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The need to maintain long term vascular access patency is critical for patients with kidney failure. Vascular
access allows artificial blood filtration through haemodialysis and failure of the access can be life
threatening. The mechanisms for failure are not understood and dialysis needles may be a key contributor.
Haemodynamic parameters play an important role in vascular health and have been linked to the
development of intimal hyperplasia, a pathological growth of the blood vessel initiated by injury. The
primary objective of this thesis is to examine the haemodynamic forces produced by dialysis needles and
to determine methods of identifying and minimising the risk of vascular access failure.
Computational fluid dynamic models have been utilised to examine the haemodynamics produced by the
needles, in particular the high shear stresses on the vein wall and the oscillatory shear with high particle
residency times. Pressures were also examined to determine the potential of microbubble formation due to
cavitation. These computational simulations were validated using stereoscopic particle image velocimetry
measurements on a flow rig. Clinical data was also used to support the models.
Both needles produced disturbed flows with high residency times which may lead to endothelial
dysfunction, whilst the venous needle also produced high shear stresses at the point of jet impingement,
which may damage the endothelial layer. Elevated blood flow rates (>600 ml/min) and sharp changes in
geometry were catalysts for cavitation at the arterial needle, whilst Doppler ultrasound measurements
revealed a high level of pulsatility within the extracorporeal circuit.
Patient data confirmed that stenosis in the venous outflow segment is pertinent in late fistula failure.
Shallow needle angles with optimal placement away from the walls of the vein and the use of blood flow
rates around 300 ml/min may minimise potential endothelial damage. A plastic cannula for haemodialysis
is also a viable alternative to the current metal needles. In regards to microbubble formation, cavitation at
the arterial needle was shown to be possible but is unlikely to occur under normal dialysis conditions.
However, microbubbles may develop at the roller pump due to the highly pulsatile flow it generates.
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Abstract
The need to maintain long term vascular access patency is critical for
patients with kidney failure. Vascular access allows artificial blood filtration
through haemodialysis and failure of the access can be life threatening. The
mechanisms for failure are not understood and dialysis needles may be a
key contributor.
Haemodynamic parameters play an important role in vascular health and
have been linked to the development of intimal hyperplasia, a pathological
growth of the blood vessel initiated by injury. The primary objective of this
thesis is to examine the haemodynamic forces produced by dialysis needles
and to determine methods of identifying and minimising the risk of vascular
access failure.
Computational fluid dynamic models have been utilised to examine the
haemodynamics produced by the needles, in particular the high shear
stresses on the vein wall and the oscillatory shear with high particle
residency times. These computational simulations were validated using
stereoscopic particle image velocimetry measurements on a flow rig. The
flow field produced by the arterial needle remained localised around the
needle tip indicating that the two needles can be placed in close proximity
to each other without increasing the risk of access recirculation.

i

Conversely, the flow field produced by the venous needle was more dynamic
due to the presence of the jet. Both needles produced disturbed flows with
high residency times which may lead to endothelial dysfunction, whilst the
venous needle also produced high shear stresses at the point of jet
impingement, which may damage the endothelial layer. Shallow needle
angles with optimal placement away from the walls of the vein and the use
of blood flow rates around 300 ml/min may minimise potential endothelial
damage. Needle rotation, a technique usually performed to alleviate
pressure in the arterial line, was shown to have no haemodynamic benefit
and can increase the risk of infiltration.
A plastic cannula for haemodialysis offers a viable alternative to the current
metal needles. Its symmetric geometry with four staggered side holes also
negates the requirement of rotation.
Pressures were also examined to determine the potential of microbubble
formation due to cavitation. Elevated blood flow rates (>600 ml/min) and
sharp changes in geometry were catalysts for cavitation at the arterial
needle.
Doppler ultrasound measurements revealed a high level of
pulsatility within the extracorporeal circuit. This indicated that cavitation
at the arterial needle is unlikely to occur under normal dialysis conditions,
but may occur at the roller pump.
Clinical measurements pertaining to each dialysis session were also analysed
to determine the incidence of late fistula failure. Patient data confirmed that
stenosis in the venous outflow segment is pertinent in late fistula failure. The
risk of stenosis was higher in the first six months of fistula use, as the blood
vessels adapt to frequent cannulation. This was reflected by the increase in
vascular resistance over the life of the access. The patient data supports the
computational results, which indicates that stenosis in the outflow vein may
be caused by the haemodynamics produced by dialysis needles.
ii
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Chapter 1
Introduction
This chapter begins with an overview of kidney failure and introduces the
concept that the needles play an important role in vascular access failure;
the main focus of this thesis. This is followed by an introduction into the
treatment of haemodialysis and the requirement for a functioning vascular
access is explained. For completeness, the major complications which can
occur in dialysis patients are summarised. The chapter concludes by outlining
the structure of this thesis.

1.1

Overview

Chronic kidney injury (CKI) is a severe condition in which the body is
unable to filter toxins and waste from the blood. Haemodialysis is the most
common treatment for CKI, which involves creating a vascular access so
that the blood can be filtered outside the body. Dialysis needles are the
crucial components that bridge the gap between the vascular system and
the dialyser. Unfortunately, high rates of complications in the vascular
1

access are prevalent.
The most common complication is thrombosis which usually occurs due to
reduced blood flow in the access or the rupture of stenotic lesions [1, 2].
Damage to the blood vessels and blood cells by haemodynamic forces is
hypothesised to be a primary factor leading to morphological changes in the
structure of the blood vessel, which can result in stenosis and subsequent
thrombosis [3–6].
Despite their importance in delivering blood to the dialyser, dialysis needles
may also be responsible for causing stenosis due to the high blood flow
rates (200-400 ml/min) passing through them which create a complex flow
environment within the vein. This complex flow environment consists of:
jet flow phenomena, high levels of turbulence, secondary flows and regions
of disturbed flows with high particle residence times [7].
These
haemodynamic forces can promote the development of stenosis, which may
require surgical intervention, further increasing the cost of treatment. As
haemodialysis is conducted 3-4 times per week, any damage to the vascular
access can have an accumulative effect on patient health. Furthermore, the
efficiency in which blood is passed through the extracorporeal circuit can be
reduced under these conditions, consequently failing to alleviate the initial
symptoms, leading to a reduced quality of life.
The vascular access is referred to as the lifeline for haemodialysis patients.
Many of the complications that plague dialysis patients arise in the vascular
access and affect the machines ability to filter the blood. The vascular
access has subsequently received much attention in attempts to improve its’
long term patency. However, research regarding the influence of the needles
has received less interest, as complications arising from their application are
usually secondary to those originating in the vascular access. This thesis
will focus on the haemodynamic flow field produced by the dialysis needles
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and their influence on the formation of venous stenosis.

1.2

Haemodialysis

The kidneys are vital organs that receive approximately 20% of the total
cardiac output. Their main purpose is the filtering of waste from the blood.
Other functions they perform include: the regulation of the acid-base balance
of blood, regulation of plasma ionic composition through the absorption and
storage of ions and regulation of blood pressure by controlling the total blood
volume [8]. CKI is diagnosed as a progressive and irreversible loss in renal
function and is identified when high serum creatinine levels exist in either
the blood or urine, indicating a falling glomerular filtration rate (GFR) as
shown in Table 1.1. End stage renal disease (ESRD) is the final stage and
occurs when the GFR falls below 15 ml/min/1.73 m2 [9]. At this level of
kidney function, dialysis is crucial for survival.
Table 1.1: Classification of the five stages of Chronic Kidney Injury [10, 11]
Stage

Description

0
1
2
3
4
5

Healthy Kidney
Kidney damage with normal or decreased GFR
Kidney damage with mild or decreased GFR
Moderate decrease in GFR
Severe decrease in GFR
Kidney Failure

GFR
(ml/min/1.73 m2 )
125
≥ 90
60-89
30-59
15-29
< 15 (or dialysis)

The dialysis process normally occurs 3-4 times per week, with each session
running for 5-6 hours depending on the health of the patient. The needle
removing blood from the body is referred to as the arterial needle (AN)
whilst the needle returning the filtered blood is called the venous needle
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(VN). Needles ranging from 14G to 17G are commonly used, where smaller
sizes and blood flow rates (200 ml/min) are preferred during the initial use
of the vascular access. Once the vascular access has become accustomed to
frequent cannulation larger needles are used as they facilitate higher blood
flow rates (400 ml/min). This increases the efficiency of the blood filtration
and reduces treatment time. The general setup for haemodialysis is displayed
in Figure 1.1.

Figure 1.1: Haemodialysis Setup

1.3

Vascular Access

Vascular access is the crucial component that provides an access point to
the dialyser, the component which filters toxins and waste from the blood.
It must maintain high blood flow rates for efficient filtration, high patency
4

rates, have a low incidence of complications and provide flexibility for future
options should the fistula become unusable. Currently three methods of
creating a vascular access exist; catheter access, arteriovenous graft (AVG)
or an arteriovenous fistula (AVF), as displayed in Figure 1.2.

Figure 1.2: a) Central Venous Catheter b) Arteriovenous Fistula c)
Arteriovenous Graft [12]

An AVF or AVG is created by surgically connecting a vein and artery which
results in a low resistance, high compliance pathway in which the blood can
flow from the high pressure arterial system into the low pressure venous
system. A catheter is an ideal short term solution whilst patients wait for
an AVF or AVG to be surgically created. Catheters are not considered a
5

long term solution as they have a higher risk of displacement and infection
[13]. Although the two needle system in AVFs and AVGs can fail in a similar
fashion, catheters have reported infection rates greater than 10% [13, 14],
whilst infections in AVFs and AVGs only account for 2-3% of complications
[15].
A major advantage of an AVG is that it can be cannulated within 24 hours
of creation [16]. Transplanted material provides a higher compliance and
reduces the chance of thrombosis compared to artificial material but also
increases the chance of disintegration and haemorrhage if infection occurs
[17]. Upon creation, AVFs react to elevated pressures and blood flows and
increase in luminal diameter. A maturation period of approximately 4
weeks is required to allow the blood vessel wall to thicken in preparation for
cannulation, hence catheters and AVGs are sometimes preferred due to
their immediate availability [18]. The primary advantage of AVFs is their
superior patency rates, with reported two year patency as high as 70%
compared to 40% found in prosthetic grafts [19]. For this reason, as well as
fewer incidents of complications the AVF is the preferred choice of vascular
access [10, 13, 20].
Despite the advantages that each vascular access holds, long term patency
is not high. Even AVFs, the preferred choice of vascular access, have four
year primary patency rates of 48% [21]. This means that within four years
over half the AVF patient population will require some form of intervention
or creation of a new access; a statistic that is uncommon in other areas
of medicine. The process of artificially filtering the blood frequently and
effectively is complex. Various complications can arise due to: the underlying
morbidities present in CKI patients, open wounds created when connecting
the blood system to the dialyser, relative simplicity of the dialysis machine in
replicating the complex function of the kidney or the morphological changes
to the vascular system which occur upon creation of the fistula.
6

1.4

Vascular Access Related Complications

Vascular access related complications account for 14-17% of hospitalisations
per year in dialysis patients in the United States [2]. In 2013, these vascular
complications accounted for US$30.9 billion of the total Medicare
expenditures; rising 1.6% from the previous year [22]. Despite it being the
preferred and most common treatment of ESRD, haemodialysis remains the
most expensive renal replacement therapy as seen in Figure 1.3, equated to
an annual cost of US$84,550 per person [22].

Figure 1.3: Cost of ESRD Treatments per patient per year (PPPY) [22]
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1.4.1

Thrombosis

It is estimated that thrombosis is responsible for 16-23% of hospitalisations
in dialysis patients [23]. The risk of hospitalisation is even higher in uraemic
patients [24, 25]. Early thrombosis is usually due to twisting of the access,
poor selection of anticoagulants during surgery or early cannulation before
the blood vessel wall has sufficiently matured [2, 13]. Late thrombosis is
generally caused by the presence of stenosis, which is clinically defined when
the blood vessel narrows to more than 50% of the lumen diameter [1].

1.4.2

Stenosis

Stenosis can lead to thrombosis as the flow through the fistula is reduced
which can lead to increases in access recirculation and a higher chance of
clotting, or when a stenotic lesion ruptures initiating an inflammatory
reaction. Early detection and treatment of stenosis is paramount in order
to minimise the risk of thrombosis and potential loss of the vascular access.
This is achieved by monitoring pressures within the extracorporeal circuit,
routine checks for access recirculation or a vascular screening program using
Doppler ultrasound [26]. Angioplasty or stenting are the most common
procedures of treating stenosis as they preserve the access site and are
minimally invasive. Stenosis commonly develop at the anastomosis and
swing segment, accounting for 50-70% of incidents, followed by the drainage
vein in 20-50% of cases, as displayed in Figure 1.4 [27–33]. Two main
pathways in the development of stenosis exist; atherosclerosis or intimal
hyperplasia (IH).
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Artery (to hand)

Anastomosis

Artery (from heart)

Figure 1.4: Common locations of stenosis formation in arteriovenous fistulae

Atherosclerosis is the deposition of fatty products called plaques into the
walls of blood vessels. The formation of atherosclerotic stenosis is complex
and is a much slower process than a stenosis formed via the IH pathway. As
the plaque is deposited into the lumen of the vessel it forms a growth which
reduces blood flow. In response, the blood vessel will increase its cross
sectional area to preserve blood flow, in a process called outward
remodelling. Over time, calcium and collagen deposits cause the plaque to
stiffen which hinders the outward remodelling process. Several studies have
reported a high correlation between blood flow and plaque deposition
throughout the vasculature [34–36]. Wall shear stress (WSS), a measure of
the stress imposed by flowing blood at the vessel wall, has been shown to
be a good indicator of plaque development. In particular, low and
oscillating WSS [37–40], disturbed flow [41–43], stagnant flows [38, 44] and
high residence times [45] have been shown to correlate with the localisation
of atherosclerotic plaques. It takes several years for an atherosclerotic
stenosis to reach a stage in which they are considered clinically significant.
Interventional treatment of stenosis (resulting from atherosclerosis) in
dialysis patients is uncommon. Conversely, IH can develop into a clinically
significant stenosis within several weeks. This leaves the vascular access at
a much higher risk of failure as the time frame to detect and treat this
complication is much shorter.
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The IH pathway begins as a ‘response to injury’ in which the blood vessel
reacts through inflammatory mechanisms. Fistulae which fail within a few
weeks of creation are mainly due to vascular injury incurred during surgery, or
patient characteristics such as vascular health or inadequate blood vessel size
which limits the growth of the fistula [46, 47]. In contrast, haemodynamics
lead to morphological changes of the blood vessel and are the primary reason
for fistulae which fail months or years after creation [3–6].
IH progresses in three distinct stages; vascular smooth muscle cell (VSMC)
proliferation, VSMC migration and finally intimal expansion through
matrix production [48]. These stages affect all layers of the blood vessel,
with VSMC migrating into the intima whilst fibroblasts move from the
adventitia to the inner surface [49, 50]. A key role in the development of IH
is the decrease of available nitric oxide (NO), which is a chemical that
maintains homeostasis by inhibiting inflammation, maintaining cell
structure, inhibiting VSMC proliferation and platelet aggregation whilst
also promoting vasodilation and endothelial regrowth [48, 51–53]. Similar
to the localisation of atherosclerotic stenosis, several studies have also
reported a high correlation between WSS and IH development.
In
particular, turbulence [54], low WSS [55–59], oscillatory WSS [4, 58, 59]
and excessively high WSS [60–62] have been shown to induce ‘injury’ to the
endothelial layer which can lead to intimal thickening in AVFs and
AVGs.

1.4.3

Aneurysm

The opposite effect to stenosis is an aneurysm, which is a localised
pathological enlargement of the blood vessel. Aneurysm formation stems
from damage to the endothelial layer and normally occurs where regions of
high blood flow exist in the vasculature [60, 63]. In dialysis patients, they
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are commonly found in the anastomotic region of the fistula as the high
velocity blood flow enters the venous segment, or in the downstream vein
where the blood vessel wall has weakened by repeated needle punctures
[1, 26, 64].

1.4.4

Infection

The second most common complication in dialysis patients is infection,
which is responsible for approximately 20% of all hospitalisations [65].
Staphylococci aureus is the most common organism found in patients who
suffer from infection, occuring in over 70% of graft infections and over 90%
of fistula infections [66]. The insertion of the needle leads to four pathways
in which infection can occur; the exit site on the skin, lumen of the needle,
contamination prior to insertion or an infection from elsewhere in the body,
carried by the blood to the fistula [65]. Most preemptive measures involve
keeping the puncture site clean and the needles sterile.

1.4.5

Microbubbles

Long term exposure to microbubbles is another problem which can lead to
several complications. Some studies have identified the presence of air
emboli or microbubbles within the extracorporeal circuit [67–72]. Arterial
and venous air traps are used to measure pressures within the
extracorporeal circuit and to prevent large air bubbles and emboli from
entering the patient. However, microbubbles ranging from 5-200 µm have
been shown to pass through the venous air trap without activating the
alarm and enter the blood stream [68, 69, 72, 73]. The presence of
microbubbles within the circulation can lead to many pathophysiological
implications, of which the most severe is tissue ischaemia where the
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microbubble blocks blood flow, preventing the nearby tissue from receiving
nutrients and oxygen. Several in-vivo studies have shown that microemboli
can pass through the pulmonary circulation and deposit in the lungs
[74–76]. Fairshter et al. [77] reported that 95.7% of haemodialysis patients
had acute lung disease whilst 80.4% had chronic lung disease in a post
mortem examination, indicating that microbubble deposition in the lungs
may lead to chronic complications. Microbubble deposition in the brain has
also been hypothesised to contribute to the deterioration of neurological
function in long term haemodialysis patients [78, 79]. Cerebral atrophy [80]
and neurocognitive dysfunctions [81] in chronic haemodialysis patients is
also a recognised problem. Cavitation at the VN due to turbulence and
pressure changes has been suggested as a potential source of microbubble
formation [67, 68]. However, this remains to be confirmed as other sources
of microbubble formation have also been proposed [68, 71, 82, 83].

1.4.6

Minor Complications

The aforementioned complications are the most pertinent in the
haemodialysis population whilst thrombosis and infection undoubtedly pose
the highest risk to the patients health [66, 84]. Several other complications
can also arise due to the creation of the vascular access such as: vascular
steal syndrome, vascular access neuropathy and cardiovascular problems.
However, none of these have been linked to dialysis needles.
All of these complications contribute to the high cost of haemodialysis and
the high failure rate of the vascular access. Dialysis needles have been cited
to contribute to: higher rates of infection as they create an open path from
the skin [85], aneurysm formation due to a weakened blood vessel from
repeated puncture [86], potential microbubble formation from cavitation
[67, 68], stenosis formation through IH [48] and thrombosis due to stenosis
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rupture [1] or needle infiltration [87]. In order to minimise associated costs
and improve fistula patency in the haemodialysis population, it is
imperative that the impact of the needles must be more clearly understood.
As mentioned, thrombosis is the most frequent complication leading to
vascular access failure [2], and usually arises from stenosis rupture [1, 27].
Thus, the major focus of this thesis is to examine the relationship between
haemodynamic forces and intimal thickening, which can subsequently lead
to stenosis formation and potential thrombosis.

1.5

Thesis Outline

This thesis aims to investigate the haemodynamics surrounding the AN and
VN during standard haemodialysis and assess potential mechanisms to
minimise damage to the vascular access which will reduce the cost of
treatment and improve quality of life.
The relationship between
haemodynamics and vascular response is outlined in Chapter 2. As will be
shown, a substantial amount of research has been dedicated to improving
the function of the vascular access itself, however there has been little
research dedicated to understanding the influence of the needles. Chapter 3
analyses common complications in late fistula failure and where they occur
anatomically. The influence of current clinical practices and their ability to
predict vascular access failure is also investigated. Chapter 4 provides a
thorough description of the experimental procedure which is used to
validate the CFD models used in subsequent chapters. The experiment
employs stereo PIV to obtain three dimensional velocities along the centre
plane around the needles. Chapter 5 presents the experimental results.
Chapter 6 displays the validation between the PIV measurements and
steady state CFD simulations. The steady state computational model is
then translated to transient simulations to incorporate the pulsatile nature
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of flow in the cardiac cycle. Metrics are also introduced to assess the
haemodynamics produced by the needles and examine how vascular access
patency can be improved. Chapter 7 determines the potential of cavitation
occurring in the extracorporeal circuit to ascertain the source of
microbubbles in haemodialysis. Chapter 8 compares the haemodynamics of
the standard haemodialysis needle with a new product entering the market;
the Argyle™Safety Fistula Cannula with Anti-Reflux Valve.
Finally,
Chapter 9 concludes the key findings of this thesis and summarises the
methods in which vascular access patency can be improved. Avenues of
future work are also discussed. Appendix A provides a comprehensive
breakdown of the experimental error which exists within the setup. Errors
within the PIV setup and post processing are included in Appendix B.
Appendix C presents the analysis on the convergence of the computational
mesh and time step size.
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Chapter 2
Literature Review
Following from the previous chapter, the common complications which
plague haemodialysis patients have been outlined and the requirement for a
long lasting and functioning vascular access should be apparent. This
chapter begins by defining the relationship between haemodynamics and
stenosis formation; one of the major causes of vascular access failure. The
metrics used to predict endothelial damage and subsequent IH are defined.
The influence of the needles on vascular access patency is described in detail
with focus on the haemodynamics they produce and how this can lead to
stenosis. Following this, an extensive review into methods of examining
haemodynamics specifically within the vascular access is provided.
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2.1

The Role of Haemodynamics in Vascular
Access Failure

It is well accepted that the endothelium actively participates in homeostasis
by responding to changes in blood flow [52]. This originates from the ability
of the endothelium to transduce mechanical forces into a biological signal in
a process called mechanotransduction. With respect to the vascular system,
the endothelial layer is the key component of mechanotransduction as it forms
the barrier between blood and tissue. It has been shown that endothelial
cells exist in a pre-stressed state between each other and the extracellular
matrix [25, 51, 88] and that externally applied forces are directly transmitted
through the endothelial cell and extracellular matrix[88–90]. Because of this
ability, blood vessels function within a physiological range of WSS. In veins
this has been reported to be 0.1-0.6 Pa whilst in arteries it is approximately
between 1-7 Pa [91]. Mechanotransduction also extends to the vascular wall
where stresses produced by the pressure pulse also influence adaption and
remodelling. The blood vessel responds by either constriction or dilation
when the WSS falls outside of this physiological range, in an attempt to
return blood flow to normal levels.

2.1.1

Metrics of Predicting Vascular Complications

Haemodynamic forces and their interaction with the endothelial layer have
a direct impact on vascular access patency. Examining boundary layer flows
near the endothelial layer in blood vessels is critical in understanding
vascular responses. The purpose of an AVF is to elevate blood flow to
increase the efficiency of blood filtration and to provide a site for frequent
access to the blood. The large increase in blood flow introduces complex
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haemodynamics which leads to morphological changes of the blood vessel.
Unfortunately, one response of the blood vessel is intimal thickening which
can result in vascular access failure [3–6]. Certain haemodynamic metrics
have been identified which can predict the development of stenosis.

2.1.2

Shear Stress

In healthy blood vessels high WSS is invariably linked with increased blood
flow. As such, high WSS has been associated with the outward remodelling
process, as the blood vessel expands in an attempt to reduce high velocities
[60]. Exposure to high WSS in excess of 40 Pa, above the normal physiological
range, can result in endothelial cell damage within one hour, which can trigger
the ‘response to injury’ pathway to stenosis [61]. Furthermore, extensive cell
damage occurs at levels above 150 Pa [92]. High WSS causes cells to elongate
within 24 hours, resulting in increased endothelial permeability as endothelial
gap junctions are stretched apart, which can lead to reduced endothelial
function [60]. Prolonged exposure to impinging jets producing high levels
of WSS has been shown to cause endothelial denudation, an injury to the
blood vessel wall which can trigger the inflammatory pathway to intimal
thickening [62]. High WSS has also been correlated to aneurysm formation
and atherosclerotic plaque instability which can eventuate in thrombosis [60,
63]. High WSS exists within the flow field near the needles due to the high
flow rates required for efficient blood filtration. However, quantification of
these haemodynamic forces remains to be examined.
In low flow conditions the blood vessel will constrict and thicken in an
attempt to restore WSS to normal levels. Intimal thickening is the response
to decreases in blood flow, where low WSS stimulates VSMC migration and
proliferation [56]. As such, low WSS has a high correlation with IH [55–58].
Interestingly, Keynton et al. [4] reported that IH has a higher correlation to
17

the mean WSS (averaged in time) rather than extreme values. This
observation has led to several studies using a time averaged wall shear
stress (TAWSS) metric to predict intimal thickening. The TAWSS is
defined as:
1
T AW SS =
T

Z

T

|τw | dt

(2.1)

0

where T represents the period of one cardiac cycle and τw is the wall shear
stress vector.
Recently, oscillatory flow has been identified as a more effective predictor of
intimal thickening as it was shown that the endothelial layer is sensitive to
flow reversal and therefore a unidirectional high or low WSS may not be an
accurate metric in predicting intimal thickening [4, 45, 58]. Chien [41]
showed that endothelial cell structure changes from regular striated
patterns to random orientations in disturbed flow conditions. This random
orientation increases vascular permeability making the blood vessel highly
susceptible to deposition of inflammatory mediators [45]. Furthermore,
regions of disturbed flow enhance endothelial cell turnover, which further
increases vascular permeability [41]. The oscillatory shear index (OSI) first
proposed by Ku et al. [40], measures the oscillatory nature of the flow and
is defined as:

OSI =

RT

τw dt



0
1

1− RT
2
|τw | dt
0

(2.2)

This metric falls within the range of 0-0.5, where a value of 0.5 indicates
pure oscillatory flow with no net forward motion and a high possibility of
endothelial dysfunction. Conversely, a value of zero indicates purely
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forward motion with no oscillatory flow. The presence of haemodialysis
needles within the vascular access creates complex secondary flows.
Quantifying the oscillatory nature of the flows around the needle may
indicate potential sites of intimal thickening in the vascular access.

2.1.3

Residence Time

High particle residence time can increase the chance of blood particle
interactions and contact with the endothelium; resulting in higher rates of
coagulation and deposition of inflammatory mediators [1, 45, 93]. High
residence times are inherently associated with low and oscillatory shear
conditions, which has led to a relative residence time (RRT) metric
incorporating the OSI and taking into account the WSS magnitude through
TAWSS. This metric was first proposed by Himburg et al. [45] and is
defined as:

RRT = [(1 − 2 × OSI) |T AW SS|]−1

(2.3)

Due to the sensitivity to both direction and magnitude of WSS, the RRT
metric has been reported to be the most effective indicator of intimal
thickening due to its robustness [38] and accuracy [44].

2.1.4

Turbulence

The significance of turbulent flow stems from its characteristics within the
boundary layer. Unlike a laminar boundary layer where the flow consists of
adjacent layers, a turbulent boundary layer consists of chaotic, swirling flow
[94]. The thickness of the boundary layer also increases in turbulent flow.
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The multi-directional turbulent eddies produced by the energy cascade in
the boundary layer directly impair endothelial cell function. Turbulence
within the vasculature is highly dependent on geometry and the pulsatility
of blood flow [48, 95–97]. Within AVF junctions, the vein diameter and
flow split ratio has also been shown to contribute to turbulent generation,
indicating that turbulent structures can exist well below the critical
Reynolds number of 2300 for pipe flows [97]. Flow within AVFs and AVGs
has subsequently been identified as transitional with strong secondary flows
present throughout the cardiac cycle [7, 54, 97–99]. This transitional flow
develops in the anastomotic region of the fistula and dampens towards the
venous outflow [99]. Turbulent flows have also been shown to exist in the
downstream vein due to the jet flows exiting the VN during dialysis [7].
This turbulent flow inhibits NO production, affecting the anti-proliferative
and anti-inflammatory response of the endothelial layer [48]. Turbulent
flows also induce random alignment of endothelial cells and promote cell
turnover within 24 hours, which increases endothelial permeability, leaving
the blood vessel susceptible to the deposition of inflammatory mediators,
such as clotting factors, thrombin and chemokines, which can also trigger
intimal thickening [42, 48].

2.1.5

Alternative Indices

Other indices have also been employed alongside computational models in
order to predict regions of stenosis formation. The transverse WSS metric
was introduced by Peiffer et al. [100] and characterises the multidirectional
nature of the WSS vector. This metric cannot distinguish between purely
forward or reverse flow and must subsequently be used in conjunction with
TAWSS, OSI or RRT. Gradients of WSS in space and time have also been
correlated with vascular dysfunction. Keynton et al. [4] showed a good
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correlation between intimal hyperplasia formation at the anastomosis in
distal bypass grafts and shear rates below 100 s−1 . However, gradients of
WSS (in space and time) have become redundant due to practical
difficulties in their physical measurement and are limited to the direction of
the WSS vector, an issue which has been overcome by the newer metrics
[38]. Circumferential strain has also been shown to influence vascular
regulation, particularly when in phase with oscillatory shear [101].
However,
measurement of circumferential strain physically or
computationally is difficult, making this metric less common.

2.2

Current

Research

into

Haemodialysis

Haemodynamics
It is evident that components of wall shear can serve as metrics to predict
locations of intimal thickening and potential vascular access failure.
Accurately measuring flow conditions and WSS is a challenging task.
Computational fluid dynamics (CFD) has proved an invaluable tool in
obtaining both qualitative and quantitative information of the flow
conditions in the vascular access. Additionally, particle image velocimetry
(PIV), laser doppler anemometry (LDA) and flow visualisation are some of
the available techniques which are used to examine the haemodynamics
using in-vitro flow models.
These techniques also serve to validate
computational models. In-vivo experiments involving either animals or
humans have been used to link flow conditions with vascular response.
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2.2.1

Haemodialysis Cannulation

Three methods of cannulation exist; the area technique, the rope ladder
technique and the button hole technique. The rope ladder technique
involves rotating the insertion point along the vascular access to minimise
trauma to the blood vessel, whilst the area technique involves rotating the
insertion site within a confined area. The button hole technique uses the
same puncture site repetitively so that a scar tissue tract is formed. The
button hole technique has been shown to reduce the incidence of
thrombosis, aneurysms and vascular intervention [86, 102], but is also
associated with a higher incidence of infection [65]. The puncture sites for
each technique are displayed in Figure 2.1.

Figure 2.1: Puncture sites for various methods of cannulation. a) Rope
Ladder b) Area c) Button hole
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Guidelines recommend that fistulae be allowed one month to mature before
cannulation [10], whilst others have indicated that the AVF can theoretically
be used 14 days after creation [103, 104]. This allows the vein wall to thicken
during the maturation process, reducing the chance of thrombosis. Once
frequent cannulation has begun the access is not usually monitored unless
problems with dialysis clearance or health of the access arise. However,
this can sometimes be too late and potentially lead to a loss of the access,
increased costs of treatment and a decline in patient wellbeing. It would be
ideal to understand why vascular access failure is occurring and to identify
sites at higher risk and mechanisms in which this risk can be reduced.
As previously explained, flow instabilities and secondary flows have a high
predisposition to intimal thickening. In regards to dialysis needles, the
foremost study to link these flow features with IH employed bench top flow
rigs to replicate in-vivo conditions in a controlled setting. Flow instabilities
and turbulence produced by the VN inserted in an AVG were measured up
to 8 cm from the needle tip using LDA [7]. These flows were attributed to
the boundary layer interaction between the jet exiting the VN and the graft
flow. The jet flow was entrained into the core flow resulting in energy
dissipation through the creation of secondary flows. The jet structure
exiting the VN was measured to have velocities up to 3.5 m/s when a
standard haemodialysis flow rate of 300 ml/min was tested. The turbulence
and pressure changes produced by the VN jet has been suggested as a
potential source of microbubble formation from cavitation which can lead
to tissue ischaemia if deposited in the body [67, 68]. This may account for
the high incidence of chronic lung complications and deterioration of
neurological function in long term haemodialysis patients, however this
hypothesis has yet to be examined.
Huynh et al. [48] extended the work of Unnikrishnan et al. [7] by placing
cultured bovine aortic endothelial cells on the inner surface of a compliant
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tube in the region where the flow instabilities were measured. Endothelial
denudation occurred in the presence of the VN jet in six hours, which
would leave the vascular wall vulnerable to platelet adhesion and
aggregation and potential development of IH. Endothelial cells within the
turbulent region were found to be randomly aligned, reducing endothelial
integrity and further compounding the blood vessels ability to maintain
homeostasis.
Furthermore, NO was found to be inhibited by the
downstream turbulence, reducing the ability of the blood vessel to adapt to
the dynamic flow conditions.
A limitation of the LDA measurements conducted by Unnikrishnan et al.
[7] is that only point measurements were made. The previous studies did
not visualise or measure the three dimensional flow field produced by the
VN. Qualitative information on the jet break down and subsequent flow
instabilities has also not been investigated. Furthermore, approaches to
reduce the risk of IH in the downstream vein have not been explored despite
the evidence that the exiting jet structure affects endothelial function.
The design of dialysis needles has remained relatively unchanged in the last
50 years. The main area of innovation has been through needle tip design
to reduce the bevel length and required insertion force [105]. Zarate [106]
proposed a new needle design which includes two lateral openings with
internal flow diverters. This design reduces the velocity of the jet exiting
the central bore of the VN, subsequently decreasing the downstream
turbulence and shear stresses. When used in the setting of an AN, this
design lowers the negative pressure surrounding the needle tip. A similar
design utilizing two side eyes was also proposed by Van Tricht [107] as
displayed in Figure 2.2, with common aims to optimise flow division and
reduce WSS values. Evidently, the primary drive to improve vascular access
patency is to reduce the haemodynamic forces that can lead to IH.
Unfortunately, these designs do not appear to have been commercialised,
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with the existing design including a back eye and double bevel point
remaining the current standard.

Figure 2.2: Various needle designs [107]. a) Oval Back Eye b) Ellipse Back
Eye c) Two Back Eyes d) Side Eyes

On the other hand, much research has been dedicated to the design of
cannulae in ventricular assist devices [108–110], cardiopulmonary bypass
[111–113] and central venous catheters [114–116]. It has been shown that
the geometry and position of the inlet port is fundamental in determining
the amount of flow supplied to the dialysis machine [117]. The outcomes of
these studies have resulted in an optimised geometry where more than 50%
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of blood flow enters through the side holes [114, 116, 118]. Computational
models have indicated that increasing the number of side holes can reduce
high WSS which may reduce haemolysis levels [109, 110].
Looking at the effects of both the AN and VN placed in proximity to each
other is important for investigating decreases in dialysis efficiency due to
access recirculation. Rothera et al. [119] conducted such a study by
examining the influence of needle separation distance in a clinical setting.
Traditional practice recommends a minimum distance of 5 cm between the
needles to minimise access recirculation. However, the study by Rothera et
al. [119] found that needles placed within 2.5 cm of each other did not
result in access recirculation, indicating that a large cannulation segment
may not be required. Weitzel et al. [120] reported similar results when
measuring the differential pressure between the needles and showed that
needle induced flow effects are evident within 1 cm of the AN and several
centimetres of the VN, which is in agreement with the previous assessment
of VN turbulence [7].
Interestingly, in the study by Rothera et al. [119] both needles were pointed
in the same direction as the blood flow through the access. Guidelines exist
in regards to cannulation practice but haemodialysis treatment is usually
tailored to the requirements of the patient in regards to dialyser clearance and
vascular access preservation. As such, there is much variation in cannulation
practice between dialysis wards and even patients. Orientation of the AN is
one area which has received much debate. The VN must always point in the
direction of the blood flow, however the AN may be placed in the retrograde
orientation or antegrade orientation, as demonstrated in Figure 2.3 [121].
The VN is always placed downstream of the AN, closer to the heart, to
facilitate the return of filtered blood to the body. The antegrade orientation
has been associated with greater access flows [122], however no difference
was observed for dialysis clearance [123]. Conversely, Parisotto et al. [124]
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reported lower access survival and a higher risk of aneurysm formation with
the AN in the retrograde orientation as the tract at the puncture site can
be kept open through fistula flow forces, thereby weakening the blood vessel
wall further and leaving it susceptible to blood particle deposition.

