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Abstract The present study is intended to investigate and

compare the hemodynamics in two different sizes of he-

modialysis arteriovenous grafts for upper arm hemodialysis

vascular access: 8-mm tapered to 6-mm at the arterial side

and straight 6 mm. A computational simulation approach is

presented for this study, which is validated against the

available experimental and numerical pressure measure-

ments in the literature. The imposed boundary conditions at

the arterial inlet and venous outlet boundaries of the

models are physiological velocity and pressure waveforms,

respectively. Blood flow fields and distribution patterns of

the hemodynamic indices including wall shear stress

(WSS) as one of the major hemodynamic parameters of the

cardiovascular system and spatial wall shear stress gradient

(SWSSG) as an indicator of disturbed flow patterns and

hence susceptible sites of lesion developments are analyzed

and compared between the two grafts. The tapered 6- to

8-mm graft seemingly is associated with less disturbed flow

patterns within the venous anastomosis (VA) and the vein

downstream while benefiting from higher blood flow rates

within. Also, it shows a definitive advantage in terms of

WSS and SWSSG distribution patterns around the VA and

throughout the vein downstream with significantly lower

values, which reduce the risk of thrombosis formation and

stenotic lesion developments. The only disadvantage

encountered in using 6- to 8-mm tapered graft is higher

values of hemodynamic parameters at the arterial junction

attributable to its significantly higher mean blood flow rate

within. The results clearly indicate that the tapered 6- to

8-mm graft entirely outperforms straight 6-mm graft

hemodynamically as an upper arm hemodialysis vascular

access graft and confirms clinical data in the literature,

which suggests advantageous use of tapered 6- to 8-mm

grafts in the creation of upper arm brachioaxillary he-

modialysis vascular access grafts in selected groups of

patients with expectably higher patency rates and lower

complications.
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1 Introduction

Patients on chronic hemodialysis are in dire need of a

reliable functional vascular access to their circulatory

system able to provide sufficiently high blood flow rates

required for efficient hemodialysis treatments. Although

arteriovenous (AV) fistulas are the preferred vascular

access type for hemodialysis patients due to their greatest

longevity, fewest complications, and highest primary and

secondary patency rates [1, 2, 22, 30, 39], not every

patient is eligible for an AV fistula. Recent trends in the

epidemiology of end-stage renal disease (ESRD) show a

marked increase in elderly and diabetic patients [1, 43]

with higher comorbidities and poorly developed vessels.

It can in turn spell the wider usage of the AV grafts

(AVGs) as an acceptable alternative for patients in whom

AV fistulas are not feasible in the years to come. The

major setback associated with the AVGs responsible for
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80 % of all hemodialysis access grafts dysfunction is

thrombosis due to venous stenosis secondary to venous

neointimal hyperplasia at the graft–vein junction or in

the draining vein downstream of the VA [1, 2, 15, 39,

52]. It is widely believed that disturbed flow patterns

play a key role in the pathogenesis of venous stenosis by

triggering intricate biochemical events leading to the

onset and progression of intimal hyperplasia (IH) [15, 27,

28, 36]. Disturbed flow manifested in abnormal flow

patterns and hemodynamic indices such as high and low

wall shear stress [15, 44], temporal and spatial wall shear

stress gradients [6, 28, 48, 49], and oscillatory shear

index [16] has been widely the subject of numerous

studies within the realm of hemodialysis vascular access

in order to characterize local hemodynamics at suscep-

tible sites of stenotic lesion formation. Fillinger et al.

[11] investigated the impact of graft geometry on the

hemodynamics and progression of IH within AV loop

grafts in a canine animal study. They suggested that the

real causes of hyperplasia in the high flow setting of

dialysis access loop grafts are somewhat different than

those involved in arterial bypass grafts. Longest and

Kleinstreuer [40] conducted a comparative computational

study to evaluate hemodynamic conditions in conven-

tional straight and VenafloTM dialysis access grafts. They

reported significant performance improvements in the

VenafloTM graft. Similarly, Kruger et al. [31] demon-

strated the positive impact of patch form anastomosis

(VenafloTM) in reducing the incidence of IH in hemod-

ialysis AVGs. Loth et al. [41] analyzed extensively the

steady transitional flow patterns at the VA of an AVG by

means of in vitro measurements and numerical simula-

tions in addition to a porcine animal study. In vitro

comparison of the hemodynamics in 6-mm straight and

tapered 4- to 7-mm PTFE AVGs has been investigated

by Van Tricht et al. [63] in a pulsatile flow experimental

setup. A computational study on the same issue per-

formed by this group revealed no favorable hemody-

namic outcome in using 4- to 7-mm tapered grafts [64].

A number of new designs have been proposed and

investigated in order to improve the hemodynamic per-

formance of the arterial bypass grafts (ABGs) or AVGs.

