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A B S T RA  C T
Arteriovenous fistulas and arteriovenous grafts are the most commonly used vascular access for hemodialysis in patients with end-stage chronic 
kidney disease. However, both methods face significant challenges due to the hemodynamic disturbances induced by the arteriovenous anasto-
mosis. This causes changes in vascular structure and blood flow velocity near the anastomosis site after the fistula/graft surgery, and introduces 
abnormal wall shear stress and cyclic stretch. This leads to endothelial cell dysfunction, vascular smooth muscle cell proliferation, and adverse 
remodeling. The resulting effects include low patency rates due to vascular stenosis caused by intimal hyperplasia and insufficient outward 
remodeling. Additionally, the high flow conduit has been linked to adverse cardiac remodeling. To address this, various strategies have been 
explored to correct these localized hemodynamic abnormalities, aiming to improve long-term patency rates. In this review, an overview is pro-
vided of the current surgical techniques, anastomosis types, anastomosis angles, external scaffolds, modified fistula designs, and types of grafts. 
It evaluates the impact of these approaches on local hemodynamics in the access conduit and their potential effects on patient outcomes.
(Cite this article as: White NA, Xiao Z, de Winter EP, Li M, de Vries MR, van der Bogt KE, et al. Hemodynamic considerations in arteriovenous 
vascular access modalities for hemodialysis. J Cardiovasc Surg 2025;66:3-16. DOI: 10.23736/S0021-9509.24.13205-3)
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End-stage kidney disease (ESKD) patients often rely 
on hemodialysis as renal replacement therapy. The ar-

teriovenous (AV) vascular access is the lifeline for these 
patients. Introduced in 1966, the radiocephalic arteriove-
nous fistula (AVF)1 in the wrist provides a reliable means 
of vascular access for repeated cannulations for chronic 
hemodialysis. This innovation laid the groundwork for the 
widespread adoption of chronic hemodialysis as a viable 
long-term treatment option, transforming the prognosis for 
patients with renal failure. Vascular access outcomes and 
durability have improved over the decades with, advance-

ments in surgical techniques, arteriovenous grafts (AVGs), 
and central venous catheter (CVC) technology.

The AV access remains the preferred vascular access 
for chronic hemodialysis, with the radiocephalic AVF the 
most commonly used type.2 Despite considerable progress, 
the creation and maintenance of functional arteriovenous 
vascular access continue to present significant challenges.3 
One-year primary failures rates of AVFs are poor, at 40%.4 
The primary complications affecting the longevity and ef-
ficacy of AV access include stenosis induced by intimal 
hyperplasia (IH), thrombosis, infection, and aneurysm for-
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agement of AV access to improve the outcomes for hemo-
dialysis patients.

Local hemodynamic factors and effects

The hemodynamic profile of AV access – laminar or dis-
turbed – is dependent on geometry, flow velocity, density 
and viscosity. Laminar flow is present in most of the car-
diovascular system, and is smooth and orderly. However, 
disturbed flow is chaotic and increases the risk of uneven 
and multidirectional flow patterns.15 In the context of AV 
access, disturbed flow is common due to the abrupt chang-
es in vessel geometry, blood flow velocity at the anastomo-
sis, and potentially inflow from distal veins and arteries. 
Vascular endothelial cells (ECs) and smooth muscle cells 
(SMCs) in the intima and media layers of blood vessels are 
affected by mechanical forces resulting from this disturbed 
blood flow and the increase in flow rate. The most well-
studied mechanical factors are wall shear stress (WSS), 
and circumferential cyclic stretch.16-19

WSS is the frictional force between blood flow and the 
vessel wall surface. Both the magnitude and direction of 
WSS affect EC function.20, 21 In straight vessels under 
physiological conditions, unidirectional WSS with normal 
value maintains vascular homeostasis by downregulating 
proinflammatory and proliferative markers in ECs. How-
ever, at the site of the anastomosis, flow patterns become 
unstable, leading to disturbed flow characterized by low 
and multidirectional WSS on the inner wall of the vein.22 
The common hemodynamic parameters for describing dis-
turbed flow are:

•  time-averaged wall shear stress (TAWSS), the aver-
age value of WSS throughout one cardiac cycle, which is 
low in the disturbed flow region;23

•  the oscillatory shear index (OSI), a parameter quan-
tifying the degree of flow reversal along the main flow di-
rection, and

•  relative residence time (RRT) representing the resi-
dence time of blood near ECs, which is high in disturbed 
flow locations.24, 25

This disturbed flow is crucial in upregulating proinflam-
matory and proliferative markers in ECs, potentially pro-
moting IH.7, 26, 27 Notably, when blood flows through the 
anastomosis, it induces relatively high WSS on the outer 
wall of the vein. When the blood flow is particularly high, 
the extremely high WSS can lead to endothelial damage 
and vascular calcification,28 which can stiffen arteries and 
impair normal blood flow.