Figure 2.3: Needle orientation where the arrow indicates the direction of
blood flow in the vein. a) Antegrade b) Retrograde
Another area which is controversial is the technique of rotating the needle
180◦ about its cylindrical axis after insertion. This is done to alleviate
pressure in the AN if the bore becomes attached to the vessel wall [121].
This technique is also performed to minimise the risk of infiltration which
can result in thrombosis [87]. However, it has been identified that
infiltration can occur during the rotation process itself [85]. Parisotto et al.
[124] concluded that needle rotation is an unnecessary practice as it may
cause damage to the vascular access, yet this practice is still conducted by
some.
Evidently, the application of dialysis needles within the blood vessel play an
important role in vascular access patency. The needles have been shown to
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produce complex haemodynamics which can lead to IH, however qualitative
and quantitative information regarding the haemodynamics produced by
dialysis needles in an AVF remains to be investigated. Understanding the
haemodynamic forces produced by the needles will reveal sites at higher risk
of IH or mechanisms in which this complication can be minimised.

2.2.2

Arteriovenous

Fistulae

and

Arteriovenous

Grafts
Thrombosis usually occurs in the anastomosis of the vascular access due to
the high prevalence of stenosis in this region [27–33]. Much research in the
field of haemodialysis has been dedicated to understanding the
pathophysiology of intimal hyperplasia in AVFs and AVGs. In-vivo studies
have elucidated the cascade of events involved in intimal thickening and
shown its formation to be highly localised. These studies have helped
validate the theory that haemodynamics plays an influential role in the
development of IH.

2.2.2.1

In-vivo Experiments

Examination of grafts implanted in canines revealed that IH was found to
be localised at the heel and toe of the graft and consisted mainly of VSMC
proliferation, degenerating myocytes, active myofibroblasts and dense
collagen fibres [57, 125]. Similar cellular phenotypes have also been
identified in human tissue samples [3, 126]. Jackson et al. [127] found
similar results when examining end-to-side AVFs in rabbits. Varying
anastomotic angles were created resulting in varying responses of intimal
thickening which coincided with a stagnation point that migrated during
the cardiac cycle. The migration of the stagnation point in grafts was also
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examined by Bassiouny et al. [58] using flow visualisation, as displayed in
Figure 2.4.

Figure 2.4: Movement of the stagnation point throughout the cardiac cycle
in vascular grafts. The figures are labelled as: heel (H), toe (T), proximal
(P), distal (D), laminar flow (LF), stagantion point (SP). a) Early Systole
b) Mid-Systole [58]

Interestingly, intimal thickening coincided with regions of low WSS [57, 58],
with accelerated VSMC proliferation found in regions of extremely low
WSS (<0.2 Pa) [56]. In this case, the WSS was approximated from an
empirical formula using velocity measurements taken with an ultrasonic
flow transducer. Keynton et al. [4] also utilised an ultrasonic flow
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transducer to measure temporal and spatial gradients in grafts implanted in
dogs to examine transient effects. It was observed that over 75% of IH
occurred at shear rates below 100 s−1 and that 92% occurred when the
shear rate was below 346.5 s−1 . Furthermore, no intimal thickening was
observed for shear rates greater than 950 s−1 . Analysis of the oscillatory
flow component led to the conclusion that IH is more prone to develop in
regions of flow reversal. This observation has also been reported by others
[58, 59].
However, the spatial resolution of ultrasonic flow transducers is a major
limitation affecting the accuracy of the velocity measurements.
Furthermore, calculation of WSS relies on the application of the
Hagen-Poiseuille equation, a generalised approach based on the assumption
of laminar flow. This methodology is limited by the fact that the flow in
the vascular access is thought to be transitional to turbulent [54, 97–99].
Remuzzi et al. [128] developed a method of measuring WSS in-vivo, that
takes into account the pulsatile nature of blood flow and variations in blood
viscosity. They measured WSS in the range of 6-11 Pa in a human radial
artery, seven days after creation of the AVF. These findings concur with
those of Kohler et al. [129], who calculated values of approximately 7.8 Pa
in baboon grafts.

2.2.2.2

In-vitro Experiments

Despite the general agreement in WSS measurements, spatial resolution
remains a limiting factor. In-vitro experiments utilising bench top models
are an effective way of replicating in-vivo conditions in a controlled
environment and can overcome the limitations of spatial resolution and
empirical approximations. Qiu and Tarbell [101] used a piston pump to
impose sinusoidal flow over cultured bovine aortic endothelial cells on a
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compliant tube. Pressure transducers and CCD cameras were employed to
measure the diameter and pressure waveforms in the elastic tubes
simultaneously. In this study, the photochromic method was used to
calculate the wall shear rate. Over a period of four hours, oscillatory WSS
was found to cause the highest production of vasoconstrictors, whereas
vasodilators were upregulated under steady WSS. Davies et al. [42] also
examined the effects of turbulent flow on cultured bovine aortic endothelial
cells using flow visualisation and hot wire gauges to measure the WSS.
Turbulent flow coupled with low WSS in the range of 0.15-1.4 Pa resulted
in a higher rate of endothelial turnover than that of the same range in
laminar flow, demonstrating the damaging nature of a turbulent flow field.
Chien [41] reported similar findings, in that complex flow patterns,
oscillatory WSS and negative WSS increased the permeability of cultured
endothelial cells. This affected communication between neighboring cells,
resulting in heightened endothelial cell turnover and an inability of the
endothelium to maintain vascular integrity.
Several studies have employed either flow visualisation [98], LDA
[54, 130–133] or PIV [134–137] to analyse the haemodynamics in bench top
models of AVFs and AVGs. A crucial component when using lasers for flow
measurement is the creation of a transparent flow phantom with a refractive
index matched working fluid [138]. Rigid models are generally more
common as they are easier to construct, although compliant models are also
possible [138]. The rigid models are commonly cast from silicon derivatives
such as sylgard 184 [131] or silastic rubber [98] but can also be machined
from acrylic [130]. Refractive index matching prevents optical distortion at
the fluid-solid interface, improving the accuracy of measurements. The
effects of refractive index matching are shown in Figure 2.5.
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Figure 2.5: Effects of refractive index matching on acrylic models. a) No
refractive index matching fluid b) Refractive index matching fluid

A mixture of glycerol and water at a ratio of approximately 40:60 is commonly
used as it yields a viscosity similar to that of blood (≈ 0.003 Pa.s). Dynamic
similarity can also be employed to assist in laser alignment and increase
the spatial resolution of the flow field. A common finding in the studies
investigating flows in AVGs was the existence of a stagnation point on the
floor of the artery consisting of low and oscillating WSS [54, 55, 130–133].
The stagnation point coincided with regions of IH, highlighting the power of
laser measurements in predicting disease formation. Similar results were also
discovered in AVFs [136].
Despite the high accuracy and improved spatial resolution lasers offer
compared to other measurement devices, they are still generally limited to
point or planar measurements.
This can be overcome by using a
tomographic system, however this exponentially increases the complexity
32

and cost of the experiment. Furthermore, measurement of WSS is still
difficult due to: reflections at the fluid-wall interface, high gradients near
the boundary and the three dimensionality of flow structures in this region
[139]. A common application of laser measurements is the validation of
bulk flow quantities for CFD models [132, 134, 135, 140]. Advances in
computational power have allowed the complex three dimensional flow
fields in blood vessels to be resolved with a high resolution. Subsequently,
the WSS vector is easily calculated with great accuracy.
Validated
computational models have thus proven to be an invaluable tool when
investigating disease progression in blood vessels.

2.2.2.3

Numerical Modelling

Several studies have employed the power of computational models to
numerically examine the haemodynamics in AVGs [93, 97, 132, 140–143]
and AVFs [97, 99, 134, 135, 144–148]. The validity of these models is
primarily determined by the choice of boundary conditions, whilst the mesh
quality, choice of solvers and numerical discretisation scheme also influence
the quality of the simulations. The temporal nature of blood flow is easily
examined by applying transient boundary conditions as measured by
Duplex ultrasound [144]. Transient analysis of AVF flows has shown that
transitional flow vortices originating in the anastomosis are most
pronounced during systole and often persist through to diastole, as shown
in Figure 2.6 [99]. These transitional flow vortices persist within the venous
outflow and only begin to re-laminarise several centimeters from the
anastomosis [147]. Broderick et al. [97] examined the influence of various
factors on the production of instabilities within an AVG. Large eddy
simulations (LES) were conducted to resolve these high fluctuations and
instabilities originating in the anastomosis. Vein diameter and flow split
ratio were shown to be the greatest contributors to turbulent generation at
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the anastomosis, with fluctuating and chaotic flows existing well below the
critical Reynolds number of 2300 for pipe flows. Lee et al. [143] also
highlighted the influence of flow split ratio and revealed that transitional
flows exist at Reynolds numbers as low as 800.

Figure 2.6: Isosurfaces of helicity showing the development of transitional
flow at the anastmosis. a) Systole b) Diastole [99]

Idealised geometries have previously been used to examine the
haemodynamics within the vascular access [132, 140–142, 145]. Geometries
created using computer aided design software (CAD) can decrease the
complexity of parametric design as they allow specific variables to be
analysed in a controlled setting. This method is evident in the study by
Van Canneyt et al. [141], who explored the effect of helical graft designs in
minimising low and oscillatory flow conditions. Idealised geometries also
allow the application of fully structured hexahedral grids which increases
mesh quality and numerical accuracy whilst also reducing computational
time. The use of hexahedral grids in vascular access studies has been shown
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to produce errors in WSS calculation as low as 2% [132, 141]. Furthermore,
idealised geometries allow the use of symmetry assumptions, which further
reduces computation time [142].
Idealised geometries have also allowed the effects of non-Newtonian blood
modelling to be examined. Blood is a shear thinning fluid, in that its viscosity
is shear dependent. However, at shear rates greater than 100 s−1 blood
acts as a Newtonian fluid, thus the application of non-Newtonian models is
questionable in vessels with high flows such as AVFs and AVGs. Furthermore,
blood viscosity depends on many factors such as: haemoatocrit, temperature,
plasma composition and pathological conditions, making the application of
a universal blood model difficult. O’Callaghan et al. [149] compared various
blood models in a distal vascular bypass graft; whose geometry is similar to
that of an AVG. Little difference in WSS was found between the blood models
at high shear rates, however variations up to 300% were evident under low
shear conditions. Decorato et al. [135] reported values much lower, with the
mean difference in WSS at the anastomosis and downstream vein of an AVF
approximately 10% and 13%, respectively. Both studies concluded that the
application of a non-Newtonian model is case dependent and is not necessary
in cases with high blood flows.
Blood vessels have elastic properties and deform under the influence of
blood pressure, yet the rigid wall assumption is commonly made for
simplification and to reduce computation time. Fluid structure interaction
(FSI) models combine the effects of blood pressure and the elastic
properties of blood vessels to obtain a more complete picture of the
vascular access. McGah et al. [148] compared WSS measurements between
a rigid and fully coupled FSI simulation of an end-to-side fistula. Variations
in WSS up to 50% were measured at the anastomosis, however differences
in the downstream vein were only 10%. These values are comparable to
Decorato et al. [135] who reported a 15% variation in peak WSS and 20%
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in maximum velocity. Shear stresses in FSI simulations are generally lower
than rigid models as the elasticity of the walls dampens the velocity in the
blood vessel. Thus the rigid wall assumption will overestimate the WSS in
the vascular access. Several limitations in the flexible wall approach were
noted by McGah et al.
[148], most importantly an uncertainty of
approximately 25% in the value of the elastic modulus and an uncertainty
of 10-15% in measuring the exact wall thickness of the blood vessels.
Another limitation is the non-homogeneity of the blood vessel wall and the
variation of its properties between patients, making the application of an
FSI model case dependent. Both studies also noted that FSI models are
much more computationally expensive than their rigid wall
equivalents.
Recently, patient specific geometries of AVFs have been realised from 3D
laser scans of vascular casts [93] or image segmentation from: 2D
ultrasound images [147, 148], computerised tomography scans (CT)
[135, 143], angiograms [144], magnetic resonance angiograms (MRA) [99] or
magnetic resonance imaging (MRI) scans [146, 147]. A common finding in
the patient specific geometries is the presence of strong secondary flows due
to the curvature of the anastomosis and the adjoining vein. As the blood
flow exits the anastomosis it impinges on the far surface of the vein and
becomes highly skewed causing flow separation, disturbed flows and flow
reversal. These secondary flows coupled with the transient nature of blood
flow result in regions of oscillating WSS on the anastomosis floor and inner
surface of the juxta-anastomotic vein. These flows contribute to the high
incidence of IH in the anastomotic region [27–33]. Figure 2.7 compares
CFD and PIV data on the flow through a patient specific AVF and
represents the power of these two methods in examining biological blood
flows.
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Figure 2.7: CFD and PIV data on flow through a patient specific AVF [134]

2.3

Summary of Literature

• The vascular access is referred to as the lifeline for haemodialysis
patients. An AVF is the preferred choice of access due to superior
patency rates and fewer incidents of complications, which reduces the
long term cost of haemodialysis.
• Thrombosis as a result of low flow conditions or rupture of stenosis is
the most common complication in haemodialysis patients. Stenosis
formation is highly localised within the vasculature, commonly
forming at the anastomosis or downstream vein. Intimal thickening
has been shown to have a strong correlation with haemodynamics, in
particular low WSS, oscillatory WSS, distrubed flows, stagnant flows
and excessively high WSS.
• Accurately measuring WSS has proven difficult. Laser diagnostic
techniques have been proven to have the highest accuracy when
measuring bulk flow quantities on bench top models. Measurement of
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WSS using lasers is also difficult due to: reflections at the fluid-wall
interface, high gradients near the boundary and the three
dimensionality of flow structures in this region. Laser techniques have
thus far mainly been used to validate computational models.
• Computational models are able to resolve the haemodynamics with
high three dimensional resolution and can accurately calculate WSS.
The accuracy of the model is highly dependent on the choice of
boundary conditions. Assumptions on geometry, blood rheology
model and wall elasticity are usually made to reduce the complexity
and computational time of the simulation.
• Dialysis needles have a direct influence on vascular patency. With
reference to haemodynamics, the jet exiting the VN produces highly
disturbed flow. The flow field around the AN is thought to be much
smaller as the blood is withdrawn from the vein. Needle geometry and
position within the vessel also influence vascular patency.
• The majority of research has focused on the haemodynamics of AVFs
and AVGs, justifiably as intimal thickening most frequently occurs at
the anastomosis. However, intimal thickening in the downstream vein
is also common, and investigation into the haemodynamics produced
by the needles has received little attention.

2.4

Thesis Objectives

The vascular access is a crucial component in haemodialysis treatment but
does not have high long term success. Extensive examination of the
haemodynamic forces produced by blood entering and exiting dialysis
needles has not been conducted. The primary objective is to determine the
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extent that dialysis needles contribute to IH in the downstream vein. A
secondary objective is to determine the role of dialysis needles in
microbubble formation from cavitation. From these objectives, the aim is
to determine methods of identifying and minimising the risk of vascular
access failure.
It is hypothesised that blood flow through the VN causes damage to the
endothelium through high WSS and secondary flows produced by the exiting
jet structure. Conversely, the flow field surrounding the AN is small relative
to the VN and its role in intimal thickening is minimal. In regards to
microbubble formation, it is hypothesised that cavitation is more likely to
occur at the AN due to the lower negative pressures that are produced when
the blood is extracted from the vein.
The most relevant parameter in predicting IH is WSS. Numerical models will
be employed to accurately assess this parameter whilst also providing high
resolution three dimensional data of the flow field surrounding the needles.
Qualitative and quantitative information on the flow field produced by the
needles is required to identify regions at risk of intimal thickening. This can
aid in vascular screening and treatment of stenosis. Furthermore, methods
to minimise the harmful haemodynamics will be explored by determining
the effect of needle position, blood flow rate and alternate designs. These
solutions may minimise the incidence of stenosis in the downstream vein,
thereby increasing the useful life of the fistula whilst also reducing the cost
of treatment. The potential of microbubble formation from cavitation is
also explored through computational models and clinical examination of the
pulsatility within the extracorporeal system and subsequent pressures.
As highlighted above, computational models are highly dependent on
boundary conditions and require validation. Stereoscopic PIV will be
employed to validate the three dimensional bulk flow velocities along the
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central plane in the computational models under steady conditions. Steady
state boundary conditions are selected to provide an extra degree of control
in the experiment and allow the use of time averaged quantities to
maximise the accuracy of the validation. Improved experimental techniques
such as refractive index matching and high precision machining are also
utilised.
From a clinical stand-point, analysis of variables measured during
haemodialysis may reveal a relationship between the haemodynamics
produced by the needles and AVF failure. From this data, predictors of late
failure might be elucidated from variables which are already collected
during routine treatment. This offers an alternate approach from the
aforementioned methods to improve patient care. A clinical study also
provides the link between biological responses and bench
top/computational modelling.
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Chapter 3
Clinical Study: Correlation
between haemodynamics and late
fistula failure
Despite the advantages of AVFs over other forms of vascular access, late
failure is still common and contributes to an increased cost of care. This
chapter investigates the relationship between haemodynamic variables and
late failure by retrospectively examining patients with mature radiocephalic
fistulae from the time of first cannulation until an intervention was
required. The influences of hemodialysis practices and the effects of
comorbidities (diabetes and age) were measured to assess the influence of
cannulation on AVF survival, with the aim of using clinical variables to
predict the development of complications within the vascular access. The
results of this study form an exploratory analysis into current trends of
clinical care for a specific patient cohort.
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3.1

Introduction

The prevalence of ESRD within the United States in 2012 was roughly
637,000; increasing 3.7% from the previous year [150]. At this time,
haemodialysis remained the most popular form of treatment accounting for
approximately 64% of the ESRD population, as shown in Figure 3.1 [150].
Although kidney transplantation is the preferred treatment due to the
greater social and physical benefits it offers, haemodialysis is more common
in Australia and the United States due to the limited availability of
transplantation kidneys [151].

Figure 3.1: Prevalence of End Stage Renal Disease in the United States [22]

Diabetes and hypertension are major causes of ESRD, accounting for 50%
and 20%; respectively [9]. Two other major causes are glomerulonephritis and
cystic kidneys; diseases which target the kidneys. The number of incident
cases per year for the four main causes of ESRD in the United States is
42

displayed in Figure 3.2. Incident rates of ESRD have been declining since
1996 due to improved kidney management in regards to the primary causes,
as well as better survival of ESRD patients. Due to the high prevalence
of haemodialysis the requirement to create a long lasting vascular access is
increasingly important.

Figure 3.2: Incident rates in the United States of primary causes of ESRD
in 2012 [22]

Long term preservation of the haemodialysis vascular access is a primary
objective for patients suffering from ESRD. AVFs are the first choice of
vascular access because they have the highest patency rates, fewest
complications and lowest cost compared to graft and catheter access [10].
In particular, AVFs have been reported to have two year patency rates up
to 70% compared to 40% in grafts [19]. However, AVFs are prone to
developing complications, with unsuccessful maturation accounting for 53%
of failures [152], whilst 30% may fail within the first three months [153].
Conversely, late failure can also occur after the AVF has matured and is
cannulated regularly, with one and four year patency rates reported to be
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approximately 70% and 48%, respectively [21].
Early failure of the vascular access is mainly due to patient characteristics
such as vascular health or small blood vessel size which limits the high blood
flow required for efficient dialysis [46, 47], whereas late failure commonly
occurs due to morphological changes to the structure of the blood vessel
initiated by haemodynamic changes [3–6]. Despite the mechanisms of failure
being well defined, predicting its occurrence remains a challenge.
To aid in the long term preservation of the vascular access this chapter set
out to investigate the specific factors that lead to late AVF failure in matured
radiocephalic fistulae. Haemodynamic clinical variables, as well as underlying
comorbidities of age and diabetes were examined to determine their ability
to predict the occurrence of late failure.

3.2
3.2.1

Methods
Study Design

A retrospective examination was conducted on a range of haemodynamic
clinical measurements (maturation time, arterial pressure, venous pressure,
blood flow rate and frequency of dialysis sessions) in haemodialysis patients
with matured radiocephalic fistulae and of the relationship between these
variables pertaining to cannulation and AVF failure. Correlations between
time to failure (useful fistula age) and the haemodynamic variables of
pressure and blood flow rate were also examined to determine their
potential at predicting late failure. The effects of underlying comorbidities
of age and diabetes on fistula age were also investigated.
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In this study, early failure was defined as an AVF which does not mature
and cannot be cannulated whilst late failure was defined as an AVF that
has fully matured and is being regularly cannulated until it reaches a point
where efficient dialysis is no longer achievable and interventional surgery is
required. Maturation time was defined as the time between surgical creation
of the fistula and first cannulation.
Data was obtained from thirty-one patients who were using a radiocephalic
fistula and successfully dialysing at the Prince of Wales Hospital, Sydney,
Australia, from January 2006 to January 2015. Ethical approval was
provided by the Human Research Ethics Committee at the Prince of Wales
Hospital (HREC Number: 14/255, SSA Number: 14/G/358). Patient data
was selected from the time of first cannulation until the first surgical
intervention, thereby removing any post-surgical effect on the health of the
AVF. The inclusion criteria were:
• Patients are dialysing with a radiocephalic fistula
• No surgical intervention was performed to aid in maturation
• Patients are over 18 years of age
• Late failure (as defined above) must have occurred
• The access is the patient’s first fistula

3.2.2

Data Analysis Methodology

Predictors of late failure were identified by plotting the haemodynamic
variables of pressure and blood flow rate vs time to failure (useful fistula
age) for each patient individually. Blood flow rate is set by the blood pump
speed and is a controlled variable that indicates vascular health from the
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nurses’ experience. Measurement of the arterial and venous pressure
represents the ability to withdraw and return blood to the fistula and
provides an indication of vascular resistance from potential stenosis or
thrombosis. Blood pressure and blood flow rate were recorded once during
treatment from the pressure gauge and blood flow setting on the AK200S
dialysis machine (Gambro, Lund, Sweden). To identify the cause of late
AVF failure, the patients were classified into groups based on the length of
time in which successful cannulation was conducted until an intervention
was required (useful fistula age). The influence of haemodynamic variables
pertaining to cannulation were then measured against fistula age groupings:
0-99 days; 100-499 days; 500-999 days; 1,000-1,999 days and 2,000+ days.
The demographics of fistula age classification are displayed in Table 3.1.
The mean age is calculated based on the patient age at the end of the study
period (January 2015).
Table 3.1: Patient demographics based on fistula age classification
Fistula Life (days)

Mean Age (SD)

Men/Women

2,000+
1,000-1,999
500-999
100-499
0-99

75
74
49
67
58

2/0
3/2
3/0
12/2
12/2

(2) years
(12) years
(9) years
(11) years
(15) years

Control of poor vascular health were also imposed by dividing the patients
into four groups based on comorbidities of age (>65 years) and diabetes
mellitus as displayed in Table 3.2.
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Table 3.2: Patient demographics based on comorbidity classification
Group No. Diabetes Age (years)
1
No
<65
2
Yes
<65
3
No
>65
4
Yes
>65

Mean Age (SD)
50 (14) years
57 (4) years
78 (8) years
73 (5) years

Men/Women
4/2
7/2
7/1
6/2

Radiocephalic fistulae were predominantly located in the left arm in 27/31
(87%). Locations of failure were classified as the inflow artery, anastomosis
region including the swing segment of the fistula and the outflow region
which includes the cannulation segment and drainage vein, which are similar
to that used by Sivanesan et al. [28]. All patients were dialysed using an
AK200S device (Gambro, Lund, Sweden), Gambro BL 208BD bloodlines and
a high-flux Revaclear 400 dialyser (Gambro, Lund, Sweden).

3.2.3

Statistical Analysis

All statistical analyses were conducted in MATLAB (Mathworks Inc,
Massachusetts, United States). A standard least-squares regression analysis
was conducted on the haemodynamic variables of pressure and blood flow
rate to determine a correlation with late failure. The coefficient of
determination (R2 ) is used to fit the data with the regression line. The
significance of group differences were assessed using a two-way unbalanced
ANOVA, where a p-value less than 0.05 was considered significant. The two
way ANOVA was performed against the group whose patients had the
longest fistula survival (2000+ days), as these patients were able to remain
on dialysis successfully for a longer time without requiring an intervention.
It was also performed on patients without comorbidities of diabetes or age
as these patients historically have greater fistula survival. The data for each
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group is presented in terms of the mean and standard deviation (SD).
Fistula life was assessed using the Kaplan-Meier survival analysis.

3.3

Results

3.3.1

Complications

There were a total of 39 complications in 31 patients that resulted in an
intervention, displayed in Table 3.3. Stenosis was the most common
complication accounting for 37 (95%) incidents, with five patients
exhibiting stenosis in two areas and one patient showing stenosis in all
three locations. Steal syndrome accounted for the other two complications
in two patients with diabetes. Both cases of steal syndrome were treated by
collateral vein ligation. Stenosis at the anastomosis was the most common
complication accounting for 19 incidents, closely followed by outflow
stenosis (14 incidents) with inflow stenosis being less common (4
incidents).
Table 3.3: Number of complications occurring in each patient group
Group
No.
1
2
3
4

Inflow
stenosis
1 (14%)
1 (8%)
0 (0%)
2 (18%)

Anastomosis
stenosis
3 (43%)
7 (54%)
4 (50%)
5 (45%)
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Outflow
stenosis
3 (43%)
4 (31%)
4 (50%)
3 (27%)

Steal
syndrome
0
1
0
1

(0%)
(8%)
(0%)
(9%)

3.3.2

Standard least-squares regression analysis

The relationship between blood flow rate and time to failure is displayed in
Figure 3.3. Standard practice on new fistulae is to cannulate conservatively
by using lower blood flow rates during initial dialysis sessions. This trend is
highlighted in the data where the average blood flow rate was found to be
lower in patients who required an intervention soon after dialysis treatment
commenced. Regression analysis shows that after the first few months the
blood flow rate remained between 300-360 ml/min. This result displays
standard practice rather than indicating that fistulae with higher blood
flow tend to last longer.

Figure 3.3: Relationship between average blood flow rate averaged over
all sessions per patient and time to failure (useful fistula age). Standard
deviation is the average across all measurements for the cohort of patients.
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The average arterial pressure for each patient is plotted against time to failure
in Figure 3.4. Higher arterial pressures were associated with fistulae which
required an intervention within the first year but continued to decrease over
time, albeit at a small rate. The correlation between arterial pressure and
failure was not strong.

Figure 3.4: Relationship between average arterial pressure averaged over
all sessions per patient and time to failure (useful fistula age). Standard
deviation is the average across all measurements for the cohort of patients.

The average venous pressure is plotted against time to failure for each patient
in Figure 3.5. Similar to the trend with arterial pressure, the venous pressure
was lower for patients who required an earlier intervention and continued to
rise over time. No strong correlation between venous pressure and failure
was found.
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Figure 3.5: Relationship between average venous pressure averaged over
all sessions per patient and time to failure (useful fistula age). Standard
deviation is the average across all measurements for the cohort of patients.

3.3.3

Effects of Fistula Survival

Table 3.4 displays the average arterial pressures for different fistula ages.
A lower average arterial pressure, around -140 mmHg, was associated with
longer AVF use. In particular, patients who required an intervention within
100 days of cannulation tended to have a higher arterial pressure around -120
mmHg although this relationship was not significant (P = 0.12).
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Table 3.4: Mean +/- standard deviation and statistical significance of
pressure in the arterial line categorised by fistula longevity
Fistula Life (days)

Mean AP (mmHg)

SD (mmHg)

P-value

2,000+
1,000-1,999
500-999
100-499
0-99

-141
-129
-147
-132
-123

16
24
19
24
24

0.65
0.38
0.33
0.12

Table 3.5 displays the venous pressure for each fistula life group. The data
shows that patients whose AVF functioned for a longer time had a higher
venous pressure around 130 mmHg, compared with patients whose AVF failed
within the first 100 days of cannulation who had an average venous pressure
of approximately 110 mmHg, which was statistically significant.
Table 3.5: Mean +/- standard deviation and statistical significance of
pressure in the venous line categorised by fistula longevity
Fistula Life (days)

Mean VP (mmHg)

SD (mmHg)

P-value

2,000+
1,000-1,999
500-999
100-499
0-99

132
135
121
115
107

18
20
19
23
26

0.81
0.26
0.09
0.03

Table 3.6 shows the average blood flow rate for each fistula life group. The
trend to cannulate conservatively by using lower flow rates during initial
dialysis sessions is highlighted, where the average blood flow rate was found
to be lower in patients who required an intervention soon after dialysis
treatment commenced. Interestingly, flow rates below 300 ml/min were
found to be statistically related to those whose fistula failed within 500
days.
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Table 3.6: Mean +/- standard deviation and statistical significance of blood
flow rate categorised by fistula longevity
Fistula Life (days)

Mean BFR (ml/min)

SD (ml/min)

P-value

2,000+
1,000-1,999
500-999
100-499
0-99

330
320
319
300
283

20
23
21
29
33

0.65
0.12
0.02
0.02

Table 3.7 shows the average frequency of treatment for each fistula life group.
The mean time between sessions remained consistent, with patients receiving
dialysis every 2-3 days, as noted by the small standard deviation. A statistical
significance was found for late failure and a shorter time interval between
sessions however this was within the range of all measurements.
Table 3.7: Mean +/- standard deviation and statistical significance of dialysis
frequency categorised by fistula longevity
Fistula Life (days)
2,000+
1,000-1,999
500-999
100-499
0-99

Mean
Dialysis
SD (days)
Frequency (days)
2.44
0.8
2.43
0.79
2.33
0.67
2.41
0.77
2.38
0.78

P-value
0.65
0.02
0.75
0.68

The mean and standard deviation for fistula maturation times are displayed
in Table 3.8. Generally the fistulae that survived longer without an
intervention had been given more time to mature, although this was not
significant (P = 0.91).
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Table 3.8: Mean +/- standard deviation and statistical significance of fistula
maturation time categorised by fistula longevity
Fistula Life (days)
2,000+
1,000-1,999
500-999
100-499
0-99

3.3.4

Mean Maturation
Time (months)
9.0
5.4
1.5
9.8
3.3

SD (months)

P-value

8.6
3.4
0.1
8.9
3.2

0.42
0.20
0.91
0.15

Effects of Vascular Health

The mean and standard deviation for fistula age (as measured from the
time of first cannulation to the time of first intervention) for each group are
displayed in Table 3.9. Patients over the age of 65 and those who were also
diagnosed with diabetes had a longer time of successful cannulation without
requiring an intervention compared to those with a healthy vasculature
(<65, no diabetes).
Although there was a trend between these
comorbidities and longer fistula survival the relationship was not significant
(P = 0.38).
Table 3.9: Mean +/- standard deviation and statistical significance of fistula
age as measured from the time of first cannulation to the time of first
intervention
Group No.

Mean Age (months)

SD (months)

P-value

1
2
3
4

12.7
10.5
29.8
29.1

16.2
10.4
33.4
32.4

0.75
0.27
0.38
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Figure 3.6 displays a Kaplan-Meier survival curve for the different groups
based on classification of vascular health. Patients over the age of 65 and
those who also have diabetes have a higher probability of longer fistula use,
which mirrors the data displayed in Table 7. Figure 3.6 also shows that
elderly patients outperformed the younger cohort, with elderly patients whom
were also diagnosed with diabetes outperforming their counterparts without
diabetes. Interestingly, regardless of vascular health status, all four groups
display similar survival probabilities within the first 6 months of AVF use,
with approximately 50% of patients requiring an intervention.

