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A B S T R A C T   

Despite arteriovenous fistulae (AVF) being the preferred vascular access for haemodialysis, high primary failure 
rates (30-70%) and low one-year patency rates (40-70%) hamper their use. Furthermore, AVF creation has been 
associated with haemodynamic changes causing maladaptive cardiac remodelling leading to cardiovascular (CV) 
complications. In this study, we present a new workflow for characterising the haemodynamic profile prior to 
and following surgical creation of a successful left radiocephalic AVF in a 20-year-old end-stage kidney disease 
patient. The reconstructed vasculature was generated using multiple ferumoxytol-enhanced magnetic resonance 
angiography (FeMRA) datasets. Computational fluid dynamics (CFD) simulations utilising a scale-resolving 
turbulence model were completed to investigate the changes in the proximal haemodynamics following AVF 
creation, in addition to the post-AVF juxta-anastomosis flow patterns, which is impractical to obtain in-vivo. 
Following AVF creation, a significant 2-3-fold increase in blood flow rate was induced downstream of the left 
subclavian artery. This was validated through comparison with post-AVF patient-specific phase-contrast data. 
Proximal to the anastomosis, the increased flow rate yielded an increase in time-averaged wall shear stress 
(WSS), which is a key marker of adaptive vascular remodelling. In the juxta-anastomosis region, the success of 
the AVF was discussed with respect to the National Kidney Foundation’s vascular access guidelines, where the 
patient-specific AVF met the flow rate and geometry criterion. The AVF venous diameter exceeded 6mm and the 
venous flow rate surpassed 600mL/min. This workflow may potentially be significant clinically when applied to 
multi-patient cohorts, with population-wide patient-specific conclusions being ascertained for the haemody-
namic assessment of AVFs and improved surgical planning.   

1. Introduction 

In 2017, the global prevalence of chronic kidney disease (CKD) was 
9.1%, which is roughly 700 million cases [1]. Patients with CKD expe-
rience a gradual decline in renal function to the extent that renal 
replacement therapy (RRT) is required for survival in end-stage kidney 
disease (ESKD). Over 85% of the global ESKD population is haemo-
dialysis (HD) dependent [2], requiring a reliable access to the systemic 
circulation to achieve mechanical blood filtering and replace the kidney 
function. The preferred vascular access for ESKD patients is an arterio-
venous fistula (AVF), a native vessel segment created by surgically 
joining a vein and an artery, commonly in the patient’s non-dominant 

arm [3]. Creation of an AVF establishes a shunt from the high pres-
sure, low capacitance arterial system, to the low pressure, high capaci-
tance venous system [4], causing an increase in the arterial diameter and 
the ‘arterialisation’ (thickening and increased elasticity) of the vein. 
This process takes approximately 6-8 weeks [5] and, when successful, 
permits consistently high blood flow rates in excess of 600mL/min [6] 
whilst providing a durable vascular access for delivery of efficient and 
repeatable dialysis. The 6-week arterialisation period and 600mL/min 
minima flow rate fall under the successful AVF ‘rule of six’ criterion 
detailed in vascular guidelines [6]. In addition to flow rate, the AVF 
venous diameter should exceed 6mm and the AVF should have a depth 
from the skin surface no greater than 0.6cm. 
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A major problem with AVFs is the high frequency of primary failure 
as a result of either poor maturation or early thrombosis. As such, 
vascular access dysfunction is one of the leading causes of morbidity and 
mortality among ESKD patients [7,8]. Neointimal hyperplasia (NH) and 
inadequate outward venous remodelling are the two leading causes of 
AVF failure [9]. However, the exact mechanisms underlying these pro-
cesses remain mostly unknown, highlighting the need for exploring 
further the haemodynamic environment caused by vascular access sur-
gery [10–12]. Moreover, it has been reported that the successful creation 
of AVF may result in cardiac failure due to the marked increase in car-
diac output over time [13]. The dual influence of increased cardiac 
output and reduced systemic vascular resistance post-AVF creation is an 
area of limited prior research. In this work, we aim to investigate these 
changes in a 20-year-old ESKD patient by combining novel vascular 
imaging (through ferumoxytol-enhanced magnetic resonance angiog-
raphy, FeMRA) with high-fidelity computational fluid dynamics (CFD) 
analysis of the entire proximal vasculature to the arteriovenous fistula. 
This patient received a radiocephalic AVF, which is the clinically 
preferred AVF location [14]. 

CFD is a useful tool for assessing patient-specific haemodynamic 
predictors of AVF success or failure [15] beyond the traditional de-
mographic, clinical and biological factors. This is due to the haemody-
namics and wall shear stress (WSS) influencing the AVF environment 
being difficult to measure in-vivo. The use of CFD has been demonstrated 
in prior studies [16–18], which have described AVF flow characteristics 
in addition to proposing the conditions associated with luminal reduc-
tion. These sites are zones of low and oscillatory shear stress. CFD allows 
a wide range of calculations into such haemodynamic metrics [19–23]. 
This is key for assessing regions of patient-specific anatomical charac-
teristics that are susceptible to abnormal WSS distributions and 
disturbed flow [24–26]. 