The impact of S-type grafts on the hemodynamics of ABGs

was investigated in an animal study combined with

numerical simulations by Fan et al. [10], and the potential

impact of a double S-type graft was also suggested by the

same group, and more recently, Van Canneyt et al. [60]

evaluated the effectiveness of helical configuration AV

grafts (SwirlGraftTM) in reducing IH formation in com-

parison with conventional straight dialysis access grafts

and investigated the hemodynamic impacts of the intro-

duction of different helical designs in AVGs [61]. How-

ever, there are fundamental questions over the feasibility of

these novel graft designs with complex geometries in

clinical practice [10, 61].

On the contrary and based on the retrospective and

prospective clinical studies in the literature, tapered 6- to

8-mm AVGs are associated with significantly higher

patency rates and lower complications when compared to

conventional straight 6-mm grafts as upper arm brac-

hioaxillary dialysis access grafts [14, 50]. So, the present

study is intended to investigate the hemodynamic impacts

of the utilization of tapered 6- to 8-mm graft in the setting

of a hemodialysis access loop AVG in order to find out

whether there are any hemodynamic advantages accruing

from using tapered 6- to 8-mm grafts in comparison with

conventional straight 6-mm grafts as hemodialysis AVGs.

To address this goal, an in-depth pulsatile CFD study on

three-dimensional models of upper arm brachioaxillary

dialysis access loop grafts under physiological flow con-

ditions is presented in order to quantitatively assess the

general blood flow features and distribution patterns of the

hemodynamic indices in newly created hemodialysis

AVGs using the straight 6-mm or tapered 6- to 8-mm

grafts. A thorough hemodynamic comparison in terms of

velocity fields and well-known hemodynamic indices

including wall shear stress (WSS), oscillatory shear index

(OSI), and spatial wall shear stress gradient (SWSSG),

which is believed to merit further investigation in the realm

of AVGs [15], is then made between the grafts.

2 Methods

2.1 Geometry

Three-dimensional models of upper arm loop graft con-

figuration brachioaxillary dialysis access AVGs are

acquired using a computer-aided design (CAD) program.

The tapered 6- to 8-mm graft is considered to be a long-

taper graft type in which the internal diameter of the graft

increases gradually from 5 mm at the origin point to 7 mm

at the insertion point along the whole length of the graft,

and the internal diameter of the straight 6-mm graft is

5 mm throughout its length. It is to be noted that the

tapered 6- to 8-mm grafts used in the clinical studies of

Polo et al. [50] were of the short-taper graft types in which

the diameter of the 8-mm grafts had converted to 6 mm at

the arterial anastomosis along 20 mm in length of the graft

but as a measure to exclude any possible effect(s) arising

from different tapering designs, a long-taper graft type is

used in this study. The internal diameter of the brachial

artery is assumed 4.25 mm, and the internal diameter of the

axillary vein is assumed 6.3 mm in both AVG models,

consistent with in vivo measurements [18, 50]. The anas-

tomosis angle is also set to 45� for both the arterial and
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venous anastomoses; a conventional anastomosis angle was

commonly seen in vascular surgeries and used in a number

of previous studies in the field [9, 24, 48, 54, 60–62, 64].

Special care has been taken to develop representative

geometries of the AVGs, enabling us to provide a realistic,

unbiased comparison of the hemodynamic performance of

the straight 6-mm and tapered 6- to 8-mm grafts. The

rationale behind choosing the size of the arterial and

venous vessels has been so as to provide the critical or

near-critical hemodynamic conditions at both the arterial

and venous sides of the grafts. According to Polo et al.

[50], only patients with axillary veins more than 6 mm in

diameter were included in their clinical study and so

choosing the veins of 6.3 mm in diameter not only meets

this criterion but also represents one of the near-critical

hemodynamic conditions at the VA of the grafts. This was

also the case in choosing the brachial arteries of 4.25 mm

in diameter for both AVG models, which represents one of

the lowest possible values in the clinical measurements

reported by Hofstra et al. [18]. In the meantime, mean

access blood flow rates from the ranges reported by Polo

et al. [50] are applied in both AVG models.

A schematic representation of the vascular access model

is shown in Fig. 1. The nomenclature used for specific

regions of anastomoses is also depicted in an inset to

Fig. 1.

2.2 Governing equations and hemodynamic parameters

The governing equations for the three-dimensional

incompressible unsteady blood flow are the Navier–Stokes

equations as follows:

ou~

ot
þ u~:ru~¼ � 1

q
rpþ mr2u~ ð1Þ

r:u~¼ 0: ð2Þ

where m is the kinematic viscosity of the blood, q is the

blood density, and u~¼ ðu; v;wÞ and p are the three

Cartesian components of the velocity vector and pressure,

respectively.

The time-averaged and non-dimensional value of the

SWSSG is defined as [3]
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where d is the vessel diameter, T is the period of the cardiac

cycle, and sp is the Poiseuille WSS at the mean flow rate.

The oscillatory shear index (OSI) is calculated as [16]

OSI ¼ 0:5 1�

RT
0
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2
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where s~w is the instantaneous WSS vector.