Figure 3.6: Kaplan Meier Survival Analysis for each patient group
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3.4

Discussion

Despite the radiocephalic fistula being the preferred choice of access, its long
term use is still plagued by a wide range of complications which usually
require intervention and can occasionally leave the access unsalvageable [15,
23].
Thrombosis as a result of reduced blood flow or stenotic lesion rupture is
the most common complication in haemodialysis patients [1, 2] and is more
common in older fistulae [153]. While no episodes of thrombosis occurred in
patients in this study, stenosis was the most common complication
accounting for 37/39 (95%) of incidents in 30/31 (97%) patients. This
reflects the routine fistula screening conducted for this cohort of patients
that aimed to minimise the risk of thrombosis through the use of planned
intervention on stenosis development. Konner [154] reported similar results,
where an emergency intervention to correct for thrombosis occurred in
31.8% of patients with an AVF, whilst 66.4% chose to have an elective
revision to correct a developing stenosis before thrombosis occurred that
would have left the fistula unusable.
This study found that elderly patients with and without diabetes had
longer use of their fistulae before requiring an intervention. Furthermore,
the effects of age and diabetes were not found to be statistically significant,
indicating that vascular health was not a primary factor in predicting late
AVF failure in this cohort. This finding is supported by other studies that
have also reported no statistical relationship between these comorbidities
and AVF patency [21, 33, 155]. To remove the influence of previous access
on vascular health, this study was designed so that only patients with a
radiocephalic fistula were selected. As this is the most distal access, only
elderly and diabetic patients with good vascular health would have been
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selected to receive this type of fistula, which places a level of bias in the
data. Conversely, radiocephalic fistulae have been shown to have higher one
and two year patency rates in patients younger than 65 years old, which
indicates that other factors may also influence AVF survival [156]. Vessel
diameter before AVF creation in particular has been shown to have a strong
statistical relationship to AVF survival [6, 42, 145]. This result, which
manifests from the controls used in this study emphasises that elderly or
diabetic patients should not be discarded for radiocephalic fistula creation
based on these comorbidities, as other variables such as blood vessel
diameter may be more influential.
Interestingly, patients with diabetes whom are younger than 65 showed the
poorest fistula survival. This result mimics our observation above, in that
vascular health is not a primary factor in predicting late AVF failure. On
the other hand, the result may manifest from a bias due to the controls for
vascular health, as young diabetic patients may have poorer vascular health
due to the expression of the disease at an early age. This observation echoes
the findings of others whom report poorer long term vascular access survival
in diabetics [154]. At the other end of the spectrum, the data showed that
elderly patients whom were also diagnosed with diabetes outperformed their
counterparts without diabetes. This may be attributed to the age difference
(5 years) between both groups of elderly patients. This result indicates that
the effects of diabetes on vascular health manifest at various severities and
are dependent on the age of the patient. This implies that vascular health
should not be a primary factor in patient selection for radiocephalic fistula
creation.
An interesting trend present in all groups was the high failure rate within the
initial six months of fistula use, with approximately 50% of patients requiring
an intervention. Several studies have identified a higher risk of AVF failure
in the period following its creation [6, 56], with one month primary patency
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rates reported to be as low as 57.6% [157]. However, interventional measures
can mitigate these initial problems, where secondary patency rates above
80% have been reported following balloon fistuloplasty and stent placement
[29]. This result emphasises the importance of frequent monitoring within
the first six months of cannulation as the risk of developing complications
during this period is higher.
The anastomosis was the most common location for stenosis, accounting for
49% of incidents, whilst 38% occurred at the outflow segment. Similar
figures have been reported in radiocephalic fistulae with 49% of cases
forming at the anastomosis and 45% in the outflow segment [27]. Intimal
hyperplasia is the primary process leading to stenosis in haemodialysis
patients and develops under a complex pathway which is not yet fully
understood [3, 6]. Possible mechanisms of activation include surgical injury
[58], oxidative and inflammatory stress [158] or the most popular theory,
which suggests morphological changes occur in the blood vessel under
changed flow conditions following AVF creation [4]. Several studies have
shown a relationship between disturbed flow and stenosis formation at the
anastomosis of AVFs and AVGs [42, 56, 145]. However, the disturbed flow
generated within the AVF has been shown to dissipate in the venous
outflow segment [145]. This study measured a high incidence of stenosis in
the outflow segment, which has also been reported by others [27, 28, 33].
This high incident rate indicates the potential damage exerted on the blood
vessel after the introduction of the needles in the AVF circuit.
Cannulation technique has previously been shown to influence AVF survival
[124]. To ascertain the influence of cannulation on AVF survival, the related
haemodynamic clinical variables of arterial pressure, venous pressure, blood
flow rate, maturation time and frequency of dialysis sessions were measured.
Pressure in the arterial and venous lines measure resistance at the needles
and can be used to identify underlying stenosis within the fistula [85, 124].
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Clinical practice guidelines for vascular access recommend that pressure in
the arterial line should not fall below -250 mmHg as this can decrease the
delivery of blood to the dialyser, thereby decreasing the efficiency of the
treatment [10]. It has also been reported that haemolysis can occur at arterial
pressures lower than -150 mmHg [159]. The blood flow rate is set by the
clinician and determines the treatment time and filtration efficiency whilst
the pressure is a function of vascular resistance (ability to withdraw and
return blood to the fistula). The arterial operating pressures in the AK200S
Gambro dialysers were set to -100 mmHg to -200 mmHg, whilst the venous
operating pressures were set at 100 mmHg to 200 mmHg. The machine will
alarm if the pressure falls beyond this range, indicating increased resistance
in supplying blood to the dialyser. The data showed that fistulae which had
a better survival rate were associated with lower arterial pressures around
-140 mmHg, although this was not considered statistically significant.
Conversely, a significant statistical relationship was found between lower
venous pressures (110 mmHg) and a lower survival rate. Higher risk of
failure has been reported when venous pressures exceeded 150 mmHg or fell
below 100 mmHg [124]. This trend may manifest from the intimal
thickening occurring in the drainage vein. This process changes the
morphological structure of the blood vessel wall, resulting in an increase in
the number of smooth muscle cells which intrinsically decreases the
compliance, hereby increasing the resistance of the circuit. Hence, patients
who have been dialysing for a short time will have a lower vascular
resistance. The standard least-squares regression analysis showed a similar
trend in arterial and venous pressure, with a more dynamic variation in the
early life of the fistula. The average pressures recorded in this study still
fall within the safe operable limits, despite the transient change in
pressures. In particular, the standard least-squares regression analysis
showed that the arterial and venous pressure changes were minimal after
the first 12 months. As these pressures can be used to indicate underlying
59

stenosis, the operating limits should be monitored frequently, especially
within the first year of dialysis.
Fistula maturation time was found to be slightly higher in fistulae that
survived longer although this finding was not significant. Guidelines
recommend that fistulae be allowed one month to mature before
cannulation [10], whilst others have indicated that the AVF can
theoretically be used 14 days after creation [103, 104]. These dynamic
fistula conditions are further demonstrated in the standard least-squares
regression analysis which identified a greater range of arterial and venous
pressures in early fistula use. Furthermore, these pressures were shown to
continually change over the life of the fistula, emphasising the continual
maturation process of the vein. This study indicates that a longer
maturation time, of up to 6 months, when clinically feasible, may be
beneficial for access survival, as it allows the fistula more time to adapt to
the new haemodynamic conditions and reduces the trauma of
cannulation.
Previous studies have shown that high blood flow rates in haemodialysis
produces high levels of turbulence and shear stresses in the range reported
to cause endothelial damage, which can initiate mechanisms leading to
intimal thickening [7, 48]. This contradicts the results in this study, where
flow rates below 300 ml/min were statistically related to fistulae that failed
within the first 500 days. Similar findings have been reported in patients
with blood flows below 310 ml/min, where the higher risk of failure was
attributed to the underlying complications that limited the flow through
the AVF, thus making the required flow rates unattainable [160]. A similar
bias may also have occurred in this study. Furthermore, as mentioned
previously, patients begin dialysis on lower flow rates to minimise the initial
trauma. The standard least-squares regression analysis highlighted this
standard practice rather than indicating failure, as fistulae that failed early
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inevitably used lower blood flow rates whilst fistulae that survived longer
were consistently dialysed at flow rates between 300-360 ml/min. This
subsequently places a bias towards lower blood flow rates in fistulae that
fail soon after cannulation begins. The effects of excessively high or low
blood flow rates on fistula survival cannot be addressed in this study as all
flow rates remained within standard clinical limits.
A statistical relationship was also found in patients who dialysed more
frequently. However, the standard deviation was small in all groups, where
patients received dialysis on average every 2-3 days. This follows standard
practice and likely manifests from the low power in the analysis, which is a
limitation of this study and therefore this result is deemed negligible.

3.5

Limitations

The main limitation of this study was the small number of available patients
due to the specific controls used. Hard control points were used to isolate the
effects of cannulation (successful primary maturation, no history of previous
access, only examining patients with radiocephalic fistulae) which limited the
number of applicable patients to the study. These controls were necessary
to specifically analyse the modalities of late failure, removing the influence
of secondary complications from interventions or previous access. Data was
simply not available for patients with long term fistula use (>8 years with no
major complications) as such patients are extremely rare. Data pertaining
to each cannulation session was also limited to the variables collected during
standard practice.
An ANOVA test was used to test for differences between groups, which
requires the assumption of a normal distribution. Although the patient
numbers in each group were small, the number of sample collections for the
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two patients whose fistula functioned the longest without a complication
were high and a normality test conducted on the raw data for these two
patients revealed a normal distribution. Furthermore, Type 1 errors are
common if t-tests are run multiple times on the same data, as would be the
case in this study. ANOVA was chosen to remove the chance of a Type 1
error occurring in the analysis.

3.6

Conclusion

Haemodialysis patients have a high risk of late fistula failure, with the most
common complication observed in this study being stenosis at the
anastomosis and outflow segment. The risk of failure is elevated within the
first six months as the fistula adjusts to dialysis conditions, indicating the
importance of routine screening for vascular complications during this time.
Diabetes and age were not statistically related to late failure indicating that
these patients should not be discarded for radiocephalic fistula. While
arterial and venous pressures reflect the vascular resistance of the dialysis
circuit, no model to predict failure based on blood flow rate or arterial and
venous pressures was established. Vascular resistance was found to change
over the life of the AVF, which signifies that operating pressures should be
monitored frequently, especially within the first year of dialysis as the
fistula adapts to dialysis treatment. Finally, a maturation time of up to six
months may reduce the trauma of cannulation, highlighting the importance
of advanced access planning in renal failure patients.
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Chapter 4
Experimental Study of
Cannulation Technique:
Methods
This chapter details the design and specifications of the optical bench top flow
rig used to validate the computational models. Specifics of the experimental
setup, blood analog fluid and stereo-PIV processing methodology are explained.
An analysis of the experimental errors is also provided.

4.1

Introduction

Particle image velocimetry is an effective tool for measuring high speed flows
instantaneously without intruding on the flow field. As such, this method has
been used to investigate jet turbulence and vortices [161, 162], and has also
been extended to measure physiological flows using bench top flow models
of aneurysms [163] and stents [164]. Studies focusing on jet dynamics have
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identified four distinct regions of the flow field for an impinging jet model:
the potential core, impingement region, impingement boundary layer and the
wall jet region [165].
The characteristic regions of the impinging jet and its interaction with the
wall and subsequent turbulent structures is a key area of focus in jet dynamic
studies [166–169]. The impingement point is a focal point at which the
impinging jet transforms into a wall jet. A large reduction in momentum
also occurs when a jet impinges on a surface which can lead to complex
flows. Rajaratnam et al. [169] found that turbulence within the jet near
the location of impingement diminishes and deduced that this could aid in
the initiation of erosion. Vaishnav et al. [62] displayed this effect with
an impinging jet onto ex-vivo thoracic aorta from dogs. A limitation in
extending these findings is that these studies were conducted at Reynolds
numbers much larger than found in-vivo and for an impingement normal to
the boundary, while an impinging jet at incidence for low Reynolds numbers
is more relevant to the flow field produced by the venous needle jet (VNJ).
The main features of the impinging VNJ are displayed in Figure 4.1.

Figure 4.1: Features of the impinging VNJ including: free stream jet (1),
recirculation zone (2), wall jet (3) and impingement zone (4). Regions in red
show the boundary layer between the various flow zones

The flows produced by the AN may also influence endothelial function and
subsequent intimal thickening. Little research has investigated the flows
around the AN, setting a requirement for the work in this chapter. Instead,
64

research has focused on the design of cannulas to improve their ability to
extract blood without damaging blood cells. Mareels et al. [114] used PIV
to validate various designs of cannula tips using computational models. The
direction of flow through the cannula bore and side holes was optimised to
reduce WSS and particle residence time, in order to reduce the risk of
thrombosis. De Bartolo et al. [118] had a similar approach using flow
sensors and pressure transducers to validate the numerical models.
Disturbed flow regions were measured around the cannula tip as blood was
extracted from the vein, which may contribute to thrombosis formation.
These studies imply that similar disturbed flow regions may exist around
the AN, however it is unknown if the disturbed flow extends to the walls of
the blood vessel.
The aim of this chapter is to investigate the three dimensional flow
structures produced by the VN and AN under normal haemodialysis
conditions using stereoscopic particle image velocimetry (S-PIV). These
results will provide validation for the subsequent computational models
used in Chapter 6. An idealised model of haemodialysis cannulation with
constant flow conditions is utilised with a blood analogue fluid with
different needle flow rates, needle positions and insertion angles tested to
cover the range of normal haemodialysis conditions.

4.2
4.2.1

Experimental Methods
Bench Top Flow Rig

An idealised model of haemodialysis cannulation was constructed from
poly(methyl methacrylate) (PMMA). The outflow vein was modelled as a
simple cylinder with the needle placed at an angle. Two in-house designed
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piston pumps were used to deliver continuous constant flow through four
solenoid valves. A stepper motor was used to drive the pump and an
encoder was used to control the position of the piston. Air traps and bleed
valves were employed to remove bubbles in the system which can cause
errors from reflections produced by the laser. The fistula pump is shown in
Figure 4.2 with the key parts labeled.

Figure 4.2: Fistula pump used in the experiments. 1) Reservoir 2) Control
unit 3) Cylinder and piston 4) Stepper Motor 5) Encoder 6) Four solenoid
valves 7) Atrato Ultrasonic flow meter 8) MRC22 PT100 pressure transducer
and Monel Thermowell PT100 temperature transducer 9) Bleed system

The flow and pressure produced by the pump were monitored using an Atrato
Ultrasonic flow meter (Titan Enterprise Ltd, Dorset, United Kingdom) and
an MRC22 pressure transducer (MeasureX Pty Ltd, Melbourne, Australia).
The flow remained within 1.16% of the set value whilst the pressure varied
less than 13.95% of the mean as displayed in Figure 4.3 and Figure 4.4.
Variability in pressure and flow is due to friction from the piston pump and
pressure losses produced by the air bleed system.
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Figure 4.3: Flow meter data (measured at the outlet of the pump) from one
cycle of the fistula pump

Figure 4.4: Pressure data (measured at the outlet of the pump) from one
cycle of the fistula pump
67

The laser was mounted on a single axis micrometre traverse system whilst
the cameras were mounted on a three axis motorised traverse (LaVision
GmbH, Goettingen, Germany) with a precision up to 0.1 mm. The
experimental flow rig, laser system and cameras were mounted on
self-leveling feet which also dampened the vibrations produced by the pump
as displayed in Figure 4.5.

Figure 4.5: Experimental Setup
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The diameter of the vein is scaled (by a factor of two) to 20 mm (D), with
the downstream portion extended to 20D to prevent any back pressure from
affecting the flow around the needle and the upstream portion is extended
50D to ensure fully developed flow before the needle. Only a single needle
was examined so the flow field could be viewed in isolation as shown in the
schematic in Figure 4.6.

Figure 4.6: Schematic of the Experimental Setup
Figure 4.7 shows the needle placed within the PMMA block. The locating
pins are displayed, as well as the mechanism (nut and ferrule) used to seal
the needle within the rig. The locating pins were placed at two corners of
each block and allowed the modular units to form a continuous smooth test
section. The ferrule formed a tight seal around the needle body when the nut
was screwed in which minimised leaking and maintained a sealed environment
within the rig.
The twice scaled needles were manufactured from 10G stainless steel tubing
with an inner diameter of 2.692 mm (d) and outer diameter of 3.404 mm.
The scaling was based on standard 15G needles commonly used in clinical
practice, which have an inner diameter of 1.372 mm and outer diameter of
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Figure 4.7: Needle placed within the PMMA block. 1) Vein 2) Needle 3)
Locating Pin 4) Nut and Ferrule
1.830 mm. The scaled needle also contained a back eye with position and
dimensions displayed in Figure 4.8.

Figure 4.8: Back eye dimensions in the scaled 10G needle
The rig was designed in modular blocks and sealed with o-rings to test a
range of parameters. Needle angles of 10◦ , 20◦ and 30◦ were tested whilst the
position of the needle bore was also shifted to sit within the centre and in
the upper and lower thirds of the vein. Standard haemodialysis blood flow
rates of 200 ml/min, 300 ml/min, 400 ml/min were forced through the needle
whilst a constant flow rate of 666 ml/min was pumped through the venous
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circuit, providing the core flow. For the three tested parameters (needle
flow rate, needle angle, needle position), there were three separate variables,
which constituted nine different cases per needle as displayed in Table 4.1.
The arterial needle was examined in the antegrade and retrograde orientation
whilst the venous needle was placed in the antegrade position, conforming to
standard practice.
Table 4.1: Parameters and variables of all test cases. Blood flows are listed
as physiologically equivalent (not scaled)
Parameter

Variable

Constants

Needle Flow Rate

200 ml/min
300 ml/min
400 ml/min
10◦
20◦
30◦
Top
Middle
Bottom

20◦
Middle

Needle Angle
Needle Position

4.2.2

300 ml/min
Middle
300 ml/min
20◦

Dimensional Scaling

Dynamic similarity was achieved by scaling the diameters of the needle and
vein by a factor of two whilst maintaining Reynolds number, defined as:

Re =

ρU Dh
µ

(4.1)

where ρ is the density, U is the average velocity through the pipe, Dh is the
hydraulic diameter and µ is the dynamic viscosity.

71

It was assumed that blood behaves as a Newtonian fluid under the high
shear rates created by the needle and core flow, and that the density and
dynamic viscosity of blood is 1045 kg/m3 and 0.0035 Pa.s respectively. The
resultant flow rates are displayed in Table 4.2 with their associated Reynolds
numbers.
Table 4.2: Summary of flow rates and Reynolds numbers after dimensional
scaling
Inlet Type

Physiological Flow
Rate (ml/min)

Scaled
Flow
Rate (ml/min)

Reynolds
Number

Vein
Needle
Needle
Needle

654
200
300
400

666
291
436
581

740
924
1385
1847

4.2.3

Blood Analogue Fluid

A blood analogue fluid was used which contained a mixture of aqueous
sodium iodide (76.5 %) and glycerol (23.5 %). Sodium thiosulfate (0.1 %
w/w) was added to minimise the effects of discolouration which occurs
when the test fluid contacts UV light. The ratio of this mixture was
controlled to match the refractive index of the PMMA (1.49), which
minimised any light distortion occurring at the fluid-solid interface. A
Cannon-Fenske viscometer (Cannon Instrument Company, Pennsylvania,
USA) was used to monitor the viscosity of the blood analogue during
mixing. The subsequent test fluid has a dynamic viscosity of 0.00706 Pa.s,
which is within the range of blood viscosity (0.01-0.08 Pa.s), and a density
of 1652 kg/m3 at 20◦ C. The viscosity of the test fluid was not able to be
matched to that of healthy blood (0.0035 Pa.s), as this was unachievable
with the ratio of the constituents whilst also matching the refractive index,
which was the main criteria.
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The test fluid was seeded with spherical fluorescent polymer particles made
from PMMA labeled with Rhodium B. The particles were seeded at a
concentration of approximately 5 mg/L based on the work by Melling [170].
The largest particle diameter allowable for optimal flow tracking was
calculated based on Stokes number (Stk), defined as:

Stk =

ρd2p V
18µD

(4.2)

where dp is the particle diameter and V is the maximum velocity through
the pipe. The particle is unaffected by the fluid velocity when Stk < 1.
Approximating the maximum velocity in the VNJ as 3 m/s, the maximum
particle diameter is:

d2p
d2p =


=


18µD
ρV


Stk

18×0.00409×0.02
1652×(103 )×3



(4.3)

×1

dp = 16.19µm
Subsequently, particles with a mean diameter of 10 µm (range: 1-20 µm)
and density of 1190 kg/m3 were used to obtain optimum light scattering and
particle tracking. The fluid was seeded at a concentration of 0.1% V/V based
on the work by Melling [170]. All experiments were conducted in a controlled
environment at 20◦ C to maintain constant viscosity across measurements.
A Monel Thermowell PT100 temperature transducer (Pyrosales Pty Ltd,
Sydney, Australia) was placed at the inlet and outlet of the pump system and
confirmed that the temperature remained constant over a 4 hour operating
period.
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4.2.4

Stereo-PIV Setup

The S-PIV system consists of two Phantom M310 high speed cameras of 1280
X 800 pixels2 , and an Nd:YLF New Wave Pegasus laser (New Wave Research,
California, USA) with a wavelength of 527 nm and 10 mJ of energy. The
laser was situated to illuminate particles on the x-y plane along the centre
of the rig as depicted in Fig 4.9.

Figure 4.9: Camera Setup
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To capture the three components of velocity two cameras were placed on
the same plane at incidence to the laser sheet. Utilising two cameras
enables particle motion tracking on the laser sheet in the x-y plane, as well
as out of plane motion in the z-direction. The S-PIV method matches the
two views from each camera to reconstruct the three components of the
velocity vector. The general schematic of the S-PIV technique is displayed
in Figure 4.10.

Figure 4.10: Schematic for the reconstruction of three components of the
velocity vector for stereoscopic PIV measurements [171]
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The origin represents a point visible by both cameras, whilst the location of
the cameras is denoted as L1 (x1 , y1 , z1 ) and L2 (x2 , y2 , z2 ). The measurement
displacement on the laser sheet is (dx1 , dy1 ) and (dx2 , dy2 ). The angle on
the x-z plane created by the reflected light in relation to the z-plane is α1
and α2 . The angles β1 and β2 are similar but lie on the y-z plane. The
three components of the velocity vector can therefore be calculated using the
following equations:

dx =

dx2 tan α1 − dx1 tan α2
tan α1 − tan α2

dy1 + dy2 dx1 + dx2
dy =
+
2
2

dz =



tan β2 − tan β1
tan α1 − tan α2

dy2 − dy1
tan β1 − tan β2

(4.4)



(4.5)

(4.6)

However, this setup will induce focusing issues because the lens plane is not
parallel to the image plane. To satisfy this condition, also known as the
Scheimpflug condition, a Scheimpflug adaptor is used which tilts the image
sensor plane as shown in Figure 4.11
The cameras were mounted at an angle of 30◦ to the laser sheet to minimise
the error in the three component velocity calculations [172]. A Nikkor 105
mm lens was attached to the cameras with an aperture of f/2.8 to capture
the region of interest and allow sufficient light to accurately track the
illuminated particles. The depth of field (DOF) is calculated using the
following equation:

DOF = F P − N P
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(4.7)

Figure 4.11: Angle displacement arrangement of the Scheimpflug condition
[171]
where FP is the far point and NP is the near point defined by:

NP =

Hf LFd
+ (Fd − FL )
Hf L

(4.8)

FP =

Hf LFd
− (Fd − FL )
Hf L

(4.9)

and

where Hf L is the hyperfocal length, Fd is the focal distance and FL is the
focal length of the camera.
The hyperfocal length is defined as:

Hf L =

Fd2
Aperture × CoC
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(4.10)

where CoC is the circle of confusion and is calculated using the Ziess formula
as follows:

CoC =

diagonal length of camera sensor
1730

(4.11)

The Phantom M310 high speed cameras have a sensor size of 25.6 × 16 mm.
Therefore the circle of confusion is:

CoC =

30.2
1730

(4.12)

CoC = 0.017 mm
The hyperfocal length is therefore:

Hf L =

1052
2.8 × 0.017

(4.13)

Hf L = 225,645 mm
The near point and far point are subsequently 499.126 mm and 500.877 mm,
respectively and the depth of field is calculated to be 1.75 mm.
The laser sheet was focused to an approximate thickness of 2 mm, indicating
that most of the laser sheet remains in focus. Care was taken during camera
focus to ensure that the centre of the laser sheet was in focus providing
maximum illumination of the particles. The camera and laser setup is shown
in Figure 4.12 with the key parts labeled.
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Figure 4.12: Laser and camera setup for stereoscopic particle image
velocimetry measurements. 1) Phantom M310 high speed camera 2) Nikkor
105 mm lens 3) Mounting on traverse system 4) 058-5 calibration plate 5)
Laser head to the Nd:YLF New Wave Pegasus laser 6) Needle 7) PMMA Rig
8) Pump

Double frame images were captured in four downstream sections along the
x-axis for the VN case so that the VNJ and resultant disturbed flows could be
properly imaged, whilst the AN in antegrade was captured in two downstream
sections as the flow field was smaller. The camera sections for each needle
configuration are displayed in Figure 4.13. The presence of the needle blocked
the laser sheet and prevented imaging in the downstream portion of the AN
placed in retrograde. Instead, the portion around the needle tip was imaged
in two upstream sections. Due to the unsteadiness of the flow field, a slight
mismatch in the contour plots occurs along the border of each section. This
feature is unavoidable when presenting the entire flow domain produced by
the needles.
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a)

4

3

2

b)

2

c)

2

Figure 4.13: Schematic displaying the sections captured around the needle.
a) Venous needle b) Arterial needle in antegrade c) Arterial needle in
retrograde

The pulse separation and trigger rate were adjusted for each section due
to the dynamic range of velocities in the flow field. The pulse separation
and trigger rates were calculated on the condition of achieving a particle
displacement of 1/4 of the interrogation window based on the work by Raffel
et al. [173]. The pulse separation and trigger rate for the VN and AN are
displayed in Table 4.3 and Table 4.4; respectively.
For every case 400 double frame images were captured by each camera to
ensure repeatability in measurements, as discussed in Section 4.3.5. All
processing was conducted using DaVis 8.2 (LaVision, Goettingen,
Germany). Raw images were preprocessed using a high pass filter function
which subtracted the average background light intensity from each image,
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Table 4.3: Summary of pulse separation time and trigger rates for each
section and flow rate of the venous needle. Blood flows are listed as
physiologically equivalent (not scaled)
Section
1
2
3
4

Needle Flow Rate Pulse Separation Trigger Rate
(kHz)
(ml/min)
(µs)
200
180
1
300
100
1
400
80
1
200
270
1
300
180
1
400
120
1
200
900
0.5
300
550
0.5
400
390
0.5
200
2500
0.2
300
2500
0.2
400
2500
0.2

Table 4.4: Summary of pulse separation time and trigger rates for each
section and flow rate of the arterial needle. Blood flows are listed as
physiologically equivalent (not scaled)
Section
1
2

Needle Flow Rate Pulse Separation Trigger Rate
(kHz)
(ml/min)
(µs)
200
2500
0.2
300
2500
0.2
400
2500
0.2
200
2500
0.2
300
2500
0.2
400
2500
0.2

which produced a consistent intensity between all images and reduced the
effects of reflections on the surface of the rig and needle. An algorithmic
mask was applied in conjunction with a geometric mask to further minimise
the effects of reflections. An adaptive multi-pass cross-correlation algorithm
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was utilised, where the size of the interrogation window was iteratively
adjusted from an initial interrogation window of 48 X 48 pixels to a final
size of 24 X 24 pixels with a 50% overlap. This algorithm was used to
measure the velocity gradients created between the VNJ and core flow. No
vector post processing was conducted to ensure a realistic estimate of the
true velocity was calculated.
Results are presented as contours of out of plane velocity (z-direction) with
normalised vectors superimposed to show the direction of flow and its three
dimensional nature. Measurements from the different regions were stitched
together using Inkscape (Inkscape, New York, United States) to show the
entire flow domain for both the AN and VN. Velocity profiles are also
presented to show the influence of the flow entering and exiting the
needles.

4.3
4.3.1

Experimental Uncertainty
Methodology

The total error within an experiment can be quantified as the combination of
a precision (random) error which contributes to the scatter of the data and a
bias (systematic) error which is dependent on the experimental setup. Bias
errors remain consistent regardless of the number of measurements, whereas
precision errors are dependent on the number of measurements taken, as
displayed in Figure 4.14.
Measurement of the experimental uncertainty (to 95% confidence) in this
thesis is based on Coleman and Steele [174], using the thesis by Stanley [175]
as a guide. The total error is estimated where the precision and bias error
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(a) Uncertainty with two measurements (k and k+1)

(b) Uncertainty for an infinite number of measurements

Figure 4.14: Uncertainty comprised of precision and bias errors [174]
of the individual variables within the experiment is accounted for using the
data reduction equation:

r = r(X1 , X2 , ..., Xi )

(4.14)

where r is the experimental result determined from i measured variables Xi .
The total uncertainty (Ur ) can then be estimated as the root sum square of
the bias and precision errors:

Ur = Br2 + Pr2
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(4.15)

where Br is the bias error and Pr is the precision error.

4.3.2

Bias Error

When the number of readings per sample is larger than 10 the bias error can
be defined as:

Br2 =

J
X

θi2 Bi2 + 2

i=1

J−1 X
J
X

θi θk Bik

(4.16)

i=1 k=i+1

where θi is the sensitivity coefficient defined as:

θi =

∂r
∂Xi

(4.17)

and Bi is the bias error for variable Xi and Bik is the correlated bias error for
the correlated variables Xi and Xk . The correlated bias limit (Bik ) must be
approximated as it is difficult to determine the covariance of the bias errors
in multiple variables. The correlated bias limit is estimated as:

Bik =

L
X

(Bi )α (Bk )α

(4.18)

α=1

where L is the number of correlated bias error sources that are common
for measurements of variables Xi and Xk . Correlated bias errors arise from
different variables sharing a source of error, such as using the same calibration
instrument or the same measurement device for a number of variables.
When several bias errors exist for an individual variable it is useful to
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separate all sources into separate categories and estimate the bias within
each category. The bias error for all sources can then be estimated as the
root sum square of each category using:

Bi2

=

J
X

(4.19)

(Bi )2k

k=1

4.3.3

Precision Error

In engineering experimentation it is preferable to measure certain parameters
numerous times to ensure statistical certainty. If a test is performed on M sets
of measurements (X1 , X2 , ...XJ ) an average result r̄ is calculated using:

r̄ =

M
1 X
rk
M k=1

(4.20)

The precision error for a single result of the M measurements is:

(4.21)

Pr = tSr̄

where t is M-1 degrees of freedom and can be approximated as 2 if more than
10 measurements are taken (M>10), and Sr̄ is the standard deviation of the
results defined as:

"

M

1 X
Sr̄ =
(rk − r̄)2
M − 1 k=1
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# 21
(4.22)

The precision error for the average result can therefore be calculated
using:
Pr
Pr̄ = √
M

(4.23)

However, sometimes making repeat measurements can be time consuming
and costly. Therefore, when single measurements are conducted and the M
set of measurements are measured over an appropriate time the precision
error can be determined by:

Pr = tSr

(4.24)

where t is the statistical coverage from the two tailed t-distribution and Sr
is the standard deviation for N readings. The precision error can also be
estimated as the root sum square of the elemental error source (if known),
assuming no correlation exists with the precision uncertainties. This is
defined by:

Pr2

=

J
X

θi2 Pi2

(4.25)

i=1

where θi is the sensitivity coefficient defined above and Pi is the precision
error for the variable Xi (Pi = tSi ).
A summary of the level of uncertainty to 95% confidence in each measured
parameter is displayed in Table 4.5. A comprehensive uncertainty analysis
for each measured parameter is attached in Appendix A. The low levels of
uncertainty acknowledge the attention directed at constructing an accurate
experiment.
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Nominal Value
20
2.692
20
76.5
0.00706
1651.65
0.000858
0.0023

Parameter

Vein Diameter (mm)
Needle Diameter (mm)
Temperature (◦ C)
NaI Concentration %(w/w)
Viscosity (Pa.s)
Density (kg/m3 )
Fistula pump piston velocity (m/s)
Needle pump piston velocity (m/s)

0.005
0.005
0.406
0.073
0.0002
14.166
0.0000293
0.000076

Bias Error
0.122
0.048
0.280
0.073
0.0002
15.687
0.0000111
0.00003

Precision Error

Table 4.5: Summary of experimental uncertainty
Uncertainty
Value
%
0.122
0.608
0.048
1.777
0.493
2.463
0.104
0.135
0.00028
3.901
21.137
1.280
0.0000313 3.652
0.000082 3.539

4.3.4

PIV Error

The overall measurement accuracy of PIV is dependent on several aspects
extending from the recording of the raw images to the statistical methods
of evaluation. The error of a single displacement vector can be quantified
as:

total = systematic + residual

(4.26)

where a systematic error arises due to the inadequacy of the statistical
method in the cross correlation algorithm. An example of a systematic
error is in application to flows with high gradients or in estimating the pixel
intensity in an interrogation window. A residual error is the uncertainty in
the measurement and exists even when systematic errors are removed.
However, in practice it is difficult to separate these two forms of error.
Following the statistical methods outlined above, the uncertainty in the
PIV measurements is quantified using:

total = bias + rms

(4.27)

where the bias error quantifies the over or under estimation in the
measurement and the rms error quantifies the random error in the PIV
setup.
It is both expensive and difficult to quantify the uncertainty that exists in
PIV for every single case.
Therefore, the uncertainty in the PIV
measurements in this thesis are based on the Monte Carlo simulations
presented by Raffel et al. [173], which encompasses the raw effects of
different variables in PIV and their influence on uncertainty in PIV. The
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variables deemed to influence the total uncertainty in PIV include:
perspective error from the lens, image distortion, particle image diameter,
particle image displacement or shift, particle image density, variation of
image quantisation, background noise and the variation of displacement
gradients in the flow. A further error exists from the calibration process of
the stereo PIV in relation to the Scheimpflug principle. The bias error from
calibration is calculated automatically in the software using the pinhole
calibration method and a standard 058-5 calibration plate (LaVision,
Goettingen, Germany). The maximum bias from stereo PIV calibration was
maintained below 1 pixel.
A summary of the uncertainty in each variable is displayed in Table 4.6. A
comprehensive analysis of the uncertainty in each variable is attached in
Appendix B. Great care was taken in the setup of the PIV experiments
which is reflected in the results of the uncertainty. Furthermore, both the
laser sheet and camera were mounted on micrometre traverses allowing
repeatable measurements of the regions of interest up to +/- 0.01 mm. A
total uncertainty of 0.333 pixels was estimated in the PIV measurements
based on the study by Raffel et al. [173]. For optimum PIV settings a
24X24 pixel window was used with a particle travelling approximately 8
pixels. Hence, the maximum estimated uncertainty in each measured
displacement is approximately 1.333 pixels (16.7%). This uncertainty will
be smaller for particles travelling outside the VNJ and the disturbed
flows.

4.3.5

Repeatability

Velocity profiles were compared for a range of images in order to determine
the required number of double frame images to achieve an accurate solution.
Tests were conducted for the baseline case on the VN (300 ml/min, needle
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Table 4.6: Summary of PIV uncertainty
Parameter
Image distortion (pixel)
Particle image diameter (pixel)
Particle image displacement (pixel)
Particle image density (pixel)
Image quantisation (pixel)
Background noise (pixel)
Displacement gradient (pixel)
Stereo Calibration (pixel)

Bias
Error
0
N/A
-0.02
N/A
N/A
N/A
N/A
1
Total
Total

RMS
Error
N/A
0.05
0.05
0.03
0.011
0.012
0.2
0
(pixel)
(%)

Uncertainty
0
0.05
0.03
0.03
0.011
0.012
0.2
1
8 +/- 1.333
16.7%

angle of 20◦ , needle tip in the middle of the vein). Figure 4.15 shows the
velocity profile 5d downstream of the needle tip. The velocity profile remains
very similar with the number of images ranging from 200-1000.

Figure 4.15: Convergence of the number of images required to achieve a
repeatable time averaged result. Velocity profile measured 5d from the
venous needle tip.
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The maximum velocity in the jet was also measured. Figure 4.16 shows
that the maximum velocity reaches a constant value when more than 400
double frame images are averaged. The percentage difference in the average
and maximum velocity for 400 image compared to 200 images were <0.1%
and <1%, respectively. Comparatively the percentage difference between
1000 images to 400 images was insignificant, where the average and
maximum percentage difference in velocity was 0.22% and 0.16%,
respectively. Therefore, 400 images were captured in each experiment to
ensure an accurate solution was attained.

Figure 4.16: Convergence of the number of images required to achieve a
repeatable time averaged result. Maximum velocity in the jet as measured
5d from the venous needle tip.

A series of tests was also conducted to determine the repeatability of the
measurements and processing method. Three measurements of the velocity
profile 5d downstream of the VN placed centrally at an angle of 20◦ with a
needle flow rate of 300 ml/min is displayed in Figure 4.17. The variance in
the average and maximum velocity between the three sets of measurements
was 0.2% and 0.8% respectively, ensuring repeatability.
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Figure 4.17: Repeatability of PIV results. Velocity profile measured 5d from
the venous needle tip.
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Chapter 5
Experimental Study of
Cannulation Technique: Results
and Discussion
This chapter presents the results of the S-PIV measurements, followed by a
discussion of the important flow features. Results are presented as contours of
out of plane velocity with superimposed vectors and velocity profiles measured
at regular intervals within the vein. A summary of all cases is presented at
the start for completeness.