Here, we present a new framework for generating 3D reconstructions 
of the arterial vasculature, pre- and post-AVF creation. The re-
constructions presented are based on ferumoxytol-enhanced magnetic 
resonance angiography (FeMRA) data. Ferumoxytol is a super-
paramagnetic iron oxide nanoparticle preparation, developed firstly as a 
contrast agent in 2000 [27]. The use of FeMRA avoids the risks that 
historic contrast-enhanced methods pose in ESKD patients. For example, 
gadolinium-based contrast agents (GBCAs) are linked with a risk of 
nephrogenic systemic fibrosis in ESKD. In this study, the haemody-
namics of the 3D arterial reconstructions generated from multiple 
FeMRA scans were simulated using an established finite-volume 
implementation in Simcenter STAR-CCM+ (Siemens Industries Digital 
Software). A Scale-Resolving Hybrid (SRH) turbulence model was uti-
lised to capture the potentially transitional-flow in the AVF. The use of 
CFD with FeMRA in this study demonstrates the potential for more 
thorough explanation of the complexities behind AVF maturation, NH, 
and cardiovascular impact. The aims of this study were to analyse WSS 
distributions at the peri-anastomotic region, the velocity profile in the 
proximal artery and venous outflow segments, and to elucidate hae-
modynamic changes in the proximal vasculature to the AVF (from the 
ascending aorta to the radial artery). Prior AVF CFD studies concen-
trated primarily on localised AVF haemodynamics, neglecting the con-
sequences of increased cardiac output on the proximal vasculature to the 
AVF. The novelty of this study lies in elucidating the haemodynamics in 
this region, in addition to being the first study according to our 
knowledge that couples FeMRA with CFD in a workflow. 

2. Materials and methods 

In this research, we completed CFD investigations of two domains 
(pre- and post-AVF) that were each generated from three sets of FeMRA- 
obtained DICOM stacks (chest, upper arm, and lower arm). The pre- 
operative simulated vasculature extends from the ascending aorta to 
the radial artery, while the post-surgical reconstruction commences at 
the ascending aorta and terminates distally to the ‘draining’ vessels of 

the patient’s ‘end-to-side’ radiocephalic AVF. Fig. 1 displays a simplified 
schematic of the centrelines within the computational domains used in 
the pre- and post-AVF simulations, along with the applied boundary 
conditions. In order to generate the pre-operative and post-surgery 
computational domains, each of the DICOM stacks were segmented, 
reconstructed, and then combined using a Boolean unification workflow 
in Meshmixer (Autodesk Meshmixer). These domains were then meshed 
and numerically modelled (Fig. 2). 

2.1. Ferumoxytol-enhanced magnetic resonance angiography 

Due to the differing scales of the vasculature in this study, three 
separate scans for the chest, left upper arm, and left lower arm were 
acquired (Fig. 2). This is due to the varying resolutions required when 
scanning smaller vessels as opposed to larger ones (Supplementary 
Material). The scans of the patient were performed before surgery and 
six weeks after AVF creation on a 3.0T Prisma MRI scanner (Magnetom, 
Siemens Medical Solutions) with local phased-array imaging coils using 
a standardised protocol similar to that of standard MRA studies with 
GBCAs. The patient was imaged in the supine position [27]. 

2.2. Generation of computational domain 

Volume renderings of each DICOM stack were initially generated in 
order to visualise the vessels of interest. The key areas to assess visually 
were the common bifurcations between the three FeMRA scans of each 
visit, these being (i) the body and upper arm scans, and (ii) the upper 
arm and lower arm scans (Fig. 2). The two respective regions selected 
were the deep brachial artery bifurcation and the radial-ulnar bifurca-
tion. These anatomical landmarks were used to align and unite the ge-
ometries and to create a single domain from the three DICOM stacks. 
Following this, each unified stack was segmented and reconstructed 
‘semi-automatically’ using the open-source ITK-SNAP algorithms (www. 
itksnap.org). This involved manual editing following automatic seg-
mentations that used a common threshold ratio [28]. These unstruc-
tured surface meshes of the reconstructions were exported into 
Meshmixer and manipulated so that the common areas (the deep 
brachial artery bifurcation and the radial-ulnar bifurcation) overlapped 
(Fig. 2). The daughter bifurcation vessels between scans were made 
colinear (Supplementary Material). The geometries were then combined 
using a ‘Boolean Union’ function in Meshmixer (Supplementary Mate-
rial), with overlapping areas being smoothed to preserve the dimensions 
of the geometry whilst ensuring that the transition from one recon-
struction to the other was valid anatomically. The dimensions of the STL 
surface mesh were compared to the initial DICOM files at various in-
tervals for verification. The open-source ‘Hole Filler’ tool in OpenFlipper 
(RWTH Aachen), a framework for processing geometric data, was then 
used for resolving any areas of missing elements. Following this, the 
mesh was iteratively refined and ’smoothed’ in OpenFlipper to ensure 
the mesh quality was sufficient at each bifurcation. The centrelines of 
the domain were subsequently computed utilising the VMTK libraries 
(http://www.vmtk.org) before clipping the inlet and outlets of the 
domain, normal to the vessel centreline, in Paraview (http://www.par 
aview.org). The domain was clipped normally at distances of 0.5D 
(inlet) and 1.5D (outlet) in a similar manner to prior studies [25], where 
D is the diameter of each respective patch. This approach mitigates 
potential boundary effects. Finally, the clipped inlet and outlet bound-
aries of the geometry were closed normal to the centreline in 
STAR-CCM+ in order to define the boundaries and volume of the do-
mains (Fig. 3). 

