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1.1. Motivation 
 

A well functioning vascular access (VA) serves as lifeline for the patients with impaired 

kidney function in order to perform efficient haemodialysis. There is general consensus in the 

literature on the superiority of arteriovenous fistula (AVF) over arteriovenous graft (AVG) and 

central venous catheter (CVC) regarding VA survival and related complications. Early failure 

of a VA occurs either if it never matures adequately to support puncture for dialysis or it fails 

within the first 3 months after surgery [1]. Despite the availability of clinical guidelines [1]-[3] 

recommending well-defined criteria preoperatively to create a native AVF, a high early failure 

rate is complained worldwide due to insufficient flow enhancement induced by development 

of stenotic lesions downstream of the anastomosis. Maintaining the patency of VA at long term 

for chronic haemodialysis is challenging. In studies performed between 1977 and 2002 where 

VA was provided by AVF surgery, the mean early failure rate was 25% (range 2% - 53%) 

while the mean one-year patency rate was 70% (42% - 90%) [4]. A clinical trial performed in 

2012 in four experienced centres in Europe [5] reported an early failure rate of 21% and one-

year primary patency rate of 66% [6].  

 

Aimed at reducing these still unacceptably high failure rates, the ARCH FP7 project 

has built predictive models to simulate haemodynamics following AVF surgery [7], [8] and 

the VA community has become increasingly interested in such tools [9]. These computational 

models must be informed by patient-specific data, and where such data are not available, by 

generic or patient-specific adaptive rules [10]. Specific parameters regarding vascular 

adaptation, local remodeling (stenosis formation) and anastomosis pressure-drop laws might 

be obtained by 3-D modeling using computational fluid dynamics (CFD), which allow a more 

detailed calculation of the velocity and pressure fields and derived quantities like wall shear 

stress (WSS).  

 

Since the 1990s, numerical modeling on idealized and real geometries was intensively 

used to assess the WSS in studying the link between haemodynamics and cardiovascular 

disease. Despite its clinical relevance, this type of method was less used for the study of VA 

complications.  
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1.2. Clinical background 
 

Chronic kidney disease (CKD) is a progressive condition marked by deteriorating 

kidney function over time. It is actually a worldwide threat to public health, but the scale of 

problem is probably not fully appreciated. The number of subjects with CKD requiring renal 

replacement therapy is rising worldwide so that the global end-stage renal disease (ESRD) 

population will exceed 2 million patients in the next few years [11]. Continuing provision of 

adequate facilities, equipment and manpower to assist the growing number of patients with 

ESRD will pose a substantial burden on health care resources in all countries in the near future. 

Indeed, the aggregate cost for treatment during the coming decade will be more than US $ 1 

trillion [12]. 

End-stage renal disease is the last phase of CKD when kidney function is impaired and 

thus it becomes critical for patient’s own life to receive some form of renal replacement 

therapy, which consists primarily of dialysis or kidney transplantation. Dialysis procedure 

itself can be either haemodialysis (HD), when the process of blood purification takes place in 

extra corporeal machines called artificial kidneys or peritoneal dialysis (PD), when the waste 

products are exchanged between blood and the dialysate solution via diffusive transport 

through the intercellular gaps of patient's peritoneal membrane. This dissertation is focused on 

the VA for haemodialysis. 

 

1.2.1. Haemodialysis 

 

Duration and frequency of HD therapy depends on patient needs, being generally twice 

or three times weekly, during sessions of 3 to 5 hours, usually in hospital setting or specialized 

centers. During the HD procedure, patient's blood is pumped into an extracorporeal circuit 

where it is purified from waste products and the excess of water accumulated in the body. The 

principle of haemodialysis process is presented in Figure 1.1.  
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Figure 1.1. Haemodialysis principle: blood is extracted through a VA and then pumped into an external 

circuit where it is purified from waste products and excess water accumulated in the body. 
 

As shown in figure, blood is extracted from patient’s body through an arterial needle 

from the VA by using a roller pump. Then blood flows into the artificial kidney where the 

waste change take place over a membrane between blood and dialysate. The purified blood is 

then returned to the patient via the venous needle of VA.  

 

1.2.2. The vascular access for haemodialysis 

 

The VA should provide a site for repetitive cannulation, not prone to infections, for the 

arterial and venous lines and should supply sufficient blood volume flow to the haemodialysis 

machine. Vascular access can be provisional or permanent. Patients that have acute transitory 

impaired kidney function can be dialyzed via temporary catheters, like the central venous 

catheter (CVC). Central venous catheters for haemodialysis are placed into the jugular or 

subclavian vein to take benefit of the high flow rate in these vessels. Due to the risk of central 

venous stenosis subsequent to the placement of CVC and the high risk of infection and potential 

sepsis, CVC are recommended only in acute circumstances for a short period of time. This type 

of VA is not covered in the present thesis. 

 

1.2.2.1. Permanent vascular access 

 

If patients have lost definitively the renal function and needs long term dialysis, a 

permanent VA should be chosen. Available permanent vascular accesses can be divided into 

two main groups: autogenous (or native) arteriovenous fistulae (AVF) and prosthetic 
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arteriovenous grafts (AVG). Arteriovenous fistulae are created by the connection of an artery 

and a vein (anastomosis), preferable in the lower non-dominant arm. This procedure creates a 

low-resistance, high-flow rate conduit by bypassing the distal circulation. Efficient dialysis 

treatment depends on sufficient blood flow delivery in the haemodialysis machine. The time 

required for VA maturation varies among patients, but in general, allowing an AVF to mature 

for 6 to 8 weeks and an AVG for 3 weeks, is appropriate [1]. In general, a working access must 

have all the following characteristics: blood flow adequate to support dialysis, which usually 

equates to a blood flow greater than 600 mL/min; a diameter greater than 0.6 cm, with location 

accessible for cannulation and discernible margins to allow for repetitive cannulation; and a 

depth of approximately 0.6 cm (ideally, between 0.5 to 1.0 cm from the skin surface). This 

combination of characteristics is known as “the rule of 6s” [1].  

There is general consensus in the literature on the superiority of AVF over AVG and 

CVC regarding patient’s survival and complications such as thrombosis, infection, access-

related hospitalization and quality of life. Guidelines of the National Kidney Foundation 

Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) [1], [2] and the United States 

“Fistula First Breakthrough Initiative” (FFBI) program advocate the implementation of an all-

autogenous policy to maximize the use of AVF over the AVG. Only if the patient has 

inadequate or unavailable veins to construct a native VA, surgeons may rely on grafts made by 

synthetic bio-compatible materials to create an AVG.  

Consequently, the studies presented in the following chapters of this thesis deal with 

AVF, and we only may speculate that similar findings might be expected in AVG. 

 

Native AVF can be constructed with different surgical techniques to create the 

anastomosis between vein and artery: (i) side artery to side vein (side-to-side), (ii) side artery 

to end vein (side-to-end), and (iii) end artery to end vein anastomosis (end-to-end) as presented 

in Figure 1.2. Naming rules for the fistula take into account the blood vessels involved and its 

location, e.g., distal radial-cephalic, proximal brachial-cephalic. 
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Figure 1.2. Anastomosis techniques to create native AVF. From the left to right: side-to-side, side-to-end 

and end-to-end. In end-to-end case, both artery and vein are resected and the radial artery is curved at 

180° to form an U-shaped bend before suturing the anastomosis. From Konner K, Semin Dial, 2003 [13]. 

 

Arteriovenous fistulae for haemodialyis will be created preferentially in the most distal 

available site in the upper extremity because of the lower rate of complications and to preserve 

the more proximal vessels for possible future VA, in case of first access failure.  

 

1.2.2.2. Haemodynamics of vascular access 

 

Arteriovenous fistulae used for VA involve complex haemodynamic conditions. 

Firstly, constructing an arteriovenous shunt between arterial and venous circulation leads to 

very high blood volume flow in the VA feeding arteries and draining veins. Secondly, the non-

uniform geometry of the anastomosis forces blood to change direction rapidly. Reversal of 

blood flow in the distal artery (sometimes referred as steal) occur in many cases of side-to-end 

AVF, but its presence has no pathophysiological significance related to hand ischaemia, at least 

in case of distal AVF [14]. Therefore, blood flow conditions in these VA blood vessels are 

very different from the physiological state and can cause changes in the vascular wall 

responsible for local remodeling, narrowing (stenosis) but also dilatation (aneurysm) of the 

internal lumen. 

Assessment of haemodynamics in the AVF can be made by direct measurements (in 

vivo) or computer simulations (in silico). In vivo studies made by using Doppler ultrasound 

measurements are now also recommended by the guidelines for the surveillance of VA 

dysfunction [1]. In the last decades, numerical simulations of blood flow were widely 

employed for the study of haemodynamic parameters known to correlate well with the 

pathogenesis of vascular wall diseases, like atherosclerosis and intimal hyperplasia.  
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1.2.2.3. Complications of vascular access 

 

The maturation process or fistula patency may be harmed by complications that might 

occur in AVF and AVG: thrombosis, stenosis, steal syndrome with hand ischemia and heart 

failure.  

 

Thrombosis. Thrombosis is the major cause of failure of all types of arteriovenous fistulae. 

The average incidence of thrombosis is estimated to be 0.2 occlusion/patient/year [15]. The 

occlusion results from initial deterioration of vessel wall due to intimal hyperplasia lesions that 

induce stenosis and subsequent thrombus formation. Thrombosis at a later lifetime of the VA 

is mostly preceded by stenoses.  

 

Stenosis. Stenosis is usually the underlying cause for thrombosis. Stenoses in AVF develop 

mainly in the anastomosis and in the draining vein and rarely in the feeding artery in all VA 

types [17]. Sivanesan et al. [18] found stenosis sites in radio-cephalic side-to-end AVF and 

classified them in three types. Type I and type II occurred at the anastomosis floor and at the 

inner wall of the juxatanastomosis vein and were not progressive. Type III stenoses occurred 

in the zone where the cephalic vein straightens out and were found to be progressive. As a 

stenosis often leads to thrombosis, it is important to detect stenosis formation at early stage. 

The risk for thrombosis increases with increasing stenosis degree. The NKF-KDOQI 

guidelines for VA define significant stenosis as a 50% or greater reduction in normal vessel 

diameter accompanied by a haemodynamic, functional, or clinical abnormality [1]. Several 

hypotheses have been put forward to explain the formation of AVF stenoses, of which the 

foremost is the mechanism of underlying intimal hyperplasia development [19]. The blood 

flow dynamics within the VA conduit is thought to have great influence on the initiation and 

development of intimal hyperplasia [20], [21]. Wall shear stress, the frictional force exerted by 

flowing blood on the inner vessel wall, is an important determinant of endothelial cell function 

and gene expression as well as of its structure in vivo [35]. Especially the low wall shear stress, 

as present in artery bifurcations opposite to the flow divider, expresses mitogenic factors which 

might initiate intimal hyperplasia [22], [23].  

 

Distal ischemia. VA causes changes in vascular blood flow that may result in impeded 

perfusion of the extremity. This may lead to ischemia distal to the arteriovenous anastomosis. 
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Symptoms of distal ischemia are pain, weakness, pallor, paresthesia and, in cases of severe 

ischemia, ulceration, necrosis and eventual loss of digits and even the entire hand. Severe distal 

ischemia, requiring intervention, occurs in approximately 5% of patients after VA placement 

[14]. Some categories of patients are more likely to develop distal ischemia. In particular, 

patients with previous VA procedures, patients suffering diabetes and/or peripheral arterial 

occlusions are at greater risk to develop this complication. In these patients the collateral blood 

supply provided by medium-sized vessels can be diminished and this condition further 

jeopardizes peripheral perfusion, leading to distal hypoperfusion. Steal syndrome defined as 

reversal of blood flow in the distal artery occur in many cases of side-to-end AVF following 

VA creation [14]. In this context, also the location of the VA anastomosis is an important factor 

since more proximally located VA anastomosis is associated with higher incidence of distal 

ischemia compared to VA located more distally. Finally, arterial inflow characteristics deriving 

from small dimension of collateral vessels and/or small vessels obstructions are associated with 

steal syndrome.  

 

Heart failure. Heart failure represents the primary cause of death in ESRD patients. After 

creation of an AVF, there is a 10-20% increase in cardiac output due to both decreased 

peripheral resistance and increase of the sympathetic nervous system activity. The consequence 

of long-term AVF use may induce left ventricular hypertrophy, high-output cardiac failure and 

myocardial ischemia. Arteriovenous fistula creation, besides inducing changes in neuro-

hormonal systems and vasoactive hormones, may trigger important changes in the structure 

and function of the heart over time, with cardiac remodeling and worsening of function [24].  

 

  



 
CHAPTER 1 

 

13 

 

1.3. The role of haemodynamics in vascular remodeling 
and disease 
 

1.3.1. Haemodynamic stimuli 

 

The haemodynamic conditions play a fundamental role in regulating the vascular 

structure. Blood vessels are permanently subjected to mechanical stimuli in the form of 

pressure that acts normal to the vessel wall inducing circumferential and axial stress (e.g. 

average force per unit area) into the wall, and of tangential shear stress due to the frictional 

force of flowing blood. Moreover, due to the pulsatile nature of blood volume flow, these 

stimuli vary from a minimum to a maximum acting cyclically with the pulse beat.  

 

1.3.1.1. Haemodynamic pressure 

 

Internal blood pressure is the major determinant of vessel stretch. The haemodynamic 

pressure, acting normal to the vessel wall, induces in the wall circumferential (hoop) -  - and 

axial - z - stresses which will counteract the intraluminal pressure (see Figure 1.3).  

 

Figure 1.3. Internal pressure load on blood vessel wall.  

From Tsamis A, J Biomech, 2009 [25]. 

 

It has been shown that chronic elevation of blood pressure affects the dimensions and 

properties of arterial walls [26]. One of the specific biomechanical manifestations to arterial 

wall adaptation in response to hypertension is wall hypertrophy that restores the 

circumferential wall stress at in vivo operating pressure to a normal value and changes arterial 

stiffness to an optimal level. The hypertension as a haemodynamic stimulus activates especially 

the vascular smooth cells in the vessel wall [26]. 

P 

 z 
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1.3.1.2. Haemodynamic shear stress 

 

Wall shear stress (WSS or s) represents physically the stress vector exerted by flowing 

blood tangential to the endothelium, with a magnitude equal to the product between shear rate 

(the derivative of the blood velocity profile near the vessel wall) and blood viscosity (see Figure 

1.4).  

 

Figure 1.4. Wall shear stress is the unit frictional force tangential to the endothelial cells layer. From 

Malek AM, JAMA, 1999 [37]. 

 

Blood vessels respond to changes in wall shear stress, in the sense that increased shear 

leads to luminal dilatation and decreased shear stress leads to luminal reduction. It was 

demonstrated that blood vessels really sense the WSS, since keeping flow constant and 

increasing the blood viscosity also leads to dilatation [27]. Compared to pressure, shear stress 

acts tangential to the internal vessel surface. Accordingly, the WSS is sensed principally by 

endothelial cells (EC), located at the interface between blood and vessel wall. Hence, the 

endothelium acts as both sensor and effector of flow-dependent remodeling. 

 

 

1.3.1.3. Mechanisms of blood vessel remodeling 

 

Alterations of the haemodynamic stimuli invariably produce transformations in the 

vessel wall structure and lumen diameter that aim to accommodate the new conditions by 

restoring basal levels of tensile stress and shear stress. Blood volume flow and pressure in vivo 

vary simultaneously and it is likely that pressure- and flow-dependent responses interact. It 

seems that acute increases in blood volume are associated with a reduction in vascular 

resistance that offsets any increase in blood pressure [28], whereas the chronic increases in 
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circulating blood volume after AVF creation are associated with an increase in cardiac output, 

achieved by a reduction in peripheral resistance, an increase in sympathetic nervous system 

activity (increasing contractility and vascular tone), and an increase in stroke volume and heart 

rate [28].  

Mechanisms at cell level within the blood vessel wall that enable vessels to respond to 

local changes in blood pressure and flow have been extensively studied. At macroscopic level, 

blood volume flow regulates arterial diameter through changes in wall shear stress (Q -> ) 

and intraluminal pressure regulates artery wall thickness through its effect on wall tension (P 

-> ), as shown in Figure 1.5. 

 

Figure 1.5. Haemodynamic stimuli and structural responses of blood vessel.  

From Pries AR, AJP, 2005 [29]. 

 

As perfusion pressure increases, the vascular smooth muscle contracts to elevate 

resistance and maintain a constant blood volume flow. Pressure-dependent autoregulation has 

been demonstrated in arteries, arterioles and veins in animals [30] and in humans [31]. In 

addition to responding to changes in pressure, blood vessels also respond to changes in blood 

flow. Increased blood volume flow leads to vasodilatation and elongation [23] and reduced 

vascular resistance [32] and chronic reduction in blood volume flow results in luminal diameter 

decrease [33]. 

 

1.3.2. The response of endothelium to shear forces 

 

The endothelium is the primary sensor and regulator tissue of the vessel wall that 

releases substances to control vascular tone and structure in order to maintain homeostasis in 

response to changes in haemodynamic stimuli. In physiological state, the haemodynamic 

 

 

Diameter 

Wall 
thickness 

Blood flow (Q) 

Pressure (P) 
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stimuli act in beneficial way and protective against vessel wall disease. If different from the 

normal physiological range, namely in “disturbed flow” conditions, these haemodynamic 

factors are implicated in the etiology of the vascular wall disease.  

In vivo data clearly show that at rest, time-averaged WSS is far from constant along the 

arterial tree, since it depends on the vascular territory [34], [35]. For example, WSS is 

substantially higher in the carotid artery than in the brachial and femoral arteries, and thus the 

anatomical location of the vascular bed is an important factor to take into account when doing 

in vitro studies on endothelial cells [36].  

It was clearly shown that the WSS is pulsatile, and hence we should deal with peak, 

mean and minimum values and be aware that there is a range of physiologic values for each 

vascular bed [35]. In this direction, in a review article [37], Malek et al proposed a physiologic 

range of WSS for the whole vascular tree, considering that 10 to 70 dyne/cm2 is normal, and 

that outside this range the WSS might trigger mechanisms leading to vascular pathology, as 

shown in Figure 1.6. 

 

 

 

Figure 1.6 Ranges of WSS encountered in arteries, veins and in low- and high-shear pathologic states. 

From Malek AM, JAMA, 1999 [37]. 

 

Lower values of WSS may induce atherosclerotic plaques formation and therefore are 

considered “atherosclerosis prone” while WSS higher than this range may provoke endothelial 

cells cleavage and consequently “high-shear” induced thrombosis [37]. More recently, it was 
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clarified that “disturbed flow” is a condition of endothelium exposed to low averaged shear 

stress, constantly changing gradients of shear stress, oscillatory shear stress and 

multidirectional secondary flows. These haemodynamic conditions occur at specific sites of 

the arterial tree where there is blood flow separation or stagnation points like arterial branches, 

at stenosed sites or around stent struts [38].  

 

Figure 1.7. Endothelial cells morphology is different according to the fluid shear. 

From Malek AM, JAMA, 1999 [37]. 

 

Experimentally it was observed that the nature of flow, and therefore of the resulting 

fluid shear stress is sensed by the EC. There are differences in the endothelial cell morphology 

and biochemical substances that are released in pulsatile and oscillating flow versus the laminar 

flow [39], [40]. In vivo the flow pattern in the straight part of the arterial tree is pulsatile with 

a marked forward flow, whereas at the branch points it has a much lesser forward component 

and is similar to the reciprocating shearing in the reattachment zones (like for example on the 

outer wall of the sinus at the carotid bifurcation). It was demonstrated in vitro, that in this latter 

condition, haemodynamic stimuli on EC cause sustained molecular signaling of pro-

inflammatory (monocyte adhesion, EC turnover and LDL permeability) and proliferative 

pathways (upregulation of inflammatory genes and genes that raise intracellular lipids) that are 

athero-prone. In experiments resembling the straight part of arterial tree, all these mechanisms 

are opposite and their effects are athero-protective [41]. 

 

1.3.3. Intimal hyperplasia  

 

Intimal hyperplasia (IH) is a fibro-muscular thickening of the vessel wall. In the IH 

process, vascular smooth muscle cells migrate from media to the intima layer. Intimal 

hyperplasia is not really a disease, but rather a physiologic healing response to the injury of the 
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blood vessel wall. When the endothelium is injured, endothelial cells release inflammatory 

mediators that trigger platelet aggregation, fibrin deposition and recruitment of leukocytes to 

this area. These cells express growth factors that promote smooth muscle cells migration from 

the media to the intima. The smooth muscle cells proliferate in the intima and deposit 

extracellular matrix, in a process analogous to scar formation [42]. The result is formation of a 

neo-intima over the site of injury. An exuberant healing response leads to intimal thickening 

that encroaches on the vessel lumen and may cause stenosis, and subsequent thrombosis [19].  

Also in intimal hyperplasia the haemodynamic shear stress seems to be the trigger 

factor, especially the low (mean) WSS at stagnation points [42]. Morinaga and colleagues [43] 

demonstrated in an in-vivo study in dogs already in 1985 that the low WSS is the major 

determinant of IH. They clearly showed that the change in WSS, but not the rate of blood 

volume flow, is the essential haemodynamic factor related to IH in autogenous vein grafts. A 

direct relation between low WSS profiles and pattern of IH was demonstrated recently in-vivo 

in a pig model of AVF [44]. Histology of neointimal hyperplasia and its relation with WSS has 

been characterized in subjects with AVF for haemodialysis that experienced early failure [45]. 

As seen in Figure 1.8, the luminal shape at site of stenoses were in the majority of cases off-

centered, leading these authors to hypothesize that shear stress profiles were distributed non-

uniformly along the circumference of the vein. 

 

 

Figure 1.8. Neointimal hyperplasia in representative sections from 3 patients with early AVF failure. 

From Roy-Chaudhury P et al, AJKD, 2007 [45]. 

 

Morphological abnormalities of blood vessel wall, in particular intimal hyperplasia, 

should be carefully investigated in ESRD and haemodialysis patients because VA patency is 

strongly influenced by the lesions that induce luminal stenosis and subsequent decrease of the 

blood volume flow rate. Factors like aging, underlying diabetes and cardiovascular disease lead 

to arteriosclerotic change of blood vessels in ESRD patients. It follows that preexisting 

conditions of VA vessels, like for example the preexisting IH in radial artery or cephalic vein, 
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may influence the VA outcome. Indeed, in patients undergoing AVF creation for 

haemodialysis, preexisting radial artery IH [46] and also increased radial artery intima plus 

media thickness [47] were found to be closely correlated with early failure of radiocephalic 

AVF. Moreover, there is preexisting IH on the cephalic veins of ESRD patients before AVF 

construction [48] and this condition may influence the outcome of VA in terms of future 

stenosis and failure. 

