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Late-stage-kidney-disease patients have to rely on hemodialysis for the maintenance of their regular lives. Arteriove-

nous graft (AVG) is one of the commonly used devices for dialysis. However, this artificially created shunt may get

clotted and eventually causes the dialysis to fail. The culprit behind the AVG clotting and failure is the intimal hyper-

plasia (IH), the gradual thickening of vein-wall in the vicinity of the blood vessel-graft conjunctions. The mechanism

of IH is not well understood despite extensive studies. In this work we investigate the effects of the IH development,

including its location and severity on the flow and force fields in the distal AVG anastomosis using computational fluid

dynamics (CFD). The stenosis due to IH is modelled in the shape of a Gaussian function with two free parameters. The

blood is modelled as a viscous incompressible fluid, and the blood flow (pulsatile) is governed by the Navier-Stokes

equations which are numerically solved by the lattice Boltzmann equations (D3Q19). The fluid-structure-interaction

is modelled by the immersed boundary (IB) framework. Our computational results show that the IH severity has the

most significant influences on the wall shear stress (WSS), wall normal stress (WNS), and the axial oscillating index

(OSI). The stenosis location and flow pulsatility do not have pronounced effects on flow and force fields. Our results

indicate that the IH progression tends to exacerbate the disease and accelerate the closure of the vein lumen, and hence

the dialysis failure.

I. INTRODUCTION

Patients with end-stage renal disease (ESRD) need to rely

on hemodialysis (HD) for maintaining their lives before kid-

ney transplant. Dialysis needs vascular access for removing

wastes in the blood. A major form of vascular access is by way

of arteriovenous graft (AVG) made of polytetrafluoroethylene

(PTFE). The AVG is surgically connected to an artery on one

end and to a vein on the other end, generally in a patient’s

forearm and it stays there permanently. During dialysis two

needles are inserted into the graft for taking blood from and

returning blood to the patient.

One long-standing problem plaguing the dialysis practice

since its invention is the initialization and development of in-

timal hyperplasia (IH), i.e, a gradual thickening of the inner-

most layer of the vessel wall in the vicinity of the two blood-

vessel-graft anastomoses (distal and proximal). Progression

of the disease can eventually lead to a full blockage of the

vein lumen and failure of the AVG and dialysis1,2. (The al-

ternative vascular access by arteriovenous fistula (AVF) faces

similar issue 3). Pathological studies found that the intimal

hyperplasia (IH) is most severe around the vein-graft anasto-

mosis.

In spite of extensive studies, the mechanism of intimal hy-

perplasia is not yet well understood. Currently it is commonly

believed that the most important factors include the blood-

vessel injuries and stimuli of blood-flow disturbances4–7, both

caused by AVG implantation. The native blood flow in the

vein is slow and quasi-steady; the blood flow in the artery

is fast and pulsatile. When the vein and artery are artifi-

cially connected by the AVG, the high speed pulsatile arterial

flow rushes into the vein and causes significant disturbances

in flows near the arteriovenous anastomosis. The flow dis-

turbances alter the force fields, e.g., the the wall shear stress

(WSS) and wall normal stress (WNS) on the innermost sur-

face of 7 the vein wall, which is lined by a layer of vascular

endothelial cells (VECs). These cells are found to be sensi-

tive to the WSS, WNS, and their gradients8–11. The devia-

tions of WSS and WNS from their normal biological ranges

are perceived by the vascular endothelial cells (VECs), which

intrigue a series of biochemical and biological signaling lead-

ing to excessive migration of vascular smooth muscle cells

(VSMCs) into the innermost layer of the vein wall and out-of-

control multiplication of the VSMCs in the layer, thus causing

the thickening of the vein wall in the form of irregular protru-

sions into the lumen. Readers are referred to a recent review

by Cunnane et al.12 for contributing hemodynamic factors of

intimal hyperplasia and a review by Loth et al.13 on blood flow

in end-to-side anastomoses.

There are already many studies on the flow and force fields

near the blood-vessel-graft anastomoses prior to initialization

and formation of the IH in literature. Grechy et al.14 studied

optimal design of a AVF configuration for reducing flow un-

steadiness applying computational fluid dynamics. Fulker et

al.15 used CFD to study flow disturbance/turbulence caused by

the needles during dialysis. Bai and Zhu 16–18 studied compu-

tationally the influences of various factors including elasticity

of the graft and blood-vessel on the flow and force fields in

the absence of IH.