CS refers to the periodic expansion and contraction of 

mation.5 This contributes to a high burden on the patient, 
healthcare systems and society.6

Although underlying mechanisms are not yet fully un-
derstood,7 current knowledge suggests that local hemody-
namic factors, introduced by the arteriovenous conduit, 
play a crucial role in the success and failure of AV ac-
cess.8 A key factor is the difference in pressure between 
the arterial and venous system, which enables the high 
flow through the arteriovenous conduit as the blood flows 
through the path of least resistance. An AV access is typi-
cally considered suitable for cannulation when the flow ex-
ceeds 500 mL/min,9 but many fistulas have far higher flow 
rates, reaching up to 3000 mL/min.10 This is especially the 
case in AVFs in the upper arm such as the brachiobasilic 
AVF, where vessel diameters are typically larger. Together 
with the pressure differential and anatomical bifurcation 
created, turbulence is introduced in the blood flow. These 
disturbed flow patterns and shear stress variations at the 
AV access drive IH, and often result in inward remodeling 
(i.e. a decline in the luminal diameter of the vessel), and 
eventually stenosis.7

In addition to local vascular complications, arteriove-
nous conduits for hemodialysis can have systemic effects 
on the cardiovascular system. The high flow introduced 
by the AV access results in increased cardiac output, and 
can cause changes to blood pressure, left and right ven-
tricular hypertrophy and may contribute to a decline in 
cardiac function over time, including congestive heart fail-
ure and pulmonary hypertension.10, 11 This can exacerbate 
pre-existing cardiovascular conditions and risks such as 
hypertension and chronic heart failure, commonly found 
in hemodialysis patients.12 The hyperdynamic circulation 
induced by the AV access can also lead to higher inci-
dences of sudden cardiac death,13 underscoring the need 
for careful monitoring and management of these patients. 
Conversely, cardiac output and blood pressure also have a 
significant impact on the hemodynamic profile of the AV 
access.

As flow profiles are a significant factor in the outcomes 
of AV access,14 it is crucial to understand the effects of 
different modalities on the local and systemic hemody-
namics. The presented study aims to provide background 
information into the local and systemic hemodynamic 
factors of AV access, a review of arteriovenous access 
modalities in scientific literature, and determine their lo-
cal and systemic hemodynamic effects. The focus will 
remain on types of surgical procedures and devices for 
AVFs, and types of AVGs. The ultimate goal of this re-
view is to describe strategies to enhance design and man-
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alterations in systemic hemodynamics. Immediately after 
AV access creation, cardiac output (CO) increases signifi-
cantly due to reduced systemic vascular resistance, height-
ened sympathetic activity, and increased stroke volume 
and heart rate.10, 39 This rise in CO is necessary to accom-
modate the increased blood flow through the AV access.

Persistent high flow through the AV access can lead to 
adverse cardiac remodelling.40 The chronic volume over-
load from increased blood volume and CO promotes the 
development of eccentric left-ventricular hypertrophy 
(LVH), characterized by enlarged cardiac chambers and 
increased left ventricular mass.11

A major risk associated with AV access is high-output 
heart failure, defined by an elevated cardiac index and 
symptoms such as dyspnea and enema. Continuous vol-
ume overload and myocardial structural changes drive this 
condition.13 The increased CO also elevates pulmonary ar-
terial flow and pressure, potentially leading to pulmonary 
hypertension. Furthermore, the diversion of blood flow 
through the AV access can result in organ hypoperfusion. 
Vascular access-related hand ischemia, or steal syndrome, 
can occur in the distal limbs,41 but is most often limited 
to the ipsilateral hand. The heart can suffer from coronary 
steal, which may lead to congestive heart failure with inad-
equate organ perfusion and pulmonary congestion.42 Ce-
rebral hypoperfusion may occur, exacerbating cognitive 
impairment, already common in hemodialysis patients.43

Blood pressure management is crucial in this scenario. 
AV access creation can cause significant fluctuations in 
systolic and diastolic blood pressure. Initially, blood pres-
sure may rise due to the increased CO and volume over-
load. However, during hemodialysis sessions, hypotension 
is common due to ultrafiltration and the blood diversion 
through the AV access. These fluctuations can cause symp-
toms like dizziness and fatigue, and persistent variability 
increases the risk of ischemic events and further cardio-
vascular instability.44

Subclavian vein stenosis and arterial stenosis are also 
potential complications associated with AV access. Ipsi-
lateral venous subclavian stenosis can result from the high 
flow rates and increased venous pressure similarly to local 
stenoses, leading to venous hypertension, arm swelling, 
and impaired access function.45 Arterial subclavian ste-
nosis, although less common, can cause significant reduc-
tions in arterial inflow, exacerbating distal ischemia and 
potentially compromising the viability of the AV access.46 
Both types of stenosis can further aggravate the cardiovas-
cular burden on dialysis patients and complicate the man-
agement of AV access.

the vessel wall caused by differences in systolic and dia-
stolic blood pressure. Physiological cyclic stretch ranges 
from 10-15% and varies among vessel types, and is impor-
tant for maintaining the contractile phenotype of VSMCs 
in the tunica media.29 Abnormal cyclic stretch induces a 
switch in VSMCs from a contractile to a proliferative phe-
notype.30, 31 The contractile phenotype is essential for vas-
cular contraction and blood pressure regulation, inhibiting 
VSMC proliferation and excessive extracellular matrix 
(ECM) synthesis.32, 33 Conversely, proliferative VSMCs 
increase ECM synthesis and vessel wall thickness, with 
some migrating from the media to the tunica intima, con-
tributing to IH along with other inflammatory cells.34, 35

