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Abstract 
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. The haemodynamics within the vessels of the fistula 

change significantly following surgical creation of the anastomosis and can be a 

surrogate of AVF success or failure. Computational fluid dynamics (CFD) can crucially 

predict AVF outcomes through robust analysis of a fistula’s haemodynamic patterns, 

which is impractical in-vivo. We present a proof-of-concept CFD framework for 

characterising the AVF blood flow prior 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 utilising multiple contrast-enhanced 

magnetic resonance imaging (MRI) datasets. Large eddy simulations were conducted 

for establishing the extent of arterial and venous remodelling. Following anastomosis 

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. The increased flow rate yielded an increase in 

time-averaged wall shear stress (TAWSS), a key marker of adaptive vascular 

remodelling. We have demonstrated TAWSS and oscillatory shear distributions of the 

transitional-flow in the venous anastomosis are predictive of AVF remodelling. 
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Introduction 
 
In 2017, the global prevalence of chronic kidney disease (CKD) was 9.1%, which is 

roughly 700 million cases.10 Patients with CKD experience 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 

haemodialysis (HD) dependent27 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 arteriovenous fistula (AVF), a native vessel 

segment created by surgically joining a vein and an artery, commonly in the patient’s 

non-dominant arm.6 Creation of an AVF establishes a shunt from the high pressure, 

low capacitance arterial system to the low pressure, high capacitance venous system16 

causing an increase in the arterial diameter and the ‘arterialisation’ (thickening and 

increased elasticity) of the vein. This process takes approximately 6-8 weeks31 and, 

when successful, permits consistently high blood flow rates in excess of 600mL/min 2 

whilst providing a durable vascular access for delivery of efficient and repeatable 

dialysis. A major problem with AVF 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.13,30 

Neointimal hyperplasia (NH) and inadequate outward venous remodelling are the two 

leading causes of AVF failure.36 The exact mechanisms behind these processes 

remain mostly unknown, highlighting the need for exploring the haemodynamic 

environment caused by vascular access surgery.  

 
Computational fluid dynamics (CFD) is a useful tool that can be used to assess patient-

specific haemodynamic predictors of AVF success or failure32 beyond the traditional 

demographic, clinical and biological predictors. The haemodynamics and wall shear 

stress (WSS) influencing the AVF environment are difficult to measure in-vivo. CFD 

allows a wide range of calculations into such haemodynamic metrics.39 This is key for 

assessing regions of patient-specific anatomical characteristics that are susceptible to 

abnormal WSS distributions and disturbed flow. In this study, we present a detailed 

3D reconstruction of the arterial vasculature from the aorta to the radial artery, which 

is the preferred site for AVF creation.22 This is based on ferumoxytol-enhanced 

magnetic resonance angiography (FeMRA) data used in conjunction with a CFD 



framework. Ferumoxytol is a superparamagnetic iron oxide nanoparticle preparation, 

developed firstly as a contrast agent in 2000.33 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.  

 
The haemodynamics of the 3D construction generated from multiple FeMRA scans 

were simulated using an established finite-volume implementation in STAR-CCM+. 

Large eddy simulations (LES) were completed using a wall-adapting local-eddy 

(WALE) viscosity subgrid scale model. The patient was 20 years old with a side-to-

end radiocephalic AVF and was scanned before surgery and six weeks after AVF 

creation. The aims of this study were two-fold: (i) to simulate the patient 

haemodynamics from the aorta to the radial artery (proximal to the anastomosis) prior-

to and post-AVF creation and (ii) to simulate the site-specific haemodynamics at the 

radiocephalic anastomosis under the non-physiological conditions induced by the 

AVF. The boundary conditions in this case were defined as per phase-contrast FeMRA 

data. This simulation informed the WSS distribution at the peri-anastomotic region and 

the velocity profile in the proximal artery and venous outflow segments. 

 

Materials and methods 
 
The presented framework produces a singular meshed domain of the patient-specific 

vasculature from the ascending aorta to the arteries of the left forearm using three 

FeMRA-obtained DICOM stacks per visit. The haemodynamics of the patient-specific 

vasculature produced from the framework were subsequently simulated using CFD 

after discretising (meshing) the domain (Fig.1).  