However, to the best of our knowledge, there are no exist-

ing works studying the flow and force fields relevant to the

7 arteriovenous graft in the presence of the IH. As the pro-

gression of the intimal hyperplasia, the vein lumen gradually

becomes narrower and more irregular, which may cause more

and greater flow disturbances. And the flow and force fields

in the vein may become even more deviated from the physio-

logical ranges of the native vein flows prior to AVG implant.

Hence, the IH progression may likely tend to exacerbate the
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disease. Therefore, it is of significance to investigate the flow

and force fields post IH formation.

It is challenging to model the development of the intimal

hyperplasis because of many unknowns such as the geome-

try and location of the stenosis due to IH. See 19 for a one-

dimensional model for the IH development. As a starting

point, we build an ideal two-dimensional model for its shape,

size, and location and combine it with a previously built vein-

graft anastomosis model16–18 to form a vein-graft-IH anasto-

mosis model to be used in this work for simulation of blood

flows past the venous AVG anastomosis in the presence of IH,

focusing on the flow and force fields after the IH intialization.

To the best of our knowledge, such studies do not exist in lit-

erature.

The remaining structure of the article is as follows. Section

2 details the model of the anastomosis with IH. Section 3 de-

scribes the mathematical formulation of the model problem.

Section 4 briefs the numerical methods for the mathematical

formulation. Section 5 reports major computational results.

Section 6 concludes the paper with a summary.

II. MODEL PROBLEM

We use a rectilinear orthogonal coordinate system (Eule-

rian) for a model problem of blood flow through the distal

AVG anastomosis with IH: x-axis points from the outlet to in-

let of the vein along the vein’s center line (horizontal), y-axis

points from front to rear, and z-axis points from bottom to top

on the vein-graft co-plane (vertical). See Fig. 1 (a).

It is challenging to model and simulate the initialization and

development of the IH because the mechanism behind it is

not clear yet. The geometry, size, position, and mechanical

properties (e.g.Young’s modulus) of the stenosis/thrombosis

(protrusion of the vein wall into the lumen due to IH) may

differ from patient to patient, and from location to location

and time to time for a specific patient. Therefore it is virtually

impossible to build a patient-specific physiologically realistic

IH model. Budu-Grajdeanu, et. al. 19 introduced a time-

dependent radial growth model for the IH. Sakthivel et al.20

computationally investigated the effect of irregularity of axis-

symmetric arterial stenosis on WSS. In this paper, as a first

step towards to physiologically realistic IH model, we build

an idealized IH in-vitro model as follows. We concentrate on

a single IH protrusion (i.e. bulge or stenosis). The shape

of the stenosis is approximated as the surface of the solid

of revolution formed by a 360-degree-rotation of the graph

of a Gaussian function of one argument about the vertical-

axis (i.e. z-axis): G(x) = 1

σ
√

2π
e
−(x−µ)2

2σ2 . The IH severity is

modelled by the parameter variance σ2. The greater the σ2,

the severer the IH. Its location is modelled by the parame-

ter mean µ , i.e., the center of peak. Three typical values are

chosen for each of the two parameters to create three loca-

tion models and three severity models: µ = 135,167,200 in

LB units (LB nodes used for all simulations reported here are

260×60×120 along x,y, and z directions, respectively), cor-

responding to model L, M, R, respectively. The physical loca-

tions of the three models L,M,R are approximately at the 65%,

56%, and 46% of the vein length, measured from its inlet.

The parameter σ2 = 23/30,25/62,30/103 in LB units, cor-

responding to severity model A, B, and C, respectively. The

models A,B,C correspond to a blockage of 25%, 50%, and

75%, respectively, of the lumen measured by the ratio of the

thrombus height and vein diameter. A total of 9 stenosis IH

models is available by different combinations of the three val-

ues of the two parameters. Since the mechanical properties of

the IH stenosis such as as Young’s modulus are not known in

literature (the properties may vary with patient, location, and

time as well) and the vein near the anastomosis tends to get

stiffer as IH progresses, the vein-graft-IH model is assumed

to be rigid in this study. Note that most of the computational

works in literature related to flows in AVG use rigid models

and it is known that rigid models tend to overestimate the WSS

and WNS16,17,21. Notice that the vein-graft-thrombus is em-

bedded/sustained in the the surrounding tissue which is mod-

eled by springs plus viscous fluid. Similar approach is used

in literature22,23. See Fig. 1 (a,b,c,d) for the three IH models

(A,B,C) and three locations (L,M,R).We comment that intimal

hyperplasia in dialysis also occurs on the graft near the anas-

tomosis, which may involve other contributing factors such as

material mismatch between vein and the graft (usually made

from PTFE) and injury caused by implantation surgery. This

case is not considered in the current work.