5.1

Summary of Cases

The flow domain was split into different sections to maximise the resolution
of each respective region. Four sections were required to sufficiently capture
the effects of the VNJ. The flow field around the AN was more localised,
requiring only two sections. The cameras were mounted on a three axis
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motorised traverse which shifted the cameras to specified increments with a
precision up to 0.1 mm. The pulse separation time and trigger rate for each
section and flow rate was adjusted to optimise the particle displacement in
each interrogation window. This ensured that the jet and secondary flows
were accurately captured throughout the domain.
Table 5.1 presents all the experimental cases and variables. A total of 27
cases were conducted, where the flow rate, needle position and needle angle
was varied. Three flow rates (200 ml/min, 300 ml/min, 400 ml/min), needle
positions (needle bore located in the bottom third of the vein, needle bore
located in the middle of the vein, needle bore located in the top third of the
vein) and needle angles (10◦ , 20◦ , 30◦ ) represent a range of clinical conditions.
The AN is examined in both antegrade and retrograde orientations whilst
the VN is placed in antegrade, according to standard clinical practice. The
number of sections required to capture the flow domain for each case is also
included.
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Venous

Arterial

Antegrade

Retrograde

Blood Flow Rate Needle Position
200 ml/min
Middle
300 ml/min
Middle
400 ml/min
Middle
Needle Angle
300 ml/min
Middle
300 ml/min
Middle
300 ml/min
Middle
Needle Position
300 ml/min
Bottom
300 ml/min
Middle
300 ml/min
Top
Blood Flow Rate 200 ml/min
Middle
300 ml/min
Middle
400 ml/min
Middle
Needle Angle
300 ml/min
Middle
300 ml/min
Middle
300 ml/min
Middle
Needle Position
300 ml/min
Bottom
300 ml/min
Middle
300 ml/min
Top
Blood Flow Rate 200 ml/min
Middle
300 ml/min
Middle
400 ml/min
Middle
Needle Angle
300 ml/min
Middle
300 ml/min
Middle
300 ml/min
Middle
Needle Position
300 ml/min
Bottom
300 ml/min
Middle
300 ml/min
Top

Needle Orientation Variable
Arterial Antegrade
Blood Flow Rate

Table 5.1: Summary of experimental cases
Needle Angle
20◦
20◦
20◦
10◦
20◦
30◦
20◦
20◦
20◦
20◦
20◦
20◦
10◦
20◦
30◦
20◦
20◦
20◦
20◦
20◦
20◦
10◦
20◦
30◦
20◦
20◦
20◦

PIV ROI’s
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2
1, 2

5.2

Results

5.2.1

Arterial Needle

5.2.1.1

Antegrade Orientation

Figure 5.1 displays velocity contours of out of plane flow for a range of
needle flow rates with normalised vectors superimposed for the AN in the
antegrade orientation. The flow field is highly focused around the needle
with a disturbed flow region occurring above the needle tip, where a reverse
flow component (against the predominant axial flow direction) occurs on
the roof of the vein. The size of the disturbed flow region increases slightly
as the needle flow rate increases, however the magnitude of the out of plane
flow entering the needle remained similar for all cases.
Figure 5.2 displays velocity profiles downstream of the AN when placed in
the antegrade orientation for a range of needle flow rates. Higher needle flow
rates result in a lower velocity of the core flow, as this is invariably linked
to the greater amount of blood being extracted by the AN. The M-shape of
the velocity profile at the needle tip further shows that the flow entering the
needle is highly localised around the tip. The upper and lower component
represents flow entering the central bore and through the back eye, whilst
the rapid drop in velocity represents the position of the needle tip. The
velocity profiles approach a parabolic shape downstream of the needle tip,
further indicating that the flow field is highly focused around the needle for
all needle flow rates.
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Figure 5.1: Contours of time averaged z-velocity with vectors of normalised
velocity for the arterial needle in the antegrade orientation with different
needle flow rates. The needle tip is placed in the middle of the vein at an
angle of 20◦ . A steady flow rate of 666 ml/min is passed through the vein.
a) 200 ml/min b) 300 ml/min c) 400 ml/min
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(a) Needle tip

(b) 5d downstream

(c) 10d downstream

(d) 15d downstream

Figure 5.2: Velocity profiles from the arterial needle in the antegrade
orientation for different needle flow rates. The needle tip is placed in the
middle of the vein at an angle of 20◦ . A steady flow rate of 666 ml/min is
passed through the vein. a) Needle tip b) 5d downstream of the needle tip
c) 10d downstream of the needle tip d) 15d downstream of the needle tip

Contours of out of plane velocity with normalised vectors superimposed for
the AN at a range of needle depths in the antegrade orientation are presented
in Figure 5.3. When the needle is near the floor of the vein a disturbed flow
region forms along the roof of the vein downstream. Conversely, when the
needle is near the roof of the vein a disturbed flow region forms along the
floor of the vein downstream. Disturbed flows also occurs when the needle
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is placed in the centre of the vein, although this remains localised above
the needle tip. All of the disturbed flows contain reversed flow (against the
predominant axial flow direction) along the walls of the vein.

Figure 5.3: Contours of time averaged z-velocity with vectors of normalised
velocity for the arterial needle in the antegrade orientation with different
needle depths. The needle is placed at an angle of 20◦ with an equivalent
blood flow rate of 300 ml/min. A steady flow rate of 666 ml/min is passed
through the vein. a) bottom b) middle c) top

Velocity profiles downstream of the AN when placed in the antegrade
orientation for a range of needle positions are presented in Figure 5.4. The
velocity profiles are highly skewed based on the position of the needle. A
parabolic profile returns 10d downstream when the needle is placed
centrally within the vein indicating developed flow. However the effects of
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the needle are evident up to 15d downstream when the needle is placed
closer to the vein wall.

(a) Needle tip

(b) 5d downstream

(c) 10d downstream

(d) 15d downstream

Figure 5.4: Velocity profiles from the arterial needle in the antegrade
orientation for different needle depths. The needle is placed at an angle
of 20◦ with an equivalent blood flow rate of 300 ml/min. A steady flow rate
of 666 ml/min is passed through the vein. a) Needle tip b) 5d downstream
of the needle tip c) 10d downstream of the needle tip d) 15d downstream of
the needle tip

The effect of the AN angle when placed in the antegrade orientation is
presented in Figure 5.5. The normalised vectors show the presence of
disturbed flows above the needle tip which extends to the roof of the vein.
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Needle angle has little effect on the size of the disturbed flow region,
however the magnitude of the out of plane flow decreases with sharper
angles. The flow field is also highly localised around the needle tip as the
core flow remains relatively undisturbed downstream.

Figure 5.5: Contours of time averaged z-velocity with vectors of normalised
velocity for the arterial needle in the antegrade orientation with different
needle angles. The needle tip is placed in the middle of the vein with an
equivalent blood flow rate of 300 ml/min. A steady flow rate of 666 ml/min
is passed through the vein. The black section represents the region which was
masked due to shadows produced by the o-ring and block alignment pins. a)
10◦ b) 20◦ c) 30◦
Figure 5.6 displays velocity profiles downstream of the AN in the antegrade
orientation with different needle angles. The M-shaped profile occurs at
the needle tip, representing the flow entering the central bore and back eye.
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A sharper needle angle produces a higher velocity under the needle, where
the flow enters through the back eye. This is due to the back eye position
in relation to the oncoming core flow. The velocity profiles are parabolic
downstream, further demonstrating that the flow field is localised around
the needle tip.

(a) Needle tip

(b) 5d downstream

(c) 10d downstream

(d) 15d downstream

Figure 5.6: Velocity profiles from the arterial needle in the antegrade
orientation for different needle angles. The needle tip is placed in the middle
of the vein with an equivalent blood flow rate of 300 ml/min. A steady
flow rate of 666 ml/min is passed through the vein. a) Needle tip b) 5d
downstream of the needle tip c) 10d downstream of the needle tip d) 15d
downstream of the needle tip
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5.2.1.2

Retrograde Orientation

Figure 5.7 displays velocity contours of out of plane flow for a range of needle
flow rates with normalised vectors superimposed for the AN in the retrograde
orientation. The flow field is highly localised around the needle tip and the
magnitude of out of plane flow around the needle is much less than that
witnessed when the AN was placed in the antegrade orientation. An increase
in needle flow rate only results in a slight increase in the magnitude of out
of plane flow.

Figure 5.7: Contours of time averaged z-velocity with vectors of normalised
velocity for the arterial needle in the retrograde orientation with different
needle flow rates. The needle tip is placed in the middle of the vein at an
angle of 20◦ . A steady flow rate of 666 ml/min is passed through the vein.
a) 200 ml/min b) 300 ml/min c) 400 ml/min
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Figure 5.8 displays velocity profiles around the AN when placed in the
retrograde orientation for a range of needle flow rates.
The flow
approaching the AN is fully developed as it approaches the needle tip,
further showing that the flow entering the AN in the retrograde orientation
is highly localised around the needle tip. The velocity profiles are similar
for all needle flow rates, which indicates that this parameter has minimal
effect on the flow field within the vein. An M-shape profile forms at the
needle tip similar to previous results, where the upper and lower component
represents blood entering the central bore and back eye, whilst the rapid
drop in velocity represents the position of the needle tip.
Contours of out of plane velocity with normalised vectors superimposed for
the AN at a range of needle depths in the retrograde orientation are presented
in Figure 5.9. In all positions the flow was localised around the needle tip
and no disturbed flow regions were found. The effects of needle position
on the flow entering the AN was minimal when placed in the retrograde
orientation.
Velocity profiles around the AN when placed in the retrograde orientation for
a range of needle positions are presented in Figure 5.10. The flow approaching
the AN is parabolic, with the flow field highly localised around the needle
tip. The effect of needle position has little effect on the magnitude of the
velocity entering the needle as shown by the similar M-shape profiles at the
needle tip.
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(a) Needle tip

(b) 5d downstream

(c) 10d downstream

Figure 5.8: Velocity profiles from the arterial needle in the retrograde
orientation for different needle flow rates. The needle tip is placed in the
middle of the vein at an angle of 20◦ . A steady flow rate of 666 ml/min is
passed through the vein. a) Needle tip b) 5d upstream of the needle tip c)
10d upstream of the needle tip
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Figure 5.9: Contours of time averaged z-velocity with vectors of normalised
velocity for the arterial needle in the retrograde orientation with different
needle depths. The needle is placed at an angle of 20◦ with an equivalent
blood flow rate of 300 ml/min. A steady flow rate of 666 ml/min is passed
through the vein. a) bottom b) middle c) top
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(a) Needle tip

(b) 5d downstream

(c) 10d downstream

Figure 5.10: Velocity profiles from the arterial needle in the retrograde
orientation for different needle depths. The needle is placed at an angle
of 20◦ with an equivalent blood flow rate of 300 ml/min. A steady flow rate
of 666 ml/min is passed through the vein. a) Needle tip b) 5d upstream of
the needle tip c) 10d upstream of the needle tip

The effect of AN angle when placed in the retrograde orientation is presented
in Figure 5.11. The normalised vectors show that the flow field is highly
localised around the needle tip with no disturbed flow regions forming. The
magnitude of the out of plane flow also remained relatively similar for all
cases, indicating the effect of needle angle is minimal.
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Figure 5.11: Contours of time averaged z-velocity with vectors of normalised
velocity for the arterial needle in the retrograde orientation with different
needle angles. The needle tip is placed in the middle of the vein with an
equivalent blood flow rate of 300 ml/min. A steady flow rate of 666 ml/min
is passed through the vein. The black section represents the region which was
masked due to shadows produced by the o-ring and block alignment pins. a)
10◦ b) 20◦ c) 30◦

Figure 5.12 displays velocity profiles upstream of the AN in the retrograde
orientation for a range of needle angles. Similar to previous cases, the Mshape profile occurs at the needle tip and shows that the angle of the needle
has little effect on the flow as the profiles remained similar in all cases.
Consequently, the central bore is exposed to the oncoming core flow when the
AN is placed in the retrograde orientation. The velocity profiles approaching
the AN are developed as noted by their parabolic shape, providing further
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evidence that the flow field remains localised around the needle tip.

(a) Needle tip

(b) 5d downstream

(c) 10d downstream

Figure 5.12: Velocity profiles from the arterial needle in the retrograde
orientation for different needle angles. The needle tip is placed in the middle
of the vein with an equivalent blood flow rate of 300 ml/min. A steady flow
rate of 666 ml/min is passed through the vein. a) Needle tip b) 5d upstream
of the needle tip c) 10d upstream of the needle tip

5.2.2

Venous Needle

The flow field with vectors of normalised velocity and out of plane velocity
contours under various needle flow rates is displayed in Figure 5.13. For
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all flow rates the VNJ travels unperturbed until the point of impingement
where it then forms a wall jet. The core flow has minimal effect in dissipating
the VNJ as no vortex shedding is observed for any of the flow rates. This
also highlights the laminar nature of the jet. Contours showing out of plane
velocity indicate that the jet is swirling as it exits the venous needle, with
greater swirling occurring at higher needle flow rates. Upon impingement the
swirling jet quickly dissipates as the jet begins to spread along the curved
walls of the vein. The jet spreading results in the formation of contra rotating
vortices, which converge along the centre plane forming a distinct steady
secondary flow region which extends from the free shear layer of the wall jet
to the upper surface of the vein. The vector field confirms that the contra
rotating vortices converge on the centre plane as evidenced by the vertical
direction of flow. The flow also travels in a reverse direction (against the
predominant axial flow direction) along the roof of the vein. Contours of
out of plane velocity also identify mixing occurring in the disturbed flow
region due to the interaction between the wall jet, contra rotating vortices
and core flow. For needle flow rates of 200 ml/min, the degree of mixing has
almost completely dissipated by 50d, whereas a large degree of out of plane
velocity still exists at the same location for needle flow rates of 400 ml/min.
This indicates that the size of the disturbed flow region and degree of mixing
increases with higher needle flow rates.
Velocity profiles at the needle tip and 20d, 40d and 60d from the needle
are displayed in Figure 5.14. The flow exiting the venous needle is fully
developed for all flow rates as made evident by the parabolic profile. The
wall jet which forms after impingement is evident at 20d with all needle flow
rates showing similar characteristics. At 40d from the needle tip the wall jet
begins to detach from the wall and dissipate with the core flow. This is due to
the angle of the needle which causes the VNJ to reflect off the lower surface
of the vein after impingement. The breakdown of the wall jet increases the
entrainment of the core flow and contributes to the high degree of mixing in
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Figure 5.13: Contours of time averaged z-velocity with vectors of normalised
velocity for the venous needle with different needle flow rates. The black
section represents the region which was masked due to shadows produced by
the o-ring and block alignment pins. The needle tip is placed in the middle
of the vein at an angle of 20◦ . A steady flow rate of 666 ml/min is passed
through the vein. a) 200 ml/min b) 300 ml/min c) 400 ml/min
the disturbed flow region. Evidence of the jet is still present 60d from the
needle tip, although the velocity of the flow field is much more uniform at
this point.
Figure 5.15 displays vectors of normalised velocity and out of plane velocity
contours for various needle angles. A distinct change from the previous case is
the location of impingement, which moves further downstream as the angle
becomes shallower. At 10◦ the VNJ must travel a longer distance before
impingement. This case shows that the influence of the core flow on the
free stream jet is minimal as no vortex shedding or breakdown is observed,
highlighting the laminar nature of the jet. Similar to the observations above,
a wall jet is created after impingement followed by a distinct steady secondary
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(a) Needle tip

(b) 20d downstream

(c) 40d downstream

(d) 60d downstream

Figure 5.14: Velocity profiles from the venous needle for different needle flow
rates. The needle tip is placed in the middle of the vein at an angle of 20◦ .
A steady flow rate of 666 ml/min is passed through the vein. a) Needle tip
b) 20d downstream of the needle tip c) 40d downstream of the needle tip d)
60d downstream of the needle tip
flow region as the jet spreading creates contra rotating vortices. An increase
in needle angle draws the secondary flows closer to the needle, which supplies
further evidence that the disturbed flow region forms from jet spreading and
the subsequent creation of contra rotating vortices after impingement. The
needle angle does not have a large influence on the strength of mixing within
the disturbed flow region as evident by the consistent contours of z-velocity in
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each case. However, as the location of impingement varies with the angle of
the needle, a higher degree of mixing is evident further upstream at shallower
needle angles.

Figure 5.15: Contours of time averaged z-velocity with vectors of normalised
velocity for the venous needle with different needle angles. The needle tip
is placed in the middle of the vein with an equivalent blood flow rate of
300 ml/min. A steady flow rate of 666 ml/min is passed through the vein.
The black section represents the region which was masked due to shadows
produced by the o-ring and block alignment pins. a) 10◦ b) 20◦ c) 30◦
Figure 5.16 displays velocity profiles of the VNJ downstream of the needle
tip for various needle angles. Similar to the cases above, fully developed flow
exits the venous needle before forming a wall jet upon impingement. Needle
angle has a profound effect on the attachment of the wall jet to the vein
surface as a sharper needle angle results in a greater deflection off the vein
floor. Detachment of the wall jet leads to a greater level of jet dissipation and
a higher degree of entrainment with the core flow. This is most evidenced by
the lower velocity of the wall jet when the needle angle is set at 30◦ , despite
the jet exiting the needle at the same velocity in every case. It is further
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exemplified in Fig 5.15, where a high degree of out of plane velocity occurs
in the disturbed flow region, indicating greater mixing when the needle is
placed at 30◦ . By 40d downstream of the needle tip the jet structure has
almost completely dissipated at a needle angle of 30◦ , whereas the structure
of the jet is still present at shallower needle angles. This indicates that
the disturbed flow region is influential in the process of jet breakdown and
subsequent mixing.

(a) Needle tip

(b) 20d downstream

(c) 40d downstream

(d) 60d downstream

Figure 5.16: Velocity profiles from the venous needle for different needle
angles. The needle tip is placed in the middle of the vein with an equivalent
blood flow rate of 300 ml/min. A steady flow rate of 666 ml/min is passed
through the vein. a) Needle tip b) 20d downstream of the needle tip c) 40d
downstream of the needle tip d) 60d downstream of the needle tip
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Out of plane velocity contours and vectors of normalised velocity for various
needle depths is displayed in Figure 5.17. A needle placed close to the roof
of the vein results in a longer distance in which the VNJ must travel before
impingement. This has a similar effect to the cases with varying needle
angles where the point of impingement shifts downstream. This inevitably
affects the location of the resultant disturbed flow region which forms due
to the jet spreading along the curved walls of the vein after impingement. A
needle placed closer to the floor of the vein draws the secondary flows closer
to the needle whilst a needle placed closer to the roof of the vein pushes the
disturbed flows downstream. Similar to the case with the needle at 10◦ , no
vortex shedding from the free stream VNJ is observed when the needle is
placed closer to the roof of the vein, further highlighting the laminar nature
of the jet.
The secondary flow pattern also maintains the same
characteristics as seen in the previous cases, which is steady in nature with
a reverse flow component along the roof of the vein and the contra rotating
vortices combining on the centre plane. A higher degree of velocity in the
z-direction occurs when the needle tip is placed closer to the vein wall
(upper or lower), indicating a higher degree of mixing occurring in these
two needle positions which remains evident up to 65d downstream.
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Figure 5.17: Contours of time averaged z-velocity with vectors of normalised
velocity for the venous needle with different needle depths. The needle is
placed at an angle of 20◦ with an equivalent blood flow rate of 300 ml/min.
A steady flow rate of 666 ml/min is passed through the vein. The black
section represents the region which was masked due to shadows produced by
the o-ring and block alignment pins. a) bottom b) middle c) top

Velocity profiles downstream of the needle for different needle depths are
displayed in Figure 5.18. The velocity in the wall jet is reduced when the
needle is placed close to the vein floor due to the dampening effects and
momentum change which occurs at impingement. Similar to the previous
cases, there is evidence of wall jet detachment at 40d downstream for every
needle depth. The detachment of the wall jet contributes to the mixing
with the core flow and breakdown of the disturbed flow region. By 60d
downstream the velocity field is more uniform, especially when the needle is
placed closer to the roof or floor of the vein, due to the higher degree of jet
breakdown from entrainment with the core flow when the needle is in these
positions.
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(a) Needle tip

(b) 20d downstream

(c) 40d downstream

(d) 60d downstream

Figure 5.18: Velocity profiles from the venous needle for different needle
depths. The needle is placed at an angle of 20◦ with an equivalent blood flow
rate of 300 ml/min. A steady flow rate of 666 ml/min is passed through the
vein. a) Needle tip b) 20d downstream of the needle tip c) 40d downstream
of the needle tip d) 60d downstream of the needle tip

5.3

Discussion

The aim of this chapter was to examine the flow structures produced by the
needles and provide validation data for numerical models, which will be used
to assess the potential damage to the endothelium caused by the needles in
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subsequent chapters. A high speed jet was shown to exit the VN and impinge
on the floor of the vein producing disturbed flows downstream, whilst the flow
structures around the AN remained localised around the needle tip.

5.3.1

Arterial Needle

Disturbed flows were visualised around the AN when placed in the
antegrade orientation. The disturbed flows extended from the needle tip to
the roof of the vein and contained a reverse flow component (against the
predominant axial flow direction). Increased needle flow rates increased the
size of the disturbed flow region slightly whilst the magnitude of out of
plane flow entering the needle remained similar. Needle angle also had
minimal effect on the size of the disturbed flow region, although sharper
needle angles led to a decrease in out of plane flow. The position of the AN
within the blood vessel when placed in the antegrade orientation had the
most impact on the disturbed flow. When the needle was placed closer to
the vein wall a disturbed flow region formed up to 15d downstream,
whereas a centrally placed needle localised the disturbed flows above the
needle tip.
On the other hand, no disturbed flows were examined when the AN was
placed in the retrograde orientation. The flow field being entrained into the
AN remained more localised in the retrograde orientation, extending only a
few diameters around the needle. This is because retrograde placement
inevitably has a lower resistance of flow entering the needle. An increase in
needle flow rate resulted in a slight increase in the magnitude of out of
plane flow, although the effect was minimal. Needle angle and position of
the needle tip within the vein did not have a large influence on the flow
field entering the AN. The presence of the AN itself had minimal effect on
the flow downstream, with developed flow returning within 10d in most
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cases with antegrade placement. The flow field around the AN in the
retrograde orientation was also highly localised around the needle tip. The
results presented in this chapter mimic those of Weitzel et al. [120], who
showed that the flow effects of the AN were only evident within 1 cm of the
needle tip.

5.3.2

Venous Needle

Common flow features were examined in every case which includes: the free
stream jet, jet impingement, formation of a wall jet and secondary flows. The
flow exiting the needle was shown to be swirling and travelled unperturbed
until the point of impingement. No vortex shedding or jet breakdown was
examined in the free stream component highlighting its laminar nature and
the minimal influence of the core flow. Upon impingement the jet spread
along the curvature of the vein and a wall jet formed on the lower surface.
The jet spreading resulted in the formation of contra rotating vortices which
converged on the central plane. The contra rotating vortices coupled with the
wall jet resulted in disturbed flow which is steady in nature and extends from
the free shear layer of the wall jet to the roof of the vein, where the flow along
the roof was against the predominant axial direction which counteracted the
wall jet travelling on the floor of the vein. The position of the disturbed
flow region was highly dependent on the impingement region and degree of
jet spreading within the vein. The final significant flow feature was wall jet
detachment and subsequent breakdown through entrainment of the core flow
resulting in mixing between the two streams. Wall jet detachment manifested
from the angle of the needle which resulted in a reflection of the jet at the
point of impingement.
Jet impingement, jet spreading and the subsequent formation of the wall jet
and the formation of the contra rotating vortices were the driving factors
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behind the emergence of the disturbed flow. In this experiment, the velocity
of the jet is an order of magnitude larger than the core flow. In a large
pressure gradient, the core flow can retard the jet, which aids in the formation
of the stable secondary flow region. As the two contra rotating vortices
combined on the centre plane, a downward motion onto the wall jet resulted.
This motion suppressed the unsteady effects which are normally present in
the free shear layer of a wall jet, which produced the steady secondary flow
region.
No large scale vortex shedding was observed from either the free stream
VNJ or the wall jet. Primarily this is due to the laminar and steady
conditions of both the VNJ and the core flow.
Furthermore, the
phenomenon of wall jet detachment as described by Bajura and Catalano
[176] was not observed. It is hypothesised that this event did not occur due
to the forces being present in the confined pipe as well as the formation of
the disturbed flow region. Gogineni and Shih [177] noted that the adverse
pressure gradient between the inner and outer layers of the wall jet is the
key mechanism causing detachment, as demonstrated in Figure 5.19. The
confined environment within the pipe suppressed the potential for wall jet
detachment as a higher pressure exists on the free shear layer compared to
an open environment. Furthermore, the disturbed flow region was shown to
have a vertical component on the wall jet as the contra rotating vortices
converged on the centre plane.
This motion suppressed any vortex
detachment that can occur on the free shear layer, which dampened any
events leading to detachment. Hsiao and Sheu [178] state that the most
important mechanism in early wall jet detachment is the formation of the
primary vortex and the induction of the secondary vortex. Hence, wall jet
detachment will only occur if the shear layer becomes inherently unstable
to counteract the dampening effect of the disturbed flow region.
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Figure 5.19: Schematic showing the mechanics of wall jet detachment [177]
The secondary flow region resulted in steady mixing of the needle flow and
core flow. The location of this mixing coincided with the regions of high
turbulent intensities reported by Unnikrishnan et al. [7]. Although
turbulent intensities were not measured in this study, the secondary flows
measured in this study were shown to be steady. The contradicting results
on the VN turbulence can be attributed to the differences between the two
studies. The vein in this study was 1.5 times larger than the graft examined
in the aforementioned study. Additionally, the core flow was a magnitude
larger which generates a larger Reynolds number and invariably elevates
the turbulence produced downstream of the VN. Furthermore, the study by
Unnikrishnan et al. [7] placed the needle concentrically within the vein
whereas this study placed the needle at an angle. As such, the steady
secondary flow regions observed in this study would not form, as jet
impingement was shown to be a critical factor in its formation. However,
the cell culture study conducted by Huynh et al. [48] placed the VN at an
angle of 30◦ , which would produce a similar flow field as observed in this
study. Hence, turbulent intensities may not be as elevated as first thought
but endothelial function might still be impaired due to the disturbed flows
produced by the VNJ.
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The parameters tested in this study had various influences on the resulting
flow field. Increasing the flow rate led to greater mixing downstream of the
needle. Although the jet was shown to have mostly dissipated 60d
downstream, remnants were still present at needle flow rates of 400 ml/min
indicating that lower flow rates can minimise the effects of the VNJ.
The angle of the needle had a strong influence on the location of impingement
and subsequently the position of the disturbed flow region, where higher
needle angles drew the disturbed flows closer to the needle insertion site.
This may be problematic as the insertion site forms a direct pathway outside
the body and is frequently plagued by infection in haemodialysis patients [65].
Furthermore, a sharper needle angle caused a greater deflection of the wall jet
from the vein surface which resulted in greater dissipation and entrainment
of the wall jet with the core flow which leads to more mixing. The needle
angle subsequently determined the level of mixing occurring far downstream.
Hence, a shallower needle angle will minimise wall jet deflection, subsequently
reducing the downstream mixing and shift the disturbed flow away from the
needle insertion site.
Needle position was not shown to influence the size of the disturbed flow,
however a greater amount of out of plane velocity was measured when the
needle was placed in the upper and lower positions. A needle placed closer to
the floor of the vein resulted in a larger wall jet detachment which increased
the downstream mixing. Similarly, a needle placed near the roof of the vein
shifted the impingement point and disturbed flow region leading to greater
mixing further downstream.
Optimising the needle position within the vein can be difficult unless
ultrasound is used to guide the placement. To avoid mispuncture the needle
should be placed centrally within the vein as needle depth did not have a
large impact on the structure of the disturbed flow region other than its
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position within the vein. Therefore, high needle flow rates, sharp angles and
needles placed near the surface of the vein (roof or floor) should be
avoided.

5.3.3

Limitations

The purpose of the experimental work was to provide validation for the
numerical models. The main issues revolving around this objective are the
limitation of planar measurements and the spatial resolution of the images.
A two camera S-PIV system was used to capture all components of velocity
on the centre plane. Whilst central plane measurements were sufficient for
validation, the flow field was found to be highly three dimensional. A great
amount of data could be captured using a tomographic setup. The
accuracy of the measurements could also be improved by increasing the
number of cameras, which would aid in reducing the image disparity.
Spatial resolution was limited by the position of the o-rings and locating
pins, which produced gaps in the measurements due to shadows. The rig
was designed to be modular to enable a large amount of cases to be tested
with ease. Limitations in tooling also prevented the creation of long test
segments. Whilst not applicable to this thesis, future work may incorporate
pulsatile flows produced by the pump, patient specific vascular geometries
and compliant tubing cast from silicon to create an improved physiological
match with clinical conditions.

5.4

Conclusion

A twice scaled, idealised model of the AN and VN during haemodialysis
was analysed using S-PIV. The primary result of this study was to generate
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high resolution data on the bulk flow quantities (three component velocity
measurements) under steady flow conditions to serve as validation of the
computational models presented in subsequent chapters. Velocity profiles
measured downstream of the needles under the various test conditions will
be compared against similar scale numerical models in Chapter 6. The results
also indicated the presence of secondary flows around the needles.
The flow field around the AN was highly localised around the needle tip in
both antegrade and retrograde orientations. Disturbed flows were identified
above the AN when placed in the antegrade orientation. Needle flow rate and
needle angle had minimal effect on the flow field around the AN. However,
a needle placed near the walls of the vein produced a larger disturbed flow
region downstream, therefore the needle should be located in the centre of
the vein when placed in the antegrade orientation.
Conversely, the flow field downstream of the VN was much larger due to the
presence of the VNJ. Results showed the formation of a steady secondary
flow region, which formed under all tested conditions due to the interaction of
contra rotating vortices caused by jet spreading and a wall jet which formed
after impingement of the VNJ. The size of the disturbed flow region was
minimised under low needle flow rates and when the VN was placed at shallow
angles and centrally within the vein.
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Chapter 6
Numerical Study of Cannulation
Technique
This chapter presents the primary results of this thesis; an assessment of
the haemodynamics produced by the VN and AN with an emphasis on WSS.
Qualitative and quantitative information on the flow field produced by the
needles is displayed to identify regions at risk of intimal thickening. The
position and blood flow rate through the needles is varied to determine an
optimum cannulation technique in which the harmful haemodynamic forces
can be minimised. The numerical methods used to assess the impact of the
needles are outlined. This is accompanied by a numerical uncertainty
analysis and validation with the experimental data presented in the previous
chapter.
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6.1

Introduction

Haemodialysis patients have a high predisposition to pathological
narrowing of the access, which commonly occurs at the anastomosis of
AVGs and AVFs and the draining vein [27, 33, 98]. Thrombosis is the most
common complication leading to vascular access failure, accounting for 23%
of all hospitalisations [23], and usually occurs under low flow conditions or
when a stenotic lesion ruptures [1, 2]. Thrombosis can also occur in high
shear flows, which cause platelet activation [179]. The risk of thrombosis is
exacerbated when the activated platelets pool in low flow regions. An
effective treatment of thrombosis is to prevent the formation of a clinically
significant stenosis.
IH is the pathological thickening of the blood vessel wall in response to injury
and is the primary cause of stenosis formation in dialysis patients [180].
Variations in flow resulting in low WSS [56], oscillatory WSS [4] or excessively
high WSS [61, 62] have been shown to induce ‘injury’ to the endothelial layer,
initiating the inflammatory pathway leading to IH. In particular, low WSS
conditions stimulate vascular smooth muscle cell migration and proliferation
[56], whilst oscillatory flows cause changes in the endothelial cell structure
and orientation which increases vascular permeability [41]. Residence time
has become a prime indicator of intimal thickening as blood particles caught
in low and oscillatory flows inevitably have a higher probability of interacting
with the endothelial layer [45]. Conversely, exposure to high WSS in excess
of 40 Pa can result in cell damage within one hour [61].
The flows produced by haemodialysis needles can have a major influence on
vascular health. The VNJ has been reported as one potential source of
stenosis formation due to high levels of turbulence produced by jet break
down [7, 48]. Unnikrishnan et al. [7] reported elevated turbulent intensities
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extending up to 8cm downstream of the needle tip. These turbulent
fluctuations significantly altered the function of the vessel wall, resulting in
random alignment of endothelial cells and a decrease in nitric oxide
production, a precursor event in stenosis formation [48]. The AN extracts
blood from the fistula and it’s design and position is fundamental in
ensuring a large supply of blood is delivered to the dialyser.
Cannulation technique also has a large influence on some of the factors that
affect patency [124], but has received little attention. A key topic of debate is
the effect of rotating or “flipping” the needle about its axis after cannulation.
This is done to alleviate pressure in the AN if the bore becomes attached to
the vessel wall. A needle containing a back eye is also used to alleviate the
high pressure present at the central bore. Needle rotation at the time of initial
cannulation also prevents needle infiltration by moving the tip away from the
floor of the vein [121]. Needle infiltration can lead to significant damage to
the vascular access, with 26% of infiltrations resulting in fistula thrombosis,
suggesting that needle rotation may be beneficial in preserving the integrity
of the vessel wall [87]. However, some reports suggest that infiltration could
occur during the rotation process itself [85]. The orientation of the AN is also
debated as antegrade orientation has been associated with greater flow to the
dialyser [122], however there is no difference for dialysis clearance compared
to a retrograde placement [123].
The present study uses computational models to assess the haemodynamic
forces created by the AN and VN during haemodialysis. Metrics of WSS
are employed to determine the extent of endothelial damage caused by the
needles and to ascertain how cannulation technique can reduce the risk of
potential IH. A range of blood flow rates and needle positions are tested,
including antegrade and retrograde placement of the AN. The influence of
needle rotation is also examined.

127

6.2
6.2.1

Numerical Methods
Computational Domain

An idealised model of the outflow vein from a radial-cephalic AVF was
created using SolidWorks 2012 (Dassault systems, Velizy-Villacoublay,
France). To investigate the full range of cannulated needle positions, a 15
gauge needle was placed at three angles (10◦ , 20◦ and 30◦ ), three depths
(bottom, central and top) and three blood flow rates (200 ml/min, 300
ml/min, 400 ml/min). The venous needle was modelled in the antegrade
orientation whilst the arterial needle was modelled in both an antegrade
and retrograde orientation, conforming to current cannulation practice. The
needles were also placed in the inserted position and rotated position as
displayed in Figure 6.1.

Figure 6.1: Schematic of the inserted and rotated needle position. a) Inserted
b) Rotated
The cephalic vein diameter is 10 mm (D) whilst the needle diameter is 1.35
mm (d) with a wall thickness of 0.18 mm. The needle was placed 100 mm
(10D) upstream to ensure fully developed flow whilst a length of 200 mm
(40D) was placed after the needle to allow sufficient development of the VNJ.
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The true scale 15G needle with back eye is displayed in Figure 6.2 along with
dimensions.

Figure 6.2: Back eye dimensions for a 15G needle
A fully structured hexahedral mesh was generated in ICEM CFD 14.5
(ANSYS Inc., Canonsburg, PA, USA). The boundary layer consisted of 40
layers with an initial size of 0.02 mm and a growth rate of 1.05 and a total
of 8 million elements in the entire domain. Details of the mesh structure
around the needle are displayed in Figure 6.3, where the boundary layer
within and around the needle is evident.

Figure 6.3: Detail of the hexahedral mesh around the needle tip
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The Navier-Stokes equations describe fluid dynamics in terms of energy (not
studied in this thesis), momentum and mass conservation. These governing
equations were solved using the finite volume code in Fluent 14.5 (Fluent
Inc., Lebanon, NH). For an isothermal, incompressible flow the conservation
of mass and momentum are reduced to:

∇ · ~u = 0

(6.1)

1
∂~u
+ (~u · ∇)~u = (−∇p + ∇ · ~τ )
∂t
ρ

(6.2)

Where ~u is the velocity vector, p is the pressure and ~τ is the shear stress
tensor. The shear stress tensor is the friction force imposed by the blood and
is dependent on the velocity gradient and dynamic viscosity.
A laminar model was employed with a Pressure Implicit with Splitting of
Operators (PISO) algorithm for the pressure-velocity coupling and spatial
discretisation schemes set to bounded central differencing to stabilise the
dissipation of the VNJ. The central difference was preferred over other
schemes as it is inherently second order accurate and good at representing
boundary layer flows which is necessary for precise measurement of the
WSS. Furthermore, employing a laminar model over a turbulence model,
coupled with a high density mesh and small time step (0.0001 seconds)
provided a high resolution in both time and space.
Reynolds number, as previous defined in Chapter 4, was used to characterise
the flows entering the domain. The Womersley number, which defines the
pulsatile flow frequency in relation to viscous effects, was used to quantify
the pulsatility of the venous waveform and AN waveform. The Womersley
number is defined as:
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Dh
α=
2

r

ωρ
µ

(6.3)

Where Dh is the characteristic length of the blood vessel and ω is the angular
velocity.
The simulations were run on the University of New South Wales high
performance computing cluster (Leonardi), consisting of 48-cores running at
2.2 GHz. All simulations took approximately 40 days to resolve 10 cardiac
cycles (50,000 iterations).