 

1.4. Study objectives  
 

1.4.1. Unmet questions in AVF 

 

The VA is a pervasive problem for the haemodialysis patients and still needs 

investigations after fifty years from the first fstula creation [49] to understand the reasons and 

to prevent short and long-term failure of the shunt. Considerable evidence exists about the role 

of disturbed flow in the pathogenesis of atherosclerosis [41]. Overall, the VA is a very high-

blood flow rate conduit with respect to the physiological condition, but whether disturbed flow 

develops on the AVF walls was not studied yet.  

In this context, new computational tools such as three-dimensional CFD may help in 

characterizing the blood flow inside the AVF, unraveling the mechanisms responsible for VA 

failure, with obvious implications in the improvement of clinical outcome of uremic patient 

management. The better understanding of haemodynamic conditions that develop after the 

surgical creation of the AVF, on one hand, should conduct us to deeper insights into the 

mechanisms that lead to intimal hyperplasia of the vascular wall and subsequent closure of the 

VA due to stenosis. On the other hand, understanding of vascular adaptation and local 

remodeling could help in optimizing the surgical management of VA placement, directed at 

increasing short and long term patency of the AVF for haemodialysis patients. 

 

1.4.2. Aim of the dissertation  

 

The aim of the present dissertation was to investigate with computational modeling 

methods the haemodynamics inside the VA. More specifically, two main classes of numerical 

methods were used in this thesis. The first class of numerical methods is three-dimensional, 

transient CFD simulations, applied either to idealized or to patient-specific models of the AVF 
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anastomoses. The second one is based on Womersley’s theory for pulsatile flow starting from 

boundary conditions derived by echo-Doppler examination of the radial artery in wrist fistulae 

in patients starting dialysis therapy. 

 

The following main research questions were addressed in this dissertation: 

 

1°. Is CFD useful when studying blood flow dynamics in idealized geometry of VA 

anastomoses ? How could the results obtained in such numerical studies be helpful in 

basic research of AVF complications ? Does disturbed flow develop in idealized 

models of AVF ? 

 

2°. As AVF are exposed to high blood volume flow rates, is CFD functional when 

studying blood flow dynamics in patient-specific models of VA anastomoses ? Is CFD 

adequate for obtaining a reliable map of WSS patterns ? Does disturbed flow develop 

in real geometries of AVF ? 

 

3°. Is a more accurate calculation of WSS as a function of time useful in the clinical 

research ? Are there differences between classic (Poiseuille) estimation and such a 

method relevant to the understanding of adaptation processes occuring post-surgery in 

the AVF limbs ? 

 

1.4.3. Thesis outline  

Given the considerations presented above, the following research topics were addressed 

in specific chapters of this thesis:  

 

 Chapter 1 summarizes concepts considered necessary for the understanding of 

research topics, providing an introduction of the clinical problem and the aim of the 

dissertation.  

 

 Chapter 2 presents a numerical study by means of CFD of blood flow in idealized side-

to-end and end-to-end anastomoses with real boundary conditions (in terms of 

dimensions and blood volume flow rate) resembling early post-surgery condition of 

AVF. The main focus was on the haemodynamic conditions, especially on the WSS 



 
CHAPTER 1 

 

21 

 

patterns that develop in the AVF after the fistula creation. The most important finding 

was that disturbed flow, i.e. low and reciprocating WSS, developed in the same sites 

where stenosis was documented in previous AVF experimental studies.  

 

 The study presented in Chapter 3 is a continuation of the previous work. Given that  

disturbed flow was found to develop in specific sites, the question was whether the 

anastomotic angle of side-to-end radial-cephalic AVF might have an impact on the 

local disturbed flow patterns, and hence on intimal hyperplasia development. To this 

end, a parametric CFD study of the AVF having anastomotic angles of 30°, 45°, 60° 

and 90° was performed. 

 

 Chapter 4 was an image-based CFD study in a realistic AVF geometry aimed mainly 

at corroborating the hypothesis made in Chapter 2 regarding the development of 

disturbed flow. The study was performed on a side-to-end anastomosis case of a patient 

from the ARCH clinical study [6]. The numerical analysis revealed laminar flow within 

the arterial limbs and a complex flow field in the swing segment, featuring turbulent 

eddies leading to high frequency oscillation of the WSS vectors. Multidirectional 

disturbed flow developed on the anastomosis floor and overall swing segment. 

Reciprocating disturbed flow zones were found on the distal artery near the floor and 

on the inner wall of the swing segment. This has obvious implications for elucidating 

the haemodynamic forces involved in the initiation of venous wall thickening in 

vascular access.  

 

 The study in Chapter 5 was focused on an end-to-end anastomosis case of a patient 

already in haemodialyis treatment in the Nephrology and Dialysis Unit of Bergamo 

Hospital. A three-dimensional patient-specific model of the AVF was reconstructed 

from digital subtraction angiography images of the fistula. As boundary conditions for 

CFD simulations we used blood volume flow measurements obtained by echo-color 

Doppler assessment of the radial artery. This study is an example of how CFD can be 

applied to study the flow field and WSS patterns in a patient-specific case of native 

fistula. 

 

 Chapter 6 reports the results of an observational pilot study on 28 patients that 

underwent end-to-end native fistula for haemodialysis and then were followed-up for 
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more than 3 months. For calculation of pulsatile blood volume flow and WSS, we used 

a numericalal model based on Womersley theory for unsteady flow in tubes. This model 

was applied to the radial artery of all patients, 1 day before surgery, and then, within 

10, 40, and 100 days after. The results confirmed that the radial artery diameter 

increases in response to a chronic increase in blood flow in uremic patients. Moreover, 

it seems that the radial artery dilates in such a way as to maintain the peak wall shear 

stress constant, suggesting that endothelial cells sense the maximum rather than the 

time-averaged WSS. 

 

 Chapter 7 is a general discussion, including the achievements, future research 

considerations, study limitations and the take home messages of this thesis. 
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2.1. Abstract 
 

 

 

 

 

 

 

Despite recent clinical and technological advancement the vascular access for 

haemodialysis still has important early failure rates after arteriovenous fistula creation. 

Vascular access failure is mainly related to the haemodynamic conditions that trigger 

phenomena of vascular wall disease such as intimal hyperplasia or atherosclerosis. 

We performed transient computational fluid dynamics simulations within idealized 

three-dimensional models of side-to-end and end-to-end radio-cephalic anastomosis, using 

non-Newtonian blood, and previously measured flows and division ratio in subjects requiring 

primary access procedure as boundary conditions.  

The numerical simulations allowed full characterization of blood flow inside the 

arterio-venous fistula (AVF) and of patterns of haemodynamic shear stress, known to be the 

major determinant of vascular remodeling and disease. Wall shear stress was low and 

oscillating in zones where flow stagnation occurs on the artery floor and on the inner wall of 

the juxta-anastomotic vein.  

Zones of low and oscillatory shear stress were located at the same sites where luminal 

reduction was documented in previous experimental studies on sites stenosis distribution in 

AVF. We conclude that even exposed at high flow rates, there are spot regions along the AVF 

exposed to athero-prone shear stress that favor vessel stenosis by triggering intimal 

hyperplasia. 
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2.2. Introduction 
 

Forty-five years after the first radio-cephalic arteriovenous fistula (AVF) performed by 

Dr. Appell in New York [1], maintenance of adequate vascular access (VA) at long term for 

chronic haemodialysis in patients needing renal replacement therapy is one of the most difficult 

problems vascular surgeons or nephrologists face. A newly created fistula must mature in order 

to be used for dialysis, that is, the artery and vein must remodel to accommodate the markedly 

increased blood volume flow that results from creating the arteriovenous anastomosis. Then, 

lifetime of a VA can range between months or several years until the fistula will stop function 

for adequate haemodialysis, requiring surgical revision. 

Mechanisms underlying fistula early maturation failure have been studied for years. 

Anatomic factors such as diameter or intimal thickness of feeding artery and draining vein were 

shown to be important predictors for AVF maturation, while non-anatomic factors that are 

involved in maturation failure include the haemodynamic stresses (altered shear stress and 

venous hypertension) that result from creating a VA anastomosis, or underlying vascular 

pathology like impaired endothelial function associated with chronic kidney disease or diabetes 

[2]. Measures for problem resolution were proposed [3], [4] but the VA failure rate continues 

to remain high [5].To have an idea of the actual VA problems, it is worth knowing that in Dr. 

Appell’s first series of surgically created fistulas there were only two failures out of fourteen, 

that is an early failure rate which would be difficult to achieve even today [6]. 

The haemodynamic conditions play a fundamental role in regulating the vascular 

structure. Blood flow regulates arterial diameter through changes in wall shear stress (WSS), 

and intraluminal pressure regulates artery wall thickness through its effect on wall tension. If 

different from the normal physiological range, namely in “disturbed flow” conditions, these 

haemodynamic factors are implicated in the etiology of the vascular wall disease. The 

physiologic magnitude of WSS is ranging from 10 to 70 dyne/cm2 in normal arteries, while 

outside this range WSS can trigger mechanisms that lead to vascular pathology. Lower values 

of WSS may induce atherosclerotic plaques formation and therefore are considered 

“atherosclerosis prone” while WSS higher than this range may provoke endothelial cells 

cleavage and consequently “high-shear” induced thrombosis [7]. More recently, it was clarified 

that “disturbed flow” is a condition of endothelium exposed to low average shear stress, 

constantly changing gradients of shear stress, oscillatory shear stress and multidirectional 

secondary flows. These haemodynamic conditions occur at specific sites of the arterial tree 
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where there is blood flow separation or stagnation points like arterial branches, at stenosed 

sites or around stent struts [8]. 

The main cause of VA failure is thrombosis secondary to the development of stenosis, 

which in turn is caused by intimal hyperplasia (IH), a fibro-muscular thickening of the vessel 

wall [9], [10]. Previous studies have shown that in AVF for haemodialysis the stenoses occur 

at specific sites. In side-to-end AVF, Sivaneasn et al. [11] classified the stenoses developed at 

the anastomosis floor as Type 1, on the inner wall of the swing segment (the vein part mobilized 

in the creation of the anastomosis) as Type 2, and after the curved region when the vein 

straightens out as Type 3. Badero et al. [12] have found that the stenoses occur most on the 

swing segment, with the juxta-anastomotic as the most predominant site. 

Also in IH the haemodynamic shear stress seem to be the trigger factor, especially the 

low WSS at stagnation points [13]. Wall shear stress is difficult to assess because it represents 

physically the stress (e.g. average force per unit area) vector exerted by flowing blood 

tangential to the endothelium, with a magnitude equal to the product between shear rate (the 

derivative of the blood velocity profile near the vessel wall) and blood viscosity. Previous 

studies on AVF maturation failure that have addressed the issue of haemodynamic forces that 

develop inside the AVF often used a simplified model (e.g. Poiseuille) for shear stress 

calculation [14], [15] yielding only a rough estimation of the averaged WSS. Computational 

fluid dynamics (CFD) are numerical techniques that allow proper calculation of the spatial 

distribution of WSS among other haemodynamic variables of interest like for example velocity 

field and pressure. Since the 90s numerical modeling on idealized geometries was intensively 

used to assess WSS in studying the link between haemodynamics and cardiovascular disease, 

like stenosis development in the carotid bifurcation [16], [17] the aortic arch [18], [19] or 

bypass anastomoses [20], [21]. Such computational studies allowed to better understand the 

haemodynamic phenomena on simplified models and introduced new concepts like the role of 

low WSS in triggering atherosclerosis [22], oscillatory shear index [16], [23], that overthrown 

the study of vascular diseases and were further transferred in patient-specific studies [24]. 

Despite its clinical relevance, this type of investigational method was less used for the study 

of VA complications. With respect to the literature on carotid and coronary arteries, there were 

relatively few papers that addressed this task by means of numerical modeling and all were 

published after the 2000s [25-32]. Beside haemodynamics evaluation, the CFD has been 

validated against particle image velocimetry (PIV) [30] and with in-vitro flow measurements 

[31] confirming the validity of these techniques in VA setting as well. 
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Overall, the VA access is a very high blood volume flow rate conduit respect to the 

physiological condition, but whether in these areas the low and/or oscillatory WSS develops is 

not well elucidated. Similar to the above mentioned studies [16-21] in other vascular segments 

affected by stenosis development, numerical studies on idealized models can characterize the 

general flow and WSS patterns that develop after the surgical creation of AVF if proper 

dimensional modeling and boundary conditions are employed. To this aim, we have used 

pulsatile CFD simulations in idealized models of the AVF created at the wrist as VA for 

haemodialyis patients. 

 



32 

 

2.3. Methods 
 

2.3.1 Three-dimensional models of the AVF 

There is now widespread agreement in the scientific community that the native 

subcutaneous arteriovenous fistula is the best choice with which we are acquainted for 

achieving VA for haemodialysis [33], [34]. The side-artery-to-end-vein (side-to-end) 

anastomosis at the wrist between the cephalic vein and radial artery is the most common 

technique performed in VA, although some groups prefer the end-to-end technique. The 

original Brescia-Cimino anastomoses of type side-to-side [1] are less used today, even though 

they are well indicated in case of patients with stiffer arm vessels [5]. For this reason in the 

present study we only considered the side-to-end and end-to-end connections between the 

cephalic vein and the radial artery performed at the wrist. Side-to-end fistulas are created by 

suturing the transected end of the cephalic vein to the side of the radial artery. In case of end-

to-end AVF both artery and vein are resected and the radial artery is curved at 180° to form a 

U-shaped bend before suturing the anastomosis [5]. In designing idealized models of side-to-

end and end-to-end AVF we were inspired by the drawings of surgical anastomoses presented 

by Konner [35], [5] as shown in Figure 2.1a and 2.1b. 

For the side-to-end AVF model we have considered the geometrical parameters 

measured by Sivanesan et al [11] at 1 day post-operatively. Vessel lumen diameters were 3.1 

and 4.1 mm for the radial artery and cephalic vein, respectively, and the anastomotic angle was 

49°. The extent of the proximal (PA) and distal artery (DA) and of the vein was assumed twelve 

times the vein diameter in order to have enough hydraulic length to allow fully developed flow. 

The bend zone of the cephalic vein was generated with a curvature radius that is twofold the 

vessel diameter. For the end-to-end AVF we have used data from our previous study [36] where 

vessel diameters were measured pre- and then up to three months post-operatively. The radial 

artery diameter was 3.7 mm and that of the vein was 5.0 mm corresponding to 7 days post-

operatively condition. The length of artery was fourteen and of the vein ten vein diameters, 

and the 180° bending zone was realized with a curvature radius equal to two artery diameters. 

For both AVF models, tapering of the juxta-anastomosis vein for a length equal to two 

diameters was created to ensure smooth transition between artery (smaller) to vein (greater) 

section. 

Three-dimensional grids of AVF made of 8-node hexahedral elements, with a boundary 

layer of thinner elements near the wall, were created using a pre-processor meshing program 
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(GAMBIT, Fluent.Inc, NH). The schematic models of AVF and corresponding three-

dimensional meshes for CFD are presented in Figure 2.1.  

 

Figure 2.1. Side-to-end (top row) and end-to-end model of anastomosis (bottom row), zoom on 3-D meshes 

near anastomotic area (middle) and 3-D meshes for numerical simulations (right). Schematic drawings of 

AVF were adapted from [5]. Legend: PA, proximal artery; DA, distal artery; V, vein. 
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2.3.2. Numerical simulations of blood flow in the AVF 

For the side-to-end fistula two types of flow may exist in the DA: retrograde, when 

blood flows towards the anastomosis, and antegrade, when blood flows towards the hand. For 

the unsteady simulations we have used the cephalic vein flow rate waveform provided in [37], 

opportunely scaled to yield a time-averaged flow rate of 432 mL/min for retrograde and 342 

mL/min for antegrade flow in DA, as measured by the same authors in their previous study 

[38] aimed at characterizing AVF flow distribution at 1 day post-operatively.  

 

 

Figure 2.2. Blood volume flow waveforms used in pulsatile CFD simulations. The horizontal line indicates 

the time-averaged blood volume flow rate over the cardiac cycle. (a) Venous outflow waveform used for 

the side-to-end AVF with retrograde flow in the DA (mean 432 mL/min). (b) Venous outflow waveform 

used for the side-to-end AVF with antegrade flow in the DA (mean 342 mL/min). (c) Arterial inflow 

waveform used for the end-to-end AVF (mean 329 mL/min). 
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Blood volume flow waveform in the radial artery for the end-to-end AVF simulation 

was taken from [36] for the 7 days post-operatively condition which yields a time-averaged 

flow rate of 329 mL/min. The three pulse cycle waveforms are presented in Figure 2.2 and the 

flow characteristics together with the geometrical parameters of the AVF mesh models are 

summarized in Table 2.1. 

 

Table 2.1. Geometrical parameters and blood volume flow conditions used in the CFD simulations. 

       

   Diameter Flow division ratio Flow rate Re # 

      (mm)   (mL/min)   

       

Side-to-end AVF      

       

Retrograde  V 4.1 74%PA:26%DA:100%V 432 (760 - 186) 670 (1196 - 278) 

flow in DA  PA 3.1    

  DA 3.1    

       

Antegrade  V 4.1 100%PA:19%DA:81%V 342 (602 - 147) 526 (941 - 217) 

flow in DA  PA 3.1    

  DA 3.1    

       

End-to-end AVF A 3.7 100%A:100%V 329 (472 - 263) 563 (820 - 448) 

  V 5.0    

              

Legend:  V, vein (cephalic); PA, proximal artery (radial); DA, distal artery (radial); Re, Reynolds number. Blood 

volume flow are expressed as time-averaged and (maximum – minimum) of the flow waveforms 

presented in Figure 2.2. 

 

Three-dimensional pulsatile flow simulations in the AVF models were computed using 

a multipurpose CFD package (FIDAP, Fluent.Inc, NH) based on the finite element method. As 

boundary conditions, fully developed parabolic velocities at the vein outlet and at PA inlet (V 

and PA in Figure 2.1) were prescribed for side-to-end AVF, and at the artery inlet only for end-

to-end AVF, with centerline velocities derived from the flow waveforms previously reported. 

Traction-free boundary condition was applied at the DA outlet for side-to-end and to vein outlet 

for end-to-end AVF to ensure conservation of mass and no-slip condition (i.e., zero velocity) 

was applied at the walls, which were considered rigid. We employed an implicit time 

integration scheme (backward Euler) with 50 fixed time steps for each pulse cycle to solve the 

time-dependent Navier-Stokes equations, assuming that cardiac cycle period is one second. 

Three complete flow cycles were solved in order to damp the initial transients of the fluid and 

only the third cycle was considered for the final results. Blood density was assumed constant 

(1.045 g/cm3) and blood viscosity was considered non-Newtonian by using the Carreau 

rheological model implemented in the CFD package as described previously [25]. Since blood 
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viscosity depends on the shear rate, Reynolds number cannot be calculated directly, but a good 

approximation can be made by rescaling the Newtonian viscosity to a value corresponding to 

a characteristic shear rate [39]. For the outlet vein of side-to-end and the inlet artery of end-to-

end AVF we have calculated the Reynolds number as described in [25] and the resulting mean 

and ranges are provided in Table 2.1. 

The oscillatory shear index (OSI), originally introduced by Ku et al. [16], is aimed at 

quantifying the degree of deviation of the WSS from its average direction during the heart beat 

cycle due to either secondary and reverse flow velocity components occurring in pulsatile flow. 

In order to estimate whether oscillatory shear might occur on the AVF wall, for each point on 

the surface we calculated the OSI as proposed in [23]: 


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
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1
OSI       

where w(t) is the instantaneous wall shear stress vector and T is the period of the 

cardiac cycle. The index is non-dimensional and can take values between 0 and 0.5, higher OSI 

indicating larger shear stress direction variations.  

Himburg et al. [40] introduced another indicator of the “disturbed” shear environment, 

namely the relative residence time (RRT) of non-adherent particles in the blood flow moving 

adjacent to the vascular wall. They showed that RRT of a fully entrained particle at a small 

distance from the wall is inversely proportional with the distance the particle travels during a 

cardiac cycle, that may be expressed as a combination of OSI and time-averaged WSS 

(TAWSS) over the cardiac cycle. For each node on the AVF mesh surface we have calculated 

the RRT with the formula [40]: 

  -1TAWSS]OSI21[~ RRT       

In this formulation OSI acts to modify the effect of TAWSS on the relative residence 

of particles near the wall and thus RRT incorporates information on both low and oscillating 

shear [40]. The RRT must be normalized by a reference value [24], which we chose to be the 

RRT calculated for fully developed, time-averaged, blood volume flow in the straight part of 

the vein for each AVF. After this transformation, an RRT value near 1 indicates a condition of 

shear environment similar to the reference RRT, while RRT below 1 indicates high shear zones 

and RRT higher than 1 locates the sites with both low and oscillating shear stress or areas with 

only low WSS. 
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2.4. Results 
 

2.4.1. Flow patterns in the AVF 

Velocity contours of blood in the symmetry section of the side-to-end for the retrograde 

and antegrade flow in DA cases are shown in Figure 2.3 a, b for the peak systolic, and d, e for 

the minimum diastolic blood volume flow. 