The unnatural vibrations with high-frequency pressure 
fluctuations, often occurring due to transitional flows found 
in anastomoses, can reach frequencies up to hundreds of 
Hertz.36 More recent studies suggest that such vibrations 
in AVFs are linked to the hemodynamic and structural 
changes post-creation.36, 37 They are predominantly found 
at the anastomotic heel and the inner curvature of the vein, 
areas prone to vascular remodeling and stenosis develop-
ment. The vibrations are believed to stimulate mechano-
biological processes within the vascular wall, contributing 
to adverse remodeling and stenosis.

These factors are modulated by the local hemodynam-
ics of the AVF, and are critical in the outcome of the AVF. 
Before AVF surgery, blood flow in the cephalic vein is 
very low, resulting in low uniform WSS, cyclic stretch 
and vibration. After creating the anastomosis, blood flow 
velocity and pressure increase dramatically and instan-
taneously. The abnormal anastomosis angle exacerbates 
local disturbed flow. Although vessels adapt by outward 
remodeling and luminal expansion to reduce WSS to a 
reasonable range, the disturbed flow near the anastomo-
sis and abnormal cyclic stretch continuously stimulate lo-
cal ECs and VSMCs. Activated ECs and VSMCs with a 
proliferative phenotype are key factors in the development 
of IH. Finally, the locally modified hemodynamics have 
been linked to aneurysm formation in the venous outflow 
through modification of the vessel wall.38 Therefore, im-
proving hemodynamics in the juxta-anastomotic region 
could inhibit IH and increase AVF patency.

Systemic hemodynamic factors and effects

Chronic kidney disease is a significant risk factor for car-
diovascular morbidity and mortality.12 The creation of a 
high-flow arteriovenous vascular access site for hemodial-
ysis further amplifies these risks by introducing substantial 
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ever, secondary complications are also more prevalent as 
a result of the increased flow. Importantly, more proximal 
locations remain available for creating an AVF if distal 
fistulas fail, so guidelines recommend placing fistulas as 
distal as possible, provided sufficient vessel diameters.22

Since the inception of autogenous AVF surgery, anas-
tomosis techniques include end-to-end (ETE), end-to-side 
(ETS), side-to-side (STS), and modified functional ETS 
anastomoses (Figure 1A-E, respectively). ETE involves 
anastomosing the cut ends of an artery and vein, while 
ETS connects a severed venous end to the side of an ar-
tery. STS involves creating sections in both vessels and 
anastomosing the edges of sections, whereby the distal 
vein functionality and inflow remains. Though the ETE 
AVF can avoid the bifurcation, computational fluid dy-
namics (CFD) simulations still showed disturbed flow 
occurs in the outflow tract where IH is common,16 addi-
tionally, due to higher complication rates and the risk of 
distal limb ischemia, ETE is being replaced by ETS and 
STS.48 Although the venous inflow remains in STS AVFs, 
CFD simulations find varying results on its effects on flow 
disturbances and multi-directionality of WSS,49, 50 which 
is linked to an increase in IH. A meta-analysis found simi-
lar patency rates between ETS and STS anastomoses, but 
also a significantly increased occurrence of arterial steal 
syndrome with STS AVFs.51 However, this may have been 
due to the more proximal placement of the STS AVF.

Modified functional ETS is a variation of STS where 

Finally, the cardiovascular conditions introduced by the 
VA also significantly impact the fitness and well-being of 
dialysis patients. Kidney transplant patients with a prior 
AVF typically report a lower quality of life than a control 
group that received peritoneal dialysis before transplanta-
tion.47 Moreover, proximal, high flow AVFs were associat-
ed with a lower quality of life than distal, low flow, AVFs.47 
These findings suggest that the AVF, and more specifically 
the high flow, are negatively associated with quality of 
life, although prospective trials need to be performed to 
confirm this potential causative relation. Managing these 
hemodynamic changes is essential for improving the long-
term outcomes and well-being of dialysis patients.

Arteriovenous fistulas

The structure of AVFs significantly impacts hemodynam-
ics, and surgical techniques directly influence this struc-
ture. Therefore, various surgical methods and configura-
tions have been explored in attempts to optimize hemody-
namic profiles and AVF patency.

Location

The location of the AVF in the arm has been found to affect 
local hemodynamic profiles significantly, with upper arm 
AVFs typically having higher flow rates corresponding to 
improved maturation rate and functional patency. How-

Figure 1.—Arteriovenous fistula configurations: A) end-to-end anastomosis; B) end-to-side anastomosis; C) side-to-side anastomosis; D) modified 
functional end-to-side anastomosis; E) radial artery deviation and reimplantation anastomosis.