6.2.2

Boundary Conditions

The walls of the vein and needle were assumed to be rigid and smooth as
the vein wall thickens from arterialisation during the maturation process
after the fistula is created. Furthermore, calculating wall displacements is
computationally expensive and is of secondary importance compared to flow
and geometric assumptions [148]. Blood was modelled as a Newtonian fluid
with a density of 1045 kg/m3 and a viscosity of 0.0035 Pa.s as the application
of non-Newtonian blood models in turbulent flow is disputable [181].
The VN was modelled with a constant parabolic velocity inlet with
Reynolds numbers of 924, 1,385 and 1,847 for blood flow rates of 200
ml/min, 300 ml/min and 400 ml/min, respectively. The AN was modelled
with a pulsatile waveform incorporating the effects of the haemodialysis
roller pump as described in Chapter 7. The AN waveform has a period of
0.64 seconds with equivalent average Reynolds numbers as previously
mentioned. The waveform of the AN and VN is displayed in Figure 6.4. A
zero pressure opening was imposed downstream to meet flow
continuity.
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Figure 6.4: Needle waveform imposed on the arterial and venous needle for
a blood flow rate of 300 ml/min. The arterial needle inlet was pulsatile
due to the motion of the peristaltic pump. The waveform was captured
using Duplex ultrasound as explained in Chapter 7. The venous needle flow
remained constant due to the dampening effects of the air traps and dialyser.

A transient waveform with a period of one second as measured by
Sivanesan et al. [98] was enforced at the cephalic vein inlet assuming an
end to side fistula configuration with antegrade flow in the distal artery,
and a resistive index (ratio of flow through the fistula to flow to the hand)
of 0.75 as described by Ene-Iordache and Remuzzi [145]. The waveform
imposed on the vein is displayed in Figure 6.5. The resultant Womersley
number of the cephalic vein waveform was 2.8 and the maximum, minimum
and mean Reynolds numbers are 930, 225 and 553, respectively.
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Figure 6.5: Transient waveform imposed on the cephalic vein as measured
by Sivanesan et al [98]

The Reynolds numbers of the needles and venous waveform fall below the
critical Reynolds number (Re = 2300) for turbulent flow in a pipe, confirming
that the laminar model is sufficient to resolve the flow field.
The domain was initialised for 10 periods of the transient profile with a
time step of 0.01 seconds to allow the flow fields produced by the vein and
needle to stabilise. To reduce velocity fluctuations induced by inadequate
time resolution the time step was then reduced to 0.0001 seconds ensuring the
average Courant number remained below one. All residuals converged to 10−6
within five iterations. Furthermore, a time step of 0.0001 seconds concurs
with the high resolution CFD recommendations of Steinman and colleagues
[182–184], who concluded that at least 10,000 time steps per cardiac cycle are
required in order to sufficiently resolve the complex haemodynamic flows. An
overview of the computational setup and boundary conditions is displayed in
Figure 6.6.
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Figure 6.6: Summary of the computational setup

6.2.3

Metric Analysis

Two WSS metrics are employed in this study to analyse potential endothelial
dysfunction; time averaged wall shear stress (TAWSS) and relative residence
time (RRT). TAWSS is used to assess excessively high WSS produced by
the VNJ which occurs over the cardiac cycle and was previously defined in
section 2.1.2 as:
1
T AW SS =
T

Z

T

|τw | dt

(6.4)

0

RRT was proposed by Himburg et al. [45] and is sensitive to both the
direction and magnitude of the WSS vector. RRT represents the relative
time a particle near the wall will travel in one cardiac cycle and was
previously defined in section 2.1.3 as:

RRT = [(1 − 2 × OSI) |T AW SS|]−1
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(6.5)

This study utilises the RRT as a single metric for low and oscillating WSS, as
previous studies have noted its robustness [38] and accuracy [44] in predicting
intimal thickening. These metrics were calculated over 10 cardiac cycles
to sufficiently represent the time averaged affects occurring over a dialysis
session. This methodology has the same order of magnitude used by Lantz
et al. [185] who required 50 cycles to produce statistically reliable data in a
model of a patient specific human aorta. The area of high WSS and RRT
was calculated using the average cell area and summing the total number of
cells (j) above the maximum threshold, formulated as:

A>threshold =

j
X

N>threshold Aaverage

(6.6)

i=1

Where A>threshold is the vein area larger than the threshold value which can
cause endothelial damage, N>threshold is the number of cells above the set
threshold value and Aaverage is the average cell area.
Visualisation of flow structures was conducted using isosurfaces of velocity
magnitude to represent the jet flow characteristics of the VN. Velocity
contours and pathlines on cross sectional planes are presented for the AN to
show the three dimensional flow structures around the needle tip. The
performance of the back eye in each needle position was also assessed by
comparison of the mass flow passing through the central bore.

6.3

Numerical Uncertainty

Steady flow conditions were simulated in the grid convergence tests.
Velocity fluctuations due to poor spatial resolution were minimised to
within 1% when the mesh size exceeded 8 million elements. The boundary
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layer was also assessed using the grid convergence index as outlined by
Roache [186]. The maximum WSS within the vein produced by the
impinging VNJ was measured on mesh sizes of 1, 2, 4, 8 and 16 million
elements. A boundary layer consisting of 40 prismatic layers yielded a
difference in the maximum WSS of 3.1%, confirming grid independence to a
high accuracy. Velocity monitor points were used to examine a range of
time steps, where a time step size of 0.0001 seconds was deemed most
feasible based on numerical accuracy.
Detailed information on the
numerical uncertainty can be found in Appendix C.

6.4

Numerical Validation

Steady state computational models (scaled to the size of the experimental)
were compared against the S-PIV measurements presented in Chapter 5 to
validate the boundary conditions and mesh. It is difficult to measure WSS
using PIV due to: reflections at the fluid-wall interface and high gradients
near the boundary [139]. Therefore, the S-PIV measurements are used to
validate the bulk flow features by comparing velocity profiles downstream of
the needles. The computational models can subsequently be used to
accurately determine the shear stresses on the vein wall. The results
presented below represent the baseline case where the needle is placed at
20◦ in the middle of the vein with a blood flow rate of 300 ml/min.
Figure 6.7 presents velocity profiles (computational and experimental) for
the AN in the antegrade orientation. The velocity profiles are measured
at the needle tip and 5d, 10d and 15d downstream of the needle tip. The
computational models identify the skewed velocity profiles produced by the
needle and the M-shaped profile created by the flow entering the AN through
the central bore and back eye, providing excellent agreement with the S136

PIV measurements. The computational model appears to overpredict the
velocity in the vein slightly with a difference in maximum and average velocity
of 5.98% and 13.26%, respectively. The greatest difference coincides with
the presence of the needle tip; at the base of the M-profile. However, this
difference arises from reflections of the metal needle and is attributed to
experimental error.

(a) Needle tip

(b) 5d downstream

(c) 10d downstream

(d) 15d downstream

Figure 6.7: Comparison between experimental and computational velocity
profiles from the arterial needle in the antegrade orientation at a blood flow
rate of 300 ml/min. The needle tip is placed in the middle of the vein at
an angle of 20◦ . a) Needle tip b) 5d downstream of the needle tip c) 10d
downstream of the needle tip c) 15d downstream of the needle tip
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As the mesh and boundary conditions change with each parameter, the
velocity profiles were compared for every case. For brevity, only the
baseline case is presented, with the other cases attached in Appendix D.
Table 6.1 displays the average percentage difference in the maximum and
mean velocity for each case and shows that the overall variation for the AN
in the antegrade position was 8.28% and 15.23%, ensuring a reasonable
level of validity against the experimental data.
Table 6.1: Summary of differences between computational and experimental
results for the arterial needle in the antegrade orientation
Case
200 ml/min
300 ml/min
400 ml/min
10◦
30◦
Needle at bottom of
vein
Needle at top of
vein
Average

Percentage difference Percentage difference
in maximum velocity in mean velocity
6.43%
8.42%
5.98%
13.26%
13.91%
19.32%
15.46%
28.85%
9.69%
4.54%
4.12%

21.42%

2.39%

10.82%

8.28%

15.23%

Figure 6.8 compares velocity profiles (computational and experimental) for
the AN in the retrograde orientation for the baseline case where the needle
is placed at 20◦ in the middle of the vein with a blood flow rate of 300
ml/min. The velocity profiles are measured at the needle tip and 5d, and
10d downstream of the needle tip. The computational models show an even
greater match with the experimental data than the antegrade orientation,
particularly the M-shaped profile at the needle tip which identifies the flow
entering the AN through the central bore and back eye. The only variation
between the profiles is the added skew in the experimental data, which
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occurred due to a slight variation in needle positions. Similarly, only the
baseline case is presented with comparison for the other cases attached in
Appendix D.

(a) Needle tip

(b) 5d downstream

(c) 10d downstream

Figure 6.8: Comparison between experimental and computational velocity
profiles from the arterial needle in the retrograde orientation at a blood flow
rate of 300 ml/min. The needle tip is placed in the middle of the vein at
an angle of 20◦ . a) Needle tip b) 5d downstream of the needle tip c) 10d
downstream of the needle tip
Table 6.1 displays the percentage difference in the maximum and mean
velocity for all cases where the AN is placed in the retrograde orientation.
The table complements the results of the velocity profiles which showed
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excellent agreement between the computation and experimental data. The
average percentage difference in maximum and average velocity for the AN
placed in retrograde is 5.68% and 4.48%, respectively.
Table 6.2: Summary of differences between computational and experimental
results for the arterial needle in the retrograde orientation
Case
200 ml/min
300 ml/min
400 ml/min
10◦
30◦
Needle at bottom of
vein
Needle at top of
vein
Average

Percentage difference
in mean velocity

Percentage difference
in maximum velocity
6.81%
1.19%
8.13%
10.62%
5.00%

5.84%
3.62%
8.16%
5.01%
3.91%

6.12%

8.50%

1.88%

3.33%

5.68%

4.48%

Figure 6.9 displays velocity profiles (computational and experimental) for
the VN placed at 20◦ in the middle of the vein with a blood flow rate of 300
ml/min. The velocity profiles are measured at the needle tip and 20d, 40d
and 60d downstream of the needle tip. Only the baseline case is presented
here, the comparison for the other cases can be found in Appendix D. The
general shape of the VNJ and resultant wall jet is captured in the
computational models, however the magnitude is overpredicted.
Consequently, the S-PIV system was adjusted to capture the jet and core
flow as accurately as possible, however PIV systems are limited in
capturing a dynamic range of velocities.
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Further downstream the variation becomes more apparent, where the
remnants of the jet are not exhibited in the computational model. This is
due to the laminar model imposed with the high resolution numerical
methods which underestimate the dissipation of the jet.

(a) Needle tip

(b) 20d downstream

(c) 40d downstream

(d) 60d downstream

Figure 6.9: Comparison between experimental and computational velocity
profiles from the venous needle at a blood flow rate of 300 ml/min. The
needle tip is placed in the middle of the vein at an angle of 20◦ . a) Needle
tip b) 20d downstream of the needle tip c) 40d downstream of the needle tip
c) 60d downstream of the needle tip
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Table 6.1 displays the percentage difference in the maximum and mean
velocity for all cases of the VN. The average percentage difference in the
maximum and mean velocity for all cases of the VN was 17.86% and
20.78%, respectively. Despite the mismatch in the jet dissipation further
downstream, the computational results showed good agreement with the
experimental data, particularly in capturing the VNJ, resultant wall jet and
secondary flows which develop above the wall jet (position in the vein
extending from -5 to 10 mm). The large differences (in specific regions)
between the computational and numerical results are attributed to
difficulties in measuring a dynamic flow field using S-PIV. Large gradients
exist between the jet and secondary flow regions which can induce errors in
the velocity calculation.
Table 6.3: Summary of differences between computational and experimental
results for the venous needle
Case
200 ml/min
300 ml/min
400 ml/min
10◦
30◦
Needle at bottom of
vein
Needle at top of
vein
Average

Percentage difference
in mean velocity

Percentage difference
in maximum velocity
17.98%
21.19%
27.26%
11.01%
23.01%

17.52%
25.89%
13.20%
18.86%
20.79%

12.23%

24.81%

12.34%

24.38%

17.86%

20.78%
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6.5
6.5.1

Results
Arterial Needle in Antegrade

Figure 6.10 displays velocity contours and streamlines on cross sectional
planes for the AN placed in the antegrade orientation during diastole. In all
cases, the blood being drawn through the needle is localised around the
needle tip and a disturbed flow region exists directly above the central bore.
The disturbed flow region consists of blood being extracted through the
needle and its size remained consistent for all cases except when the needle
tip was placed closer to the vein wall. In these positions the wall influenced
the size of the disturbed flow region occuring above the needle tip, where a
needle placed near the floor resulted in a larger disturbed flow region and a
needle placed near the roof had a smaller disturbed flow region.
Disturbed flow downstream of the needle tip along the floor of the vein also
formed at high blood flow rates, shallow needle angles and when the needle
tip was placed towards the roof of the vein, although the disturbed flow that
formed on the floor of the vein was not drawn into the AN.
The RRT on the surface of the vein is presented in Figure 6.11, with higher
residence times coinciding with the location of the disturbed flows identified
previously. The isometric view of the blood vessel highlights the three
dimensional nature of the disturbed flows, as high residence times extend
from the roof of the vein to the side walls. A higher blood flow rate
increases the strength of the disturbed flows, whilst a variation of the
needle angle and depth shifts the position of high residence times within
the vein. Figure 6.10 shows that the needle disrupts the flow downstream,
however these disturbed flows do not have high residence times except
when the needle is placed near the roof of the vein.
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a)

d)

Figure 6.10: Pathlines and velocity contours on cross-sectional planes for the
arterial needle in an antegrade orientation during diastole. Arrows indicate
predominate direction of blood flow. a-c) Variation in blood flow rate (200
ml/min, 300 ml/min, 400 ml/min). Needle tip is placed in the middle of the
vein at an angle of 20◦ . d-f) Variation in needle angle (10◦ , 20◦ , 30◦ ). Needle
tip is placed in the middle of the vein with an equivalent blood flow rate of
300 ml/min. g-i) Variation in needle position (bottom, middle, top). Needle
is placed at an angle of 20◦ with an equivalent blood flow rate of 300 ml/min.
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a)

d)

g)

Figure 6.11: Relative residence time (time averaged over 10 cycles) on the
wall of the vein normalised by the mean wall shear stress for the arterial
needle in the antegrade orientation. Only high levels of RRT (>10) have
been coloured in red to emphasise regions of strong secondary flows. a-c)
Variation in blood flow rate (200 ml/min, 300 ml/min, 400 ml/min). Needle
tip is placed in the middle of the vein at an angle of 20◦ . d-f) Variation in
needle angle (10◦ , 20◦ , 30◦ ). Needle tip is placed in the middle of the vein
with an equivalent blood flow rate of 300 ml/min. g-i) Variation in needle
position (bottom, middle, top). Needle is placed at an angle of 20◦ with an
equivalent blood flow rate of 300 ml/min.
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The area of high RRT and the amount of blood entering the back eye for the
AN in antegrade is summarised in Table 6.4. Smaller regions were produced
at lower blood flow rates, whilst the largest affected area occurred at blood
flow rates of 400 ml/min. The severity of the affected area also increased
with greater needle angles and a needle placed near the roof of the vein. The
amount of flow entering the back eye remained fairly constant in all cases
except when the needle position was varied. A needle placed towards the roof
of the vein resulted in the highest amount of blood entering the needle.
Table 6.4: Summary of back eye flow and area of high RRT for all tested
parameters of the arterial needle in the antegrade orientation
Parameter

Back Eye Flow (%)

200 ml/min
44%
300 ml/min
42%
400 ml/min
41%
◦
10
41%
20◦
42%
◦
30
43%
Needle at bottom of vein 33%
Needle in middle of vein 42%
Needle at top of vein
48%

6.5.2

Area of high RRT
3.98 cm2
45.01 cm2
122.51 cm2
38.04 cm2
45.01 cm2
50.06 cm2
43.67 cm2
45.01 cm2
68.64 cm2

Arterial Needle in Retrograde

Velocity contours and pathlines on cross sectional planes for the AN placed
in the retrograde orientation during diastole are displayed in Figure 6.12.
In this orientation the region of core flow being entrained by the needle is
much smaller than the antegrade orientation. A disturbed flow region occurs
above and below the needle tip, primarily around the needle insertion site.
The needle position and blood flow rate has a strong influence on the size of
the disturbed flow regions.
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a)

d)

Figure 6.12: Pathlines and velocity contours on cross-sectional planes for the
arterial needle in a retrograde orientation during diastole. Arrows indicate
predominate direction of blood flow. a-c) Variation in blood flow rate (200
ml/min, 300 ml/min, 400 ml/min). Needle tip is placed in the middle of the
vein at an angle of 20◦ . d-f) Variation in needle angle (10◦ , 20◦ , 30◦ ). Needle
tip is placed in the middle of the vein with an equivalent blood flow rate of
300 ml/min. g-i) Variation in needle position (bottom, middle, top). Needle
is placed at an angle of 20◦ with an equivalent blood flow rate of 300 ml/min.
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a)

d)

g)

Figure 6.13: Relative residence time (time averaged over 10 cycles) on the
wall of the vein normalised by the mean wall shear stress for the arterial
needle in the retrograde orientation. Only high levels of RRT (>10) have
been coloured in red to emphasise regions of strong secondary flows. a-c)
Variation in blood flow rate (200 ml/min, 300 ml/min, 400 ml/min). Needle
tip is placed in the middle of the vein at an angle of 20◦ . d-f) Variation in
needle angle (10◦ , 20◦ , 30◦ ). Needle tip is placed in the middle of the vein
with an equivalent blood flow rate of 300 ml/min. g-i) Variation in needle
position (bottom, middle, top). Needle is placed at an angle of 20◦ with an
equivalent blood flow rate of 300 ml/min.
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Figure 6.13 displays the RRT on the surface of the vein for the AN in the
retrograde orientation. Regions of high residence time coincide with the
locations of the disturbed flows displayed in Figure 6.12. High blood flow
rates increased the area of high residence time; however the position of the
needle tip with respect to the vein wall had the greatest influence.
Table 6.5 displays the area of high RRT and amount of blood entering the
back eye for the AN in retrograde orientation. A retrograde orientation
displayed smaller areas of high RRT compared to an antegrade orientation
in all cases except for a needle placed near the bottom of the vein. Similar
trends were exhibited where higher blood flow rates and greater needle angles
increased residence times, although the effect of needle angle was minimal.
A needle placed near the wall of the vein or with a blood flow rate of 400
ml/min yielded the largest areas. The amount of blood entering the back
eye for a retrograde placed AN remained relatively similar for all blood flow
rates and needle positions. The level of back eye flow was also lower in all
cases compared to the antegrade orientation except for a needle placed near
the floor of the vein.
Table 6.5: Summary of back eye flow and area of high RRT for all tested
parameters of the arterial needle in the retrograde orientation
Parameter

Back Eye Flow (%)

200 ml/min
35%
300 ml/min
37%
400 ml/min
37%
10◦
37%
◦
20
37%
◦
30
36%
Needle at bottom of vein 39%
Needle in middle of vein 37%
Needle at top of vein
37%

Area of high RRT
1.82 cm2
2.36 cm2
12.90 cm2
1.66 cm2
2.36 cm2
3.00 cm2
55.40 cm2
2.36 cm2
69.80 cm2
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6.5.3

Venous Needle

The structure of the VNJ and subsequent mixing is displayed in Figure 6.14.
At blood flow rates of 200 ml/min and 300 ml/min the exiting jet structure
is coherent and laminar. Upon impingement on the floor of the vein the jet
begins to spread and secondary flows develop, followed by complex mixing.
Secondary flows are exhibited in every case except at lower blood flow rates.
At blood flow rates of 400 ml/min jet dissipation occurs directly after exiting
the needle. The angle of the needle has little influence on the exiting jet
structure and downstream mixing.
Table 6.6 shows that the flow exiting the VN back eye is minimal in every
case, where the exiting jet structure is not influenced by the presence of the
back eye in the VN. The percentage rises slightly when the needle is inserted
at 30◦ .
Table 6.6: Summary of back eye flow and area of high RRT and high TAWSS
for all tested parameters of the venous needle
Parameter

Back Eye
Flow (%)
0.43%
0.29%
0.25%
0.07%
0.29%
1.99%

200 ml/min
300 ml/min
400 ml/min
10◦
20◦
30◦
Needle at bottom
0.44%
of vein
Needle in middle
0.29%
of vein
Needle at top of
0.27%
vein

Area of high
RRT
4.39 cm2
3.73 cm2
4.69 cm2
1.31 cm2
3.73 cm2
6.13 cm2

Area of high TAWSS
(>40 Pa)

0.79 cm2

28.21 cm2

3.73 cm2

9.92 cm2

8.97 cm2

0.10 cm2
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7.02 cm2
9.92 cm2
14.65 cm2
0.00 cm2
9.92 cm2
15.06 cm2

a)

d)

g)

Figure 6.14: Velocity isosurfaces (1 m/s) visualising the venous needle jet
during diastole. a-c) Variation in blood flow rate (200 ml/min, 300 ml/min,
400 ml/min). Needle tip is placed in the middle of the vein at an angle of
20◦ . d-f) Variation in needle angle (10◦ , 20◦ , 30◦ ). Needle tip is placed in
the middle of the vein with an equivalent blood flow rate of 300 ml/min. g-i)
Variation in needle position (bottom, middle, top). Needle is placed at an
angle of 20◦ with an equivalent blood flow rate of 300 ml/min.
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The effects of excessively high TAWSS produced by the VN are displayed in
Figure 6.15. In all cases except at shallow needle angles a large region of high
TAWSS occurs at the point of jet impingement. The TAWSS exceeds the
threshold (40 Pa) at which endothelial cells are damaged. The area of high
TAWSS spreads out from the floor of the vein and represents the transition of
the free stream jet to a wall jet. The TAWSS drops below 10 Pa downstream
of the impingement zone as the effects of the jet begin to dissipate.
Table 6.6 also displays the area of TAWSS above 40 Pa. High blood flow
rates and greater needle angles increase the area of excessively high
TAWSS, however the greatest force is produced when the needle tip is
placed closest to the floor of the vein. Conversely, a needle placed near the
roof of the vein or at a shallow needle angle produced a negligible area of
high TAWSS. The jet must travel a greater distance before impingement in
these positions, resulting in a lower jet velocity as a greater level of jet
dissipation occurs.
Figure 6.16 displays the RRT on the vein surface and indicates that pockets
of the secondary flows contain low and oscillating WSS. Patches of high
residence time appear on the roof of the vein above the needle tip and
downstream, in the region where secondary flows are present after jet
impingement.
The area of high RRT was presented previously in Table 6.6 and shows that
high (400 ml/min) and low (200 ml/min) blood flow rates as well as sharp
needle angles produce regions of higher residence times, whilst a needle placed
near the roof of the vein produces the largest area.
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a)

d)

g)

Figure 6.15: Time average wall shear stress (over 10 cycles) on the wall of
the vein for the venous needle. Only regions above 10 Pa have been coloured
to emphasise regions of excessively high stress. The scale has also been
capped at the threshold reported to cause endothelial damage (40 Pa). a-c)
Variation in blood flow rate (200 ml/min, 300 ml/min, 400 ml/min). Needle
tip is placed in the middle of the vein at an angle of 20◦ . d-f) Variation in
needle angle (10◦ , 20◦ , 30◦ ). Needle tip is placed in the middle of the vein
with an equivalent blood flow rate of 300 ml/min. g-i) Variation in needle
position (bottom, middle, top). Needle is placed at an angle of 20◦ with an
equivalent blood flow rate of 300 ml/min.
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a)

d)

g)

Figure 6.16: Relative residence time (time averaged over 10 cycles) on the
wall of the vein normalised by the mean wall shear stress for the venous
needle. Only high levels of RRT (>10) have been coloured in red to emphasise
regions of strong secondary flows. a-c) Variation in blood flow rate (200
ml/min, 300 ml/min, 400 ml/min). Needle tip is placed in the middle of the
vein at an angle of 20◦ . d-f) Variation in needle angle (10◦ , 20◦ , 30◦ ). Needle
tip is placed in the middle of the vein with an equivalent blood flow rate of
300 ml/min. g-i) Variation in needle position (bottom, middle, top). Needle
is placed at an angle of 20◦ with an equivalent blood flow rate of 300 ml/min.
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6.5.4

Needle Rotation

Pathlines and contours of velocity along the central plane of the vein for
inserted and rotated AN positions during diastole are presented in
Figure 6.17. The secondary flows are more focused around the needle tip
with antegrade placement, whilst a large disturbed flow region forms on the
floor of the vein for retrograde placement, similar to the results presented
above. These secondary flows are similar in nature for both the inserted
and rotated positions in either antegrade and retrograde placement.
Regions of high residence time on the surface of the vein for the AN in the
inserted and rotated positions are displayed in Figure 6.18. The regions of
high RRT are very similar in shape and size for both AN positions. These
areas have been quantified in Table 6.7 and show that an AN in the inserted
position for antegrade placement produces a slightly smaller region of high
RRT whereas a rotated position produces a smaller region when placed in the
retrograde orientation. However the difference in area between each position
is small, indicating that AN rotation is negligible.
The TAWSS distribution along the floor of the vein produced by the VN in
the inserted and rotated positions is displayed in Figure 6.19. The
distribution is similar for both needles positions, with the WSS decreasing
radially from the point of impingement, highlighting the localised nature of
the flow exiting the VN. Both positions displayed regions of high TAWSS
above the threshold reported to cause endothelial damage (40 Pa). Both
positions also displayed similar areas of high TAWSS, with the inserted
position displaying a slightly larger area as illustrated in Table 6.7.
The residence time on the surface of the vein produced by the VN in the
inserted and rotated positions is displayed in Figure 6.20 whilst the area of
high RRT for each position is shown in Table 6.7.
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Figure 6.17: Pathlines and velocity contours on cross-sectional planes for
the arterial needle in different positions during diastole. Arrows indicate
predominate direction of blood flow. The needle tip is placed in the middle
of the vein at an angle of 20◦ with an equivalent blood flow rate of 300
ml/min. a) Arterial needle in the inserted position (antegrade orientation)
b) Arterial needle in the rotated position (antegrade orientation) c) Arterial
needle in the inserted position (retrograde orientation) d) Arterial needle in
the rotated position (retrograde orientation)
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a)

Figure 6.18: Relative residence time (time averaged over 10 cycles) on the
wall of the vein normalised by the mean wall shear stress for the arterial
needle in different positions. Only high levels of RRT (>10) have been
coloured in red to emphasise regions of strong secondary flows. The needle tip
is placed in the middle of the vein at an angle of 20◦ with an equivalent blood
flow rate of 300 ml/min. a) Arterial needle in the inserted position (antegrade
orientation) b) Arterial needle in the rotated position (antegrade orientation)
c) Arterial needle in the inserted position (retrograde orientation) d) Arterial
needle in the rotated position (retrograde orientation)
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Time Averaged WSS (Pa): 1015 20 25 30 35 40

a)

Figure 6.19: Time average wall shear stress (over 10 cycles) on the wall of
the vein for the venous needle in the rotated and inserted position. Only
regions above 10 Pa have been coloured to emphasise regions of excessively
high stress. The scale has also been capped at the threshold reported to
cause endothelial damage (40 Pa). The needle tip is placed in the middle of
the vein at an angle of 20◦ with an equivalent blood flow rate of 300 ml/min.
a) Venous needle in the inserted position b) Venous needle in the rotated
position
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Figure 6.20: Relative residence time (time averaged over 10 cycles) on the
wall of the vein normalised by the mean wall shear stress for the venous needle
in different positions. Only high levels of RRT (>10) have been coloured in
red to emphasise regions of strong secondary flows. The needle tip is placed
in the middle of the vein at an angle of 20◦ with an equivalent blood flow rate
of 300 ml/min. a) Venous needle in the inserted position b) Venous needle
in the rotated position
The rotated position produced a much larger region of high residence time
than the inserted position. The region of high RRT produced by a rotated
needle was mainly located on the roof of the vein above the needle tip.
Table 6.7: Summary of the area of high RRT and high TAWSS for different
needle positions
Needle Orientation Position Area of
high RRT
Arterial Antegrade
Inserted 56.96 cm2
Rotated 58.58 cm2
Arterial Retrograde Inserted 2.95 cm2
Rotated 2.05 cm2
Venous Antegrade
Inserted 1.86 cm2
Rotated 9.55 cm2
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Area of high
TAWSS (>40 Pa)
9.92 cm2
6.34 cm2

Table 6.8 presents the amount of flow passing through the back eye for each
needle in the inserted and rotated positions. For an AN placed in antegrade
there is approximately 43% and 25% entering through the back eye in the
inserted and rotated positions, respectively.
A retrograde placement
displayed similar results with approximately 37% entering through the back
eye for the inserted position and 42% for the rotated position. The flow
leaving the VN back eye in both positions is negligible, accounting for less
than 1%. This indicates that VN needle position has no influence on the
flow exiting the back eye.
Table 6.8: Summary of back eye flow for different needle positions

6.6

Needle

Orientation

Position

Back Eye Flow (%)

Arterial

Antegrade

Arterial

Retrograde

Venous

Antegrade

Inserted
Rotated
Inserted
Rotated
Inserted
Rotated

42%
25%
37%
42%
<1%
<1%

Discussion

Stenosis due to IH develops as a response to endothelial injury and has a
high correlation with blood flows; in particular low WSS [56], oscillatory
WSS [4] or excessively high WSS [61, 62]. Dialysis needles may influence the
formation of IH in the drainage vein of AVFs, which is a common problem in
haemodialysis patients [27, 33, 98]. Stenotic lesions often lead to thrombosis,
the primary reason of reduced patency in vascular access, due to reduced
flow conditions or lesion rupture [1, 2].
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6.6.1

Arterial Needle

Results for the AN in an antegrade and retrograde orientation
demonstrated strong secondary flows localised around the needle tip, as the
blood was withdrawn from the vein. In the antegrade orientation the flow
must travel around the needle before being entrained through the central
bore. The disturbed flow region is created from reduced flow produced by
the entrainment of blood into the needle. Its size and strength is therefore
highly dependent on the position of the needle within the vein. This was
most clearly demonstrated when the needle was placed close to the vein
floor, resulting in the strongest disturbed flows. Another disturbed flow
region also formed along the floor of the vein at high blood flow rates and
shallow needle angles and was most pronounced when the needle tip was
placed towards the roof of the vein. The risk of access recirculation may be
higher when the needle is in these positions as the secondary flows extended
further downstream and may interact with the VN. Rothera et al. [119]
examined the influence of needle separation distance on access recirculation
and found that needles placed within 2.5 cm of each other do not result in
access recirculation, which is similar to the results found in this study
where secondary flows did not extend further than 2.5 cm. This indicates
that a long cannulation segment in the drainage vein may not be required.
Ultrasound guides can be used to optimise the needle position within the
blood vessel to minimise potential access recirculation and the risk of
intimal thickening, which is prone to developing in disturbed flows.
The region of core flow being entrained in the retrograde orientation is
much smaller compared to the antegrade orientation. In this orientation the
disturbed flow region was located around the needle tip and insertion site.
A larger disturbed flow region also formed below the needle which may
contribute to access recirculation if the secondary flows extend towards the
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VN. However this only extended a few centimeters downstream indicating
that the risk of access recirculation is not dependent on AN orientation.
Ozmen et al.
[123] also reported no statistical difference in access
recirculation between antegrade and retrograde orientation. As the flow
field around the AN remained localised around the needle tip, the needles
can be placed in close proximity without increasing the risk of access
recirculation. This may also increase the number of radiocephalic fistulae
created as surgeons would not be required to create a long venous outflow
for cannulation.
Endothelial cells are sensitive to flow reversal and oscillating flows as these
flows change the structure of the endothelial layer from regular striated
patterns to random orientations, which increases vascular permeability and
endothelial cell turnover, leaving the blood vessel susceptible to the
deposition of inflammatory mediators [41, 58]. The strong secondary flows
around the AN coincided with regions of high residence time which may
lead to IH. For the antegrade orientation they extend from the roof of the
vein to the side walls whilst the retrograde orientation showed localised
areas around the insertion site and floor of the vein. Aneurysms commonly
form at the needle insertion sites due to a weakened blood vessel from
repeated needle puncture [86]. The localisation of disturbed flows around
the insertion site may be a contributing factor to this complication.
For both needle orientations the blood flow rate had the greatest influence
on the area affected by high RRT, where higher flows coincided with a larger
region of RRT. The position of the needle shifted the affected region, with
the greatest reduction evident when the needle tip was located in the centre
of the vein at a shallow angle, away from the walls of the blood vessel.
For an AN in antegrade or retrograde orientation, the results of this study
suggest that the optimum method to reduce the risk of IH is to use lower
blood flow rates. However, it is noted that this can require longer dialysis
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sessions to attain the required clearance which will conflict with the patient’s
lifestyle. Ensuring the needle tip is placed away from the walls of the blood
vessel may also reduce the risk of intimal thickening. While this study found
an association between antegrade orientation and larger RRT regions which
would lead to IH, Parisotto et al. [124] reported an 18% increase in risk of
access failure with the retrograde orientation. Access failure can occur from
a range of factors such as infection or aneurysm blow out. The higher access
failure of retrograde orientation has been attributed to the endothelial flap
which is created with retrograde puncture, which can be held open through
fistula flow forces after the needle is removed [124].
For the antegrade orientation the amount of blood entering the back eye
remained consistent, between 41-44% for all needle angles and blood flow
rates. Needle depth had the greatest influence on back eye flow due to the
resistance imposed by the walls of the blood vessel. The amount of flow
entering the back eye was lower in the retrograde orientation than
antegrade orientation, remaining consistently between 35-39% for all needle
positions and blood flow rates. The high level of back eye flow is similar to
that reported in catheters and cannulas where the side holes can contribute
between 30-50% of the total flow [115, 116, 118]. This result is explained
through the position of the back eye, whose role is to reduce the resistance
in the central bore. In the retrograde orientation the path of least
resistance for the core flow is directly through the central bore due to the
direction of needle placement. This study indicates that needle orientation
influences the resistance of flow entering the AN, where an antegrade
orientation may increase the negative pressure in the arterial line due to
higher back eye efficiency.
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6.6.2

Venous Needle

A high speed jet was shown to exit the VN. Upon impingement on the vein
floor the jet begins to spread and creates complex secondary flows. These
complex secondary flows were identified in every case except at blood flow
rates of 200 ml/min because the jet is coherent and laminar at lower blood
flow rates but becomes unstable at 400 ml/min. The potential core of all
jets does not contain turbulent mixing and maintains a constant velocity
[165], which explains the coherent structure seen in most cases. At higher
blood flow rates the length of the potential core is reduced and the flow
exiting the central bore becomes transitional as seen at blood flow rates
of 400 ml/min. The increase in jet dissipation which occurs close to the
impingement zone is due to a rise in static pressure near the wall caused
by the decrease in momentum of the jet [187]. The effects of the wall are
subsequently translated upstream through the jet, triggering early jet break
down. The minimal flow through the back eye shows that this feature has
very little influence on the exiting jet structure. The slight rise in back eye
flow when the needle was placed at 30◦ can be attributed to the increased
exposure to the core flow.
Elevated levels of TAWSS (above the threshold reported to denude the
endothelium) were identified at the impingement zone. The region of high
TAWSS is caused by the translation of momentum upon impingement.
Higher blood flow rates, greater needle angles and a needle tip placed closer
to the vein floor produced larger regions of elevated TAWSS. In these cases
the velocity of the jet is higher or the effects of dissipation are constrained,
as the jet travels a shorter distance resulting in a greater force upon
impingement. High WSS has been shown by others at lower jet heights and
higher jet Reynolds numbers on jet impingement on a flat plate at normal
incidence [165]. Only a shallow needle angle prevented a region of high
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TAWSS, as the jet travels a longer distance before impingement, providing
greater dissipation which reduces the velocity of the jet. Therefore, lower
blood flow rates, shallow needle angles and placement of the needle tip
away from the floor of the vein can reduce the high TAWSS occurring at
the point of jet impingement.
Endothelial cells which line the inner surface of blood vessels have the
ability to detect blood flow. These endothelial cells are sensitive to flow
direction and are commonly aligned in the predominant direction of axial
flow under laminar flow conditions. Under multi-directional and oscillating
flows, similar to that in the disturbed flow region, endothelial cells have
been shown to change from a regular striated pattern to random
orientations [59]. Blood vessel wall function is impaired when endothelial
cells are randomly orientated as junctions between cells impede cellular
communication and increased vascular permeability leaves the blood vessel
susceptible to the deposition of inflammatory mediators [41, 42].
Regions of high RRT were found on the roof of the vein downstream of the
needle tip, which coincided with the secondary flows produced by jet break
down. This indicates that steady secondary flows occur in the disturbed
flow regions which result in high residence times. High RRT can stimulate
vascular smooth muscle cell migration and proliferation [56] and increases
vascular permeability [41], potentially leading to IH [44]. Huynh et al. [48]
examined the effects of the VNJ on endothelial cell function and identified
a change in structure to the random orientation found by others. Nitric
oxide, a chemical which mediates the anti-inflammatory response of the blood
vessel, was also inhibited in the flow field produced by the VN. Therefore,
the presence of the disturbed flow region produced by the VNJ may lead to
endothelial dysfunction along the roof of the vein, suggesting that stenosis
may form in the drainage vein due to the flows produced by the VN.
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Similar regions of high RRT were found at blood flow rates of 200 ml/min
and 400 ml/min, indicating that low blood flow rates produce steady
secondary flows whilst high blood flow rates produce more pockets of
complex secondary flows. This is linked to the transitional flow in the VN,
where Reynolds numbers range between 924 and 1847 for the range of
blood flow rates examined, indicating that an optimum blood flow rate
exists which can minimise RRT. Ponce et al. [160] showed patients were at
a significantly higher risk of AVF failure at blood flow rates below 310
ml/min and greater than 400 ml/min. Sharp needle angles and a needle tip
placed near the roof of the vein also produced regions of higher residence
time as these parameters influenced the production of secondary flows.
Therefore, a blood flow rate around 300 ml/min, shallow needle angles and
placement of the needle tip away from the roof of the vein may minimise
the risk of IH.