 

Figure 2.3. Velocity magnitude contours of blood in the symmetry plane of the AVF and in a cross-section 

(B) of the bending vessel. Left and right columns illustrate velocity maps for the maximum and for the 

minimum blood volume flow, respectively. (a and d) Side-to-end AVF case with retrograde flow in the 

DA. (b and e) Side-to-end AVF case with antegrade flow in the DA. (c and f) End-to-end AVF. Black 

arrows indicate the direction of blood flow and white arrows indicate flow separation areas. In the cross-

sections the velocity vectors show formation of Dean type vortices. Inner and outer wall position for all 

cases are as indicated on the cross-section (a) and in Figure 2.1c and 2.1d. 
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In retrograde flow in DA (Figure 2.3a and 2.3d), blood that comes mostly (74% of flow) 

from the PA and in a smaller fraction (26%) from the DA enters through the anastomosis into 

the cephalic vein. This type of blood distribution between the proximal and DA creates a flow 

stagnation zone (A) on the anastomosis floor as depicted by the white arrows. A region of flow 

recirculation forms near the heel in the juxta-anastomosis vein, when the flow hits on the outer 

wall of the vein forming a counter clockwise vortex on the opposite inner wall (B). In antegrade 

flow in DA (Figure 2.3b and 2.3e) blood flows from the PA towards the anastomosis where it 

divides: the greater part of the flow enters into the vein (81%) and only a smaller part flows 

through the DA (19%) towards the palmary arch. When blood reaches the anastomosis the flow 

directed towards the DA changes direction suddenly creating a wider area of recirculation and 

low velocity on the floor, starting from the anastomosis down to the DA (A). The flow entering 

the vein collides against the outer wall near the anastomosis creating an area of recirculation 

flow on the inner wall near the heel (B). Flow patterns in retrograde and antegrade flow seem 

similar, except for the position A where a different shape of the flow recirculation region can 

be observed.  

The sudden curvature of the vein limb of AVF near the anastomosis leads to formation 

of Dean vortices characteristic for curved tubes. These can be well observed in the cross-

sections normal to the vessel axis in position B, as shown in Figure 2.3a and 2.3b. The Dean 

flow type is well developed immediately near the anastomosis and vanishes gradually after the 

vein bend. 

Velocity magnitude plots of blood in the end-to-end AVF for peak systolic and 

minimum diastolic blood volume flow are shown in Figure 2.3c and 2.3f. In this case the whole 

blood coming from the radial artery flows through the cephalic vein in an U-shape tube. After 

the anastomosis the flow impacts on the outer wall and a recirculation zone (C) develops on 

the inner wall of the juxta-anastomosis vein. Also in this case the curvature of the artery induces 

Dean type flow in the bending tract of the AVF, as shown in the cross-section normal to the 

vessel axis in position B. 

 

2.4.2. WSS patterns in the AVF 

To assess how WSS patterns are distributed over the AVF surface we represented the 

wall shear stress magnitude with a cutoff value of 70 dyne/cm2 representing the maximum 

value in normal arteries [7] and eight levels of WSS patterns as shown in Figure 2.4.  
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Figure 2.4. Wall shear stress patterns on the AVF surface. Top and bottom rows illustrate WSS maps for 

maximum and minimum blood volume flow, respectively. (a and d) Side-to-end AVF with retrograde flow 

in the DA. (b and e) Side-to-end AVF with antegrade flow in the DA. (c and f) End-to-end AVF. High WSS 

zones are in red (> 70 dyne/cm2) and low WSS zones in dark blue (< 10 dyne/cm2). 
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In this way low WSS zones are plotted in dark blue (<10 dyne/cm2) and high WSS (> 

70 dyne/cm2) zones are in red. As shown, low WSS match well the sites of flow recirculation 

and stagnation presented in Figure 2.3. In particular, for side-to-end AVF, areas of low WSS 

are found along the wall of the anastomotic floor (A), near the anastomosis heel on the inner 

wall of the vein (B) and in a lesser extent on the inner wall (C) after the curvature of the vein. 

When the flow rate is maximum the high WSS covers all surface of the PA as well as of the 

cephalic vein, except for the small focal sites on the inner side in point B and C on side-to-end 

AVF. When the flow rate is minimum high WSS areas covering is only on the outer and lateral 

wall of the swing segment (see Figure 2.4a to 2.4e). WSS patterns on the PA and on the vein 

are very similar, but rather dissimilar on the DA, where area of low WSS (A) is wider in the 

antegrade flow in DA case respect to the retrograde case. As the AVF geometries are identical, 

this diversity is due to the different flow distributions between the two cases. For end-to-end 

AVF, low WSS regions are presented on the inner wall of the cephalic vein (position C) 

whereas high WSS develops on the inner and lateral walls of the bending artery in the peak 

systolic flow condition as shown in Figure 2.4c. These patterns are maintained at minimum 

diastolic blood volume flow but the highest WSS does not reach the limit of 70 dyne/cm2 

(Figure 2.4f). 

It is worth noting from the shear stress patterns in Figure 2.4 that low and high WSS 

regions are present with different extent on the AVF surface in both maximum and minimum 

flow instances. We should imagine how these areas continue to fluctuate cyclically, from 

systole to diastole, with the heart frequency. It can also be observed that in all AVF, the Dean 

flow that develops in the curved tracts contributes to higher WSS on the lateral walls and lower 

WSS on the inner and outer walls that are normal respect to the radius of curvature of the bend. 

This type of pattern can be well observed in the minimum diastolic blood volume flow 

condition in Figure 2.4d to 2.4f. 

 

2.4.3. OSI and RRT in the AVF 

Surface maps of OSI are presented in Figure 2.5a to 2.5c. Zones of non-null OSI were 

found on the anastomosis floor (A) and near the heel on the inner wall (B) of the swing segment 

in side-to-end AVF (Figure 2.5a and 2.5b) and on the inner wall of the vein after the 

anastomosis (C) in end-to-end AVF (Figure 2.5c). In particular, the highest OSI were 0.31 in 

position A and 0.075 in position B of Figure 2.5a, 0.45 in position A and 0.077 in position B 

of Figure 5b and 0.29 in position C of Figure 2.5c. The RRT contours mapped over the AVF 
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model surface are presented in Figure 2.5d to 2.5f. As shown, the location of RRT on the wall 

is consistent with the distribution of OSI, but RRT patterns are more extended as they are 

caused either by elevated OSI or low TAWSS.  

 

Figure 2.5. Plot of OSI (a, b, and c) and RRT (d, e and f) on the AVF surface. (a and d) Side-to-end AVF 

with retrograde flow in the DA. (b and e) Side-to-end AVF with antegrade flow in the DA. (c and f) End-

to-end AVF. OSI values below 0.001 were represented in light grey to give emphasis on sites with higher 

OSI. RRT values below 1, representing the mean of the 75% quintiles of its distributions over the 

mapped AVF surfaces, were represented in light grey. 
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Median values of RRT distributions were 0.67, 0.64 and 0.42, respectively from Figure 

2.5d to 2.5f. Since RRT does not have a well defined range, for the visualization map scale we 

chose the averaged 75% quintile of RRT distributions as lower limit and set the upper limit to 

the lowest maximum RRT, which is in Figure 2.5d. The peak RRT were 10.4 in position A and 

9.7 in position B of Figure 2.5d, 54.6 in position A and 4.6 in position B of Figure 2.5e and 

30.7 in position C of end-to-end AVF in Figure 2.5f. 
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2.5. Discussion 

 

In the present work, by employing pulsatile CFD simulations in idealized models with 

realistic blood volume flow conditions, we have studied the shear environment in order to 

investigate whether “disturbed flow” occurs on the AVF territory. In particular, in idealized 

AVF we have found that low WSS (<10 dyne/cm2) occurs at the anastomotic floor, on the inner 

wall of the swing segment and after the vein curvature in side-to-end and on the inner wall of 

the juxta-anastomotic vein in end-to-end AVF, in line with previous patient-specific CFD 

studies [25], [30], [32]. In all these sites, except for the venous outflow, we have found not 

only low, but also oscillating WSS. Niemann et al. have found similar findings on the draining 

veins in a side-to-side AVF model [31]. Our results demonstrate that also in side-to-end and 

end-to-end AVF for haemodialysis, exposed to post-operative sudden increase in blood volume 

flow and decrease of waveform pulsatility, there are regions of flow reversal producing 

oscillations in shear direction. Few authors reported oscillating WSS in the AVF for 

haemodialysis. Using OSI calculation based on axially directed WSS in cross-sections as 

defined in [18], we have shown non-null OSI on one perimeter slicing the swing segment [25] 

while a similar study [30] reported null OSI on several cross-sections considered, but none of 

these perimeters was encompassing the flow separation zone on the inner side of the swing 

segment. Recently, in [31] OSI levels were calculated and visualized on the model surface of 

a side-to-side AVF. Therefore, a recommendation to future CFD studies is to perform 

calculation of haemodynamic wall parameters and visualization on the full surface of the AVF. 

We have presented maps of OSI and RRT as indicators of disturbed flow in the three 

models of AVF for haemodialysis. On the inner side of the juxta-anastomosis vein in end-to-

end AVF the OSI was high (0.3), in line with the high incidence of stenosis on the swing 

segment [12], whereas in side-to-end AVF the relatively low OSI (0.075) is somewhat 

contradictory with this evidence. Even though OSI can identify regions of flow reversal, it is 

insensitive to the shear stress magnitude and it seems unlikely that endothelial cells sense OSI 

per se [40]. Instead, the RRT patterns, more extended on the swing segments due to the 

contribution of both oscillatory and low WSS, locate a larger portion of the sites of stenosis in 

side-to-end AVF. This confirms also that in the AVF territory low shear stress per se promotes 

intimal hyperplasia while the oscillatory shear may exacerbate the development of stenosis [8]. 

At the same time, OSI and RRT were higher on the anastomosis floor and on the lateral wall 

of DA, indicating that in side-to-end AVF the DA limb is at risk for stenosis. This is somewhat 
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conflicting with the current consideration that the occurrence of stenoses in this artery is low. 

The frequency of arterial stenoses is lower than those on venous limb, about 1.1% of all cases 

that rises up to 16.6% considering also the arterial anastomosis [12]. However, other studies 

[11], [41] reported even higher incidence, up to 35%. The anastomotic floor is known as a site 

with high IH development in by-pass grafts anastomosis [13]. Moreover, it was shown that 

even if thickening of the vessel wall occurs on the arterial limb of the AVF, the stenoses are 

non-progressive [11] and hence rarely lead to impairment of blood flow. Our finding regarding 

highly oscillating shear on the artery and the cited evidences indicate that the mechanism of 

stenosis formation on the arterial side might be different from that on the venous side in AVF 

for haemodialysis. 

On the inner wall of the outflow vein of side-to-end AVF, also known as a site at risk 

for IH development, OSI resulted null and also RRT was relatively low, indicating only slight 

influence of low WSS. Our CFD simulation in idealized AVF model did not show oscillating 

shear at this level of the vein. However, in real AVF the enlargement and elongation of the 

vessels during the phase of the arterial remodeling may create outflow veins with sharp 

curvature and in that case oscillating WSS might occur. 

Further studies are needed to decide the optimal haemodynamic wall parameters that 

better predict the sites of stenosis formation in AVF for haemodialysis. Beside OSI and RRT, 

that incorporates both OSI and TAWSS, other parameters that were previously proposed to 

quantify the haemodynamic disturbances as predictors of arterial wall sites at risk, like the 

WSS spatial gradient (WSSG) [42], the WSS temporal gradient (WSST) [43] or the WSS angle 

gradient (WSSAG) [44] are worth investigating in AVF patient-specific studies. Our results on 

the swing segment of idealized side-to-end AVF, showing that RRT located a higher portion 

of the site of stenosis than OSI, support well the work of Lee at al. on the normal carotid 

bifurcation [24], who proposed RRT as a robust, single metric of low and oscillating shear. 

Also, in line with our observations, it was already shown in the human coronary artery that 

OSI predicts well the actual site of plaque initiation while RRT locates better the entire plaque 

region [63]. 

On the basis of our actual findings and previous experimental studies on sites of stenosis 

in native AVF for haemodialysis we may speculate on the mechanisms of AVF remodeling, as 

illustrated in Figure 2.6. The VA as a whole remodels itself and matures due to the rise in blood 

volume flow rate and the augmentation of intraluminal pressure in the venous limb. The high 

flow rate induces vessel diameter enlargement through the increase in WSS and the higher 

pressure leads to thickening of the vessel wall to compensate for the rise of wall circumferential 
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stress. Local wall remodeling occurs at specific sites determined by the geometry of the AVF 

(points A, B, and C in Figure 2.6a), where the low and oscillating WSS trigger formation of 

neointima, growing of intima-media thickness and successive stenosis development (Figure 

2.6b). 

 

Figure 2.6. Cartoon illustrating the mechanism of local AVF remodeling. (a) In focal sites determined by 

the geometry of the AVF athero-prone haemodynamic conditions may develop. (b) In these areas, low 

and oscillating shear stresses trigger formation of neointima with subsequent increase of wall thickness 

and stenosis development. 
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The mechanism of AVF vessel thickening on the arterial limb is very likely that of IH 

observed in animal models of AVF [45] or in bypassed arteries [46]. It may not be excluded 

that atherosclerotic plaque-like formation may occur in parallel with intimal thickening even 

if no putative inflammatory effects from cholesterol or LDL accumulation are present [47], 

especially at the anastomosis floor (point A in Figure 6) that has WSS patterns resembling 

those developed at the carotid bifurcation sinus [7].  

On the venous limb the mechanism responsible of luminal occlusion is the intimal 

hyperplasia at sites of low and oscillating WSS. We have shown that among blood distribution 

and impact on the vessel wall, the Dean flow that develops in the curved tracts of the AVF 

contribute to non-uniformity of WSS as well, since resulting WSS is higher on lateral and 

lower on inner and outer wall, normal to the radius of curvature of the vessel. This undoubtedly 

demonstrates existence of vein sections where WSS is not uniform circumferentially even in 

an idealized geometry of AVF. The non-uniform WSS along the circumference of the vein wall 

should result in non-constant intimal thickness and thus in development of eccentric stenoses. 

One limitation of our study is the lack of histopathology images that could directly demonstrate 

this hypothesis. We may, however, rely on data available in the literature on this topic. 

Histology of neointimal hyperplasia and its relation with WSS in stenotic AV grafts has been 

characterized in previous studies in animals [9], [48] and in subjects with AVF creation for 

haemodialysis [49]. The luminal shape at site of stenoses in [49] were in many cases eccentric, 

consistent with the hypothesis that shear stress profiles are distributed non-uniformly along the 

circumference of the vein. Non-uniform WSS profiles have been previously found in patient-

specific CFD studies by our [25] and other group [28] in end-to-end AVF for haemodialysis. 

A direct demonstration of this hypothesis was made in an experimental study of side-to-end 

pig AVF combined with CFD in real geometries that revealed zones with non-uniform shear 

stress profiles circumferentially along the vein wall which correlated to a more eccentric 

histological pattern of intima-media thickening [48].  

We found that arterial and vein walls are subjected to a haemodynamic shear stress that 

is much higher than the physiological shear in arteries [50] and in veins [32]. Wall shear stress 

was shown to remain elevated even after maturation process on the arterial side in prospective 

studies in patients followed-up after creation of AVF for haemodialysis [36], [51], [52]. Similar 

findings were reported in previous CFD studies performed in idealized geometries [27], [29] 

and in patient-specific investigations [25], [28], [32]. In particular, the WSS was high on the 

PA as well as on the outer and lateral walls of swing segments on side-to-end, and on the 

arterial bend in end-to-end AVF. The role of chronic exposure at high WSS was on controversy 
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debate for years and is not yet clearly understood. Earlier studies [53], [54] considered that 

levels of high shear stress may lead to endothelial layer degeneration and erosion. On the 

contrary, more recent studies elucidated that chronic exposure to high levels of WSS with little 

temporal fluctuations has beneficial effects by promoting an athero-protective phenotype [55], 

[56], [57]. Overall, high shear stress resulting from the high flow and higher venous pressure 

stimuli will elicit arterial and vein remodeling by promoting cell proliferation [58]. Locally, on 

one hand high WSS is protecting against neointima formation, but on the other hand high WSS 

spatial gradients may alter the functional state of the endothelial layer and probably that of 

underlying smooth muscle cell layer [59], [60]. Furthermore, little is known about the vein 

endothelium that is subjected to even higher gradient regimes of WSS after AVF creation 

considering that in the pre-operative condition vein physiological range of WSS is about 1-6 

dyne/cm2 [7], [32]. 

In the present work we only took into account the radio-cephalic native fistula created 

at the wrist in an side-to-end and end-to-end manner. Other types of VA, like the upper arm 

fistulae or arteriovenous grafts should be treated in further studies considering their different 

geometry and flow conditions. We used an idealized geometry and imposed realistic pulsatile 

boundary conditions in order to catch the general flow features that develop in the AVF soon 

after the surgical creation. While in patient-specific studies the variability of the AVF geometry 

in terms of bends, torsion and luminal area variation will reflect the haemodynamic condition 

of the single subject, in our opinion the present study may well represent the general flow 

behavior and common shear stress patterns in these two types of radial-cephalic AVF. The 

computational modeling of AVF provides advantages such as the possibility to simulate 

different geometries and a variety of flow conditions. For example, it was shown that the 

geometry of an out-of-plane graft with respect to a planar graft strongly influences 

perianastomotic WSS patterns by breaking the Dean vortices symmetry [61]. Also, in helically 

sinuous vascular prostheses it was demonstrated that the curvature and torsion affect the flow 

field in terms of axial velocity, WSS and vorticity [62]. More importantly, the Dean vortices 

produced by the curvature are changed by the torsion to a predominantly single vortex, with 

consequent changes of WSS patterns. This type of CFD modeling should be employed in 

upcoming studies in idealized AVF to better understand how the anastomotic angle or vein 

torsion, that in part may be amenable by surgical manipulation, would impact on the local WSS 

patterns and targeted towards the lowering of RRT. At the next level, these studies may be 

performed in patient-specific, pilot studies, aimed at minimizing the AVF failure by reducing 

the venous development of neointimal hyperplasia. 
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In conclusion, by using unsteady CFD modeling in radial-cephalic AVF created at the 

wrist we have found that, as contributing factors of the pathogenesis of IH, the localization of 

low and oscillating haemodynamic shear in the post-operative flow condition may explain the 

preferential localization of the stenosis. Despite being exposed to a sudden increase in flow 

rate, sites of “disturbed flow” with low and oscillating WSS in AVF occur in focal sites driven 

by the vessel geometry and the blood volume flow distribution. 
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3.1. Abstract 
 

 

 

 

Early failure of vascular access for haemodialysis after the surgery of radial-cephalic 

arteriovenuos fistula (AVF) occurs mainly due to a juxta-anastomotic stenosis. Even if the 

elevated blood flow induces high wall shear stresses, we have recently shown that disturbed 

flow, characterized by low and reciprocating flow, may develop in zones of the AVF that locate 

well the sites of future stenosis. Our present study was aimed at investigating whether the 

anastomosis angle influences the localization of disturbed flow in radial-cephalic side-to-end 

AVF.  

By means of a parametric AVF model we created 4 equivalent meshes, having the 

anastomotic angle of 30°, 45°, 60° and 90°, respectively. We then performed transient, non-

Newtonian computational fluid dynamics simulations using previously measured blood flow 

and division ratio in subjects requiring primary access as boundary conditions. The relative 

residence time (RRT), a robust indicator of disturbed flow, was calculated for the overall wall 

surface and disturbed flow was localized by areas having RRT > 1. Quantitative 

characterization and statistical tests were employed to assess the difference in RRT medians 

between the four anastomosis angle cases.  

Disturbed flow was located in all AVF models in the same areas where flow 

recirculation and stagnation occurs, on the inner wall of the swing segment (SS) and on the 

arterial wall on the anastomosis floor. Smaller angle AVF had smaller disturbed flow areas 

with lower RRT peak values, either on the vein or the arterial limb. There were significant 

differences in the RRT medians on the swing segment and on the anastomosis floor between 

sharper (30° and 45°) and wider (60° or 90°) angles.  

We have found that in side-to-end radial-cephalic AVF for haemodialysis the 

anastomosis angle does impact on the local disturbed flow patterns. Among the four geometries 

we considered in this study, the smaller angle (30°) would be the preferred choice that 

minimizes development of neointima. Clinicians should consider this at the time of AVF 

creation because anastomosis angle is in part amenable to surgical manipulation. 
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3.2. Introduction 
 

Distal radial-cephalic arteriovenous fistula (AVF) is the best choice with which we are 

acquainted for achieving vascular access (VA) for haemodialysis (HD), but even this type of 

AVF has relatively high rates of early failure [1]. Early failure of radial-cephalic AVF is 

defined as the impossibility to use the VA for dialysis or total failure within the first 3 months 

[2] and is usually due to a juxta-anastomotic stenosis [3], [4] while late AVF failure is due to 

stenosis that may occur anywhere within the venous segment [1].  

Maturation of the AVF or its early failure are closely related to the response of both 

feeding artery and draining vein to the increase in hemodynamic forces that occurs after the 

surgical creation of the anastomosis. The flow patterns and haemodynamic forces that act on 

the luminal layer of endothelial cells (EC) modulating vascular biology and EC functions, are 

not constant [5], [6] and also not uniform along the arterial tree [7]. In the straight parts of the 

arterial tree, blood flow is generally laminar and the wall shear stress (WSS) is relatively high 

and unidirectional. In branches and curvatures, blood flow is disturbed with non-uniform and 

irregular distribution of low WSS. It was shown that sustained laminar flow with high WSS 

upregulates expressions of EC genes and proteins that are protective against atherosclerosis, 

whereas disturbed flow with associated reciprocating, low shear stress generally upregulates 

the EC genes and proteins that promote atherogenesis [8]. These findings have led to the 

concept that the disturbed flow pattern in branch points and curvatures causes the preferential 

localization of stenotic lesions. In the venous system, disturbed flow resulting from reflux, 

outflow obstruction, and/or stasis leads to venous inflammation and thrombosis, and hence the 

development of chronic venous diseases [9]. Disturbed flow also results in postsurgical 

neointimal hyperplasia and contributes to pathophysiology of clinical conditions such as VA 

failure due to thrombosis secondary to stenosis formation [10] as well as VA re-occlusion after 

percutaneous interventions [2], [11].  

That anastomosis angle influences the blood flow field and pathologic response of the 

vessel wall was already observed in end-to-side arterial bypass anastomoses. Experimental 

studies have shown that the angle of anastomosis does change the flow field at vascular 

anastomoses in pig aorta [12] and that different branch angles result in different pathologic 

changes to the vessel wall in anastomoses of right to left carotid arteries in rabbits [13]. Similar 

results were obtained in computational fluid dynamics (CFD) studies in models of left interior 

mammary artery [14] and of a typical stenotic coronary artery bypass grafting [15]. These 

findings would indicate an influence of the angle on the disturbed flow patterns also in side-
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to-end anastomoses used as VA in HD treated subjects. Sivanesan et al. have shown that in 

AVF for HD access the flow in the distal artery (DA) is retrograde in about 75% of well-

functioning fistulae, whereas in 25% the DA flow is antegrade, and this does not seem to 

threaten satisfactory fistula function [16]. It follows that, even very similar geometrically to 

the bypass grafts, the side-to-end anastomoses used in VA, having different blood volume flow 

and blood pathways (see Figure 3.1 for a schematic illustration), might have similar or diverse 

WSS levels and spatial distribution, but this effect of the anastomosis angle on the disturbed 

flow patterns has not been investigated yet. As changes in fistula anastomosis angle are 

amenable to surgical manipulation, the goal would be to inform clinicians what angle 

minimizes the development of intimal hyperplasia as a response of the endothelium to 

disturbed haemodyamic shear condition. 