 



 
 
Figure 1. Proposed framework 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. 

 

FeMRA DICOM stacks 

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. 1). This is due to the 

varying resolutions required when scanning smaller vessels as opposed to larger ones 

(Supplementary Material). All scans were performed 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. All 

patients were imaged in the supine position.33 

 

Segmentation, reconstruction and computational domain 

The three FeMRA datasets (Fig. 1) were segmented, reconstructed and united into a 

singular meshed geometry using boolean techniques in Autodesk Meshmixer©, a 

specialised opensource software for manipulating 3D meshes, as follows: 

A. Vessel identification: The regions of interest for each of the DICOM stacks were 

initially visualised using OsiriX (Pixmeo, Fig. 1). The critical areas to assess visually 

were the common bifurcations of i) the body and upper arm FeMRA scans, and ii) the 

upper arm and lower arm scans (Fig. 2a). The two respective regions selected were 

the deep brachial artery bifurcation and the radial-ulnar bifurcation.  



B. Segmentation and reconstruction: Each DICOM stack was segmented and 

reconstructed ‘semi-automatically’ using open-source ITK-SNAP algorithms 

(www.itksnap.org). This involved manual editing following automatic segmentations 

that used a common threshold ratio.38 Unstructured surface meshes of the 

reconstructions were exported in a stereolithographic (STL) file format.  

C. Assembly of reconstructions: The three separate reconstructions from the chest, 

upper and lower arm scans were imported into Meshmixer to be united into a single 

STL surface mesh. They were manipulated so that the common areas (the deep 

brachial artery bifurcation and the radial-ulnar bifurcation) overlapped (Fig. 2a), to 

ensure any duplicated regions were clipped. The geometries were then combined 

using a ‘Boolean Union’ function. The areas of overlap were smoothed to preserve the 

dimensions of the geometry whilst ensuring the transition from one reconstruction to 

the other was valid anatomically. The dimensions of the STL surface mesh were 

compared to the initial DICOM files at various intervals for verification.  

D. Hole filling and surface remeshing: The ‘Hole Filler’ tool in OpenFlipper (RWTH 

Aachen) was used for resolving any areas of missing elements. The new geometry 

was remeshed with isotropic elements to improve the mesh quality of the transition 

between the original reconstructions, and then smoothed with a low-level smoothing 

factor of 2. 

E. Domain clipping: The inlet and outlets of the domain were subsequently clipped 

(normal to the vessel centreline) in Paraview (http://www.paraview.org), at distances 

of 0.5D and 1.5D respectively, where D is the diameter of each respective patch. 

Centrelines were computed utilising the VMTK libraries (http://www.vmtk.org).  

F. Second surface remeshing, smoothing and geometry check: The clipped 

surface mesh was smoothed and remeshed iteratively in OpenFlipper to ensure the 

mesh quality was sufficient at each bifurcation. This prevents the dimensions of the 

geometry from being distorted in future polyhedral volume meshing. The geometry 

was then compared with the original DICOM images to ensure no part of the process 

distorted or inappropriately scaled the meshes.  

G. Computational domain generation: The final step in the framework involved the 

generation of the computational domain, which here was completed in STAR-CCM+ 

(Siemens PLM). The clipped inlet and outlet boundaries of the geometry were closed 

normal to the centreline to define its volume (Fig. 2b), before proceeding with the 

hybrid mesh generation described in the next section. 

http://www.vmtk.org/


 
Figure 2: (a) Unification of FeMRA-based reconstructions. (b) Smoothed post-surgery 
geometry with the pre-AVF cardiac output percentage of each branch given in italics. 
(c) (i) Meshed geometry at the aortic inlet, (ii) velocity inlet waveform, (iii) lumped-
parameter three-element Windkessel model, and (iv) mesh at the ulnar artery outlet. 
RSA: Right subclavian artery; RCC: Right common carotid; RVA: Right vertebral 
artery; LCC: Left common carotid; LVA: Left vertebral artery; DBA: Deep brachial 
artery; LIA: Left interosseous artery; LUA: Left ulnar artery; LRA: Left radial artery DA: 
Descending aorta. 
 

