examples of successful and
unsuccessful cases of AVF maturation where an insufficient increase in flow rate usually result to an unsuccessful
vascular remodelling. The other mode of early fistula failure is the development of stenosis as shown in the middle image.
Reprinted with permission [21].
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1.4 AVF failure

The introduction of a “fistula first” policy may have resulted in an increase in AVF failure,
with AVF creation proposed even for patients of high clinical risks and disadvantaged
anatomies (e.g. small vessels) [11], [22]. Bylsma et al. performed a meta-analysis of 62712
AVFs reported in literature, finding that 25% to 33% of created AVFs failed, and hence were
never used for their intended purpose [17]. In the same meta-analysis, 73% of mature AVFs
were found to require interventions to maintain patency in the first year after formation [17].
In a multi-centre longitudinal study in four European centres, following 93 AVFs from
creation, 21% failed to mature, with average patency at 66% one year after creation, and 56%
two years from creation [23]. On the other side of the globe, a retrospective study among the
Asian population, following 436 radiocephalic AVFs revealed a secondary patency rate of 72%
within a year from creation and 69% in the second year, followed by a decreasing trend of

patency rates in subsequent years [24].
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1.5 Summary

CKD is life threatening, and continues to be, with data from the Australian Institute of Health
and Welfare identifying CKD as an underlying cause for more than 1 of every 10 Australian
deaths in 2018 [25]. Despite AVF being the optimal form of vascular access for haemodialysis
dependent ESRD patients, significant problems remain which hinder the successful and timely
maturation of AVF and cause other post-formation issues. Post-maturation, AVF are frequently
affected by the formation of IH, which can cause stenotic lesions resulting in clinical dialysis
dysfunction and/or circuit thrombosis [26]. IH causes the inner cross-sectional area of the
vessel to narrow, causing a reduction in the blood flow rate and pressure through the AVF,

which may lead to arterial insufficiency [27], [28].

Given high failure rates, it is imperative to explore current clinical approaches to monitoring
AVF patency. Current clinical strategies for monitoring AVF patency include considerations
of demographics, age, other comorbidities, pre-operative diameter of the vessels, and pre- or
intra-operative flow rates [29], [30]. The dynamic development of diseases in an AVF [31],
[32] poses the need to identify different indicators of failure, to make clinical monitoring more
strategic. Lower costs associated with computational fluid dynamics (CFD) modelling have
encouraged the use of this tool for regular surveillance of diseased vessels by assessing blood
flow behaviours. Furthermore, haemodynamic variations in an AVF are inherent to blood
vessel geometry, with a body of evidence [33]-[39] supporting the need for a patient-specific

modelling approach to closely monitor and predict localised diseased development.
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1.6 Thesis Scope

The objective of this thesis is to examine the use of CFD-derived resistance as a clinical

indicator for AVF failure through patient-specific modelling. The thesis is outlined as such:

Chapter 2 covers a review of current work in the field of AVF failure prediction during
maturation and post-maturation. Current retrospective clinical predictive models for AVF
maturation prediction, computational modelling (0D, 1D and 3D modelling) and other

emerging technologies used in AVF failure prediction were assessed.

Chapter 3 describes the methodology for patient-specific CFD modelling. Patient-specific
geometry and flow profile acquisition, the CFD modelling approach, the CFD-derived

resistance calculations for AVF and validation strategies are included in this chapter.

Chapter 4 details the significance of using patient-specific boundary conditions, rather than
an assumed flow split ratio in AVF CFD models, especially towards targeted patient care and

recommendation.

Chapter 5 introduces and describes the relationship between CFD-derived resistance and the
identification of problematic AVF in a group of patients who have undergone juxta-
anastomotic stent deployment to treat juxta-anastomotic stenosis. CFD-derived resistance was

also used to identify regions with stenosis, in real patient cases.

Chapter 6 details overall trends observed in CFD-derived resistance and the likelihood that
intervention is required for all patients, regardless of intervention status and types through a

systematic review of patient data.

Chapter 7 elaborates key findings of the thesis and recommendations for future research

directions, contributing to more effective and targeted identification of problematic AVF.
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Chapter 2

Literature Review

This chapter is a review of literature on clinical predictive models for AVF maturation and
ongoing efforts to predict late failure (post-maturation period) based on the haemodynamics of
an AVF. Different approaches in assessing risk factors and haemodynamic quantifiers for AVF
failure prediction will be discussed. Some parts of this chapter are based on the paper “A review
of the predictive methods for arteriovenous fistula (AVF) failure identification”, which is
currently under review with the Computer Methods in Biomechanics and Biomedical

Engineering: Imaging & Visualization.

0. Ng, S D. Gunasekera, S D. Thomas, R L. Varcoe, and T J. Barber, “A review of the predictive methods
for arteriovenous fistula (AVF) failure identification”, Comput. Methods Biomech. Biomed. Eng. Imaging
Vis, 2022



2. Literature Review
2.1 Overview

The high prevalence of diseased AVF leading to subsequent failure is evident, regardless of
demographic and population. The definitions used for time-dependent AVF patency are as

shown in Table 1 [13].

Table 1: AVF patency definitions [13]

Terminology Definition

New AVF that fails to mature

Primary failure (Not applicable for AVF that have been used for more than 6
months)
Primary unassisted The time from AVF creation until any first intervention to
patency maintain blood flow
Secondary patency The time from AVF creation until abandonment or

achievement of a censored event e.g. death

Post-intervention primary The time from the previous surgical procedure until the next

patency intervention

A matured AVF means the vasculature has sufficient outward remodelling, leading to an
increase in lumen diameter, enabling sufficient blood flow in the draining vein segment for
efficient haemodialysis. However, there is still a possibility of secondary failure for matured
AVF, affected by the formation of IH as a biological response of the endothelial cells to
haemodynamic changes, resulting in the development of stenosis, that is a narrowing of blood
vessels which leads to access dysfunction and circuit thrombosis [26], [40], [41]. The common

sites of stenosis are at the anastomosis (Type 1), the inner wall of the vein segment (Type 2),

13
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and upstream of the vein segment (Type 3), as illustrated in Figure 5, from an early study by

Sivanesan et al. [42].

Dorsal branch

— (¢

Cephalic vein

Type 3
stenosis Type 2
stenosis Distal
radial artery
e
Proximal / Type 1
radial artery Anastomosis stenosis
angle

Figure 5: Common site of stenosis in an AVF. Reprinted with permission [42].

Endothelial denudation, vascular smooth muscle cell proliferation and migration are among the
other factors that impede outward remodelling and contribute to the formation of IH [20], [43].
Although IH has been associated with anatomical failure of an AVF [44], [45], postoperative

histological samples of 56 patients’ AVFs suggest that there is a lack of association of [H and

i
Failure

Figure 6: Histology of AVF tissue specimen. (top three) represents the section of mature AVF, (bottom three) represents
section of failed AVF with maximal intimal thickening (indicated with the yellow dotted arrow) that result in AVF failure
due to intimal hyperplasia. Reprinted with permission [46).
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AVF failure with similar intimal thickness (more than 0.62mm) observed in the group with
matured and failed AVFs, as shown in Figure 6 [46]. This supports findings that suggest a
balance between outward expansion and luminal narrowing due to IH determines stenosis
formation [19], [20]. Maturation of AVF can be hindered by CKD-associated venous pathology
such as [H, while a healthy vein has the potential to successfully mature. The biology of AVF

remodelling that leads to IH and subsequent failure is illustrated in Figure 7.
AVF surgery
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Figure 7: (top) Vascular remodelling response after creation of AVF where a series of response and structure changes
occurred in the vasculature due to the altered haemodynamic environment. (bottom) The different vascular remodelling
modalities: outward remodelling for adequately matured AVF, optimal net balance achieved between outward remodelling
and intimal hyperplasia, that is sufficient outward remodelled achieved, leaving the AVF patent despite intimal hyperplasia
and intimal hyperplasia that is when the fistula fails due to stenosis or thrombosis. Reprinted with permission [20].
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2.2 Predictive model for AVF failure

AVF patency depends on a range of factors, including patient, clinical, anatomical, and
biochemical factors [17], [29], [47], [48]. Patient factors such as age and presence of other
comorbidities (diabetes, smoking, peripheral vascular disease, pre-dialysis hypotension) are
risk factors that were found to affect AVF patency rates [47], [49] . There was also an increased
risk of AVF failure reported among elderly patients [50], owing to other significant
comorbidities resulting in poor vessels [6]. On a molecular level, factors associated with AVF
failure include inflammation, uremia, hypoxia, shear stress, hypoxic injury and thrombosis

[51].

Another factor found to be associated with patency rates was cannulation time and technique,
where a rope-ladder or buttonhole cannulation technique was shown to yield favourable
patency rates, as opposed to area cannulation, according to a cross-sectional survey of 171
dialysis units [52]. In a prospective observational study of 3674 patients in 309 centres around
the world (France, Germany, Italy, Japan, Spain, the United Kingdom, and the United States),
Rayner et al. pointed out that cannulation within the first 14 days post-creation leads to a higher
risk of AVF failure [53]. Furthermore, AVF cannulation techniques and cannulation day from
creation were reported to be more superior than patient-related factors [53]. This finding
complements a multi-centre randomised trial conducted by Hussain et al. of 914 subjects which
reported that patient’s dialysis when AVF was created to have increased risk of primary
patency loss (P = 0.004); and the use of haemodialysis catheters in primary and primary
assisted patency prediction (P < 0.001) [54]. Needle position such as location at the arterial and
venous vessel or cannulation angle at site of impingement can produce a high speed jet that
gives rise to high wall shear stress, affecting the endothelial structures [55], [56]. The
haemodynamics vary for different cannulation needle position, technique and location, as

illustrated in Figure 8. Jet dissipation occurs directly after exiting the needle with an increase
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of flow rate. The needle angle and needle position has little effect on the venous needle jet

[55].

Figure 8:Velocity needle jet visualisation for (a-c) blood flow rate of 200 ml/min, 300 mi/min and 400 ml/min (d-f)
needle angle of 10°, 20°, and 30° (g-i) needle position of bottom, central and top. Reprinted with permission [55].
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2.3 Clinical AVF “fail to mature” predictive model

According to an early study assessing predictors for AVF maturation (N = 101), only 47% of
AVF successfully matured, becoming suitable for dialysis [29]. Older patients (P = 0.03) with
diabetes (P = 0.061) were found to be at greater risk of achieving inadequate AVF maturation.

Furthermore, forearm AVF performed particularly poorly in female patients [29].

The common approach to predicting AVF maturation is by reviewing retrospective clinical
data to classify risk factors and scoring systems to develop predictive models [57]-[62]. Lok
et al. developed a failure to mature (FTM) prediction model that consists of a scoring system
with different risk factors to identify patients with a high risk of AVF maturation failure in a
study of 422 patients across five dialysis centres in North America [57]. The study drew
findings paralleling with a study by Miller et al. on trend observed in older patients and AVF
maturation rate [29]. The predictive risk factors include age, coronary artery disease, peripheral
vascular disease, and race. Primary failure increased significantly within certain demographics,
including female gender (P = 0.03), age over 65 years old (P < 0.01), pre-existing peripheral
vascular disease (P < 0.01), coronary artery disease (P < 0.01) and diabetes (P = 0.05). The
scoring system was proposed and designed to be used alongside vascular access surgical
planning, as it classifies patients to different risk groups (score < 2.0, low risk; 2.0 < score >
3.0, moderate risk; 3.1 <score > 7.0, high risk; Score > 8.0 very high risk), and this determines
if surgical intervention is required to salvage the AVF. The model is however only applicable
to patients with their first AVF, as it does not account for previously failed AVF. Another
multivariate study (CMS 2728) with 195,756 patients also reported that clinical risk factors
identified by Lok et al. failed to predict incident use AVF for haemodialysis [59]. Furthermore,
they reported that even patients with the highest factor based on the scoring system can have

successful AVF for initiation of haemodialysis [59]. This study therefore suggest that a similar
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outcome will be observed even if a more intricate model with currently available parameters is

used [59].

A prospective study with a total of 525 European patients assessed the model in a wider
population [58], compared to the Canadian and American cohort used previously [57]. The
model revealed similar trends across the European cohorts, with high risk AVF FTM patients
being of older age and has existing co-morbidities. The model, however, does not predict non-
maturation [58]. Although additional risk factors were considered, both models failed to predict
ongoing AVF status and were therefore found inadequate to increase AVF functional patency
rate [57], [59]. Voorzaat et al. also suggested that the failure to mature AVF observed were not

limited to demographical or comorbidities parameters (N = 1383) [63].

Twine et al. proposed the use of DISTAL scoring to predict failure in snuffbox fistula — that is,
fistula created with an advantage of proximal vessel preservation [64]. Factors reported to show
significant influence over predictive ability, which were included in the scoring system
(DISTAL maximum score of 6) include age > 70 years old (P = 0.034), venous diameter < 2.0
mm (P = 0.032), arterial diameter < 2.5 mm (P = 0.029), undergoing two procedures, and
presence of pre-existing conditions such as diabetes, ischaemic heart disease, or
cerebrovascular accident. This predictive scoring system was proposed to be extended to other

AVF types such as radiocephalic AVF [64] given that similar risk factors were reported [49].

More recently, studies have cited the CaVeA,T, scoring system [60] which is a model used to
predict fistula patency rates after AVF creation, by identifying a number of risk factors. The
system predicts the outcome of forearm radio-cephalic fistulae survival for both pre- and post-
fistula creation based on significant risk factors, namely age > 73 years old (P = 0.040),
anastomosed vein < than 2.2 mm (P = 0.025), history of lower limb angioplasty (P = 0.007),

no peri-operative thrill (P = 0.004) and ipsilateral central venous catheters (CVC) access (P =
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0.019). Validation of this scoring system was conducted in a single-centre retrospective study
to measure primary, assisted primary and secondary patency rates which supported the scoring
system for VA surgical planning, with a decrease in survival rate when primary and secondary

patency are observed [61].

Kordzadeh et al. conducted a large prospective cohort study of 324 patients, concluding that a
cephalic vein diameter of more than 1.5 mm and radial artery diameter of more than 1.6mm
have independent association with AVF maturation [65]. However, Kakkos et al. [66] argued
that the reported study by Kordzadeh et al. [65] ought to be evaluated and assessed clinically

with additional duplex ultrasonography evidence to support the reported patency rate.

A prognostic model for AVF clinical maturation was proposed based on different ultrasound
measurements of 602 patients’ data in a multicentre observational cohort [62]. The predictive
model indicates the likelihood of AVF maturation based on different variables, which include
AVF blood flow, diameter and depth of vessels provided from ultrasound values from 1 day, 2
weeks or 6 weeks after creation. AVF blood flow is the most significant predictor, with P <
0.001 for the three assessment rounds [62]. A larger cephalic vein diameter, of more than or
equal to 3.0mm was reported to increase patency rate shown in data from a recent multicentre

randomised controlled trial of 914 patients [54].

There is increasing evidence linking an increase of patency rate with the use of duplex
ultrasound techniques for pre-surgical assessment planning, and to determine anatomical
information such as artery and vein diameters [67]—[70]. Patient radial artery and cephalic vein
diameter were the main anatomy factors linked to primary functional maturation of AVF [65],
[71]. Although preoperative assessments suggest vein diameter to be the major predictor for
AVF maturation, surgeons’ overall judgment remained crucial [72]. That said, in terms of

vessel wall characteristics, venous distensibility was proposed to be a predictor for AVF
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maturation over vessel diameters, and low arterial elasticity was reported to result in poor
lumen dilation, thus contributing to AVF maturation failure [73], [74]. Besides, intra-operative
information, such as blood flow measured immediately after AVF creation, were suggested to

differentiate successful and unsuccessful AVF creation [30], [75].

Resistive index (RI) can be estimated by calculating the ratio of the difference between peak
systolic velocity and end diastolic velocity and end diastolic velocity, from Doppler ultrasound
[76]. RI values were lower in non-stenotic patients [76] in agreement with Malvorch study [77]
that reported a 95.3% patency rate of a group of patients with resistance index of less than 0.7
at reactive hyperaemia, and 38.7% patency rate of a group of patients with resistance index of
more than 0.7. Furthermore, a study performed on 48 patients undergoing haemodialysis
reported that an increased in resistance index values were detected in patients with reduced
pumped flow during dialysis [78]. Whilst RI has been used for AVF assessment and
morphological data characteristic with Doppler ultrasound, it provides insufficient information
regarding the effects of haemodynamic on the AVF condition, especially when blood flow has
turbulent-liked features [79]. It was also worth noting that these studies were conducted only

during the AVF maturation (remodelling) phase.
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2.4 Vascular computer network model

The classic Hagen-Poiseuille law, in the form of a linear equation, was used in 0D models to
predict AVF blood flow in patient-specific models [80], [81]. Despite reducing the time
required to solve the equation, the use of this simplified method on patient-specific models that
have turbulent-liked flow features raises questions about the reliability of the results. Non-
Newtonian properties, which are not modelled here, also reportedly had an effect on WSS
estimation [82], [83]. Besides the application of blood flow model prediction in a 0D vascular
computer model [81], the Hagen-Poiseuille WSS estimation has also been used in idealised
[84]-[87] or patient-specific 3D models [88] with some studies attempting to apply a correction
factor in order, to minimise errors in WSS estimation [89], [90]. Similarly, Remuzzi et al.
developed a method to calculate WSS for AVF models based on Womersley’s theory of
pulsatile flow, noting the simplification of the assumptions in the Hagen-Poiseuille equations
[90], and applying it in a study aimed to examine the relationship between vascular remodelling

and shear stresses [91].

Noordergraaf et al. [92] proposed a model with inertance in series with resistance, in addition
to the fundamental work of Frank’s two-element Windkessel model [93]. The aforementioned
Windkessel model consists of a capacitor that represents the arterial compliance and resistance
accounting for outflow and fluid pressure [93]. Gemert et al. [94], [95] introduced an
analytically-solvable resistance model to model systematic vascular circulation with an AVF.
A computer network (pulse wave propagation) model of the arm circulation was proposed more
recently by Hubert et al. [96]-[98], followed by Manini et al. [99], [100] (Figure 9). The
algorithm of the pulse wave propagation approach adopted predicts the haemodynamic
behaviour after vascular access surgery based on vessel wall remodelling and changes of blood
flow [97]. The vascular model of an arterial network in the lower arm was segmented, and the

relationships between pressure and volumetric flow rate were derived from the conservation of
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mass and momentum at each segment. Different factors affecting remodelling, including
pressure, volumetric flow rate and wall shear-stress distribution over the entire vascular system,
were incorporated in the mathematical algorithm. The model receives input parameters such as
vessel diameters, using these to predict post-operative blood flow volume at anastomosis prior
to the surgery, in efforts to avoid unsuccessful procedures [99], [100]. Simulated and measured
data correlated well both 40 days post creation (p < 0.05) and 100 days post remodelling (p <

0.01). The model was limited to post-operative blood flow volume [99], [100].

Figure 9: Vascular network model from [99] based on a OD/1F pulse wave propagation model where the blue segment
represents the venous network and the red segment represents the arterial network. Reprinted with permission [99].
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The AVF.SIM system [101] was developed in conjunction with the computational vascular
network model [23] to integrate computational model with clinical information for surgical
planning. Geometrical information including vessel diameter and length, as well as body
weight, height, age and gender of individual patients were defined as inputs in the algorithm
[99]-[101]. The system also allows data from the simulation to be collected and stored in the
feedback system. Clinical tests showed good agreement of blood flow volume upstream of the
distal artery, away from the anastomosis, but less accurately at the proximal artery [101].
Disturbed flow at the anastomosis [37], [102] was suggested to be the reason for this inaccuracy
at the proximal artery [101]. Although the AVF.SIM system allowed blood flow volume
prediction for surgical planning, the limitation of the model to accurately predict blood flow
volume at locations closer to the anastomosis becomes problematic, as the anastomosis is a
common region for disease development [23], [103]. Moreover, whilst the model showed
potential in blood flow prediction post creation during AVF maturation, long-term care
throughout the patency of an AVF and the need of a clinical predictor for AVF failure remain

of top priority [104].
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2.5 Haemodynamic predictors for AVF failure

A different type of predictive approach considers haemodynamic factors in the AVF such as
the effect of blood flow, usually making use of a computational fluid dynamics (CFD) model
of the AVF (side-to-side [105], end-to-end [33], [102] and side-to-end [37], [106], [107]) to
determine the necessary detail of the flow [105], [108]-[110]. CFD is a non-invasive approach
to allow insights on the flow field by using computer-based simulations, and has been useful
for optimising the AVF shape based on flow patterns of the blood [37], [38], [102], [106],
[107], [111]-[114] The different flow patterns contribute to hemodynamic complexity in an
AVF, such as transitional flow found at the venous region of the AVF, with high-frequency
fluctuations of velocity observed [35] as well as the simulation of distensible walls [115].
Longitudinal studies were conducted to understand the correlation between WSS and the
maturation of AVFs [116]-[119]. Outward remodelling of AVF during maturation is affected
by the overall change in WSS [118], [119]. Additionally, disturbed flow in the recirculation
zone of an AVF contributes to non-uniform remodelling, initiating the development of IH along

the wall of the AVF.