A

D

B

E

C

Radial artery

Cephalic vein
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the artery is ligated and the end is anastomosed to the side 
of the vein, has shown promising clinical results54 (Fig-
ure 1E). Short- and long-term follow-ups indicated higher 
primary (6 months: 93% vs. 53%; 12 months: 72.2% vs. 
48.1%; 36 months: 62.1% vs. 37.6%) and secondary pa-
tency rates (6 months: 100% vs. 89%; 12 months: 98.4% 
vs. 72.1%; 36 months: 94.9% vs. 66.8%) and fewer reinter-
ventions (6 months:10% vs. 74%) with RADAR compared 
to traditional methods.55, 56 CFD and animal studies sug-
gest RADAR reduces pressure and high WSS at the anas-
tomosis rather than improve low and oscillatory WSS, po-
tentially mitigating intimal hyperplasia. Hypertension, di-
abetes mellitus, and anemia are common combinations in 
ESKD patients, affecting blood flow velocity, vessel wall 
stiffness, and blood viscosity. Integrating these variables 
into CFD, other research found that RADAR reduced dis-
turbed flow and flow velocity at the anastomosis as well as 
the extremely high WSS at the anastomosis toe, decreas-
ing the risk of juxta anastomotic intimal hyperplasia.57

Although a higher incidence of distal ischemia (steal 
syndrome) may be expected due to the distal ligation of 
the artery, this does not appear to be an issue.55 An ex-
planation may lie in the presence of retrograde flow in 
conventional ETS AVFs in which distal hypoperfusion is 
exacerbated as the anastomotic site draws blood from the 
hand through the artery, whereas in RADAR the proximal 
inflow is merely diverted into the vein.

Finally, the RADAR AVF may pose additional chal-
lenges in patients suffering from diabetes mellitus and 
microangiopathy due to increased stiffness of the artery. 
However, due to the limited amount of literature on this 
technique, no evidence exists suggesting unsuitability of 
the RADAR technique for these patient populations.

Vessel diameter and anastomotic angle

Another aspect of the AVF structure is anastomosis angle 
which is also crucial in AVF hemodynamics. Researchers 
seek the optimal anastomosis angle to improve local he-
modynamics and AVF outcomes (Figure 2). CFD analysis 
revealed that low and oscillatory WSS occurred primarily 
in the inner wall of juxta-anastomosis vein and the out-
flow tract vein, correlating with clinical stenosis locations, 
suggesting disturbed flow contributes to AVF intimal hy-
perplasia.58, 59 Then, the distribution of low and oscilla-
tory WSS were simulated in AVF models with anastomo-
sis angles of 30, 45, 60, and 90 degrees, with 30 degrees 
showing the least abnormal WSS distribution at the juxta-
anastomosis indicating the sharper angle may have a bet-

the distal end of the vein is ligated when constructing the 
anastomosis. Post-anastomosis, arterial blood flows into 
the low-pressure venous system, significantly increasing 
venous blood flow to meet hemodialysis needs. A meta-
analysis of 16 studies, including six RCTs, showed that tra-
ditional ETS had higher six-month patency rates than STS 
but lower 12-month rates than functional ETS.52 Research-
ers utilized computational fluid dynamics (CFD) to com-
pare hemodynamics in functional ETS and traditional ETS, 
finding that functional ETS provided higher venous blood 
flow and more uniform wall shear stress (WSS), potentially 
explaining its better outcomes.49 Although more surgeons 
are opting for the functional ETS, there is currently no 
proof that improved hemodynamics have a direct impact on 
prognosis. More individualized hemodynamic studies are 
needed to confirm the clinical benefits of functional ETS.

Endovascular AVFs

The endovascular AVF (endoAVF) allows the creation of 
a vascular conduit through catheterisation into the vessels, 
thus without necessitating surgery. The WavelinQ™ (Bec-
ton, Dickinson) and Ellipsys™ (Medtronic) are the most 
commonly used systems for endovascular AVF creation, 
using radiofrequency and a combination of heat and pres-
sure, respectively, to create the anastomosis. The minimal-
ly invasive nature creates less vessel trauma which may 
lead to decreased maturation time and preferable EC acti-
vation. Both devices are used to create a STS in the deep 
mid-forearm vessels.

The hemodynamic profile in endoAVFs is dissimilar to 
that of standard STS AVFs due to the deepness of the site. 
The primary advantages result from the mid-forearm loca-
tion, which is typically different compared to creation with 
standard surgical techniques. Flow rates in the mid-forearm 
are typically higher than in the wrist but lower than in more 
proximal locations,2 and 6-month secondary patency was 
found to be 94%.53 Therefore, low incidence of distal isch-
emia, aneurysm, and cardiac overload may be achieved even 
when wrist AVFs are not possible. However, interventions 
on endoAVFs are typically larger due to the deep location 
of the anastomotic site, and the effect of the learning curve 
of the devices cannot be excluded from results in literature.

Radial artery deviation 
and reimplantation (RADAR)

To address abnormal hemodynamics and reduce surgical 
injury at the anastomosis, the RADAR technique, where 
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A B

clinical studies did not show that obtuse anastomosis angle 
could improve primary, assisted primary, or secondary pa-
tency compared to sharp angle anastomosis.62, 63

In summary, functional ETS and RADAR show poten-
tial advantages over traditional methods, though direct 
evidence linking improved hemodynamics by functional 
ETS and RADAR to better clinical outcomes is lacking. 
Reducing low and oscillatory WSS may protect endotheli-
al function and prevent intimal hyperplasia, while address-
ing high WSS could also lower stenosis rates.