2.3. Hybrid mesh generation 

A hybrid mesh with prism layers and polyhedral elements was used 
for discretising the computational domain (Supplementary Material). 
Polyhedral meshes contain approximately five times fewer cells than a 
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comparable tetrahedral mesh and are less sensitive to stretching. Prism 
layers were incorporated to reduce numerical diffusion adjacent to the 
wall and capture viscous effects. The height of the first prism layer, y, 
was calculated assuming a y+ value of 1 [25], given by: 

y+ =
ρ⋅uT ⋅y

μ (1)  

where y+ is a dimensionless distance for describing the mesh density 
adjacent to domain walls, ρ is the fluid density, uT is the friction velocity, 
y is the height of the first prism layer, and µ is the dynamic viscosity of 
the fluid. 

Following the calculation of the initial prism layer height, a mesh 
independence study was completed for the pre-AVF case. The number of 

prism layers and cell base size was varied, whilst the prism layer total 
thickness was kept constant. The most suitable mesh had 8 prism layers 
and base size of 3.8E-4m, resulting in a hybrid mesh with 3776730 el-
ements and a maximum y+ value of 0.36. The mean grid convergence 
index (GCI) [29] at 16 locations in the vasculature was computed as 
0.99, which was deemed appropriate. This same mesh specification was 
applied for the post-AVF case. The mesh characteristics for each case 
were validated for the SRH model by computation of the maximum wall 
y+, and the Taylor Micro-, and Kolmogorov length scales (Supplemen-
tary Material), which are measures of turbulent flow structures that infer 
the required mesh resolution of the domain. 

Figure 1. Simplified schematic of the vessels and boundary conditions of the computational domains used in the pre- and post-AVF simulations, where the solid line 
represents the common vessels in both domains and the dashed line represents vessels only in the post-AVF simulation. Three-element Windkessel models were used 
for the majority of outlets (in both simulations), the only exceptions being the cephalic vein and radial artery in the post-AVF simulation (which used prescribed 
outflows). The inlet velocity waveforms are displayed in the inset (where the blue waveform is the pre-AVF inlet, and the red waveform is the post-AVF inlet). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Figure 2. Framework used for the segmentation, reconstruction, geometry unification and volume extraction of the patient-specific geometry based on ferumoxytol- 
enhanced magnetic resonance angiography (FeMRA) multi-stack images and subsequent CFD analysis. 

G. Hyde-Linaker et al.                                                                                                                                                                                                                         



Medical Engineering and Physics 105 (2022) 103814

4

2.4. Numerical modelling 

2.4.1. Scale-resolving hybrid turbulence model 
The SRH turbulence model (STAR-CCM+, Supplementary Material) 

is a hybrid RANS-LES (Reynolds-Averaged Navier-Stokes, Large Eddy 
Simulation) model which permits the computation of unsteady large- 
scale turbulence structures whilst having a computational expense 
similar to a RANS model. The equations solved in the SRH model are 
ascertained using a spatial-temporal filtering, i.e. each variable ϕ is 

decomposed into a filtered ϕ̃ and a subfiltered value ϕ′ as per: 

ϕ = ϕ̃ + ϕ
′ (2)  

where φ is representative of quantities such as velocity components, 
pressure, and energy. Duffal et al. [30] details further information 
relating to the SRH model utilised in the CFD investigations. 

The decomposed solution variables from the SRH model are input 
into the Navier-Stokes equations to yield filtered transport equations of 
mass, momentum, and energy. The time-dependent Navier-Stokes 
(governing) equations of the flow-field are defined as: 

∇⋅u = 0 (3)  

ρ ∂u
∂t

+ ρ(u⋅∇)u +∇p = μ∇2u (4)  

where u is the velocity vector, and p is the pressure. The investigations 
were completed using a segregated pressure-based flow solver on a finite 
volume implementation in Star-CCM+ with a timestep of 0.001s. A 
SIMPLE (Semi-Implicit method for pressure-linked equations) pressure- 
velocity coupling algorithm was used, in addition to optimised 2nd- 
order temporal discretisation. This reduces the leading-order trunca-
tion error by a factor of 2, compared to base-level 2nd-order temporal 
discretisation [31]. 