Wall shear stress (WSS), t,,, calculated on the vessel walls, is directly proportional to the

gradient of velocity in the direction perpendicular to the flow and blood viscosity (Eq. 2) [120].

ou Eq.2
Tw=H (@)

where u depicts blood dynamic viscosity, u depicts the blood velocity parallel to the wall,
and y depicts the distance to the wall
During AVF maturation, vasculature will dilate in response to increased WSS, and the vessel
wall responds by attempting to return the shear stress level to the baseline [22], [31], [121],
[122]. High WSS promotes outward remodelling where blood vessels expand to reduce high

velocities and correlates with aneurysm formation [123], atherosclerotic plaque instability
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[124] and endothelial cell damage [113]. High shear stress in the anastomotic and juxta-
anastomotic (JXA) venous segment suggests an incomplete remodelling in these regions, even
in matured AVF [125]. Low and oscillatory WSS promotes inward remodelling, correlated
with intimal thickening, where the blood vessel wall thickens due to IH [113], [116], [126].
Nevertheless, both high and low WSS have been associated with IH formation, and 50% of the
literature supports the statement that low and oscillating shear leads to the development of IH

in a review by Cunnane et al. [39].

The time-averaged wall shear stress (TAWSS) (Eq. 3), that is the average of the WSS
magnitude over the cardiac cycle allows prediction of intimal thickening, based on an early
study of a carotid bifurcation model [127]. This can be calculated with Eq. 3, where 7,, depicts

the WSS vector and 7 depicts the time for one complete cardiac cycle.

1 T
TAWSS = —j |z, |dt
T 0

Peiffer et al. [128] outlined the inconsistency in WSS characteristics for low and oscillatory
flows. Other time-varying studies show that low TAWSS was observed with diseased vessels
[129]-[131], although, in some cases, no correlation was observed with studies that show
intimal thickening [132]. Due to the multidirectional flow frequently found in situations such
as the anastomosis, TAWSS was not able to accurately capture the flow behaviour [103], [133].
Another metric, the transverse WSS (transWSS) (Eq. 4) was proposed by Peiffer et al. [103] to
overcome this limitation. It is calculated as the time-average magnitude of the WSS
components which are perpendicular to the mean flow direction. This was followed up by
Mohamied et al. [134] who suggested that the pattern of transWSS was strongly dependent on
the geometry of the vessel, although the pulsatile nature of blood flow also mediates multi-

directional flow.
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T,
1 (T T,, dt

transWsS = ?j T, | 7% fOTTW dt Eq. 4
0 |f0 T dt|

Oscillatory shear index (OSI) (Eq. 5) is a metric that specify shear stress acting in directions
apart from the direction of the temporal mean shear stress vector in a cardiac cycle [135]. In
other word, it is a dimensionless parameter that characterises whether wall shear stress vectors
align with the TAWSS vector in a pulsatile flow and can characterise blood moving in the
reverse direction (which commonly occurs in the near vicinity of anastomosis). OSI values fall
in the range of 0-0.5, where 0 represents unidirectional flow with no oscillations and 0.5

indicates pure oscillatory flow with no net forward motion [133].
T > Eq. 5
| Jy Tw dt|

os1=05(1-2"1
Jy 1Ewldt

The described metrics based on flow conditions were summarised in Table 2.
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Table 2: Flow condition exposed by endothelial cells, that is unidirectional flow, flow reversal and multidirectional flow.
Black arrows represent the instantaneous WSS vectors at an arbitrary point in time within the cardiac cycle, where the
progression of it. Reprinted with permission [39].

TAWSS OSI transWSS
Unidirectional Flow
2.5 0 0
2.5 0.367 0
2.5 0.367 1.1547

The aforementioned WSS metrics were adopted for AVF CFD models, and Ene-Iordache et al.
showed the possibility of characterising flow configuration with different WSS metrics, by
identifying zones with low and oscillating WSS [102], or multidirectional and reciprocating
near wall flow patterns [136]. Disturbed flow most commonly occurs on the artery floor and
inner wall of the vein, for end-to-side and end-to-end AVF configurations [102], [111]; both
are regions where stenosis was often localised [39], [137], as illustrated in Figure 11. Results
from Remuzzi et al. [138] showed similarities with previous studies [102] on prime locations
that were prone to stenosis. These localised sites of disturbed flow and recirculation zones that
correlates with IH development were also shown to be dependent on the blood flow distribution

in the AVF (retrograde and antegrade flow) [39], [138], [139], as shown in Figure 10.
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Figure 10: Site susceptible to the intimal thickening within an AVF of (a) antegrade flow where blood flows towards the
palmar arch and (b) retrograde flow where blood is going against the palmar arch into the AVF vein segment. The thick
black arrow shows the direction of blood flow, while the recirculating zones are indicated with the thin black dotted arrow.
Reprinted with permission [39].
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Figure 11: Region of low and oscillating shear stress/flow coincides with the region prone to stenosis development for
end-to-side and end-to-end type AVF. Reprinted with permission [102].
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The anastomotic flow disturbance can be minimised by slightly modifying the angle of the
anastomotic configuration, as reported in an idealised end-to-side AVF [37], [38] and shown
in an experiment conducted in an animal model [122]. Geometrical configurations were shown
to influence blood flow distribution and haemodynamic parameters with several studies
reporting on the benefit of AVF with obtuse-angled anastomosis for more gradual flow
transitions [112], [140], minimising the likelihood of failure due to disturbed flow. Disturbed
flow was also reported at different locations of a parametrised study of idealised AVF models;
low and oscillating shear presence in the anastomotic floor of all models (10°, 35°, 50° and
70°), and high and multidirectional shear stress present in the anastomotic floor of the model

smaller anastomotic angle (10° and 35°) [38].
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Wang et al. quantify the pro-inflammatory effects of flow acting perpendicular to the
predominant axial direction, reporting that inflammatory activation is a result of the inability
of cells to align at low and oscillatory flow, suggesting the presence of multidirectional
disturbed flow patterns [141], [142]. A large amount of multidirectional flow, indicated by the
transWSS metric in addition to the reciprocal flow patterns was found specifically at the juxta-
anastomotic region and the anastomotic floor [35], [136], [138], as illustrated in Figure 12.
Multidirectional flow investigation with transWSS in relation to IH development, especially in
the juxta-anastomotic region may be a key characteristic to look out for to assess the status of

AVF.

Cunnane et al. suggested that helical flow be used as a marker to identify exposure sites with
low and oscillatory flow [38], previously reported to trigger the onset of IH [39]. Models with
the highest helical intensity correlate with the models that had the lowest distribution of low
and oscillating shear, in a study of idealised AVF of four different geometrical and angle
configurations, as shown in Figure 13 [38]. These regions of high helical intensity, however,
coincide with regions with the largest amount of other shear stress metrics such as TAWSS and
transWSS. In other words, the presence of helical flow was shown to suppress low and
oscillating shear stress except when it comes to high, multidirectional or gradient shear stress
[38]. Although the use of metrics based on shear stress may provide a good indicator of disease
progression and AVF failure [39], [41], [137], [138], it is still difficult to ascertain the

capability of onset disease prediction based on a single WSS metric [38], [39].
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Figure 12: Presence of transitional and multidirectional disturbed flow on inner wall of vein segment for two separate
study of patient-specific radial-cephalic AVF. Reprinted and adapted with permission [35], [136].

32



2. Literature Review

A B C D 10° Model
' LNH

WLC
AR RN

Figure 13: Presence of helical flow for different AVF idealised models with varying configuration and anastomotic angle.
The helical content of the flow are represented with the averaged localised normalised helicity (LNH), where clockwise
helical structures are represented in red and anticlockwise helical structure are represented in yellow. Reprinted with
permission [38].
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Effects of the wall compliance on a numerical simulation can be further evaluated through fluid
structure interaction (FSI) CFD modelling. In the FSI study carried out on one of the end-to-
side geometries, TAWSS showed a lower value in the FSI model as compared to the rigid wall
model, but its value in the JXA region remained high, indicating that the high value was not a
result of the rigid wall assumption [115]. Decorato et al.[143] conducted a further patient-
specific FSI model which supports previous findings [115], and suggests that vessel wall
deformability has limited influence on wall shear stresses. Both studies demonstrated an

agreement for TAWSS at mid to low magnitude [115], [143].
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2.6 AVF condition indication based on pressure changes

The pressure drop has been shown to be closely linked to the instabilities that arise at the
anastomosis and the overall resistance of the AVF, with studies reporting its role as an indicator
for the global haemodynamics of an AVF [34], [88], [107]. Botti et al. studied the potential to
predict pressure drop of a patient-specific AVF models, which showed good correlation with
the experimental results for the in-vitro particle velocimetry (PIV) experimental data [88], as
shown in Figure 14 (top). The pressure drop and flow rate exhibit a non-linear, quadratic
relationship, seen in Figure 14. This non-linear relationship, especially at the anastomosis deem
the need of patient-specific models to properly estimate pressure drops based on geometrical
configurations [88]. The effects of pulsatility appear to be more dominant at higher flow rates,
with a higher frequency of pressure drop observed, although, the relationship of pressure drop

and flow rate remains unchanged, as shown in Figure 14 (bottom).

An idealised end-to-side computational model to predict pressure drop across the anastomosis
has also been studied, along with in vivo pressure catheter measurements to validate the CFD
results [34]. Non-linear behaviours of these flow instabilities from turbulent-like flow types
around the anastomosis led to pressure and velocity fluctuations around these regions [107].
This lead to significant pressure drops across the anastomosis (Figure 15), at regions of the
proximal vein that coincides with the presence of thrill [34]. Flow rate predictions were also
conducted on idealised models of AVF with a range of different stenosis diameters, using CFD
models with varying pressure differences between the inlet and outlet, validated with

ultrasound data with less than 20% average variation [144].

35



2. Literature Review

o Experimental ,"'UD
60 Computational (avg) ." 7 0@
-=== Computational (std) -’ QDD
50 =---- Computational (std)
?
= 40
E
S 30
o°
o
20
10
0 . : : :
200 400 600 800

Q (ml/min)

e Pulsatile BC, Re1500, Pre-peak

60| e Pulsatile BC, Re1500, Post-peak
¢ Pulsatile BC, Re1000, Pre-peak

50 ¢ Pulsatile BC, Re1000, Post-peak
— Steady BC, P drop avg
-- Steady BC, P drop std
== Steady BC, P drop std

401

P drop (mmHg)

20

T

v

10

0 200 400 600 800
Q (ml/min)

Figure 14: (top) Relationship between average pressure drop and flow rate of experimental and CFD results. (bottom)
Relationship of pressure drop and pulsatile flow conditions. Figure reprinted with permission [88].
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Figure 15: (a) In-vivo pressure measurements environment and schematic from [34) (b) the pressure drop at the PA (-6
to 0 cm) and PV (0 — 6¢cm). Reprinted and adapted with permission [34].
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2.7 Blood flow sound frequency to measure AVF patency

Frequency spectrum characterisation was reported to correlate with endothelial cell activation
and inflammatory phenotypes in a study based on experimental Fourier Transform analysis and
in-vitro human carotid bifurcation, where harmonic changes in the blood vessel were reported
to affect inflammatory phenotypes [145]. A linear relationship between the NF-kB activity (a
regulator for inflammatory activity) and a change was observed in the 0™ and 1% frequency
harmonics spectrum. Furthermore, a significant correlation was also noted (P < 0.05) between

the mean the NF-kB activity and haemodynamic WSS parameters such as OSI [145].

Acoustic signals and sound patterns generated from the AVF have been used to monitor the
vasculature condition with a non-invasive approach [146]. Wang et al. also took advantage of
the transitional turbulent-like blood flow that causes oscillation and varied frequency sound
waves generated around the narrowed region. This was used in their non-invasive technique to
detect stenosis with a stethoscope auscultation system [147]. Another similar approach is using
auscultation sounds in the AVF with a deep learning technique to assess the degree of stenosis
[148]. This was coupled with physical examination of the AVF and was reported with a mean

accuracy of 82.1% [148].

More recently, Chen et al. proposed a system based on vessel wall motion, capturing the pulse
wave generated as a result of the AVF vessel wall movement to predict access dysfunction,
and having the information transfer to mobile phone in real time [149]. Results from the pilot
clinical trial showed a maximum sensitivity of 95.2%, with a cut-off threshold of 750 ml/min
in the receiver operating characteristic (ROC) analysis. High discrimination ability was also
noted in the ROC analysis, with an area under curve of 0.994 reported, suggesting good
correlation between the ultrasound dilution flow monitor and the monitoring system. The

drawback is however the lack of conceptualisation of the AVF geometry and haemodynamics
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of AVF that in turn benefits vascular surgeons and improve nurses’ cannulation techniques.
Critical assumptions made in the scattered pulses equation such as the radius of AVF estimation

may reduce the individualisation power of classifier and algorithm [149].
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2.8 Other emerging technologies to assist with AVF failure prediction

The use of medical imaging has been promising in regular monitoring and surveillance. Apart
from the conventional Doppler ultrasound, emerging techniques with magnetic resonance
imaging (MRI) for 4D flow visualisation have been assessed for regular monitoring of AVFs.
Li et al. assessed the feasibility of 4D flow MRI in determining the haemodynamics of the AVF
for 50 patients in a single-centre study [150]. Although there were haemodynamic parameters
that showed good consistency across the two different radiologists, the turbulent-type flow
behaviour, especially at the anastomotic region showed assessment of haemodynamic
parameters to be challenging [150]. Comparisons made between blood flow rates measurement
of Doppler ultrasound (DUS) and phase-contrast magnetic resonance imaging (MRI) reported

comparable findings between the two techniques [150], [151].

Several studies have proposed three-dimensional geometry acquisition from conventional
ultrasound two-dimensional images to [152], [153], coupled with neural networks [152]. Such
convenient geometry acquisition techniques enabled further geometrical visualisation such as
3D-printed patient specific geometries [154]-[156], virtual reality (VR) and augmented reality
(AR) tools [157], [158] for educational and training purposes. These 3D models also allowed
better visualisation of anatomies with the ability to view them in a realistically scaled context,
increasing the ability to accurately identify diseased lesions for surgical planning, besides
improving educational experiences. The application of AR has also been used to successfully
enhance procedures in a neurosurgical operating room [158]. There is therefore ample potential
for these tools to be used along with standard approaches in different clinical settings (such as

renal and dialysis clinics) to yield better visualisation of geometries.
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2. Literature Review
2.9 Summary

Kidney failure is a global health issue, although remedied by dialysis, treatment-related
complications often occur [159]. Patients whose AVF fails during dialysis treatment will need
surgical interventions, and these are usually immediate. Patients may at times need to relocate
to major cities and undergo surgical revision which can be burdensome and costly especially
for the indigenous communities in Australia given the high number of dialysis patients in the

Northern Territories, 13 times more likely to require dialysis [160].

There are many clinical models that classify different risk factors to predict vascular
remodelling and AVF maturation, including scoring systems based on patient factors [161] and
AVEF.SIM which builds on a 0D/1D pulse wave propagation network model [101]. However,
issues are also often recorded in the post-maturation period which therefore poses a need for
an indicator that can identify the condition of an AVF at any time. The nature of blood flow
that is turbulent [ 79] has left doubt in the ability of one-dimensional vascular networks to assess

AVF condition.

Techniques for stenosis detection and diagnosis for post maturation remains sparse, with on-
going efforts to classify haemodynamic parameters such as WSS to the condition of an AVF
and susceptible disease regions [39], [102], [136]-[138]. Disturbed blood flow causes a non-
uniform shear stress along the endothelial cells in the direction of the flow, promoting the onset
of IH [22], [39]. Furthermore, three-dimensional CFD computational modelling have been used
to characterise haemodynamic stresses that causes IH formation [35], [102], [136]. However,
the diverse findings from a review by Cunnane et al. in correlating shear stress metrics with [H

development suggest that the physiological responses that cause IH remain unclear [39].

Carroll et al. introduces a concept of using resistance, derived from the ratio of pressure drop

and flow in an AVF to classify the AVF condition post creation (during maturation or past
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maturation and ready to be used for dialysis) [36], [162]. In general, high resistance values
were found in patients with high risk AVFs and low resistance values were found in well-
performing AVFs [36]. The haemodynamics remain to be the driving factor of VA dysfunction
and hence should be closely monitored with accessible tools such as CFD modelling. On top
of that, clinical and patient factors should also be taken into consideration in identifying issues

arise from VA complication.

This thesis aims to address gaps in AVF failure and to assess the suitability of resistance as a

diagnostic marker for AVF failure through real-patient data.

42



Chapter 3

Patient-specific computational
fluid dynamics modelling of an
AVF

This chapter outlines the structured process to obtain patient-specific geometry, which are then
used to build the computational fluid dynamic (CFD) models. A non-invasive, portable and
freehand ultrasound system developed by Colley et al. [ 153] was used to obtain patient-specific
three-dimensional scans of the AVF. Doppler anemometry of flow profiles was obtained during
the same scanning session. These scans were segmented with a segmentation software to obtain
realistic 3D geometry from a volume of 2D ultrasound images. Then, CFD simulations were
performed, and the results analysed to develop a new CFD-based metric for disease diagnosis
and prediction, namely flow resistance, R. This approach was also designed with a view
towards effective repetition, to efficiently process multiple patients’ scans. CFD results were
validated with experimental data [163] and verified to quantify numerical errors. This chapter
contains work that has been previously presented and published in the Australian Biomedical

Engineering Conference 2019.

O Ng, S Gunasekera, S Thomas, R Varcoe, T Barber, “Arteriovenous Fistula (AVF) failure prediction
through patient-specific (PS) modelling”, Australian Biomedical Engineering Conference 2019 (ABEC
2019): Technology & Research in Australian Medical Science. Melbourne: Engineers Australia, 2019: 3.
ISBN: 9781925627435
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3. Patient-specific computational fluid dynamics modelling of an AVF

3.1 Overview

AVF can have complex geometrical configuration that makes visualising the vasculature
challenging. 3D visualisation of the AVF is hence important to envision any geometrical
irregularities of the AVF. An ultrasound based medical imaging method was preferred over
computed tomography (CT) scans or magnetic resonance imaging (MRI) due to its practicality
for the purpose of this study. The high costs, extensive protocols, comfort of patient during the
scan, loud noise and exposure to contrast and radiation were among the other concerns in using

MRI and CT imaging for regular monitoring of patients within a clinical environment.

Regular monitoring of dialysis patients was conducted at the Prince of Wales Hospital Sydney,
Australia approved by the South Eastern Sydney Local Health District Human Research Ethics
Committee (2018/ETH00577) [164]. The AVF patient-specific modelling pipelines starts with
the AVF free-hand scanning system, where real-patient AVF geometry (Section 3.3.1) and
flow profiles (Section 3.3.2) of respective patients was acquired (Figure 16). These were
obtained in parallel during the same clinic monitoring session. The geometry and flow profile
datasets are important elements of the CFD model (Section 3.4). In particular, the geometry is
used to create the mesh and the flow profiles provide the boundary conditions. The CFD results

were post-processed for the calculation of resistance, R (Section 3.6).
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| AVF Scanning System

2 hours 0.25 hours

| Geometry | | Flow profile |

1.5 hours 0.25 hours

| Mesh | | Boundar'y condition |

~N

| CFD Model |
6-8 hours

CFD-Results Post
Processing

0.5 hours

Resistance

Figure 16: Pipeline analysis performed for each patient: Processing of geometry and flow profile were done in parallel
and take about 2 hours and 15 minutes respectively. This was followed by setting up of patient-specific CFD model with
the mesh and patient-specific boundary conditions. CFD results were processed, and resistance calculated after each
simulation.
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3. Patient-specific computational fluid dynamics modelling of an AVF

3.2 Patient selection

Patients with a forearm radiocephalic AVF were assessed at a renal vascular access clinic at
the Prince of Wales Hospital, Sydney, Australia. A total of 106 patient examinations
(henceforth referred to as 'scans') are included in this thesis - half the scans were obtained prior
to 2018 [165], the remainder were collected from June 2018 to January 2020. That is, prior to
the global COVID-19 pandemic, which halted further in-person clinical examinations after
March 2020. Consent was obtained for all patients in accordance with the ethical standards
prior to the study participation. Clinical data were retrieved from the electronic medical records

of the hospital database.

Patients with any of the following conditions were excluded: brachial-cephalic AVF;
arteriovenous graft; missing clinical information; unused fistula; poor ultrasound visibility of
non-superficial vessels; or vessel size that exceeds the limit of the ultrasound transducer

(maximum 38 mm field of view). This equates to a total of 83 patient scans being used.
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3.3 Patient-specific model

3.3.1 Geometry acquisition

The novel freehand ultrasound system utilises features of ultrasound imaging, enabling
geometry and flow profiles to be captured in real time non-invasively. Ultrasound frequency
waves were emitted from the ultrasound transducer and received the reflected signals from the
organ boundaries, generating grey-scale B-mode ultrasound images [166]. Highly reflective
regions such as organ boundaries are often brighter in these grey-scale images as compared to
less reflective ones such as blood, an example B-mode image shown in Figure 18 (a) [166].
These two-dimensional B-mode image slices can form a volume of images that can be recreated

by assigning a global position and orientation to them.

Figure 17: Set-up for the clinical patient scans performed for data collection with two personnel, one to perform the
ultrasound scan of a patient and the other tasked at the workstation. (a) The workstation laptop (b) Mindray, TE7
Ultrasound machine, (c) Optitrack V120: Trio camera and (d) Mindray L14-6NS, 14MHz, 38mm FOV linear
ultrasound transducer, with a rigid body attached to it [153].