External vessel support devices

The VasQ™ (Laminate Medical Technologies) external 
vessel support device is designed to enhance the perfor-
mance and longevity of AVFs (Figure 3A). It has two dis-
tinct features: it provides rigid support to the venous wall 
to reduce tension, and it fixes the anastomotic angle at 38° 
and tapers outwards in the outflow vein to beneficiate flow 
conditions in the juxta-anastomotic region.

Although sample sizes were small, a longitudinal study 
using high-fidelity CFD simulations based on 3D patient-
specific models showed that the device helps stabilize 
blood flow velocity and reduce disturbed flow and shear 
stress metrics over time.64 The largest difference in flow 
patterns and remodeling between the group receiving the 

ter AVF outcomes. Another study collected PTA data and 
AVF configuration from 27 patients with juxta anastomotic 
stenosis on their radiocephalic AVF, using patient-specific 
3D vascular models and CFD found that the anastomo-
sis angle was closely related to the blood flow velocity at 
the stenosis site, and ROC curve analysis suggested that 
patients with anastomosis angle greater than 46.5° had a 
significantly lower stenosis ratio and disturbed flow when 
compared to patients with an angle less than 46.5°.60

Significant correlations have been established between 
anastomotic angle and vessel diameter, and the distribu-
tion of disturbed hemodynamics in AVFs. CFD studies 
suggested that the blood flow velocity and WSS at the 
anastomosis site increased when the venous diameter was 
smaller than the arterial diameter, leading to a larger area 
of disturbed flow and a higher risk of thrombosis. In this 
scenario, the anastomosis angle had little effect on local 
hemodynamics. Conversely, when the venous diameter 
was larger than the arterial diameter, increasing the anas-
tomosis angle reduced the area of disturbed flow and nor-
malized WSS.61 To further investigate the impact of larger 
anastomosis angles on AVF hemodynamics, the concept of 
obtuse angle anastomosis has been proposed. CFD stud-
ies indicated that the obtuse angle ETS AVFs significantly 
reduced disturbed flow and lowered abnormally high WSS 
compared to traditional anastomosis techniques. However, 

Figure 2.—Anastomotic angle “α” 
used for arteriovenous fistulas: A) 
sharp anastomotic angle; B) obtuse 
anastomotic angle.

Figure 3.—External and internal 
devices used to standardize and 
lock the anastomotic angle of an 
arteriovenous fistula: A) VasQ™ 
external vessel support; B) Op-
tiFlow™ internal vessel support.

A B
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vein with a flange that is placed into the artery to create an 
ETS AVF with a predetermined angle of 60°70 (Figure 3B). 
Due to the insert there is no contact between the blood 
and the vessel walls at the arteriovenous bifurcation. Some 
support to the vessels is provided by the insert, although 
less than in the VasQ™ due to reduced stiffness of silicone 
compared to the metal in the external support device.

The first-in-human study in 10 patients noted a sufficient 
increase in venous diameter in all patients at 6 weeks with 
no adverse effects.70 The only prospective and controlled 
study, including 41 patients receiving the insert, reported 
unassisted maturation rates of 76%, 72%, and 68% at 2, 6, 
and 13 weeks, respectively, with no statistically significant 
differences to the control group.71 Flow rates also did not 
differ significantly. The larger diameter Optiflow™ had a 
higher maturation rate at both 6 and 13 weeks (P=0.04 and 
P=0.01, respectively), which is typically expected with 
larger vessel diameters.

In a case report a patient is described with multiple oc-
currences of significant stenotic lesions just distal to the 
device at the transition from the silicone to the native wall, 
thought to be the result of IH induced by flow dynamics.72

Limited data exists to support the benefits in maturation 
and decreased stenosis using the Optiflow™. Although the 
endothelium at the anastomotic bifurcation is not exposed 
to flow, downstream IH still occurs. The case report may 
be a sign that the transition from the device material to the 
native vessel even induces more local flow disturbances 
as overall maturation and patency shows no improvement. 
This transition zone might also be susceptible to kinking, 
which can further increase IH risks. The device is cur-
rently no longer marketed, as funding constraints caused 
termination of development.73

Suturing techniques

The piggyback Straight Line Onlay Technique (pSLOT) 
is a surgical method designed to prevent IH and enhance 
AVF maturation by eliminating torsional stress in the out-
flow vein and reducing hemodynamic stresses resulting 
from the torsion.74 Torsional stress can create local flow 
disturbances, which may disrupt EC functionality, pro-
mote EC activation, and thereby contribute to stenosis 
formation.75 In pSLOT, the cephalic vein is dissected to 
ensure a straight-line outflow, minimizing torsional stress. 
An anastomosis is created by placing the ligated vein in a 
“piggyback” position over a deep artery and suturing it in 
place, ensuring proper alignment and avoiding twisting.