2.3 Boundary conditions

The blood is assumed to be a homogeneous, incompress-

ible, and Newtonian fluid with a dynamic viscosity of

3.5 mPa s and a density of 1,050 kg/m3. The realistically

chosen mean blood flow rate at the arterial inlet is 975 ml/

min for the straight 6-mm and 1,397 ml/min for the tapered

6- to 8-mm graft in accordance with the measurements

reported by Polo et al. [50]. A three-dimensional unsteady

laminar blood flow is also assumed within the domain, the

vessel walls are considered to be rigid, and no-slip

boundary condition is assigned to all rigid walls. Also, it is

assumed that the artery and the vein are ligated distal to the

anastomoses, i.e., there is no flow through these segments,

since the flow in distal parts of the artery and the vein is

negligible in comparison with the flow within the graft

[46].

In order to better simulate the real physiological con-

ditions within the hemodialysis access grafts, a physio-

logical velocity waveform measured by Kharboutly et al.

[25] at the brachial artery of a common hemodialysis

patient is assigned as a time-varying parabolic velocity

profile at the arterial inlet of the models after mean flow

rate adjustment so as to correspond to the above-mentioned

mean flow rates. The outlet boundary condition is also a

time-dependent pressure waveform measured in an adult

human [42]. The inlet and outlet boundary conditions are

shown in Fig. 2. The highest Reynolds numbers appeared

at the systolic peak (t1) are approximately 1,572

(1,400–1,572) and 2,205 (2,040–2,205) at the artery and

based on the internal diameter of the artery for the straight

6-mm and tapered 6- to 8-mm grafts, respectively.

Fig. 1 Schematic representation of the upper arm brachioaxillary

dialysis access loop graft. Inset shows the nomenclature used for

specific regions around the anastomoses; PVS and DVS are abbrevi-

ations for proximal and distal vessel segments, respectively
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2.4 Numerical method

The computational meshes for both models are generated

using a specialized grid generation program, Gambit�

2.2.30 (Fluent Inc.). A grid composed of hexahedral ele-

ments is implemented in the graft and also proximal parts

of the artery and the vein in both models, whereas for

arterial and venous anastomoses, tetrahedral elements are

employed. Since the wall shear stress distribution is of

particular importance in this study and so the accuracy of

the velocity fields adjacent to vessel walls, a boundary

layer mesh is applied along the vessel walls of the models.

A mesh of higher resolution is also applied in the area

adjacent to the anastomoses where high variable gradients

are expected and detailed flow patterns are important. The

final number of mesh elements for each case is selected

after performing mesh sensitivity by considering velocity

fields, WSS, and pressure values as mesh independency

criteria. The total number of meshes applied in the straight

6-mm and tapered 6- to 8-mm AVG models are 2434895

and 2394000 elements, respectively. FLUENT� 6.3.18

(Fluent Inc.), a commercially available CFD code based on

finite volume method, is used to solve the governing

equations under the aforementioned boundary conditions.

Numerical simulations are carried out using a segregated

solver with second-order implicit time-stepping formula-

tion. The momentum equations are approximated by sec-

ond-order accurate discretization scheme, and the velocity–

pressure coupling is accomplished via the SIMPLEC

algorithm. In order to assign physiological velocity and

pressure waveforms at the boundaries and also to calculate

SWSSG for post-processing purposes, compiled user-

defined functions are developed and hooked to the solver.

In order to eliminate any start-up effects of pulsatile flows,

the computations are carried out over three full cardiac

cycles to obtain stable and accurate periodic solutions. The

time-step size is set to 0.5 % of the cardiac cycle, i.e.,

4 ms, and the convergence criterion for the continuity and

momentum equations at each time step is set to 10-6.

2.5 Model validation

Verification of the present computational model is per-

formed by comparing the numerical prediction of mean

pressure distribution with the available experimental

measurements on an in vitro model of a vascular access

loop graft and also the correspondent numerical results. For

this purpose, the same boundary conditions applied by Van

Tricht et al. [64] are assigned to the present computational

model. The calculated mean pressure distribution across

the vascular access model is shown in Fig. 3, which also

demonstrates the reference data for comparison. It is to be

noted that, due to geometrical differences in terms of the

vessel lengths, the displayed curves in Fig. 3 have been

displaced in such a way so as to simplify the comparison of

the results by locating the anastomoses in a single position.

The similarity between the mean pressure distribution

patterns is clearly observed in Fig. 3.

3 Results

3.1 Flow patterns

The velocity fields in arterial anastomosis (AA) of the

grafts at the peak systolic velocity (t1) are shown in Fig. 4.

The velocity magnitude contour plot and flow field path-

lines on the vertical midplane at the AA of the straight graft

are presented in Fig. 4a left and right panels, respectively.