Hybrid mesh generation 

A hybrid mesh with prism layers and polyhedral elements was used for discretising the 

computational domain. Polyhedral meshes contain approximately five times fewer 



cells than a 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 thickness of the first prism layer, y, was calculated assuming a y+ 

value of 1,18 given by: 

 𝑦+ =  𝜌. 𝑢𝑇 . 𝑦𝜇  (1) 

where ρ is the fluid density, uT is the friction velocity, and µ is the dynamic viscosity of 

the fluid.  

 
Following the calculation of the initial prism layer height, a mesh independence study 

was completed. 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 elements 

and a maximum y+ value of 0.36. The mean grid convergence index (GCI)7 at 16 

locations in the vasculature was computed as 0.99, which was deemed appropriate. 

The mesh characteristics were also validated for LES by computation of the maximum 

wall y+, Taylor Mirco-, and Kolmogorov length scales (Supplementary Material).  

 

Numerical modelling  

Models 

LES computes the largest scales of turbulent motion, with the smallest scales being 

modelled with a WALE subgrid scale approach in this study. The LES governing 

equations were obtained by filtering the time-dependent 3D incompressible Navier-

Stokes momentum and continuity equations, which become: 

 𝜕�̅�𝑖𝜕𝑥𝑖 = 0 
(2) 

 𝜕�̅�𝑖𝜕𝑡 + 𝜕𝜕𝑥𝑗 (�̅�𝑖�̅�𝑗) = − 1𝜌 𝜕𝑝𝜕𝑥𝑖 + 𝑣 𝜕𝜕𝑥𝑗 (𝜕�̅�𝑖𝜕𝑥𝑗 + 𝜕�̅�𝑗𝜕𝑥𝑖) − 𝜕𝜏𝑖𝑗𝜕𝑥𝑗  
(3) 

 
where �̅� is the velocity vector, p is the pressure, and τij denotes subgrid-scale stresses.  

 
LES investigations were based on an implicit unsteady finite volume model in Star-

CCM+ with a timestep of 0.001s. Optimised 2nd-order temporal discretisation was 

employed, which reduces the leading-order truncation error by a factor of 2, compared 

to base-level 2nd-order temporal discretisation. 

 



Continua definition and haemodynamic metrics 

In the ‘proximal-to-fistula’ simulation, blood was assumed to be a Newtonian fluid 

(1060𝑘𝑔𝑚−3, 0.0035𝑃𝑎. 𝑠). This common assumption omits the ‘shear-thinning’ 

property of blood, which manifests at shear rates below 50-100s-1. This assumption is 

reasonable due to the significant exposure to high shear throughout the domain during 

the cardiac cycle, which suppresses the rouleaux formation. A generalised Carreau-

Yasuda non-Newtonian model4 was used in the juxta-anastomosis simulation, due to 

the small arterial diameters producing shear rates that would stretch the Newtonian 

rheology assumption. The continua definition influences the haemodynamic 

parameters of interest, the time-averaged WSS (TAWSS) and oscillatory shear index 

(OSI).19,20,35 TAWSS evaluates shear stress exerted on the vessel walls during the 

cardiac cycle (Equation 4), whereas OSI, assesses the directional change of WSS 

during the cardiac cycle (Equation 5) , where t is the time, T is the cardiac cycle time, 

and 𝜏𝑤 is the wall shear stress.  