6.6.3

Influence of the needles on vascular health

The influence of the needles can be examined in cases where cannulation
is not conducted, such as animal models of fistulae and in patients who
received a kidney transplant whose fistula was not tied off. Patard et al.
[188] examined fistulae which remained open after kidney transplant and
found that only 17.5% of AVFs thrombosed, over a mean time of 39 months
representing a four year patency rate of 61%. Similar results have been
reported in other studies over comparable time frames [189]. These figures
compare favourably to the 48% four year patency rate found by Kazemzadeh
et al. [21], indicating that the needles influence the development of vascular
complications. However, Wang et al. [190] identified intimal thickening in
the proximal vein of pig AVFs within 42 days of surgery, showing that other
factors stimulate the development of IH.
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Regions of high TAWSS and RRT were found downstream of the VN whilst
disturbed flow regions with high RRT surround the AN, which may
contribute to endothelial damage and IH. Glashan and Walker [191]
examined vein samples in haemodialysis fistulae and found endothelial
damage and loss in the vicinity of the needle tip. However, stenosis
commonly forms at the anastomosis in AVFs [27, 98], despite the high
potential of endothelial damage near the needles. This suggests that
endothelial recovery plays an important role in vascular health. Reidy and
Schwartz [192] used rats to study denudation and recovery by removing
endothelial cells in the aorta. Reendothelialisation through migration and
proliferation was complete after 2-4 days, highlighting the ability of the
blood vessel to recover. Endothelial denudation has been shown to lead to
intimal lesions if the period of denudation continues for several days [193].
The time frames of recovery are significant as haemodialysis sessions are
usually conducted every 2-4 days, indicating that the blood vessel may
recover from any damage caused by the needles, thus explaining why
stenosis more frequently form at the anastomosis.

6.6.4

Needle Rotation

Disturbed flows were produced by the AN in both needle positions and
orientations. These disturbed flows coincided with regions of high RRT on
the roof of the vein which may cause endothelial damage potentially leading
to IH. Rotation of the AN had minimal effect on the size of high residence
time, proving that rotation of the AN does not reduce the harmful
haemodynamics which can lead to IH. This is in agreement with Parisotto
et al. [124], who reported that an antegrade orientation in the inserted
position is associated with better access survival compared to the rotated
position and retrograde orientation.
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The VNJ resulted in high WSS values along the vein floor at the point of
impingement for both needle positions, producing similar sized regions of high
TAWSS above the range (40 Pa) cited for endothelial damage and erosion
[61]. Break down of the VNJ produced disturbed flows within the vein which
lead to regions of high RRT along the roof of the vein and potential sites
of IH. The key difference in the VN position was that rotating the needle
increased the area of high residence time on the roof of the vein. However,
regions of high TAWSS and RRT are still present in the inserted position,
indicating that needle rotation has minimal effect in mitigating the harmful
shear stresses.
The technique of needle rotation is conducted to alleviate pressure in the
arterial line as an increase in pressure indicates that the AN has become
attached to the vein wall. The AN exhibited a large degree of flow through
the back eye for both needle positions. The high level of back eye flow
is similar to that reported in catheters and cannulas where the side holes
can contribute between 30-50% of the total flow [115, 116, 118]. An AN
in the inserted position which was placed antegrade produced the highest
amount of flow through the back eye, accounting for 43%. Conversely, a
rotated AN placed in the same orientation produced the smallest amount of
flow through the back eye (25%). The inserted position represents a more
effective use of this geometrical feature when the AN is placed in antegrade
due to its exposure to the core flow, indicating that needle rotation may not
be an ideal technique to alleviate pressure in the arterial line. Conversely,
the opposite effect was observed for a retrograde orientation, however the
increase in flow through the back eye was minor. As these two quantities
are similar, needle rotation may not be an ideal technique to alleviate the
pressure if the central bore becomes attached to the blood vessel wall when
the AN is in the retrograde orientation.
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From a clinical perspective, needle rotation carries a risk of coring the vein
which can lead to infiltration [85]. As both positions produce potentially
damaging levels of shear stress, it is concluded that needle rotation does not
provide a significant haemodynamic benefit and should not be conducted
as it increases the risk of infiltration. This opinion is in agreement with
Parisotto et al. [124] who believe that needle rotation is unnecessary and the
technique may cause additional trauma to the blood vessel. Furthermore,
the amount of flow through the back eye was significant for all positions and
orientations of the AN. Placement of the AN tip away from the vein wall
should be sufficient to minimise the chance of the central bore becoming
attached causing temporal blockage of the arterial line.

6.6.5

Limitations

A major limitation in this study was the use of an idealised geometry for
the cephalic vein, which was produced to achieve a high quality hexahedral
mesh. The use of hexahedral grids in vascular access studies has been shown
to produce errors in WSS calculation as low as 2% [132, 141]. The geometry
also excluded the secondary flows originating at the anastomosis. Broderick
et al. [97] examined the influence of various factors of turbulence generation
in an AVG and found that the production of transitional structures were
highly influenced by vein diameter and flow split ratio, highlighting the case
specificity of AVF flows. Bozzetto et al. [99] also showed that AVF flows
arising from the anastomosis are case specific. In this study, the inclusion of
case specific AVF flows would reduce the clarity of the parametric analysis,
which is why a simplified geometry was selected. A future study may include
the needles in real geometries to investigate how these results translate to
patient specific cases. The model also did not account for the effects of vessel
wall compliance. McGah et al. [148] compared rigid and compliant models of
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an AVF and found that the rigid models over predicted WSS by up to 50%,
however differences in the downstream vein were only 10%. Limitations of
this approach also exist in the uncertainty of the elastic modulus and the nonhomogeneity of the blood vessel wall. Shear stresses in rigid wall models are
generally higher, thus the assumption in the simulations represent the worst
case scenario. Future studies may address this limitation by employing fluidstructure interaction models, although these simulations come at a dramatic
increase in computational cost [135]. The assumption of the Newtonian blood
model is also acknowledged. This assumption was made under the premise
that at shear rates greater than 100 s−1 blood acts as a Newtonian fluid with
constant viscosity. The application of non-Newtonian models is questionable
in applications with high flows such as those produced by dialysis needles.
Decorato et al. [135] compared various blood rheology models and found the
mean difference in WSS at the anastomosis and downstream vein of an AVF
to be approximately 10% and 13%, respectively. A future study incorporating
a patient specific fistula might also include a blood rheology model tailored
to the patients’ blood composition.

6.7

Conclusion

Maintaining the efficiency of haemodialysis treatment is crucial, with
cannulation technique forming a key component in continuing patient
health care. This chapter examined the haemodynamics produced by the
AN and VN during haemodialysis and assessed the potential risk of
endothelial damage from flow mediated effects which can lead to IH.
Regions of high residence time corresponding to areas of disturbed flow
were examined on the vein wall for both needles. High TAWSS, above the
threshold reported to cause endothelial damage, was also measured
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downstream of the VN coinciding with the point of VNJ impingement.
These regions of high residence time and high TAWSS indicate potential
sites of endothelial dysfunction which may lead to IH. The use of shallow
needle angles, a blood flow rate of approximately 300 ml/min and
placement of the needle tip away from the walls of the vein mitigates this
risk. The localised flow field around the AN also indicated that both
needles can be placed in close proximity without increasing the risk of
access recirculation. This may also increase the number of patients with
radiocephalic fistulae, as other sites for vascular access creation are
normally preferred to create a long venous outflow for cannulation.
The results for needle rotation indicate that the haemodynamic effects of
needle rotation were negligible in improving factors that affect the patency
of the vascular access. This technique is usually conducted to relieve the
pressure in the arterial line when the AN becomes attached to the vein
wall. An AN in the inserted position when placed in antegrade maintained
43% of the flow through the back eye, indicating that an inserted position is
beneficial over a rotated position in terms of resistance produced by the
needle. Furthermore, the change in the level of flow through the the back
eye from rotating an AN in retrograde was insignificant. Placement of the
AN tip away from the vein wall has the greatest influence in mitigating the
risk of elevated pressures in the arterial line. In conclusion, needle rotation
should only be applied to the AN, with care to avoid infiltration, if optimal
placement of the needle tip is unachievable and the arterial pressure
elevates.
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Chapter 7
Analysis of Cavitation in
Haemodialysis Needles
This chapter investigates the hypothesis that microbubbles can form near the
tip of haemodialysis needles, under cavitation caused by turbulence and
pressure changes. This hypothesis is examined in two parts. Firstly, a
computational model with the same methodology as presented earlier in
Chapter 6 is conducted. A high amplitude sinusoidal inlet condition is
imposed on the needle to investigate the blood flow rates where the pressure
is sufficient to cause cavitation. Secondly, clinical measurements are
conducted using a Duplex ultrasound on the extracorporeal circuit to
determine if the pulsatility generated by the roller pump produces the
conditions (as identified in the computational model) where cavitation might
occur.
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7.1

Introduction

All haemodialysis circuits contain an air trap on the venous side to measure
venous pressures and to prevent large air bubbles from entering the patient’s
circulation. An air trap is sometimes used on the arterial side for the same
purpose. There have been several cases which report the presence of air
emboli or microbubbles within the extracorporeal circuit [67–72].
Microbubbles have been shown to pass through the venous air trap and enter
the blood stream without activating the alarm [68, 69, 72, 73]. In addition,
computational simulations have shown the inefficiency of the venous air trap
in trapping bubbles smaller than 200 µm [73]. It is important to identify
the source of microbubble formation in haemodialysis as there are potential
pathophysiological complications for the patient.
Tissue ischemia occurs when a bubble becomes lodged in the blood vessel,
blocking the blood flow and preventing the nearby tissue from receiving
nutrients and oxygen. The most severe cases of ischemia occur in the lungs
or brain. Fairshter et al. [77] in a post mortem analysis reported that
95.7% of haemodialysis patients had acute lung disease whilst 80.4% had
chronic lung disease, with reported incidents of haemorrhage and
thromboembolism. Deterioration of neurological functions has also been
correlated with the duration of dialysis treatment [78]. Cerebral atrophy
[80] and neurocognitive dysfunctions [81] in chronic haemodialysis patients
is a recognised problem.
Furthermore, it is unknown if the presence of microbubbles in the dialyser
affects the efficiency of treatment. It is therefore imperative to determine
the source, and implement methods to prevent their passage through the
extracorporeal circuit and into the patient. Forsberg et al. [70] suggested a
high blood level in the venous chamber and a wet stored dialyser as methods
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of reducing the level of microbubbles passing into the circulation.
Several sources of microbubbles have been identified based on the location
of detected microembolic signals using Doppler ultrasound. These sources
have been identified as the following: air remaining in the extracorporeal
circuit after priming [82], air entering through leaks on the arterial side from
the high negative pressures [82, 83] or diffusion of air from oversaturated
dialysate [82]. The needles have also been suggested as a potential location
due to cavitation [67]. Supporting this theory is the correlation between
pump speed and the amount of detected bubbles, indicating that cavitation
may occur around the needles with high blood flows [68, 72].
Cavitation occurs when the static pressure falls below the vapour pressure of
blood generating microbubbles and has been reported to occur in mechanical
heart valves [194]. Previous studies have assumed that microbubbles consist
of carbon dioxide due to its higher solubility and lower partial pressure within
blood [194, 195]. As the majority of carbon dioxide is stored in plasma, the
vapour pressure of plasma is similar to that of water; approximately -95000
Pa gauge pressure at 37◦ C [196].
The clinical relevance of this work is to determine if the needles contribute
to the formation of microbubbles due to cavitation. The aim of this study
was two fold; to determine the conditions in which cavitation may occur
at the needles, and to evaluate the potential for cavitation to occur within
the haemodialysis extracorporeal circuit based on the pulsatility of the roller
pump. A full scale computational model of the needles is utilised with an
extreme range of blood flow rates to examine the conditions in which the
vapour pressure is reached. The velocity pulse produced by the roller pump
was then measured in a clinical setting using a Sonosite S-series Ultrasound
(FUJIFILM Sonosite Inc, Tokyo, Japan) at various locations throughout the
extracorporeal circuit.
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7.2
7.2.1

Methods
Computational Model

The computational model follows the settings described in Chapter 6, with
slight variations imposed to simulate a worst case scenario to determine the
conditions in which cavitation might occur. A 17G needle was placed at an
angle of 30◦ to expose the back eye to the core flow and reduce the internal
diameter, subsequently elevating the pressures within the needle. The AN
was placed in both antegrade and retrograde orientations to cover all clinical
setups. The VN was placed in the antegrade orientation according to normal
convention.
The vein profile used in Chapter 6 was again enforced at the vein inlet,
whilst elevated needle inlets were used. A sinusoidal waveform with a mean
blood flow rate of 600 ml/min and an amplitude of 600 ml/min was
imposed at the AN to simulate a large range of flows. The period of one
cycle was approximated as 0.7 seconds to replicate clinical conditions. The
VN was simulated with a constant blood flow rate of 600 ml/min as the
literature suggests that cavitation may occur downstream of the VN in
regions of turbulence [67]. Chapter 5 and Chapter 6 showed that complex
secondary flow occurs downstream of the VN whilst the flow field around
the AN remained localised. Based on these results, the pressure inside the
AN and downstream of the VN was monitored, as these regions were
mostly likely to produce a pressure drop sufficient for cavitation to occur.
All cases were initialised for 7 cycles with a time step of 0.01 seconds, with
50 iterations per time step. The time step was then dropped to 0.0001
seconds, with data being collected over 2 cycles.
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7.2.2

Clinical Analysis

7.2.2.1

Haemodialysis Setup

A patient was selected based on a normal functioning native arteriovenous
fistula (fistula flow >600 ml/min) and dialysing under normal conditions.
The velocity waveform was measured in 5 locations as displayed in Figure 7.1;
between the AN and the roller pump, between the roller pump and the
arterial air trap, between the arterial air trap and the dialyser, between
the dialyser and venous air trap and between the venous air trap and VN.
Ethical approval was provided by the Human Research Ethics Committee
at the Prince of Wales Hospital (HREC Number: 13/313, SSA Number:
13/G/425). The patient gave informed written consent in accordance with
the ethical standards prior to study participation.
Conventional haemodialysis procedure was conducted using an AK200S
device (Gambro, Lund, Sweden), Gambro BL 208BD bloodlines and a
high-flux Revaclear 400 dialyser (Gambro, Lund, Sweden).
The
extracorporeal circuit contained an arterial and venous air trap and a dual
roller pump. Both needles were standard 15G fistula needles (Gambro,
Lund, Sweden) and were inserted in a native radiocephalic fistula. The
circuit was primed with 500 ml of saline and 3000 units of heparin sodium
to prevent clotting. Anticoagulant therapy was maintained throughout the
session in the form of hourly bolus injections of heparin sodium.
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Figure 7.1: Locations (denoted by X) on the extracorporeal circuit where
Doppler ultrasound measurements were conducted. a) between the arterial
needle and the roller pump b) between the roller pump and arterial air trap
c) between the arterial air trap and dialyser d) between the dialyser and
venous air trap e) between the venous air trap and venous needle
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The extracorporeal blood flow rate was 315 ml/min and the temperature of
the dialysate remained constant at 36◦ C. The arterial pressure (measured
at the arterial air trap) was -145 +/- 5 mmHg whilst the venous pressure
(measured at the venous air trap) was 126 +/-5 mmHg. The treatment
conditions remained unaltered throughout the duration of the
experiment.

7.2.2.2

Ultrasound Setup

The velocity waveform produced by the roller pump was measured ex-vivo
using a Sonosite S-series Ultrasound (FUJIFILM Sonosite Inc, Tokyo,
Japan). The velocity waveform was extracted using the Doppler mode and
an L38xi 5 MHz transducer (FUJIFILM Sonosite Inc, Tokyo, Japan).
Standard contrast gel was used as the coupling medium to efficiently
transfer the signal from the transducer to the extracorporeal tubing. To
ensure a clear signal was being returned to the transducer, the Color
Doppler mode was used to image the tubing and blood flow, as displayed in
Figure 7.2

Figure 7.2: Colour Doppler imaging of the extracorporeal tubing and blood
flow
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The transducer was held parallel to the tubing, with a gel layer of
approximately 2 cm in thickness on the surface to ensure a sufficient length
was imaged and a clear signal received. The gate width was fixed at 1 mm
to ensure a small sample volume was measured which minimised noise. The
probe was set at 50◦ to align with the direction of blood flow (less than the
recommended 60◦ , to minimise errors when measuring velocity). The
repeatability of the haemodialysis machine was ensured by taking three
measurements at each location.

7.2.2.3

Statistical analysis

The velocity and time points were extracted from the ultrasound images using
graph digitising software (Silk Scientific Inc, Utah, USA). Repeatability of
the pump performance was assessed by expressing the data as maximum
instantaneous velocity +/- SD and minimum instantaneous velocity +/- SD,
calculated over 10 pump cycles. The average tubing diameter was calculated
based on the pump setting (315 ml/min) and the average velocity at each
location over 10 pump cycles. The instantaneous velocities were subsequently
converted to volumetric flow rates assuming an average tubing diameter of
3.89 mm. The computational simulations estimated the flow rates which
would produce a sufficient pressure drop in the AN to cause cavitation. These
flow rates are subsequently extrapolated to the clinical measurements based
on the average tubing diameter. This enabled a comparative analysis between
the clinical measurements and the computational results.
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7.3
7.3.1

Results
Arterial Needle Computational Model

Figure 7.3 displays isosurfaces of vapour pressure (-95000 Pa) at various
times in the sinusoidal inlet condition, for the AN placed in the antegrade
orientation. At maximum flow (1200 ml/min) the pressure within the needle
bore falls below -95000 Pa, indicating that cavitation may occur at extreme
blood flow rates. The pressure drop occurs across the entire area of the needle
entrance, extending from the trailing edge of the back eye to the top of the
bevel. As the flow rate decreases, the pressure within the AN rises above the
cavitation threshold pressure.
Isosurfaces of vapour pressure (-95000 Pa) at various times in the sinusoidal
inlet condition for the AN placed in the retrograde orientation are displayed
in Figure 7.4. Similarly, the pressure within the needle bore fell below the
cavitation threshold at extreme blood flow rates. The pressure distribution at
the needle entrance is similar for both antegrade and retrograde orientations,
which indicates that blood flow rate is a primary factor which influences the
pressure within the needle.
Figure 7.5 shows the relationship between the pressure drop at the AN
entrance and the blood flow rate. The graph provides a clear indication
that when the blood flow rate is above 600 ml/min in the pump cycle, the
pressure at the needle entrance drops below -95000 Pa, providing the
conditions for cavitation to occur. The pressure distribution is also
identical over both pump cycles, indicating that microbubble formation
may occur consistently throughout treatment under these conditions.
Furthermore, needle orientation does not influence the pressure drop within
the needle.
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Figure 7.3: Isosurface of Vapour Pressure (-95000 Pa) in the arterial needle
at different times in the sinusoidal inlet condition when the needle is placed
in the antegrade orientation. a) 0 seconds b) 0.1 seconds c) 0.2 seconds d)
0.3 seconds e) 0.4 seconds f) 0.5 seconds g) 0.6 seconds h) 0.7 seconds
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Figure 7.4: Isosurface of Vapour Pressure (-95000 Pa) in the arterial needle
at different times in the sinusoidal inlet condition when the needle is placed
in the retrograde orientation. a) 0 seconds b) 0.1 seconds c) 0.2 seconds d)
0.3 seconds e) 0.4 seconds f) 0.5 seconds g) 0.6 seconds h) 0.7 seconds
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Figure 7.5: Range of pressures at the needle opening over two periods of
the sinusoidal waveform. As the blood flow rate increases the pressure in
both the antegrade and retrograde positions falls below the vapour pressure
of blood; providing an environment for cavitation

7.3.2

Venous Needle Computational Model

No regions of pressure below the vapour pressure of blood (-95000 Pa) were
found downstream of the VN. Isosurfaces and pressure plots have
subsequently not been shown. These results indicate that the complex flows
which form downstream of the VN do not produce the conditions in which
microbubbles may form under cavitation.
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7.3.3

Clinical Measurements

The velocity waveform as measured at each location in the extracorporeal
circuit is displayed in Figure 7.6. It is evident that, although the pump is
set at a constant flow rate, the extracorporeal system contains a highly
pulsatile flow. This flow profile is generated by the rotary motion of the
roller pump compressing the tubing during 360◦ of revolution. The
waveform approaches a quasi-sinusoidal waveform when entering the
extracorporeal circuit through the AN with an amplitude of approximately
20 cm/s (140 ml/min) indicating that the pulse extends in both directions
across the roller pump. The largest pulse occurs directly after the roller
pump and extends from approximately 58 cm/s (410 ml/min) to -72 cm/s
(-513 ml/min) resulting in a brief period of flow reversal. The pulse created
by the pump travels through the extracorporeal circuit. The dialyser has a
dampening effect on this pulse as shown in Figure 7.6d. The waveform
approaches a saw-tooth function with approximate amplitude of 15 cm/s
(100 ml/min) after the dialyser. The component of flow reversal has been
completely dampened after the venous air trap producing a quasi-constant
flow exiting the VN.
The complete range of velocities and SD are displayed in Table 7.1. The
pulse amplitude is largest after the roller pump (129.6 cm/s, 920 ml/min)
and is gradually dampened by the arterial air trap (16.25 cm/s, 115
ml/min), dialyser (14.37 cm/s, 100 ml/min) and venous air trap (6.87
cm/s, 50 ml/min). The standard deviation remained relatively low (<6%)
throughout the measured 10 cycles. Despite the pulse near the AN, the
velocities are not sufficient to induce the pressure drop required for
cavitation based on the results of the computational model. However,
cavitation may be possible across the rollers of the pump as the largest
pulse amplitude was measured at this location.
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Figure 7.6: Velocity waveform as measured by Doppler ultrasound in the
haemodialysis extracorporeal circuit. a) between the arterial needle and the
roller pump b) between the roller pump and arterial air trap c) between the
arterial air trap and dialyser d) between the dialyser and venous air trap e)
between the venous air trap and venous needle
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Arterial needle to Roller Pump
Roller Pump to Arterial Air Trap
Arterial Air Trap to Dialyser
Dialyser to Venous Air Trap
Venous Air Trap to Venous Needle

Location

Maximum
Velocity
51.25 cm/s
57.60 cm/s
39.38 cm/s
47.50 cm/s
48.75 cm/s

Maximum
Flow Rate
365 ml/min
410 ml/min
281 ml/min
339 ml/min
348 ml/min
2.1%
3.0%
2.5%
2.1%
1.3%

SD

Minimum
Velocity
31.73 cm/s
-72.00 cm/s
23.13 cm/s
33.13 cm/s
41.88 cm/s

Maximum
Flow Rate
226 ml/min
-513 ml/min
165 ml/min
236 ml/min
299 ml/min

5.8%
5.7%
3.8%
3.0%
3.1%

SD

Table 7.1: Summary of maximum, minimum and the standard deviation over 10 cycles of the roller pump

Figure 7.7 displays the pressures and velocity occurring near the peristaltic
pump during rotation. Upon further observation of the motion of the pump
it was evident that when the rollers are orientated at 0◦ and 180◦ , temporary
occlusion occurs which results in a brief period of no flow (depicted by N in
Figure 7.7). Directly after the instant of occlusion a high pressure exists in
front of the roller resulting in the water hammer effect (surge of pressure when
a fluid in motion is forced to stop or changes momentum) which produced
a sudden reversal of flow (depicted by • in Figure 7.7). For the majority
of the cycle only one roller is compressing the tubing and is characterised
by a high pressure in front of the roller and low pressure behind the roller.
This results in a semi-constant net forward flow of blood (depicted by  in
Figure 7.7).

Figure 7.7: Instantaneous roller motion of the peristaltic pump (High
Pressure - HP, Low Pressure - LP) a) Tubing is occluded b) Release
of occluded tubing (water hammer effect) c) Smooth rotation producing
maximum flow d) Velocity waveform measured after the roller pump
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7.4

Discussion

Microbubbles generated in the extracorporeal circuit in haemodialysis
patients have been shown to enter the blood stream without activating the
alarm [68, 69, 72, 73] and can lead to tissue ischaemia. The long term
effects from exposure to microbubbles is currently unknown. The source of
microbubbles has not been verified, although several possibilities have been
suggested including: air remaining in the extracorporeal circuit after
priming [82], air entering through leaks on the arterial side from the high
negative pressures [82, 83], diffusion of air from oversaturated dialysate [82]
or cavitation at the needles [67]. Supporting the later theory is the
correlation between pump speed and the amount of detected bubbles,
indicating that cavitation may occur under high blood flows [68, 72].
Furthermore, it is unknown if the presence of microbubbles in the dialyser
affects the efficiency of treatment. It is imperative to determine the source
of microbubbles, and implement methods to prevent their passage through
the extracorporeal circuit and into the patient.
The results of the computational model indicated that cavitation may occur
at the AN at elevated blood flow rates. Large pressure drops were measured
at the entrance to the AN, with the pressure falling below the vapour
pressure at blood flow rates greater than 600 ml/min.
Clinical
measurements were conducted to supplement the computational models.
The velocity pulse produced by the roller pump was measured using Duplex
ultrasound, with the pump set to deliver a blood flow rate of 315 ml/min.
The blood entered the AN with a pulse amplitude of 140 ml/min which
produced a maximum instantaneous blood flow rate of 365 ml/min. This
indicates that although cavitation can form at the AN at elevated blood
flow rates, it is unlikely to do so within a clinical environment.
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The computational models simulated a worst case scanerio, where a 17G
needle was placed at an angle of 30◦ to expose the back eye to the core flow
and reduce the internal diameter to inflate the pressures within the needle.
Clinically, smaller needles are used to reduce the trauma of blood vessel
puncture, however they are unable to deliver the required blood flow rate for
efficient dialysis. Most dialysis patients are cannulated with 15G and 16G
needles, which would reduce the pressure within the needle. Furthermore, the
orientation of the needle within the vein itself had no effect on the pressure
drop occurring at the needle entrance. Therefore, it is unlikely that the
instantaneous blood flow rate in the AN is sufficient to induce the pressure
drop required for cavitation (>600 ml/min).
The computational models did not produce pressures below the vapour
pressure near the VN, despite being simulated with a blood flow rate of 600
ml/min. The blood exiting the VN was found to be quasi-steady due to the
dampening effect of the extracorporeal circuit. The amplitude of the pulse
near the VN, as measured with Duplex ultrasound, was approximately 50
ml/min with a maximum instantaneous blood flow rate of 348 ml/min.
This confirms that cavitation near the VN is unlikely, even at elevated
blood flow rates.
Furthermore, microbubbles have been detected
consistently from the start of treatment at all locations in the
extracorporeal tubing after the roller pump [67]. If microbubbles are
generated at the VN, it would not explain the presence of microbubbles
throughout the extracorporeal circuit. This provides further evidence that
cavitation at the VN is unlikely to be the source of microbubbles in
haemodialysis patients.
The rollers of the peristaltic pump are the key component affecting the
pulsatility and pressure in the extracorporeal circuit. The largest pulse was
measured between the roller pump and arterial air trap and was
approximately 920 ml/min. During most of the rotation, one roller
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compresses the tubing creating a forward travelling pressure wave.
However, when the rollers are at 0◦ and 180◦ both rollers are compressing
the tubing producing temporary occlusion. After this instant, the travelling
pressure wave reverses direction due to a high post-pump pressure in a
phenomenon known as the water hammer effect [197] which has previously
been visualised in an FSI simulation [198]. It is this phenomenon that
causes the extracorporeal tubing to pulse.
The computational results indicate that large pressure drops from sharp
changes in geometry and elevated blood flow rates above 600 ml/min are
necessary for blood to cavitate. Stegmayr et al. [68] compared various
venous air traps based on the presence of air microbubbles, for blood flow
rates ranging from 50-600 ml/min, and found that the amount of air
microbubbles detected within the extracorporeal circuit increased with
increasing pump speed. The ultrasound measurements in this chapter
showed that the roller pump induces instantaneous flow reversal of
approximately -513 ml/min directly after the roller leaves the occlusion
position. After temporary occlusion, the blood flow rate jumps to an
instantaneous value of 410 ml/min. Furthermore, when the rollers are in
the occluded position sharp changes in the tubing diameter occur, which
the computational model noted as a key factor for cavitation.
Large pressure drops may occur in the vicinity of the roller when in the
occluded position as the instantaneous blood flow rate (-513 ml/min) was
found to approach the critical value of 600 ml/min. The ultrasound
measurements were conducted under normal heamodialysis conditions with
a blood flow rate of 315 ml/min. The results suggests that cavitation may
occur across the rollers when they are in the occluded position at elevated
blood flow rates. Additionally, Rolle et al. [71] only detected microemboli
after the roller pump at blood pump speeds higher than 450 ml/min,
further supporting the conclusion that cavitation is unlikely to occur at the
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AN but microbubbles may be generated through similar mechanisms at the
roller pump under elevated pump speeds.
The venous air trap is an effective mechanism in the circuit to remove this
pulse. The dialyser and distensibility of the tubing also provides a degree
of dampening. Furthermore, it is apparent that the blood pressure within
the vein counteracts the pulse traveling back towards the AN. This can be
observed in Figure 7.6d through the repeatability of the waveform, as the
periods of the heart and pump are inevitably asynchronous. The dampening
effect of blood pressure further indicates that the necessary pressure drop at
the AN to create microbubbles from cavitation would only occur at extreme
blood flow rates.
The repeatability of the pump was also confirmed at each measured
location across 10 pump cycles, with the standard deviation not exceeding
6% of the maximum and minimum velocities. This error arises from the
variability in the pumping mechanism, transducer angle, signal
deconstruction and movement of the tubing due to its flexibility. One
proposed theory is that microbubbles form from air remaining in the
extracorporeal circuit after priming [82]. However, the repeatability of the
pump supports the theory that cavitation may occur at the roller pump, as
microbubbles have been detected consistently throughout the duration of
dialysis [68, 71].
A crucial factor in the computational results is the estimation of blood
vapour pressure. As plasma has a high water content and a high solubility
of carbon dioxide within it, the vapour pressure of blood is commonly
estimated to be similar to that of water; a gauge pressure of approximately
-95000 Pa [196]. The temperature of the blood is kept constant throughout
the extracorporeal circuit as the dialysate solution is heated to 36◦ C. The
haemodialysis machine also alarms if large changes in temperature occur.
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This negates any subsequent variations in fluid properties due to large
temperature changes. Therefore, the estimation of blood vapour pressure
was appropriate for the computational study.
Another factor which influences cavitation is the presence of nuclei or
weaknesses in the fluid. Chambers et al. [195] found that blood alone does
not contain sufficiently large nuclei which can induce cavitation. However,
the introduction of the needles and extracorporeal circuit provides locations
for nucleation sites, such as gases caught in microscopic crevices or
contaminant particles within the blood itself. The low pressures in the
computational results were shown to occur at the entrance of the needle, in
the vicinity of the back eye and bevel. The geometry in this region provides
many sharp edges and cavities in which particles can become trapped,
thereby providing nucleation sites. These locations also induce large
pressure drops. However, the ultrasound measurements indicated that the
pressure drops at the AN required for cavitation are unlikely to occur under
normal haemodialysis conditions. Rolle et al. [71] measured the level of
microemboli across the extracorporeal circuit using an ultrasound sensor
and did not detect the presence of microemboli in the arterial line for blood
flow rates between 200-450 ml/min,
further supporting this
conclusion.
Despite the venous air trap not being an effective mechanism at preventing
the passage of small microbubbles, it was shown to significantly dampen the
pulse produced by the pump. This is due to the free surface of blood and
the pressure inside the air trap, which replicates the function of a windkessel.
The level of blood remains relatively stable throughout treatment due to the
constant pressure exerted on the free surface. The balance of forces between
the blood volume and pressure both dampen the pulsatility of blood entering
the venous air trap. Vortices are generated near the free surface from the
incoming blood [73]. These vortices may also dampen the pulsed blood flow
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entering the venous air trap. Furthermore, Forsberg et al. [70] suggested a
high blood level in the venous chamber and a wet stored dialyser as methods
of reducing the level of microbubbles passing into the circulation. It is advised
that all haemodialysis circuits incorporate both an arterial and venous air
trap to reduce the pulse produced by the pump and increase the potential of
filtering microbubbles from the extracorporeal circuit.
In regards to the generation of microbubbles, this study showed that
cavitation at the pump is a potential source of microbubble formation due
to the large velocity drop across the two rollers which produced an
instantaneous maximum and minimum blood flow rate of 410 ml/min and
-513 ml/min, respectively.
The instantaneous blood flow rates may
approach the critical value of 600 ml/min identified in the computational
study. If cavitation is occurring at the pump, the use of multiple rollers
coupled with reduced compression of the tubing may prevent the total
occlusion and subsequent flow reversal that was observed. A computational
optimisation of a roller pump has shown that increasing the number of
rollers can produce more uniform and steady flow conditions and reduces
the instantaneous maximum velocity [198]. However, further investigation
is required to determine if cavitation at the pump is the source of
microbubble formation in the haemodialysis extracorporeal circuit.