47



3. Patient-specific computational fluid dynamics modelling of an AVF
The novel freehand ultrasound scanning system developed by Colley et al. [153] consists of an
ultrasound machine (Mindray, TE7) (Figure 17 (b)), a linear ultrasound transducer (Mindray
L14-6NS, 14MHz, 38mm FOV) (Figure 17 (d)), an infrared optical tracking camera (Optitrack
V120:Trio) (Figure 17(c)) and a workstation laptop with graphic user interface (GUI) (Figure
17 (a)). The rigid body tracking with passive reflective markers that enabled detection by the

motion-tracking camera was attached to the ultrasound transducer (Figure 17 (d)).

The linear ultrasound transducer was swept slowly and steadily, avoiding any sudden change
in direction or rotation along the forearm of the patients where the AVF is located, shown in
Figure 17 (d) to ensure that the images are evenly distributed. Ultrasound settings such as gains,
and depth of 35 mm were adjusted accordingly to ensure clear contrast of the vessel and the
surrounding tissues. The infrared camera tracks the transducer by locating the rigid body
attached to the transducer. Hence, it is important to ensure that the rigid bodies are always
within the camera frame during the scanning session. The location and orientation of the rigid
body were transfer from the tracking camera to the workstation through the Motive 1.9 software

(Optitrack).

In order to capture the right representation of diameter and without any deformation of the
vessels, a thick layer of ultrasound gel was applied to the region of interest on the patient
forearm. The software records the two-dimensional B-mode ultrasound images that form a
three-dimensional bounding volume of constant spacing of 0.05 mm, with a pixel size of 0.05
mm x 0.05 mm in the direction of the sagittal plane. Real-time verification of scan quality was
performed in the software, ensuring the ultrasound images, and bounding volume were
coherent and no plane intersected another. Each scan takes approximately 15 to 20 minutes,
depending on the complexity of the AVF. A total error of 2.5% was found with the use of a

cross-wire calibration phantom [153].
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3. Patient-specific computational fluid dynamics modelling of an AVF
A volume, formed from the stack of image slices were processed with the ScanIP segmentation
image processing software (Synopsys Inc., CA, USA). Due to the low-contrast ultrasound
images, the segmentation process required manual identification of the lumen of the three main
AVF vessels (PA, PV, and DA). These vessels have a higher greyscale density compared to
the surrounding tissue, enabling the surrounding tissues to be removed (Figure 18 (a) & Figure
18 (b)). A mask around the lumen was created to distinguish the vessels and the surrounding
tissues. This was followed by an interpolation between slices in the axial direction and
smoothing of the vessel surface with the recursive Gaussian smoothing method (Figure 18 (c)).
Flow distribution in the AVF is dependant to the geometrical configuration at the anastomosis.
Therefore, extra masks were placed between the image slices in this region due to its
geometrical complexity. The final geometry was examined closely with the final mask for
verification. This segmentation process takes approximately 1-2 hours dependent on the

ultrasound images for respective scans.
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Identifiable PV lumen

Surrounding tissues

Identifiable PA lumen

(a)

Figure 18: (a) Example two-dimensional ultrasound image that shows the identifiable vessel lumen based on the grey-scale
contrast with the surrounding tissues (b) Volume recreated from the stack of two-dimensional ultrasound images. (c) Overlay
of the three-dimensional AVF geometry before and after interpolation within the image slices
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3. Patient-specific computational fluid dynamics modelling of an AVF
3.3.2 Flow profiles

At the same time as capturing the patient geometry, flow velocity profiles in the three vessels
were obtained during the scanning session via Spectral Doppler Ultrasound (DUS) using the
same ultrasound machine. The pulsed-wave Doppler measurements consider the shift in
Doppler frequency between the incident and the receiving ultrasound beam from the
transducers and reflecting particles in the blood. This method is adopted as it shows comparable

flow rates with phase-contrast MRI [151].

2 f,Vcos@ Eq.6

fdoppler = c

where fyoppier = Doppler shift, f,= transmitted beam, V= blood velocity, ¢ = sound speed in

tissue and 6 = the incident angle between ultrasound beam and axis of flow

Based on Eq. 6, an angle, 8 of 90° will give zero Doppler shift. For this reason, the incidence
angle is essential for appropriate estimation of Doppler shift and blood flow velocity, and was
kept below 60° to minimise errors [167], [168]. Velocity was measured at the centre of each
vessel, with a small gate size, and maximum intensity point, with at least five samples per

period obtained.

The configuration of the AVF, where the ulnar and radial artery are joined at the palmar arch,
means that there is a slight delay of blood flow to the DA of the AVF as compared to the PA.
This challenge was overcome by synchronising the peaks of the blood velocity with the
waveform of the cardiac contraction using a three-lead electrocardiography (ECG) device
(Figure 19 (b)), connected to the same ultrasound machine. The R peak of the QRS complex,
representing ventricular depolarisation [169], was used as the global reference for
synchronisation as an endpoint of each period of waveform (Figure 19 (a)). This allowed the
Doppler spectral waveform to be reproduced and normalized with the cardiac cycle by

measuring the heart rate of the patient.
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3. Patient-specific computational fluid dynamics modelling of an AVF
Multiple periods were captured for each patient and realigned with the ECG waveform. These
waveforms were extracted by processing the ultrasound transducer signal with an in-house
MATLAB (Mathworks Inc.) algorithm (Figure 19 (c)). Each segment was combined before
noise removal with a median filter, followed by column-wise Gaussian smoothing [36].
Velocity and average vessel area from the ultrasound data were used to convert to flow rate

with Eq. 7 and Eq. 8.

Q) =V(DA Eq.7
A nD? Eq. 8
-8

where V(t) = velocity of blood flow, A4 is the area of the vessel and D is the diameter of the

vessel
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(a)

ECG

Extracted profile

0.7

Velocity (m/s)

(©)
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Normalised Time (t/T)

Figure 19: (a) Example ECG waves of a healthy patient, with QRS complex labelled in red. Reprinted with

permission from [169] (b) Doppler ultrasound measurements of velocity profile from different vessel of the AVF. The
ECG information is indicated with the arrow in grey (c) Extracted profile from the Doppler data
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3. Patient-specific computational fluid dynamics modelling of an AVF
3.4 Patient-specific CFD model

CFD simulations were performed with the high performing computing facilities of the National
Computational Infrastructure (NCI) Australia. Simulation performed with 48 cores took
approximately 6-8 hours to compute. The Reynolds-averaged Navier Stokes (RANS) equations
[170] were solved with the finite volume method in discretised form using FLUENT software
package (ANSYS® FLUENT, Release 19.2, ANSYS, Inc.). Pressure-velocity coupling was
achieved with the SIMPLE algorithm. Momentum and pressure variables were spatially
discretised with a second order upwind scheme, while turbulent kinetic energy and specific
dissipation rate with first order upwind. The second order implicit scheme was used for

temporal discretisation.

Since the conservation of mass and momentum are satisfied for incompressible flow, these
equations can be reduced to Eq. 9 and Eq. 10. RANS modelling was selected over other more
high-fidelity methods of capturing turbulence due to the large number of patient-specific CFD

models requiring computing.

V.u =0 Eq.9
du _ 2
p(E+u.Vu)— —Vp+uVeu -1 Eq. 10
where p is the density, u is the velocity vector, u is the viscosity, p is pressure and 7;; is the

Reynolds-stress tensor.
The Reynolds number, Re was calculated with Eq. 11,

_ puD
U

where u depicts the flow speed and D depicts the diameter of the vessel.

Re Eq. 11

Although the local Reynolds number at peak cycle velocity at the venous outflow ranges

approximately between 150 to 2000, transitional to turbulent flow was previously reported in
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3. Patient-specific computational fluid dynamics modelling of an AVF
physiological blood flow studies [79], for an AVF in particular, around the anastomotic region

and stenosed region, despite the low Reynold number [35], [163], [171].

The k-w shear stress transport (SST) turbulence model [172] was chosen for all the CFD
models to capture a meaningful description of the turbulent flow conditions. This model has
also been shown to perform well in vasculature with transitional flows and flows near the wall
in carotid artery bifurcations [173] and blood damage modelling [174], which have similar
analyses as AVFs. The governing equations of the k — w SST model used in this thesis can be
found in Appendix 3A. The standard k-w model does not involve a damping function and is
known to perform well near wall and at sublayer of viscous internal flow. k-w model, however,
is very sensitive to the freestream values outside of the viscous internal flow, making the k-€
model a better option at wake region of the viscous internal flow. The two-equation k-w SST
model combines the superior elements of both models, having applied k-w at the near wall
region through the viscous sub-layer, and k- model in the free-stream flow. The major
enhancement of this model is the modification of the eddy viscosity to account for the transport
of the principle turbulent shear stress [172]. Additionally, this model has also shown to have
better overall agreement with experimental results of a stenosed carotid artery [175]. Blood
density was set at 1060kg/m3 to replicate the average blood physical properties [176]. Blood
is a non-Newtonian fluid with the time-dependent shear thinning and viscoelastic properties
[177]. Blood rheology have been reported to affect the numerical results, with varying
recirculation length reported in a comparison study of non-Newtonian rheological models
[178]. The Carreau model [179], [180] predicts the shear-thinning effect, achieving a
maximum value of absolute strain rate approaches zero [178], [181], and have been previously
used in blood flow numerical studies [182], [183]. This model was hence chosen to model the
non-Newtonian rheology of blood, for which the viscosity is dependent on the fluid shear rate

(Eq. 12):

55



3. Patient-specific computational fluid dynamics modelling of an AVF
AP
B=He + (Uo — o) (1 + (A¥)?) 2 Eq. 12

The parameters in the model are taken from Cho et al [180]: A = 3.313s,n = 0.3568, y, =
0.056 Pa.s, u, = 0.00345 Pa.s where pu, represents viscosity at zero shear, ., represents
viscosity at infinity shear, A represents characteristic time, n represents the power law index, y

represents the shear rate.
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3. Patient-specific computational fluid dynamics modelling of an AVF
3.4.1 Boundary conditions

Following from Section 3.3.2, the flow profiles that were obtained during the scanning session
serves as pulsatile inlet flow waveforms for the CFD model, prescribed at the DA and PA
(Figure 20). The PV is set as a non-tractive pressure outlet, with relative pressure held at zero.
The vessel walls are set as no-slip and are not compliant and instead are held rigid. Although
vessel walls may be inherently compliant, the rigid wall assumption has been deemed
acceptable in identifying key features in an AVF [184]. The flow profile is normalised with the
cardiac cycle of each patient. For example, the period of the inlet waveform is 1s if the heart
rate of the patient is 60 beats per minute. For this reason, the number of timesteps for each
patient will be different and set based on the specific heart rate. The direction of blood from or
to the DA is dependent on the types of blood flow, namely retrograde or antegrade flow of the

patients.

In order to ensure consistency across all the patient cases, it is important that blood flow is fully
developed before entering the actual AVF geometrical domain of interest. For that reason all
vessel ends were extended by twenty times the diameter of the relevant vessel with the Vascular
Modelling Toolkit (VMTK) [185], as this entrance length was sufficient for the varying patient-
specific geometry [186]. A cylindrical extension in the direction normal to the vessel face is
created after selecting and clipping the midpoint of the boundaries. The patient-specific STL
geometry, including the extensions, are then used in the CFD model (Figure 20). The boundary
condition used for each CFD model is tabulated in Table 3. A comprehensive study of using a
patient-specific boundary condition, rather than the conventional flow split in an AVF will be

discussed in Chapter 4.
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Table 3: Boundary condition for the CFD model

Location Boundary conditions
Proximal Artery (PA) Pulsatile inlet flow profiles
Distal Artery (DA) Pulsatile inlet flow profiles
Proximal Vein (PV) Non-tractive pressure outlet, relative pressure held at zero
Wall No slip wall and without compliance condition
Anastomosis

Figure 20: (a) An example patient-specific AVF with retrograde flow (flow traveling from the PA and DA) towards the PV.
The anastomosis is the connection between the three vessels (indicated with the red arrow). (b) Inlet transient velocity
waveforms are set at the boundary areas of the extended cylindrical of PA and DA, while the PV is set as a non-tractive
pressure outlet, with relative pressure held at zero
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3.4.2 Mesh strategy

ANSYS ICEM (Ansys ICEM CFD, Release 18.1) is used to create the mesh for each geometry.
The patient-specific STL geometry, including the extensions are imported to the ANSYS ICEM
software. Boundary faces, wall boundaries and fluid domain are defined. An unstructured
tetrahedral and prism mesh was generated for all cases (Figure 21). The global element scale
factor is set at 0.3, a multiple of other mesh parameters set globally for the model. The largest
possible element size is set at 0.8, and the smallest minimum size with curvature and proximity-
based refinement is 0.3. This allows the creation of smaller size elements and is essential for
complex patient geometry. Elements will be created based on the multiplication of the scale

factor and the set criterions.

The k- w SST model capture flow in the viscous sub-layer and near-wall requires a high mesh
resolution near the geometry wall [175]. To better capture the near-wall effect, twelve high
density prism layers are extruded from the surface with an exponential growth ratio of 1.2
inwards, and a total height of 0.6. The first cell height was set to yield y+ values below 1 [187],
thereby ensuring accurate near wall effects. Quality checks and subsequent mesh cell
smoothing are performed to maximize the quality of the mesh and avoid possible errors and
problems of mesh such as unconnected vertices, duplicate elements, multiple edges, poor
volume and surface orientation and so on. Tetrahedral and prism meshes are converted to
polyhedral elements in ANSYS FLUENT as the computations with the polyhedral mesh have

sufficient accuracy whilst requiring less computational power [188].
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Figure 21: (a) Polyhedral elements on each CFD models, and a zoom out of elements at the anastomotic region were
shown (b) Elements and prism layer at the boundary areas
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3. Patient-specific computational fluid dynamics modelling of an AVF
3.4.2.1 Mesh convergence
The grid convergence index (GCI), derived from the generalised Richardson extrapolation
[189] was calculated on the mesh generated for a particular patient (Eq. 7). This is to verify
grid independence and quantify sensitivity by estimating the numerical error due to the mesh
size. Discretisation errors were estimated for the average wall shear stress (WSS) at four
different locations (Figure 22) of a patient-specific model for the final cycle (fourth cycle) of

the simulation.

Figure 22: Discretisation error was estimated in four location - Point 1: PA segment before the anastomosis, Point 2: PV segment
after the anastomosis, Point 3: downstream of the PV segment and Point 4: downstream of the PA segment

Three different meshes, denoted coarse (1,515,016 cells), medium (3,739,057 cells) and fine

(6,233,651 cells) were generated based on different grid scale factor. Grid refinement ratio, 7;;

1

is defined as (N ) for a three-dimensional problem, where r > 1 [189]. The apparent order, p

i

was calculated using Eq. 13 and 14. Eq. 13 was calculated with fixed point iteration, where

q(p)=0 as an initial guess since the grid refinement ratio is not constant (Eq. 14).

1
P =y el T qa(p)| Eq. 13
_ ( 1~ ) 4w €32 kg 14
q(p) = ln( P = )) s = 1.sign (a>

where ¢3; — ¢, = €3, and ¢, — P, = €,1, and ¢3 denotes a coarse-grid numerical solution,

¢, denotes a medium-grid numerical solution and ¢; denotes a fine-grid numerical solution.
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3. Patient-specific computational fluid dynamics modelling of an AVF
The extrapolated values were calculated using Eq. 15. Estimated errors along with respective
apparent order were computed with approximate relative error, 2! and extrapolated relative

error e2l, (Eq. 16 and Eq. 17).

P
21 11— b2

= Eq. 15
ext p
r,,—1
21 _ ¢1 - ¢2 Eq. 16
e = |——
¢4
21
21 _ |Pext — ¢1 Eq. 17
ext — 21
ext
The discretization errors can be estimated with Eq. 18,
ccl 1.25e
iy = ——— Eq. 18
fine szl 1

At point 1 to 4 to be GClppe = 0.06%, 0.09%, 1.03%, 1.55%.

These grids were also verified to ensure that they were in the asymptotic range of convergence,

using Eq. 19,

GCI?:

fine

r? X GCI3?

fine

Eq. 19

IR
[E

At points 1 to 4, the values were 0.98, 1.00, 0.94, 1.08.

Parameters that were used for the GCI calculations are summarised in Table 4. The mesh
independence study was also evaluated for resistance (ratio of pressure difference and flow
rate). There was less than 2% difference recorded for the calculated resistance values for two
subsequent number of elements (N1, N2 and N3) after mesh refinement, as shown Table 5. The
fine grid was chosen to ensure that the numerical results were at a sufficient level of spatial
discretisation. The same meshing strategy was subsequently assumed to be suitable for all

patient model used in this thesis.
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Table 4: Discretisation error of the WSS

Point 1 Point 2 Point 3 Point 4
N1 4,288,635 4,288,635 4,288,635 4,288,635
N2 2,127,489 2,127,489 2,127,489 2,127,489
N3 1,583,782 1,583,782 1,583,782 1,583,782
21 1.26 1.26 1.26 1.26
32 1.10 1.10 1.10 1.10
(O 14.07 53.95 23.92 2.64
b, 14.35 54.21 25.43 245
b; 13.22 54.63 27.95 2.72
P 16.26 8.86 9.24 8.12
21 14.07 53.91 23.72 2.67
el 2.00% 0.49% 6.3% 7.01%
e’l, 0.05% 0.07% 0.83% 1.22%
GCIF},, 0.06% 0.09% 1.03% 1.55%
GCI?iZne 2.50% 0.70% 8.38% 11.09%
Table 5: Percentage difference for mesh independence study
Resistance Percentage difference
Number of elements (mmHg/l/min) (%)
N1 4,288,635 18.6 -
N2 2,127,489 18.7 1.4
N3 1,583,782 18.5 0.4
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3.4.2.2 Time-step sensitivity analysis
A time-step sensitivity and independence analysis were carried out with a patient-specific CFD
model in the final cycle (fourth cycle) of the simulation to quantify the sensitivity of the
simulation to the magnitude of the time-step. A similar CFD set up outlined in Section 3.4 was
adopted for this analysis, with time-steps of 0.001s and 0.0005s used as timestep is independent
of Courant number for an implicit time integration scheme [175]. Average WSS values at four
different locations (Figure 7) showed an average of 2.8% (3.3%, 1.7%, 6.3% and 0.1% at Point
1 to 4) differences in both results. The maximum discrepancy is observed at point 3, similar to
the location reported for the mesh convergence study (Section 3.4.2.1). A timestep of 0.001s
was deemed to be an acceptable range for all cases, as it requires less computational power to
approximate the transient flow behaviours and minimise the effect of the initial transient

motion building in the fluid.
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3.5 CFD results post-processing

All simulations ran for four cardiac cycles and the results from the fourth cardiac cycle were
exported and post-processed in MATLAB (MathWorks Inc.). Centrelines from each geometry
were generated and voxel edges sampled at 1 mm distance by adopting the skeletonization
algorithm, to reduce the 3-D binary volume to a single line, followed by a smooth curve fitting

algorithm in Simpleware SCANIP (Synopsis Inc., CA, USA).

Cycle-averaged pressure and wall shear stress values were processed in MATLAB
(MathWorks Inc.). The circumferential average of the time-averaged WSS (TAWSS),
transverse WSS (transWSS) and oscillatory shear index (OSI) were calculated at the surface
area of the wall with a 1 mm increment along the centreline at each timestep. The time-averaged
WSS (TAWSS) shows the averaged value of wall shear stress over the entire cardiac cycle, the
transverse WSS (transWSS) captures the presence of multi-directional flows [103] and

oscillatory shear index (OSI) characterizes reciprocal flow [190].
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3.6 CFD-derived resistance calculation

Pressures of each face on the wall were averaged to the closest nodes along the centrelines for
each timestep, allowing a circumferential averaged pressure to be obtained in Imm increments

from the anastomosis. Resistance, R of the P and PA were calculated with were calculated with

Eq. 20 (see also Figure 23) to determine the geometrical resistance of the vessel [191], [192].

R _ APvessel
vessel — | A
Qvessel Eq. 20
_ Pvessel i Pvesseli_l
ARspatial - Q Eq. 21
vessel

where R,.ss0; TEpresents resistance, AP,,sq; represents pressure difference and Q represent the
mean flow rate of the respective vessel. Depending on the vessel branch, AP, ,ss.; can be
represented as (P; — Py), which represents the pressure difference from PA, P, to the
anastomosis, Py, and (P, — P,) represent the pressure difference from the anastomosis to PV,
P,. ARgpatiar represents the changes in resistance spatially, Ppesser; — Presser ;_,Tepresents

pressure difference at two consecutive nodes that are sampled Imm apart.