The IH stenosis/thrombus model is combined with (placed

on top of) the vein-graft anastomosis model recently estab-

lished by Bai and Zhu16–18 to obtain the vein-graft-IH model

(see Fig. 1 (a)) for computational studies of flow and force

fields of blood flows past the vein-graft anastomosis after the

IH formation. To be complete, a brief summary of the anasto-

mosis model in16–18 is given here. Two co-planar pipes (one

being straight and the other being curved) of circular cross-

section and different diameters are used to model the vein and

graft at the initial time, respectively, using Peskin’s immersed

boundary framework24. Elastic springs immersed in viscous

fluid are used to model the ambient tissue. The velocity profile

in Fig. 1 (e) is imposed at the graft inlet and a fraction of its

mean speed is imposed at the vein inlet. The original velocity

profile is taken from25 for modeling blood flow in human arm

(brachial artery). Friction free is enforced at the vein outlet

and we do not consider different kinds of vein downstream

conditions. The blood is assumed to be a homogeneous, vis-

cous, incompressible, Newtonian fluid and the blood flow is

assumed to be laminar. Notice that blood is essentially non-

Newtonian and the blood flow during the dialysis could be

non-laminar. Because the vein/graft dimensions are relatively

large for dialysis, the blood is reasonably assumed to be New-

tonian. The blood flow is assumed to be laminar for simplic-

ity. We refer readers interested in non-Newtonian aspect of

blood flow to 26,27 and reference therein and turbulent aspect

of blood flow to 28 and references therein.

There are many dimensionless parameters in the model

problem. We point out that our current work focuses on in-

vestigation of possible effects of the presence and progression

of the IH, including its shape, size, and location. Therefore

many of these parameters are fixed: graft-vein diameter ra-
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tio Rgv = 0.67, attaching angle θ = π/12. We would like to

point out that these values are realistic in the dialysis prac-

tice. Values used in literature are from 100 to 900 for vein-

graft attaching angle and approximately from 0.5 to 1.0 for

graft-vein diameter ratio (from 4mm to 10mm for diameter of

the vein connecting to AVG)29–37. The flow Reynolds number

Re = 100. The velocity used for Reynolds number is twice the

mean of the pulsatile velocity profile on the graft inlet. The di-

mensionless velocity profile on the graft inlet Vv is taken from
16–18 (see Fig. 1 (e)). The original dimensional velocity wave-

form is taken from literature25. The velocity waveform was

obtained using cardiac cycle model for blood flow in brachial

artery which is often used for dialysis. Vein inlet speed equals

to 0.244 of the mean value of the graft inlet velocity. See

Fig. 1 for a diagram of the vein-graft-IH model used in this

study.

III. MATHEMATICAL FORMULATION

The mathematical equations governing the motions of the

vein, graft, and blood are described as follows.

ρ

(

∂u

∂ t
+u ·∇u

)

=−∇p+µ∆u+fi(x, t), (1)

∇ ·u = 0, (2)

fi(x, t) =
∫

Γ

F (α, t)δ (x−X(α, t))dα, (3)

F(α, t) =−1

2

∂

∂X
(
∫

Γ

(Ks

(∣

∣

∣

∣

∂X(α, t)

∂α

∣

∣

∣

∣

−1

)2

+Kb

∣

∣

∣

∣

∂ 2X(α, t)

∂α2

∣

∣

∣

∣

2

)dα), (4)

∂X

∂ t
(α, t) = U(α, t), (5)

U(α, t) =
∫

Ω

u(x, t)δ (x−X(α, t))dx. (6)