7.5

Conclusion

Several sites in the extracorporeal circulation have been suggested as
sources of microbubble formation. Computational simulations revealed that
cavitation of blood is possible at elevated blood flow rates and in regions
with sharp changes in geometry, which can produce large pressure drops
sufficient to drop the static pressure below the vapour pressure of blood.
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Doppler ultrasound measurements showed that the flow through the
extracorporeal circuit is highly pulsatile due to the rotary motion of the
peristaltic pump, with the greatest pulse occurring directly after the pump
itself. Cavitation is unlikely to occur at the VN, may occur at the AN at
elevated blood flow rates but most probably transpires at the roller pump
at the instant where the two rollers are causing complete occlusion.
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Chapter 8
Covidien Cannula: An alternative
device for Vascular Access
This chapter examines the efficacy of the Argyle™Safety Fistula Cannula
with Anti-Reflux Valve to metal needles; in haemodialysis access. The same
computational model used in the analysis of the needles is applied, with an
emphasis on similar haemodynamic conditions. The VN is examined, as it
was shown previously that the VN produces a larger flow field than the AN,
with both high TAWSS and disturbed flows and thus has a greater impact on
endothelial damage.

8.1

Introduction

Metal needles are the preferred device used to transfer blood to and from
the dialysis circuit. Plastic cannulae have been used to extract blood in
other areas of medicine with great success, such as ventricular assist devices
[108–110], cardiopulmonary bypass [111–113] and central venous catheters
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[114–116]. Developments in these fields have resulted in an optimised
geometry of the tip and side holes, as well as improved placement in the
respective blood vessel to reduce the risk of thrombus formation. In
contrast the design of metal needles has remained relatively unchanged.
Plastic cannulae are consequently the preferred product in these fields due
to their higher performance and reduced risk of complications.
In terms of haemodynamic performance, the focus of research has been
towards reducing shear rates and pressure drops within the cannula.
However, the haemodynamics within the blood vessel are also important, as
IH can develop as a result of vascular access [27, 33]. The haemodynamic
conditions which have been correlated with endothelial damage were shown
to occur around the needles in Chapter 6. Similar flow structures may also
occur around the plastic cannula.
The plastic cannula requires a metal needle for cannulation, which the
plastic cannula sheathes. Once the needle is positioned within the vein it is
removed, leaving the cannula in-situ. The internal diameter of the cannula
is subsequently larger than the metal needle, thereby reducing the velocity
in the central bore. It is hypothesised that the incidence of IH may be
reduced with plastic cannulae due to its unique design, in particular the
larger diameter and symmetric arrangement of the side holes which may
reduce the effects of the jet.
This chapter extends the work presented in Chapter 6 by investigating the
haemodynamic conditions produced by a plastic cannula (Argyle™Safety
Fistula Cannula with Anti-Reflux Valve) when blood is returned to the
cephalic vein using numerical models. The flow field produced by the
plastic cannula is also compared against the metal needle to determine if
this device offers any haemodynamic advantage.
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8.2

Numerical Methods

The computational model follows the settings described in Chapter 6. A 15G
Argyle™Safety Fistula Cannula with Anti-Reflux Valve (Covidien Pty Ltd,
Dublin, Ireland) was inserted in an idealised cephalic vein with a diameter
of 10 mm. The cannula was fixed at an angle of 10◦ , a common position in
clinical practice due to the cannula’s unique insertion technique. The cannula
consists of four circular side holes arranged in a staggered formation of two
pairs as shown in Figure 8.1.

Figure 8.1: a) 15G ArgyleTM Safety Fistula Cannula with Anti-Reflux Valve
with insertion needle pulled back b) Cross-sectional cut depicting the cannula
tip geometry and structured mesh

A fully structured hexahedral grid was created in ICEM 14.5 (ANSYS Inc.,
Canonsburg, PA, USA) using a similar blocking strategy to that in
Chapter 6. The computational simulations were conducted in Fluent 14.5
(Fluent Inc., Lebanon, NH) under the assumption of non-compliant walls
due to the arterialisation of the cephalic vein after AVF creation, and blood
approximating a Newtonian fluid under the high shear forces within the
cannula. The properties of blood were the same described in Chapter 6
where the density and viscosity were assumed to be 1045 kg/m3 and 0.0035
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Pa.s, respectively. The vein profile as measured by Sivanesan et al. [98] and
used in Chapter 6 was enforced at the vein inlet, whilst the outlet was
unconstrained by specifying it as an opening with zero pressure. The
cannula inlet was constrained with a parabolic profile, with blood flow rates
of 200 ml/min, 300 ml/min and 400 ml/min, with corresponding Reynolds
numbers of 517, 776 and 1034. Three positions of the cannula tip were also
examined; upper third, middle and lower third of the vein.
The simulation was initialised for 10 seconds at a time step size of 0.01
seconds to remove transient artefacts of the jet as it enters the cephalic vein.
Time averaged data was then recorded over 10 cardiac cycles with 10,000 time
steps per cycle. A central differencing solver was employed to achieve second
order accuracy with a PISO algorithm (Pressure Implicit with Splitting of
Operator) due to the transient nature of the simulation. The grid sizing and
time step resolution are classified as high resolution as outlined in previous
studies [182, 183] and are sufficient to capture flow instabilities.
Metrics of TAWSS, RRT and flow through the back eye, as presented
previously, were used. The velocity field and instabilities are visualised
using isosurfaces and monitors of velocity within the cannula jet as
displayed in Figure 8.2.

Figure 8.2: Monitor points of the velocity within the cannula
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8.2.1

Validation and Verification

A similar blocking strategy to the needle was used. Therefore, the mesh
density was based on the grid independence analysis as detailed in
Appendix C. The mesh consisted of approximately 8 million cells, resulting
in a maximum variation of peak WSS of 3.1%.
The numerical methods were validated against experimental data supplied
by the manufacturer (Covidien Pty Ltd, Dublin, Ireland). The experiments
compare the average pressure for a range of plastic cannulae under varying
blood flow rates. Due to confidentiality, the pressure values on the y-axis are
hidden. Figure 8.3 compares experimental results for a 15G cannula against
the various computational models. The average difference in pressure for all
simulated cases was 13.2%, insuring validity of the numerical method. The
difference between the experimental data and simulations is attributed to the
slight differences between the methods, namely the testing fluid, position of
the cannula and variations in the flow conditions.

Figure 8.3: Comparison of cannula pressures calculated computationally
compared to experimental data
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8.3
8.3.1

Results
Analysis of the Cannula Flow Field

The blood exiting the cannula is visualised using isosurfaces of velocity and is
displayed in Figure 8.4. At blood flow rates of 300 ml/min and 400 ml/min
the jet immediately begins to dissipate after exiting the central bore and
shows high levels of instability for all cannula positions. However at lower
blood flow rates of 200 ml/min the jet does not begin to break up until
closer to the impingement zone and maintains a laminar structure. Complex
structures and mixing subsequently form after the jet impacts the floor of
the blood vessel. In the cases of higher jet dissipation the mixing with the
core flow is exacerbated. The amount of flow exiting the side holes was
constant for all blood flow rates and needle positions, with 18% exiting the
holes closest to the cannula tip and 9% exiting the other pair. The imbalance
of side hole flow was due to the staggered formation and position of the holes
relative to the cannula tip.
Monitors of velocity at the three locations within the cannula jet are displayed
in Figure 8.5. The top row shows that the velocity within the cannula itself
is constant and steady in all cases. The second row displays the velocity at
the cannula exit, where the blood has passed the side holes and is entering
the vein. Small fluctuations begin to manifest at the outlet of the cannula
in some cases. These fluctuations are more pronounced with a lower needle
position and higher blood flow rates. This indicates that the position of the
cannula and blood flow rate is more influential on the exiting jet structure
than the side holes. The blood flow rate inevitably controls the velocity
within the cannula which influences the stability of the jet. The effect of
cannula position highlights the influence of the vein wall.
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a)

c)

b)

d)

g)

Figure 8.4: Velocity isosurface (1 m/s) depicting blood exiting the cannula
through the central bore and side holes. First column: 200 ml/min. Second
column: 300 ml/min. Third column: 400 ml/min. a-c) Upper d-f) Centre
g-i) Lower
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Figure 8.5: Monitor points of the velocity within the cannula. Blue line
represents a blood flow rate of 200 ml/min. Green line represents a blood
flow rate of 300 ml/min. Red line represents a blood flow rate of 400 ml/min.
Left hand column: cannula position near the roof of the vein. Middle column:
cannula position in the centre of the vein. Right hand column: cannula
position near the floor of the vein. a-c) Monitor point inside cannula df) Monitor point at outlet of cannula g-i) Monitor point 5d downstream of
cannula outlet
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Velocity fluctuations are chaotic after the jet has exited the cannula in all
cases except at a blood flow rate of 200 ml/min. At this blood flow rate
the jet remained stable due to the lower Reynolds number (517). The large
velocity fluctuations demonstrate a high degree of jet dissipation and break
down within the vein. This was also evident in the velocity isosurface plots
in Figure 8.4. The largest fluctuations occur when the cannula is placed in
the centre of the vein, minimising the influence of the vein walls. Jet break
down is reduced when the needle tip is placed further from the impingement
zone, which indicates that the impact of the wall is translated upstream as
the jet approaches the vein floor.
A time averaged approach over the cardiac cycle was used to examine regions
of the blood vessel wall subject to high levels of TAWSS (>40 Pa) which
can lead to endothelial damage. Figure 8.6 displays the TAWSS on the
vein wall, where physiologically harmful TAWSS levels (>10 Pa) have been
coloured and the maximum value is capped at 40 Pa in order to emphasise
the regions subject to potentially damaging levels of TAWSS. Similar to the
results presented in Chapter 6, the region of high TAWSS coincides with jet
impingement on the vein floor. This region spreads out as the free stream
jet transitions into a wall jet and spreads along the surface of the vein. High
levels of TAWSS at the point of impingement are present when the cannula
tip is closer to the vein floor, with the largest regions occurring at blood
flow rates of 400 ml/min. This result shows that a large amount of energy is
released upon jet impingement which produces jet dissipation and subsequent
mixing, as shown previously.
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Time Averaged WSS (Pa):

10 15 20 25 30 35 40

a)

d)

g)

Figure 8.6: Time averaged wall shear stress (TAWSS) on the vein wall
highlighting regions of high WSS. Only regions above 10 Pa have been
coloured to emphasise regions of excessively high stress. The maximum WSS
is cut at 40 Pa, which is the threshold in which endothelial denudation can
occur. First column: 200 ml/min. Second column: 300 ml/min. Third
column: 400 ml/min. a-c) Upper d-f) Centre g-i) Lower
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Table 8.1 quantifies the area on the vein wall subject to high TAWSS above
40 Pa. The effects of the jet have mostly dissipated before impingement when
the cannula is placed near the roof of the vein, as no regions of high TAWSS
above 40 Pa were calculated. The area of high TAWSS increases as the
cannula is placed closer to the vein floor, with the effects of the jet noticeable
even when the cannula is placed in the middle of the vein. However, the most
prominent increases occur when higher blood flow rates are forced through
the cannula. A cannula placed near the vein floor with a blood flow rate of
400 ml/min produced the largest region of high TAWSS.
Table 8.1: Summary of the area of high TAWSS produced by the plastic
cannula
Needle Position
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula

Blood Flow Rate

at top of vein
200 ml/min
at top of vein
300 ml/min
at top of vein
400 ml/min
in middle of vein 200 ml/min
in middle of vein 300 ml/min
in middle of vein 400 ml/min
at bottom of vein 200 ml/min
at bottom of vein 300 ml/min
at bottom of vein 400 ml/min

Area of high
TAWSS (>40 Pa)
0.00 cm2
0.00 cm2
0.00 cm2
0.59 cm2
1.04 cm2
1.73 cm2
1.88 cm2
3.96 cm2
6.24 cm2

The RRT which represents regions of oscillatory and low WSS on the vein
surface is displayed in Figure 8.7. Regions of high residence time are
located around the cannula tip and downstream after impingement. These
regions coincide with the secondary flows created by the blood exiting the
side holes and the complex mixing generated after jet impingement and jet
break down. Large regions of complex flows were examined in the velocity
monitors and velocity isosurface plots, however it appears that these flows
are not steady as evidenced by the low values of RRT. In fact, higher blood
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flow rates produce a greater degree of mixing due to increased jet
dissipation, which increases the unsteadiness of the secondary flows and
minimises longer particle residence times. Subsequently, lower blood flow
rates produce steady secondary flows which generate regions of oscillating
WSS. The largest regions of high residence times were produced at blood
flow rates of 200 ml/min.
Table 8.2 displays the area of high RRT on the vein surface. The position
of the cannula influences the size of the oscillating WSS, where a cannula
placed near the walls of the vein produces higher residence times. As higher
blood flow rates increase the unsteadiness of the secondary flows, reducing
the oscillatory nature of WSS on the vein wall, a cannula placed centrally
with a high blood flow rate will produce the smallest region of high RRT and
may minimise endothelial damage.
Table 8.2: Summary of the area of high RRT produced by the plastic cannula
Needle Position
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula
Cannula

Blood Flow Rate

at top of vein
200 ml/min
at top of vein
300 ml/min
at top of vein
400 ml/min
in middle of vein 200 ml/min
in middle of vein 300 ml/min
in middle of vein 400 ml/min
at bottom of vein 200 ml/min
at bottom of vein 300 ml/min
at bottom of vein 400 ml/min
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Area of high RRT
7.51 cm2
11.43 cm2
11.25 cm2
9.49 cm2
3.13 cm2
1.94 cm2
12.74 cm2
13.01 cm2
1.84 cm2

a)

d)

g)

Figure 8.7: Relative residence time (RRT) on the vein wall highlighting
regions at risk of developing IH. The scale has been normalised by the mean
wall shear stress. Only high levels of RRT (>10) have been coloured in red
to emphasise regions of strong secondary flows. First column: 200 ml/min.
Second column: 300 ml/min. Third column: 400 ml/min. a-c) Upper d-f)
Centre g-i) Lower

207

8.3.2

Comparison

against

the

standard

metal

needle
Figure 8.8 compares velocity isosurfaces (1 m/s) of the jet exiting the
needle and cannula at various blood flow rates. There is minimal jet
dissipation for both devices at a blood flow rate of 200 ml/min, with the
cannula displaying minor secondary structures after jet impingement.
Heavy jet dissipation begins to occur a few diameters downstream of the
central bore for both devices at blood flow rates greater than 300 ml/min.
Jet break down continues until the point of impingement, in which large
secondary flow structures are created as the jet begins to spread along the
surface of the vein. The flow structures produced by the needle and cannula
are very similar.
Figure 8.9 quantifies the break down of the jet exiting the needle and cannula
by displaying the velocity at various time points. The velocity is measured
within the device, at the exit and 5d downstream in the vein. Although
the blood flow rate was matched for both devices in each respective setting,
the internal diameter of the cannula is slightly larger than the needle due to
the unique insertion method where the cannula is sheathed onto a needle.
Subseuqently, a standard metal needle has a slightly smaller internal diameter
which results in a higher velocity within the needle, as displayed in all figures.
The jet remains stable within each device for all blood flow rates as evident by
the constant velocity. Jet break down begins to manifest at the exit of each
device in some cases, specifically at blood flow rates of 400 ml/min where
minor fluctuations begin to occur. These disturbances are slightly greater
in the needle, indicating that they are created by the higher velocity within
the needle and the asymmetry imposed by the position of the needle back
eye.
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a)

c)

e)

Figure 8.8: Velocity isosurfaces (1 m/s) visualising the jet exiting the cannula
and needle. Left column displays the cannula. Right column displays the
needle. a-b) Blood flow rate of 200 ml/min. c-d) Blood flow rate of 300
ml/min. e-f) Blood flow rate of 400 ml/min.
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Figure 8.9: Monitor points of the velocity within the cannula. Blue line
represents the cannula. Red line represents the needle. Left column displays
the monitor point inside device. Middle column displays the monitor point
at the outlet of the device. Right column displays the monitor point 5d
downstream of the device outlet. a-c) Blood flow rate of 200 ml/min. d-f)
Blood flow rate of 300 ml/min. g-i) Blood flow rate of 400 ml/min.
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Upon entering the vein, a high level of jet dissipation occurs for both devices
at blood flow rates higher than 300 ml/min. The jet dissipation produces
secondary flow structures as presented in Figure 8.8. However, at blood flow
rates of 200 ml/min the jet remains relatively steady for the needle, whilst
the cannula displays minor fluctuations.
The TAWSS produced by the jet is shown in Figure 8.10, where the effects of
excessively high WSS are highlighted. Both devices produce similar patterns
of high TAWSS at the point of jet impingement for all blood flow rates, with
evidence of jet spreading along the vein wall. The cannula produces a slightly
higher value of WSS due to the greater dissipation which occurs within the
needle.
Regions of high residence time and disturbed flows, as displayed by the
RRT metric, produced by the plastic cannula and needle are presented in
Figure 8.11. The flow structures exiting each device, as visualised in
Figure 8.8 and Figure 8.9, were found to be similar. Subsequently,
comparable regions of high RRT are evident on the vein wall around the
insertion site and in the downstream portion, coinciding with the secondary
flows produced by the impinging jet. The most notable effect is a decrease
in regions of high residence time as the blood flow rate increases. This
indicates that although larger secondary flow structures are created at
higher blood flow rates, these structures are not steady and are continually
washed out preventing the formation of stagnant flows.
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a)

c)

e)

Figure 8.10: Time averaged wall shear stress (TAWSS) on the vein wall
highlighting regions of high WSS. Only regions above 10 Pa have been
coloured to emphasise regions of excessively high stress. The maximum WSS
is capped at 40 Pa, which is the threshold at which endothelial denudation
can occur. Left column displays the cannula. Right column displays the
needle. a-b) Blood flow rate of 200 ml/min. c-d) Blood flow rate of 300
ml/min. e-f) Blood flow rate of 400 ml/min.
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a)

c)

e)

Figure 8.11: Relative residence time (RRT) on the vein wall highlighting
regions at risk of developing IH. The scale has been normalised by the mean
wall shear stress. Only high levels of RRT (>10) have been coloured in red
to emphasise regions of strong secondary flows. Left column displays the
cannula. Right column displays the needle. a-b) Blood flow rate of 200
ml/min. c-d) Blood flow rate of 300 ml/min. e-f) Blood flow rate of 400
ml/min.
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Table 8.3 compares the areas of high TAWSS and RRT produced by the
plastic cannula and needle. Despite the similar flow structures exiting each
device, the cannula is found to produce a slightly larger area of high RRT
and high TAWSS. The difference in RRT is greater at low blood flow rates
but becomes negligible at blood flow rates of 400 ml/min. This indicates that
potential endothelial damage from disturbed flows produced by the cannula
can be minimised at higher blood flow rates. As displayed in Figure 8.10,
the cannula produced slightly larger regions of high TAWSS, where higher
blood flow rates affected a larger area. Evidently, an optimal blood flow rate
around 300 ml/min can minimise larger regions of high residence time and
high TAWSS in both devices.
Table 8.3: Comparison in the area of high RRT and high TAWSS produced
by the plastic cannula and needle
Device

Blood Flow Rate

Cannula 200 ml/min
Needle
200 ml/min
Cannula 300 ml/min
Needle
300 ml/min
Cannula 400 ml/min
Needle
400 ml/min

8.4

Area of

Area of high

high RRT
9.49 cm2
4.62 cm2
3.13 cm2
1.31 cm2
1.94 cm2
1.19 cm2

TAWSS (>40 Pa)
0.59 cm2
0.00 cm2
1.04 cm2
0.00 cm2
1.73 cm2
0.45 cm2

Discussion

Plastic cannulae are commonly used to access blood efficiently, however they
are not widely used in haemodialysis. Cannula design has received much
attention resulting in an optimised geometry where more than 50% of blood
flow enters through the side holes when extracting blood from the body,
which contributes to increased jet break down [114–116, 118].
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Conversely, the design of metal needles has remained relatively unchanged
despite some studies suggesting methods to reduce the high WSS at
impingement by improving flow distribution [106, 107, 187]. This chapter
analysed the haemodynamic conditions created by the cannula jet, and
compared the flow field to that produced by a standard clinical metal
needle.

8.4.1

Flow Dynamics and Clinical Implications

The high speed jet exiting the VN has been cited as a potential source of
IH in the cannulation segment and drainage vein of AVFs [7, 48]. Vascular
damage leading to IH development may be initiated by high WSS following
jet impingement [62] or secondary flows due to jet dissipation [7, 48].
Disturbed flows have previously been shown to affect endothelial alignment,
increase cell turnover and decrease nitric oxide levels, a mediator of
vascular homeostasis, resulting in a loss of vascular integrity [41, 42, 48].
Similar haemodynamic conditions produced by the VN, as examined in
Chapter 6, were also identified downstream of the cannula.
A high level of jet dissipation occurred directly after the blood exited the
cannula. Further downstream, after the jet impinges the floor of the vein, a
high level of mixing and secondary flows develop. The high level of jet break
down is a fluid dynamic feature that has previously been seen in catheters
and is attributed to the presence of side holes which moves the location of
maximum velocity from the catheter tip to inside the catheter itself, before
the first side hole [115].
The jet was shown to be more stable when the cannula tip was placed
further away from the impingement zone, indicating that the effects of the
wall are translated upstream through the jet. Studies on impinging jets
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have shown this effect through the increase in static pressure that
accompanies the decrease in momentum as the jet approaches the
wall.
This region is known as the stagnation point and the change in momentum
and pressure invokes high WSS at the point of impingement [187]. Higher
blood flow rates also increased the instability of the jet as it raised the
Reynolds number (1034) closer to the transitional point in pipe flows
(2300). The presence of the side holes adds small disturbances which will
also lower the transitional point of cannula flow.
Approximately 27% of the blood passed through the side holes, with 18%
exiting the pair near the front of the cannula and 9% exiting the other. This
reduces the velocity of the jet exiting the central bore of the cannula, which
helped minimise the high TAWSS produced on the floor of the vein. Weber et
al. [115] showed similar results, where the presence of side holes in peripheral
catheters reduced the maximum velocity at jet impingement.
The high level of flow exiting the side holes has also been visualised in-situ
using B-Flow ultrasound, as displayed in Figure 8.12. The imbalance of flow
between the side holes is attributed to their staggered positions and initiates
small velocity fluctuations that were shown to manifest at the outlet of the
cannula in some cases. The velocity fluctuations at the cannula tip were
more pronounced with a lower needle position and higher blood flow rates.
Although the staggered arrangement of the side holes influenced the stability
of the jet, needle position and blood flow rate were shown to have a greater
effect on jet dissipation.
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Figure 8.12: B-Flow images of the Argyle™Safety Fistula Cannula in-situ
(Image Courtesy of Dr Tim Spicer, Renal Medicine, Campbelltown Hospital,
Sydney, Australia)

The residence time plots identified small areas at risk of endothelial
dysfunction, with larger areas coinciding with lower blood flow rates and
placement of the cannula near the vein walls. This indicates that the
subsequent mixing between the cannula flow and core flow becomes steady
at lower blood flow rates leading to higher particle residence times. The
wall also has a large influence on the resultant secondary flows produced by
jet break down. The use of higher blood flow rates, coupled with the
elevated flows present in AVFs, may be sufficient to wash out the complex
disturbed flows and prevent any large stagnation regions which can result
in IH development secondary to endothelial damage.
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Additionally, the computational model indicated a region of elevated
TAWSS at the impingement site, which occurred despite the high level of
jet dissipation, with levels of TAWSS above the threshold (>40 Pa)
reported to denude the endothelium [61]. Phares et al. [165] measured the
WSS produced by a normal impinging jet on a flat surface and found that
lower jet heights and higher jet Reynolds numbers produced a greater
increase in the WSS. A similar result was found in this study, where high
levels of WSS were present at high blood flow rates or when the cannula tip
was placed near the floor of the vein, where the largest regions occurred at
blood flow rates of 400 ml/min. These results indicate that endothelial
damage might occur at the impingement zone which may lead to intimal
thickening, but can be reduced by placing the cannula away from the vein
wall.
Results suggest that an optimal range of blood flow rates (between 300400 ml/min) exist in which the potential risk of vascular damage can be
minimised by reducing high residence times and regions of high TAWSS.
This is in agreement with the results of Ponce et al. [160] who found that
patients using metal needles were at a significantly higher risk of vascular
access failure for blood flow rates below 310 ml/min and greater than 400
ml/min.

8.4.2

Benefit of using a plastic cannula over the
standard metal needle

The jet structure and secondary flows produced by the cannula are similar
to that created by the VN. Both devices produce a high speed jet which
results in disturbed flows downstream of impingement. The haemodynamic
differences between the plastic cannula and needle were minor, with the metal
needle holding a slight advantage due to the slightly smaller regions of high
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TAWSS and high residence time. This derives from small disturbances in the
jet which were measured inside the needle near the exit and contribute to a
slightly higher rate of jet break down. These disturbances are created by the
higher velocity within the needle due to its smaller internal diameter and the
asymmetric position of the back eye. This result shows that jet break down
is a critical flow feature which can reduce the high levels of WSS that may
damage the endothelium at the point of jet impingement on the floor of the
vein.
Furthermore, it was previously shown that increased levels of jet
unsteadiness, created by the staggered arrangement of the side holes, can
minimise regions of high residence time by preventing the formation of
steady oscillating flows. This indicates that higher blood flow rates may be
used with plastic cannulae to capitalise on the geometrical benefit provided
by the staggered arrangement of the four side holes, which increase the level
of jet dissipation thereby reducing regions of high RRT. This will also
increase the efficiency of dialysis and may minimise the potential of intimal
thickening within the vein.
The cannula also had a significant portion of flow exiting through the side
holes in comparison to the needle. Side holes and back eyes are primarily
used to increase the efficiency of blood extraction and to prevent the needle
from becoming attached to the vein wall in the arterial position. However,
back eyes in the VN serve little purpose, as acknowledged in Chapter 6,
where minimal blood flow exited the VN through this geometrical feature.
The VN back eye has received attention in previous studies [106, 107], in
order to increase its efficiency and reduce the effects of the VNJ. Zarate [106]
states that needle technology has not kept up with advances in dialysis and
proposed a new needle design which incorporates two back eyes and flow
diverters within the main needle bore. This design minimises undesirable
haemodynamics by creating three jets, which lowers the velocity of the main
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needle jet and will aid in lowering the high WSS at impingement. The three
jets also prevent the formation of secondary flows with high residence time.
Van Tricht [107] also proposed multiple side eyes of various shapes, which
increased the flow distribution in the AN, although the effect was minimal
with the VN.
Despite the influence of the back eye, as acknowledged in the literature,
dialysis needles have remained relatively unchanged. The high level of blood
flow through the side holes highlights a major advantage in the cannula
design compared to the metal needle, where the VN back eye was shown to
be highly ineffective. The presence of four side holes in the cannula produced
a reasonable flow distribution (27%) which aided in reducing the velocity in
the main jet. This has also been shown in peripheral catheters [115]. Zarate
[106] advocates the importance of reducing the velocity in the main jet as
it may reduce the high TAWSS at the impingement zone and prevent the
formation of secondary flows with high residence times. It also indicates
that cannulae may have greater efficiency in extracting blood from the fistula
compared to AN.
Additionally, metal needles pose a risk of infiltration, which occurs when the
sharp tip of the needle punctures the blood vessel resulting in subcutaneous
haematoma and potential thrombosis. Infiltration can also occur during the
process of needle rotation. In a study on cannulation in haemodialysis, Lee
et al. [87] found that 26% of metal needle infiltrations resulted in AVF
thrombosis. The use of plastic cannulae in haemodialysis may reduce the risk
of needle infiltration due to the blunt tip design. Furthermore, the technique
of needle rotation, which is performed on metal needles to alleviate pressure,
is unnecessary with cannula due to the symmetric design and large influence
of the side holes. A patient using a plastic cannula is provided with a greater
range of limb movement due to the absence of the sharp needle in-situ which
will also improve the comfort of the dialysis session.
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Plastic cannulae provide a viable alternative to the current standard metal
needles used in haemodialysis, despite the slightly favourable haemodynamic
conditions of needles, as cannulae offer additional benefits which may increase
the efficiency and comfort of dialysis.

8.5

Conclusion

Computational models of blood flow exiting a plastic cannula (15G
Argyle™Safety Fistula Cannula) revealed a high level of jet dissipation
which is influenced by the staggered positions of the side holes, position of
the cannula within the vein and the imposed blood flow rate. Furthermore,
approximately 27% of the flow exited through the cannula side holes, which
contrasts previous studies on metal needles. Regions of high residence time
indicating areas at risk of IH were identified in every case. Similarly, a large
region of high TAWSS was identified at the site of jet impingement on the
vein floor which may lead to endothelial damage and subsequent intimal
thickening. The risk of IH may be minimised by using optimal blood flow
rates between 300-400 ml/min and ensuring the cannula tip is placed away
from the walls of the vein.
The haemodynamics produced by the plastic needle were found to be
slightly less favourable to metal needle flows, although the difference was
minor. Results indicate that cannulae can be run at higher blood flow rates
without increasing the risk of endothelial damage from the jet as these
conditions increase jet break down and prevent the formation of steady
oscillating flows. This also increases the efficiency of blood filtration and
can reduce the duration of dialysis. This chapter indicates that plastic
cannulae are a viable alternative for haemodialysis cannulation as they hold
several advantages in their unique design over metal needles.
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Chapter 9
Conclusions
The main aim of this thesis was to investigate the flow field surrounding the
AN and VN during haemodialysis and assess potential mechanisms to
minimise damage to the vascular access.
Computational models of
haemodialysis cannulation provided high resolution information of the flow
field around the needles as well as an accurate measure of the WSS. The
computational models were validated against a dimensionally scaled
experimental flow rig using S-PIV. These studies were supplemented with
clinical data collected on haemodialysis patients. The significant findings
from the results presented in this thesis will now be summarised.
Additionally, any future work that is an extension from the presented work
is outlined.
The recommendations for future work are derived from
assumptions in the modelling which were made for simplicity, time
limitations or areas of research that are outside the scope of this
thesis.
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9.1

Key Findings

Maintaining vascular access patency is critical in haemodialysis treatment. In
particular, cannulation technique forms a key component in effective patient
health care. The central hypothesis of this thesis was that the flows produced
by haemodialysis needles contribute to the high incidence of stenosis in the
venous outflow of AVFs. Clinical data supported this hypothesis as stenosis
in the venous outflow developed in 45% of patients, all of whom developed a
healthy fistula and had begun treatment. In particular, the risk of developing
stenosis was elevated in the first six months of fistula use, indicating that
fistulae require an adjustment period to dialysis conditions when treatment
first begins. It also highlights the importance of routine screening during this
time.
The harmful effect of these flows was investigated through analysis of the
WSS on the vein wall, which affects endothelial function. Damage to the
endothelium or disruption of endothelial function initiates the intimal
thickening process as a response to injury and can develop into clinical
stenosis. It is difficult to measure the WSS vector in-vivo and using
experimental flow rigs due to technological limitations in spatial and
temporal accuracy.
Computational models of cannulation were
subsequently utilised to analyse the haemodynamic forces exerted on the
vein wall. The models were also validated using S-PIV measurements
conducted on a scaled bench top model.
The AN and VN were shown to produce very different flow fields, both of
which may lead to stenosis formation via the pathway of intimal thickening.
Both the experimental and numerical analysis revealed that the flow field
surrounding the AN is highly localised around the needle tip in both
antegrade and retrograde orientations. Disturbed flows develop as the
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blood is extracted from the vein through the central bore and needle back
eye. Regions of high residence time coincided with the disturbed flows
around the AN tip and may lead to endothelial dysfunction, a precursor to
IH.
The localised flow field around the AN indicates that the two needles can be
placed in close proximity without increasing the risk of access recirculation.
Placing the needles in close proximity to each other can increase the number
of potential radiocephalic fistulae as the requirement to create a longer venous
outflow is not needed. Additionally, comorbidities of diabetes and age (>65
years) were not statistically related to late fistula failure which indicates that
these patients should not be disregarded for creation of a radiocephalic fistula
as other variables may be more influential.
Conversely, the flow field produced by the VN extends far into the venous
outflow due to the jet structure exiting the central bore. A wall jet forms
upon impingement with the floor of the vein. Contra rotating vortices form
as the wall jet spreads along the curvature of the vessel. Disturbed flows
are produced by the interaction between the contra rotating vortices and
wall jet. High TAWSS, above the threshold reported to cause endothelial
damage, was measured at the point of VNJ impingement on the floor of
the vein. Regions of high residence time were also examined on the roof of
the vein which coincided with regions of disturbed flow, which may lead to
further endothelial dysfunction.
The potential of microbubble formation from cavitation at the needles was
also explored. Computational models revealed that cavitation may occur
at the entrance of the AN under elevated blood flow rates, but is unlikely
to occur at the VN. Elevated blood flow rates (>600 ml/min) and sharp
changes in geometry were the conditions required to reduce the pressure
below the vapour pressure of blood to facilitate cavitation. These conditions
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were subsequently examined clinically by measuring the pulsatility produced
by the roller pump using Doppler ultrasound. The largest pulse occurred
directly after the roller pump and was subsequently dampened by the air
traps and dialyser.
Although cavitation at the AN is possible, clinical measurements revealed
that it is unlikely to occur at the range of blood flow rates used in
treatment. However the large pulse which develops when the rollers in the
pump are positioned at 0◦ and 180◦ may be sufficient to elevate the
instantaneous blood flow rate to the critical value noted in the
computational study.
Furthermore, when the rollers are at the
aforementioned positions, temporary occlusion occurs which produces sharp
changes in the tubing diameter; another factor required for cavitation. The
results from these studies indicate that microbubbles may form at the roller
pump due to cavitation. Further observation is required to determine this
possibility, however the use of multiple rollers and a lower blood flow rate
may reduce the pulsatility, thereby minimising the number of microbubbles
generated.
To improve the long term success of the vascular access it is pertinent to
minimise potential endothelial damage caused by the needles. The most
influential parameter on potential endothelial damage was the prescribed
blood flow rate. Large regions of steady disturbed flows with high residence
time developed under low blood flow rates (200 ml/min). Higher blood flow
rates (400 ml/min) reduced the residence time in the disturbed flows but
also generated high shear stresses at the point of jet impingement. Therefore
an optimum blood flow rate around 300 ml/min minimises the potential
endothelial damage caused by disturbed flows with high residence time and
high shear stresses.
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The proximity of the needle tip to the vein wall was also shown to have a
large influence on the size of the disturbed flows. The high TAWSS at the
point of VNJ impingement was also greatest when the needle was placed
close to the floor of the vein. Placement of the needles away from the walls
of the vein may reduce the haemodynamic forces which can lead to IH. The
risk of infiltration is also reduced when the needle is placed within the
centre of the vein. Ultrasound is an effective tool which can help facilitate
an optimal needle placement so as to achieve safe and effective dialysis.
Although less influential, a shallow needle angle (<10◦ ) may also minimise
potential endothelial damage as the effects of the jet have mostly dissipated
before impingement on the floor of the vein.
Alternatively, metal needles can be replaced with plastic cannulae, which
have been used in other areas of medicine with great success. The
Argyle™Safety Fistula Cannula with Anti-Reflux Valve is relatively new in
the field of haemodialysis and little research has been conducted on its use.
Computational models identified similar flow structures to the VN, with a
high level of jet dissipation which produced disturbed flows in the venous
outflow. The cannula jet produced regions of high residence time coinciding
with the disturbed flows on the roof of the vein, as well as high shear
stresses at the point of jet impingement. These haemodynamic conditions
were found to be slightly less favourable to metal needles, although the
difference between the two devices was minimal. Results indicate that
higher blood flow rates can be run with plastic cannulae without increasing
the risk of endothelial damage. This can increase the efficiency of blood
filtration and reduce the duration of treatment.
The main difference between the two products was the large amount of flow
(27%) which exited the cannula side holes, which contrasts the small
amount of flow (<1%) exiting the VN back eye. Although the cannula
placed in the arterial line was not examined in this thesis, these results
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indicate that a plastic cannula may be beneficial in extracting blood to the
dialyser over metal needles. Furthermore, the symmetry of the cannula and
placement of four staggered side holes would negate the need to rotate or
reposition the cannula after insertion.
This technique is sometimes
performed with metal needles to alleviate pressure in the arterial line when
the AN becomes attached to the vein wall. However, this study found no
haemodynamic advantage in rotating the needle. The back eyes also
contributed less than 50% of the flow in the AN, indicating that a more
suitable method to prevent high pressures in the arterial line is to place the
AN away from the vein wall. The technique of needle rotation also caries a
risk of infiltration. Plastic cannulae have several advantages over metal
needles, namely a lower risk of infiltration due to the blunt tip design and
plastic body. These results indicate that plastic cannulae are a viable
alternative to standard metal needles, although further investigation is
required.
An alternative approach in vascular access management is the development
of a model to predict failure based on clinical variables of blood flow rate,
arterial pressure, venous pressure or treatment frequency was found. No
statistical relationship between late failure and the aforementioned clinical
variables was discovered in this work. This may be due to the ability of the
endothelium to recover from each treatment. Endothelial recovery was also
reflected in the high incidence of stenosis at the anastomosis, as the
haemodynamics in this region of the blood vessel exist even when the
patient is not receiving treatment. The need to monitor the fistula
frequently in the first year of dialysis is also recognised, as this period
coincides with the greatest change in haemodynamics where the fistula
adapts to treatment.
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9.2