The blood flow from the proximal artery accelerates

Fig. 2 Inlet and outlet

boundary conditions. a Velocity

inlet waveform of straight 6-mm

graft, b velocity inlet waveform

of tapered 6- to 8-mm graft, and

c pressure outlet waveform
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through the graft at the AA colliding into the graft wall

near the anastomosis heel. The maximum velocity

observed at the graft entrance is 2.02 m/s. From the path-

lines of the flow field, a region of flow recirculation can be

identified at the graft hood adjacent to the anastomosis. The

formation of a second vortex in distal segment of the artery

is also clearly observed. Figure 4b represents the axial (x-

direction) velocity magnitude contours in addition to the

in-plane velocity vectors in several transverse planes along

the AA of the straight 6-mm graft. In cross-sectional plane

10 mm proximal to the AA (X = -10), the flow is com-

pletely fully developed without in-plane velocity compo-

nent. Regions with negative axial velocity magnitudes at

the middle of the AA (X = 0) correspond to the formation

of the previously mentioned vortices at this location. The

in-plane velocity vectors in the cross-sectional plane 5 mm

distal to the AA (X = 5) clearly show the existence of

nearly symmetrical vortices at this section of the graft.

Further downstream (X = 20), the in-plane velocity vec-

tors are suggestive of the reduction in the vortical flow

intensity in the graft.

Very similar flow patterns are observed at AA of the

tapered graft (Fig. 4c, d) with maximum velocities being

increased by approximately 35 % and so stronger the

vortices generated at the AA of this graft.

Flow patterns at the VA of the grafts at peak systolic

velocity (t1) are also shown in Fig. 5. The blood flow

within the graft enters the recipient vein at the VA col-

liding into the graft hood. Within the anastomosis, there is

a significant skewing of the velocity toward the vein floor

with a stagnation point on the vein floor opposite the graft

outflow. The maximum velocity observed at the exit of the

graft on the vertical midplane of the VA is 1.71 and

1.46 m/s for straight and tapered grafts, respectively, in

spite of almost 40 % higher blood flow rate in tapered 6- to

8-mm graft.

A vortical flow pattern is developed within whole

diameter of the ligated end of the vein just distal to the

stagnation point. Flow separation and a recirculation region

are also observed along the upper wall surface of the vein

just downstream to the VA in both grafts (Fig. 5a, c),

which is smaller in case of tapered 6- to 8-mm graft.

Axial velocity magnitude contours in addition to in-

plane velocity vectors in several transverse planes along

the VA of the grafts (Fig. 5b, d) show that nearly sym-

metric vortices rotating in the opposite directions are

formed downstream of the VA which are still present

20 mm downstream. These vortices are initially formed

along the lateral walls of the vein and gradually shift

toward the vein center with increasing distance from the

anastomosis. The flow is less skewed and much more

aligned with the vein downstream within the VA and

smoother and less disturbed in proximal vein of the tapered

6- to 8-mm graft.

The above-mentioned characteristic features of the flow

at both anastomoses are generally observed through most

of the cardiac cycle (t2–t4).

3.2 Pressure drop

The calculated mean pressure distribution across the vas-

cular access model is plotted in Fig. 6 for both grafts. As is

evident in Fig. 6, the tapered 6- to 8-mm graft is associated

with higher pressure drops both in rate and magnitude

along the proximal segments of the artery and the vein due

to its higher blood flow rate within. Also, the pressure drop

within the tapered 6- to 8-mm graft is significantly lower

than the straight 6-mm graft due to gradual pressure

recovery within the tapered graft.

3.3 Vorticity magnitude

The area-weighted average values of the vorticity magni-

tude at successive planes along the venous side of the

AVGs are plotted in Fig. 7 at peak systolic velocity (t1). As

it can be seen in Fig. 7, both AVG models show a similar

trend with regard to the vorticity magnitude across the VA

and the vein downstream. As expected, the tapered 6- to

Fig. 3 Calculated mean

pressure distribution along the

vascular access model together

with the experimental and

computational reference data

[63, 64]
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8-mm graft is associated with lower vorticity magnitudes

within the VA and the vein downstream adjacent to the VA

due to lower velocity magnitudes observed at the exit of the

tapered 6- to 8-mm graft (cf. Fig. 5) irrespective of its

significantly higher blood flow rate. As flow develops

further downstream within the proximal vein and almost

25 mm proximal to the anastomosis toe, the mean vorticity

magnitude values of the tapered 6- to 8-mm graft exceed

the vorticity magnitude values of the straight 6-mm graft.

3.4 Hemodynamic parameters

Wall shear stress (WSS) contour plots around the AA of the

grafts at the peak systolic velocity are represented in Fig. 8.

Fig. 4 Velocity fields in AA of

the grafts. a Vertical midplane,

straight 6-mm graft;

b transverse planes, straight

6-mm graft; c vertical midplane,

tapered 6- to 8-mm graft;

d transverse planes, tapered 6-

to 8-mm graft
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The WSS distribution pattern at the AA is quite similar for

both grafts with peak values occurring along a little crescent

shape distance on the heel side of the suture line (with the

magnitude of 98 Pa for straight and 157 Pa for tapered graft).

Similar WSS distribution patterns appear around AA of the

grafts at different time levels of the cardiac cycle (t2–t4).