 

 

Figure 3.1. Illustration of typical anastomoses and blood flow pathways. The correct description of the 

anastomosis (e.g. end-to-side or side-to-end) is by following the direction of blood flow [17]. 

1) End-to-side (distal) anastomosis of a bypass graft with a stenosed host artery. 2) Radial-cephalic side-

to-end AVF used as VA for HD: A) AVF with retrograde blood flow in the DA; B) AVF with antegrade 

flow in the DA. Legend: V, vein ; PA, proximal artery; DA, distal artery. 
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By using computational modeling we have recently shown that disturbed flow develops 

at focal sites of radial-cephalic AVF for HD access, either in an side-to-end or end-to-end 

anastomosis configuration [21]. One of the major benefits of developing these type of 

numerical studies is to facilitate simulations on multiple geometries and blood flow 

distributions for a better understanding of how changes in fistula geometry would impact on 

local WSS and thus on the future development of intimal hyperplasia [18]. To this purpose, in 

the present work we have studied the effect of anastomosis angle on the local distribution of 

disturbed flow in side-to-end radial-cephalic AVF used as primary access in HD treated 

subjects. 
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3.3. Methods 
 

3D meshes of AVF. In order to simulate multiple anastomotic angles we employed a 

parametric model of the side-to-end radial-cephalic AVF as presented in Figure 3.2A. 

 

Figure 3.2. A) Parametric model of side-to-end radial-cephalic anastomosis used for the generation of 

numerical meshes. B) The 3-D meshes created with an anastoomosis angle of 30°, 45°, 60° and 90°, 

respectively. Legend: V, vein (cephalic); PA, proximal artery; DA, distal artery; 

, anastomotic angle; , diameter. 
 

Model’s main parameters are the anastomosis angle () and vessel diameter (). In 

deciding the values of these parameters, we assumed an intra-operative condition of a newly 

created fistula. The value of  was taken from existing literature, namely 2.4 mm either for 

radial artery as found in our previous study [19], or for cephalic vein as measured by Corpataux 

et al. [20]. The extent of the proximal (PA) and distal artery (DA) and of the vein (V) was 

assumed 12.5 times the diameter in order to have enough hydraulic length to allow fully 

developed flow. Also, we assumed the length of the swing segment, the part of vein mobilized 
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in the creation of the anastomosis, equal to 4 diameters and its bending zone was generated 

with a curvature radius that is 2-fold the diameter (see Figure 3.2A).  

Four three-dimensional (3D) meshes of an AVF anastomosis, made of 8-node 

hexahedral elements, were generated by means of a script run with a pre-processor meshing 

program for different values of  (30°, 45°, 60° and 90°, respectively). Within the mesh, a 

boundary layer was generated near the wall so that the elements on the outer surface of the 

meshwork are about 1/3 in thickness of the internal elements. Regardless of anastomotic angle, 

the meshes obtained with this procedure have same diameter and length, maintaining thus 

similar fluid dynamics features like hydraulic length and mesh grid size in terms of number of 

elements. The 3D mesh grids generated with different bifurcation angles of 30°, 45°, 60° and 

90° are presented in Figure 3.2B. 

 

CFD simulations of blood flow in AVF. Numerical transient simulations of non-

Newtonian blood reproducing both retrograde and antegrade flow in DA in the 4 AVF models 

were performed. Detailed numerical settings and blood rheological model of the CFD 

simulations were as previously described [20]. Briefly, we employed an implicit time 

integration scheme (backward Euler) with 50 fixed time steps for each pulse cycle to solve the 

time-dependent Navier-Stokes equations. For the unsteady simulations we have used the 

cephalic vein blood flow rate waveform provided in [21], scaled to yield a time-averaged flow 

rate of 215 mL/min corresponding to the intra-operative fistula condition measured by same 

authors in patients requiring primary access for HD [16]. It is worth mentioning that by this 

assumption we imposed the same blood volume flow and Reynolds number in the vein in both 

retrograde and antegrade flow in the DA simulations. As boundary conditions, fully developed 

parabolic velocities at PA and DA inlet were prescribed. Three complete cardiac pulse cycles 

were solved in order to damp the initial transients of the fluid and only the third cycle was 

considered for the final results. Geometrical parameters and blood volume flow and division 

ratio used in the CFD simulations are provided in Table 3.1. 
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Table 3.1. Geometrical parameters and blood volume flow used in the CFD simulations. 

      

 Diameter Flow division ratio V flow rate V Re #  

  (mm)   (mL/min)     

      

Retrograde 2.4 70%PA : 30%DA : 100%V 215 (378 - 92) 583 (1034 - 245)  

flow in DA      

      

Antegrade 2.4 100%PA : 20%DA : 80%V 215 (378 - 92) 583 (1034 - 245)  

flow in DA      
            

Legend:V, (cephalic) vein; PA, proximal (radial) artery; DA, distal (radial) artery; Re, Reynolds number 

Note: Flow rates and Reynolds numbers are for the cephalic vein and are expressed as time-averged and 

(maximum - minimum) values over the pulse cycle. 

 

Data post-processing. For the third cardiac cycle we calculated the relative residence 

time (RRT) on the overall AVF wall surface, a robust indicator of disturbed flow introduced 

by Himburg et al. [22]. To calculate the RRT we employed an in-house developed program in 

python language using the library for scientific computation numpy [23]. RRT was calculated 

with the formula [22] 

  -1TAWSS]OSI21[~ RRT    

where OSI is the oscillatory shear index computed with the formula [24] 
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and TAWSS represents the time-averaged WSS calculated as 
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where w(t) is the instantaneous WSS vector and T is the period of the cardiac cycle. 

In this formulation, RRT is a strong indicator of disturbed flow because it incorporates 

information on both oscillating and low shear stress [22]. The RRT must be normalized by a 

reference value, which we chose to be the RRT calculated for fully-developed (Poiseuille) flow 

in the vein [20]. In this way, disturbed flow sites, meaning wall surface areas exposed to low 

and oscillating WSS, are localized by zones with RRT > 1, while the remaining AVF surface 

wall areas subjected to high shear stresses, higher or equal to the Poiseuille laminar flow 

equivalent for the time-averaged blood volume flow over a cardiac cycle condition, are 

localized by RRT < 1.  
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RRT was post-processed graphically using the program for parallel, interactive, 

scientific visualization Paraview [26]. The RRT values of surface grid points inside the areas 

of disturbed flow were exported for further quantitative and statistical analyses. Normality of 

these RRT samples was assess by Shapiro-Wilk test and the homogeneity of their variances 

was evaluated with the Bartlett test. Since RRT samples were not normally distributed and the 

variances were non-homogeneous, we employed the non-parametric Kruskal-Wallis test 

followed by a pairwise Mann-Whitney test with Holm correction [27] to assess the difference 

in RRT medians between the four angled side-to-end AVF. All statistical analyses were 

performed using the R environment for statistical computing and graphics [28].  
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3.4. Results 

 

The numerical CFD simulations allowed complete characterization of the 

haemodynamic field in the different angled AVF models. General blood flow velocity and WSS 

patterns in retrograde as well as in antegrade flow in DA were as previously described in detail 

in side-to-end radial-cephalic AVF for HD access [21].  

 

 

Figure 3.3. Surface plot of disturbed flow areas on the AVF wall, 2 cm proximal and distal to the 

anastomosis. From left to right the anastomosis angle is 30°, 45° 60° and 90°, respectively. For each case, 

the top left image represents RRT patterns on the inner wall of the SS (-Y view), the bottom left image 

represents RRT patterns on the AF (+Z view), and the right image shows a 3D view of overall anastomosis 

model (XYZ view). A) Simulations performed assuming retrograde blood flow in DA. B) Simulations 

performed assuming antegrade flow in DA (see text for boundary conditions). Inset image (+Y view): only 

in the 90° case with retrograde flow in DA disturbed flow develops also on the outer wall of the SS. 
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Therefore, disturbed flow was located in the same areas where flow recirculation and 

stagnation occurs, near the heel, on the inner wall of the SS and on the arterial wall at the 

anastomosis floor (AF). Surface maps of disturbed flow located as wall areas having RRT > 1 

are presented in Figure 3.3A for retrograde flow and in Figure 3.3B for antegrade flow in the 

DA simulations.  

The disturbed flow zones on the SS are shown in the top left image (–Y view) for each 

case. It is worth noting on the inner wall of SS how minor angled AVF have smaller disturbed 

flow areas and also lower RRT absolute peak values, either in retrograde or antegrade flow in 

DA. Only for the 90° anastomosis angle case in retrograde flow in DA, disturbed flow develops 

also on the outer wall of the SS (see the inset image in Figure 3.3). The disturbed flow sites on 

the AF and down to the DA are larger than those on the SS as shown in the bottom-left images 

(+Z view) of the artery. Also, it can be observed that these sites are larger in antegrade with 

respect to retrograde flow in DA, owing to opposite blood flow direction in this tract of AVF 

(see Figure 3.1).  

Characterization of disturbed flow zones localized by RRT > 1 in terms of surface area, 

peak value, and median and interquartile range are presented in Table 3.2. There exists a 

tendency of disturbed flow sites on the inner wall of the SS to enlarge with the anastomotic 

angle. In fact, the area of these sites is 0.92, 1.97, 3.39 and 2.42 mm2 in retrograde and 1.21, 

2.27, 3.38 and 3.84 mm2 in antegrade flow in DA, as the bifurcation angle increases from 

minimum to maximum value. The augment of RRT in such sites is not only in area, but also in 

absolute peak value, that is 7.22, 8.87, 18.27 and 8.11 for retrograde and 4.63, 19.77, 18.27 and 

10.19 for antegrade flow in DA, for the AVF angle of 30°, 45°, 60 and 90, respectively. The 

only site of disturbed flow on the outer wall of the SS, found for the 90 case with retrograde 

flow in DA as shown in the inset image of Figure 3.3, has an area of 1.95 mm2 and a peak RRT 

of 11.91 (data not shown in Table 3.2). There was no increase in the area of disturbed flow sites 

on the AF in both flow settings in DA, but in retrograde flow there is an evident RRT peak 

increase as the anastomosis angle increases from 30° to 90° (5.66, 7.64, 29.01 and 21.82) while 

in the antegrade flow in DA cases this tendency is not observed (61.42, 33.28, 43.75 and 67.07).  
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Table 3.2. Characterization of disturbed flow sites on the swing segment and on the anastomosis floor in 

different angled AVF. 

        

    30° 45° 60° 90° 
                

        

SS Retrograde RRTAREA (mm2) 0.92 1.97 3.39 2.42 

 flow in DA RRTPEAK (-) 7.22 8.87 18.27 8.11 

  RRT (-) 1.28 (1.13 - 1.36)*     1.27 (1.07 - 1.74)§   1.48 (1.13 - 2.03)^      1.81 (1.19 - 2.65) 
        

 Antegrade RRTAREA (mm2) 1.21 2.27 3.38 3.84 

 flow in DA RRTPEAK (-) 4.63 19.77 18.27 10.19 

  RRT (-) 1.36 (1.03 - 1.54)* 1.32 (1.12 - 1.65)§ 1.48 (1.13 - 2.03)^ 1.75 (1.22 - 2.62) 

        

AF Retrograde RRTAREA (mm2) 30.09 27.85 27.31 26.12 

 flow in DA RRTPEAK (-) 5.66 7.64 29.01 21.82 

  RRT (-) 1.13 (1.03 - 1.51)**   1.21 (1.04 - 1.71)§§     1.23 (1.05 - 1.77)        1.30 (1.08 - 1.80) 
        

 Antegrade RRTAREA (mm2) 128.73 129.02 131.84 134.79 

 flow in DA RRTPEAK (-) 61.42 33.28 43.75 67.07 

  RRT (-) 1.21 (1.08 - 1.58)** 1.24 (1.09 - 1.68)§§ 1.25 (1.11 - 1.68)^^ 1.31 (1.14 - 1.86) 
                

        

Legend:  Data are expressed as value or median and (1st - 3rd ) quartile range; RRT, relative residence time; SS, swing segment; AF, 

  anastomosis floor; DA, distal artery. Results refer to AVF wall surface areas localized by RRT > 1 as shown in Figure 3. 

Subscripts:  AREA, wall surface area; PEAK, peak (maximum) value.   
        

P < 0.05:  * vs. 90°; § vs. 90°; ^ vs. 90°.     

  ** vs. 45°, 60° and 90°; §§ vs. 90°; ^^ vs. 90°.    

 

 

Regarding the sites of disturbed flow on the SS, the Kruskal-Wallis test revealed an 

effect of anastomosis angle on RRT medians, confirmed also by the post-hoc analyses that 

showed significant differences between acute angles and the 90° case. Medians of RRT on the 

inner side of the SS for the retrograde blood flow in DA were 1.28, 1.27, 1.48 and 1.81 for the 

30°, 45°, 60° and 90° anastomosis angle, respectively. There were significant differences for 

30° vs. 90° (P = 0.011), 45° vs. 90° (P = 0.001) and 60° vs. 90° (P = 0.022). Similarly, for the 

antegrade flow in DA, the medians of RRT on the inner wall of the SS were 1.36, 1.32, 1.48 

and 1.75 and there were significant differences for 30° vs. 90° (P = 0.003), 45° vs. 90° (P = 

0.003) and 60° vs. 90° (P = 0.043) cases. 

On the arterial limb at AF and down to the DA, the medians of RRT for the retrograde 

flow were 1.13, 1.21, 1.23 and 1.30 for the 30°, 45°, 60° and 90° anastomosis angle, 

respectively. There was a significant effect of angle between the RRT medians of cases 30° vs. 

45° (P = 0.002), 30° vs. 60° (P = 0.001), 30° vs. 90° (P = 0.001) and 45° vs. 90° (P = 0.019). 
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Likewise, for the antegrade flow in DA cases, RRT medians on the AF were 1.21, 1.24, 1.25 

and 1.31, whereas significant differences resulted for 30° vs. 45° (P = 0.004), 30° vs. 60° (P = 

0.001), 30°vs. 90° (P = 0.001), 45° vs. 90° (P = 0.001) and 60° vs. 90° (P = 0.001). 
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3.5. Discussion 

 

The development of areas of disturbed flow in the arterial tree is strongly dependent on 

blood vessel’s geometry and on haemodynamic conditions. For the side-to-end AVF, disturbed 

flow is preponderant on the inner wall of the SS and on the arterial limb on the AF and down 

to the distal artery [21]. The predilection of the disturbed flow to form at these sites was 

confirmed in the present study for all four anastomotic geometries. The main goal of our study 

was, however, to assess whether and how the anastomosis angle affects the patterns of disturbed 

flow in idealized models of side-to-end anastomoses and the blood volume flow in a newly 

created VA. Regarding the anastomotic angle, we found an angle-dependence of areas with 

disturbed flow in radial-cephalic AVF. This finding is sustained by the RRT area and peak 

absolute value increment as the angle increases and enforced by the significant differences in 

RRT medians between acute and the 90° angle case for SS and between lower to higher angles 

for AF. As smaller angle anastomoses develop lower areas covered by low and oscillating WSS 

for the same haemodynamic condition, in terms of blood volume flow, will tend to develop less 

intima in proximity of these sites. Hence, an acute angle (~ 30°) represents the solution which 

most minimizes the disturbed flow zones in side-to-end radial-cephalic AVF.  

Our simulations were performed in models of wrist radial-cephalic side-to-end AVF 

representing the intra-operative haemaodynamic conditions of a newly created VA. In the 

following days the PA, DA and vein will remodel and mature to accommodate the new 

haemodynamic condition, by changing their luminal diameter [29], [19] and length according 

to the chronic rise in blood volume flow and intraluminal pressure increase in the venous limb. 

Local wall remodeling will occur at the specific sites of disturbed flow that triggers formation 

of neointima, growing of intima-media thickness and successive stenosis development. The 

higher area and peak value of RRT in the DA in antegrade flow correlated with the lower blood 

flow rate in this limb and suggests that DA might clot more likely in these type of VA. This 

fact, however, might not preclude the functioning of VA that will transform in an end-to-end 

fistula. Also, the two areas of RRT on the inner and on the outer wall of SS for 90° with 

retrograde flow would indicate that this type of geometry might clot with higher frequency. 

Our results achieved by computational modeling are in the same direction of analogous 

studies performed in by-pass anastomoses so far, using numerical methods [30], [14], [15]. All 

these studies found that a smaller, acute angle, is the optimal geometry for the distal 

anastomosis for minimization of zones of disturbed flow or where less intima formation occurs. 
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Despite the similarity of side-to-end AVF and by-pass anastomoses, the direction of blood and 

the amount of blood flow (see Figure 1) distinguish them markedly so that the results obtained 

in by-pass studies cannot be extrapolated to AVF anastomoses. In such circumstances, to our 

knowledge, the originality of the present study is the first application of numerical techniques 

aimed at studying the influence of anastomosis angle on disturbed flow distribution in native 

AVF used as VA in HD. 

Thus, we infer that smaller angle anastomoses will have less intima formation as 

suggested by the RRT, a robust indicator of disturbed flow. One important limitation of our 

study is the lack of histological images of tissue specimens of AVF that could directly 

demonstrate this hypothesis. We may, however, rely on data available in the literature on this 

topic. Jackson et al. [13] showed that different branch angles result in different pathologic 

changes to the vessel wall in anastomoses of right to left carotid arteries in rabbits. Also Staalsen 

et al. found that the anastomosis angle does change the flow fields at vascular side-to-end 

anastomoses in abdominal aorta in pigs [12]. To demonstrate this hypothesis in humans further 

patient-specific pilot studies should be performed and linked with histopathological studies on 

vein specimes. At the next level, studies targeted towards the lowering the areas of disturbed 

flow should be performed with the end-point of improving the maturation rates of VA by 

reducing the venous development of neointimal hyperplasia. With the present study we would 

like to introduce the concept of the effect of anastomois angle on the localization of disturbed 

flow in side-to-end fistulae for HD as a phenomenon markedly different than that in by-pass 

anastomoses and bring it to the attention of clinicians involved in management of VA. 

Present study findings should be considered by nephrologists and/or vascular surgeon 

at the time of surgery of native AVF for HD. It seems that vascular surgeons already do 30° 

anastomosis AVF and about 89°-90° at the elbow and upper arm, but it is not clear whether 

guidelines recommending the angle size are in place. In fact, in the European Guidelines on 

vascular access [31], there are no guidelines specific for the angle creation in wrist radial-

cephalic AVF, even if this type of access is the primary choice. Our study is in line with the 

recommendations of these guidelines for further research on the prevention of IH and into the 

development of novel non-thrombotic grafts. Moreover, only a few studies on the measurement 

of anastomosis angle were performed so far. Sivanesan et al. in their study on the sites of 

stenosis in AVF for HD access found a mean anastomotic angle of 49° for fistulae with 

progressive stenoses and 42° for fistulae with non-progressive stenosis [3]. While this reference 

suggests an angle of 45° for a radial-cephalic AVF, our study would suggest to perform the 

anastomosis with an angle of 30°. 
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In conclusion, in the present study we have studied with numerical methods the effects 

of anastomotic angle on the local patterns of low and oscillating WSS in side-to-end 

anastomoses used as VA for HD. Our results show that the anastomosis angle does really 

impact on the local disturbed flow patterns. Because changes in anastomosis angle is amenable 

to surgical manipulation, one important implication of our study is to inform clinicians about 

the optimal angle to minimize the development of intimal hyperplasia resulting from the 

response of the endothelium to disturbed haemodynamic shear. 
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4.1. Abstract 

 

 

 

 

 

 

 

Actual surgical creation of vascular access has unacceptable failure rates of which 

stenosis formation is a major cause. We have shown previously in idealized models of side-to-

end arteriovenous fistula that disturbed flow, a near-wall haemodynamic condition 

characterized by low and oscillating fluid shear stress, develops in focal points that correspond 

closely to the sites of future stenosis. Our present study was aimed at investigating whether 

disturbed flow occurs in patient-specific fistulae, too. 

We performed an image-based computational fluid dynamics study within a realistic 

model of wrist side-to-end anastomosis fistula at six weeks post-surgery, with subject-specific 

blood rheology and boundary conditions. We then categorized disturbed flow by means of 

established haemodynamic wall parameters. 

The numerical analysis revealed laminar flow within the arterial limbs and a complex 

flow field in the swing segment, featuring turbulent eddies leading to high frequency oscillation 

of the wall shear stress vectors. Multidirectional disturbed flow developed on the anastomosis 

floor and on the whole swing segment. Reciprocating disturbed flow zones were found on the 

distal artery near the floor and on the inner wall of the swing segment.  

We have found that both multidirectional and reciprocating disturbed flow develop on 

the inner side of the swing segment in a patient-specific side-to-end fistula used for vascular 

access six weeks post-operatively. This has obvious implications for elucidating the 

haemodynamic forces involved in the initiation of venous wall thickening in vascular access. 
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4.2. Introduction 

 

A well-functioning vascular access (VA) serves as lifeline for the patients with end-

stage renal disease on renal replacement therapy by haemodialysis. There is general consensus 

in the literature on the superiority of native arteriovenous fistulae (AVF) over arteriovenous 

grafts (AVG) and central venous catheters regarding VA survival, related complications and 

costs. Despite the existence of clinical guidelines [1],[2] recommending well-defined criteria 

to create native AVF, a high early failure rate (within 3 months post-operatively) is complained 

worldwide due to the formation of juxta-anastomosic stenoses. In studies performed between 

1977 and 2002 where VA was provided by AVF placement [3], the mean early failure rate was 

25% (range 2 - 53%) while the mean one-year patency rate was 70% (42 - 90%). Clinical 

results from the ARCH project trial performed in four experienced clinical sites in Europe [4] 

are in line with these observations by reporting an early failure rate of 21% and one-year 

primary patency rate of 66%.  