Eqs. 1 and 2 govern the motions of the blood and struc-

ture (vein and graft), where u, ρ , and p are fluid velocity,

mass density, and pressure, respectively. The term fi in Eq. 1

is the interaction force between the vein/graft and the blood,

which is calculated from its Lagrangian equivalent F (α, t)
defined by Eq. 4, where α= (α1,α2) and X = (x,y,z) denote

two Lagrangian and three Eulerian coordinates of the two-

dimensional surface X of the structure (vein-graft-IH), respec-

tively. In Eq. 4, the integral computes the total elastic energy

in the structure. The first term represents the contribution of

stretching/compression and the second term represents con-

tribution of bending. The letter δ denotes the classic Dirac

delta function. The interaction force in Lagrangian form F

is computed by the the principle of virtual work from elas-

tic potential energy stored in the structure. The first deriva-

tive with respect to X is the variational derivative. The Ks

and Kb are coefficients of compression/stretching and bend-

ing of the constitutive fibers of the structure. The velocity of

the structure U(α, t) is interpolated from the velocity of the

fluid by Eq. 6. This equation enforces the no-slip condition

on the boundary separating the fluid and structure. We refer

readers interested in the immersed boundary formulation for

fluid-structure-interaction to the review article24.

IV. NUMERICAL METHOD

The lattice Boltzmann equations (the D3Q19 model) 38–46

are used for the solutions of the Navier-Stokes equations 1

and 2. The interaction force term is discretized by the ap-

proach introduced by Guo et al.47. Finite difference methods

are used for discretizations of the remaining equations as in

the conventional IB framework24. For example, trapezoidal

rule is used for the definite integrals in Eqs. 3, 4, and 6; cen-

tral difference is used for the spatial derivatives in Eq. 4, and

backward Euler is used for the temporal derivative in Eq. 5.

The cosine-function version in the IB methods24 is used for

discretization of the Dirac delta function. In particular, the

integral in Eq. 4 is performed from fiber to fiber for all con-

stitutive fibers of the structure. Along a given fiber (i.e. fixed

value of α2)), α1 represents the Lagrangian coordinate of a

point on the fiber. (The Eulerian coordinate of the point is

X). Time-varying velocity magnitude read from the velocity

profile in Fig. 1 (e) is specified at all fluid grid points on the

graft inlet which is perpendicular to the x-axis in all simula-

tions. Given values of all variables at time step n, the values

of dependent variables at next time step n+1 are updated as

follows:

1). The Lagrangian force F is computed from the position

of the structure X via Eq. 4;

2). The Eulerian force fi is computed from Lagrangian

force F via Eq. 3;

3). LB method is used for solving the Navier-Stokes equa-

tions, advancing the fluid velocity and pressure one time-step

forward;

4). The structure velocity U is updated from the fluid ve-

locity u via Eq. 6;

5). The structure position is updated from its velocity via

Eq. 5.

6) Go to 1) for next time step.

V. MAJOR COMPUTATIONAL RESULTS

The characteristic quantities for nondimensionalization are

fluid mass density ρ0, vein diameter D0, and the period of flow

pulsatility T0. These quantities in LB units are chosen as in all
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simulations: ρ0 = 1.0,D0 = 10, and T0 = 9300. All simula-

tions reported in the paper are run up to 11 heart beats and all

data reported here are taken from the 10th cycle. The range

of averaged WSS on the vein in our simulations are between

118.1 Pa and 131.1 Pa. These values are consistent with the

values in literature for similar vein-graft systems which were

found from less than 1 Pa to hundreds of Pa29,30,34,36,37,48–50.

We point out that the solution to pressure from Navier-Stokes

equations is up to a constant, i.e., adding any constant to a so-

lution the resultant is still a solution. Since WNS includes the

pressure, therefore, the dimensional values of WNS may not

have physiological meanings. It is the variation of WNS on

the vein that makes more sense, which can be seen from the

WNS distributions given in this section.

The major computational results will be presented in terms

of quantities of interest for the force field such as WSS, WNS

and flow field such as OSI and velocity contours. The OSI is

defined as follows:

OSI =
1

2
(1− |∫ T

0 τwdt|
∫ T

0 |τw|dt
) (7)

Here τw is the WSS. Note that OSI equals to 0 for unidirec-

tional flows and 0.5 for periodic flows. Therefore, a greater

value of OSI indicates a more oscillatory flow which is po-

tentially more harmful to the endothelial cells underlining the

innermost layer of vascular wall. In all figures of WSS and

WNS reported in this section, two color bars are used for the

purposes of better visualization on the vein. The left bar is for

the vein and the other is for the graft.