P, - P,
i .
DA PV
— A
e Qpy
do g d _ —
R = '  Qpa
. PA
P —Py

Figure 23:Resistance calculation in an AVF, represented by the ratio of pressure difference from the anastomosis, d, to
a certain distance (d, at PA and d, at PV) along the AVF and the average flow rates of respective vessels
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3. Patient-specific computational fluid dynamics modelling of an AVF
Three different approaches (1) - (3) were used to examine the effects of resistance in different

contexts based on Eq. 20 and Eq. 21, which will be further explained in Chapters 5 and 6:

(1) to quantify the effects of resistance associated with the juxta-anastomotic treatment in an
AVF, pressure differences were calculated at the vein segment (PV) and the main inflow artery
segment (PA), from the anastomosis, d, to d, = 50 mm of the PV segment and d; = 35 mm
of the PA segment, as this is the common region for juxta-anastomotic stent deployment of the

AVF. Approach (1) will be further elaborate in Chapter 5, Section 5.4.

(2) to have consistently examined resistance for all patients (with or without juxta-anastomotic
treatment), pressure differences were calculated at the same distance, d; = d, = 75 mm from
the anastomosis of both vein segment (PV) and the main inflow artery segment (PA).

Approach (2) will be further elaborate in Chapter 6, Section 6.2.2.

(3) to visualise the effect of resistance throughout the AVF spatially, pressure differences from

each node were calculated at the vein segment (PV) and the main inflow artery segment (PA).

3.7 Validation

3.7.1 Validation with experimental data

Validation was performed by comparing the CFD results with tomographic PIV data from an
in-vitro experiment using a patient-specific AVF geometry [163]. The benchtop experimental
model consists of a patient-specific geometry obtained through the same system described in
Section 3.3.1. This model was created by casting silicone around the soluble 3D printed AVF
geometry. The model was connected, via a tubing network, to a pulsatile pump that drives the
working fluid to replicates the patient-specific boundary condition via a tubing network. A

double-pulsed laser was used to illuminate the seeded working fluid. Four high-speed cameras
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3. Patient-specific computational fluid dynamics modelling of an AVF
were placed at optimised location to capture the particle images. These particle images were

then processed using the commercial PIV software, Davis 8.4.0 (LaVision GmbH).

The geometry of the CFD model used for this validation was identical to the experimental
model. The meshing strategy was the same as the ones outlined in Section 3.4.2. However,
other properties were set to match the experimental condition. These include the fluid
properties of working fluid, with density set at 1202.7kg/m? and the dynamic viscosity set at
9.21 mPa.s. It is worth noting that the blood viscosity in the experimental model was set as a
Newtonian fluid whereas the CFD model of all the patient-specific cases in this thesis were
modelled as non-Newtonian fluid. Despite shear-thinning effects in blood, the relative
difference between pressure distribution in these models were small with a maximum
difference of only less than 0.5% [186]. Hence, this validation was deemed suitable to validate

the CFD set up for patient-specific models in this thesis.

The experimental velocity magnitude profiles are compared with the CFD results in Figure 24,
at the four locations indicated in blue, green, red and black. The average difference in velocity
between CFD and experiment is 0.0956 m/s, with the highest absolute error observed in
Location 4. After the anastomosis and further downstream at the PV, the variation becomes
more apparent, observed in Location 3 and Location 4 (Figure 24 and Table 6). This also

coincides with the region where recirculating flow is often observed in an AVF [35], [163].
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Figure 24: Experimental (Exp) and CFD results comparison at the four location indicated in the AVF geometry on the right at
Location 1(blue), Location 2 (green), Location 3 (red) and Location 4(black) at 0.141s, peak systole of the cardiac cycle
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3. Patient-specific computational fluid dynamics modelling of an AVF

Table 6: Average, maximum and minimum difference at four different locations. The points where the maximum and
minimum difference identified are indicated in the brackets of column 3 and 4.

Location Average Absolute Maximum difference in Minimum difference in
error in velocity (m/s) velocity (m/s) (point) velocity (m/s) (point)
1 0.0056 0.8848 (1) 0.0096 (2)
2 0.1108 0.9119 (1) 0.0012 (4)
3 0.0659 0.4632 (6) 0.0514 (1)
4 0.2001 0.7123 (4) 0.0174 (13)

70



3. Patient-specific computational fluid dynamics modelling of an AVF
3.7.2 Validation of pressure drop

Flow impinges on the PV which commonly causes a recirculating flow at the heel of an AVF
as blood travels from the PA towards the anastomosis [35]. The pressure drop is an important
parameter as it directly links overall resistance and haemodynamics of the AVF. The transfer
or loss of energy in highly pulsatile blood flow, as blood transitions from laminar to turbulent
behaviour, leads to the non-linear relationship between pressure drop and flow rate [34], [88].
The pressure drop and flow rates values for CFD cases included in this thesis ranges from 0.25
— 18.4 mmHg for flow rates of 78.2 — 1038.6 ml/min at the PA and 0.13 — 15.4 mmHg for flow
rates ranged from 53.2 — 1240 ml/min at the PV. The maximum flow rate of AVF used in this
thesis is 1240 ml/min, hence all flow rates are within the range of those in the reported pressure

validation study [34], [88].

3.8 Summary

This chapter includes the methodology of obtaining patient-specific geometry and flow profiles
of real patients with a freehand ultrasound scanning system. The set-up of the patient-specific
CFD simulation models was also outlined. Verification of grid independence and sensitivity
analysis of the numerical models were quantified by calculating the GCI values and performing
mesh independence and time sensitivity test. GCly, at the four selected locations were
reported to be an average of 0.7% (0.06%,0.09%, 1.03%, 1.55% at the four different locations),
while the mesh independence study was reported to have an average of less than 1.5%. Time
sensitivity analysis was reported to be an average of 2.8%. Besides, validation of CFD models
was conducted by comparing results of an experimental model with a similar set up, in which

both results showed similar trends.
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Chapter 4

The effect of boundary conditions
on the accuracy of CFD predictions
in patient-specific AVFs

The geometry and flow rate distribution in an AVF —regardless of antegrade or retrograde flow
— varies considerably among patients, based on observations made during regular monitoring
of ESRD patients. Therefore, the use of a patient-specific models is essential for modelling the
AVF flow under physiological conditions that are as close as possible to those of each patient.
This chapter details the significance of modelling appropriate boundary conditions for an AVF
CFD model, with flow distribution comparison made between models of patient-specific and
assumed boundary conditions (retrograde and anterograde flow), and resistance estimation
with models of patient-specific and the Hagen-Poiseuille assumption. Some parts of this
chapter are based on the paper “The effect of assumed boundary conditions on the accuracy of
patient-specific CFD arteriovenous fistula model”, which is published with the Computer
Methods in Biomechanics and Biomedical Engineering: Imaging & Visualization.

0. Ng, S. D. Gunasekera, S. D. Thomas, R. L. Varcoe, and T. J. Barber, “The effect of assumed boundary
conditions on the accuracy of patient-specific CFD arteriovenous fistula model,” Comput. Methods
Biomech. Biomed. Eng. Imaging Vis., vol. 0, no. 0, pp. 1-13, 2022, doi: 10.1080/21681163.2022.2040054. 72



4. The effect of boundary conditions on the accuracy of CFD predictions

4.1 Background

Despite being the gold standard of vascular access for haemodialysis treatment [193], AVFs
induce complications such as stenosis caused by the formation of intimal hyperplasia, ischemia
or dialysis-associated steal syndrome [194], [195]. Access dysfunction due to IH formation,
causing narrowing in a vessel that eventually leads to AVF failure, is the most common
complication observed. 45% of AVFs succumbed to either primary or secondary failure [196].

The definition of failure mode is shown in Table 1 in Chapter 2.

To assist with AVF disease prediction, CFD modelling has been used widely as a non-invasive
tool to provide more information on blood flow behaviour in AVFs [35], [102], [136], [191].
The two common flow distribution types in an AVF are the antegrade and retrograde flow
conditions. For retrograde flow, blood moves from the radial distal artery (DA) and radial
proximal artery (PA) to the cephalic proximal vein (PV), and conversely for antegrade flow,
where blood moves from the PA to the PV and the palmar arch through the DA, illustrated in

Figure 25 [197].

DA r \ PA
—_— /AM

(a) v

( \ PA
DA
A —— /“\M

PV

(b)

Figure 25: (a) Retrograde flow (b) Antegrade flow; Direction of blood flow from the DA, represented
with the yellow arrow varies for the different flow types.
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4. The effect of boundary conditions on the accuracy of CFD predictions
Studies with idealised AVF geometries have previously addressed the differences in flow due
to anastomosis configuration [112], namely side-to-side [105], end-to-end [33], [102] and side-
to-end [37], [106], [107]. The anastomosis region is of high significance when modelling flow
patterns in an AVF, which subsequently affects the spatial WSS distribution, pressure drop and
velocity [112]. Sivanesan et al. suggested a common flow split ratio [ 197] that has been adopted
in idealised AVF computational models as boundary conditions [102], [111]. Specifically, the
flow split assumption used for a retrograde flow is that PA and the DA are assumed to
contribute 70% and 30% respectively to the total flow at the PV. The flow split assumption
made for an antegrade flow is that the flow is assumed to divert from the PA, with 20% of the
flow going to the DA and 80% to the PV [197]. Another set of assumed flow split ratio used
for modelling in studies to examine changes in anastomosis angle effect was a ratio of 8:92 or
10:90 outflow at the PA and PV outflow boundary [38], [112]. An assumed flow split ratio
used in a patient-specific model is unlikely to replicate a patient’s exact physiological
conditions since fluid resistance and vascular compliance are unlikely to remain the same

across all three vessels [198], [199].

Patient-specific modelling is essential for realistic AVF simulations as AVF geometries and
flow types vary considerably for different patients. The boundary conditions at each AVF
vessel determine how the flow patterns develops in each vessel, impacting the results produced
from the patient-specific studies. Kharboutly et al. reproduced the physiological flow profile
of a measured patient waveform via a computer-controlled pump, which later served as the
boundary condition for the CFD model of an end-to-end AVF [33]. Similarly, we previously
adopted pulsatile waveforms produced by a peristaltic pump with a controlled flow split at the
PA and DA as boundary conditions [56]. Synchronising boundary condition becomes a
challenge in an end-to-side or side-to-end AVF geometry due to the multiple boundaries. To

overcome this, McGah et al. [125] matched the measured Doppler ultrasound (DUS) velocity
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4. The effect of boundary conditions on the accuracy of CFD predictions
with a Womersley velocity profile [200] at the feeding artery (PA) and assumed an outflow at
the DA and the PV with a fixed pressure value prescribed. Flow rates determined through DUS
measurement enabled real-time measurements of patients’ flow waveforms to be taken. Ene-
lordache et al. reported studies on patient-specific AVF modelling adopting volumetric flow

measurements derived from DUS examinations [35], [136], [201].

In this chapter, the effects of different boundary conditions on patient-specific AVF CFD
models are examined. Three different boundary conditions, namely patient specific flow
profiles and the assumed flow split assumption for flow profiles for retrograde and antegrade
flow condition were modelled, to determine the effect of using these different types of flow

specifications.
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4. The effect of boundary conditions on the accuracy of CFD predictions
4.2 Methods

This chapter adopts the same assessment pipeline as outlined in Chapter 3, where patients’
AVF geometry was obtained with the freehand ultrasound scanning system [153] before
examining blood flow behaviour through CFD simulation. The CFD modelling strategy was
the same as in Section 3.4. Here, we delve into the effects of different boundary conditions on

different haemodynamic parameters.

Three different patients who have existing radiocephalic AVF were chosen to represent the
common flow types in an AVF. Patient A (Figure 26) and Patient C (Figure 28) have retrograde
flow, while Patient B (Figure 27) has antegrade flow. All information was taken with consent
from patients. Three different sets of boundary conditions - patient specific flow which was
measured from respective patients (BC 1) (outlined in Section 3.3.2) and the assumed flow
split profiles of retrograde (BC 2) and antegrade flow types (BC 3) were modelled in the three
different patient models (Patient A, B and C). Vessel walls were assumed to be rigid and set
up with a no-slip condition. A description of the boundary conditions applied are outlined in

Table 7.

The simulations ran for four cardiac cycles and the results from the fourth cardiac cycle were
exported and post-processed. WSS metrics were processed in MATLAB (MathWorks Inc.),
with the circumferential average calculated at the surface area of the wall with a 1 mm

increment along the centreline (Figure 32 (top)).
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4. The effect of boundary conditions on the accuracy of CFD predictions

Table 7: Boundary conditions (BC) used for Patient A, B and C.

Boundary condition Description

BC1 Patient-specific condition: The PA and the DA were set
as transient velocity inlets taken from the measured patient
data with PV set as zero-pressure outlet (relative pressure

of zero).

BC2 Assumed flow split condition for retrograde flow: 70%
and 30% of the total flow was approximated to flow
towards the PV from PA and DA respectively. The
approximated flow at the PA and DA were derived from
the patient-specific waveform of the same cardiac cycle
with Eq. 7. Similarly, the PA and DA were set as transient
velocity inlets, while PV was set as zero-pressure outlet
(relative pressure of zero).

BC3 Assumed flow split condition for antegrade flow: 20%
of the total flow directed to the palm via the DA and 80%
of the total flow flows into the PV from the PA. These
approximations were made from the patient-specific
waveform of the same cardiac cycle with Eq. 7. The PA
was set as transient velocity inlet, while DA and PV are set

as outflow with a weighting of 0.2 and 0.8 respectively.
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Figure 26: The flow type in Patient A’s AVF is the retrograde flow condition where flow from PA and DA
contributes to the total flow in PV. The black arrow represents the direction of blood flow. Approximately 94% of the
flow from the PA and 6% flow from the DA contributes to the PV of Patient A’s AVF (BC 1). A flow split condition

is employed for the retrograde condition with 70% of the total flow at the PA and 30% from the DA (BC 2). The
antegrade flow was modelled by using the patient-specific flow profile at the PA, and an outflow of 2:8 ratio of flow
at the DA and the PV respectively (BC 3).
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Figure 27: The flow type in Patient B’s AVF is antegrade where most of the flow from PA diverts to the DA and PV at the
anastomosis. The black arrow represents the direction of blood flow. Approximately 99.7% of the measured flow exits the
PV and 0.3 % of the total flow measured exits the DA. Flow profile at the DA shares a similar shape with the patient-
specific condition. Due to the low velocity, it is barely distinguishable from the zero line in this figure (BC 1). A flow split
condition is employed with 70% of the total flow modelled at the PA and 30% firom the DA to mimic the retrograde flow
condition (BC 2). The antegrade flow was modelled by using the patient-specific flow profile at the PA, and an outflow of
2:8 ratio of flow at the DA and the PV respectively (BC 3).
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Figure 28: The flow type in Patient C’s AVF is the retrograde flow condition where flow from PA and DA contributes to
the total flow in PV. The black arrow represents the direction of blood flow. Approximately 0.8% of blood flow from the
DA and 99.2% of the flow from the PA. A majority of the blood feeding into the PV is from the PA (BC 1). A flow split
condition is employed with 70% of the total flow modelled at the PA and 30% firom the DA to mimic the retrograde flow
condition (BC 2). The antegrade flow was modelled by using the patient-specific flow profile at the PA, and an outflow
of 2:8 ratio of flow at the DA and the PV respectively (BC 3).
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4.3 Haemodynamic parameters

The results of the CFD simulation of Patient A for BC 1 showed that the majority of the blood
was directed from the PA, with maximum velocity observed at the narrowing of the PV (Figure
29 (a)) at peak systole. Since BC 2 modelled the retrograde flow, flow distribution was similar
to the case of BC 1 but blood flowed at a lower speed with the majority of the flow from the
PA. Similarly, a maximum velocity of about 1.6 m/s was observed at the narrowing at the PV
Figure 29 ((b)). The low velocity region at the floor of the anastomosis for the case of BC 3,
towards the DA and the PV (Figure 29 (¢)) resulted in recirculating flow, as flow was diverted
at the anastomosis from the PA. TAWSS and transWSS were the highest for the three
conditions at the narrowed segment (10 — 20mm from the anastomosis) in the PV (Figure 30).

OSI remained low (less than 0.2) at both PA and PV.

L

Velocity (m/s): 02040608 1 12141618 2

Figure 29: Streamline velocity of blood flow for the three different cases of patient A (a) BC 1(b) BC 2 and (c) BC 3 at
peak systole of the fourth cardiac cycle. All cases share the same legend
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Figure 30: TAWSS and transWSS at the PV of Patient A

The results of the CFD simulation of Patient B for BC 1 showed that velocity drops after
entering the PV, as a result of the increase in blood vessel diameter (Figure 31 (a)). In the case
of BC 2, we noted that the maximum velocity is 8.7 m/s at the DA. This was due to the smaller
diameter in the DA relative to the PA and PV. The high velocity of blood flow that entered
from the DA resulted in a maximum flow towards the wall of the AVF at close proximity to
the anastomosis (Figure 31 (b)). Although BC 1 and BC 3 are modelled as the antegrade flow
type, a higher maximum blood flow velocity of 2.4 m/s observed in BC 3 was found at the DA,
as opposed to the maximum blood flow observed at the PA for BC 1 (Figure 31 (c)). Further,
this patient had a relatively negligible amount of blood directed to the DA (Figure 27), however
the flow split assumption of an antegrade flow type assumes 20% of the total flow will enter
the DA. A similar trend of flow diversion was observed in BC 1 of Patient B and Patient A at

the anastomosis, towards the DA.

Maximum TAWSS and transWSS was located at the PA, near to the anastomosis of BC 2
(Figure 32). These values were also found to be located at the high velocity region for BC 2
(Figure 31). OSI was also noted to be higher (0.3-0.5) downstream of the PV segment where

multidirectional flows were present, but remained low at the PA. High transWSS were
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4. The effect of boundary conditions on the accuracy of CFD predictions
observed close to the anastomosis for all three boundary conditions of all three patients (Figure
30 and Figure 32) suggesting a common multi-directional flow around the anastomosis region

of the AVF.

Velocity (m/s): 0.2 0425 065 0875 11 1325 155 1776 2
Velocity (m/s): 0 1.125 225 3.375 4.5 5625 6.75 7875 O

Velocity (m/s): 0 0.375 0.76 1125 1.5 1.875 2.25 2625 3

(©)

Figure 31: Streamline velocity of blood flow for the three different cases of patient B (a) BC 1(b) BC 2 and (c) BC 3 at peak
systole of the fourth cardiac cycle. Separate legends were used for each cases due to the wide range of velocity.
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Figure 32: (top) Circumferential average calculated at the surface of the wall with a Imm increment along the centreline of Patient B’s AVF

(left) TAWSS and (middle) transWSS (right) OSI of the PV and PA.
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4.4 CFD-derived resistance

BC 2 and BC 3 underestimate the flow rate in the AVF (of Patient C), as observed in Table 8§,
with a difference of 48% (BC 2 and BC 3) at the PA and 26% (BC 2) and 58% (BC 3) in the
PV relative to BC 1. A higher drop in pressure was also observed at the PA and PV of BC 1 at
high flow regime. Flow instabilities across the anastomosis resulted in a significant pressure
drop across the anastomosis, with greater pressure drop at the PA and PV, as compared to the

DA [107], [137].

Table 8: Pressure difference and flow rate data of Patient C for the three different boundary conditions at PA and PV

PA PV
Pressure difference Flow rate Pressure difference Flow rate
(mmHg) (ml/min) (mmHg) (ml/min)
BC1 5.19 1067.80 9.36 1053.50
BC2 2.12 559.10 4.12 777.60
BC3 2.05 559.20 2.65 439.80

Average resistance, calculated as a ratio of pressure difference and flow rate of the fourth
simulation (cardiac) cycle (Section 3.6) was examined for the three patients’ cases, along with
the different boundary conditions modelled. Patient A and Patient C were patients with
retrograde flow, while Patient B had antegrade flow; hence, the discrepancies were expected
to be smaller between BC 2 and BC 1 for Patients A and C, and BC 3 and BC 1 for Patient B.
The resistance values showed no discernible pattern for all three patients, with no particular
pattern observed at the PA, shown in Table 9. In the PV, resistance was lower for Patient A
and C (for both conditions, BC 2 and BC 3) relative to BC 1 due to a lower pressure difference
to drive lower blood flow. Furthermore, it is less erroneous to assume the split boundary

condition to model a patient with antegrade flow as compared to retrograde flow. When a split
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4. The effect of boundary conditions on the accuracy of CFD predictions
retrograde flow boundary condition was applied to a patient such as Patient B, blood flow that
was expected to flow away from the usable PV segment (for cannulation) was forced to flow
towards the PV, causing a large difference in the expected blood flow rate of the PV. This is
evident where large discrepancies were observed for BC 2 and BC 1 in the resistance value for
both segment in Patient B, seen in Table 9 and Table 10. The changes of flow rate due to the
varying diameter and boundary conditions were the contributing factor of the variation in

resistance.