The first clinical study found a significantly decreased 

external support device and the control group appeared 
to be at the intermediate timepoint at 3 weeks, at which 
the study group showed far less remodeling, more laminar 
flow patterns and low WSS. Moreover, the velocity profile 
in the control groups was more indicative of high frequen-
cy vibrations. The morphological changes, flow patterns 
and WSS appeared more similar between the groups at 1 
year after the surgery with statistically significant differ-
ences between the groups diminishing.

Multiple clinical studies have been conducted with the 
VasQ™, which typically report high maturation, and pri-
mary and secondary patency rates with the device. Low-
er primary failure (29.4% vs. 6%, P=0.0251) and higher 
6-month primary patency rates (79% vs. 53%, P=0.04) 
were found compared to a control group in a single center 
study.65 Moreover, a decreased brachial artery flow rate 
(0.71 L/min intervention group vs. 0.81 L/min control, 
P=0.05) and cardiac output were found (4.5 L/min inter-
vention group vs. 5.6 L/min control, P=0.05) at 6 months,66 
although other studies found a higher, but non-significant 
increase in venous flow with the VasQ™.67 High patency 
rates, exceeding 70%, are also reported at 18 months68 
and 36 months.69 This may in part be attributed to the im-
proved hemodynamic profile induced by fixating the anas-
tomotic angle, decreasing WSS, and offering venous sup-
port which may reduce excessive outward remodeling and 
wall vibrations. However, the long-term studies offer no 
valid control. Only one RCT (20 vs. 20 patients) has been 
conducted with the VasQ™ in literature. Although patency 
rates were higher, this did not always translate to a statis-
tically significant difference due to underpowering. Such 
an improvement was only noted in functional patency at 6 
months (P=0.01).67

The longitudinal flow study64 suggests turbulence is not 
fully addressed, and WSS, cyclic stretch and resulting re-
modeling are decreased, but not mitigated. The negative 
consequences of these hemodynamic factors are thereby 
most likely merely delayed. Consequently, the device ap-
pears to primarily aid in AVF maturation and could be par-
ticularly advantageous for patients with an imminent start 
to dialysis. This underscores the necessity for longer-term 
randomized controlled trials to better establish any long-
term clinical benefits of the VasQ™ device.

Internal vessel support devices

An alternative method to fixating the anastomotic angle 
is the Optiflow™ (Bioconnect Systems), which is a cy-
lindrical silicone insert placed inside the ligated outflow 
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mosis compared to AVFs, often requiring more frequent 
interventions.2, 83 The primary cause of stenosis is IH in-
duced by disturbed flow and the compliance mismatch be-
tween the graft material and vessel. Since the grafts must 
first be manufactured, either synthetically or biologically, 
their design can be modified to improve hemodynamics. 
Synthetic materials, most often expanded tetrafluoroethyl-
ene (ePTFE), have been used for decades. However, more 
recently tissue-engineered blood vessels have gained at-
tention, as they require less or no foreign material to be 
implanted.84, 85 Hemodynamically, the primary differences 
lie in the frictional coefficient of the graft which may mar-
ginally effect flow velocities in the graft and outflow vein.

Helical flow graft

Helical flow, a physiological pattern that resists atheroscle-
rosis, is characterized by axial and circumferential compo-
nents induced by the curved and non-planar geometry of 
the vascular structure.86 Helical flow reduces vortex and 
recirculation, lowers endothelial cell exposure to low and 
oscillatory wall shear stress (WSS), and decreases mono-
cyte and platelet adhesion.87-91 Researchers have explored 
altering AVG designs to induce helical flow at the anasto-
mosis, potentially mitigating intimal hyperplasia. Swirling 
and spiral grafts are two such designs. Swirling grafts fea-
ture non-planar geometry (Figure 4C), while spiral grafts 
have an internal spiral ridge (Figure 4D). By adjusting the 
helical pitch, curvature radius, and ridge shape, these de-
signs can enhance helical flow.92-96 Although CFD-based 
designs suggest improved outcomes, there are few animal 
or human trials. In a porcine model, researchers found that 
spiral ePTFE grafts induced helical flow but did not re-
duce intimal hyperplasia compared to standard grafts after 
14 days implantation.97 Another study implanted swirling 
grafts in 20 CKD patients, reporting six-month primary, 
assisted primary, and secondary patency rates of 57.9%, 
84.4%, and 100%, respectively, indicating potential im-
provements in assisted primary and secondary patency 
rates, but larger clinical trials are needed.98

Tapered grafts

Tapered grafts, designed with a smaller arterial end and 
larger venous end, were initially developed to reduce distal 
limb ischemia by decreasing inflow with a small diameter 
and reducing flow velocity and the outflow with the in-
creased diameter99 (Figure 4E). Further research showed 
that tapered grafts also affect hemodynamic conditions 

rate of venous stenotic lesions with a 36-month follow-
up in pSLOT compared to an ETS control (29% vs. 11%, 
P=0.04), with no significant differences in flow rate be-
tween the groups.75 Further long-term outcomes from 
an observational study showed that AVFs created using 
pSLOT achieved high functional patency rates at 12, 24, 
and 60 months, with primary patency at 42.8%, 31.6%, 
and 20.8%, and secondary patency at 81.8%, 77.6%, and 
71.7%, respectively.76 Another study confirmed that the 
pSLOT technique decreases the incidence of early stenotic 
problems and maturation failure, supporting its potential 
to improve long-term outcomes for AVF patients.74