Fig. 5 Velocity fields in VA of

the grafts. a Vertical midplane,

straight 6-mm graft;

b transverse planes, straight

6-mm graft; c vertical midplane,

tapered 6- to 8-mm graft;

d transverse planes, tapered 6-

to 8-mm graft
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Wall shear stress (WSS) contour plots around the VA of

the grafts are also shown in Fig. 9 at four typical time levels

of the cardiac cycle (t1–t4). The WSS contours around the

VA of the straight 6-mm graft (Fig. 9a) show high shear

stress regions at the anastomosis toe in the range 36–45 Pa

at all time levels and the lateral wall surfaces of the prox-

imal vein around the stagnation point extending further

downstream in accordance with the vortices appeared along

the lateral walls of the downstream vein (Fig. 5b).

The WSS distribution pattern around the VA of the

tapered 6- to 8-mm graft shows just a tiny high shear stress

region around 0.47 mm2 along the perimeter of the VA at

the toe (cf. Fig. 9) in the range 38–50 Pa, on the graft side

of the anastomosis throughout the cardiac cycle (t1–t4). The

lateral wall surfaces of the proximal vein downstream to

the anastomosis only experience moderate WSS values

limited to 29 Pa, and also a smaller low shear stress region

is observed along the upper wall surface of the downstream

vein indicative of a more uniform WSS distribution and

consequently better washout of blood residing near the wall

that lowers the risk of thrombosis formation at this site of

the vein in tapered 6- to 8-mm graft. It is also evident that

the stagnation point is either nonexistent or not well

defined at the VA of the tapered 6- to 8-mm graft. For all

time levels (t1–t4), a broadly similar WSS distribution

pattern is observed around the VA in both grafts with lower

abnormal WSS values in favor of the tapered 6- to 8-mm

graft.

Figure 10 shows the distribution patterns of the SWSSG

around the AA and VA of the grafts. The SWSSG contours

at the AA of both grafts being very resemblant to the WSS

contours show similar patterns with peak SWSSG values

(270 for tapered vs. 220 for straight) occurring at several

distinct small regions on the arterial upper wall near the

heel and along the suture line.

The distribution of the SWSSG at the VA of the straight

6-mm graft demonstrates regions of elevated SWSSG

values up to 306 along the lateral wall surfaces of the

downstream vein similar to the WSS distribution pattern

observed in this region of this graft (Fig. 9a). SWSSG

values at the toe, heel, along the suture ring, and the vein

floor across VA are in the ranges 122–165, 140–183.5,

73–116, and 130–175, respectively. The SWSSG contours

around VA of the tapered 6- to 8-mm graft show remark-

ably lower values limited to 134 in much smaller extent of

the vessel wall surface areas over the entire VA region.

SWSSG values at the toe, heel, and along the suture ring

are in the ranges 68–102, 45–55, and 15–36, respectively.

Furthermore, nearly all of the high SWSSG values on the

vein floor are eliminated in tapered 6- to 8-mm graft.

The OSI as defined in Eq. 4 is plotted in Fig. 11 around

the VA of the grafts. The largest OSI values, i.e., the values

close to 0.5, appeared only on distal vein segments of the

grafts with minimal differences. As it can be observed in

Fig. 11, OSI is almost absent in the graft, the vein across

the junction, along the suture ring, and also the whole

Fig. 6 Mean pressure distribution along the vascular access for both

grafts

Fig. 7 Average vorticity magnitude along the venous side of the

AVGs (X = -1 denotes the mid-anastomosis location in both AVG

models)

Fig. 8 WSS contour plots

around the AA of the grafts at

the systolic peak. a Straight

6-mm graft; b tapered 6- to

8-mm graft
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proximal vein region in tapered 6- to 8-mm graft, and only

relatively large OSI values in the range 0.1–0.23 appear on

the upper wall surface of the vein a short distance from the

toe corresponding to the formation of a recirculation region

at this site of the vein. The OSI contours for straight 6-mm

graft are almost similar to the tapered graft with slightly

larger extended nonzero OSI regions and higher magni-

tudes in the range 0.13–0.29, indicative of more changes in

flow direction at this site of the vein. Also, additional

nonzero OSI regions with the magnitudes in the range

0.14–0.21 are observed in the lateral sides of the VA across

the junction in straight 6-mm graft.

4 Discussion

Prospective and retrospective randomized clinical trials

have demonstrated interestingly higher primary and

Fig. 9 WSS contour plots

around the VA of the grafts.

a Straight 6-mm graft; b tapered

6- to 8-mm graft

Fig. 10 SWSSG contour plots

around the AA (top panel) and

across the VA (bottom panel) of

the grafts
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secondary patency rates for tapered 6- to 8-mm grafts in

comparison with straight 6-mm grafts (85 vs. 62 % and 78

vs. 58 % 1 and 2 years, respectively) [14, 50].

To date, to the best of the authors’ knowledge, there is

no published data with regard to the hemodynamics of

tapered 6- to 8-mm graft irrespective of its superior patency

and lower complication rates in comparison with straight

6-mm graft as upper arm hemodialysis vascular access

graft. Thus, the present study was set up to assess the

hemodynamic performance of each of these grafts.