2.4.2. Non-Newtonian model and haemodynamic metrics 
Often it is reasonable to use a Newtonian fluid model to approximate 

the rheology of blood in computational haemodynamics. This is appli-
cable when the areas of interest are exposed to high shear throughout 
the domain during the cardiac cycle, which suppresses the rouleaux 
formation. A Newtonian rheology assumption omits the ‘shear-thinning’ 
property of blood, which manifests at shear rates below 50− 100s− 1. Due 
the size of the AVF vessels, the produced shear rates would stretch the 
Newtonian rheology assumption. Therefore, a generalised Carreau- 
Yasuda non-Newtonian model [21] was implemented with values 
from literature (Supplementary Material). The time-averaged WSS 

(TAWSS) and oscillatory shear index (OSI) [22,23,26] are key haemo-
dynamic metrics, described as: 

TAWSS =
1
T

∫T

0

|τw|dt (5)  

OSI =
1
2

(

1 −

⃒
⃒
⃒
∫ T

0 τw dt
⃒
⃒
⃒

∫ T
0 |τw| dt

)

(6)  

where t is the time, T is the cardiac cycle time, and τw is the wall shear 
stress. TAWSS evaluates shear stress exerted on the vessel walls during 
the cardiac cycle, whereas OSI assesses the directional change of WSS 
during the cardiac cycle. We present TAWSS as a normalised quantity, 
where the TAWSS values are normalised with respect to the predicted 
TAWSS generated at the ascending aorta inlet in the pre-AVF case. The 
value of TAWSS predicted at the inlet was 27.5Pa via the computation 
of: 

τw = μ du
dy

=

[
− 4μumax

Dinlet

]

(7)  

where umax is the peak fluid velocity maxima, and Dinlet is the inlet vessel 
diameter. 

Additionally, the Reynolds number (Re), a dimensionless ratio of 
fluid momentum to viscous shear force, was computed for flow analysis 
at various locations within the fistula. Mean and maximum Re values 
were calculated, respectively, according to: 

Remean =
umean⋅D

μ (8)  

Remax =
umax⋅D

μ (9)  

where umean is the mean flow velocity, umax is the local maximum flow 
velocity, and D is the local cross-sectional diameter normal to the cen-
treline of the domain. 

2.4.3. Boundary conditions 
Triphasic velocity inlet waveforms based on the cardiac output 

measured at the pre-surgical (COpre-AVF = 6.49 L/min) and post- 
operative (COpost-AVF = 8.03 L/min) visits were assigned at the aortic 
root in each respective simulation (Fig. 1). A no-slip rigid wall condition 
was assumed in each of the simulations. The majority of arterial outlet 
branches in both the pre- and post-AVF simulations were treated as 
pressure outlets, with each of them being coupled to lumped-parameter 

Figure 3. Pre- (blue) and post-AVF (red) domains and centerlines. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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three-element Windkessel (WK) models [32] (Supplementary Material). 
The exceptions were the venous and arterial vessels distal to the created 
AVF in the post-AVF case (the cephalic vein and radial artery outlets), 
which were assigned flow waveforms based on post-operative FeMRA 
scanning (Supplementary Material). With regard to the WK models, the 
capacitance (C) and resistance (R) parameters account for the compli-
ance and peripheral resistance of the terminal branch, respectively, 
while the characteristic impedance element (Z) represents the resistance 
of the terminal vessel. The expression relating the flow rate (Q) and 
pressure (p) in the 3-element WK model with respect to time (t) [33] is 
expressed by: 

∂p
∂t

+
p

RC
=

Q
C

(

1+
Z
R

)

+ Z
(

∂Q
∂t

)

(10) 

The discretisation of this model in the time-domain for purposes of a 
time-discretised CFD study, yields: 

pn+1 =
τ

Δtp
n + Qn+1

(
R + Z

(
1 + τ

Δt

))
− Z τ

ΔtQ
n

1 + τ
Δt

(11)  

where τ=RC, p and pn+1 are the pressure at the current and next time-
step, Q and Qn+1 are the volumetric flow rates at the current and next 
timestep, and Δt is the timestep. 

The use of 3-element WK models produced physiologically relevant 
pressure values (120/80 mmHg) in both simulations. This approach 
compared favourably with respect to the ‘splitting method’ [34] 
(22/-8mmHg), which involved computing branch diameters immedi-
ately following a bifurcation (see Supplementary Material). The 

Figure 4. Pre- (blue) and post-AVF (red) centreline characteristics, where (a) and (b) show inscribed vessel diameter and centreline curvature from the aortic inlet to 
the radial artery, and (c) shows the curvature, diameter, and torsion box plots of the centerline from the ascending aorta (AscA) to descending aorta (DSA) and left 
radial artery (LRA) outlets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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capacitance and resistive values of each 3-element WK model are 
dependent on the artery’s characteristics in addition to the distal 
vasculature. An estimate for the characteristic impedance (Z) and 
capacitance of each terminal artery (C0) is given by: 

Z =
ρ⋅cd

Ad
(12)  

C0 =
AdL

ρ(cd)
2 (13)  

where L, cd, and Ad are the vessel length, pulse wave velocity (PWV) and 
vessel area at diastolic pressure, respectively. Characteristic R and C 
values for each 3-element WK model can subsequently be calculated 
with the methodology detailed in Alastruey [35] (Supplementary Ma-
terial), using the following equations: 

R =

⎛

⎜
⎜
⎝

1
1 − λ

2ϕ4

− 1

⎞

⎟
⎟
⎠Z =

(
λ

2ϕ4 − λ

)

Z (14)  

C =

(
1

1 − 2λϕ3 − 1
)

C0 =

(
2λϕ3

1 − 2λϕ3

)

C0 (15)  

where λ=0.7 and ϕ =
̅̅̅̅̅̅̅
0.6

√
are estimated using the techniques described 

in [35,36]. Further information is provided in Supplementary Material. 