 𝑇𝐴𝑊𝑆𝑆 = 1𝑇 ∫ |𝜏𝑤|𝑇
0 𝑑𝑡 (4) 

 
 𝑂𝑆𝐼 = 12 (1 − |∫ 𝜏𝑤 𝑑𝑡𝑇0 |∫ |𝜏𝑤|𝑇0  𝑑𝑡) (5) 

 
 
Boundary conditions 

In the proximal-to-fistula simulations, a triphasic velocity inlet waveform (Figure 3C-ii) 

was assigned at the aortic root, calculated as a polynomial using previous data.1 

Patient-specific phase-contrast flow rate data was used for prescribing the velocity 

inlet waveform in the radial artery for the juxta-anastomosis simulation. A no-slip rigid 

wall condition was assumed in all simulations. In the proximal-to-fistula simulations the 

10 pressure outlets were coupled to lumped-parameter three-element Windkessel 

(WK) models (Figure 2c-iii). The capacitance (C) and resistance (R) parameters 

account for the compliance and peripheral resistance of the terminal branch, 

respectively, while the characteristic impedance element (Z) represents the resistance 

of the terminal vessel.  

 
The expression relating flow rate and pressure in the 3-element WK model is as 

follows: 

 



 𝜕𝑝𝜕𝑡 + 𝑝𝑅𝐶 = 𝑄𝐶 (1 + 𝑍𝑅) + 𝑍 (𝜕𝑄𝜕𝑡 ) (6) 

 
 
The discretisation of this model in the time-domain for purposes of a time-discretised 

CFD study, yields: 

 
 𝑝𝑛+1 = 𝜏∆𝑡 𝑝𝑛 + 𝑄𝑛+1 (𝑅 + 𝑍 (1 + 𝜏∆𝑡)) − 𝑍 𝜏∆𝑡 𝑄𝑛1 + 𝜏∆𝑡  (7) 

 
 
where τ=RC, p and pn+1 are the pressure at the current and next timestep, Q and Qn+1 

are the volumetric flow rates at the current and next timestep, and ∆t is the timestep.  

 
The use of 3-element WK models produced physiologically relevant pressure values 

(120/80 mmHg) in the proximal-to-fistula simulation at the descending aorta outlet. 

This was compared with the ‘splitting method’9 (22/-8mmHg), which involved 

computing branch diameters immediately following a bifurcation (see Supplementary 

Material). The capacitance and resistive values of each 3-element WK model are 

dependent on the artery’s characteristics in addition to the distal vasculature. In the 

post-AVF proximal-to-fistula case, the radial artery outlet was prescribed as a pressure 

waveform, calculated using predefined RC values interpolated from literature (R = 

1.05E5 Pa.s.m-3 , C = 3.25E-6 m3Pa-1)15, and patient-specific phase-contrast data. 

Notwithstanding this exception, an estimate for the characteristic impedance Z and 

capacitance C0 of each terminal artery is given by: 

 
 𝑍 =  𝜌𝑓𝑐𝑑𝐴𝑑  (8) 

 
 𝐶0 =  𝐴𝑑𝐿𝜌(𝑐𝑑)2 (9) 

 
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 

Alastruey3, using Equations 10-11:  



 𝑅 = ( 11 − 𝜆2𝜑4 − 1) 𝑍 = ( 𝜆2𝜑4 − 𝜆) 𝑍 (10) 

 
 𝐶 = ∑ 𝐶𝑇𝑛 = ( 11 − 2𝜆𝜑3 − 1) 𝐶0 = ( 2𝜆𝜑31 − 2𝜆𝜑3) 𝐶0 (11) 

 
 where λ=0.7 and ϕ= √0.6 are constants based on prior data29. 

 

Results 
 
The results are presented in three parts: a geometrical characterisation of the pre- and 

post-fistula geometries is described first (Fig. 3), an analysis of the global 

haemodynamics from the aorta to the radial artery (proximal-to-fistula simulation) is 

provided second (Figs. 4-6), followed by the localised flow development in the 

remodelled patient-specific arteriovenous fistula, 6-weeks post-surgery (Fig. 7-8) at 

three intervals of the cardiac cycle: peak systole (T1), mid-deceleration (T2), and peak 

diastole (T3). 

 

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). Utilising the 

methodology described previously, the pre- and post-surgery surface area of the 

vasculature was compared (Fig. 3a). Based on the vessels’ centreline, from the 

ascending aorta (inlet) to the descending aorta and the left radial artery, the curvature 

(Fig. 3b) and tortuosity were also estimated. Minor differences were observed between 

the geometries (Table 1).  