Table 9: Resistance values at the PA segment and the discrepancies from the patient specific condition (BC 1)

Resistance (mmHg/l/min)

Patient A Differences Patient B Differences Patient C Differences

from BC 1 from BC 1 from BC 1
(%) (%) (%)
BC1 2.5 - 0.5 - 49 -
BC2 1.9 24 49 881 3.8 22
BC3 2.5 2 0.4 30 3.7 24

Table 10: Resistance values at the PV segment from and the patient specific condition (BC 1)

Resistance (mmHg/l/min)

Patient A Differences Patient B Differences Patient C Differences

from BC 1 from BC 1 from BC 1
(%) (%) (%)
BC1 18.6 - 0.8 - 8.9 -
BC2 15.8 15 1.9 133 53 40
BC3 15.4 17 0.5 42 6.0 32
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4. The effect of boundary conditions on the accuracy of CFD predictions
4.5 Geometrical influence on blood flow behaviour

The geometry of the AVF plays a significant role in influencing the blood flow distribution
along the AVF, observed in Patient A (Figure 29) and Patient B (Figure 31). This is especially
important at the anastomosis where flow where flow is diverted via the DA. Although Patients
A and B have anastomoses with less acute angles than Patient C, the latter had a more abrupt
change in diameter between vessels, resulting in different flow behaviour. For this reason,
another patient-specific model, Patient C, which has an AVF with a more acute angle than
Patients A and B, but more gradual change in diameter was analysed. Patient C’s AVF had a
retrograde flow type, but the CFD results showed a different trend compared to Patient A as
higher velocity was observed along the PA and PV for BC 1 and BC 2, as opposed to BC 3
where low flow was noted at the DA at peak systole (Figure 33). Recirculating flow was

observed at similar locations (at the floor of the anastomosis) in Patients A and C.

Velocity (m/s): 0 025 05 075 1 125 15 175 2

Figure 33: Streamlines of blood flow for another patient-specific model, Patient C (a) BC 1 (b) BC 2 and (c) BC 3 at peak
systole of the fourth cardiac cycle. All cases share the same legend.
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The ratio of the diameter of DA to PV for Patients A, B and C was 0.89, 0.19 and 0.49
respectively. The change in vessel diameter of the DA to PV was smaller in Patients A and C,
explaining the similar trends observed in streamline velocity for the three cases. Changes in
area of the blood vessel affects the velocity and flow distribution in the AVF which was
particularly evident in Patient B. The decrease in diameter of the DA resulted in an increase in

velocity, given the same inlet flow conditions.

The anastomotic angle for Patient A, B and C are illustrated in Figure 34. A larger anastomotic
angle was observed in Patient A as compared to Patient C, explaining the diminished flow
disturbance observed in Patient A. The level of recirculating flow was seen to be less for a
more gradual change of geometry, especially at the anastomotic region as seen in Patient A,
similar to reported trend by Carroll et al. [140]. Flow direction was not only affected by the
contraction of the heart during systole or diastole [202] but also the geometry of the AVF as
the direction of blood flow in the DA was shown to change from antegrade to retrograde when
the anastomosis angle exceeds 58° [106]. Flow disturbance in an idealised end-to-side AVF

has also shown to reduce when the angle of the anastomotic configuration is modified [37].

88



4. The effect of boundary conditions on the accuracy of CFD predictions

Figure 34: (top to bottom) Anastomotic angle for Patient A, B and C, where 0, = 107° 0 =~ 132°and 0, = 48° and
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4.6 Comparison with the Hagen-Poiseuille mathematical model

The classic Hagen-Poiseuille law has been used to predict blood flow in arteries based on the
relationship between pressure, flow rate and resistance [80], [81] in incompressible flow. It is
worth noting that blood was modelled as a non-Newtonian fluid in this thesis. The non-
Newtonian properties were found to have an effect on WSS estimation [82], [83]. That being
said, the Hagen-Poiseuille WSS estimation has previously been used in blood flow prediction
and WSS estimation [81], [84], [89]. Therefore, it is of our interest to evaluate the validity of
the Hagen-Poiseuille model in resistance calculation for patient-specific AVF, where the
mathematical model involves less computationally intensive processes to estimate resistance

as compared to CFD calculation.
The Hagen-Poiseuille equation [80] (Eq. 22) is given as:

AP 8ulL Eq. 22
- Q  nrt

where AP is the change in pressure, Q is the mean flow rate, L is the length of the vessel, r is

the radius of the vessel and u is the dynamic viscosity of blood.

Given that the diameter of the AVF changes along the z-direction for respective patients, an
estimation of the average resistance corresponding to the radius and length of the AVF in the

z-direction can estimated by the following integral (Eq. 23):

8u L 1 Eq. 23
R=— = dz
r J, r(2)
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4. The effect of boundary conditions on the accuracy of CFD predictions
The comparison of resistance obtained from the Hagen-Poiseuille law and CFD calculation at
the PA and PV are shown in Figure 35 and Figure 36. A more prominent difference is observed

at the PV segment as compared to the PA.
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Figure 35: Comparison of CFD-derived resistance with the Hagen Poiseuille estimation at the PA segment
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Figure 36: Comparison of CFD-derived resistance with the Hagen Poiseuille estimation at the PV segment
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4. The effect of boundary conditions on the accuracy of CFD predictions
The Hagen-Poiseuille calculation assumes that flow is laminar and the cross-sectional area of
the tube (vessel) is perfectly cylindrical, in which for most patient-specific cases, an equivalent
radius was estimated instead. The former was especially significant given that unsteady flow
is often observed at the anastomotic region of the AVF [35], [163]. Moreover, blood viscosity
was assumed to be constant based on the Hagen-Poiseuille law, which is not the case for blood

viscosity that are affected by haematocrit and different composition of blood [203].

CFD modelling was also able to capture the effects caused by stenosis better than the Hagen-
Poiseuille model, seen in Patient A, where a higher change in pressure was observed as a result
of the stenosis at the heel of the PV segment (Figure 29), which was also the main contributor
to high resistance (Figure 36). Due to the fourth-power radius, 1/r* calculation in Eq. 23, a
small change in vessel radius results in a large difference in resistance calculation. The sudden
increase observed in inverse r* (Figure 37 (a)) is a result of the stenosis (narrowing) at the PV
segment of Patient A. On the contrary, the diameter of the PA segment of Patient A remained
constant as a result of the somewhat constant diameter of the vessel. Conversely, the diameter
of PV is larger than the PA in Patient B, with a small inverse r* value (Figure 37 (b)). The
effect of these flow behaviours, as shown by the CFD simulation appear to be more notable

over the assumptions made for the mathematical model.

Patient A i
0.25 7 Patient B
—PA —PA
—p\ —
0.06 BV
02f
0.05
< =
g 0.15 ‘E 004
E E™
1\ :
\\E, 041 go.os
0.02
0.05 1
0.01
0 s
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Distance from the anastomosis (mm) Distance from the anastomosis (mm)
(a) (b)

Figure 37: Change of 1/1* along the anastomosis (L = 0 to 75mm) of (a) Patient A and (b) Patient B
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4. The effect of boundary conditions on the accuracy of CFD predictions
4.7 Limitation

A previous study showed comparable flow rates in DUS and phase-contrast magnetic
resonance imaging (MRI) [151], however with the lack of portability of MRI, DUS appears to
be the better choice for regular non-invasive surveillance. Nonetheless, the results from this
study had some limitations such as the lack of compliance of the vessel walls. Although an FSI
study is able to model the wall compliance, it requires more computational power and time,
and is less feasible for regular surveillance of the AVF. Rigid wall effects were also reported

to have limited impact on blood flow dynamics [184], [204].
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4. The effect of boundary conditions on the accuracy of CFD predictions
4.8 Clinical relevance

Based on presented patient case studies, an inappropriate boundary condition can lead to a
significantly different simulation outcome. The boundary conditions were reported to affect
the temporal development of flow and spatial variations in WSS in a numerical study
performed with different sets of inlet and outflow boundary conditions for blood vessels [199],
[205]. Here, we identified varying patient AVF blood flow distributions during our clinical
assessment with regular monitoring of dialysis patients with AVF [164]. No specific ratio of
blood distribution was found to be suitable for all kinds of patients. An assumed flow split
distribution was a poor representation of blood flow in an AVF, outlined in the case of Patient
B. Here, we found the assumption made for antegrade flow to be unreasonable, given that
assumed flow rates differed significantly to measured flow rate. The haemodynamic effects are
prominent, especially at the anastomosis and dependent on the geometry of the AVF. It is
therefore critical that haemodynamic boundary conditions are properly modelled in order to
accurately predict AVF outcomes. Patient-specific conditions need to be as close as possible
to the patient's measured physiological condition to gain a high fidelity representation of the

AVF flow [35], [136], [153], [191], [201].

Different blood flow distributions lead to varying locality where the AVF is susceptible to the
development of intimal hyperplasia [39]. The locality of the low velocity regions where flow
stagnation occurred in Patients A, B and C varied for the three sets of boundary conditions (BC
1, BC 2, and BC 3), suggesting that an inaccurate site of IH development within an AVF will
be predicted if the boundary condition is not modelled correctly. Swirling and recirculating
flows were observed at the anastomosis for the three datasets of Patient C, and these were seen
to settle farther. Conversely, recirculating flow was observed along the PV of Patient B. A
likely disease initiation site is the inner curvature of the vein segment adjacent to the

anastomosis, based on the results of BC 1 in Patient B. However, if the retrograde flow split
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4. The effect of boundary conditions on the accuracy of CFD predictions
assumption was made in the model (BC 2), the clinical approach to salvage the AVF might be
to ligate the DA due to high blood flow drawing from the palm, as the patient would be at risk
of steal syndrome [206]. Clinical studies that simplified flow and WSS assumptions based on

the equation may also lead to a mismatch in clinical diagnostic [84], [207].
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4. The effect of boundary conditions on the accuracy of CFD predictions
4.9 Conclusion

AVF computational results are showed to be heavily dependent on geometric factors, and
inaccurate assumptions can lead to incorrect clinical recommendations. Geometry and
boundary conditions both have an impact in the simulation of biomechanical forces such as
velocity, wall shear stress and hydraulic resistance in an AVF, which subsequently highlights
the importance of appropriate patient-specific CFD modelling. The velocity distribution
demonstrated disturbed and recirculating flows, observed at different locations for the three
patient datasets, with different sets of boundary conditions, highlighting the discrepancies of
using assumed rather than measured boundary conditions. Inappropriate specification of inlet
boundary conditions leads to an incorrect prediction of blood flow patterns and velocity
prediction. Whilst assumptions made on blood flow distribution simplify the computational
modelling processes and reduce the computational time, they compromise the accuracy of

results.

Although the Hagen-Poiseuille law is a good representation between vessel diameter and
resistance for long straight channels of uniform section, the blood flow and vessel in the AVF
or any diseased vessels do not conform to assumptions for Hagen-Poiseuille flow. The

mathematical model underestimated the resistance of a stenosed AVF (Patient A).

In summary, CFD modelling is still a notable non-invasive tool in capturing three-dimensional
blood flow behaviour and is useful for predicting the likelihood of diseased vessels. It is
recommended that to properly predict and examine diseased vessel occurrence, appropriate
patient-specific computational modelling should be conducted with realistic physiologically

appropriate cardiac waveforms at the boundaries of the vasculature.
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Chapter 5

The use of CFD-derived resistance
to identify problematic AVFEFs

Inconsistencies have been found between the correlation of wall shear stress (WSS) and
diseased AVFs. This chapter aims to address the relationship between resistance, derived from
CFD solutions and the patency rate of an AVF. Seventeen cases of patients with juxta-
anastomotic stenoses were examined, each with different examinations (scans) at different time
points — six patients were examined before and after treatment, while eleven patients were
examined after treatment. The calculation of resistance enabled the detection of problematic
AVFs and regions of stenosis. Part of the findings in this chapter have been submitted to
Computer Methods and Programs in Biomedicine Update and presented in the 22"
Australasian Fluid Mechanics Conference [192]. The development of an augmented reality

(AR) model for training was completed in collaboration with an Honours student, Vivian Lun.

O. Ng, S D. Thomas, S D. Gunasekera, R L. Varcoe, and T J. Barber, “The use of patient-specific modelling

t=4} =
for CFD-derived resistance as a measure of arteriovenous fistula patency”, Computer Methods and Program
in Biomedicine Update, 2021



5. CFD-derived resistance in problematic AVFs identification

5.1 Background

AVF failure may be attributed to IH formation [51] where intimal vascular smooth muscle cell
proliferation induces vascular negative remodelling leading to the formation of flow limiting
stenoses [22], [51]. Whilst there are many factors influencing the development of these
stenoses, pathological flow-related phenomenon may also incite the formation of intimal
hyperplasia, and hence a stenosis. The formation of stenoses compromises the utility and
longevity of the AVF. These stenoses form before any clinical sequalae and are thus difficult
to detect using regular clinical tools. Our research group have previously demonstrated the use
of a three-dimensional freehand ultrasound system [153] to monitor AVFs by modelling
haemodynamic changes in a patient-specific AVF computational fluid dynamics (CFD) [191].
In particular, the shape of the anastomosis was found to impact flow profiles [37]. While others
sought to make use of various metrics based on the calculation of wall shear stress (WSS) to
quantify flow behaviours with AVF patency rates none of these have been able to reliably
predict AVF failure [39], [120], [137], [153] especially for low and oscillatory flow [35], [103].
We therefore considered a new type of metric for identification of disease initiation, by
analysing the pressure drop within an AVF, which is commonly associated with overall

resistance and flow instabilities, as discussed in Section 2.6 [34], [88], [107].

The use of a new, CFD-calculated metric, resistance, derived from the pressure difference and
flow rate within an AVF, presents potential to characterise AVF conditions and identify access
dysfunction. It is crucial to model this with a patient-specific information to capture the effects
of the pressure drop due to the geometrical configuration accurately, as discussed in Chapter
4. Such a metric can be measured non-invasively using imaging obtained with a freehand
ultrasound tracking system previously described [153], coupled with CFD modelling [191],

[192], [208]. This allows the identification of stenoses requiring treatment and allow the
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5. CFD-derived resistance in problematic AVFs identification
successful continuation of the treatment. These CFD-derived parameters thus present a novel

method of detecting conditions conducive to IH in patient geometries.

The aim of the study is to determine if CFD-derived resistance could be an early indicator of a
problematic AVF. We further expand on the use of a previously described technique on
tracking geometric and hemodynamic alterations [191] that enabled creation of CFD models

for individual AVF based on real geometries, thus allowing for calculation of resistance.
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5. CFD-derived resistance in problematic AVFs identification
5.2 Patient selection

A retrospective study was conducted on seventeen patients (mean age 70.2, range 60-80, 14
males, 3 female) who were treated with an interwoven nitinol stent (Abbott Vascular, Santa
Clara, CA, USA) in their radiocephalic AVF at the Prince of Wales Hospital, Sydney,
Australia. The interwoven nitinol stent resists kink formation when external forces are applied.
This approach used to treat juxta-anastomotic stenosis shows more promising 1-year primary
and assisted primary patency [209] as compared to other common treatments such as balloon

angioplasty [210], [211].

This study was approved by the South Eastern Sydney Local Health District Human Research
Ethics Committee (2018/ETH00577). The seventeen patients were selected from a larger group
of patient (N = 42) who have been treated with the interwoven nitinol stent, documented in
[209], in accordance to their consent to participate in our study. Consent was obtained for all
patients, prior to study participation, in accordance with the ethical standards. These patients
have radiocephalic AVF and have undergone dialysis. Patients with an arteriovenous graft, a
brachial-cephalic AVF, or an AVF not used for dialysis were excluded from this study. Patients
were assessed at a multidisciplinary renal vascular access clinic [164]. Table 11 outlines the

baseline clinical characteristic of the seventeen study patients.
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5. CFD-derived resistance in problematic AVFs identification

Table 11: Baseline clinical characteristic. Continuous data are presented as mean with standard deviation (1) (range).

Categorical data are presented as the number (percentage).

Variables All patients (N = 17)
Age,y 70.2 + 7.2 (60 - 80)
Gender (male) 14 (82)
Diabetes 13 (76)
Smoking 3(18)
Hypertension 16 (94)
High cholesterol 11 (65)
Ischaemic heart disease 6 (35)
Cerebral vascular accident 0(0)
Peripheral vascular disease 1(6)
Cause of renal failure

Unknown 1(6)
Diabetes 12 (71)
Glomerulonephritis 1(6)
Hypertension 2 (12)
Lithium induced 1(6)
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5. CFD-derived resistance in problematic AVFs identification
5.3 Statistical analysis

Statistical analyses were conducted in R (Version 1.2, RStudio, Inc., Boston, MA). Continuous
data are presented as mean with standard deviation (1) or median (range). Categorical data are
presented as number or percentage. Threshold for statistical significance was P < 0.05, with
the estimates presented with a 95% confidence level estimate. Correlation between resistance
and diameter at PV and PA were evaluated using Pearson product-moment correlation [212].
The correlation coefficient can be interpreted as shown in Table 12: Interpretation of

correlation coefficient [212].

Table 12: Interpretation of correlation coefficient [212]

Range of correlation coefficient Interpretation
0.0-0.1 Negligible correlation
0.1-0.39 Weak correlation
0.40 - 0.69 Moderate correlation
0.70 -0.89 Strong correlation
0.90 - 1.00 Very strong correlation
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5. CFD-derived resistance in problematic AVFs identification
5.4 CFD-derived resistance

Six patients had 3D-ultrasound image acquisition before and at various points after stent
implantation (pre- and post-intervention) based on an informal schedule. Data for eleven
patients was acquired after stent implantation, again at various time points, representing the
group of patients with AVF geometries that had no issues with regards to juxta-anastomotic

stenosis after being treated.

The same patient-specific CFD modelling pipeline outlined in Chapter 3 was used for each
patient case. Patient geometry was acquire via the ultrasound scanning system [153] before
simulating flow phenomena of each AVF with CFD modelling using patient-specific boundary

conditions (Section 3.4.1).

Given the variability of patients” AVFs, resistance was calculated individually for respective
scans (Chapter 3, Section 3.6). Centrelines from each geometry were generated and voxel edges
sampled at a 1 mm distance by adopting the skeletonization algorithm, to reduce the 3-D binary
volume to a single line, followed by a smooth curve fitting algorithm in Simpleware SCANIP
(Synopsis Inc., CA, USA). The pressure values of each face on the wall were averaged to the
closest nodes of the centrelines, allowing a circumferential averaged pressure to be obtained in

1mm increments from the anastomosis.

Pressure differences were calculated:

e First, from the anastomosis to 50 mm of the PV segment and 35 mm of the main
inflow PA segment; this is the common region for juxta-anastomotic stent deployment
of the AVF. Resistance, R at the PV and PA in each segment with Eq. 20 to determine
the geometrical resistance of the vessel.

e Second, calculating the change in R with Eq. 21 at a I mm interval throughout the

entire segment enabled interrogation of the entire AVF.
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5.5 Resistance at different AVF segment

CFD-derived resistance was calculated at the PV and PA of the seventeen patients who have
undergone a surgical intervention to address stenosed vessel at the juxta-anastomotic region.
A number of examinations (referred as “scans’”) were conducted for the seventeen patients at
different time points. To quantify the resistance trend associated to the anastomosis stenosis
treatment, scans from six patients taken before and after the intervention, and another eleven

patients taken post-intervention, were analysed.

The range of resistance for the six patients who had scans pre- and post-intervention at PV and
PA are as shown in Figure 38. At the PV, resistance ranges from 4.4 - 68.8 mmHg/l/min before
intervention, and 0.4 — 3.4 mmHg/l/min after intervention. The average resistance values before
intervention were 24.3 mmHg/l/min and 2.0 mmHg/l/min. At the PA, resistance ranges from
0.17 — 10.8 mmHg/l/min before intervention, and 2.1 — 10.0 mmHg/l/min afterward. The

average resistance before intervention was 3.2 mmHg/l/min and 5.2 mmHg/l/min.
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Figure 38: Boxplot representation and comparison of resistance range for the six patients with a pre- and
post-intervention scan. Shadowed (grey) squared points represent mean values. Outliers are represented with
blue circles.
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5. CFD-derived resistance in problematic AVFs identification
5.5.1 Vein segment (PV)
Resistance at the PV of patients with a scan before and after the intervention are presented in
Table 13. Results of scans of the other eleven patients were conducted after intervention and

are shown in Table 15.

All R values of the six patients decrease post intervention, with an average decrease of 77%
(21 — 99%). The average diameter for each patient was calculated by sampling at 1 mm
intervals along the vessels. There is an average of 25% increase in the average PV diameter for
the six patients examined (Table 14). All resistance values at in the PV segment of the treated

patients remained low (mean resistance values of 2.3 mmHg/l/min), as shown in Table 15.