3. Results 

The results are presented in three parts: a geometrical characterisa-
tion of the pre- and post-fistula geometries is described first (Figs. 4, 5), 
an analysis of the global haemodynamics from the aorta to the radial 
artery (pre-AVF) and radiocephalic AVF (post-AVF) is provided second 
(Figs. 6–9), followed by the localised flow development in the remod-
elled patient-specific arteriovenous fistula, 6-weeks post-surgery 
(Fig. 10) at three intervals of the cardiac cycle: peak systole (T1), mid- 
deceleration (T2), and peak diastole (T3). 

3.1. Pre- and post-fistula geometry characterisation 

In order to characterise the geometries, the centrelines of each 
computational domain were computed utilising the VMTK libraries 
(http://www.vmtk.org). The changes in inscribed diameter and 

curvature along the length of the centreline from the ascending aorta 
(inlet) to the left radial artery is presented for both cases in Fig. 4a and 
4b, respectively, to ensure valid comparisons can be made between the 
reconstructed geometries due to consistent segmentation. With the same 
imaging protocol (Supplementary Material) and segmentation method 
being used, differences in the proximal vasculature characteristics are 
considered to be due to minor differences in the original image acqui-
sition and segmentation. However, the haemodynamic origins and 
remodeling are thought to be the causations of increased radial artery 
diameters in the post-AVF. Box plots of curvature, diameter, and torsion 
for these centrelines also confirm that the geometries do not differ 
greatly (Fig. 4c). 

The localised dimensions of the patient-specific AVF studied here are 
presented in Fig. 5, demonstrating successful AVF maturation with 
respect to the ‘rule of six’, i.e. the venous diameter exceeding 6mm at 6- 
weeks post-AVF creation. This is in accordance with the National Kidney 
Foundation’s Kidney Disease Outcomes Quality Initiative (KDOQI) 
vascular access guidelines [6]. The anatomical characteristics of the AVF 
is of crucial importance to AVF success and usability. 

3.2. Aorta-to-radial artery haemodynamics 

Fig. 6a demonstrates the changes in the haemodynamic environment 
proximal to the fistula for the pre- and post-AVF vasculatures through 
velocity streamlines at peak systole. Fig. 6b displays the flow rate 
waveforms at three locations along the left arm (the left subclavian, 
brachial and radial arteries) before and after the creation of the AVF. 
The velocity streamline and flow rate values in the post-AVF case reflect 
the decrease in peripheral resistance and increased flow rate, particu-
larly in the radial artery, arising from the anastomosis creation. Between 
the pre-operative and post-surgical simulation, the maximum localised 
Reynolds number (Remax) in the left subclavian, brachial, and radial 
arteries was significantly influenced, increasing by over a factor of 2 in 
each case (Fig. 6). The value of Remax (calculated using the flowrates in 
Fig. 6b) in the left subclavian artery (at location α, α′) increased by a 
factor of 2.13 (706 to 1504), the left brachial Remax value (at location β, 
β′) increased by a factor of 2.47 (537 to 1328), and the value of left 
radial Remax (at location γ, γ′) increased by a factor of 2.37 (890 to 
2106). 

The overall trend in the proximal haemodynamics is demonstrated 
through analysis of the Remax numbers at the outlets of the simulated 
vasculature (Fig. 7). Despite the increased cardiac output in the post- 
AVF case, the vessels not associated with the left arm (i.e. the vessels 

Figure 5. Change in inscribed vessel diameter (normal to vessel centrelines) near the AVF with respect to the distance along the domain centreline from the feeding 
(radial) artery (starting from 195mm proximal to the anastomosis) to the draining vessels. 
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not on the centreline trajectory towards the AVF) have less flow when 
compared to the pre-AVF case. The mean Remean number in the left 
common carotid, right common carotid, left vertebral, right vertebral, 
and right subclavian arteries is lower in the post-AVF case than the pre- 
AVF case. The opposite is true for the left deep brachial, left inteross-
eous, left ulnar, and left radial arteries, where the Remean number is 
significantly increased. 

The results from this simulation have been validated through anal-
ysis and comparison of the CFD results and phase-contrast FeMRA- 

obtained data in the left radial artery following anastomosis creation 
(Fig. 8). The mean percentage difference between the CFD and phase- 
contrast FeMRA in the radial (feeding) artery was calculated to be 
2.52%. 

The increased velocity in the left arm vasculature induced by the 
anastomosis creation resulted in considerably increased TAWSS values 
throughout the left arm, that is the left subclavian, deep brachial, 
brachial, radial, ulnar, and interosseous arteries (Fig. 9a). The locations 
of the vasculature with normalised TAWSS (NormTAWSS) exceeding 1.0 

Figure 6. (a) Velocity streamlines pre- and post-AVF at peak systole (where arrows represent flow direction), (b) flow rate waveforms in the vasculature at (α, α’) the 
left subclavian, (β, β’) brachial, and (γ, γ’) radial arteries pre- and post-AVF creation. 
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include the left subclavian, radial, and ulnar arteries. The most promi-
nent of these regions is the radial artery, where NormTAWSS exceeded 
the value of 10.0 at the anastomosis location. This is in part due to 
luminal narrowing. NormTAWSS values exceeded 1.0 also immediately 
following the AVF anastomosis in both the ‘draining artery’ and 
‘draining vein’. Regarding the other regions of the proximal vasculature, 
the NormTAWSS remained largely unaffected, which is supported by the 
small change in the localised Remax values (Fig. 7). This is due to velocity 
values impacting WSS magnitudes (as velocity correlates to the shear 
stress between fluid and vessel wall), in accordance with Eq. 7. 