The results of the present study indicate broadly similar

velocity fields and hemodynamic indices distribution pat-

terns around AA of the grafts. Extremely high and non-

physiological WSS values are observed around the AA in

both grafts with higher magnitudes belonging to the

tapered 6- to 8-mm graft. These WSS values exceed pro-

foundly the activation threshold for leukocytes (shear stress

levels of between 7.5 and 15 Pa for 10 min) [5] and

platelets ([10 Pa for 1 min) [56] in both grafts. The

exposure of red blood cells to shear stresses above 250 Pa

may also induce hemolysis [58]. It is worth noting that

although the maximum WSS values reaches to 146–157 Pa

around the AA of the tapered 6- to 8-mm graft over the

cardiac cycle, much closer to the lysis threshold than the

values in straight 6-mm graft, but this only occurs along a

very limited crescent-shaped distance at the heel side of the

suture line. The major differences in these grafts lie at the

VA where tapered 6- to 8-mm graft seemingly is associated

with less disturbed flow patterns within the anastomosis

and the vein downstream. The larger diameter of the

tapered 6- to 8-mm graft at the VA let the graft conforms

better to the host vein and so smaller the flow disturbances

as the blood flow enters the vein and better the hemody-

namic condition at the VA and the vein downstream.

Area-weighted average values of the hemodynamic

parameters are calculated over the successive blocks 2 mm

in length on the venous wall surface along a distance of

almost 2 cm proximal to the toe. The results are presented

as bar charts in Fig. 12. From these charts, it is obvious that

both the WSS and SWSSG values are lower in tapered 6- to

8-mm graft, with much discernible differences in SWSSG

distribution bar charts. A similar trend is also observed in

OSI distribution bar charts (Fig. 12c) consistent with the

observation of larger extended nonzero OSI regions with

higher magnitudes in Fig. 11.

It is worth to mention that the aforementioned hemo-

dynamic values should not be considered as absolute val-

ues for hemodynamic indices but more as indicative values

which fulfill suitably the comparative purposes of this

study.

Fig. 11 OSI contour plots

across the VA of the grafts.

a Straight 6-mm graft; b tapered

6- to 8-mm graft

Fig. 12 Comparison of area-weighted averaged hemodynamic indi-

ces at the proximal vein. B1 through B9 represent the first through the

ninth block in succession from right to left as shown in inset
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Also, as pointed out by Van Tricht et al. [65], the WSS

values above 35 Pa should be addressed in studies

encountered with the evaluation of WSS distribution in

association with IH developments and it has been shown

that platelet activation and thrombosis formation require

high shear stress values of at least 31.5 Pa and above [21].

While the entire surface of the downstream vein in tapered

6- to 8-mm graft is subjected to WSS values (\29 Pa)

below the aforementioned thresholds except for a very

small spot at the toe, the WSS values exceed profoundly

both these limits in the downstream vein of the straight

6-mm graft (Fig. 9a).

A plethora of hemodynamic indices have been impli-

cated in the initiation and development of IH, but all of

them are originally from the context of arterial bypass graft

irrespective of the substantial differences between the

hemodynamic characteristics of ABGs and AVGs [15].

High wall shear stress values are thought to cause endo-

thelial damage [13, 20] as well as the damages to the

blood-borne particles [5, 21, 56, 58] and thrombosis for-

mation [21, 56]. On the other hand, extremely low wall

shear stress values [44, 53] and particularly low and

oscillatory wall shear stress values [23, 32] are correlated

with intimal thickening and hence development of intimal

hyperplasia in ABG anastomoses.

The SWSSG is also believed to be a major hemody-

namic indicator of disturbed flow patterns and hence sus-

ceptible sites of IH developments in several studies [28, 36,

37], and there are a number of in vitro studies in the lit-

erature with regard to the implications of high SWSSG

magnitudes on the morphological and functional changes

in the endothelium and so its correlation with sites of lesion

developments; DePaola et al. [4] demonstrated the impacts

of large SWSSG-induced morphological and functional

changes in the endothelium that might contribute to

occlusive lesion developments. Ojha [48] suggested the

correlation between the host artery floor IH and the large

SWSSGs. In vitro studies of Tardy et al. [59] and Nagel

et al. [45] indicated that local SWSSG plays a key role in

the morphologic remodeling of the vascular endothelium

in vivo. Flow visualization studies of Leask et al. [33] in

realistic models of coronary artery bypass grafts replicated

by postmortem casting also indicated that high SWSSGs

are likely factors of IH growth on the sharp hood curvature

of bypass grafts. More recently, Rouleau et al. [51] showed

the dependence of endothelial cell morphology on SWSSG

in an in vitro experimental setup replicating an athero-

sclerotic region, and Steinman et al. [57] indicated that the

onset of IH formation could be attributed to the elevated

SWSSG magnitudes.