The report on major results will be arranged as follows.

First the results in the presence of the IH are compared with

those in the absence of the IH. Then the effects of the flow

pulsatility, IH location, and IH severity on the flow and force

fields are addressed, respectively. To gauge possible influence

of flow pulsatility, results at three time instants (labeled as P,

V, and S on panel (e) in Fig. 1) corresponding to the peak,

valley, and stationary part of the imposed velocity profile on

the AVG inlet are compared and analyzed. To investigate the

possible influences of the location and severity of the IH, three

IH models (A,B,C) with various level of severity are built and

positioned at three different locations (L,M,R), corresponding

to being situated to the left, middle and right of the vein-graft

conjunction, on the vascular wall relative to where the graft

meets the vein. Since the AVG is made of non-living material

(PTFE), the focus of analysis is placed on the vascular wall.

1. IH versus non-IH

The normal cross-section of the inner-most blood vessel

wall is circular. Development of the IH on the vascular wall

renders an irregular cross-section. Due to the complexity of

the actual physiological geometry of the IH bulge which is

patient and time dependent, the IH shape is idealized and sim-

plified as convolution of the graph of a Gaussian function

z(x) = 1

σ
√

2π
e
−(x−µ)2

2σ2 about z-axis for 2π with various mean

µ and standard deviation σ .

A series of simulations with different combinations of IH

models (severity and location) are conducted. In contrast,

simulations with exactly the same parameters of the problem

(the fluid, flow, AVG, and vein) but in the absence of the IH

are also conducted. Results (distribution of WSS, WNS, and

OSI on the vascular and AVG walls) at three time instants (P,

V, S) are visualized and compared between the two scenar-

ios. Fig. 2 gives some typical results (models A, M, R and

instant P). In the figure, the first row is the OSI axial (i.e.,

OSI for flow along the axial direction), the second row is the

OSI circumferential (i.e., OSI for flow along the circumferen-

tial direction), the third row is the WSS, and the last row is

the WNS. The first column shows the non-IH case, the sec-

ond and third columns show the case with IH located at the

location M and R, respectively. From the figure, we can see

that the presence of IH bulge (stenosis of lumen) has obvious

influences on the distributions of the WSS, WNS, and OSI on

the vascular wall. The OSI axial upstream of the anastomosis

becomes quite different. Although the OSI downstream of the

anastomosis looks remained almost the same (nearly unidirec-

tional along axial direction) in this figure (model A), it does

show oscillatory flow behavior behind the IH bump when its

severity increases (e.g., see the OSI in the next figure).

The native blood flow in the vein is quasi-steady. When

the AVG is introduced, the upstream of the anastomosis be-

comes unsteady and oscillatory due to the resistance of the

pulsatile flow from the AVG (which induces secondary flows

upstream). Interestingly, the axial flow downstream remains

roughly unidirectional away from the IH thrombus (locally

oscillatory immediately downstream of the thrombus). This

may be maintained through the auto-adjustment of flow from

the vein in response to the pulsatile flow from the AVG. (Note

that vein is movable in the surrounding medium). After the IH

development on the vascular wall, the original unidirectional

vein flow encounters more resistance (from the flow of AVG

and irregularly narrowed lumen) and the secondary flows up-

stream are altered and OSI becomes different.

Although not shown here, our results demonstrate that the

differences seen in Fig. 2 becomes stronger and more apparent

as the IH severity increases.

2. Flow pulsatility

Arterial blood flows are in nature pulsatile due to periodic

heart beats. When the pulsatile arterial flows enter the vein

through the AVG, the steady flow in the vein may become pul-

satile as well. It is natural to ask how would the arterial flow

pulsatility affect the flow and force fields in the vein. Inter-

estingly, comparisons of WSS, WNS, and OSI (both circum-

ferential and longitudial) on the vein wall at the three typical

time instants do not show significant influences of the flow

pulsatility on the distributions of these variables on the vein

wall. And it remains so regardless of the IH location and

severity. See Fig. 3 for a typical demonstration. (Therefore

in the subsequent part of this section, only results at the in-

stant P (peak) will be used for discussion.) This result here
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is consistent with the previous findings16–18 prior to IH for-

mation. As a side point, Our result here may also explain why

arterial blood flows being naturally pulsatile will not endanger

human blood vessel system (although the underlying constitu-

tive cells do not like flow disturbances).