Furthermore, there are significant changes in the OSI contour plot 
distribution due to the AVF creation (Fig. 9b). Pre-AVF formation, OSI 
levels of ~0.3 were measured in the left subclavian and brachial arteries, 
with OSI levels of ~0.15 in the left radial, ulnar, and interosseous ar-
teries. Following the anastomosis creation, the OSI levels measured in 
the left arm vasculature are negligible, the only exceptions being the 
peri-anastomotic region in the draining vessels of the AVF, where OSI is 
prominent. These results infer that there is minimal directional change 

in WSS during the cardiac cycle in the left arm vessel proximal to the 
AVF. However, there are changes in the OSI profiles of the thoracic 
aorta, with increased OSI levels in various parts of the descending aorta 
following AVF creation. Lastly, the OSI levels remain similar in magni-
tude and profile in the common carotid, vertebral, and right subclavian 
arteries. 

3.3. Localised haemodynamics at the AVF anastomosis 

The non-physiological flow induced by the anastomosis exceeded 
4m/s in the left radial artery throughout the cardiac cycle and at the 
presented time intervals (Fig. 10a-c). In the cephalic vein, the velocity 
streamlines exhibited transitional flow with values below 2m/s, how-
ever this equates to a mean flow rate in excess of 1750ml/min, and a 
maximum flow rate of 2275ml/min (local Remax=3386). Downstream of 
the fistula in the draining vein, helical flow patterns were characteris-
tically evident throughout the cardiac cycle, which persisted along the 
entire length of the cephalic vein. Retrograde flow was also observed in 
the ‘draining’ (radial) artery at mid-deceleration and peak diastole 
(Fig. 10b-c). Fig. 10d and e present an enlarged view of the normalised 
TAWSS and OSI distributions shown in Fig. 9a and b, respectively, 
around the localised AVF geometry. It is noted that NormTAWSS is 
shown in Fig. 10d at a different range than in Fig. 9a to highlight 
localised differences. Significantly high NormTAWSS values (>10.0) 
were observed in the feeding (radial) artery of the AVF, at the apex of the 
anastomosis, and on the venous side of the anastomosis. This is due to 
the luminal narrowing of the feeding artery juxta-anastomosis (Fig. 5) 
and the rapid change in flow direction through the AVF. NormTAWSS 
progressively decreased along the venous and arterial outlet branches to 
much lower values at short distances from the fistula. The scale of the 
normalised TAWSS plot was revised to demonstrate the significant 
normalised WSS values present at the anastomosis location, which 
greatly exceed the values in the feeding artery. Notably high OSI mag-
nitudes (in the value range of 0.35-0.45) were observed in the distal 
artery branch of the AVF, in contrast to the negligible OSI values found 
upstream of the anastomosis (as shown in Fig. 9b). High OSI magnitudes 
were also observed in the venous segment, notably at the apex of the 
anastomosis and two distal regions where the venous segment has suc-
cessfully expanded to diameter greater than 6mm. 

Figure 7. Box and whisker plots of the Remax values at the outlets of the simulated vasculature induced over the analysed (5th) cardiac cycle in the common 
simulated vasculature between the pre- and post-AVF cases. The Remean values are denoted with a straight line within each box. 

Figure 8. Comparison between the patient-specific phase-contrast FeMRA- 
obtained volumetric flow rate at the radial (feeding) artery (red dot dash 
line) and the flow waveform generated computationally in the radial artery (red 
dash line). The radial artery was assessed at location δ as shown at the inset of 
Fig. 6a. The cephalic vein (blue dot dash line) prescribed waveform at the 
venous outlet is also presented. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

The presented framework of generating a patient-specific geometry 
from high-resolution FeMRA scans of a young patient with CKD has 
demonstrated its potential for subsequent patient-specific AVF CFD in-
vestigations. This has been an area of difficultly in prior AVF CFD 
research, where challenges exist in contrast enhancement. Utilising the 
presented framework can support greater numbers of patient-specific 
AVF CFD investigations, which can contribute to a previously pro-
posed patient-care centred approach [6]. The dimensions of the gener-
ated domains in this research were validated with respect to the original 
DICOM stacks. The methods used in the CFD simulations, such as the 

implementation of 3-element Windkessel models, are standard in 
computational haemodynamics. The assigning of flow waveforms (from 
phase-contrast data) to the ‘draining vessels’ of the AVF in the post-AVF 
case was necessary to produce the correct haemodynamic environment 
and to account for the retrograde and antegrade flow that is present at 
the ‘draining artery’ outlet. 