Similarly, the diamond-shaped anastomosis technique is 
another method for creating AVFs, aimed at ensuring long-
term patency and functionality. This technique involves a 
geometrically precise creation of a diamond-shaped arte-
riotomy, which is matched with a corresponding venot-
omy.77, 78 The diamond shape facilitates a more uniform 
distribution of stresses in the vessel wall and reduces tur-
bulence, which is critical for maintaining fistula patency. 
Although clinical data is very scarce, one study has shown 
that the diamond-shaped anastomosis technique results in 
high early-stage patency rates, reporting an 89% patency 
rate at six months post-surgery.79

This low IH found throughout the studies suggests that 
either or both WSS and EC activation are decreased as a 
result of reducing wall stress in the outflow vein. However, 
the limited amount of data does not allow a distinction to 
be made between contributions of these effects to the im-
proved outcomes.

Arteriovenous grafts

Arteriovenous grafts (AVGs) use synthetic or biological 
materials to connect arteries and veins, providing an alter-
native site for needle insertion during hemodialysis when 
native arteriovenous fistulas (AVFs) are deemed unsuitable 
(Figure 4A, B). Although native AVFs are the preferred 
type of access for most patients, AVGs are considered pre-
dominantly in patients with poor vascular conditions and 
a high risk of non-maturation.80, 81 Notably, the early can-
nulation AVG allows incident hemodialysis patients to be 
cannulated within 48-72 h, reducing the need for CVCs 
and are therefore gaining popularity.82 The KDOQI guide-
lines now suggest that the choice between AVF and AVG 
should be individualized, considering patient and physi-
cian circumstances as both options offer similar primary 
and secondary patency rates.2 Despite these advantages, 
AVGs are more prone to stenosis near the venous anasto-
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primary and secondary patency rates and reduced stenosis 
rates, whereas patched grafts did not offer these benefits.107

In conclusion, various modified types of AVGs have 
been designed to improve hemodynamics and reduce 
complications. While some designs show promise hemo-
dynamics in CFD models but small-scale studies show 
benefits in reality, larger clinical trials are necessary to 
confirm their efficacy and long-term benefits.

Stents

Bare metal stents can be used as internal vessel support to 
treat aneurysms and stenoses in VA outflow and cephalic 
arch. The deployment of these stents is intended to pro-
vide a sustained mechanical force to keep the vessel lu-
men open and resist inward remodelling.108 Often these 
stents include a membrane on the inner side – covered 
stents – to prevent thromboses forming on the stent mate-
rial, because the stent’s structure can create areas of al-
tered shear stress, which may influence EC behavior and 
vessel wall remodeling. The membrane also provide a 
more uniform surface which would limit the occurrence 
of flow disturbances.

Covered stents are primarily used in treating stenoses. 
A meta-analysis including 8 RCTs found that a higher 
patency could be maintained by using covered stents in 

at the venous anastomosis, reducing disturbed flow and 
high WSS downstream, thus potentially lowering IH and 
thrombosis.100 However, a meta-analysis of five studies in-
cluding >4000 patients found that tapered grafts did not 
significantly reduce the risk of steal syndrome or infection 
and had comparable primary and secondary patency rates 
to standard grafts.101 An explanation may lie in the venous 
diameter dictating the venous flow conditions, and there-
fore effects such as WSS and cyclic stretch in the venous 
outflow.

Cuffed and patched grafts

Cuffed and patched grafts are other designs aimed at im-
proving local hemodynamics at the venous end. CFD 
simulations suggest that cuffed grafts lower indicators 
of disturbed flow such as wall shear stress gradient, wall 
shear stress angle gradient, and radial pressure gradient at 
the anastomosis toe,102-104 reduce abnormally high WSS in 
the host artery,105 while enhancing helical flow in the distal 
outflow tract102, 106 (Figure 4F). Patched grafts also improve 
local disturbed flow patterns but have a smaller impact on 
distal helical flow compared to cuffed grafts.102 Clinical 
studies comparing these grafts are limited. A meta-analy-
sis of eight studies (six cuffed and two patched) involving 
414 patients indicated that cuffed grafts improved one-year 

Figure 4.—Different types of AVG 
used to modify hemodynamics: A) 
AVG in the arm; B) standard graft; 
C) swirling graft; D) spiral graft 
and its cross section; E) tapered 
graft, with an increased diam-
eter on the venous side; F) cuffed/
patched graft.