 

Table 1: Pre- and post-AVF geometry characterisation 

Metric Pre-operative Post-surgical % difference 

Total surface area (m2) 3.9478E-02 3.6875E-02 6.5% 

AscA-LRA Mean Tortuosity 18.06 20.06 11% 

AscA-LRA Tortuosity Standard Deviation 15.46 17.23 11% 

 

http://www.vmtk.org/


 
Figure 3: (a) Pre- and post-AVF reconstructions, and centreline curvature plots from 
(b) ascending aorta (AscA) to descending aorta (DSA) and left radial artery (LRA) 
outlets. 
 

Aorta-to-radial artery haemodynamics 

Fig. 4a-b demonstrates the changes in the haemodynamic environment proximal to 

the fistula for the pre- and post-AVF vasculatures through velocity streamlines at three 

instances during the cardiac cycle (T1-T3). The post-AVF case reflects the decrease 

in peripheral resistance and increased flow rate in the radial artery. It is noted that the 

geometry in Fig. 4b does not include the fistula, due to the aforementioned limits of 

the Newtonian rheology assumption and the necessity of differing mesh criterion 

between the cases. The evolution of the haemodynamics in both circumstances (Fig. 

4a-b) reveals a decrease in the velocity magnitude in the thoracic aorta at the observed 

intervals following peak systole. Pre-operatively, flow velocity magnitudes in excess of 

1.6m/s (local Remax ≈ 3906) were observed at T1-T3 in the left arm in the subclavian 

artery adjacent to the deep brachial artery bifurcation. In the post-surgery case, 

markedly increased velocity magnitudes (local Remax ≈ 4762) were found throughout 

the left arm, notably the left-subclavian, brachial, and radial arteries (Fig. 4b). In-plane 

vector patterns at peak systole (Fig. 4c) exhibited many similarities between the pre- 



and post-AVF cases up to the radial-ulnar bifurcation (slices α-δ, α’-δ’) and the velocity 

contours indicated comparable flow skewing directions, albeit with higher velocities 

post-surgery. However, downstream of the radial-ulnar bifurcation (slices ε-ζ, ε’-ζ’), the 

generation of secondary vortices differed in pattern and location pre- and post-AVF, 

while blood flow appeared more skewed post-operatively (cranially in slice ζ’).   

 
Fig. 5a-b presents the comparative time-averaged haemodynamic metrics (TAWSS 

and OSI) for the pre- and post-AVF vasculatures. Pre-AVF, high TAWSS values (in 

excess of 20Pa) were observed in localised patches at three notable locations: the left 

subclavian and deep brachial arteries, and at a small region of the radial-ulnar 

bifurcation. Post-AVF, the distribution of high TAWSS values (>20Pa) in the left 

subclavian artery was much more pronounced and extended; conversely, the deep 

brachial artery exhibited significantly lower TAWSS values, while there was a distinct 

increase in TAWSS (> 20Pa) along the brachial and radial arteries and decrease in 

the ulnar artery. Minor differences were observed in the respective OSI contour plots 

(Fig. 5-right), with the highest OSI magnitudes being found in the aortic arch and 

thoracic aorta. Additionally, moderate values of OSI (≈0.2) were observed in close 

proximity of the pre-surgery radial-ulnar bifurcation, which changed in distribution 

following AVF creation. To validate the imposed boundary condition for the radial 

artery outlet in the post-AVF case, the flow rate in the radial artery (slice ε’ in Fig. 4c) 

was compared to phase-contrast FeMRA data of the 20-year-old patient (Fig. 6). The 

flow rates predicted by the CFD model demonstrate a maximum percentage difference 

of 6.93% at peak systole (T1) and a mean difference of 1.48% between the volumetric 

flowrate integrals.  