Fillinger et al. [11] questioned the suitability of several

hemodynamic predictors including low shear stress values

in correlation with sites of lesion development and

suggested that the real causes of IH in the high flow setting

of dialysis access loop grafts are somewhat different than

those involved in ABGs. Haruguchi et al. [15] supported

this idea, denoting that no important IH has been observed

in areas of low WSS in the high flow setting of AVGs.

They speculated that, in AVGs, IH is most likely to

develop in sites markedly different from those in which it

usually occurs in ABGs and they postulated that in AVGs,

high WSS causes IH.

Furthermore, the elevated mean blood flow rate within

the AV vascular accesses gives rise to a reduced pulsatility

index compared to the normal arterial flows [8, 26, 40, 41,

55] and so Longest and Kleinstreuer [40] speculated that

the oscillatory shear index may not be an effective hemo-

dynamic parameter in studies with regard to the AVGs with

their mildly varying input pulse. Kharboutly et al. [26] also

found a null OSI throughout the length of the vessel when a

physiological blood flow condition was applied in their

patient-specific CFD model of an AVF. Ene-Iordache et al.

[8] also reported very low OSI magnitudes (0.075) at the

heel side of the vein in a simplified model of an end-to-side

AVF compared to the significantly higher OSI values

observed on the anastomosis floor and on the lateral wall of

the distal artery, in contradiction to the clinical evidences

on frequent sites of stenotic lesion developments. As dis-

cussed earlier, the results of the present study did not show

a significant difference between the grafts in this regard,

with the most vessel wall surfaces of the models subjected

to OSI values below 0.1 at the venous side of the AVGs.

Also, in the present study, in line with the previous

patient-specific [7, 26] and CFD studies in the realm of

hemodialysis arteriovenous vascular accesses [62, 64], we

found that both AVG models are mostly subjected to high

wall shear stress values at the VA and the vein downstream

with less significant low shear stress regions, given the

upper limit wall shear stress values of the low shear stress

theory, i.e., wall shear stress values below 0.2 Pa [44] or

even 1 Pa [53]. As it can be seen in Fig. 9, only a limited

fraction of the lateral wall surface of the vein along the

distal half of the VA, as well as the distal half of the suture

ring and distal parts of the vein wall surface, experiences

WSS values below 1 Pa in both AVG models. The only

difference between the AVG models in this regard lies at

the upper wall surface of the vein downstream to the VA

where a small low shear stress region (below 1 Pa) can be

identified in straight 6-mm AVG model that extends as

several spot regions from 2 mm proximal to the anasto-

mosis toe for almost 4 mm throughout the cardiac cycle but

it is almost nonexistent in tapered 6- to 8-mm graft except a

very small spot-like region 6 mm proximal to the anasto-

mosis toe, representative of a better washout of blood

residing near the upper wall of the proximal vein in tapered

6- to 8-mm graft.
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Therefore, it is expected that the relative residence time

(RRT) parameter [17], which characterizes both low and

oscillating shear in tandem and is believed to be a robust

single metric of low and oscillating shear in the context of

carotid bifurcation hemodynamics [34], would not be a

descriptive hemodynamic predictor in the generally low-

oscillating, high-shear AVG models under investigation,

and our results confirm this speculation as the RRT contour

plots (not shown) show RRT values below 0.01 for nearly

whole the vessel wall surfaces around the VA and the vein

downstream for both grafts.

Figure 13 represents a qualitative comparison between

the quantitative measurements of IH thickness across the

vein of a loop AVG in an animal study conducted by Fil-

linger et al. [11] with the hemodynamic data of the present

study using the same subdivision of the reference study as

shown in an inset to Fig. 13. It is to be noted that, however,

the blood flow conditions are not exactly the same between

these two studies but this comparison at least provides

some insight into in vivo IH distribution in a high flow

setting of an AV loop graft, and let us evaluate the ade-

quacy of the hemodynamic parameters in identification of

sites susceptible to IH formation by confronting the

acquired hemodynamic data of the present study with the

histological findings of Fillinger et al. [11]. It is also worth

mentioning that the mean volumetric blood flow rates are

quite similar and of the same order between these two

studies (1,040 ± 120 and 1,340 ± 140 cc/min in the ref-

erence study vs. 975 ml/min in the present study).

From Fig. 13, WSS distribution correlates well with

measured venous IH thickness pattern, in agreement with

the prediction of progressive dissipation of flow distur-

bances in moving away downstream from the anastomosis

[11]. This is also the case with the OSI distribution pattern

notwithstanding, much more discernible difference in

hemodynamic values at locations L1 and L2 (Fig. 13d).

Lower values of the hemodynamic parameters at Sects.

4 and 5 (Fig. 13b, c) are also consistent with the reported

little or no IH developments at these sections of the AVGs

[11] but higher OSI magnitude observed at location L5

contrasts this trend.