3. IH location

Comparisons of results with different stenosis locations

(models L, M, R) suggest that the influences of the IH location

on the distributions of OSI (circumferential), WSS, and WNS

on the vein wall are insignificant (model C) or indiscernible

(models A and B). However, obvious differences in the OSI

(axial) is seen among the three locations. In particular, the

OSI (axial) in regions downstream of the stenosis is mostly

zero (except where immediately behind the stenosis) indicat-

ing unidirectional flows. The OSI (axial) in the majority of the

regions upstream of the stenosis is above zero indicating oscil-

latory flows present in front of the IH protrusion/bulge. This

is caused by the interplay between the pulsatility of flows in

AVG and resistance of the IH protrusion to the mainstream

flows from the vein inlet. Our result indicates that the IH lo-

cation does not have important influence on the flow and force

fields, which suggests that it may not be significant to investi-

gate or predict the whereabouts of the IH thrombi/protrusion

in practise. This outcome seems to contradict the common

sense of fluid dynamics: the location of an obstacle in a flow

should affect the flow and force fields near the obstacle. How-

ever, in our case, the vein is movable, the flow is pulsatile,

and Reynolds number is low. The interplay among these fac-

tors appear to have diminished the importance of IH location.

Fig. 4 displays some typical results for model C (the most se-

vere case).

4. IH severity

Comparisons with different IH severity (models A,B,C)

show significant differences in the distributions of OSI, WSS

and WNS on the vein wall, regardless of the IH locations. And

the more severe the IH stenosis is, the more evident the differ-

ences are. Fig. 5 plots some typical results of the distributions

of the OSI (the first two rows), WSS (the second row), and

WNS (the third row) on the structure walls for the three IH

severity models A (the first column), B (the second column),

and C (the third column) at location R. From these figures,

one can see that as the IH severity increases, the OSI (axial)

remains roughly the same downstream of the IH location and

becomes greater in some regions upstream of the IH location.

The OSI (circumferential) becomes less in some regions both

downstream and upstream. These indicate that the axial flow

in the vein becomes more oscillatory in the upstream and the

secondary flow becomes less oscillatory in the vein as the IH

severity increases. The influences on the WSS and WNS are

localized to the IH protrusion regions. Less portion of the re-

gion experiences high WSS but more portion of the region ex-

periences greater WSS and WNS as the IH severity increases.

Our results indicate that the IH severity is the most important

factor that alters the flow and force fields in contrast to IH

location and flow pulsatility.

The native blood flow in the vein prior to AVG implant is

slow and steady; introduction of the AVG induces significant

disturbances in the flow (and hence in the forces as well).

Since these disturbances are sensed by endothelial cells lin-

ing the innermost layer of the vein and eventually lead to the

initialization of the IH, i.e., thickening of the vein wall and

narrowing of the lumen. The progression of the IH results in

the increase in the IH severity, which in turn, according to our

results here, will cause more disturbances in flow and force

which will tend to exacerbate the disease. Therefore, it ap-

pears that the IH progression is an unstable biological process

which tends to accelerate itself due to the more abnormal flow

and force fields induced by the increasing IH severity. Hence,

it is best to prevent the initialization of the IH in the first place.

Since the ratio of non-dialysis period to dialysis period is ap-

proximately 6, it is desirable to stop the blood flow from artery

to vein during the non-dialysis period. (Note that the AVG is

permanently placed in the patient’s forearm.) A device de-

signed by G. Akingba for this purpose has been proposed and

its efficacy has been studied50,51. Our results here substantiate

the necessity of such a device.

5. Averaged WSS and WNS

Now let us look at the averaged WSS and WNS on differ-

ent segments of the vein. The vein is divided into three seg-

ments: the segment containing the vein-graft conjunction (II),

the segment to its left (I), and the segment to its right (III).