Since the 1990s computational fluid dynamics (CFD) applied to blood vessels was 

intensively used to assess the wall shear stress (WSS) in the study of the link between 

haemodynamics and cardiovascular disease. Despite its clinical relevance, this type of 

investigational method was less used for the study of VA complications in the last decade, but 

more recently, studies performed in this research area [5],[6] are promising in reducing this 

gap. Beside characterization of the general flow field, many patient-specific CFD studies have 

focused on the assessment of the so-called “disturbed flow” acting near wall. The pattern of 

disturbed flow is irregular, it features secondary and recirculation eddies that may change in 

direction with time and space, and hence it exerts low and oscillating WSS on the endothelial 

layer [7]. Localization of atherosclerosis within specific sites in branch points or curvatures of 

the arterial tree, in humans and in experimental animals [26], led to the concept that the 

disturbed flow is related to the vascular lesions. Also in VA, recent findings about the 

localization of these sites matching areas of disturbed flow [25] may add new insights into the 

mechanism of pathogenesis of neointimal hyperplasia (NH) after the surgical creation of the 

anastomosis. 

By using CFD we have recently shown that disturbed flow may develop in focal sites 

of radial-cephalic models of AVF, either in side-to-end or end-to-end configuration, at least in 

idealized geometry with flow conditions resembling the initial days after surgery [8]. In that 

study, we speculated on a local remodeling mechanism for neointima formation induced by the 
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local disturbed flow. The present study was aimed at investigating whether disturbed flow 

occurs also in a patient-specific AVF model, which would confirm the above hypothesis on 

the haemodynamics-related mechanism of local development of stenosis. 
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4.3. Methods 

 

Patient-specific data. The subject was a 48 year old male, who participated in a 

prospective clinical trial [4]. As per study protocol [9], the patient had blood sample, ultrasound 

(US) and magnetic resonance angiography (MRA) investigations of the left arm vessels, pre-

operatively and six weeks post-operatively. In order to assess the volumetric flow rates in the 

AVF, pulsed Doppler velocity spectra images at six weeks were analysed with a general-

purpose image analysis software (ImageJ v1.48, NIH, Bethesda, MD) and three cycles were 

averaged to obtain the final waveform [10]. Patient-specific flow rate waveforms derived from 

US in the arteries, namely the proximal artery (PA) and the distal artery (DA) are shown in 

Figure 4.1.  

 

 
Figure 4.1. Patient-specific blood volumetric flow rate waveforms derived from US pulsed-Doppler 

velocity spectra images. Continuous and dashed curves represent the blood flow in the PA and DA, 

respectively. Blood flow in the DA changes direction during the cardiac cycle, negative is antegrade 

(towards the hand) and positive is retrograde flow. Horizontal lines indicate the time-averaged 

blood flow rate over the cardiac cycle, 844 mL/min for PA and 86.5 mL/min for DA, 

respectively. Legend: PA, proximal artery; DA, distal artery; V, vein. 

 

The cycle-averaged blood flow rate in the PA was 844 mL/min, indicative for a well-

matured radial-cephalic fistula. Time-averaged volumetric flow rate in the DA was 86 mL/min 

and was retrograde (i.e., directed from the hand towards the anastomosis), although in some 

portions of the cardiac cycle the flow was inverted (antegrade). Overall, in this case of side-to-
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end patient-specific AVF model, cycle-averaged blood flow division ratio was 

91%PA:9%DA:100%V. Patient’s cardiac frequency was 62 strokes/min, so we assumed a 

cardiac cycle period of 1 s in the CFD simulation.  

The MRA image acquisition protocol was already described in a previous study to 

evaluate the feasibility of non-contrast-enhanced MRA for the assessment of upper extremity 

vasculature as compared with contrast-enhanced MRA [12]. Briefly, the MRA image series of 

the lower arm used in our 3-D reconstruction were acquired with a voxel size of 0.75 x 1.38 x 

1.68 mm usimg a 1.5 T scanner (Intera R9.1 Philips Healthcare, Best, The Netherlands).  

Also at six weeks post-operatively, the patient had 29% blood haematocrit and 5.4 g/dL 

total plasma protein concentration. These values were used for the calculation of blood 

viscosity as previously reported [11], which yielded a whole blood viscosity () of 0.024 Poise. 

 

Three-dimensional reconstruction and meshing of the AVF model. Segmentation of 

AVF lumen from the MRA images was performed with the Vascular Modeling Tool Kit (vmtk), 

an open-source framework for patient-specific computational haemodynamics [13]. We 

generated a surface model consisting of the side-to-end anastomosis, the three main vessels of 

the anastomosis, namely the PA, the DA and the draining vein consisting of the swing segment 

(SS) and the vein curvature. Straight cylindrical flow extensions were added in order to allow 

fully development of the flow field inside the computational domain.  

Since hexahedral meshes are known to reduce the computational costs respect to the 

tetrahedral ones [20], and to provide higher accuracy in the calculation of WSS [21], we 

decided to use hexahedral cells for the AVF mesh. The internal volume was discretized with 

the foamyHexMesh mesher which is part of OpenFOAM v. 2.3.1 suite [14]. Starting from the 

surface geometry, this mesher produced high quality hexahedral grids with regular shape cells. 

Two thin boundary layers of cells were generated near the wall in order to increase the accuracy 

of WSS calculation. A coarser mesh with more than 128,000 cells, and two refined, consisting 

of more than 300,000 and 780,000 cells were generated for the AVF model. After a steady 

CFD study for mesh-independence, which yielded a maximum difference in WSS lower than 

5% relative to the finest grid, we concluded that the mesh with 300,000 cells resolves 

accurately the flow field and related WSS inside this type of AVF setting. Full and detailed 

view of the AVF grid, with highlighted the anastomosis floor and the swing segment (SS) of 

cephalic vein, are presented in Figure 4.2. 
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Figure 4.2. Patient-specific model of the radial-cephalic, side-to-end AVF; a) 3-D surface of the model;  

b) detail of the surface and volume meshwork showing internal cells and the boundary layer near the wall. 

Legend: PA, proximal artery; DA, distal artery V, vein. 

 

CFD simulations of blood flow in the AVF. Transient flow simulation was performed 

using the OpenFOAM code, a multipurpose and well validated CFD tool based on the finite 

volume method [14]. We considered the non-Newtonian behaviour of blood by employing the 

Bird-Carreau rheological model implemented in OpenFOAM in the form: 

 =  + (  ) [1 + (k D)2](n-1)/2    

where   is the limiting viscosity at infinite shear rate,  is the limiting viscosity at zero shear 

rate, k is a constant and D is the second invariant of the strain rate tensor. We assumed  = 

0.024 Poise (previously calculated whole blood viscosity of the patient) and the other 

parameters of the equation were determined as described in [15], resulting in  = 0.16 Poise, 

k = 1 s and n = 0.6. Blood density was assumed  = 1.05 g/cm3. 
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As boundary conditions we prescribed blood flow rates at the PA and DA inlets with 

the waveforms shown in Figure 4.1, traction-free at the vein outlet and no-slip at the walls. We 

used pimpleFoam, a transient solver for incompressible flows using the PIMPLE (merged 

PISO-SIMPLE) algorithm and first order Euler time integration scheme. This solver adjusts 

the time step based on a user-defined maximum Courant–Friedrichs–Lewy (CFL) number, 

which we set to 1. The numerical simulation ran in 19,940 variable time steps for a cycle, 

corresponding to a temporal resolution between 0.018 to 0.067 ms, and results were saved for 

post-processing in 1,000 equal time steps for each cycle. Three complete cardiac cycles were 

solved in order to damp the initial transients of the fluid and only the results of the third cycle 

were considered for data processing. 

For the PA and DA inlets, and the vein outlet, we calculated the Reynolds and the 

Womersley numbers as described previously [15]. Geometric and haemodynamic features of 

the patient-specific AVF model are summarized in Table 4.1.  

 

Table 4.1. Geometric and haemodynamic features of the patient-specific AVF model 

        

 Diameter  Volumetric flow rate  Re  Wo 

  (mm)   (mL/min)         

        

PA inlet 5  844 (1121; 669)  1387 (1879; 1080)  3.91 (3.95; 3.88) 

        

DA inlet 3.8  86 (168; -60)  161 (338; 106)  2.76 (2.87; 2.69) 

        

V outlet 5.9  930 (1283; 639)  1263 (1788; 837)  4.52 (4.58; 4.44) 
                

Note:  Waveforms of the flow rate in the PA and DA are shown in Figure 4.1. The flow rate in V is 

obtained by their summation. Volumetric flow rates, Re and Wo numbers are calculated for the 

given diameters and are expressed as time-averaged and (maximum; minimum) values over the 

pulse cycle. 

Legend:  PA, proximal (radial) artery; DA, distal (radial) artery; V, (cephalic) vein; Re, Reynolds number; 

Wo, Womersley number. 

 

Data post-processing. We described the general flow field by means of velocity and 

shear stress plots, and localized disturbed flow zones on the AVF surface by means of specific 

defined haemodynamic wall parameters. In particular, we localized reciprocating disturbed 

flow by means of the oscillatory shear index (OSI) [16], and multidirectional near-wall 

disturbed flow by means of the transverse WSS (transWSS) metric [18]:  
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where w


(t) is the instantaneous WSS vector, n


the normal to arterial surface, t the time and T 

is the period of the cardiac cycle. This metric averages the magnitude of WSS components 

perpendicular to the mean shear vector on the vessel wall. Low transWSS areas indicate that 

the flow remains approximately parallel to a single direction throughout the cardiac cycle, 

while high transWSS indicate changes in near-wall flow direction.  

Also, aimed at describing the nature of the haemodynamic shear, we generated plots of 

WSS magnitude in time in several feature points on the AVF surface, considering the WSS 

vector positive in the direction of the main flow.  

Post-processing and visualization of the results were performed using paraview [19]. 
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4.4. Results 

 

Representative 3-D velocity profiles in the PA, DA, SS and more distally after the vein 

curvature, corresponding to peak-systolic and end-diastole time-points are shown in Figure 4.3. 

The profiles in both arteries have a parabolic shape, representative for laminar flow. At 

contrary, the velocity profiles in the vein have complex shapes with ridges inside the lumen and 

skewed towards the wall. These profiles reveal development of multiple vortexes and important 

secondary flows at peak-systole in the SS, which are damped more distally on the vein and in 

the diastolic phase of the cardiac cycle (see cross-section images in Figure 4.3).  

Figure 4.3. 3-D velocity profiles of blood in four cross-sections on the PA, DA, SS and V for peak systolic 

a) and end-diastole b). The inset images are top-view of the velocity profile in the vein, showing 

development of multiple vortices. The arrows in the left panel indicate the direction of blood 

flow, inner wall position is as indicated on the bottom image. 

Legend: PA, proximal artery; DA, distal artery; SS, swing segment; V, vein. 
 

The WSS distribution on the AVF at peak-systole and end-diastole are presented in 

Figure 4.4. A big portion of the AVF surface is subjected to very high WSS (in red colour, > 

70 dyne/cm2). However, areas of low WSS are found along the DA, on the anastomotic floor, 

a) b)
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on the inner wall of the SS, and after the vein curvature. In particular, when the blood flow rate 

is at maximum, low WSS is still located in focal sites at the inner wall of the SS, as well as on 

the inner wall after the vein curvature (see Figure 4.4a).  

 

 

Figure 4.4. Wall shear stress patterns on the AVF surface for peak systolic (a) and end-diastole (b). Color 

scale: high WSS zones are in red (> 70 dyne/cm2) and low WSS zones in dark blue (< 10 dyne/cm2). The 

arrows indicate the direction of blood flow. Legend: PA, proximal artery; DA, distal artery V, vein. 

 

The patterns of disturbed flow in this patient-specific AVF are presented in Figure 4.5. 

Reciprocating shear disturbed flow zones revealed by high OSI (Figure 4.5a), are located on 

the inner wall of the SS, after the vein curvature, and on the DA near the anastomosis floor. 

Multidirectional flow, as characterized by medium-to-high transWSS (> 10 dyne/cm2, Figure 

4.5b) is located on the anastomosis floor, the whole SS and, in a lesser extent more distally, 

after the vein curvature. Such patterns of transWSS indicate that shear vectors change direction 

throughout the cardiac cycle on the whole SS surface, while they remain approximately parallel 

to the main direction of flow on the PA and DA walls. 

.  
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Figure 4.5. Distribution of haemodynamic wall parameters on the AVF wall: a) plot of OSI; b) plot of 

tranWSS. Values of OSI below .1 and of transWSS below 10 dyne/cm2 were represented in light 

grey to emphasize the pattern of disturbed flow on the AVF surface. 

Left, front view; right, rear view of the AVF. The arrows indicate the direction of blood flow. 

Legend: PA, proximal artery; DA, distal artery V, vein. 
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Of note, the transWSS is low (< 10 dynes/cm2) in zones far from anastomosis, on the 

PA, the DA and on the vein after the curvature. Such patterns of transWSS indicate that the 

shear vectors remain approximately parallel to the main direction of flow on the wall of these 

limbs, while they change direction throughout the cardiac cycle on the whole anastomotic and 

SS surface. 

The time-course of the WSS vector throughout the pulse cycle for four feature points on 

the AVF surface are presented in Figure 4.6 while their near-wall flow characteristics are 

summarized in Table 2. These points are shown in Figure 4.5a and were selected specifically 

to characterize the shear vector acting on the inner wall of PA (P1) corresponding to laminar 

bulk flow, matching the highest OSI on the DA and SS (P2 and P3) in disturbed flow zones, 

and on the outer wall of the vein (P4) after the SS curvature.  

 

 

Figure 4.6. Plot of the WSS vector variation throughout the cardiac cycle for four feature points on the 

AVF surface. The sign of the WSS vector was taken into account by considering positive the direction 

of the bulk flow. Position of the feature points (P1 to P4) on the AVF surface is as depicted in 

Figure 4.5a right. Continuous, WSS magnitude; dashed line, time-averaged WSS over the pulse cycle. 

 

The graphs reveal high WSS on the PA (P1, time-averaged 78.9 dyne/cm2), specific for 

laminar and high blood flow. Pure reciprocating flow develops on the DA, oscillating with the 
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frequency of heart rate and having a low average (P2, OSI 0.42, time-averaged WSS 0.7 

dyne/cm2). High frequency, either multidirectional or reciprocating flow develops on the inner 

wall of the SS (P3, transWSS 22.7 dyne/cm2, OSI 0.47 and time-averaged 2.1 dyne/cm2). More 

distally on the outer vein, the WSS pattern is multidirectional lowered (P4, transWSS 6.1 

dyne/cm2) and oscillating with high frequency around a big value (time-averaged 66.7 

dyne/cm2).  

Of note, respect to the point (P2) on DA where the WSS vector oscillates with low 

frequency (i.e., of the heart rate), the oscillations of the WSS vector at point (P3) on the inner 

side of SS have a very high frequency.  

 

Table 4.2. Characteristics of near-wall flow at four feature points on the AVF surface. 

Point Position 
Type of  
bulk flow 

Type of  
disturbed flow 

OSI transWSS max WSS min WSS TAWSS 

          
(dyne/cm2) (dyne/cm2) (dyne/cm2) (dyne/cm2) 

         

P1 
PA 

(inner wall) 
laminar - 0 0.7 110.2 59.0 78.9 

         

P2 DA laminar reciprocating 0.42 1.2 9.4 -23.0 0.7 

         

P3 
SS 

(inner wall) 
turbulent 

reciprocating,  
multidirectional 

0.47 22.7 92.4 -119.2 2.1 

         

P4 
V 

(outer wall) 
turbulent 
(damped) 

multidirectional 0.003 6.1 118.7 29.3 66.7 

Note:  The position of the four feature points is as shown in Figure 4.5a (right). 

Legend:  PA, proximal (radial) artery; DA, distal (radial) artery; SS, swing segment; V, vein (cephalic); WSS, 

wall shear stress; OSI, oscillatory shear index; transWSS, transverse wall shear stress. 
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4.5. Discussion 

 

While the mechanism of vessel wall pathophysiology has been subject of considerable 

research, the idea of the link between disturbed flow and NH in VA is relatively new [25]. In 

the present study we employed image-based CFD in a realistic model of side-to-end radial-

cephalic AVF, showing development of disturbed flow. The working hypothesis regarding 

existence of disturbed flow zones that may trigger the local remodeling mechanism [8], was 

corroborated also in this patient-specific AVF case. Our study is in agreement with previous 

idealized geometry [27],[28] and image-based CFD studies [7] that reported development of 

reciprocating disturbed flow (high OSI) on the AVF walls. 

This is the first study to reveal the multi-directionality of WSS on the anastomosis floor 

and on the SS walls. The high values of transWSS in Figure 4.5b are indicative for development 

of complex vortices in the SS that rotate also the shear stress vectors at the vessel wall. At the 

same time, in some areas of the inner wall of the SS, reciprocating disturbed flow develops as 

shown in Figure 4.5a. Another novel finding was to show that the nature of reciprocating flow 

developed on DA and SS walls are different. While the DA experienced pure reciprocating 

flow at the frequency of the heart rate, the oscillations of the WSS on the SS wall were at high 

frequencies, induced by the turbulent bulk flow at this level. 

Our results are confirmed by an in vivo study in canines [30] showing that NH develops 

more on the inner compared to the outer wall of SS, and compared with the proximal vein. 

Also, in a clinical study[31], serial AVF patients were showing development of turbulence only 

in the SS, while spiral laminar flow developed in the PA and distally in the draining vein. By 

solving the numerical solution with a very high temporal resolution we could catch the 

transition from laminar to turbulent flow that develops in the SS, in line with similar findings 

of other authors[22],[23]. 

Our study has obvious implications for elucidating the haemodynamic forces involved 

in the initiation of venous wall thickening in VA. The high frequency shear oscillations on the 

SS wall, having a low time-averaged WSS, may trigger or enhance venous NH. A similar 

conclusion was achieved by [17], showing that regions of porcine iliac arteries with increased 

endothelial permeability experience higher frequency oscillations in shear. While there is 

considerably evidence in vitro on laminar pulsatile vs. oscillatory shear, demonstrating clearly 

the atherogenic effect of pure reciprocating flow on the endothelium [26], few data exist in 

literature on the effect of multidirectional WSS.  
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Among the limits of the work, the study of only one patient-specific model with no 

longitudinal data is recognised, recalling the need of further larger studies. We also did not 

include the compliance of the wall in the AVF model. McGah et al. [24] studied the effects of 

wall distensibility, finding lower time-averaged WSS compared to the rigid-walled simulation 

in a side-to-end AVF, but whether this affects also the near-wall disturbed flow should be 

further investigated. However, the technologies available today allow to optimize anastomotic 

geometries [29] or to conduct longitudinal patient-specific studies for the follow-up of VA 

adaptation and local remodeling [5],[6].  

In conclusion, in the present study we have studied the local patterns of WSS in a 

patient-specific side-to-end anastomosis, an AVF setting with high blood flow developed at 

six weeks post-operatively. We have found that the swing segment of the vein is a conduit 

subjected to multidirectional hemodynamic shear stress and simultaneously develops 

reciprocating disturbed flow in some focal points. This combination may boost the initiation 

of NH after the surgically creation of the AVF, leading to subsequent failure of VA. 
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5.1. Abstract 

 

 

 

 

Vascular access (VA) for haemodialysis is provided mostly by surgically creation of a 

native or synthetic graft arteriovenous fistula in the arm. Maintaining patency of VA continues 

to be a major problem for patients with end-stage renal disease since in these vessels 

thrombosis and intimal hyperplasia often occur. These lesions are frequently associated with 

disturbed flow that develops near bifurcations or sharp curvatures.  

We explored the possibility of investigating blood flow dynamics in a patient-specific 

model of end-to-end native AVF using computational fluid dynamics (CFD). Using digital 

subtraction angiographies of an AVF, we generated a 3-D meshwork for numerical analysis of 

blood flow. As input condition a time-dependent blood waveform in the radial artery was 

derived from centerline velocity obtained during echo-color-Doppler ultrasound examination. 

The finite element solution was calculated using a commercial fluid-dynamic software 

package.  

In the straight, afferent side of the radial artery wall, shear stress ranged between 20 

and 36 dynes/cm2, while on the outer surface of the bending zone it increased up to 350 

dynes/cm2. On the venous side, proximal to the anastomosis, wall shear stress was oscillating 

between negative and positive values (from -12 dynes/cm2 to 112 dynes/cm2), while distal from 

the anastomosis, the wall shear stress returned within the physiologic range, ranging from 8 to 

22 dynes/cm2. Areas of the vessel wall with very high shear stress gradients were identified on 

the bending zone of the radial artery and on the venous side, after the arteriovenous shunt. 

Secondary blood flows were also observed in these regions.  

CFD gave a detailed description of blood flow field and showed that this approach can 

be used for patient-specific analysis of blood vessels, to better understand the role of local 

hemodynamic conditions in the development of vascular lesions. 
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5.2. Introduction 

 

A lasting functioning vascular access (VA) is essential for renal function replacement 

therapy by haemodialysis, but VA complications remain a leading cause of morbidity and 

hospitalization in these patients [1]. VA for haemodialysis is usually provided by native 

arteriovenous fistula (AVF) or synthetic grafts to allow adequate blood flow during dialysis 

session [2]. The most frequent complications of vascular accesses are stenosis and thrombosis, 

which occur mainly on the venous side of the fistula or synthetic graft [3]. With increasing 

recognition of the costs and morbidity associated with VA complications, there has been 

renewed interest in the early detection and treatment of VA failure. Potential risk factors, 

including sex, vessel size, surgical technique and underlying renal disease are believed to be 

important for the patency of VA, but no consensus has been achieved yet [1]. 

In the last decade, several studies have demonstrated that local hemodynamic factors 

play an important role in arterial remodeling and atherosclerotic disease. This consideration is 

based on the observation that blood vessels remodel themselves to keep wall shear stress, the 

tractive force induced by the flow of blood on endothelial cells, within a “physiologic range” 

[4]. In addition, it is common finding that clinically relevant plaque formation is most frequent 

in areas of complex flow, near branch points and bifurcations. It has been shown that in these 

regions vascular lesions localization correlates with low and oscillating wall shear stress [5-7]. 