A DB EC F
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directly relate to hemodynamic factors, and challenging to 
analyze and determine in vivo. Combining in vitro test-
ing with CFD and complex flow disturbance to monitor 
both hemodynamic and cellular effects may therefore be a 
powerful tool in further unravelling the complexity of AV 
access. Such models are currently under development.112

Hemodynamic conditions and clinical outcomes are not 
the only considerations in the choice of AV access. While 
certain modalities discussed may show statistically signifi-
cant improved patency, decreased failure, or lower inter-
vention rates, the cost of including such modalities is of-
ten not taken into account. As AV access and maintenance 
is often paid for by, e.g., governments or health insurers, 
a cost benefit is usually critical in the adaptation of such 
modalities. For example, endoAVFs may result in higher 
patency rates compared to radiocephalic AVFs, but this fi-
nancial benefit could be mitigated by the increased cost of 
the more complex angioplasty or coiling procedures due 
to the deepness of the anastomosis. To properly assess ef-
ficacy of AV access modalities, cost analyses are of critical 
importance.

Current guidelines state that a minimum blood flow of 
500 mL/min9 is required to be considered suitable for can-
nulation and adequate hemodialysis, which is still orders 
of magnitude higher than physiological venous flow. The 
presence of a constant supraphysiological venous flow 
with an arterial pressure will inevitably result in non-
physiological conditions in the venous system, which the 
vessel will try to normalise.7 Apart from central venous 
catheters, which have their own significant drawbacks, no 
AV access solutions are currently available that mitigate 
this supraphysiological flow, which only needs to be pres-
ent during the typical 12 hours of dialysis per week. Our 
research group is currently working on an implantable de-
vice that closes the AV access outside of dialysis sessions 
to normalize the flow, so that the supraphysiological con-
ditions are only present during these 12 hours per week.113

The modalities in this overview were selected based on 
the authors’ expertise in peripheral AV access and a critical 
review of available literature. However, no formal system-
atic review was conducted, so some modalities or studies 
may have been unintentionally excluded, introducing po-
tential bias. Additionally, many of the included modalities 
are not widely used, and the supporting literature is often 
limited or lacks RCTs, so conclusions should be interpret-
ed with caution.

Finally, pharmacological modalities, such as vasodila-
tors or hypotensive medication, are at times administered 
to patients peri-operatively. As these can affect, e.g. the 

AVG patients compared to using percutaneous translumi-
nal angioplasty alone.109 Although good patency could be 
achieved in AVF patients,110 no significant results were 
found, possibly due to the relatively small number of pa-
tients. Similarly cephalic arch stenosis treated with cov-
ered stents also show positive outcomes compared to other 
treatments in a meta-analysis with 19 clinical studies, with 
a 73% patency rate at 12 months.111

Although direct effects on anastomotic and systemic 
flow are limited in the application of stents and covered 
stents, these findings do suggest that membrane stents 
typically perform better than the bare metal variety. An 
explanation may lie in the exposure of the bare metal to 
blood, which could induce thrombus formation. However, 
the flow disturbances resulting from the non-uniform sur-
face of the stent could promote IH formation. Finally, the 
clinical benefit of freedom from target lesion reinterven-
tion may be questionable, especially when including the 
increase in cost from placing a device, for which studies 
are necessary.

Discussion

Despite its many sub-optimal clinical outcomes, AV access 
remains the access of choice for hemodialysis patients. Al-
though it is difficult to deny that the altered hemodynam-
ics introduced by creating a permanent arteriovenous con-
nection play a significant role in these negative outcomes, 
modalities aimed at improving hemodynamics most often 
show only limited benefit over the traditional radiocephal-
ic AVF introduced 60 years ago.

Computer modelling and simulations, such as CFD, 
have gained interest in recent years, with the quality of 
the studies improving. Through CFD studies on arteriove-
nous access conduits, our understanding of the local he-
modynamics has advanced. Moreover, techniques that can 
model the AV access in vivo and examine hemodynamic 
conditions exist, such as ultrasound vector volume flow 
and 4D flow quantification MRI. This allows monitoring 
and modelling of the AV access hemodynamics in vivo by 
creating a digital 3D model of the anastomosis and apply-
ing CFD. However, these imaging modalities are currently 
most often limited to use for research purposes, and less 
often in clinical care. Unfortunately, these techniques have 
not yet resulted in modalities that improve the outcomes, 
despite hemodynamic conditions undergoing some im-
provement. This underscores the complexity of the VA, 
and the multitude of factors that influence it and the out-
comes. Cellular response can be difficult to predict and 
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Investigations into the relationship between hemodynamics and vas-
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blood pressure, indirect effects on AV access hemodynam-
ics can also be expected. Although they may result in im-
proved clinical outcomes, due to their non-direct effect on 
hemodynamics, they lay outside the scope of this review.

Conclusions

In conclusion, while arteriovenous VA remains the pre-
ferred modality for hemodialysis, its inherent hemody-
namic alterations continue to pose significant clinical chal-
lenges. Despite various attempts to optimize hemodynam-
ics through alternative AV access modalities and advanced 
modelling techniques, the outcomes have seen only mod-
est improvements over the traditional radiocephalic AVF. 
The complexity of AV access hemodynamics, influenced 
by multifactorial interactions between flow dynamics and 
cellular responses, underscores the difficulty in achieving 
consistent clinical benefits. The current standard of main-
taining supraphysiological venous flow, while essential 
for dialysis, perpetuates non-physiological conditions in 
the venous system, with no viable alternatives to mitigate 
these effects yet available.
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