 



 
Figure 4: Velocity streamlines during the cardiac cycle (a) pre-AVF and (b) post-AVF 

at T1 (peak systole), T2 (mid-deceleration), and T3 (peak diastole). (c) Through-plane 

velocity contours overlaid by in-plane velocity vectors at six cross-sections along the 

left arm arteries, as shown in (a) and (b), at peak systole for pre- and post-AVF (top 

and bottom rows, respectively). Cross-sections are oriented such that top of each slice 

corresponds to the cranial edge of the lumen, looking upstream. The slices were 

positioned at 5D, 24D, 410D, 643D, 805D, and 900D downstream of the aorto-

subclavian junction, where D is the left subclavian arterial diameter immediately 

following the aorto-subclavian junction. * represents anastomosis location post-AVF 

 



Haemodynamics at the AVF anastomosis 

The key metrics of interest related to AVF success are the venous diameter, venous 

flow rate, fistula depth, and fistula length (National Kidney Foundation’s Kidney 

Disease Outcomes Quality Initiative (KDOQI) vascular access guidelines24). The 

depth of the fistula from the skin surface (using FeMRA) was found to be within the 

KDOQI’s acceptable limits through analysis of the lower arm DICOM stack (≤ 0.6cm). 

The fistula length (venous cannulation region) exceeded 6cm and the venous diameter 

of the AVF was greater than 6mm (Fig. 7). The non-physiological flow induced by the 

anastomosis exceeded 5m/s in the radial artery throughout the cardiac cycle and at 

the presented time intervals (Fig. 8a-c). In the cephalic vein, the velocity streamlines 

exhibited values below 2m/s, however this equates to a flow rate in excess of 

1000ml/min (local Remax=3386). Downstream of the fistula, helical flow patterns were 

characteristically evident throughout the cardiac cycle, which persisted along the entire 

length of the cephalic vein. Fig. 8d shows the topology of instantaneous vortical 

structures at T1 as iso-contours of the Q-criterion (Supplementary Material), 

demonstrating the complexity of the flow field around the fistula. The percentage flow 

split between the distal arterial outlet (DAO) and the distal venous outlet (DVO) was 

27-73%. Fig. 8e-f presents the TAWSS and OSI distributions for the localised AVF 

geometry. Significantly high TAWSS values (>120Pa) were observed in the feeding 

(radial) artery of the AVF, at the apex of the anastomosis, and on the venous side of 

the anastomosis. TAWSS progressively decreases along the venous and arterial 

outlet branches to much lower values at short distances from the fistula. Notably high 

OSI magnitudes (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. Moderately 

high OSI magnitudes were observed in the venous segment, however, these 

magnitudes occurred following the expansion of the venous segment to a cross-

sectional diameter of 6mm.  

 



 
Figure 5: TAWSS (left) and OSI (right) contour plots prior-to (a) and after fistula 
creation (b). * represents anastomosis location 

 
Figure 6: Comparison between the patient-specific phase-contrast FeMRA-obtained 
volumetric flow rate at the radial artery (slice ε’ in Fig. 4c) and the waveform calculated 
using the CFD methods. 

 
Figure 7: Geometry characterisation of the AVF juxta-anastomosis. 



 
Figure 8: (a-c) Velocity streamlines in the radiocephalic fistula anastomosis at (a) T1 
(peak systole), (b) T2 (mid-deceleration), and (c) T3 (peak diastole). (d) Instantaneous 
iso-contours of the Q-criterion at peak systole (T1), (e) TAWSS, (f) OSI. 
 

Discussion 
 
A framework for generating a patient-specific geometry from three high-resolution 

FeMRA scans of a young patient with CKD was implemented in this study for a CFD 

investigation with 3-element Windkessel boundary conditions. The dimensions of the 

generated domain were validated with respect to the original DICOM stacks. An 

investigation into the patient-specific geometry characteristics and the 

haemodynamics proximal to the AVF anastomosis, prior-to and after AVF creation was 

completed. This involved changing the specification of the radial artery pressure outlet 

condition between the physiological and non-physiological (AVF) cases to reflect the 

change in peripheral resistance induced from the creation of the AVF. The key finding 

was the marked increase in blood flow velocity and TAWSS demonstrated throughout 

the subclavian, brachial, and radial arteries in the arm of the radiocephalic AVF. This 

is a marker of adaptive arterial remodelling to accommodate the increased flow rates 

resulting from the surgical anastomosis. In addition to this, the geometry of the 

reconstructed AVF was examined, demonstrating a successful fistula maturation with 

respect to KDOQI guidelines.24 Moreover, the localised haemodynamic-based factors 



relating to NH and outward remodelling were analysed via CFD, confirming sufficient 