Table 13: Changes in resistance pre- and post-intervention at the PV

Patient Pre- intervention Post- intervention Decrease in

Resistance (mmHg/l/min) Resistance (mmHg/l/min) Resistance (%)

1 9.6 34 65
2 44 34 21
3 16.8 25 85
4 68.8 1.7 98
5 8.9 0.6 93
6 375 04 99
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Table 14: Changes in diameter pre- and post-intervention at the PV

Patient Pre- intervention PV Post- intervention PV Change in
diameter (mm) diameter (mm) diameter (%)

1 6.6 6.5 -2

2 6.3 6.5 +4
3 59 6.6 + 12
4 4.6 5.7 +24
5 6.5 11.7 + 81
6 50 6.7 +33

Table 15: Post intervention resistance values

Patient Post intervention Resistance
(mmHg/l/min)
7 25
8 0.6
9 7.9
10 1.1
11 20
12 1.9
13 0.8
14 5.8
15 0.8
16 0.8
17 3.1
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5.5.2 Artery segment (PA)

Contrary to the PV segment, only two out of the six patients presented a drop in resistance post-
intervention (Figure 39), with a 52% and 63% decrease in resistance values for Patient 4 and
Patient 6. This was also reflected in the overall increase in resistance at the PA after
intervention as shown in Figure 38. Although there is an increase in resistance at the PA for
other patients, it is worth noting that these AVFs remained patent. The low resistance at the
usable segment of the AVF, namely the PV, is shown to have more prominent association with
intervention. The reasons for an increase in resistance after the treatment at the juxta-
anastomotic region is the increase in brachial artery flow rate after intervention, causing larger
pressure difference to drive the flow [209]. The resistance value at the PA all remained below
14 mmHg/l/min. No correlation was observed between the changes in resistance at the PA

segment and patency rate.
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Figure 39: Changes of resistance at the PA pre- and post- intervention
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5.6 Patients’ clinical observation

In this section, naming of scans were designated “1” for the first patient, and “a” for the first
scan. Patient 1 had a mature AVF used for dialysis (19 months old) where a slight narrowing
was detected in the swing vein segment (Scan 1a), however no clinical identification of the
need for treatment, even though resistance at the PV segment was reported at 9.4 mmHg/l/min.
The patient then re-presented for Scan 1b 42 days later, showing an inward remodelling of the
AVF with a reduced flow rate, with resistance at the PV reported at 9.6 mmHg/l/min. As a
result, an endovascular intervention was performed with the placement of an interwoven nitinol
stent in the juxta-anastomosis of the AVF. Scan 1c¢ was then performed after the stent was
implanted demonstrating patency of the juxta-anastomotic stent and a change in the geometry
of the AVF, which saw resistance decrease in resistance to 3.4 mmHg/l/min. The fourth scan
(Scan 1d), with resistance of 2.4 mmHg/l/min, was taken a year after the intervention and the
AVF has remained patent since. Implantation of the juxta-anastomotic stent was associated

with a decline in the resistance value in PV.

Patient 2 had a mature AVF (7 months old) with low flow rate issues with dialysing when scan
2a was performed. The issue of low flow rate remained three months after the first scan when
Scan 2b was performed. An interwoven nitinol stent was implanted into the juxta-anastomotic
segment. Scan 2¢ was performed 24 days post procedure and demonstrated a slight fall in the
PV resistance. The patient remained with a patent and functional AVF, which was again
observed at Scan 2d, 760 days after the first scan. Implantation of the juxta-anastomotic stent
was associated with a decline in the PV resistance from 4.4 to 3.4 mmHg/l/min. Yet, an increase
in resistance at the PA was, however, observed after the intervention from 2.0 mmHg/l/min to
10.0 mmHg/l/min, suggesting potential issues at the artery segment. The patient's death

prevented the collection of further data.
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Patient 3 presented with an AVF that failed to mature at 63 days post creation where Scan 3a
was performed. A stent was thus implanted in the cannulation zone of the AVF, to facilitate
dialysis. The patient returned at day 133 post creation (Scan 3b) with low flows in the AVF
despite a patent stent. The resistance at the PV was 16.8 mmHg/l/min indicating the need for
treatment. A new stenosis was observed in the swing vein and intervention to the swing vein
was performed with implantation of an interwoven nitinol stent. The patient was then re-
scanned at 35 days post stent implantation, with the scan demonstrating a resistance value of
2.5 mmHg/l/min. The AVF has remained patent since this scan. The effect of the first procedure
showed an increase in R from 13.3 to 16.8 mmHg/I/min at the PV. The effect of the second

procedure was an 85% decrease in R with implantation of the anastomotic stent.

Patient 4 presented with a mature AVF 145 days post creation. A narrowing was demonstrated
on Scan 4a in the swing vein and intervention to the swing vein was undertaken with an
interwoven nitinol stent implanted at the anastomosis. Resistance value was calculated to be
68.8 mmHg/l/min. The patient presented 137 days after the procedure with resistance values

of 1.7mmHg/l/min.

Patient 5 presented with a mature AVF with arterial insufficiency. The first scan (Scan 5a) was
taken prior to the surgical intervention. Scan 5a demonstrated a stenosis in the swing vein after
which, intervention was performed to the swing vein and anastomosis comprising implantation
of an interwoven nitinol stent. Scan 5b was performed five months after the stent procedure
demonstrating patency of the AVF. Resistance at the PV decreased from 8.9 to 0.6

mmHg/l/min. The AVF has remained patent and has not required any further intervention.

Patient 6 presented with a mature AVF at which point Scan 6a was performed. The patient
subsequently presented at day 134 post formation with dilation and insufficient flow in the

AVEF. Scan 6b was performed which demonstrated a stenosis in the swing vein of the AVF. A
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juxta-anastomotic stent was implanted. Scan 6¢c was performed 43 days after the stent
implantation and demonstrated patency of the AVF. The AVF has been patent since. The
implantation of the interwoven stent was associated with a large decrease in resistance value

from 37.5 to 0.4 mmHg/l/min.

Patient 7 to 17 presented with mature AVF, with an interwoven nitinol stent deployed prior to
the scan. These cases had an average R value of 2.5 mmHg/l/min. Patient 9, of exception, had
a higher resistance value of 7.9 mmHg/l/min, noting a notably high value compared to the other
resistance values presented followed by a surgical intervention at the juxta-anastomotic swing
segment. The relatively higher resistance at the PV of Patient 9 was an indication that surgery
was required to maintain the AVF, with a stent being inserted again at the vein segment,
resulting in a decrease in resistance to 1.9mmHg/l/min with the scan taken 29 days after the

mentioned procedure.
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5.7 Identifying stenosis region at the PV segment

Resistance at the PV is shown to have stronger association with AVF patency as shown in
Section 5.4. The change in resistance per 1 mm interval at the PV was analysed along the entire
length of the vein segment. The result of each CFD simulation were packaged in a way that
allows rapid visualisation of geometry and stenosis region, by examining any increment of
resistance from consecutive nodes, from the anastomosis. The maximum change in resistance
per unit length coincides with the stenotic region of each the vessels as shown in the following

sub-sections (Section 5.7.1 and Section 5.7.2)

5.7.1 Case Study I: Patient 1

Calculating the change in resistance with Eq. 21 at a Imm intervals along the entire segment
enabled detailed interrogation of the entire AVF. Patient 1 had undergone a stent deployment
to treat a stenosis found at the anastomotic region. Based on Figure 40 (a), the peak change in
resistance was observed at 0 — 10 mm from the anastomosis, at the stenosis region indicated in
Figure 40 (b), Scan la. Inward remodelling persisted along the PV segment, with three peak
resistance values shown in Figure 40 (a), and the maximum in resistance observed at around
10 — 20mm from the anastomosis. A gradual change in resistance was observed for Scans 1c
and 1d, suggesting that there was no stenosis at the usable segment of the AVF. The AVF
remained patent 15 months after Scan 1d was taken. The angiography images taken before and

after the surgical procedure is as shown in Figure 40 (f) and Figure 40 (g).
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Figure 40: (a) Changes of R at Imm interval along the PV of the AVF. Red circles represents the maximum change in R,
coinciding with the stenosis region observed in each scan.(b) Scan la was taken 684 days post creation, (c) Scan 1b was
taken 726 days post creation, and approximately 42 days from Scan la, (d) Scan Ic, 1160 days post creation, and
approximately 434 days from the Scan 1b, e) Scan 1d, 42 months post creation, and approximately 112 days from Scan Ic.
There was also an intervention between Scan 1b and Ic. (f) Angiography image before stent deployment, comparable to
Scan 1b, (g) Angiography image after stent deployment, comparable to scan 1c. The three-dimensional geometry for these
two scans are shown in the bottom right of the angiography images.
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5.7.2 Case Study II: Patient 4

As reported in Table 13, there is a 98% decrease in resistance value from pre-intervention (Scan
4a) to post-intervention (Scan 4b) from 68.8 to 1.7 mmHg/l/min. This is associated with
treatment at the juxta-anastomotic narrowing observed at the swing segment of the juxta-
anastomotic vein. The sudden change in resistance also represents the increase in pressure,
drawing a correlation with stenosis formation. From Scan 4b, Figure 42 (c), however, a severe
narrowing was observed at the proximal cephalic vein, where the patient underwent subsequent
angioplasty. Angiography images that are comparable to the three-dimensional AVF model,

shown in Figure 41.

The resistance trend along the AVF was investigated to capture the whole picture of Patient
4’s AVF condition. The maximum value of resistance was observed between 10 — 20 mm from
the anastomosis, coinciding with the stenosis region seen in the geometry of Scan 4a. In Scan
4b, the peak location that coincides with stenosis region appeared to be beyond the juxta-
anastomotic regions (> 50 mm from the anastomosis) seen in Figure 42. Resistance peaked
between 50 — 60mm from the anastomosis where the narrowing was observed in the geometry
of Scan 4b. A gradual resistance trend was observed in Scan 4c, where resistance values
remained below SmmHg/l/min, and there was no sudden increase in resistance observed. The
AVF has remained patent since this intervention, with four additional scans taken on days 5,

68, 152 and 971 post procedure.
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Figure 41:(right) Angiography images of Scan 4a, Scan 4b and Scan 4c that are comparable to the (left) three-dimensional AVF
geometries.
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Figure 42: (a) Changes of R at Imm interval along the PV of the AVF. The red circle shows the maximum change in R, that
correlates with the stenosis region shown in respective geometries. Scan 4a was taken before the interwoven nitinol stent was
deployed. Scan 4b was taken 4.5 month after the mentioned intervention. Scan 4c was taken one week after Scan 4b was taken.
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5. CFD-derived resistance in problematic AVFs identification
5.8 Using resistance to predict the need for surgical intervention

Clinicians become aware of access dysfunction when they encountered issues during
cannulation and dialysis. Balloon angioplasty or stent deployment are performed on diseased
stenosed sections of the fistula circuit to enlarge the vessel lumen. However, repeat

interventions are commonly required for restenosis.

Patient 8 provides an example where more complicated problems arose after treatment. The
patient presented with a mature AVF which had previously required inflow intervention. Scan
8a was taken when the AVF had developed low flow. An interwoven nitinol stent was
subsequently deployed to treat the stenosis. Although the issue on juxta-anastomotic stenosis

was treated, the patient required further assistance as issues with dialysis persisted.

Changes to resistance were observed beyond the juxta-anastomotic stent segment, at
approximately 80 mm from both PA and PV. The value of resistance at PV remained low
(below 5 mmHg/l/min), but resistance at the PA was 59.5 mmHg/l/min (Figure 43). The high
resistance at the PA, beyond the juxta-anastomotic segment (at 80 mm form the anastomosis),
indicated the need of an intervention at the PA rather than the anastomotic PV segment. This
high resistance value was associated with the narrowed region in the PA, with balloon
angioplasty performed to the artery segment of the AVF after Scan 8a. Scan 8b was then carried
out and resistance value was recorded to be 15.6 mmHg/l/min. Although there was a notable
decrease in resistance after the intervention at the PA, the resistance value remained higher
than average. AVF continued to have problems at the inflow artery with a further balloon
angioplasty procedure conducted after. Given the high resistance observed at PA, treatment at
the PA would have been more effective than at the juxta-anastomotic vein. No further patency

information is available as Patient 8 underwent a kidney transplant.
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Figure 43: (a) R in the PA and PV of Patient 8. The geometry that associates to the pre- (Scan 8a) and post-
intervention (Scan 8b) scans are shown below respective bar charts. (b) Angiography image that is comparable to
Scan 8a and (c) Scan 8b
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5.9 Clinical relevance

Given that vascular access is a lifeline for patients with ESRD who require dialysis, multiple
methods such as physical examinations, surveillance, intra-access flow measurements and
medical imaging are used to diagnose dysfunctional access before it leads to occlusion
[213]. Among these, medical imaging such as ultrasound is most commonly used to examine
blood flow rates, vessel diameter [213] and the change in velocity (peak systolic velocity) [214]
to provide an indication of stenosis. The drawback, however, is the limitation of two-
dimensional ultrasound images and heavy dependency on the sonographer’s clinical expertise

for the interpretation of standard sonographic criteria.

Patients with dysfunctional AVFs were found to have higher resistance values, and an overall
decrease of resistance was observed after an intervention. Furthermore, there is a stronger

negative association (r = -0.9) between resistance and the average diameter of the PV before
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Figure 44: The relationship of resistance and average diameter of PV for the six patients pre- and post-intervention. Pt
represents “patient” ID. Overlap labels for post-intervention scans are Pt 1, Pt 2, Pt 3; Overlap labels for pre-
intervention scans is Pt 1.
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intervention as compared to after intervention (r = -0.5), as shown in Figure 44, suggesting

resistance as a better predictor of problematic AVF.

With the knowledge of the correlation observed between resistance at the PV and the AVF
condition, this study sets a foundation for future prospective investigation. The technique can
be incorporated with the regular AVF surveillance that is necessary for all ESRD patients.
Clinicians then should be alerted when a scan returns a higher-than-average resistance value
through the systematic approach of a multidisciplinary centre. The same patient is then to be
observed clearly in case of an intervention. This enable clinicians and nurses to monitor closely
patients who have a high resistance value instead of having to evaluate all the other
comorbidities or to be caught off-guard by an emergency intervention. Furthermore, this three-
dimensional ultrasound data acquisition and stenosis location identification technique provides
a clearer picture of problematic vessels of the PV and PA along the circuit. The novel approach
of determining patient-specific resistance through CFD modelling has the potential to reduce
the number of surgical procedures required, each of which have associated risks. The cost and
effort associated with this technique is also lower in comparison to other routine surveillance

measures. Further assessment of the suitability of this predictor is detailed in Chapter 6.
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5.9.1 Incorporating other technologies to complement the current model

Another emerging tool for medical education and training is augmented reality (AR), where
computer-generated objects is integrated into the real world virtually [215]. AR has also shown
potential in medical and patient education to help patients and clinician to make informed
decisions [216]. In terms of the context of AVF care, good cannulation techniques and practices
were shown to be crucial in maintaining AVF survival [217]. Despite challenges in AR
development, the greater accessibility, user-friendliness, and ability to access multiple modes

for cannulation training outweighs the challenges themselves.

There is a need to assist with training of dialysis nurses so that they gain appropriate
cannulation expertise. A smartphone application, called FistulaFlow, accessible at
https://www.vtdunsw.com/fistula-scans, was developed for this purpose [218]. The system
outlined in Chapter 3 enabled data acquisition and processing of patient-specific AVF
physiology with specific blood flow behaviour corresponding to a particular patient. This
information can be subsequently linked to an AR application for anatomical animation and
simulated results. These data were stored in an accessible website database providing greater
accessibility, thereby improving patient education and nurse training. Patient-specific AVF
flow patterns (generated from the CFD results) can be viewed easily by scanning a designated

QR code for each patient’s scans, as shown in a web database (Figure 45).
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The mobile application can be downloaded to any smart device with a camera that allows QR
code detection. This permits display of the patient anatomy and flow data in a real environment
at any time (Figure 46). Besides providing better spatial awareness with regards to the
cannulation zone of the AVF for nurses, the FistulaFlow mobile application platform also
enables visualisation of the anatomy to identify potential problems for surgical intervention

among vascular surgeons, and better self-care practices among the patients and their families.

Intervention surgeries :

Supera juxta stent
*sboine
| ».4 Vessel Body
»74 Wall Stress Data

o)

o E
<] [}
g )
o 2
o 3
= 2
5 2
o o
o I3
L &
2

Scan 106

Figure 46: The user interface of the FistulaFlow mobile application platform in augmented reality: (top right) one can
select or deselect any data of interest available; (bottom left) the patient ID, geometry and blood flow pattern specific to the
AVF; (bottom right) Legend of blood flow velocity and wall shear stress [218].
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5.10 Limitation

We recognise the limitations of the data size to this study — It was conducted at a single centre,
with a retrospective design and has limited sample size. The patient population was a group
undergoing juxta-anastomotic stenting, a procedure that showed promising outcome for its one-
year primary patency rate [209], [219]. The reason for this choice was the ability to directly
compare between problematic and healthy AVFs with this specific treatment. This also allowed
verification of the CFD-derived resistance in its ability to detect problematic AVFs. The next
chapter will discuss trends observed in patients with any intervention, and not limited to this
treatment. Additional studies with multiple centres and prospective designs would give further
weight to our findings that resistance measures are a useful tool to detect dialysis access circuit

stenosis.
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5.11 Conclusion

Results showed a 76% (21 — 99%) decrease in resistance at the PV, recorded after the juxta-
anastomotic stenosis treatment. All resistance values in the PV segment of the treated patients
remained low, post intervention. No correlation was reported between patency rate and

resistance at the artery segment.

We observed a more prominent change in resistance values at the PV segment, compared to
the PA segment, after surgical treatment, suggesting the association of resistance at the PV
with the need for intervention. However, if the resistance is abnormally high regardless of the
segment, the AVF should be examined, as there is a high likelihood that an intervention
required. Furthermore, the overall resistance values along the entire AVF circuit provide a
complete picture of the trend and status of patency. With the additional information, clinicians
can be notified when a scan returns a higher-than-average resistance value, minimising the

number of emergency intervention and thus improving the overall healthcare ecosystem.

CFD-derived resistance can be a promising metric to identify problematic AVFs and stenosis
location. The development of this research has the objective to provide better care,
identification of stenosis and disease diagnosis, especially for patients in remote areas who face
immense challenges in accessing the right treatment [220]. The prospects of this technique are
promising, by making use of the current data and in further refinement of the system to be more

accessible and adaptable.
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Chapter 6

Assessment of the suitability of
CFD-derived resistance as a
clinical indicator for AVF failure

The relationship between resistance and the likelihood of an intervention is further analysed in
this chapter, using additional patient data that are not limited to the juxta-anastomotic stenosis
treatment. A multilevel binary logistic regression was modelled with the eligible dataset to
determine the odds of an intervention for a given resistance. The threshold for statistical
significance was P < 0.05, with a 95% confidence level. This chapter serves as an exploratory
analysis into the trends of resistance, and the chances of a required intervention and the clinical
practicality of using resistance as a predictor beyond a specific patient group. Findings in this

chapter were presented at the 26" Congress of Biomechanics at Milan, Italy in July 2021 [221].

0. Ng, S. Gunasekera, S. Thomas, R. Varcoe, and T. Barber, “CFD-Derived Resistance as a clinical 125
indicator for problematic AVF,” in 26th Congress of Biomechanics, 2021, vol. 65, no. 8, p. 2021



6. Assessment of resistance as a clinical indicator for AVF failure
6.1 Background

Stenosis, a narrowing of the vessel lumen as a result of intimal hyperplasia, is a common
phenomenon seen in patients with an AVF, which reduces the ability of the patient to undergo
haemodialysis [19], [22]. Physical examination such as inspection, palpation and auscultation
[222], [223] are coupled with clinical imaging techniques such as angiography and ultrasound
examinations to identify problematic AVFs. More recently, visualisation of the AVF, enabled
by CFD modelling, found that disturbed, multidirectional and transitional turbulent-linked
blood flow [35], [90], [102] were present in the AVF, especially at the anastomotic region,
downstream of the PV segment. Different haemodynamic wall shear stress (WSS) parameters
were used and correlated with AVF problems, but no significant association was identified
between these parameters and stenosis prediction [39]. Therefore, there remains a need for
identification of factors that may be used to predict the development of a stenosis and likelihood

of an intervention.

In Chapter 5, the correlation of resistance at the PV segment with AVF patency rate was
established by outlining patient cases in successful treatments, where stenosis was addressed
at the juxta-anastomotic region. In the current chapter, all patient cases, including patients with
a healthy AVF (no record of intervention, or healthy after an intervention), or requiring any
sort of intervention to treat inflow or outflow stenosis (not limited to the juxta-anastomotic
region) were investigated by a series of statistical models to evaluate the association between

resistance and intervention.
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6.2 Methods

6.2.1 Data Selection

A retrospective study of 46 patients (mean age 66.1, range 34 - 95, 33 males, 13 females), with
a total of 83 examinations were used for this analysis. The selection criteria for this study are

as follows:

1. Patients with radiocephalic AVF who underwent dialysis at the Prince of Wales
Hospital Sydney Australia.

2. Patients with an arteriovenous graft, a brachial-cephalic AVF, or an AVF not used for
dialysis were excluded from this study.

3. All patients were over 18 years of age.

4. All patient data was systematically reviewed to identify if an intervention was
performed within the three months from when an examination was conducted.

5. Intervention was performed at the vein segment (PV) of the AVF.

The clinical characteristics for these patients are as shown in Table 16.

6.2.2 Patients’ AVF geometry acquisition and data processing

Similar pipeline processes to those detailed in Chapter 3 were used to obtain the AVF geometry
and CFD model for each patient. Average pressure changes from the anastomosis to 7.5 cm of
the PV segment were calculated for the final (fourth) cycle once the simulation of four cardiac

cycle was completed for all cases.
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Table 16: Baseline clinical characteristic for all patients examined

Variables All patients (N = 46)
Age,y 66.1 +£ 11.8 (34.0 - 95.0)
Gender (male) 33 (72%)
Diabetes 27 (59%)
Smoking 15 (33%)
Hypertension 42 (91%)

High cholesterol 30 (65%)
Ischaemic heart disease 18 (39%)
Cerebral vascular accident 6 (13%)
Peripheral vascular disease 6 (13%)

Cause of renal failure

Unknown 1 (2%)
Diabetes 24 (52%)
Glomerulonephritis 9 (20%)
Polycystic kidney disease 6 (13%)
Hypertension 5(11%)
Lithium induced 1 (2%)
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6.2.3 Definitions

The terms used throughout this chapter are defined as follows:

e A “scan” refers to an examination on the patient when patient geometry was acquired
and modelled.

e “An intervention” is when a patient requires any surgical procedures such as balloon
angioplasty, stent implantation or both, performed within three months from when the
scan was taken.

o “Without intervention”, or “No intervention” is referred to a patient that did not require
an intervention within the three months from when a scan was performed.

e “Resistance” used in this chapter refers to the calculated ratio of pressure to flow rate
(Chapter 3, Section 3.6) and does not represent the peripheral or systemic vascular

resistance in the circulatory system.
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6.3 Statistical Analysis

Subjects are divided into two groups, those with intervention and those without intervention.