The WSS and WNS are averaged in space on each segment

for all the cases involving different combinations of the three

IH locations and three levels of severity. The differences in

the averaged WSS and WNS between each of these cases and

the corresponding non-IH case (the base case) are plotted in

Fig. 6. This difference is expressed as a percentage. The up-

per panel is the averaged WSS, the lower panel is the averaged

WNS. The left, middle and right panels correspond to the left,

middle, and right segment of the vein, respectively. In each

panel, the vertical axis is the percentage difference (relative to

the base values) in the averaged WSS (upper panel) and WNS

(lower panel). The charts are presented using pyramid shapes,

with its base representing the base case (non-IH case) and its

apex pointing upward indicating an increase in the mean val-

ues above the base values and pointing downward indicating a

decrease in mean values below the base values. The other two

axes are IH location and severity: the left, middle and right

columns correspond to the three IH locations L, M, and R, re-

spectively; and the front, middle, and rear rows correspond to

the three IH severity models A, B, and C, respectively.

From the figures one can see that the WSS is significantly

altered in the left segment; the WNS is significantly altered

in the right segment; and both are substantially altered in the

middle segment. The WSS becomes much smaller than its

base values in many cases which is caused by increased flow

disturbances induced by IH protrusion. The WNS becomes
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lower in segment I and higher in segment III, which in caused

by expedited/slowed flows in the corresponding regions due

to the presence of IH stenosis in the vein lumen. However, the

changes in the averaged WSS on the entire vein (i.e. averaged

over the three segments) relative to the base case due to the

IH severity and location are comparable ( insignificant in both

cases).

6. Flow visualization

Finally flow visualization via velocity contours is shown in

Fig. 7 for some typical cases. The top, middle and bottom

panels correspond to model A, B, and C. The left panel plots

the velocity contours on several cross-sections normal to the

x-axis. The right panel plots the velocity contours on the mid-

dle plane normal to y-axis. From the figure we can see that

velocity contours on the planes perpendicular to x-axis look

similar in the three cases. This suggests that the IH severity

does not have much influences on the secondary flows (flows

on the y-z plane). The velocity contours on the planes per-

pendicular to the y-axis look similar in the vein in front of the

stenosis but quite different behind the stenosis: they become

less dense, particularly in the middle regions, as IH severity

increases indicating that the flows downstream of the stenosis

become more rapid because of narrower lumen due to severer

IH.

VI. SUMMARY AND CONCLUSION

In summary, many simulations are performed on blood flow

past a distal AVG anastomosis with stenosis/thrombus due to

IH focusing on the WSS, WNS, and OSI on the vein wall as

the shape/size and location of the stenosis are varied. The

main conclusions are: 1) The presence of IH stenosis as a

consequence of IH has significant influences on the flow and

force fields (OSI, WSS, and WNS) in the vein near the anas-

tomosis in contrast to the case prior to IH initialization.

2) The size of the IH protrusion (gauge of the IH severity)

has significant influences on the OSI, WSS, and WNS on the

vein near the anastomosis.

3) The flow pulsatility and stenosis location do not have

pronounced influences on the OSI, WSS, and WNS on the

vein.

Our computational results suggest that the development of

the intimal hyperplasia is unstable, i.e., once it is initialized,

the stenosis/thrombus tends to grow persistently until the vein

lumen is completely obstructed. This seems to indicate that

the best approach to tackle the AVG failure for dialysis is to

prevent the IH formation in the first place rather than apply

various means to improve the shunt patency post IH initializa-

tion.
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(a) AVG Model with stenosis in the model

(b) Stenosis

model A

(c) Stenosis

model B

(d) Stenosis

model C

(e) AVG inlet speed profile

FIG. 1: Model Problem and AVG inlet velocity profile. (a) Vein-graft-IH model with three locations L, M, R. (b-d) Three

stenosis models A,B,C. (e) AVG inlet velocity profile. In Fig. 1 (b), (c), (d) show the three IH severity models A, B, C. The

black color represents the vein surface. The bottom curved part shows the IH shape and height. Each of these models is placed

at the locations with labels L, M, R shown in Fig. 1(a) to form 9 IH models used in the paper.
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(a) OSI axial (no IH) (b) OSI axial (IH at middle) (c) OSI axial (IH at right)

(d) OSI circumferential (no IH) (e) OSI circumferential (IH at middle) (f) OSI circumferential (IH at right)

(g) WSS (no IH) (h) WSS (IH at middle) (i) WSS (IH at right)

(j) WNS (no IH) (k) WNS (IH at middle) (l) WNS (IH at right)

FIG. 2: Comparison of cases with and without IH. (a) OSI axial for no-IH case. (b) OSI axial with IH model A and location M.