The mean percentage difference between the CFD and phase-contrast 
FeMRA velocity magnitude data (using a surface average of the vessel 
cross-section) in the radial artery was calculated to be 2.52%, providing 
a good validation of the CFD results. Replicating the flow conditions in 
the reconstructed geometry permitted analyses of haemodynamic met-
rics juxta-anastomosis in addition to analysing the influence of increased 

Figure 9. (a) Normalised TAWSS and (b) OSI contour plots prior-to and after fistula creation.  
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cardiac output on the vasculature proximal to the AVF. The key finding 
from this study was the marked increase in blood flow velocity and 
TAWSS demonstrated throughout the left subclavian, brachial, and 
radial arteries unilaterally to the AVF. This is a marker of adaptive 
arterial remodelling to accommodate the increased flow rates resulting 
from the surgical anastomosis. In addition, the diameter of the specific 
reconstructed AVF was suggestive of successful fistula maturation [6]. 
The localised haemodynamic factors relating to NH and outward 
remodelling were analysed confirming sufficient AVF flow rates 
(>600mL/min) and the generation of transitional flow with substantial 
helical flow patterns in the cephalic vein distal to the anastomosis 
throughout the cardiac cycle. This arises due to the significant change of 
direction of the flow entering the vein, which generates complex 
vortices and secondary flows when flow is exerted on the opposite vessel 
wall. Our simulation indicated cyclic disturbed flow (OSI 0.42) in the 
radial artery distal to the anastomosis, and in the vein immediately 
following the venous swing segment of the AVF. This region of the vein, 
which experiences low and oscillatory shear stress, corresponds to 
where luminal reduction may occur due to NH. This hypothesis is 
reinforced in the findings of Ene-Iordache et al. [17] and Niemann et al. 
[37] in similar AVF configurations. Due to the structure of AVFs, a de-
gree of NH is inevitable and is even observed in functional fistulae. 
However, further elucidation of the flow mechanisms in AVFs may 
minimise NH. 

4.1. Limitations 

A limitation in this work was the assumption of rigid walls, however, 
this is a common approach in computational haemodynamics. The in-
fluence of arterial wall deformation on the haemodynamic environment 
of large vessels is considered relatively small, however, for the juxta- 
anastomosis environment, wall motion effects may be more pro-
nounced. Fluid-structure interaction (FSI) methodologies can account 
for this behaviour but FSI modelling is challenging and requires 
considerable computational expense. Another key reason for omitting 
FSI influence from the CFD investigation was the selection of the 
boundary conditions. Using a prescribed outflow waveform ascertained 
from phase-contrast data for the AVF draining vessels meant that the 
flow conditions within the AVF were replicated as closely as possible. 

The utilisation of a polynomial triphasic aortic inlet waveform calcu-
lated using cardiac output data at each visit is also a minor limitation of 
the CFD study, as the results at peak systole may be slightly different in 
reality. Another assumption was that only a single patient was examined 
in the study. Finally, the selection of Windkessel parameter values can 
also be considered a limitation due to the resistances and capacitances 
being estimated as per the ‘Boundary conditions’ subsection. The same 
Windkessel values were assumed for the terminal arteries in the pre- and 
post-AVF simulation (apart from the AVF vessels), which is also a po-
tential limitation. 

4.2. Comparisons to prior work 

Prior work has been completed on coupling MRI and CFD [38], and 
Bozzetto et al. [39] demonstrated good quality images in a short scan 
duration when coupling contrast-free MRI and CFD. To our knowledge, 
the present study is the first to couple FeMRA with CFD, particularly to 
describe AVF dynamics. The majority of CFD studies on AVF haemo-
dynamics focus on the local environment at the site of the anastomosis 
[40, 41]. For example, Cunnane et al. [42] studied varying anastomosis 
angles and their influence on the WSS distribution, while Niemann et al. 
[37] examined WSS in six different fistula morphologies. In addition to 
analysing the local haemodynamics at the anastomosis, our study ex-
pands current knowledge by assessing the blood flow dynamics proximal 
to the fistula, which has not been studied before. Kroon et al. [43] 
reviewed the potential use of a patient-specific vascular low-order 
network model for predicting haemodynamic changes in the network 
six weeks after AVF creation. However, 3D numerical investigations, 
such as those presented in this paper, permits a more comprehensive 
analysis of the haemodynamics than low-order models, despite the 
inevitably increased computational expense, which is nonetheless lower 
than FSI simulations. 

4.3. Clinical relevance 

The time required for completing this workflow from initial seg-
mentation to CFD post-processing was approximately 6 h (for an expe-
rienced user of the software). The benefit of using CFD in addition to 
FeMRA is the profiling of haemodynamic metrics that are difficult to 

Figure 10. (a-c) Velocity streamlines and flow directions (arrows) in the radiocephalic fistula anastomosis at (a) T1 (peak systole), (b) T2 (mid-deceleration), and (c) 
T3 (peak diastole). (d) Normalised TAWSS, (e) OSI. 
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measure in-vivo. This is highly relevant for the identification of probable 
sites of atherosclerotic lesion development proximal to the AVF, and the 
factors relating to perianastomotic intimal hyperplasia and inadequate 
outward remodelling at the outflow vein. The current consensus, 
particularly for adults and older ages, is that atherosclerosis usually 
occurs in arterial regions of low and/or oscillatory WSS [44]. Further-
more, atherosclerotic development typically occurs at wall curvature 
locations and bifurcations, such as the brachiocephalic trunk, a known 
location for atherosclerotic lesion development that is also reflected in 
our results. The atherosclerotic regions identifiable in the TAWSS and 
OSI contour plots are limited, with low OSI regions in the left arm having 
high TAWSS values. Conversely, the comparably low TAWSS regions in 
the aorta, carotid, and vertebral arteries have high OSI values. A small 
region of potential atherosclerotic development would be a region of left 
subclavian branch immediately following its bifurcation from the aortic 
arch, which is due to its comparably low TAWSS values. 