Dobrin and coworkers [8] reported that also for autogenous vein grafts, intimal thickening was 

correlated with low blood velocity and resulting mean low wall shear stress. On the other hand, 

Fillinger [9] showed that on the venous side of arteriovenous grafts higher blood flow leads to 

flow disturbances and to intima-media thickening. The influence of wall shear stress on 

haemodialysis AVF was demonstrated in a study by Girerd et al. [10] who found that the radial 

artery remodeled in response to the chronic increase in wall shear stress. In this study, changes 

in the diameter of the radial artery were not a result of hypertrophy of the wall because its 

cross-section was not increased, thus pointing to a true remodeling of the arterial wall. 

In order to investigate in more detail the relation between local blood flow velocities at 

the vessel wall and the development of arterial wall complications, estimations of the 3-D flow 

field of the vessel are required, since wall shear stress cannot be measured directly and has to 

be derived from the velocity profiles. These profiles can be directly measured in vivo using 

magnetic resonance (MR) or color-flow Doppler ultrasound (CDU), however both methods 

have limitations for the computation of shear stress from the flow field that develops in AVF. 
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MR has still low spatial resolution for vessels of this diameter (< 5 mm), as there are few voxels 

in the vessel cross-section, so that velocity gradients can be greatly affected by experimental 

error. On the other hand, CDU estimates velocity in spatially limited regions and does not allow 

to describe the entire flow field. 

An alternative for the evaluation of wall shear stress is the use of computational fluid 

dynamics (CFD) software to simulate flowing fluid in a known geometry. In this study, we 

firstly set up a technique to derive the 3-D geometry of an AVF using two orthogonal images 

obtained during digital subtraction angiography (DSA) and then used this geometrical model 

to simulate blood flow dynamics in the fistula by CFD. 
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5.3. Methods 

 

In a 60-year-old woman on chronic haemodialysis in the Nephrology Unit of the 

“Ospedali Riuniti di Bergamo”, a native AVF was created by an end-to-end anastomosis 

between the radial artery and the cephalic vein, as schematically presented in Figure 5.1. 

 

Figure 5.1. Schematic drawing of the end-to-end arteriovenous fistula (AVF) created as  

a shunt between the radial artery and the cephalic vein. 

 

To assess the morphology of the AVF, digital subtraction angiography was performed 

26 months after the surgery using an Integris C2000 angiograph (Philips, Eindhoven, NL). 

During image acquisition, the patient’s arm was fixed in the center of rotation of the C-arm of 

the angiograph, and two orthogonal projections were acquired at –45° and +45° relatively to 

the vertical plane. We also acquired two DSA images of a spatial calibration grid placed on the 

surface of the intensifier immediately after examining the patient, keeping constant acquisition 

parameters, in order to correct the angiographic images for non-linear geometric distortion of 
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the intensifier [11]. The next day, an echo-Doppler examination of the AVF was done (HDI 

5000, ATL Ultrasound, Bothell, WA) to measure the centerline blood flow velocity in the 

radial artery to be used as boundary condition for CFD. A blood collection from the 

contralateral arm was performed before the echo-Doppler study to determine the hematocrit 

(Ht) and total plasma protein concentration (Cp). 

 

5.3.1. Three-Dimensional reconstruction of AVF 

DSA images of the AVF and of the calibration grid were transferred from the 

angiograph into the memory of a PC for digital processing (see Figure 5.2).  

 

Figure 5.2. Orthogonal views of DSA images used for the three-dimensional reconstruction of the AVF. 

 

Non-linear distortion was corrected using a method previously described [11]. This 

method uses bilinear interpolation of the four edges of each square in the grid to correct spatial 

distortion, and allows the generation of dimensionally corrected images with known 

enlargement (pixels/mm). To obtain a 3-D reconstruction of the AVF geometry, we developed 

a computer program based on the back-projection algorithm of the DSA images, as shown in 

Figure 5.3.  

ANASTOMOSISANASTOMOSIS
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Figure 5.3. Scheme of the back-projection method. Volume of reconstruction (401 x 401 x 701voxels) is 

symmetrically displaced around the center of rotation (O) of the C-arm of the angiograph. 

 

The reconstruction technique consists in calculating the gray intensity of the voxels 

contained in a defined geometry (later referred as the volume of reconstruction). DSA images 

(256 gray levels, 1201×1021 pixels) were initially segmented using a general-purpose image 

processing software (NIH Image, NIH, Bethesda), after manual tracing the vessel boundaries. 

Four gray levels were used, the lumen of the radial artery was set to 252, the lumen of the 

cephalic vein to 180, the intersection zone of the two vessels to 196, and the background and 

other small vessels to 0 (black). A volume of reconstruction of 401×401×701 voxels was 

assumed to be located around the isocentric axis of the angiograph. We then considered one 

angiographic image and assigned a gray level to each voxel equal to the gray level of the 

corresponding pixel in the angiographic image, according to the X-ray projection geometry. 

To identify pixel coordinates (u and v) in the angiographic image corresponding to a given 

voxel of the reconstruction volume, we used linear projection on the basis of the known 

distance between the isocenter (point O in Figure 5.3) and the X-ray source (S) and between 

the isocenter (O) and the plane of the reference grid (F). Once the gray level of each voxel was 

assigned using the first image, we repeated the assignment using the second image and 

considered the mean of the two previous levels as the final gray level of each voxel. The result 
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of this operation is reported in Figure 5.4, which represents a cross-section plane of the 

reconstruction volume.  

 

Figure 5.4. Cross-sectional plane of the volume of reconstruction; ellipses represent the assumed vessel 

lumen profile. 

 

A threshold operation was then applied to identify voxels belonging to the 3-D 

geometry of the vessel. According to the different combinations of gray levels previously 

defined, different threshold levels were adopted to binarize the voxels contained in the volume 

of reconstruction (white if belonging to the vessel and black if belonging to the background). 

The resulting rectangular areas were then used to calculate the ellipses tangent to their 

boundaries that were assumed to indicate the vessel lumen (see Figure 5.4). The 3-D data set 

composed of serial cross-sections of the vessel lumen was used to generate a surface model of 

the AVF. To this purpose we used the VTK 2.0 library [12] and developed a C++ program 

based on the marching cubes algorithm [13], that creates triangles of constant density surfaces 

from 3-D data. The resulting polygonal structure was imported into GAMBIT (v 1.1, Fluent 

Inc., Lebanon, NH), a pre-processor program for building mesh models for CFD. A 3-D 

meshwork of the AVF was then generated for finite element solution of the blood flow 

problem. 
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5.3.2. Numerical simulation of blood flow 

Fluid dynamics of viscous flow in tubes is based on the application of momentum 

(Navier-Stokes) and mass conservation equations [14]. We solved the Navier-Stokes and 

continuity equations using the software FIDAP (v 8.5, Fluent Inc., Lebanon, NH), a 

multipurpose CFD package based on Galerkin’s finite element method [15]. The 3-D 

meshwork (see Figure 5.5) is made up of 8-node isoparametric brick-type elements and it has 

more than 38,000 nodes.  

 

Figure 5.5. Three-dimensional meshwork used for finite element analysis. 

 

Within the mesh, a boundary layer was generated near the wall so that the elements on 

the outer surface of the meshwork are about 1/3 in thickness of the internal elements and their 

average distance to the wall is 6.5 % of the radius. The size of outer cells is in average 0.18 

mm, while the size of the central cells is in average 0.53 mm (18.7% of radius). To verify the 
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independence of numerical solution from the grid refinement, we performed steady 

calculations using the peak flow rate within a meshwork made up of more than 120,000 nodes. 

Using this new grid we calculated that axial velocities in four cross-sections of the AVF (see 

Figure 5.9 for the location of the four sections) varied, in average less than 3%, in respect to 

the 38,000 nodes grid. Wall shear stress in the same cross-sections varied in average 8.5% 

(median 3.7%) between the two meshes. Due to the large number of elements required for flow 

simulation, we considered that the mesh with 38,000 nodes resulted in acceptable grid 

independence for both velocity and wall shear stress, considering that the later parameter is 

very sensitive because it is based on numerical differentiation.  

Zones of the AVF where low shear rates might occur, imposed the choice of a shear-

thinning constitutive model for the blood. To this purpose we used the Carreau viscosity model 

that is implemented in FIDAP in the form  

 =  + (  ) (1 + K2D2)(n-1)/2      (4.1) 

where   is the limiting viscosity at infinite shear rate,  is the limiting viscosity at 

zero shear rate, K is a constant and D is the second invariant of the strain rate tensor [15]. The 

value of  was assumed as dependent on hematocrit (Ht) and plasma viscosity, as suggested 

by Quemada [16]. To calculate plasma viscosity we used the formula proposed by Kawai et al. 

[17] as a function of the plasma protein concentration (Cp). With actual blood analysis data 

(hematocrit Ht = 35.1% and plasma proteins Cp = 7.0 g/dl) the infinite viscosity was  = 0.033 

Poise. The other parameters of equation (1) were determined by curve-fitting procedure with 

the experimental data from Brooks et al. [18], who reported blood viscosity-shear rate 

relationships for a hematocrit of 35.9%, a value that is close to that measured in our present 

investigation. The resulting parameters were  = 0.16, K = 1 and n = 0.4. Blood density was 

assumed to be  = 1.045 g/cm3.  

As boundary conditions we imposed zero velocity at the vessel wall (no-slip condition), 

assumed to be rigid, and we left the velocity components at the outflow free in order to obtain 

zero stress in normal and tangential directions. At the AVF inflow (afferent side) we imposed 

time-dependent parabolic velocity profiles. The centerline velocity of these parabolas was 

derived from CDU investigation at the level of radial artery (Figure 5.6). The velocity spectrum 

represented in Figure 5.6 was obtained with a probe size comparable to the vessel diameter ( 

5 mm), and centerline velocity was derived from the maximum velocity as a function of time 

taking into account the difference in cross-sectional area between inflow and CDU transversal 
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section. Time-averaged flow rate in the radial artery was 11.9 mL/s (714 mL/min) and pulse 

frequency was 68 strokes/minute.  

 

Figure 5.6. Centerline velocity measured with CDU in the radial artery of the fistula. Pulse frequency was 

68 beats/min; radial artery diameter was 5.8 mm; calculated mean flow rate was 11.9 mL/s. Maximum 

and minimum flow occur at period fraction t/T=0.32 and t/T=0.90. 

 

In view of the large number of mesh nodes, the numerical procedure was carried out 

using the segregated solution method, an algorithm that solves each conservation equation 

(velocity component and pressure) separately and in a sequential manner for each time step. 

Time integration was executed with the implicit, backward Euler method with 50 fixed time 

steps for each pulse cycle, and three complete flow cycles were calculated. For flow 

visualization, we used the post-processing module of the CFD package (FIPOST). 
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5.4. Results 

 

Angiographic images of the AVF and location of the anastomosis are reported in Figure 

5.2. The radial artery appears fairly uniform in radius and straight. There is marked narrowing 

of the vessel diameter in the area where the artery bent. Immediately after the anastomosis the 

cephalic vein showed an irregular shape, likely the result of vessel remodeling. More distally 

the cephalic vein had more uniform diameter. The 3-D meshwork generated reproduced in 

detail the geometry of the AVF (Figure 5.5). This mesh was used to solve the computational 

problem in order to estimate blood velocity field and derive wall shear stress along the 

peripheral surface of the vessel. Figure 5.7 shows representative blood velocity vectors 

calculated in the curvature plane of the fistula at time t/T = 0.32, that corresponds to maximum 

blood volume flow. Velocity profiles did not show recirculation flows on the arterial 

(descending) side of the AVF. As expected, velocity increases at the bend, due to restriction of 

the vessel cross-section. There was an important area of recirculation on the ascending side of 

the AVF, immediately after the anastomosis (Figure 5.7).  

 

Figure 5.7. Velocity vector plot at t/T=0.32 (maximum flow rate) in a plane that cuts the bending and 

anastomosis zones of the AVF. 
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Axial velocity vector plots in four longitudinal planes at the level of radial artery (A), 

bending zone (B), anastomosis zone (C) and cephalic vein (D) are reported in Figure 5.8. 

 

Figure 5.8. Axial velocity vector plots in four planes that cut the AVF longitudinally at positions A, B, C, 

and D. 

 

Radial velocity vector plots at the specified vessel cross-sections, on the arterial (panels 

A and B) and venous side (panels C and D), at the time fraction t/T=0.32, are reported in Figure 

5.9.  

 

Figure 5.9. Secondary velocity vector plot at four cross sections (A, B, C, D) of the AVF. 
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We calculated Reynolds number in these four cross-sections considering blood as non-

Newtonian fluid. To this purpose we used a characteristic shear rate ( cγ ), as proposed by Gijsen 

et al. [19]. For cylindrical tubes, the characteristic shear rate can be approximated as /Dv8γc 

, where v is the average velocity and D is the tube diameter. The characteristic viscosity c = 

( cγ ) was calculated using equation (1) and the Reynolds number as Re =  v D/c. For the 

above cross-sections (A, B, C and D), mean diameter, cγ , c and the resulting Reynolds number 

at the maximum flow rate (14.7 mL/s) are reported in Table 5.1. These Reynolds numbers are 

lower than the critical value for straight tubes with steady flow, however, as a result of 

curvature and diameter changes along the vessel, secondary motions are evident at cross-

sections B and C and marginal in D.  

 

Table 5.1. Geometric and hemodynamic parameters in the four cross-sections of the AVF. 

     

Section Mean diameter 
cγ  c Re 

 (cm) (s-1) (Poise)  

     

A 0.63 587 0.0358 862 

B 0.44 1,699 0.0345 1,275 

C 0.60 692 0.0355 918 

D 0.80 294 0.0372 658 

     

Reported values are calculated for the maximum blood volume flow rate (14.7 mL/s). Legend: cγ , characteristic 

shear rate; c, characteristic viscosity. See text for detail of calculation and Figure 5.9 for cross-sections location. 

 

The recirculation flow pattern at level C is clearly depicted in Figure 5.10, which 

presents trajectories of massless particles moving near the inner wall of the cephalic vein 

immediately after the anastomosis.  
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Figure 5.10. Path plot of virtual massless particles moving near the wall on the ascending side of the 

fistula immediately after the arteriovenous anastomosis. 

 

 

These particles are introduced in the flow domain near the wall and the path motion of 

the particles is tracked on the basis of the computed flow field. As shown in Figure 5.10, these 

particles move initially in direction opposite to the main flow and then recirculate following 

the main blood stream. 3-D profiles of axial velocity in the four sections A, B, C, and D (see 

Figure 5.9) are represented in Figure 5.11.  

At level A, blood flow is fully developed, axial velocity profile is almost parabolic, 

without secondary flows. At level B, blood acceleration is evident and the flow profile is 

skewed, characteristic for curved tubes [20]. Non-uniform geometry of the vessel wall near 

level C leads to secondary flows and recirculation, and the velocity profile shows negative and 

null values within the section area. At level D secondary flows were absent and axial velocity 

profile is close to parabolic.  
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Figure 5.11. Three-dimensional representation of axial velocity on the arterial side (A, B) near the 

anastomosis (C) and on the venous side (D) of the AVF at the maximum flow rate. 

See Figure 5.9 for the position of vessel cross-sections. 

 

For these four cross-sections, we calculated the magnitude of the wall shear stress along 

the perimeter corresponding to maximum (t/T=0.32) and minimum (t/T=0.90) blood volume 

flow rate. The value of wall shear stress was considered positive if the vector was directed in 

the main flow direction and negative if directed opposite to the main flow. As reported in 

Figure 5.12, wall shear stress on the radial artery (cross-section A) ranged between 20 and 36 

dynes/cm2, values almost within the physiological range [4]. On the contrary, shear stress was 

importantly elevated above the physiological range along the perimeter of section B ranging 

from 44 up to more than 350 dynes/cm2, with an average of 194 and 134 dynes/cm2 at t/T = 

0.32 and t/T = 0.90, respectively. These values far exceed the physiological range by at least 

one order of magnitude. Near the anastomosis (C), there were regions of negative (-12 

dynes/cm2) as well as positive (116 dynes/cm2) wall shear stress. In about 18% of this 

perimeter, wall shear stress remaines negative or null throughout the entire cardiac cycle. At 

location D (cephalic vein) the calculated wall shear stress returned within the physiological 

range with values ranging from 8 to 22 dynes/cm2.  
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Figure 5.12 Wall shear stress at the four cross-sections of the AVF; see Figure 5.9 for the position of the 

four cross-sections and of the dimensionless perimeter. 

 

At the inner side of the AVF, from section B to section C, the transition from high to 

low shear stress generates the highest shear stress gradient along the entire AVF surface. We 

calculated the directional derivative of the axial direction of wall shear stress along the line 

connecting position 0.5 of section B to position 0.5 of section C. The maximum value of  the 

wall shear stress gradient along this line was 2,570 dynes/cm3, at time fraction t/T = 0.32, 

corresponding to maximum blood volume flow. We also calculated the oscillatory shear index 

(OSI) along the perimeter of the four sections previously considered, as proposed by Moore et 

al. [25]. This index is null if the wall shear stress is entirely positive or entirely negative during 

cardiac cycle (no fluctuations) and tend to 0.5 if wall shear stress of opposite sign are present 

during cardiac cycle. OSI was null along the perimeter of cross-sections A, B and D and 

different than 0 only in two out of 27 points of the profile cross-section C. In these two points 

(at position 0.46 and 0.54) OSI was equal to 0.03 and to 0.45. 
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5.5. Discussion 

 

The mechanisms involved in failure of AVF for haemodialysis access remain to be 

elucidated yet. About 5-15% [1] of all surgically created AVF fail before maturation and these 

“early” failures are generally regarded as technical failures, although hemodynamic parameters 

may also play a role. Yerdel and coworkers [2] found that the immediate success of a newly 

constructed AVF mainly depends on preoperative arterial inflow and subclavian venous flow. 

For early thrombosis, the skill of the surgeon seems to be a crucial factor [7]. Prischl and 

coworkers [21] also suggested that the surgeon has a significant effect on the patency of AVF. 

Age and diabetes mellitus are other significant risk factors for late fistula failure.  

Hemodynamic conditions have been extensively indicated as playing a major role in 

vascular remodeling and neointima formation [6]. Flow disturbances and turbulence, which 

may develop at the venous side of the AVF, have also been documented to influence intimal-

medial thickening [9] and endothelial cell turnover [22]. Local blood flow conditions seem to 

be important also in atherosclerotic plaque formation [24]. It has been documented that when 

wall shear stress is low and oscillating, and there are zones of shear stress spatial gradients, 

vessel walls are more prone to vascular damage. AVF involve complex hemodynamic 

conditions. The first factor influencing blood movement in these vessels is the shunt between 

arterial and venous circulation that greatly increases blood volume flow rate. Secondly, the 

non-uniform geometry of the anastomosis forces blood flow to change direction rapidly. As a 

result, blood flow conditions in these vessels are very different from the physiological state 

and can cause changes in the vascular wall responsible for vascular remodeling, narrowing or 

dilatation of the venous side and eventually for vessel occlusion.  

To assess how physical forces affect these vessels, one should measure or estimate 

blood flow velocity and wall shear stress along the 3-D vascular structure. To obtain this result 

we combined DSA with CFD. The high spatial resolution of DSA enabled us to reconstruct a 

detailed 3-D geometry of the AVF using two orthogonal projections. Even though it is based 

on the simplifying assumption that cross-sections of the vessel were elliptical, the reconstructed 

model reproduced all the detail shown in the angiographic views, and the model allowed 

generation of the “patient-specific” 3-D meshwork. The technique we developed here can be 

usefully applied not only to AV fistulas for haemodialysis but for general purpose 3-D 

geometrical reconstruction of other arterial segments conventionally investigated with DSA. 

The required digital acquisitions can be obtained during conventional angiographic studies 
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with only minor changes to routine investigational protocols. Using this technique we have 

previously reconstructed 3-D geometric models of carotid bifurcation from back-projection of 

four DSA acquisitions [26]. The generation of 3-D patient-specific vascular models could be 

used for detailed functional investigation of diseased arterial segments. 

Here we used CFD to investigate blood flow distribution in this reconstructed AVF. 

The dimension of the mesh elements averaged 0.53 mm for central cells and 0.18 mm for outer 

cells. In some areas (such as cross-section B) the minimum size of near-wall elements was 0.07 

mm. The dimension of the these outer elements, that are crucial for shear stress calculations, 

indicate that this spatial resolution is far better than the best resolution of MR, that ranges 

between 0.3 and 0.4 mm. For the CFD analysis we considered the blood as a non-Newtonian 

fluid using the shear-thinning model of Carreau. On the other hand, a limitation of our 

numerical analysis of blood flow is related to the assumption of rigid walls of the AVF. Moving 

walls would make the problem a lot more complex and would need estimates on the mechanical 

properties of the vessel wall that are difficult to obtain. However, consideration of compliant 

walls in other arterial segments [27] did not result in major differences in the flow field as 

compared to consideration of rigid walls. 

Using CFD analysis we visualized velocity profiles and calculated wall shear stress 

along the vessel wall. Shear stress in the radial artery was within the physiological range [4] 

and fairly uniform along the vessel perimeter (see Figure 5.12 - A). As expected, very high 

wall shear stresses, associated with high shear stress spatial gradients, develop in the bending 

zone (B), far exceeding the physiological range. Immediately after the anastomosis an irregular 

geometry of the vein is present, probably due to the mismatch between artery and vein 

diameters and to differences between the elastic properties of the vascular wall. In this region, 

rapid changes in cross-section area (level C) induce recirculation flow with positive and 

negative values of wall shear stress, and high shear stress gradients. More distally, at the level 

of the cephalic vein (D), the flow disturbances attenuate and wall shear stresses decrease and 

return within the physiological range, without flow recirculation. 

Previous investigations have shown that areas of the circulation characterized by 

oscillation of wall shear stress tend to develop intima hyperplasia and to favor atherosclerotic 

disease. To quantify this condition it has been proposed to calculate an oscillatory shear index 

defined as the fraction of time for which wall shear stress is negative (i.e., in the opposite 

direction in respect to the main flow) [5]. In our flow simulation study the flow pulsatility was 

limited, actually peripheral resistances were shunted by the AV anastomosis and the flow rate 

remained sustained for the entire cardiac cycle. This condition resulted in null OSI along the 
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entire vessel wall surface. Only in focal points of cross-section C that is located on the venous 

side of the AVF near the anastomosis, we calculated OSI different than 0, but this was limited 

to less than 8% of the perimeter. These results would indicate that oscillations in wall shear 

stress may not be relevant for vascular wall changes in this end-to-end AV shunt. Another 

condition that has been shown to influence endothelial cell function is the presence of elevated 

spatial shear stress gradients. In vitro studies [28], [29] showed that endothelial cell function 

and growth is already altered for shear stress gradients higher than 800 dynes/cm3. Our CFD 

analysis enabled us to identify areas of the AVF wall characterized by much more elevated 

wall shear stress gradients, up to 2,570 dynes/cm3 (at the inner side of the bend towards the 

AV anastomosis). These high shear stress gradients may alter the functional state of the 

endothelial layer and probably of the underlying smooth muscle cells. 