A multilevel binary logistic regression model (mixed-effect model) was fitted to estimate the
odds or probability of an outcome (also referred as “intervention”). Then, the receiver operating

characteristic (ROC) curve was used to estimate the diagnostic ability of the model.

6.3.1 The multilevel logistic regression model

A logistic regression model can be used to estimate the probability of an outcome of a binary
response (“1” or ““0”), that is whether or not a given patient will need to undergo an intervention
within the next three months. Hence, the likelihood of having an intervention of a binary

outcome is represented with a logistic function [224], [225].

For a logistic distribution, E (Y|x) denotes the conditional probability of Y, given x, and the

logistic regression model used is given as follows [224], [225],

exp(Bo + B1x) Eq. 24
1+ exp(By + f1%)

E(Y|x) =
The logit transformation of Eq. 24 is given as:

E(Y |x) Eq. 25

lOgit = g(X) =In lT(YlX)] = ,30 + ,le
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Given that there were repeated observations of the same patients in this dataset, the assumption
of independence and the outcome to be continuous of a linear model were not adhered to here
[226]. For this reason, a multilevel regression model (mixed model) was adopted to provide
flexibility to assess repeated, clustered or correlated data, such as clinical data used in this
thesis [224], [227]-[231]. The association of an intervention of a particular AVF for a given

resistance value was calculated based on all patient data collected.

The multilevel logistic regression (mixed-effect binomial logistic regression) model considers
a fixed effect, that is resistance, and the random effect, that is the patient that is associated to a

particular patient (cluster), illustrated in Figure 47.

Level 2 Patient 1 Patient 2

Resistance value, Resistance value, Resistance value, Resistance value,
Level 1 Rll R21 RIZ R22

Figure 47: Illustration of the relationship between Level 1 predictor (fixed effect), that is resistance and the cluster (random effect),
that is the different patient. A patient can have multiple resistance values based on the scan taken. Graphical illustration reproduced
from [231].

The multilevel regression model used in this thesis is given as [224], [225]:

E (Yy|Ry) = exp(Bo; + BiRij) Eq. 26
ij[Rij 1+ exp(Bo; + B1Ri))
where
Boj = Yoo + Hoj Eq. 27
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By combining Eq. 25 — Eq. 27, the logit transformation of this multilevel regression model
is given as,

logitij = yoo + toj + P1Ry; Eq. 28
where
subscript i refers to observation of individual resistance values (level 1)
subscript j refers to the cluster, that is the individual patients (level 2)
Y;j =1 denotes the conditional probability that the patients will need to undergo an
intervention i.e the outcome of the i** observation for the jt* individual (cluster)
R;; denotes the observed value of the predictor variable, resistance
Yoo denotes the overall intercept
Ug;i~ N (O, 0021-) denotes the random effect, where Uozj denotes the variance of the random
effect, that is the deviation of the j* group (cluster) from the fixed intercept in a normal

distribution

The glmer function was used under the 1me4package in R [232]. Logit link function was
used to evaluate the binary outcome of this model in a linearised scale, of a probability of an
outcome to be between 0 and 1. The glmer function fits a generalised linear mixed-effects
model with a response of the outcome, that is the intervention information. More details on this

model can be found in Appendix 6A.

132



6. Assessment of resistance as a clinical indicator for AVF failure
6.3.2 Receiver operating characteristic (ROC) analysis

The receiver operating characteristic (ROC) graph provides information about the performance
and diagnostic ability of a model [233], [234] and is widely used in clinical data for trials and
risk models to assess the ability to discriminate between the likelihood of a named outcome
such as death or survival [235]-[238]. It illustrates the specificity and sensitivity of a diagnostic
test across a spectrum of possible cut-off points [236]. In other words, it is a summary of the

overall diagnostic accuracy.

The ROC analysis was conducted with the pROC package in R [233]. It is used to assess the
trade-off between false positive, that is predicting that an individual will have an intervention,
but they do not; and false negative, that is prediction that an individual will not have an
intervention but they do The y-axis of a ROC curve represents the sensitivity (true positive
rate), that is predicting whether an individual will have an intervention, while true negative
rates (specificity) or false positive rates (1 — specificity), are represented and shown on the x-
axis of the ROC curve. The 2 x 2 confusion matrix of a generic classifier table and its

definitions can be found in Appendix 6B.

The area under curve (AUC) is a measure of discrimination of a particular classification [234].
The AUC and ROC analyses are insensitive to an unbalanced dataset for two groups (or
classes), like most clinical data. This enables ranking of a randomly given observation based
on the ordering of the predicted probability, and the ability of the classifier to separate the two
classes, in this case whether an intervention will be required. The AUC values range from 0.5
to 1, where a value of 1 indicates a perfectly accurate outcome, and 0.5, represented by the
diagonal line of the ROC graph, indicates random discrimination. The general rules to assess

the ROC graph based on the AUC values are shown in Table 17 [239].
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Table 17: General guideline in assessing the diagnostic ability of a test based on the AUC values in a ROC graph

ROC =0.5 No discrimination (diagonal line observe in the ROC graph)
0.5<R0OC<0.7 Poor discrimination
0.7<R0OC<0.8 Acceptable discrimination
0.8<ROC<0.9 Excellent discrimination

ROC = 0.9 Outstanding discrimination
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6.4 Resistance range

The boxplot, as shown in Figure 48 outlines the overall statistical distribution of data from all
patient scans, at both segments of the AVF (PV and PA). A systematic review of intervention
information was obtained for each patient based on the selection criteria outlined in Section
6.2.1. A patient who had an intervention was classified and labelled as “1”, and “0” represents
patients who did not require an intervention. Descriptive statistics of resistance values based

on the two groups are outlined in Table 18.

Resistance distribution at different location of the AVF
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Figure 48: The range of resistance with patients of with intervention (labelled as "1") and without an intervention

(labelled as "0") at PA and PV of the AVF. Shadowed (grey) squared points represent mean values. Outliers are labelled
as blue circles outside of the range of the boxplot.
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Table 18: Descriptive statistics of the resistance data at the PA and PV for the two different groups (intervention and no
intervention). Units: mmHg/l/min

Location PA PV
Group No No
Intervention  Intervention | Intervention Intervention
(“07) (“17) (“07) (“17)
Interquartile 7.4 6.8 3.8 20.4
range
Lower quartile 4.0 6.2 1.3 9.6
Upper quartile 11.4 12.9 5.0 30.0
Median 6.6 9.2 2.9 18.8
Mean 9.2 12.9 3.9 24.6
Maximum 59.0 533 16.6 69.3
Minimum 0.5 1.3 0.1 1.6

6.4.1 Vein segment (PV)

At PV, the two groups (with or without intervention) have a distinct resistance range given that
the median and interquartile range do not overlap (Figure 48). This supports findings in Chapter
5, where changes in resistance at the vein segment (PV) played a more influential role in
determining AVF patency for patients who had undergone juxta-anastomotic stent for stenosis
treatment. The Welch two sample t-test [240] of these two groups gave a P-value of 0.00014

(less than 0.05), deeming the difference between the two groups to be statistically significant.
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6.4.1.1 Group Classification: Intervention (“1”)
The interquartile range of patients who lie within the group of patient resistance values at the
PV segment for the group of patients with an intervention is 20.4 mmHg/l/min, with a lower
quartile value of 9.6 mmHg/l/min and upper quartile value of 30.0 mmHg/l/min. The median,
which is the midpoint of the data is 18.8 mmHg/l/min. The maximum value, excluding outliers
1s 69.3 mmHg/l/min. The maximum and minimum resistance values of this group of patients
are 69.3 and 1.6 mmHg/l/min respectively. The mean resistance value of this group is 24.6 +

19.5 mmHg/l/min.

6.4.1.2 Group Classification: No Intervention (“0”)

The interquartile range of patient resistance values who lie within the group of patients without
an intervention is 3.9 mmHg/l/min, with a lower quartile value of 1.3 mmHg/l/min and upper
quartile value of 5.0 mmHg/l/min. The median value is 2.9 mmHg/l/min. The maximum and
minimum resistance values of this group of patients are 16.6 and 0.1 mmHg/l/min respectively.
The mean value is 3.9 + 3.6 mmHg/I/min. The overall data for this group ranges from 0.1 —
10.7 mmHg/l/min. As compared to the group outlined in Section 6.4.1.1, the group with no

intervention shows a less disperse dataset and a smaller range of resistance values.

6.4.2 Artery segment (PA)

The Welch two sample t-test for the two groups (with or without intervention) resulted in a P-
value of 0.25, more than 0.05, leading to conclude that the difference between the two groups
is statistically insignificant. Minimal association can be drawn between resistance at the artery

segment (PA), and the chances of intervention.

6.4.2.1 Group Classification: Intervention (“1”)
This group had an intervention within three months from when the scan was performed. The

interquartile range of this group's resistance values is 6.8 mmHg/l/min, with a lower quartile
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value of 6.2mmHg/l/min and upper quartile value of 12.9 mmHg/l/min. The range of this

dataset is 1.3 — 53.3 mmHg/l/min, with several outliers as indicated in Figure 48.

6.4.2.2 Group Classification: No Intervention (“0”)

The interquartile range of this group (located at the PA, and had no intervention performed) is
7.4 mmHg/l/min, with a lower quartile of 4.0 mmHg/l/min and upper quartile of 11.4
mmHg/l/min. The range of this data is 0.5 — 59 mmHg/l/min. Similar to the previous group,

there were some outliers.

6.4.3 Outliers

Statistically, outliers are identified as datapoints with values that are 1.5 times the interquartile
range, from the lower and upper quartile. Two outliers were identified in the group of patients
who had an intervention, and three outliers were identified in the group of patients without an

intervention at the PV segment (Figure 48).

Two (ID 4 and ID 62) out of the three outliers in the no-intervention group had an intervention
one month prior to when the examination was done. Patient ID 4 had a stenting procedure three
weeks prior to the previous scan, while Patient ID 62 had a balloon angioplasty performed four
weeks before the scan. There was a likelihood that the vessels were still adapting post-surgery
[241] as three other scans of Patient ID 4 showed subsequent decrease of resistance to within
the range. Although demonstrating a higher-than-average resistance at the PV, no issues were

reported on ID 77.

With regards to the intervention group, the two outliers were from the same patient (ID 8), both
outside the resistance range of the average patient in the group. In the context of this study, any
patients above the benchmark resistance value were concluded to have a risk and thus required

intervention.

138
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6. Assessment of resistance as a clinical indicator for AVF failure

The distribution of the data for the resistance calculated at both PA and PV is illustrated on a

marginal distribution plot in Figure 49. The histogram along the horizontal axis corresponds to

the resistance at the PA, while the histogram along the vertical axis corresponds to the

resistance at the PV.
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Figure 49: Marginal distribution plot of resistance calculated for eligible patient data. The intervention group are
distinguished by colour: with an intervention denoted as “1”, and without intervention denoted as “0”. The histogram on the
top corresponds to the frequency distribution of resistance at the PA, while the histogram on the right corresponds to the
frequency distribution of resistance at the PV.
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At the PV, 94% of patients who did not have an intervention (59 out of 63) were shown to have
resistance of less than 10mmHg/l/min, while 6% have resistance of more than 10 mmHg/l/min.
Furthermore, as observed in the histogram of the marginal distribution plot (Figure 49) the
patients with no AVF-related issues were found to be on the lower spectrum (of the vertical
axis) as opposed to patients who had an intervention. For the group of patients who had an
intervention, 70% had resistance of more than 10 mmHg/l/min, while 30% had resistance

values below that.

At the PA, there were no definitive trends for patients with or without an intervention and
without an intervention. 60% of patients from the group that had an intervention recorded a
resistance of less than 10, while 40% of patients found to have a resistance more than 10
mmHg/l/min. On the other hand, 70% of the patients without an intervention recorded a

resistance of less than 10mmHg/l/min, while 30% presented otherwise.

Based on Figure 49, patients with higher resistance at the PV were found to be associated with
the “intervention” group as compared to patients with a higher resistance at the PA. If closer
attention was paid to the lower half of the spectrum of the vertical axis (i.e. Resistance at PV <
10 mmHg/l/min) in the scatter plot, the majority of patients were found to not have an
intervention, However, this patient group was shown to have resistance that spreads across the
horizontal axis, with resistance at the PA to range between 0 — 60 mmHg/l/min. In other words,
a lower PV value was demonstrated to be a common factor in this classified group, regardless

of what the resistance value is at the PA.

Resistance at the PV segment of the two groups (with or without intervention) show
distinctions based on the statistical description, illustrated in boxplots (Figure 48) and the
marginal distribution graph (Figure 49). This data will hence form the basis of the multilevel

regression model to estimate the association between resistance and the likelihood of an
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6. Assessment of resistance as a clinical indicator for AVF failure
intervention. Estimates from the fixed effect of this multilevel binary logistic regression model
are outlined in Table 19 which includes the association between resistance and the risk of an
outcome. The intercept, 5, represents the estimated mean outcome without a predictor, or the
baseline logit, which was -4.54. The coefficient estimates, f; was 0.35, representing the
relationship between the predictor variable, resistance, and the outcome. Exponentially, the

odds of an outcome is 1.42. The variance estimates from the random effect, U(f]-, was 1.30. Each

cluster deviates with a variance of 1.30 from the mean estimate of the random intercept.

Table 19: Estimates from the multilevel logistic regression model, the effects of the fixed effect on the multilevel logistic
regression model. Odds ratio is represented in exponential term.

Predictors Coefficient Standard error Odds Ratio P-value

(Intercept) -4.54 1.45 0.01 0.002

Resistance 0.35 0.12 1.42 0.004

The logistic regression fitted curve for the multilevel binary logistic regression model based on
this dataset was shown in Figure 50. Patient examination data that fulfills the selection criteria
and is usable for this thesis is represented with the coloured bars shown along the x-axis of the
plot of Figure 50. The fitted logistic regression curve also showed good correlation with our
observation in the clinic patients scans, denoted with the pink rugs shown along the x-axis.
Most clinical data for resistance that ranges from 0 — 10 mmHg/l/min consists of patients who
did not have an intervention. As for patients with resistance that ranges from 10 — 20
mmHg/l/min, there are a mix of patients who require or did not require an intervention, seen in
the division of the coloured bars that represents the group with an intervention (turquoise bars)
and without and intervention (pink bars). The mixed clinical observations are attributed to the
uncertainties seen for prediction within this resistance range, denoted by the larger shadowed

region which represents the confidence interval.
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Figure 50: The logistic regression fitted curves the represents the fitted probability of an intervention for a given
resistance of a mixed-effects logistic regression model. The shaded area depicts the uncertainty in that prediction
based on the confidence interval limit. The rugs represents the dataset collected, and intervention, “1”" and no
intervention “0” group are distinguished by colour, per the legend.

Table 20 indicates the probability of an intervention based on a given resistance at the PV. For
the resistance range of 0 — 10 mmHg/l/min, there is a 25% chance that the AVF will need an
intervention. The risk of an intervention increases exponentially from 10 — 20 mmHg/l/min,
with a probability of 25% < P <90 %. The confidence interval, largest at 15 — 30
mmHg/l/min indicates the uncertainty of the estimates in this region, and that the probability
of an intervention might vary for different patients. An AVF that has a resistance of beyond 20
mmHg/l/min has a very high likelihood of an intervention, with a probability of more than

90%. Table 20 summarizes findings from the multilevel logistic regression model.
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6. Assessment of resistance as a clinical indicator for AVF failure

Table 20: Summary results from the multilevel binary logistic regression model

Resistance range Likelihood of an intervention Category

0 — 10 mmHg/l/min 25% Low

10 — 20 mmHg/l/min 25-90% Medium/High
> 20 mmHg/l/min 90% High
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6. Assessment of resistance as a clinical indicator for AVF failure
6.5.1 AVF geometrical configuration

Geometries of AVFs (Geometries A — F) that are identified as outliers based on clinical
observations, that is patients who had an intervention, but have a range of resistance of 0 — 10
mmHg/l/min are tabulated in Table 21. Geometries of AVFs (Geometries I — V) for patients
who do not require an intervention but have resistance that ranges from 10 — 20 mmHg/l/min
are tabulated in Table 22. The ones (Geometries 1 — 5) who had an intervention and have
resistance values that ranges from 10 — 20 mmHg/l/min are tabulated in Table 23. There was a
mix of AVFs with acute and obtuse anastomotic angles, and high vein to artery diameter ratio
for geometries included in Table 21 and Table 22. An acute anastomotic angle is a common
observation for AVF geometries of patients requiring an intervention, where resistance in the
range of 10 — 20 mmHg/l/min, as seen in Table 23. This is expected because an acute
anastomotic angle was previously found to increase flow disturbance at the region [39]. Given
a substantial proportion of patients (four out of the six patients shown in Table 21) who had an
intervention and showed resistance values of more than 5 mmHg/l/min, a more systematic
approach of determining the cut-off point for resistance based on different thresholds was

deemed necessary and will be further expounded in Section 6.6.
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Table 21: Outliers- AVF that had an intervention and have a resistance in the range of 0 -10 mmHg/l/min

AVF Geometry Resistance at
PV
(mmHg/l/min)

1.6

4.8

7.1

7.5

8.3

10.0
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6. Assessment of resistance as a clinical indicator for AVF failure

Table 22: Outliers: AVF that had no intervention and are in the range of 10- 20 mmHg/l/min

Resistance at

AVF Geometry PV
(mmHg/l/min)
I 9.9
I 10.7
I 12.1
%k
v 14.9
%k
A\ 16.6
%k

* are identified outliers in the boxplot (Figure 48), in which the range of R is 1.5 times the
IQR
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6. Assessment of resistance as a clinical indicator for AVF failure

Table 23: AVF that had an intervention and are within the resistance range of 10-20 mmHg/l/min

Resistance
AVF Geometry (mmHg/l/min)

13.8

16.4

-“3 17.8

18.6

18.9
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6. Assessment of resistance as a clinical indicator for AVF failure
6.6 Diagnostic ability of the model

The ROC curve (Figure 51) illustrates the ability of a multilevel regression risk model (Section
6.4), to discriminate between an intervention or no need of an intervention by providing a
binary decision for each probability classification. The AUC for this model is 0.921, with a
95% confidence interval of sensitivity found to be (0.844 — 0.999). This suggests that there is
a 92.1% (84.4% - 99.9%) chance that the resistance can correctly discriminate the chances of

an intervention for a patient.

A resistance of 6.7 mmHg/l/min was the optimum cut-off point shown in Figure 51, with a
sensitivity of 90% and specificity of 83%. There is a 90% chance that the prediction for an
intervention at the particular resistance is a true positive, and a 17% chance that it is a false
positive (predicted to have an intervention, but no intervention is required). Whilst the true
positive rates and false positives rates are important for clinicians, the false negatives rate are
equally essential. Clinicians will have to bear more cost with false negatives as compared to
false positives, as the likelithood of an emergency intervention is higher for a false negative

outcome.

The sensitivity, specificity, false negative rates, and false positive rates based on the threshold
of different resistance values were examined, as tabulated in Table 24. The probability of an
intervention increases with the increase in resistance. True positive rates decrease with an
increase in resistance, while true negative rates increase with an increase in resistance. When
resistance increases, the ability to discriminate a true positive of an outcome (an intervention)
decrease, that is the likelihood of a correct discriminate of a true negative (no intervention) is
higher. On the contrary, the likelihood of an accurate discriminate for a true positive (an

intervention) is higher with the increase in resistance.
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Figure 51: The ROC graph used to illustrate the diagnostic ability of the multilevel regression model. The AUC of this
ROC curve is 92.1%, with a 95% confidence interval of sensitivity of 84.4 % to 99.9%. The threshold that has optimum
sensitivity (90%) and specificity (83%) is when resistance is at 6.7 mmHg/l/min (labelled with the black cross)

149



6. Assessment of resistance as a clinical indicator for AVF failure

Table 24:True positive rates (sensitivity), true negative rates (specificity), false negative rates (1- sensitivity) and false
positive rates (1- specificiti) of different resistance with confidence interval in bracket if applicable

Threshold False False
resistance value Sensitivity = negative Specificity positive
(mmHg/l/min) (%) rates (%) rates
(%) (%)
2.5 95 5 41 59
(85—-100) (29 - 54)
5.0 90 10 73 27
(75 — 100) (62 -83)
6.5 90 10 83 17
(75 - 100) (73 - 92)
7.5 85 15 84 16
(65 - 100) (75-92)
10.0 70 30 94 6
(50-90) (87 -98)
15.0 65 35 98 2
(45— 85) (95 -100)
20.0 45 55 100 0
(25-165)
30.0 25 75 100 0
(5-45)
40.0 15 85 100 0
(0-30)
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6. Assessment of resistance as a clinical indicator for AVF failure
6.7 Clinical relevance

Using CFD-derived resistance values to predict AVF failure shows potential for clinical use.
The streamlined, non-invasive process of visualising AVF geometry and deriving resistance
values will enable clinicians to identify dysfunctional AVF that affect the patient’s dialysis
circuit. There is potential to enhance pre-surgical planning using additional information on an
AVF (three-dimensional geometries and AVF status). Thus, resistance values derived from
CFD modelling serve as a single static value and show strong correlation with not only the

probability of an intervention, but also AVF patency information.