AVF flow rates (>600mL/min) and the generation of 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 (Fig. 8). 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 occurs due to NH.12 

 

Limitations 

A limitation in this work was the assumption of rigid walls. However, this is a standard 

approach in the proximal-to-fistula case, since the influence of arterial wall deformation 

on the haemodynamic environment is considered relatively small in these vessels. For 

the juxta-anastomosis simulation, wall motion effects may be more pronounced. Fluid-

structure interaction (FSI) methodologies can account for this behaviour, however, FSI 

modelling is more challenging and requires considerable computational expense. The 

assumption of Newtonian rheology in the proximal-to-fistula case is also a limitation, 

which is accepted in a large percentage of similar computational haemodynamic 

investigations.18,26 Furthermore, the utilisation of a polynomial triphasic aortic inlet 

waveform calculated from prior literature1 (due to unavailable patient-specific flow data 

at the ascending aorta) is a key assumption because of the influence of the boundary 

conditions on LES results. Also, a constant cardiac output was assumed between the 

pre- and post-AVF simulations. This assumption was eliminated in the juxta-

anastomosis simulation with patient-specific phase-contrast data in the radial artery 

being used as the inlet waveform. 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. 

 

Comparisons to prior work  

Prior work has been completed on coupling MRI and CFD17, and Bozzetto et al.5 

demonstrated good quality images in a short scan duration when coupling contrast-

free MRI and CFD. Similarly, good quality images were ascertained using ferumoxytol 

contrast in our presented framework. This study represents the first time FeMRA has 



been coupled with CFD, particularly regarding AVFs. Additionally, the majority of CFD 

studies on AVF haemodynamics focus on the local environment at the position of the 

anastomosis.15,37 For example, Cunnane et al.11 studied varying anastomosis angles 

and their influence on the WSS distribution, while Niemann et al.26 examined WSS in 

six different fistula morphologies. In addition to analysing the local haemodynamics at 

the anastomosis, this study investigates, for the first time according to our knowledge, 

the blood flow dynamics proximal to the fistula. Caroli et al.8 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. 

 

Clinical relevance  

The benefit of using CFD in addition to FeMRA is the profiling of haemodynamic 

metrics that are difficult to 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 peri-anastomotic 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.25 Furthermore, 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 (Fig. 

5). In addition to this, the increase in flow velocity and TAWSS at various locations 

post-AVF indicates likely arterial remodelling21 proximal to the location of the AVF. 

These markers were undermined in prior AVF studies, which focused predominately 

on localised AVF haemodynamics, or in some cases, the AVF’s influence on cardiac 

load. 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 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 homeostasis14 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 vasoconstriction.23 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/high WSS levels. The WSS levels modelled by CFD (Fig. 8) 

indicate the successful maturation of the AVF.  

 

Conclusions and further work 

As far as the authors are aware, this is the first study demonstrating the detailed 

dynamics of pulsatile blood flow from the aortic root to the distal arm arteries. For that 

purpose, a new methodological framework was presented involving the geometry 

reconstruction from multiple stacks of FeMRA-obtained medical images. This is an 

important step towards understanding the blood flow development 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 formation is known to 

correlate with its maturation.28 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.14 

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 vs failure). This will include brachiocephalic fistulae in addition to 

radiocephalic fistulae. Additionally, 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. Several models and parameter definitions will be 



explored for modelling the hyperelastic nature of the arterial walls and venous 

segments. A methodology for refining the estimation of the characteristic Windkessel 

values applied at the outlets will also be implemented. Lastly, non-invasive techniques 

of atherosclerotic development, such as flow mediated dilation (FMD), will be explored 

in conjunction with AVFs. This approach will evaluate the potential of using 

computational modelling for simultaneously analysing the impact of FMD and AVF 

remodelling. 
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