In the vessel we examined, exposure of the endothelial layer to non-physiological 

conditions could induce vessel remodeling, especially downstream from the anastomosis, with 

thickening of intima and media layers, and deposition of circulating cells and molecules on the 

vessel wall. It has been shown by Fillinger [9] that fluctuations of blood flow at the venous 

side of the AVF in an animal model are a strong predictor of intimal-medial thickening. These 

authors have shown that banding AV shunts allowed to reduce the mean Reynolds number 

from about 1,000 to about 400 and this protected against development of intima-media 

thickening on the venous side. Our analysis showed that the vessel wall of this AVF is 

subjected to very high shear stresses, flow recirculation and areas of elevated shear stress 

gradients, with values of Reynolds number ranging from 658 to 1,275. Thus, these wall shear 

stress disturbances may be responsible for venous wall dysfunction like remodeling, intima 

hyperplasia and possible thrombus formation in the long term.  

The precise identification of the relations between local hemodynamic alterations and 

the response of the vascular wall is beyond the scope of this investigation and would need 

sequential observation. However, our experimental approach appears to be useful for the 

identification of areas of the vessel wall critically exposed to non-physiological mechanical 

stress. For instance, at the venous side of the AVF, the recirculation of blood flow indicates an 

area of possible dilatation of the venous side, remodeling and intimal-medial thickening. This 

type of information on the local blood flow in AVF could be used to gain a better understanding 

of pathological conditions that develop in these vessels with time, and to cast more light on 

ways to ensure more lasting AVF patency. Our approach, together with the latest developments 

in the field of computer programs for 3-D representation and CFD, will allow functional 

investigation of diseased arterial segments at the level of individual patients, to predict areas 
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of flow instability for early detection of vessel wall damage. More in general, this approach 

could further enhance our understanding of the relation between hemodynamic conditions and 

development of vascular diseases. 
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5.7. Annex at Chapter 5 

 

 

5.7.1. Introduction 

 

A short introduction is needed: this new part of the Chapter was not covered in the 

published article, it was specifically requested by a member of the Doctorate Committee. Since 

the main article is rather outdated, originally published in 2001, the main request was to update 

the numerical modeling of that VA case to the current state-of-the-art.  

 

 

 

5.7.2. Methods 

 

Numerical methods were updated to the same used in the computational study presented 

in Chapter 4, based on the study published in 2015. Briefly, a new high-resolution CFD 

simulation for the end-to-end vascular access case was performed using OpenFOAM v.2.3.1, 

an open-source CFD based on the finite-volume method [30].  

The original hexahedral patient-specific mesh previously used was refined by using 

refineMesh, a mesh utility that is part of the OpenFOAM toolbox. Refining the mesh resulted 

in 274,320 hexahedral cells, having low non-orthogonality and low skewness of, with the 

volume ranging from 9.9 10-7 to 10.5 10-5 cm3. The 3-D surface of the end-to-end AVF model 

and details of the volume mesh for CFD simulation are presented in Figure 5.13.  
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Figure 5.13. Patient-specific model of the end-to-end AVF: a) 3-D surface of the model; b) detail of the 

surface and volume meshwork showing internal cells and the boundary layers near the wall. 

Legend: A, (radial) artery; V, (cephalic) vein. 

 

We considered the non-Newtonian behavior of blood by using of the Bird-Carreau 

rheological model implemented in OpenFOAM  with the same parameters used previously (i.e., 

 = 0.33 Poise,  = 0.16 Poise, k = 1 s and n = 0.4, based on patient’s hematocrit and plasma 

proteins). Blood density was also assumed as previously  = 1.045 g/cm3. 

As boundary conditions, we prescribed the blood volumetric flow rate at the inlet artery 

with the waveforms derived from Figure 5.6. A traction-free (zero stress in the normal and 

tangential directions) condition was applied at the vein outlet and no-slip condition was applied 

at the walls, which were considered rigid. For the pulsatile simulation, we used pimpleFoam, 

a transient solver for incompressible flows and first order Euler time integration scheme. This 

solver adjusts automatically the time step based on a user-defined maximum Courant–

Friedrichs–Lewy (CFL) number. We used CFL = 1, which for this specific case resulted in 

10,814 variable time steps for a cycle, corresponding to a mean temporal resolution of 0.092 

a)

A

b)

V

boundary layers

anastomosis
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ms (range 0.050 to 0.143), and then saved the results for post-processing in 1,000 equal time 

steps for each cycle. Three complete cardiac cycles were solved in order to damp the initial 

transients of the fluid and only the results of the third cycle were considered for data processing. 

In the post-processing phase, we characterized the CFD-predicted flow and the related 

near-wall disturbed flow. In particular, reciprocating disturbed flow was localized using 

oscillatory shear index (OSI) [31] and multidirectional disturbed flow by means of the 

transversal WSS (transWSS) metric [32]. 

 

 

5.7.3. Results 

 

Representative 3-D velocity profiles in the artery, the artery curvature, immediate after 

the anastomosis and more distally on the vein, corresponding to peak-systolic and end-diastole 

time-points are shown in Figure 5.14. 

 

Figure 5.14. Three-dimensional representation of the velocity profiles on the arterial side, near the 

anastomosis and on the venous side of the AVF, corresponding to peak-systolic and end-diastole time-

points. Legend: A, artery; V, vein. 

 

Velocity

(cm/s)

a) b)

AV



118 

 

The velocity profile in the artery has a parabolic shape, representative for laminar flow. 

At contrary, the velocity profiles in the bending zone and in the vein have complex shapes, 

with ridges skewed towards the wall. These profiles reveal development of vortexes and 

important secondary flows at peak-systole, which are damped more distally on the vein or in 

the diastolic phase of the cardiac cycle (see cross-section images in Figure 5.14). To better 

characterize the CFD-predicted flow phenotype, we represented in Figure 5.15 a volume 

rendering of the velocity magnitude, corresponding to peak-systolic and end-diastole time-

points. 

 

Figure 5.15. Volume rendering of blood velocity magnitude inside the end-to-end AVF, corresponding to 

peak-systolic and end-diastole time-points. 

 

As shown well in Figure 5.15, transitional laminar-to-turbulent flow starts to develop 

on the venous side of the AVF, immediately after the anastomosis. The transitional flow is 

more pronounced at systolic peak, but is still evident during the diastole.  
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The WSS distribution on the AVF at peak-systole and end-diastole are presented in 

Figure 5.16.  

 

 

 

Figure 5.16. Wall shear stress patterns on the end-to-end AVF walls, corresponding to peak-systolic (a) 

and end-diastole (b) time-points. Legend: A, artery, V, vein; arrows indicate direction of blood flow. 

 

A big portion of the AVF surface, especially on the bending zone and on the outer wall 

of the vein is subjected to very high WSS (in red color, > 70 dyne/cm2). However, areas of low 

WSS are along the artery, and also localized on the vein. In particular, even if the blood flow 

rate is at its maximum, low WSS areas are still located in focal sites on the vein (see Figure 

5.16a). 

CFD-predicted near-wall disturbed flow patterns on the AVF walls are presented in 

Figure 5.17.  
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Figure 5.17. Disturbed flow patterns on the end-to-end AVF walls: OSI (a) and transWSS (b). Values of 

OSI between 0 and 0.1 and of transWSS below 6 dyne/cm2 were represented in light grey to emphasize the 

patterns of disturbed flow. Legend: A, artery, V, vein; OSI, oscillatory shear stress; transWSS, 

transversal WSS. Arrows indicate direction of blood flow. Left, front-view; right, rear-view. 
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Reciprocating shear disturbed flow zones, revealed by high OSI, as reported in Figure 

5.17a, are located either on the inner or the outer wall of the vein, after the anastomosis. 

Multidirectional flow, as characterized by medium-to-high (> 10 dyne/cm2) transWSS in 

Figure 5.17b is located on the inner and outer venous wall, and in a lesser extent, more distally 

after the vein curvature. Such patterns of transWSS indicate that the shear vectors change 

direction throughout the cardiac cycle, while they remain approximately parallel to the main 

direction of flow on the arterial wall. 

 

 

5.7.4. Discussion 

 

We characterized the flow filed by high resolution CFD in this patient-specific case of 

end-to-end AVF. Our CFD-predicted flow (Figures 5.14 and 5.15) show transition from 

laminar to turbulence after the anastomosis, that vanishes gradually more distally in the vein. 

By solving the numerical solution with a high temporal resolution, we could catch the transition 

from laminar to turbulent flow that develops in the venous side, in line with similar findings of 

other authors [33],[34]. 

It is obvious that flow instabilities representative of transitional flow, are related to high 

frequency oscillations in the velocity field present in the venous side and that oscillations of 

the velocity vectors in the vein result in disturbed near-wall flow. By using OSI surface maps, 

we identified the presence of reciprocating disturbed flow areas either on the inner or the outer 

wall of the vein, with a wider area on the inner wall, in line with our previous findings in AVF 

idealized models presented in Chapter 2. Our study revealed also the multi-directionality of 

WSS on the venous wall, which corroborated our finding in a patient-specific side-to-end RC 

AVF model presented in Chapter 4.  

Actual state-of-the-art high-resolution CFD applied to this patient-specific end-to-end 

VA case revealed development of transitional flow in the venous side, not found in the original 

manuscript of 2001, most probably due to inadequate numerical modeling. 

In conclusion, we have found that the venous limb is subjected to multidirectional 

hemodynamic shear stress and simultaneously develops reciprocating disturbed flow in some 

focal points. This may have implications in the understanding of the mechanisms responsible 

for the initiation of neointimal hyperplasia in the vascular access. 
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6.1. Abstract 

 

 

 

 

 

It is known that changes in blood volume flow induce vascular remodeling and that 

shear stress, the tractive force acting on the vessel wall due to blood flowing, influences 

endothelial cells function. The aim of the present study was to investigate the relation between 

changes in pulsatile shear forces and arterial remodeling in response to chronic elevation in 

blood volume flow within the radial artery. We studied vessel diameter, flow rate and shear 

stress in the radial artery of uremic patients before and after surgical creation of a native 

arteriovenous fistula for haemodialysis access. For this purpose, we used echo-color-Doppler 

ultrasound to perform diameter and blood velocity measurements. Time-function blood 

volume flow rate and wall shear stress were calculated based on arterial diameter, center-line 

velocity wave-form and blood viscosity, using a numerical method developed according to 

Womersley’s theory for unsteady flow in tubes. 

Our results confirmed that the radial artery diameter increases in response to a chronic 

increase in blood volume flow. Moreover, it seems that the arteries dilate in such a way as to 

maintain the peak wall shear stress constant, indicating that endothelial cells sense the 

maximum rather than the mean wall shear stress. This finding may lead to further 

understanding of the mechanisms responsible for endothelial response to physical stimulation 

by flowing blood. 
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6.2. Introduction 

 

Evidences that lesions occur at specific sites in the arterial tree, like branches and 

bifurcations, have led to the idea of an important role of local blood flow conditions in the 

onset and progression of arterial wall disorders. In human pathological conditions there is now 

consensus about the role of shear stress, the drag force exerted by flowing blood on the vascular 

wall, as a pathogenic factor for atherosclerosis [1], [2], [3]. The location of arterial lesions at 

the carotid bifurcation [1] and in the abdominal aorta [4] correlates with regions where wall 

shear stress (WSS) is low and oscillating. It is not clear yet how local hemodynamic conditions 

influence intimal hyperplasia, the major cause of failure for bypass grafts and restenosis post-

endarterectomy and angioplasty [5]. High WSS inhibits, and low WSS favors the development 

of intimal hyperplasia. Intimal thickness is predominant in areas of low WSS, like the 

anastomotic floor and toe, suggesting once again a decisive role of blood flow conditions in 

vessel wall injury. 

Systemic arteries adapt their lumen to changes in blood volume flow rate, and reduce 

or dilate, respectively, when the flow decreases or increases. It has been proposed that changes 

in arterial diameter keep WSS within a narrow, so-called “physiological” range [6]. The 

mechanism of arterial enlargement or narrowing seems to be regulated by the endothelial cells 

that have been identified as transducers of wall shear stress by many in vitro studies [7], [8]. 

Similarly, in vivo studies in animals [9], [10], [11] have shown that the vascular adaptive 

response to changes in blood volume flow tend to maintain a constant WSS. Despite difficulties 

in experimental setting and measurements, in the last few years many studies have investigated 

the influence of WSS on arterial regulation in humans, most of them in superficial arteries like 

the brachial [12], radial or carotid arteries [13], [14]. Kubis et al [15] used ultrasound (US) 

technique to study adaptive changes of the common carotid arteries in patients with internal 

carotid occlusion. They found the diameter of the common carotid on the occluded side was 

smaller than the contralateral vessel. This is believed to be the arterial wall’s response to a 

chronic decrease in blood volume flow, so as to keep WSS within the “physiological” range.  

In many reports [1], [2] the shear stress acting on endothelial cells is considered normal 

when it is between 10 and 20 dyn/cm2. These values are usually time-averaged shear stress 

acting on the luminal side of the arterial wall. However, in large and medium size arteries WSS 

changes markedly during the cardiac cycle, from peak values higher than 30 dyn/cm2 to null 
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during diastole. Thus, it is not known whether vascular adaptation of WSS is related to 

conservation of mean, maximum or minimum values over cycle period. 

To study the arterial wall’s dynamic response to changes in blood volume flow, the 

arteriovenous shunt represents a suitable in vivo experimental condition [11]. In patients with 

end-stage renal disease (ESRD) an arteriovenous fistula (AVF) is usually created between 

native vessels to provide vascular access (VA) for haemodialysis. Radiocephalic fistulas cause 

sudden increases in blood volume flow, and changes the waveform of blood velocity, thus 

representing an interesting condition of time-related changes in WSS. In a previous work 

Girerd et al. [16] studied the radial artery diameter adaptation to the increase in blood volume 

flow due to AVF. It has been shown that in the radial artery of patients with a distal AVF for 

haemodialysis, the lumen diameter increased to maintain almost constant mean WSS, as 

compared to the mean WSS estimated in the contralateral radial artery. Despite precise 

measurements of arterial diameter, this study only estimated mean WSS considering steady 

flow and constant (Newtonian) viscosity of blood. Since blood volume flow rate in radial artery 

with or without AVF is markedly pulsatile and blood is a non-Newtonian fluid, we designed 

the present study to investigate more in detail the relation between dynamic changes in pulsatile 

WSS and changes in arterial diameter in response to chronic elevation of blood volume flow 

within the radial artery. We estimated vessel diameter, blood volume flow rate and WSS in the 

radial artery of uremic patients before and after surgical creation of a radiocephalic AVF for 

haemodialysis access. We used echo-color-Doppler ultrasound (US) to obtain diameter and 

blood velocity measurements in the radial artery, and then used a mathematical model [17] to 

calculate pulsatile blood volume flow and WSS in the radial artery proximal to the AVF. Non-

Newtonian blood viscosity was also considered in the model. These measurements allow to 

shed more light on the mechanisms involved in endothelial-mediated remodeling of the arterial 

wall. 
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6.3. Methods 

 

6.3.1. Patient Population 

We recruited 43 consecutive ESRD patients (29 males, 14 females, aged 21-77 years), 

referred to start haemodialysis treatment in the Nephrology and Dialysis Unit at the Ospedali 

Riuniti di Bergamo. The study was approved by the Ethical Committee of the Clinical Research 

Center for Rare Diseases Aldo e Cele Daccò and all patients were enrolled after signed 

informed consent. 

A primary native fistula was created at the wrist by end-to-end anastomosis of the radial 

artery to the adjacent cephalic vein [18]. The study involved four visits, scheduled one day 

before surgery, then 10, 40 and 100 days after. At each visit a blood sample was taken from 

the contralateral arm to determine hematocrit (Ht) and total plasma protein concentration (Cp), 

further used for calculating blood viscosity, and US examination of the AVF was done. Not all 

the patients could finish the study. Reasons for early study termination were fistula failure (10), 

HIV (1), stroke (1) or lost to follow-up (3). Thus, the results presented hereafter refer to those 

patients (N=28) who completed the whole study. 

 

6.3.2. US Examination 

US examinations were done with a 12-5 MHz linear array transducer on an HDI 5000 

(ATL Ultrasound, Bothell, WA) unit. The radial artery was scanned in longitudinal sections 2-

10 cm above the wrist, after at least 5 min of rest in the supine position. Depth and gain settings 

were optimized to identify the vessel wall-to-lumen interface. Arterial flow velocity was 

measured using pulsed-wave Doppler, keeping an incidence angle of about 60°. The velocity 

spectrum was measured at the vessel’s axis with the minimum size of sample volume (1 mm) 

in order to record center-line velocity profile. Luminal diameter and blood velocity 

measurements were taken on the radial artery, 5-6 cm from the wrist during the baseline visit 

(pre-surgery), and then at the same location during subsequent visits, corresponding to 2-3 cm 

proximal to the fistula. 
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6.3.3. WSS Calculation 

Velocity spectrum images from the US were transferred to the memory of a personal 

computer. The maximum velocity contour was traced manually, then converted into numerical 

data (cm/s) using a general-purpose image analysis software (NIH Image v1.62, NIH, 

Bethesda, MD). Values of four pulse cycles were averaged in order to obtain final center-line 

velocity waveform. 

In 1955 Womersley [19] presented an analytical model for calculation of unsteady 

(pulsatile) flow for incompressible, Newtonian fluid in rigid, circular straight tubes. 

Womersley’s theory can be used to develop simple mathematical algorithms for calculating  

parameters related to unsteady flow like velocity profiles, time-dependent flow, pressure 

gradient and wall shear stress [20]. We developed a computer program to calculate blood 

volume flow rate and WSS on the basis of center-line velocity. As input parameters we used 

the radial artery diameter, heart rate and blood viscosity calculated as a function of plasma 

protein concentration and hematocrit. Details of the theoretical model used to calculate blood 

volume flow rate and WSS has been described previously [17]. 

 

6.3.4. Statistical Analysis 

Data are expressed as mean ± standard deviation (SD). Data were analyzed with the 

ANOVA for repeated measures (SAS v 8.0, SAS Institute Inc., Cary, NC). Tukey post-hoc 

procedure was used to determine statistically significant differences between visits. Statistical 

significance was assumed at a value of P < 0.05. 
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6.4. Results 

 

Surgical anastomosis between the radial artery and cephalic vein caused a substantial 

reduction in peripheral resistance and a rise in blood volume flow due to the high pressure 

gradient between arterial and venous pressures. As shown in Figure 6.1, the resistance index 

(RI, measured during echo-Doppler examination as 1 – [minimum diastolic velocity / 

maximum systolic velocity]), dropped immediately after surgery and then remained constant 

in time. 

 

Figure 6.1. Resistance index (RI), mean blood volume flow (Q), and measured diameter () in the normal 

radial artery (visit 1) and in the arteriovenous fistula at visits 2, 3 and 4 for 28 ESRD patients. 

P<0.05: * vs. V2, V3, V4; § vs. V3, V4; ¶ vs. V4 ; P<0.01: ** vs. V2, V3, V4; §§ vs. V3, V4. 
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Mean blood volume flow in the radial artery averaged 18±14 ml/min at baseline and 

rose considerably 10 days after surgery (averaging 329±142 ml/min), and further increased to 

476±232 and 583±382 ml/min after 40 and 100 days, respectively. This increase was associated 

with a significant increase in lumen diameter of the radial artery, that averaged 2.4±0.4 mm 

before surgery and 3.7±0.7, 4.1±0.8 and 4.4±0.8 mm, at the three visits after surgery (P<0.05).  

The calculated time-dependent WSS in the radial artery of all 28 subjects at the four 

visits are presented in Figure 6.2, as mean (black line), pulse-averaged value (dashed line) and 

range (gray band). 

 

 
 

Figure 6.2. One cycle, time-dependent, wall shear stress calculated in the radial artery 

before (visit 1) and after creation of the AVF (visits 2, 3, 4) for 28 ESRD patients. 

 

 

Averaged values for the measured and calculated parameters at the four visits are 

reported in Table 6.1. Hematocrit was comparable at visits 1 and 2 but rose significantly at 

visits 3 and 4. This could be explained by concomitant treatment with erythropoietin as these 

patients start dialysis therapy. Plasma protein concentration was constant at all four visits, so 

blood viscosity progressively increased after visit 2 (see Table 6.1), with the increased Ht. 
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Table 6.1. Main parameters measured and calculated for the radial artery of 28 patients with AVF. 

 
Legend: AVF, arteriovenous fistula; Ht, hematocrit; Cp, total protein concentration; , viscosity; , radial artery 

diameter; Q, blood volume flow rate; RI, resistance index; WSS, wall shear stress; WSR, wall shear rate. 

 

According to our calculations, the increase in blood volume flow after creation of the 

AVF, led to a large increase in WSS, that very likely acted as a mechanical stimulus for wall 

remodeling, with a corresponding increase in artery diameter. Mean WSS was significantly 

higher at all visits than at the pre-surgery visit (6±4 at baseline vs. 33±16, 37±17 and 39±18 

dyn/cm2, P<0.05). Although from visits 2 to 4 mean WSS continued to rise, the differences 

were not statistically significant. The minimum WSS followed a pattern similar to the mean 

WSS. In contrast, despite a large increase (>18 fold) in blood volume flow rate between visits 

1 and 2, maximum WSS during the cardiac cycle increased only from 45±14 to 54±21 dyn/cm2 

and this difference did not reach statistical significance. Later, at visits 3 and 4, maximum WSS 

rose slightly, averaging 62±23 and 69±30 dyn/cm2 at 40 and 100 days after surgery, 

respectively. 

It is interesting to note that mean wall shear rate (WSR) rose six fold after fistula 

creation, then remained constant throughout the observation period (Table 6.1). Thus, although 

blood volume flow rate increased in time from visit 2 to visit 4 (Figure 6.1), the distribution of 

blood volume flow velocity gradients near the wall did not change. As shear stress is the 

product of blood viscosity and shear rate, the slight increase in WSS estimated from visit 2 to 

visit 4 was exclusively due to the increase in blood viscosity. 