The higher SWSSG magnitude observed downstream to

the VA (cf. locations L1 and L2 in Fig. 13c) does not

correlate with in vivo observation of IH distribution pattern

(cf. locations L1 and L2 in Fig. 13a) due to a fact that is not

reflected in WSS distribution bar charts. From Figs. 9, 10,

and 11, it is obvious that the values of the hemodynamic

parameters increase initially along the proximal vein and

then decrease as distance from the anastomosis increases.

This trend is not mentioned in the reference animal study

[11], attributable to the paucity of the points applied for

data acquisition in that study or the geometrical and

hemodynamic differences between these two studies. Such

a correlation has yet to be clarified in humans in further

research.

It should be pointed out that in the present CFD study on

the hemodynamic performance of the straight 6-mm and

tapered 6- to 8-mm grafts, idealized geometries were used

to catch the general blood flow features and distribution

patterns of the hemodynamic indices in newly implanted

hemodialysis AVGs under physiological flow conditions.

The arterial and venous vessel segments were uniformly

circular. The artery, the graft, and the vein were completely

straight and symmetric about the centerline plane. The

elliptic-shaped AA and VA were also both symmetric

Fig. 13 Comparison of segmental magnitudes of the hemodynamic

indices b, c with venous intimal-medial thickness measurements [11]

in straight 6-mm grafts a, L1 through L5 refer to locations 1 through 5

as shown in inset
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around the centerline plane and planar, i.e., the artery and

the graft at the AA and the graft and the vein at the VA lay

in the same plane without any non-planarity. The vessel

walls were also assumed to be rigid, and the blood was

considered to be a Newtonian fluid. We expect the rigid

wall assumption to be reasonable, at least as far as the VA

and the vein downstream are at stake, since veins have low

compliance at arterial pressures and the commercially

available stretch PTFE grafts are also known to have even

smaller compliance at these pressures [35, 41].

However, the rigid wall assumption might be considered

as the main shortcoming of this model but there are evi-

dences that the occurrence of stenoses in prosthetic AV

grafts in or adjacent to the VA cannot be associated with

compliance mismatch [19]. The assumption of a Newto-

nian fluid also seems to be reasonable due to the pulsatile

high blood flow rate and hence high rates of shear in the

AVG models under investigation [47]. Moreover, it has

been shown that the rigid wall and the Newtonian fluid

assumptions have a minor effect on the overall flow pat-

terns as Friedman et al. [12] suggested that there is no

significant effect on the slopes of the correlations between

intimal thickness and any normalized wall shear rate

measure.

While the variability of the hemodialysis vascular access

graft geometry in terms of possible bends or torsions in the

graft, luminal area, and angle of insertion variations at both

the arterial and venous sides as well as different blood flow

conditions among patients would affect the hemodynamic

condition of the single subject in a patient-specific study

and needs to be investigated in further research, we believe

that the present study can well represent the general blood

flow patterns and common hemodynamic indices distribu-

tion in a typical setting of a newly implanted hemodialysis

vascular access graft that enables us to provide an unbiased

comparison between the hemodynamic performance of the

conventional straight 6-mm and tapered 6- to 8-mm grafts.

The tapered 6- to 8-mm graft was associated with less

disturbed blood flow patterns at the VA and the vein

downstream, and as glaringly illustrated in hemodynamic

indices distribution patterns, it exhibits significantly better

hemodynamic performance in terms of WSS and SWSSG

distribution patterns.

From the clinical perspective, high access blood flow

may prolong the lifetime of dialysis access grafts by further

retarding low flow-induced access thrombosis. On the other

hand, high access blood flow in tandem with several other

risk factors such as female gender, age over 60, diabetes

mellitus, and arterial occlusive diseases can induce ische-

mic steal syndrome by compromising the supply of blood

flow to distal tissues of the extremity [29, 38].

So, as pointed out by Polo et al. [50], appropriate

selection of patients to receive 6- to 8-mm tapered grafts

via preoperative evaluation may result in exploiting both

the higher access blood flows and also better hemodynamic

condition at the venous side, which can in tandem spell the

longer lifetimes of these grafts.

5 Conclusion

The current CFD study presents the pulsatile simulations of

3D hemodialysis vascular access grafts of different diam-

eters: 6-mm straight and tapered 6–8 mm under physio-

logical boundary conditions. The particular differences in

the grafts lie in the VA region and the vein downstream

where IH has been documented to occur.

The larger diameter of the tapered graft at the VA let the

blood flow align well with the host vessel and so less

disturbed blood flow patterns are observed within the VA

and the vein downstream. The overall magnitudes of

hemodynamic indices are also greatly reduced throughout

the VA region in tapered 6- to 8-mm graft with signifi-

cantly better distribution patterns in comparison with the

straight 6-mm graft.

The results clearly demonstrate that the tapered 6- to

8-mm graft entirely outperforms straight 6-mm graft

hemodynamically as a hemodialysis vascular access graft

and confirm clinical data that suggest advantageous use of

tapered 6- to 8-mm grafts in creation of upper arm brac-

hioaxillary dialysis access grafts. The findings of this study

have implications for clinical practice guidelines and also

in making a room for further researches on improvements

in design of the optimal graft diameters.
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