Future Direction

The results presented within this thesis identified the flow structures
produced by dialysis needles and the haemodynamics likely to cause
endothelial damage which may lead to intimal thickening.
Several
limitations such as rigid walls and Newtonian blood modelling were made
to facilitate the analysis. Furthermore, an idealised cephalic vein was used
to generate high resolution data computationally which was validated
against the experimental results. Future work could utilise patient specific
geometries incorporating a non-Newtonian blood model tailored to the
patients’ haematocrit, as well as distensible walls to gain a more
comprehensive understanding of the flow features within the fistula during
haemodialysis. These models could also be examined regularly to examine
the evolution of the blood vessel over time. This would allow direct
correlation between haemodynamics and the development of stenotic lesions
in the fistula.
A further extension to accompany the patient specific models would be bench
top models or animal studies of cannulation. The use of cell culture plates
under controlled flow conditions have previously been used to correlate flows
with endothelial function. However, these bench top experiments have been
conducted under idealised flow conditions. A future study could examine
cellular response under clinical flow conditions, such as flows produced by
the needles incorporating the pulsatility of the cardiac cycle. Examination
of blood vessels from cannulated animals would provide further data on the
in-vivo response of endothelial cells to flows produced by the needles.
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In regards to microbubble formation, this thesis found that cavitation may
transpire at the AN under extreme blood flow rates, but is more likely to
occur at the roller pump. Further examination of the flow and pressure
produced by the roller pump is required to confirm this. An experiment
conducted on a closed saline loop with elevated blood pump speeds could
be used to examine the presence of microbubbles under a controlled setting.
This thesis also suggested that increasing the number of rollers in the pump
may reduce the pulsatility. Preventing the passage of microbubbles through
the extracorporeal circuit and reducing the pulsatility produced by the roller
pump should be a key focus of further research.
This thesis found plastic cannulae to be a viable alternative to metal needles.
As this is a relatively new product there is very little clinical data on its
efficacy. Future work should focus on a long term clinical study comparing
the plastic cannula against the metal needle. Key areas of focus should
include: the number of infiltrations, infection rates, incidence of stenosis
and dialyser clearance. The computational models also identified a large
amount of flow exiting the side holes. Whilst this is beneficial in terms of
minimising the pressure within the cannula, it may contribute to increased
rates of haemolysis. The level of haemolysis could be calculated using blood
samples taken before and after treatment, using bench top flow rigs with
animal blood or can be estimated through computational models.
The main limitations in the patient study was the low power due to the
small cohort of patients. A long term study (>10 years), incorporating
information from patients and nurses at every session will increase the
power and the amount of available information on fistula failure. The
negligible effect of age and diabetes on fistula survival indicated that fistula
selection criteria may be more influential. The future study could also
examine patients from their first consultation with the vascular access
surgeon. The key findings should include: blood vessel diameter before and
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after fistula creation, collected at regular intervals throughout the fistulae
life, and should also include fistula flow data measured using a transonic.
The inclusion of these variables may assist in determining factors that could
improve long term AVF survival.
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Appendix A
Experimental Uncertainty
Analysis
The sections below follow the procedure used to calculate the experimental
uncertainty shown above.
Some variables propagate through the
experiment via a data reduction equation. A nominal value is used to
calculate the sensitivity coefficients when a variable propagates. The
nominal value represents the average number these variables hold during
the experimental procedure.
The bias errors typically arose from
manufacturing sources and specifications, calibration process and regression
fitting. Precision errors were measured statistically through standard
deviation over a range of experimental conditions. When the bias or
precision error was difficult to measure accurately an estimation was made
based on experience and engineering judgement.
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A.1

Vein Diameter

Diameter measurements of the inlet and outlet were made using Vernier
callipers for each acrylic test piece. As all blocks were made under the same
procedure with the same equipment it is assumed that the uncertainty is
the same in all acrylic test pieces.
Manufacturing uncertainty was
unquantifiable as the acrylic test pieces were made from different blocks at
different times.
Nominal diameter (D): 20 mm
Bias errors:
Measurement bias (half scale of Vernier calliper): Bm = 0.005 mm
Precision errors:
Standard deviation from all measurements (2Sr ): PSD = 0.1215 mm
Total Uncertainty:

2
2
UD2 = Bm
+ PSD

UD2 = 0.0052 + 0.12152
UD = 0.122 mm (0.608 %D)
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(A.1)

A.2

Needle Diameter

The internal diameter of the needle was measured using Vernier callipers in
a similar procedure to the vein diameter.
Nominal diameter (d): 2.692 mm
Bias errors:
Measurement bias (half scale of Vernier calliper): Bm = 0.005 mm
Precision errors:
Standard deviation from all measurements (2Sr ): PSD = 0.048 mm
Total Uncertainty:

2
2
Ud2 = Bm
+ PSD

(A.2)

Ud2 = 0.0052 + 0.0482
Ud = 0.048 mm (1.777 %d)

A.3

Solution Concentration

The mixing procedure to obtain the final 17L was limited by the size of
the measuring instruments. The final batch was measured in four batches
of 4L and one batch of 1L. The solution concentration was determined by
measuring the mass of NaI, sodium thiosulfate, glycerol and distilled water.
An optimum concentration of NaI to glycerol (76.5.%W/W) was required to
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match the refractive index of the acrylic test pieces.
Nominal diameter (C): 76.5% (W/W)
Total mass of NaI (MN aI ): 15204.8 g
Total mass of H2 O (MH2 O ): 8646.2 g
Total mass of glycerol (Mg ): 5021.715 g
Total mass of sodium thiosulfate (MST ): 23.851 g
Data reduction equation:

C = 100 ×

MN aI

MN aI
+ Mg + MH2 O + MST

(A.3)

From the data reduction equation the sensitivity coefficients are:
Mg + MH2 O + MST
∂C
= 100 ×
∂MN aI
(MN aI + Mg + MH2 O + MST )2

(A.4)

= 1.64 × 10−3 1/g
∂C
MN aI
= −100 ×
∂MH2 O
(MN aI + Mg + MH2 O + MST )2

(A.5)

= −1.82 × 10−3 1/g
∂C
MN aI
= −100 ×
∂Mg
(MN aI + Mg + MH2 O + MST )2
= −1.82 × 10−3 1/g
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(A.6)

MN aI
∂C
= −100 ×
∂MST
(MN aI + Mg + MH2 O + MST )2

(A.7)

= −1.82 × 10−3 1/g
For each batch the number of measurements made to fill the required amounts
in the measuring instruments follows:
Table A.1: Summary of measurements during mixing of the blood analogue
solution
Component

Number Number Total number of
for 4L
for 1L
measurements

NaI

10

10

50

H2 O

3

2

14

Glycerol

10

3

43

Sodium
Thiosulfate

1

1

5

Bias errors:
Measurement scale bias (maximum resolution): Bscale = 0.01g
Mass bias for NaI (501/2 × Bscale ) : Bs,N aI = 0.071g
Mass bias for H2 O (141/2 × Bscale ) : Bs,H2 O = 0.037g
Mass bias for glycerol (431/2 × Bscale ) : Bs,g = 0.066g
Mass bias for sodium thiosulfate (51/2 × Bscale ) : Bs,ST = 0.022g
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NaI powder is hygroscopic (retains moisture) which results in a bias in mass
over time. The increase in mass due to moisture absorption was measured
for a sample over 30 minutes.
minitial = 10.01g
mf inal = 10.27g
The resultant sample increased its mass by 2.6%. Projecting this gain onto
the average weight of NaI in each measurement:
Bhyg,N aI = 0.026 ×

√
50 ×

15204.8
50

Mass bias due to hygroscopic nature of NaI: Bhyg,N aI = 55.91g
NaI left in beaker (estimated): BN aI,bk = 0.5g
H2 O left in beaker (estimated): BH2 O,bk = 0.1g
Glycerol left in beaker (estimated): Bg,bk = 0.1g
Water mass lost due to evaporation (estimated): Bloss = 5g
The bias in NaI measurement is:

2
2
2
2
Bm,N
aI = Bs,N aI + Bhyg,N aI + BN aI,bk

(A.8)

2
2
2
2
Bm,N
aI = 0.071 + 55.91 + 0.5

Bm,N aI = 55.912g
The bias in H2 O measurement is:

2
2
2
2
Bm,H
= Bs,H
+ Bloss
+ BH
2O
2O
2 O,bk
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(A.9)

2
Bm,H
= 0.0372 + 52 + 0.12
2O

Bm,H2 O = 5.001g
The bias in glycerol measurement is:

2
2
2
Bm,g
= Bs,g
+ Bg,bk

(A.10)

2
= 0.0662 + 0.12
Bm,g

Bm,g = 0.120g
The bias in sodium thiosulfate measurement is:

2
2
2
Bm,ST
= Bs,ST
+ Bloss
2
Bm,ST
= 0.0222 + 52

Bm,ST = 5.000g
The total bias is therefore:
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(A.11)

2
2
2


∂C
∂C
∂C
2
2
2
=
Bm,N aI +
Bm,H2 O +
Bm,g
∂MN aI
∂MH2 O
∂Mg
2




∂C
∂C
∂C
2
Bm,ST
+2
(Bm,N aI )(Bm,H2 O )
+
∂MST
∂MN aI
∂MH2 O






∂C
∂C
∂C
∂C
+2
(Bm,N aI )(Bm,g ) + 2
(Bm,N aI )(Bm,ST )
∂MN aI
∂Mg
∂MN aI
∂MST






∂C
∂C
∂C
∂C
(Bm,H2 O )(Bm,g ) + 2
(Bm,H2 O )(Bm,ST )
+2
∂MH2 O
∂Mg
∂MH2 O
∂MST



∂C
∂C
+2
(Bm,g )(Bm,ST )
∂Mg
∂MST
(A.12)

BC2



BC2 = (1.64 × 10−3 )2 (55.912)2 + (−1.82 × 10−3 )2 (5.001)2 + (−1.82 ×
10−3 )2 (0.120)2 + (−1.82 × 10−3 )2 (5.000)2 + 2(1.64 × 10−3 )2 (−1.82 ×
10−3 )2 (55.912)(5.001) + 2(1.64 × 10−3 )2 (−1.82 × 10−3 )2 (55.912)(0.120) +
2(1.64 × 10−3 )2 (−1.82 × 10−3 )2 (55.912)(5.000) + 2(−1.82 × 10−3 )2 (−1.82 ×
10−3 )2 (5.001)(0.120) + 2(−1.82 × 10−3 )2 (−1.82 × 10−3 )2 (5.001)(5.000) +
2(−1.82 × 10−3 )2 (−1.82 × 10−3 )2 (0.120)(5.000)
BC = 0.073g
Precision errors:
As the measurement for each batch was made once the precision error is
estimated to be equal to the bias error: PC = 0.073 g
Total Uncertainty:

Ud2 = BC2 + PC2
UC2 = 0.0732 + 0.0732
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(A.13)

UC = 0.104 g (0.135 %C)

A.4

Temperature

Temperatures ranging from 15◦ C-25◦ C (range of yearly room temperature)
were measured with a thermometer. The temperature was controlled using
a heat bath.
Nominal temperature (T): 20◦ C
Bias errors:
Measurement bias (half scale of thermometer): Bm = 0.1◦ C
Regression bias from thermometer calibration (refer to Figure A.1) (2Sr ):
(Breg ) = 0.393◦ C
The total bias is therefore:

2
2
BT2 = Bm
+ Breg

BT2 = 0.12 + 0.3932
BT = 0.406◦ C
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(A.14)
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Figure A.1: Temperature Calibration

Precision errors:
Standard deviation from repeated measurements (2Sr ):
0.280◦ C

(PSD ) =

Total Uncertainty:

2
UT2 = BT2 + PSD

UT2 = 0.4062 + 0.2802
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(A.15)

UC = 0.493◦ C (2.463 %T)

A.5

Density

Density measurements were conducted on a 40ml sample of NaI.
Nominal density (ρ): 1651.65

kg
m3

Nominal mass (M): 0.066 kg
Nominal volume (V): 0.00004 m3
Data reduction equation:

ρ=

M
V

(A.16)

From the data reduction equation the sensitivity coefficients are:
∂ρ
1
=
∂M
V
∂ρ
∂M

= 25000 m13

−M
∂ρ
= 2
∂V
V
∂ρ
∂V

(A.17)

= −4.129 × 10−7 mkg6

Bias errors:
Measurement bias (half scale): Bm1 = 0.005 × 10−3 kg
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(A.18)

Scale error: Bm2 = 0.01 × 10−3 kg
Pipette manufacturing error for Corning Pyrix 7065 10ml capacity:
BV 1 = 6 × 10−8 m3
Pipette scale (half scale): BV 2 = 5 × 10−8 m3
Regression bias from temperature variation (15◦ C-25◦ C) (2Sr ):
Breg = 13.791

kg
m3

The bias in mass measurement is:

(A.19)

2
2
2
BM
= Bm1
+ Bm2
2
= (0.005 × 10−3 )2 + (0.01 × 10−3 )2
BM

BM = 1.118 × 10−5 kg
The bias in volume measurement is:

(A.20)

BV2 = BV2 1 + BV2 2
BV2 = (6 × 10−8 )2 + (5 × 10−8 )2
BV = 7.810 × 10−8 m3
The bias from the data reduction equation is:

2
Bred


=

∂ρ
∂M

2

2
BM


+

∂ρ
∂V

2

BV2

(A.21)

2
Bred
= (25000)2 (1.118 × 10−5 )2 + (−4.129 × 107 )2 (7.810 × 10−8 )2
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Bred = 3.237

kg
m3

The total bias is therefore:

2
2
Bρ2 = Bred
+ Breg

(A.22)

Bρ2 = 3.2372 + 13.7912
Bρ = 14.166

kg
m3

Precision errors:
Standard deviation from repeated measurements (2Sr ): (PSD ) = 15.687
kg
m3

Total Uncertainty:

2
Uρ2 = Bρ2 + PSD

(A.23)

Uρ2 = 14.1662 + 15.6872
Uρ = 21.137

A.6

kg
m3

(1.280 %ρ)

Viscosity

Viscosity measurements were measured using a Canon-Fenske viscometer and
a heat bath for temperatures ranging from 15◦ C-25◦ C.
Nominal kinematic viscosity (ν): 4.277 cSt
Nominal concentration (C): 76.5%
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Nominal temperature (T): 20◦ C
Data reduction equation:

ν = 0.002738t

(A.24)

The manufacturer’s uncertainty for kinematic viscosity measurements
between 0.6-3 cSt is 0.156%. The viscosity for each temperature was
measured three times to ensure a higher confidence in the result. From the
data reduction equation the sensitivity coefficients are:
∂ν
= 0.002738t
∂t

(A.25)

The variation of viscosity due to temperature is displayed in Figure A.2.
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Figure A.2: Viscosity variation with temperature

The following regression equation was fitted to the data:

ν = −0.0865T + 5.9957

(A.26)

The sensitivity coefficients to the regression equation are:
∂ν
cSt
= −0.0865 ◦
∂T
C
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(A.27)

Bias errors:
Bias in time (last significant figure): Bt = 0.01 seconds
Bias in viscometer (from manufacturer):
Bman = 0.00156 × Nominal Viscosity = 0.007 cSt
Regression bias due to temperature variation (15◦ C-25◦ C) (2Sr ):
Breg = 0.115 cSt
The bias due to time is:

2
Bν,t


=

∂ν
∂t

2

Bt2

(A.28)

2
= (0.002738)2 (0.01)2
Bν,t

Bν,t = 0.00002738 cSt
The bias due to the relationship between temperature and viscosity is:

2
Bν,eqn


=

∂ν
∂T

2

UT2

(A.29)

2
Bν,eqn
= (−0.0865)2 (0.436)2

Bν,eqn = 0.038 cSt
The total bias is therefore:

2
2
2
2
Bν2 = Bman
+ Breg
+ Bν,t
+ Bν,eqn

246

(A.30)

Bν2 = (0.007)2 + (0.115)2 + (0.0000278)2 + (0.038)2
Bν = 0.121 cSt
Precision errors:
Regression error due to time (2Sr ): Pt = 41.934 seconds
The total precision is therefore:

Pν2


=

∂ν
∂t

2

Pt2

(A.31)

Bν2 = (0.002738)2 (41.934)2
Bν = 0.115 cSt
Total Uncertainty:

2
Uν2 = Bν2 + Pnu

(A.32)

Uν2 = 0.1212 + 0.1152
Uν = 0.167 cSt (3.901%ν)
Converting this to dynamic viscosity:

Uµ =

ρν
106

Nominal dynamic viscosity (µ): 0.00706 Pa.s
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(A.33)

Total Uncertainty:
Uµ = 0.00028 Pa.s (3.901%µ)

A.7

Piston Velocity (Fistula Pump)

The piston velocity was estimated by measuring the time taken to travel
0.1m from its start position. As the flow rate through the vein is constant
the test was conducted at the constant flow rate of 11 ml/s.
Nominal flow rate (Q): 11 ml/s
Nominal velocity (V): 0.000858 m/s
Nominal time (t): 58.247 s
Data reduction equation:

V =

x
t

(A.34)

From the data reduction equation the sensitivity coefficients are:
∂V
1
=
∂x
t
∂V
∂x

= 0.017

(A.35)
1
s

∂V
−x
= 2
∂t
t
∂V
∂t

= -1.5 × 10−5
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(A.36)
m
s2

Bias errors:
Measurement bias (half scale): Bx = 0.0005 m
Bias in time (last significant figure): Bt = 0.01 seconds
Bias in pump (from manufacturer): Bman = 0.03 × Nominal velocity =
0.0000257 m/s
Regression bias (2Sr ): Breg = 0.0000111 m/s
The bias from the data reduction equation follows:

2
Bred


=

∂V
∂x

2

Bx2


+

∂V
∂t

2

Bt2

(A.37)

2
Bred
= (0.017)2 (0.0005)2 + (−0.000015)2 (0.01)2

Bred = 0.00000859 m/s
The total bias is therefore:

2
2
2
2
BV,F
istulapump = Bman + Breg + Bred
2
2
2
2
BV,F
istulapump = (0.0000257) + (0.0000111) + (0.00000859)

BV,F istulapump = 0.0000293 m/s
Precision errors:
Regression error due to time (2Sr ): Bt = 0.751 seconds
The total precision is therefore:
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(A.38)

2
PV,F
istulapump


=

∂V
∂t

2

Pt2

(A.39)

2
2
2
PV,F
istulapump = (−0.000015) (0.01)

PV,F istulapump = 0.0000111 m/s
Total Uncertainty:

2
2
2
UV,F
istulapump = BV,F istulapump + PV,F istulapump

(A.40)

2
2
2
UV,F
istulapump = 0.0000293 + 0.0000111

UV,F istulapump = 0.0000313 m/s (3.652%V )

A.8

Piston Velocity (Needle Pump)

The piston velocity was estimated by measuring the time taken to travel
0.1m from its start position. Although multiple needle flow rates are used,
only the mean flow was conducted in this test.
Nominal flow rate (Q): 7.25 ml/s
Nominal velocity (V): 0.0023 m/s
Nominal time (t): 43.394 s
Data reduction equation:

V =
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x
t

(A.41)

From the data reduction equation the sensitivity coefficients are:
1
∂V
=
∂x
t
∂V
∂x

= 0.023

(A.42)
1
s

−x
∂V
= 2
∂t
t
∂V
∂t

(A.43)

= -0.00005

m
s2

Bias errors:
Measurement bias (half scale): Bx = 0.0005 m
Bias in time (last significant figure): Bt = 0.01 seconds
Bias in pump (from manufacturer): Bman = 0.03 × Nominal velocity =
0.000069 m/s
Regression bias (2Sr ): Breg = 0.000029 m/s
The bias from the data reduction equation follows:

2
Bred


=

∂V
∂x

2

Bx2


+

∂V
∂t

2

Bt2

2
Bred
= (0.023)2 (0.0005)2 + (0.00005)2 (0.01)2

Bred = 0.000012 m/s

251

(A.44)

The total bias is therefore:

2
2
2
2
BV,N
eedleP ump = Bman + Breg + Bred

(A.45)

2
2
2
2
BV,N
eedleP ump = (0.000069) + (0.000029) + (0.000012)

BV,N eedleP ump = 0.000076 m/s
Precision errors:
Regression error due to time (2Sr ): Bt = 0.557 seconds
The total precision is therefore:

2
PV,N
eedleP ump


=

∂V
∂t

2

Pt2

(A.46)

2
2
2
PV,N
eedleP ump = (0.00005) (0.01)

PV,N eedleP ump = 0.00003 m/s
Total Uncertainty:

2
2
2
UV,N
eedleP ump = BV,N eedlepump + PV,N eedlepump
2
2
2
UV,N
eedleP ump = 0.000076 + 0.00003

UV,N eedleP ump = 0.000082 m/s (3.539%V )
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Appendix B
PIV Uncertainty Analysis

B.1

Image Distortion:

Image distortion arises due to the curvature of the lens. It manifests at the
periphery of the image as the light passes through the lens onto the CCD
array.
Similar to the perspective error it forms a bias in particle
displacements.
Based on the calibration images and the careful procedure used to focus the
camera, the error from image distortion was deemed to be negligible.
bias,imagedistortion = 0 pixels

B.2

Particle Image Diameter:

The particle image diameter must lie within a specific limit so that that
Gaussian filter can register the light intensity difference between background
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noise and that reflected by a particle. Referring to Figure B.1, the optimum
particle image diameter is approximately 2 pixels. Using the optimum trigger
rate will improve the particle image diameter as it reduces any streaks caused
by the movement of the particle. The pre-conditioning filters which reduced
the background noise also aided in optimising the particle image diameter.
The particle image diameter in these experiments was between 1-3 pixels,
yielding a random error of approximately 0.05 pixels.
rms,particleimagediameter = 0.05 pixels

Figure B.1: Random error for variations in particle image diameter [173]
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B.3

Particle Image Displacement:

A bias and random error can arise from particle image displacements
depending on the flow velocity and pulse distance. Figure B.2 shows that
large uncertainty will always exist if the particle is displaced less than half a
pixel. The adaptive PIV method used in this thesis offsets the interrogation
window with respect to the mean displacement vector, thereby reducing the
chance of small particle displacements. For the 32X32 interrogation window
used, a random error of approximately 0.05 pixels exists.
rms,particleimagedisplacement = 0.05 pixels

Figure B.2: Random error from particle image displacements [173]

A bias error in particle image displacement will arise from the in-plane loss of
pairs. From Figure B.3, using a 32X32 window the bias error is approximately
-0.02 pixels.
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bias,particleimagedisplacement = -0.02 pixels

Figure B.3: Bias error from particle image displacements [173]

B.4

Particle Image Density:

There is a greater probability of calculating a valid displacement if more
particle pairs enter the correlation calculation. A random error will occur if
the seeding density is either to low or high. Figure B.4 shows that when a
32X32 window is used with approximately 5-10 particles per window (Ni ),
the probability of a valid vector is greater than 90%. A criterion was used
in the adaptive PIV process which controlled the interrogation window size
based on a particle density of 10 particles per window to minimise this error
source. The streamline direction of jet and core flow minimised out of plane
loss of pairs (Fo ) whilst a high laser power and use of the Gaussian filter
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reduced the effect of in-plane loss of pairs (Fi ).

Figure B.4: Probability of calculating the correct particle displacement as a
function of particle image density [173]

Figure B.5 shows that the particle image density effects the random error
substantially. However, if more than 10 particles per interrogation window
are used (as controlled in this thesis); the random error is only 0.03
pixels.
rms,particleimagedensity = 0.03 pixels
Using a high seeding density (>10) with a small interrogation window also
provides a high validity, low measurement uncertainty and a high spatial
resolution.
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Figure B.5: Random error due to particle image density [173]

B.5

Image Quantisation:

Random error can occur from the loss of information when the analogue
input signal is converted to a digital signal and compressed. Referring to
Figure B.6, for 8 bits/pixel and a particle image shift of 1.2 pixels, the random
error is approximately 0.011 pixels.
rms,imagequantisation = 0.011 pixels
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B.6

Background Noise:

Background noise arises from reflections of the laser sheet which causes a
variation in the reflected intensity of the seeding particles. The raw PIV
images were filtered to remove reflections and normalise the background to
a 0 light intensity. Background noise is minimised through masking in the
PIV software, which eliminated any back scatter from the rig and allowed a
higher intensity laser pulse to be used. All metallic parts were also anodised
to a matte black finish to reduce reflections from the laser. Matching the
refractive index of the sodium iodide and the perspex also reduced the
reflected light on the boundary as it minimises refraction when the laser
sheet passes through the different mediums. Referring to Figure B.7, for a
particle shift more than 1.2 pixels and assuming 5% noise, the random error
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from background noise is 0.012 pixels.
rms,backgroundnoise = 0.012 pixels

Figure B.7: Random error due to background noise [173]

B.7

Displacement Gradients:

As PIV measures the displacement of particles using statistical methods of
correlation between two interrogation windows, a displacement gradient can
result in an error. This bias arises from faster travelling particles leaving
the window whilst slower particles will remain in it. Due to the existence of
the venous and needle flows, it is assumed that high displacement gradients
exist. For the worst case scenario, for a 32X32 window size with 20 particles
per window and an average gradient of 0.07, Figure B.8 shows that a random
error of 0.2 pixels will exist.
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rms,displacementgradient = 0.5 pixels

Figure B.8: Random error due to displacement gradients [173]
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Appendix C
Computational Sensitivity
Analysis

C.1

Analysis of Mesh Size

A grid convergence study was undertaken to minimise the errors due to
temporal discretisation. Roaches’ theorem for grid convergence is utilised to
quantify the numerical uncertainty between various mesh sizes [186]. The
grid convergence index (GCI) is defined as:

GCIf ine =

3
1 − rp

(C.1)

Where  is the solution obtained between two grids, r is the refinement factor
and p is the formal order of accuracy. All computational simulations were
run with a second order of accuracy.
The grid independence test was conducted using the midline settings where
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the needle is placed at an angle of 20◦ C with the tip placed centrally in the
vein. Steady flow conditions were imposed on the vein and needle inlets with
flow rates of 666 ml/min and 300 ml/min, respectively. The independence
test was conducted on the venous needle as the downstream flow field is
much more dynamic and larger than the arterial needle and is therefore more
susceptible to grid size. Grid convergence is achieved with approximately two
million hexahedral elements as displayed in Figure C.1.

Figure C.1: Maximum WSS produced by the venous needle for different sizes

The GCI was also applied using the maximum WSS at the point of jet
impingement and similarly showed grid convergence within 1% at two
million elements as displayed in Table C.1.
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Table C.1: Grid Convergence Index on maximum WSS produced by the
venous needle
No. of Elements (millions) Maximum WSS (Pa)
1
127.2
2
104.6
4
105.9
8
101.0
16
111.0

GCIfine (%)
7.1
0.4
1.6
3.1
0.4

Monitor points were also imposed to analyse the grid size downstream of
the needle where the venous needle jet mixes with the core flow.
Quasi-steady velocities are expected as steady inlet conditions were
imposed. Figure C.2 displays the velocity at the outlet of the model for
difference mesh sizes. Velocity fluctuations are present with a grid size of 1
million elements but begin to stabilise as the grid is refined beyond 2
million elements, which is in agreement with the GCI and WSS convergence
test. Upon closer examination, small fluctuations persist due to poor
resolution of the mixing regime when a courser mesh is used. However,
these fluctuations disappear when the grid size is increased beyond 8
million elements. Figure C.3 displays the velocity 20 diameters downstream
of the needle tip, where the core flow and venous needle jet heavily mix.
Similar to the above trend, large fluctuations are minimised in mesh sizes
larger than 8 million elements.
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Figure C.2: Velocity at the outlet for different mesh sizes

Figure C.3: Velocity downstream of the venous needle (20d) where the jet
and core flow mix for different mesh sizes
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Therefore, to ensure grid convergence on WSS at the point of jet impingement
and adequate resolution of secondary flows in the mixing zone, all geometries
were discretised with a mesh size of approximately 8 million elements.

C.2

Analysis of Time Step Size

For a time-independent solution it is essential to discretise in time to
accurately resolve any transient features. However, a decreased time step
will result in an increase in computational cost which can result in
impractical simulation times.
Thus, all transient simulations were
initialised for 10 seconds to allow the flow fields produced by the vein and
needle to stabilise. This ensured that the model simulated conditions which
accurately represented the middle of a dialysis session. It was found that
data recorded over 10 cycles was sufficient to represent the time averaged
wall shear stresses. This methodology has the same order of magnitude
used by Lantz et al. [185] who required 50 cycles to produce statistically
reliable data in a model of a patient specific human aorta.
Time step size for transient analysis was analysed based on the
Courant-Friedrichs-Lewy (CFL) condition to obtain stability, which is
defined as:

CF L =

u∆t
∆x

(C.2)

Where u is velocity magnitude, ∆t is the time step size and ∆x is the
length of a single cell. Ideally, the CFL should be less than one, indicating
that the flow does not travel further than one cell per time step, hereby
increasing the resolution of the solution. However, as previously mentioned,
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a smaller time step can significantly increase computational costs.
Table C.2 outlines the maximum and average Courant number, residual
level reached and the required solver time for the midline case with a mesh
density of 8 million.
Table C.2: Summary of Time Step Analysis
Time
Step
0.01
0.001
0.0001
0.00005

Maximum
Courant
Number
778.269
77.817
7.782
0.778

Average
Courant
Number
1.385
0.138
0.088
0.002

Residual
Level
10−5
10−5
10−6
10−9

Solution
Time
(days)
3
12
42
>100

Further analysis was conducted by placing a velocity monitor 20 diameters
downstream from the needle, in the region where the venous needle jet and
core flow mix. As steady inlet conditions were imposed the solution should
display a quasi-constant velocity after the initial transients have settled.
Figure C.3 identifies velocity fluctuations when a course time step is used,
however these are minimised when a time step of 0.0001 seconds or smaller
is utilised.
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Figure C.4: Velocity downstream of the venous needle (20d) where the jet
and core flow mix for different time step sizes

Furthermore, Steinman and colleagues [182–184] have conducted an extensive
investigation on the effect of high resolution CFD in intracranial aneurysms
by increasing the grid size and number of time steps per cardiac cycle. They
concluded that at least 10,000 time steps per cardiac cycle are required in
order to sufficiently resolve the complex haemodynamic flows which have
been cited to affect fistula patency.
Therefore, a time step of 0.0001 seconds was deemed most feasible based on
the study criteria (numerical accuracy and computational cost). This adheres
to the recommendations by Steinman and colleagues [182–184] to conduct
high resolution simulations of blood vessels. It is noted that the maximum
Courant number is greater than one in this case. However, this occurs at
the point of maximum velocity where the jet exits the needle. As this study
focuses on the WSS in the blood vessel and the flow field downstream of
the needles, the location where the maximum Courant number occurs is not
critical.
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Appendix D
Numerical Validation
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Figure D.1: Comparison between experimental and computational velocity
profiles from the arterial needle in the antegrade orientation at a blood flow
rate of 200 ml/min. a) Needle tip b) 5d downstream of the needle tip c) 10d
downstream of the needle tip c) 15d downstream of the needle tip
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Figure D.2: Comparison between experimental and computational velocity
profiles from the arterial needle in the antegrade orientation at a blood flow
rate of 400 ml/min. a) Needle tip b) 5d downstream of the needle tip c) 10d
downstream of the needle tip c) 15d downstream of the needle tip
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Figure D.3: Comparison between experimental and computational velocity
profiles from the arterial needle in the antegrade orientation at a needle angle
of 10◦ . a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip c) 15d downstream of the needle tip

272

(a)

(b)

(c)

(d)

Figure D.4: Comparison between experimental and computational velocity
profiles from the arterial needle in the antegrade orientation at a needle angle
of 30◦ . a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip c) 15d downstream of the needle tip
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Figure D.5: Comparison between experimental and computational velocity
profiles from the arterial needle in the antegrade orientation at the bottom of
the vein. a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip c) 15d downstream of the needle tip
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Figure D.6: Comparison between experimental and computational velocity
profiles from the arterial needle in the antegrade orientation at the top of the
vein. a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip c) 15d downstream of the needle tip
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Figure D.7: Comparison between experimental and computational velocity
profiles from the arterial needle in the retrograde orientation at a blood flow
rate of 200 ml/min. a) Needle tip b) 5d downstream of the needle tip c) 10d
downstream of the needle tip
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Figure D.8: Comparison between experimental and computational velocity
profiles from the arterial needle in the retrograde orientation at a blood flow
rate of 400 ml/min. a) Needle tip b) 5d downstream of the needle tip c) 10d
downstream of the needle tip
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Figure D.9: Comparison between experimental and computational velocity
profiles from the arterial needle in the retrograde orientation at a needle angle
of 10◦ . a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip
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Figure D.10: Comparison between experimental and computational velocity
profiles from the arterial needle in the retrograde orientation at a needle angle
of 30◦ . a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip
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Figure D.11: Comparison between experimental and computational velocity
profiles from the arterial needle in the retrograde orientation at the bottom of
the vein. a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip
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Figure D.12: Comparison between experimental and computational velocity
profiles from the arterial needle in the retrograde orientation at the top of the
vein. a) Needle tip b) 5d downstream of the needle tip c) 10d downstream
of the needle tip
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Figure D.13: Comparison between experimental and computational velocity
profiles from the venous needle at a blood flow rate of 200 ml/min. a) Needle
tip b) 20d downstream of the needle tip c) 40d downstream of the needle tip
c) 60d downstream of the needle tip
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Figure D.14: Comparison between experimental and computational velocity
profiles from the venous needle at a blood flow rate of 400 ml/min. a) Needle
tip b) 20d downstream of the needle tip c) 40d downstream of the needle tip
c) 60d downstream of the needle tip
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Figure D.15: Comparison between experimental and computational velocity
profiles from the venous needle at a needle angle of 10◦ . a) Needle tip b)
20d downstream of the needle tip c) 40d downstream of the needle tip c) 60d
downstream of the needle tip
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Figure D.16: Comparison between experimental and computational velocity
profiles from the venous needle at a needle angle of 30◦ . a) Needle tip b)
20d downstream of the needle tip c) 40d downstream of the needle tip c) 60d
downstream of the needle tip
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Figure D.17: Comparison between experimental and computational velocity
profiles from the venous needle placed at the bottom of the vein. a) Needle
tip b) 20d downstream of the needle tip c) 30d downstream of the needle tip
c) 60d downstream of the needle tip
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Figure D.18: Comparison between experimental and computational velocity
profiles from the venous needle placed at the top of the vein. a) Needle tip
b) 20d downstream of the needle tip c) 40d downstream of the needle tip c)
60d downstream of the needle tip
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