(c) OSI axial with IH model A and location R. (d) OSI circumferential for no-IH case. (e) OSI circumferential with IH model A

and location M. (f) OSI circumferential with IH model A and location R. (g) WSS for no-IH case. (h) WSS with IH model A

and location M. (i) WSS with IH mode A and location R. (j) WNS for no-IH case. (k) WNS with IH model A and location M.

(l) WNS with IH mode A and location R.
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(a) OSI axial (P) (b) OSI axial (V) (c) OSI axial (S)

(d) OSI circumferential (P) (e) OSI circumferential (V) (f) OSI circumferential (S)

(g) WSS (P) (h) WSS (V) (i) WSS (S)

(j) WNS (P) (k) WNS (V) (l) WNS (S)

FIG. 3: Influence of flow pulsatility. (a) OSI axial for model C on location M at instant P. (b) OSI axial for model C on location

M at instant V. (c) OSI axial for model C on location M at instant S. (d) OSI circumferential for model C on location M at

instant P. (e) OSI circumferential for model C on location M at instant V. (f) OSI circumferential for model C on location M at

instant S. (g) WSS for model C on location M at instant P. (h) WSS for model C on location M at instant V. (i) WSS for model

C on location M at instant S. (j) WNS for model C on location M at instant P. (k) WNS for model C on location M at instant V.

(l) WNS for model C on location M at instant S.
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(a) OSI axial (L) (b) OSI axial (M) (c) OSI axial (R)

(d) OSI circumferential (L) (e) OSI circumferential (M) (f) OSI circumferential (R)

(g) WSS (L) (h) WSS (M) (i) WSS (R)

(j) WNS (L) (k) WNS (M) (l) WNS (R)

FIG. 4: Influence of stenosis location model. (a) OSI axial for model C on location L. (b) OSI axial for model C on location M.

(c) OSI axial for model C on location R. (d) OSI circumferential for model C on location L. (e) OSI circumferential for model

C on location M. (f) OSI circumferential for model C on location R. (g) WSS for model C on location L. (h) WSS for model C

on location M. (i) WSS for model C on location R. (j) WNS for model C on location L. (k) WNS for model C on location M. (l)

WNS for model C on location R.
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(a) OSI axial (A) (b) OSI axial (B) (c) OSI axial (C)

(d) OSI circumferential (A) (e) OSI circumferential (B) (f) OSI circumferential (C)

(g) WSS (A) (h) WSS (B) (i) WSS (C)

(j) WNS (A) (k) WNS (B) (l) WNS (C)

FIG. 5: Influence of stenosis severity. (a) OSI axial for model A on location R. (b) OSI axial for model B on location R. (c) OSI

axial for model C on location R. (d) OSI circumferential for model A on location R. (e) OSI circumferential for model B on

location R. (f) OSI circumferential for model C on location R. (g) WSS for model A on location R. (h) WSS for model B on

location R. (i) WSS for model C on location R. (j) WNS for model A on location R. (k) WNS for model B on location R. (l)

WNS for model C on location R.
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(a) WSS (I) (b) WSS (II) (c) WSS (III)

(d) WNS (I) (e) WNS (II) (f) WNS (III)

FIG. 6: Averaged WSS and WNS on three segments of the vein. (a) WSS on segment I. (b) WSS on segment II. (c) WSS on

segment III. (d) WNS on segment I. (e) WNS on segment II. (f) WNS on segment III.
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(a) velocity contours on planes normal to

x-axis (model A)

(b) velocity contours on planes normal to

y-axis (model A)

(c) velocity contours on planes normal to

x-axis (model B)

(d) velocity contours on planes normal to

y-axis (model B)

(e) velocity contours on planes normal to

x-axis (model C)

(f) velocity contours on planes normal to

y-axis (model C)

FIG. 7: Flow visualization. (a) velocity contours on planes normal to x-axis for model A. (b) velocity contours on planes

normal to y-axis for model A. (c) velocity contours on planes normal to x-axis for model B. (d) velocity contours on planes

normal to y-axis for model B. (e) velocity contours on planes normal to x-axis for model C. (f) velocity contours on planes

normal to y-axis for model C.
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