In addition to this, the increase in flow velocity and TAWSS at 
various locations post-AVF indicates likely arterial remodelling [45] 
proximal to the location of the AVF. These markers were undermined in 
prior AVF studies, which focused predominately on localised AVF hae-
modynamics, or in some cases, the AVF’s influence on cardiac volume. 
The impact of arterial remodelling on the arm vessels proximal to the 
AVF may be detrimental to the patient through increased predisposition 
to other complications, such as cardiovascular disease and arterial steal 
syndrome. Further elucidation of important potential complications can 
be made using more thorough CFD analysis with boundary conditions 
set by post-AVF patient flow data at several locations in the vasculature. 
The favourable hypothesis of high TAWSS causing outward remodelling 
for increased flow rates is also partially considered as a potential factor 
towards future endothelial damage. Despite the exact pathophysiology 
not being known, endothelial WSS triggers biomedical and biological 
events. Evidence suggests perturbed stress and strains disturb the 
biochemical homeostasis [17] and cause adverse vascular remodelling 
and potential dysfunction. In addition to endothelial dysfunction, a 
harbinger of atherosclerosis, low WSS levels have been associated with 
an increase in neointima formation, and a proclivity toward vein vaso-
constriction [46]. However, NH lesions associated with AVFs differ from 
atherosclerotic lesions. NH occurs due to the proliferation of vascular 
smooth muscle cells, in addition to neovessels and inflammatory cells. 
Furthermore, optimal venous endothelial function has been associated 
with moderate-to-high WSS levels due to the quiescence and alignment 
of endothelial cells under laminar flow conditions. 

The WSS levels modelled by CFD (Fig. 10d) indicate the successful 
maturation of the AVF. This is identified as the TAWSS values induced in 
the venous segment (cephalic vein) of the AVF (Figs. 9a, 10d) have 
reduced to baseline levels (<2Pa) following the high WSS levels induced 
during the creation of the anastomosis. The WSS values correspond to 
magnitudes reported in prior computational AVF studies [12,45,47]. 
This reflects the desired situation at six weeks post-AVF creation with 
respect to the ‘rule-of-six’ [6], where the flow rate exceeds 600mL/min 
whilst the venous diameter has exceeded 6mm to accommodate the 
increased flow rate. These conditions are achieved due to the outward 
remodelling of the cephalic vein, which occurs in conjunction with the 
maturation of the AVF. Despite the successful maturation and outward 
remodelling of the AVF, high TAWSS and low OSI values 
juxta-anastomosis are inevitable due to the rapid redirection of flow. 
Therefore, in a successful AVF, these vessel regions remain at risk to 
atherosclerotic and neointimal complications. 

4.4. Conclusions and further work 

This is the first study to demonstrate detailed dynamics of pulsatile 
blood flow from the aortic root to the distal arm arteries prior to and 
following AVF creation. Moreover, the use of CFD with FeMRA in this 
study demonstrates the potential for more thorough explanation of the 
complex haemodynamics associated with patient-specific AVF creation. 

Haemodynamic changes in the proximal vessels are of clinical impor-
tance for AVF maturation, NH and cardiovascular impact, while a cen-
tral vein (or cephalic arch) stenosis is a common cause of AVF 
dysfunction and failure. For that purpose, a new methodological 
framework was presented involving the geometry reconstruction from 
multiple stacks of FeMRA-obtained medical images of a young patient. 
This is an important step towards understanding the blood flow devel-
opment proximal to the arm region where an AVF is created in ESKD 
patients. The last part of the study involved a detailed haemodynamic 
analysis of the flow around a patient-specific AVF. This is advantageous 
in the pre-surgical planning and post-operative evaluation of AVFs, as 
the arterial blood flow and cross-sectional diameter before AVF forma-
tion is known to correlate with its maturation [48]. Additionally, the 
post-AVF venous blood flow rates relate to AVF maturation, hence 
analysis of the juxta-anastomosis haemodynamics becomes crucial in 
relation to success and failure rates. WSS is of high importance in this 
case, as outward remodelling occurs to reduce the WSS in the AVF over 
time [49]. The remodelling is associated with the increase in vessel 
diameter required for the increased flow rates. 

Further work will seek to investigate the differing haemodynamic 
environments in a cohort of patients with varying AVF anastomoses 
configurations and outcomes (success versus failure). This will include 
brachiocephalic fistulae in addition to radiocephalic fistulae. Addition-
ally, the arterial wall motion will be accounted for in future numerical 
simulations of the local AVF haemodynamics by incorporating an FSI 
element into the investigation. 
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