N=28 V1 V2 V3      V4

Time days -1 10 ± 4 38 ± 6 102 ± 8

Ht % 30.3 ± 3.4 ‡‡ 29.9 ± 3.7 § 32.6 ± 4.0 ¶¶ 37.4 ± 5.2

Cp g/dl 6.2 ± 0.8 6.3 ± 0.7 6.5 ± 0.7 6.5 ± 0.8

 cP 2.8 ± 0.4 ‡‡ 2.8 ± 0.4 §§ 3.0 ± 0.4 3.3 ± 0.5

 mm 2.4 ± 0.4 * 3.7 ± 0.7 § 4.1 ± 0.8 ¶ 4.4 ± 0.8

Q min ml/min -29 ± 36 ** 253 ± 126 §§ 367 ± 194 445 ± 310

Q mean ml/min 18 ± 14 ** 329 ± 142 §§ 476 ± 232 584 ± 382

Q max ml/min 121 ± 78 * 478 ± 218 § 700 ± 322 869 ± 566

RI  - 1.19 ± 0.21 ** 0.41 ± 0.11 0.40 ± 0.10 0.42 ± 0.12

WSS min dyn/cm
2 -12 ± 9 * 25 ± 13 27 ± 14 28 ± 14

WSS mean dyn/cm
2 6 ± 4 * 33 ± 16 37 ± 17 39 ± 18

WSS max dyn/cm
2 45 ± 14 † 54 ± 21 || 62 ± 23 69 ± 30

WSR min s
-1

-441 ± 308 ** 895 ± 494 899 ± 454 855 ± 368

WSR mean s
-1

213 ± 140 * 1200 ± 586 1226 ± 519 1189 ± 472

WSR max s
-1

1641 ± 470 * 1980 ± 810 2095 ± 724 2094 ± 750

P<0.05: * vs. V2, V3, V4 § vs. V3, V4 ¶ vs. V4

† vs. V3, V4 || vs. V4

P<0.01: ** vs. V2, V3, V4 §§ vs. V3, V4 ¶¶ vs. V4

†† vs. V3, V4

‡‡ vs. V4
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6.5. Discussion 

 

Ultrasound investigation is becoming the method of choice for the evaluation [21] and 

management of AVF in ESRD patients [22]. We used echo-color-Doppler to investigate radial 

artery diameter and center-line blood velocity profiles, before and after creation of the AVF, 

and calculated blood volume flow and WSS wave-form. The surgical maneuver of shunting 

between radial artery and cephalic vein produces an important increase in blood volume flow 

and consequently sudden changes in hemodynamic conditions. We investigated the arterial 

response during this massive change in WSS to evaluate the mechanism of endothelial response 

and consequent arterial remodeling. It has to be considered that surgery was performed in end-

stage renal failure patients, in which the vascular response may be compromised in some 

degree. Even if the uremic condition may principally affect endothelial function, we postulate 

that, due to the initial stage of uremia, the endothelial functions are not affected to such a 

critical point to be impaired. The echographic examinations and the related computations we 

performed were fast, and provided a detailed picture of WSS in relation to time. An important 

point in the method we used is the precision in estimating arterial diameter. Using new-

generation ultrasound units, the error involved in measuring radial artery diameter was 

probably less than 10%, with a consequent margin of error for WSS of the same magnitude. 

Considering the variability of the phenomena under investigation this can be considered 

acceptable.  

Our investigation showed that, as expected, after creation of the AVF, blood volume 

flow in the radial artery increased substantially, more than 18 times the baseline value. Before 

AVF creation mean blood volume flow in the radial artery averaged 18±14 ml/min, while ten 

days post-operatively mean blood volume flow increased to 329±142 ml/min, and increased 

during the following observation time. Similar blood volume flow rates were reported by 

Sivanesan et al. [23] in end-to-side radiocephalic fistulas. In addition, on the basis of these flow 

and vessel diameter data, WSS calculated in the radial artery were similar to those we 

previously estimated [18] on the radial side of a 25-month-old end-to-end AVF, using more 

detailed geometric modeling and computational fluid dynamics analysis. 

Our present data show that the rapid increase in radial artery blood volume flow after 

AVF surgery was associated with concomitant increase in vessel diameter, with a tendency to 

increase up till the third month after surgery. This stage is usually known as “maturation” of 

the fistula [24] because during this time both artery and vein dilate and the vein wall thickens, 
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allowing the repeated needle punctures required for dialysis. In well functioning AVF, this is 

presumably due to a kind of “vicious circle”, since the flow rate increase leads to an increase 

in arterial diameter, resulting in even higher blood volume flow and further enlargement of the 

vessel until equilibrium is reached. We tried to clarify the effect of a sustained blood volume 

flow increase on the adaptation of arterial wall, and specifically the role of endothelial cells as 

mechano-sensors of arterial response. 

As reported by Girerd et al. [16], our study confirmed that the internal diameter of the 

radial artery increases in response to the chronic increase in blood volume flow. However, 

mean WSS did not remain constant after AVF surgery but rather increased from 6±4 to 33±16 

dyn/ cm2 in average (see Table 6.1). This is different from the observation of Girerd et al that 

reported constant WSS before and after AVF surgery. This difference may be related to 

different methods used to calculate the WSS, Hagen-Poiseuille equation versus the Womersley 

theory we used. It has been shown [25] that the difference in flow rate according to Poiseuille’s 

law and following Womersley’s equation for oscillating flow depends non-linearly on the non-

dimensional Womersley number =R(/)0.5, where R is the vessel radius,  is the angular 

frequency of the oscillation,  is blood density and  is blood viscosity. The approximation 

made by Poiseuille’s law is acceptable only for values of  < 1, but when  becomes greater 

than 1, the oscillating flow differs considerably from that predicted by the Poiseuille equation 

[25]. We calculated a mean value of  = 2.05 in the normal radial artery (pre-surgery) and  = 

3.18 ten days after creation of the AVF, thus supporting our choice of the Womersley model. 

The time-function WSS during the cardiac cycle showed different patterns for mean 

and maximum WSS changes after creation of the AVF. Pre- and post-surgery mean WSS were 

significantly different (P<0.05, see Table 6.1), but maximum WSS remained almost constant, 

despite substantial increase in radial artery blood volume flow. The finding that peak WSS, 

rather than mean WSS, is kept constant in human arteries despite major changes in blood 

volume flow, through an increase in vessel diameter, suggests that the key parameter sensed 

by endothelial cells is not the mean WSS, as previously indicated [6], but rather the peak WSS 

during the cardiac cycle. This observation is further supported by the relative changes in mean 

and maximum WSS during the observation time. As reported in Figure 6.3, after surgery mean 

WSS was more than seven times the baseline value while maximum WSS was only 30% higher 

than baseline. Even larger relative differences in mean WSS were found at visits 3 and 4, while 

maximum WSS remained almost constant.  
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Figure 6.3. Relative increase of mean and maximum wall shear stress at the three visits 

post-AVF surgery respect to baseline (pre-surgery: visit 1). 

 

The biological mechanisms responsible for endothelial cells response to shear stress 

have been extensively studied for more than twenty years. Most of these studies, however, have 

employed steady flow conditions with constant shear stress over time [26], [27]. The results of 

our study, suggesting that endothelial cells in the human radial artery mainly sensed peak shear 

stress, indicate a potential new mechanism by which endothelial cell function is altered as a 

response to physical action of blood volume flow. Actually, some experimental studies on 

endothelial cells in vitro do demonstrate that these cells sense steady and pulsatile shear stress 

differently. Endothelial cell monolayers exposed to different flow environments differed in 

their intracellular calcium levels [28], [29], nitric oxide production [30] and cell morphology 

[31]. Bongrazio et al. [32] showed that genes involved in flow-dependent vascular adaptation 

are regulated differently in steady or transient flow conditions (see [7] for a review). 

The signals transmitted within the cells by time fluctuations in shear forces are at the 

moment largely unknown. It has been shown that fluid shear stress acting on the luminal 

surface of endothelial cell membrane [33], induces changes in plasma membrane viscosity and 

likely affects associated transmembrane proteins that are believed to act as mechano-receptors. 

We can speculate that such changes might be maximal at peak shear values and may act as 

main determinant of intracellular biochemical signals. 
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The observation that the level of peak shear stress determines endothelial cell response 

to flow can be useful in predicting the effect of chronic changes in arterial perfusion, as in 

partially stenotic arteries or after reconstructive vascular surgery to improve arterial perfusion. 

In these conditions, analysis of fluid dynamics within the blood vessel may show how chronic 

changes in blood volume flow are related to arterial adaptations, considering that vessel 

remodeling will tend to keep the maximum WSS constant. If applied to clinical conditions, 

these theoretical analyses may be useful in interpreting the evolution of pathological conditions 

when planning vascular surgery [34]. 

In summary, the present results confirm that in humans, major increases in arterial 

blood volume flow lead to increases in arterial diameter, so as to keep constant peak WSS 

resulting from pulsatile blood. This may be important for experimental studies aimed at 

elucidating the mechanisms by which endothelial cells respond to shear forces induced by 

flowing blood, and predicting arterial adaptation in normal and in pathological conditions. 
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7.1. General discussion 

 

 

In the present work we characterized the blood flow field that develop after the surgical 

creation of the arteriovenous fistulae (AVF) used as vascular access (VA) for haemodialyisis 

(HD). In particular, we carefully considered the patterns of haemodynamic wall shear stress 

(WSS) towards a better understanding of its role in the mechanisms of local remodeling 

(stenosis formation) and vascular adaptation. To this end, we performed computational fluid 

dynamics (CFD) studies in idealized side-to-end and end-to-end radial-cephalic AVF models 

with proper shape and dimensional modeling, as well as in real geometries with patient-specific 

boundary conditions. We also applied a numerical model based on Womersley’s theory for 

pulsatile flow in tubes to estimate the local WSS in the radial artery of ptients with newly-

created end-to-end radial-cephalic AVF, and subsequently followed-up during the HD 

treatment. Briefly, our findings may be summarized in the following paragraphs.  

In the AVF for HD, due to the high blood flow rates, irregular vessel geometry, and 

pulsatility of blood throughout the cardiac cycle, transitional flow with complex secondary and 

vortical components develop after the anastomosis. This type of flow induce near-wall 

multidirectional and reciprocating disturbed flow on the juxta-anastomotic vein, and 

reciprocating disturbed flow on the distal artery in case of side-to-end AVF.  

In those uremic patients having already impaired endothelial function due to the final 

stage of renal disease and risk factors such as aging, cardiovascular disease, diabetes, and 

obesity, the disturbed flow that develops after the surgical creation of the AVF will act as an 

additional event for the pathogenesis of neointimal hyperplasia, enhancing its development, and 

leading to immediate failure or to non-maturation of the fistula.  

The radial artery diameter enlarges in response to the permanent increase in blood 

volume flow after the surgical creation of the AVF. Our findings indicate that, at least in the 

radial artery, the peak shear stress rather than its pulse cycle time-average is the key factor in 

driving vessel dilatation upon chronic augmentation of the blood flow. 

 

7.1.1. Local remodeling in the AVF  

 

Among the events that may contribute to neointima formation, the hemodynamic shear 

stress at the AVF anastomosis was investigated in our studies (Chapters 2 to 5).  
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The first two studies were performed in idealized models of the AVF to characterize 

the general flow patterns in such high-flow conduits. The computational study presented in 

Chapter 2 was aimed at investigating the haemodynamic flow field and the patterns of wall 

shear stress in forearm AVF, known to be the major determinant of vascular remodeling and 

disease in the arterial tree. By using CFD simulations within idealized 3-D models of side-to-

end and end-to-end radial cephalic anastomoses, we  have found that WSS patterns are different 

between the two types of anastomoses and that in the side-to-end arterial limb these depend on 

the flow division ratio and blood direction in the distal artery, i.e. antegrade or retrograde. 

Zones of low and oscillating WSS that lead to development of intimal hyperplasia were found 

on the AF and on the inner wall of the SS. We concluded that the zones of low and oscillatory 

wall shear stress were located in the same sites where luminal reduction was documented in 

previous experimental studies [13], thus pioneering the pivotal role of disturbed flow in 

triggering intimal hyperplasia in vascular access. 

 

Based on these findings, in a parametric idealized model of side-to-end AVF, we further 

studied whether the anastomosis angle might influence the pattern of disturbed flow (Chapter 

3). The model of wrist side-to-end radial-cephalic AVF described in this chapter simulates the 

intra-operative haemodynamic conditions of a newly created AVF. We evaluated the flow 

distribution in four equivalent meshes having anastomotic angles of 30°, 40°, 60° and 90° in 

order to study the effects of angle on the local patterns of low and oscillating WSS. Using the 

relative residence time (RRT) as indicator of disturbed flow, we localized the disturbed flow in 

the same areas where flow recirculation and stagnation occur, mainly on the SS and at the AF. 

Quantification of these areas showed that, the smaller the angle, the smaller is the area of low 

and oscillating WSS. These results suggest that an acute anastomosis angle should be preferred 

to minimize the risk of neointimal hyperplasia in side-to-end radial-cephalic AVF.  

 

We also performed image-based CFD studies in realistic models of AVF, simulating 

patient-specific blood characteristics and pulsatile volumetric flows (Chapters 4 and 5).  

 

In the CFD study presented in Chapter 4, we performed a transient simulation in a case 

of patient-specific, side-to-end radial-cephalic AVF. To this aim, we used image-based CFD 

with patient-specific blood volumetric flow derived from Doppler examinations. Our findings 

indicate that the results obtained with idealized models of AVF in Chapters 2 and 3 may 
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provide useful information regarding the general pattern of disturbed flow, if correct 

dimensional and boundary conditions are used. We have found that the SS of the vein is a 

conduit subjected to high multidirectional hemodynamic shear stress and simultaneously 

develops reciprocating disturbed flow in some focal points. This combination may enhance the 

pathogenesis of intimal hyperplasia that leads to stenosis and subsequent failure of the VA. 

 

In the CFD study presented in Chapter 5, we performed a transient simulation in a case 

of patient-specific, end-to-end radial-cephalic AVF. To this aim, we used DSA images for 3-

D reconstruction of the AVF and echo-Doppler ultrasound to measure blood flow velocity in 

the radial artery. We obtained detailed spatial and temporal information on the flow 

characteristics, with areas of the vessel wall exposed to non-physiologic WSS, very high on 

the bending zone, and low on the inner wall after the anastomosis. Reciprocating disturbed 

flow, as localized by high OSI, develops more on the inner wall, while multidirectional 

disturbed flow dvelops more on the outer wall of the cephalic vein. 

 

7.1.2. Vascular adaptation in AVF 

 

Beside intimal hyperplasia, it is well known that WSS is the physiological stimulus for 

vascular adaptation upon changes in blood flow. We have previously developed a 

computational model based on Womersley’s theory to estimate haemodynamic parameters like 

WSS and blood volume flow starting from center-line velocity waveforms measured by 

Doppler ultrasound in the radial artery [7]. In Chapter 6 the above computational model was 

employed in a pilot study in 28 ESRD patients undergoing surgery for placement of wrist radial-

cephalic AVF. The radial artery of these patients was examined by ultrasound to gather 

diameter and blood velocity measurements, 1 day before and then at 10, 40 and 100 days after 

fistula creation. Time-function blood volume flow and WSS were calculated for these follow-

up visits. The results confirmed that the radial artery diameter increases in response to a chronic 

increase in blood flow in uremic patients. Moreover, it seems that the radial artery dilates in 

such a way as to maintain the peak wall shear stress constant, suggesting that EC sense the 

maximum rather than the time-averaged WSS. This finding may lead to further understanding 

of the mechanisms responsible for endothelial response to physical stimulation by flowing 

blood. 
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7.3. Main findings and some application of them 

 

Our findings in the article presented in Chapter 3 were acknowledged in an Editorial 

Comment in April 2013 issue of Nephrology Dialysis Transplantations [8]. In the Editorial 

our study was introduced this way: ”In this issue of NDT, Ene-Iordache et al. (1) present their 

study ‘Effect of anastomosis angle on the localization of disturbed flow in side-artery-to-end-

vein fistulae for haemodialysis access’. Many nephrologists may be astonished to find such a 

specialized article highlighting a small detail of surgical technique. For the authors of this 

editorial, experienced nephrologists and active in access surgery over a period of many years, 

the work of Ene-Iordache et al. represents a landmark in the field of the unremarkable, widely 

unknown, rarely published if ever, but absolutely determining aspects of arteriovenous fistula 

(AVF) creation - worthwhile to talk about.” 

 

The two studies presented in Chapter 2 and 3 are interconnected and the key message 

of the two articles is represented by the statement that “~30° anastomoses represent the solution 

which minimizes the disturbed flow zones in side-to-end radial-cephalic arteriovenous 

anastomoses”. The most important implication of our studies is to inform clinicians about the 

optimal angle that minimizes the development of intimal hyperplasia resulting from the 

response of the endothelium to disturbed haemodynamic shear, because changes in 

anastomosis angle is amenable to surgical manipulation. As shown above, some debate on this 

was started among the VA community [8] and our hope is to further continue in this research 

until they will include indication on the anastomotic angle in the specific guidelines for 

selection and placement of haemodialysis access [1-3]. To further confirm our hypotheses, the 

next step would be to demonstrate similar findings in vivo in longitudinal studies in patients 

with AVF having acute anastomotic angle. Nevertheless, recent clinical results obtained with 

the “piggyback” straight-line onlay technique (pSLOT) anastomosis [11] seem very 

encouraging in this direction by confirming the superiority of acute angle anastomoses over 

the traditional side-to-end approach in terms of improvement in AVF maturation, reduction of 

juxta-anastomotic stenosis events and increase of vascular access survival.  

 

The work presented in Chapter 5 has pioneered the image-based CFD studies in 

patient-specific AVF used as VA for haemodialysis.  
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In contrast to the classical, widely applied, Poiseuille theory yielding constant 

haemodynamic shear in time, the pulsatile WSS waveforms obtained in Chapter 6, allowed 

us to formulate a new hypothesis for artery remodeling. Major increases in the blood volume 

flow lead to increases in the radial artery diameter to maintain constant the peak rather than the 

mean WSS. Of note, a group of researchers from Maastricht [15], [16] obtained the same 

finding in the brachial arteries of HD patients followed for one year. While these observations 

were made in arteries of uremic patients, they may have major implications in understanding 

the mechano-transduction phenomena that trigger arterial remodeling in general. Recent 

studies in vitro on endothelial cells (EC) undergoing pulsatile shear stress [17], [18] seem to 

confirm our results and make us believe that such phenomenon may apply also in other arteries, 

but this hypothesis has to be demonstrated in clinical setting in other conduits. 

An interesting application of our finding was the implementation of an algorithm for 

vascular adaptation over time based on the level of peak WSS in the pulse wave propagation 

model pyNS [14] developed under the ARCH FP7 framerwork. This translated into a better 

prediction of diameter and blood volume flow in the complete arm vascular network of the VA 

arm based on pre-operative patient-specific data [10]. The clinical validation of this 

computational tool was performed in 63 patients with newly primary AVF creation, 

prospectively followed in the ARCH clinical study [4], [5]. 

 

 

7.4. Study limits and further research 

 

7.4.1. Study limits 

 

Vascular access can be provided using native vessels or synthetic grafts as was 

described in the introductory Chapter 1. In this thesis we have studied only cases of 

autogenous AVF surgically created between the radial artery and cephalic vein in the lower 

arm. This preference was dictated by the fact that in Europe, and more specifically in Italy, 

radial-cephalic AVF is widely used, and consequently most of our subjects were patients with 

a VA of this type. Moreover, even in US in the last years the native AVF is becoming the first 

alternative for new dialysis patients while reducing AVG and CVC use, as requested by the 

“Fistula First Breakthrough Initiative” [10].  
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Some of the methods used in the studies presented in this dissertation have intrinsic 

limits. For example, all our numerical simulations assumed rigid blood vessel walls and a 

“laminar” model of turbulence.  

The numerical model employed in Chapter 6 is based on Womersley’s theory derived 

from straight, cylindrical and rigid-walled tubes. Of course, this is not the case of arteries and 

veins employed for VA, but at least this model yields results for pulsatile WSS waveforms, 

that are more accurate than the constant WSS obtained using the classical Poiseuille formula.  

 

7.4.2. Future research  

 

Other types of anastomoses for VA not covered here, like for example side-to-side in 

the lower arm, autogenous and synthetic grafts in the upper arm, are worth investigating to 

assess whether disturbed flow develops . 

 

Future research and developments may arise from the limits that were underlined above. 

Patient-specific CFD simulations including models of vessel wall elasticity, i.e. Fluid-Structure 

Interaction (FSI) simulations would need to be performed to confirm the findings on disturbed 

flow in the AVF for haemodialysis.  

Also, the transitional flow that develops in the venous limb with such high blood voume 

flows, indicate that further computational investigations should include Direct Numerical 

Simulation (DNS) or turbulence models. 
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7.5. Take home messages 

 

 

 

 Numerical studies revealed fast transition from laminar-to-turbulent flow in the juxta-

anastomotic vein, in line with the well known chaotic flow observed by echo-Doppler 

ultrasound. The high frequency oscillations of the velocity field induce similar 

haemodynamic stresses on the wall. 

 

 

 Some areas of the juxta-anastomotic vein wall are characterized by multidirectional 

disturbed flow and simultaneously develop reciprocating disturbed flow in some focal 

points, both conditions known as mechanistic links between the haemodynamic stress and 

the response of the endothelial layer in wall disease. 

 

 

 Although it remains to be proved, it is plausible that also the high-frequency temporal WSS 

gradients elicited by the turbulent flow in the juxta-anastomotic vein could be of 

importance for the understanding of mechanobiology of neointimal hyperplasia, which 

may have major implications also in the understanding of vascular wall pathogenesis 

mechanisms in cardiovascular research. 

 

 

 The vascular adaptation upon chronic changes of blood flow in laminar pulsatile flow in 

the radial artery is driven by the peak WSS rather than its time-averaged value. 

 

 

 We used CFD simulations set with high-temporal resolution and minimally dissipative 

solvers that may run in the time setting of a clinical investigation. Such CFD simulations 

should be further used in image-based, patient-specific, longitudinal pilot studies that will 

allow stronger inference conclusions. 
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