6.7.1 Comparison of individualised resistance values and the effect of different
individuals

The degree of dependency of observations within a cluster can be measured by calculating the

intraclass correlation (ICC) Eq. 29 [231], [242]:

2 Eq. 29
ICC =

where

Jgj refers to variance estimate for random effect

2
(%) refers to the standard logistic distribution, the assumed level-1 variance component

ICC ranges from 0 to 1, with 0 indicating total independence of cluster, that is, there is no intra-
cluster variation and the chances of an intervention do not differ from one patient to another;
and 1 is total interdependence of residuals, that is, the chances of an outcome only vary intra-
cluster (no inter-cluster variation), where a patient will either have an intervention or do not

have one, regardless of the observation. The ICC for this model is 0.28, indicating that there is
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6. Assessment of resistance as a clinical indicator for AVF failure
a 28% chance of intervention between patients, and 72% chance of intervention or not
regardless of patients. The relatively low ICC value indicates the low dependency of
observation within a cluster, suggesting a stronger effect of an outcome due to the difference

in resistance rather than different cluster (individuals).

In order to better measure the impact of the cluster (individuals) in the model, a comparative
analysis of variance in outcome between clusters (individuals) and variance of outcome due to
the differences in resistance was conducted. The variance of the random effect for this model
is 1.30 based on the random effects as per Section 6.5. This is an estimation of how far below
and above the chosen individual lies from the average curve. To visualise the effects of this
variance, hypothetical patients were randomly generated from R. Random variables were
produced from the normal distribution, X ~ N (0, gy;), where ay; is 1.14, representing the
standard deviation of the random effect. Eighty hypothetical individuals were generated, with
a variance of random effect that ranges from 3.04 to 3.77. Each hypothetical individual has a

different intercept, f,;, by varying variance of random effect, uy; (hypothetical patients) from

Figure 52.

The relationship between resistance and the probability of an intervention for a given
individual’s random effect are represented by the blue lines shown in Figure 52. Given that the
variance is relatively small, predictions made from the variance of hypothetical patients tend
towards the average fitted prediction, shown by black line in Figure 52. The small variability
between patients also suggests that resistance at the PV segment is a dominant predictor
regardless of the patients. For instance, for two individuals with a given resistance at the PV,
the variability in likelihood of an outcome (intervention) is small. Therefore, regardless of the
individuals existing risk factors or prior surgical interventions, one could deduce the probability

of an outcome with the individual’s resistance value.
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Figure 52: Association of resistance and the fitted probability curve for randomly generated variance of hypothetical
individuals. Blue lines represent the fitted curve produced from the randomly generated hypothetical patients, and the
black lines represent the average fitted prediction curve from our dataset.
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6. Assessment of resistance as a clinical indicator for AVF failure
6.7.2 Other comorbidities

The relationship of other predictors (comorbidities) and the probability of an intervention of
these patients was examined with the multilevel regression model. A similar approach was
adopted, where the other variables were set as fixed effects, and the patient ID was the random
effect. Data that are not continuous were converted to binary data for this modelling. Other
comorbidities were not statistically significant, with a P-value of more than 0.05 for all of these
variables as shown in Table 25. Resistance at the PV segment was shown to be the dominant
predictor as compared to the rest, as outlined in the previous sections, with a P-value of 0.004,

indicating statistical significance.

Table 25: Relationship of other variables and the probability of an intervention

Variables P-values Estimates

Resistance (PA) 0.21 0.03
Age 0.33 0.03
Diabetes 0.52 0.36
Smoking 0.96 0.03
HTN 0.96 -0.06

High Cholesterol 0.69 0.23
CVA 0.43 0.54

PVD 0.96 0.05
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6. Assessment of resistance as a clinical indicator for AVF failure
An assessment of several continuous variables, namely the patient’s age and resistance at the
PA segment was conducted with the core predictor, resistance at the PV segments. The ROC
analysis showed that age of the patient and resistance at the PA segment appear to have poor

diagnostic ability, seen in Figure 53, with an AUC of 0.576 and 0.606 respectively.
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Figure 53: ROC graphs of continuous variables such as resistance at the artery segment and age of the patient
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6. Assessment of resistance as a clinical indicator for AVF failure
6.8 Limitation and future recommendations

We acknowledge the limitations of this study to only one single research centre with a limited
patient sample size. Future studies that cover a larger demographic would add more value to
this work and reduce selection bias and overfitting of data. Furthermore, a larger dataset with
more dialysis centres will enable a more versatile and adaptable model that can be used
independently in different centres prospectively. Besides, the use of CFD-derived resistance as
a predictive indicator for AVF failure considers the association between resistance and an
intervention, regardless of the time when the AVF was created or the amount of time until an
intervention happens. Further analysis considering the longevity of an AVF by conducting
different longitudinal studies would be able to quantify the relationship between resistance and
intervention temporally. A Cox regression or survival model [243], [244] are potential models

that can be used to model these with a study designed based on the mentioned hypothesis.

Although there are values in understanding the change of vasculature and activation of disease
sites on a cell biological level, the time and cost required to conduct such studies has caused
these work to be of less interest as compared to numerical studies [ 104]. Recently, a numerical
study showed that the endothelial activation index, among other common indicators (time
averaged wall shear stress, oscillatory shear index and relative reference time) showed potential
in stenosis risk prediction [203]. Correlation of CFD-derived resistance can also be made with
different parameters such as vascular function parameters (endothelial activation index) [203],
blood flow sound frequency [147], or vascular wall motion pulses [245] given evidence of
transitional and turbulent-like flow in an AVF [35], [163], [208] and cell-biological changes

[22].
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6.9 Conclusion

In this chapter, we evaluated the association between resistance and an outcome from dataset
for any intervention types (not limited to juxta-anastomotic treatment), such as balloon
angioplasty, proximal stent implantation and so on. The boxplot and marginal distribution
graph were used to distinguish the distribution of resistance data for patient groups with and
without an intervention, at the PA and PV. Resistance calculated at the PV segment showed
outstanding positive correlation with AVF patency rate, with lower chances of intervention for
patients with a low resistance. Additionally, the model has an outstanding discrimination with
an AUC of 92.1% (84.4 — 99.9 %) from the ROC analysis. A cut-off point for resistance was
also established from this dataset, where resistance at 6.7 mmHg/l/min yields a low probability
of an intervention. Furthermore, CFD-derived resistance appeared to be a dominant predictor
as compared to other comorbidities. In summary, CFD-based resistance showed promising
potential as a clinical indicator for AVF failure where clinicians could potentially deduce the
likelihood of an intervention for a patient by assessing the resistance values, regardless of the

existing patient risk factors.

157



Chapter 7

Conclusion

Predictors of AVF failure are not well understood in current literature; this thesis aims to
contribute to knowledge and practice by using AVF geometry and CFD modelling to analyse
resistance in individuals as a clinical indicator for AVF failure. This chapter will also discuss

the contributions of this work into future research and clinical applications.
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7. Conclusion

7.1 Discussion

Early failure of AVF has been widely investigated (as compared to late AVF failure), mainly
assessing the relationship between WSS and failure of AVF maturation [246]. The primary
cause of late AVF failure is venous stenosis, which often occurs due to a lack of surveillance
leading to inability to identify and treat the stenosis in a timely manner [247]. Hence, regular
monitoring is important in prevention of access dysfunction and reduction of mortality, as it

enables interventions to be implemented earlier [213].

Currently, physical examinations are the most common approach taken by both experienced
and amateur nephrologists to identify vascular access dysfunction [222]. Different types of
physical examinations yield different conclusions; for instance, with swelling, the location of
the swelling suggests there is stenosis at the particular location; palpation and systolic-only
thrills suggest outflow stenosis; and auscultation or high-pitched systolic bruit suggest stenosis
[223]. Conclusions drawn through physical examinations are, however, subjective and largely
dependent on the expertise of physicians. The findings in this thesis hold immense potential to
add value to clinicians by complementing standard ways to investigate stenosis among

haemodialysis patients.

Non-invasiveness, repeatability, and convenience in AVF data acquisition as outlined in this
thesis enables rapid examination and monitoring of AVF vessels for identification of diseased
AVFs. The regular patient monitoring at Prince of Wales Hospital, Sydney Australia (until
March 2020 when data collection was halted due to the COVID-19 pandemic) showed that
88% of the blood flow types in AVFs were retrograde with varying blood flow ratios between
the PA and DA, ranging from 2.5 — 36.9% at the DA and 64.5 — 98.3% at the PA. The varying
flow distributions from the arteries towards (retrograde), or away (antegrade) from the venous

segments manifest the significance of patient-specific modelling for targeted patient
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recommendation. AVF shunts, post creation, bypass other vascular beds due to blood
perfusions, results in increased blood flow and is the reason a majority of the flow type
observed in AVF is retrograde [21]. The direction of flow has been shown to relate to
recirculation zones around different localised sites of the AVF and promotes IH development
[138]. Given the specificity of AVF geometry, calculating resistance through CFD modelling
is superior to using Hagen-Poiseuille law estimates, especially given the presence of
transitional flow in an AVF [35], [163]. The sensitivity of boundary conditions in
computational modelling, founded from the correct three-dimensional geometry emphasises

the importance of patient-specific conditions that closely match clinical expectations.

CFD-derived resistance was examined in a group of patients (N = 17) who had undergone
juxta-anastomotic treatment for stenosis. A promising relationship was observed between the
patency status and low resistance value at the PV. These findings were corroborated by clinical
observations from medical database, where our findings were indeed found to match data-
derived clinical insights. A static resistance value corresponding to the patients’ AVF condition
was calculated by taking the ratio of pressure drop from the anastomosis to a particular length
of the AVF and flow rate. The change in resistance calculated at 1 mm interval also enabled

the identification of stenosed segment along the AVF.

The relationship between resistance values in a larger group of patients with a total of 83
datasets, not limited to the juxta-anastomotic treatment, was also examined. Patients were
separated into two groups: patients who eventually required intervention, and patients who did
not require intervention on the AVF within a specified time. Based on the analysis performed,
patients who did not have an intervention were found to have lower resistance value at the PV.
The ROC analysis also suggests an outstanding discrimination of an AUC of 92.1%, with a
cut-off resistance of 6.7 mmHg/l/min. Resistance at the PV also appeared to be a dominant

predictor as compared to other comorbidities. These base findings have paved a way for further
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clinical studies to be designed on a prospective application of this study, to assist with rapid
detection of vascular access dysfunction among haemodialysis patients. Clinicians can stay

alert to abnormal resistance trends along the circuit of a patient’s AVF.

Whilst there are merits to the non-invasive nature of this proposed diagnostic approach, there
is also potential for clinical implementation by performing an in-vitro validation with
catherization and pressure pump of the dialysis machine. Conventional pressure measurements
such as direct venous pressure measurements and static pressure measurements (usually
measured during dialysis) are invasive, and affected by the cannulation needle and pulsatility
along the extracorporeal circuit of the dialysis machine [248], [249]. Dynamic pressure
measurements can be inaccurate in patients with high blood flow rates, often seen in an AVF
[213]. Although static pressure measurement is the recommended technique for access
surveillance, static intra-access pressure ratios have also been shown to record limited
correlation with access blood flow, reported in a study with 96 subjects with AVFs [250]. A
combination of different mechanisms will be required for accurate pressure measurements and
to lessen the damping effect of pulsatility. This can be done by designing a venous air trap in
the extracorporeal system before pressure measurements are taken [248]. Other measures that
are key to avoiding circumstances where AVF are damaged (such as over-exertion of pressure)

include appropriate training for dialysis nurses with the aid of simulation technologies.

The rapidly changing conditions of an AVF as a consequence of the complex haemodynamics
in the AVF from the extracorporeal and vascular circuit mean that there are merits in examining
each patient’s condition specifically for targeted treatment. Drawing on existing literature,
there are many studies on predicting failure of AVF to mature [101], [161], [251] as compared
to regular monitoring of AVF health to be alerted of any late failure. Given that AVF is the
lifeline of ESRD patient, it is equally essential to integrate regular monitoring and detection of

stenosis as part of the patient’s dialysis routine to monitor AVF health throughout the vessel’s
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lifetime. This thesis therefore provides a fundamental study into the possibility of CFD-derived
resistance as a new clinical indicator of AVF failure throughout the patency of an AVF (during
or after remodelling), supported with findings from both clinical and engineering data, along

with statistical significance.
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7.2 Key findings

The successful creation and maturation of AVFs is essential in the management of ESRD

patients. The aim of this thesis is to investigate the suitability of resistance as a diagnostic

marker for AVF failure by examining real-patient data. Measuring AVF patency and detection

of stenosis locations have proven to be a challenge for clinicians, hence there is a pressing need

to identify diagnostic indicators which will accurately and rapidly identify problematic AVFs

both during AVF creation and in the post-remodelling period. This thesis elaborates on the

potential for CFD-derived resistance values as a diagnostic indicator to predict AVF failure in

an individualised patient approach. The key findings of this thesis are:

1.

The acquisition and processing of three-dimensional real-patient AVF geometry were
enabled through a three-dimensional ultrasound system and pipeline analysis.
Information on patient geometry and flow data was obtained during regular clinical
visits, where each session took less than 20 minutes. This was accomplished in
conjunction with patients’ regular dialysis and clinic visits. Additionally, the three-
dimensional patients’ geometry was also highly comparable to the angiography images
of the patient.

Flow (CFD-derived) resistance was calculated through a pipeline analysis of three-
dimensional geometry acquisition, visualisation and patient-specific CFD modelling,
enabling patient-targeted identification of problematic AVFs.

Patient-specific boundary conditions have proven vital to ensure that the CFD results
prediction matches closely with the patients’ physiological conditions, to ensure
patient-targeted recommendations. Estimating flow rates based on the Hagen-Poiseuille
model was also shown to be less accurate, especially in stenosis regions with turbulent

typed flow features.
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Proof-of-concept assessment of a group of patients who underwent surgical
intervention to treat juxta-anastomotic stenosis demonstrated that resistance can be a
suitable identifier for problematic AVFs.
Decreased PV resistance was shown to correlate with AVF patency rates and successful
treatment of stenosis. Furthermore, analysis of patients pre- and post-surgery
demonstrated that PV resistance may be a more reliable indicator than average PV
diameter.
The three-dimensional AVF conceptualisation also enabled interrogation of the entire
AVF circuit so that stenosis locations could be identified along the different segments
(PV and PA). This will be extremely useful for regular surveillance in AVF care and
may provide additional information for surgeons in terms of pre-operative planning.
In the analysis of a wider group of patients, PV resistance continued to be a more
effective predictor of AVF failure than PA resistance and other patient’s risk factors
such as age, smoking, diabetes, hypertension, high cholesterol, CVA, and PVD. AUC
of the ROC analysis was reported to be 92.1%, indicating a high discrimination ability
of the diagnostic model.
Patient risk factors, including prior surgical interventions, continues to be a helpful
prognosticator for future surgical intervention, however PV resistance was shown to be
a more reliable single indicator of the need for future surgical intervention.
An individualised patient-specific approach to clinical care has shown proven key to
improving and maintaining AVF health. The findings in this thesis reveal the potential
for non-invasive measurement of haemodynamic variables such as AVF pressure and
flow, which in turns helps clinicians detect problematic AVFs and optimises surgical

management.
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7.3 Future directions

Effective communication and collaboration between clinicians and engineers may improve
management and outcomes for patients with ESRD. Clinicians collected patient data which
was correlated with the three-dimensional patient-specific CFD models; this was then used to
identify and visualise disease sites, predict AVF failure and need for surgical intervention, as

shown in Figure 54.
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Figure 54: Connection of different parts of the system, distinguishable by the coloured boxes: AVF data acquisition,
CFD modelling and post-processing (yellow) along with clinical database validation (blue) and regular communication
with clinicians (green). This is followed by the visualisation of data to identify disease sites and likelihood of an
intervention (red), which is the outcome of this thesis. The future direction toward a predictive clinical model will be
achievable with more dataset and by incorporating emerging technologies (purple).

Further research encompassing more dialysis centres and patient populations of varying
demographic will allow generalisability and improve predictive value of this model, with the
aim to eventually apply this model prospectively. Furthermore, increasing the size of datasets
would allow training and application of a neural network. The integration of machine learning
and augmented reality into engineering and medicine also carries significant potential into
preventing adverse outcomes, and increasing accuracy of diagnosis, therefore improving

patient care.
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Appendices

Appendix 3A

The k — w SST model used in this thesis is a two-equation eddy-viscosity model, combining
the k—w and the k—e models [172]. The blending function, F1 activates the k—w near the wall,
while the k—e in the free stream region. Governing equations for the k—w SST model is given

as follow:

The two-equation model is given as

dpk N dpujk p ok + d (it ) ok Egq. 30
or T ox, T DT EPek G| Wt duin) 5
dpw Jdpujw vy d ow Eq. 31
LIRS =—pP — 2 - -
ot 0x; v, Bpw™+ x; e+ 00 0x;
L 21— F) 1 0k dw
VP%w; 0x; 0x;
where,
oy, 0w 20w, 5 2 s Eq. 32
= H\ox, T ox, 30x, Y) 3P0
P =t 206" pwk o
= min( ;; 5%, B pwk)
Kinematic eddy viscosity is given as,
pak Eq. 34

Hr = max(a,w,SF,)

where

S = /2W;;W;; is the vorticity magnitude with



w 10u; N ou; Eq. 35
b 2 ax] axl'
Turbulent kinematic viscosity is given as,

He Eq. 36
‘Ut = —
p

Each of the constants is a blend of the first (Wilcox k—w) and second (k—¢)

set F1, first blending function

¢p=Fp,+(1—-F)¢, Eq. 37
F, = tanh |mi l ( 2Vk 50017 4aw2k l Eq. 38
= tanh |min |max
! Bwy’ 320 Chyy?

CDy,, 1s the positive portion of the cross-diffusion term, given as:

ok dw Eq. 39
CDg, —max(Zpawz( >6x %’ ,10 )_

F2, second blending function

2\/_ 500v Fa- 40
F, = tanh [|max

where is density, p is the molecular dynamic viscosity, d is the distance from the field point
to the nearest wall, and

The constants are given as:

ox1 = 0.85 0,1 = 0.5 p1 = 0.075
o2 = 1.0 042 = 0.856 p, = 0.0828
p* =0.09 k =041 a; =031
P1 _ (0,1k%) _ B _ (0,2k?)

Y1=E \/E VZ_E \/E



Appendix 6A

The following R code was used to model this in R-studio (Version 1.2, RStudio, Inc., Boston,
MA) [232]:
glmer (Outcome ~ Resistance + (1|ID), family = binomial,
data = mydata, nAGQ = 30)
The intervention outcome is denoted by “0” and “1”, “0” representing no intervention
performed, and “1” representing an intervention performed, which corresponds to the selection

‘G~’,

criteria. This is separated by “~”, followed by the fixed effect, that is the predictor, Resistance.
Terms after the “+” notation represents the random effects, that is the clustered patients ID in
this case. “1” in the term “( 1 | ID ) ” represents the intercept from each cluster, denoted as ID.

In order words, the intercept, fB,; is allowed to vary, but the slope, ; remains the same for

each cluster.

“nAGQ" represents the adaptive Gauss-Hermite Quadrature, that is a generalised linear mixed
model fitted by maximum likelihood with the adaptive Gauss-Hermite quadrature technique.
This technique, although requires more time, has a more accurate estimation than Laplace as it
incorporates data from the initial fit to increase the precision [252], [253]. This technique

evaluates the integrand by identifying the optimal probability density function [253], [254].



Appendix 6B

Classifiers used typically are illustrated in the confusion matrix, used to visualise the

performance algorithm used for ROC analysis in Figure 55.

Actual condition
5 P N
._§
3 PPl 1p FP
e
L
9
3
o | PN FN TN
&

where

P depicts the actual condition — positives

N depicts the actual condition — negatives

PP depicts the predicted condition — positives
PN depicts the predicted condition — negatives
TP depicts the true positives

FP depicts the false positives

FN depicts the false negatives

TN depicts the true negatives

Figure 55: The confusion matrix, visualising the performance algorithm used for the ROC analysis. Reprinted and adapted with
permission [233].



The performance metrics calculated from the classifiers are,
True positive rates, TPR, that is the sensitivity,

TPR = P 1—FN
TP+ FN

False negatives rates, FN,

FNR = FN 1—-TP
" TP+ FN

True negatives rates, TNR, that is the specificity/precision

TNR = N 1—FP
" TN+ FP

False positives rate, FP, that is 1 — specificity

FPR = kP 1—TN
" TN+ FP

Eq. 41

Eq. 42

Eq. 43

Eq. 44



