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INTRODUCTION

Hemodialysis is the therapy typically adopted for end-stage 
renal disease patients, while waiting for kidney transplanta-
tion (1). It consists in supplying the kidney filtering function 
through a partial extracorporal circulation. Blood circulation 
to the hemodialyzer is achieved through a permanent vas-
cular access. Various types of vascular access exist. One 

option is to create an arteriovenous fistula (AVF), which 
connects a vein onto an artery (2). AVFs have a low compli-
cation rate when compared to other options, such as grafts 
and central venous catheters (3-4). But fistulas can be af-
fected by different pathologies over time, one of them being 
the formation of stenoses.
Stenoses result in the reduction of the vascular lumen 
and lead to an increase in hydraulic resistance. They are 
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typically caused by neo-intimal development or athero-
sclerotic plaque formation in regions of altered hemody-
namics (5-6). Such flow conditions prevail, for instance, 
in the outflow vein of the fistula. But end-stage renal dis-
ease patients also present several comorbidities, such as 
hypertension and calcium-phosphate imbalance, which 
can lead to the development of calcified atherosclerotic 
plaques (7-8). The combined effects of altered hemody-
namics and vascular wall calcification explain why pa-
tients in hemodialysis may be affected by stenoses at 
multiple sites along the vascular tree.
In the case of AVFs, stenosis are typically treated, when 
they occlude more than 50% of the lumen (9) or when they 
induce a local pressure difference ΔP above 5 mmHg (10). 
The most common treatment option is balloon-angioplas-
ty. A balloon folded in a catheter is inserted endovascu-
larly, guided across the vasculature up to the stenosis and 
inflated to restore the vessel lumen. Balloon-angioplasty 
has been proven to lengthen the period of fistula function-
ality (10-12).
Another endovascular treatment consists in deploying 
a stent across the lesion (11). Stenting usually follows 
the preliminary expansion of the stenosis by balloon-an-
gioplasty. Two types of self-expandable stents are used 
to treat AVF stenoses: stents in Nitinol (e.g. SMART®, 
Cordis, Miami, FL, USA) (13) or in stainless steel (e.g., 
Wallstent®, Boston Scientific, Natick, MA, USA) (14). The 
efficacy of stenting has been questioned since the late 
80s (14) and it has only recently been proven to be more 
effective than balloon-angioplasty alone (13,15).
The objective of the study is to evaluate and compare  
the effects of both endovascular treatments on the  
hemodynamics and wall mechanics. The fluid-structure 
interactions (FSI) are simulated within the fistula before 
and after each treatment and compared to the untreated 
case. For the stented vessel, we have first searched for 
the mechanical behavior of the stented arterial section 
and determined its equivalent stiffness. For the FSI simu-
lation in the stented AVF geometry, we have modeled the 
presence of the stent by imposing the equivalent stiffness 
to the stented portion of the artery. The local influence  
of the presence of the stent struts is thus neglected.  
The paper is structured as follows: after detailing the 
numerical methods, we analyze the influence of the two 
treatments on the vessel shape, hemodynamics and  
internal stresses and finally discuss their clinical conse-
quences.

MATERIALS AND METHODS

AVF, balloon and stent geometries

We consider a patient-specific mature side-to-end radio-
cephalic AVF presenting an 60% stenosis on the arterial 
side (Fig. 1a). The images have been obtained by com-
puted tomography (CT) scan angiography at the Polycli-
nique St Côme (Compiègne, France) in conformity with 
the ethical standard at the time of measurement (16). The 
geometry of the vascular lumen is segmented and recon-
structed. The vascular wall is then extracted and divided 
into three zones – the healthy artery, the stenosed arterial 
portion and the vein – in order to set different mechanical 
properties for each portion.
The angioplasty balloon is modeled as a cylindrical surface 
(Fig. 1b - ‘2’). The cylinder is created within ANSYS Geom-
etry Interfaces (ANSYS, Canonsburg, PA, USA). Its length 
is 15 mm and its diameter 1 mm.
The stenting treatment is modeled with a self-expandable 
braided stent, the stainless steel Wallstent® wirestent 
(Boston Scientific, Natick, MA, USA), as it is one of the 
most used stents to treat stenosed fistulas. It is modeled 
as a tubular structure made of 24 separate wires spiraling 
clockwise and anti-clockwise. The stent (‘3’ in Fig. 1b) is 
created with the software PyFormex (©Benedict Verhegge, 
Ghent University, Belgium) with a length of 12 mm and a  
diameter of 4.2 mm, which is the diameter of the inlet  

Fig. 1 - (a) Geometry of the patient-specific fistula reconstructed 
from medical images. (b) Zoom on the stenosed region when both 
angioplasty and stenting are modeled. 1: artery, 2: angioplasty bal-
loon, 3: stent

(a)

(b)
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Fig. 2 - (a) Flat time-dependent velocity profile v ia prescribed at the 
inlet of the proximal radial artery. (b) Arterial pressure profile Po

a 
(dotted line) and venous pressure profile Po

v (dot-mark line).

artery upstream of the stenosis. The initial diameter of the 
stent is equal to the size that it has after deployment, since 
it is a self-deployable stent.

Mesh generation

The lumen of the AVF is meshed in ANSYS T-Grid by ex-
trusion from the triangulation of the inflow lateral surface. 
The mesh is made of a hybrid grid of linear elements with 
prismatic elements in the boundary layer and tetrahedrons 
in the vessel core (17). The vascular wall is meshed with a 
monolayer of shell elements starting from the nodes of the 
lateral surface of the AVF lumen. This condition ensures that 
the fluid and solid domains share the same nodes at the in-
terface. Different mesh sizes were created to study the con-

vergence of the numerical method. The present results were 
obtained with a 784 000-element mesh, for which the maxi-
mum error on the velocity magnitude and wall shear stress-
es is less than 1% and the results are grid-independent.
The arterial and venous wall thicknesses were taken from 
the literature, as no direct measurement was possible in 
vivo. The vein is modeled with the typical thickness of a ce-
phalic vein prior to AVF creation (0.4 mm), since Corpataux 
et al (18) showed that it tends to remain constant during fis-
tula maturation. The artery is assumed to have a thickness 
of one-tenth its inlet diameter, i.e. 0.6 mm (19).
The balloon is meshed with linear triangular shell elements 
using ANSYS Workbench Platform. To be exported, the 
stent has to be meshed in Pyformex. The hexahedral mesh 
is generated with the sweep method. However, the quality of 
the elements is not sufficient for simulations in ANSYS. The 
24 wires are therefore imported in ANSYS and re-meshed 
with tetrahedrons with the default sweep patch-conforming 
algorithm.

Rheological and mechanical properties

Blood is assumed to be an isotropic, homogeneous, non-
Newtonian fluid that follows the Casson model. The appar-
ent viscosity μ is given by

0 / ,K= +τ γµ

where γ is the shear rate, τo the yield stress and K the con-
sistency. The model parameters have been adjusted to fit 
experimental results at low shear rates:
τo = 4 × 10-3 Pa, K = 3.2 × 10-3 Pa.s (20). Blood density is 
set to 1050 kg.m-3

Apart from the stenosed arterial region, we hypothesize 
that the vascular walls of the vein and artery are both 
made of a homogeneous, incompressible, hyperelastic 
material. They are assumed to follow the 3rd-order Yeoh 
model (21). The artery (Fig. 1b - ‘1a’ and ‘1c’) is modeled 
as more compliant than the vein, which is typical in AVFs. 
Since no measurements of the wall mechanical properties 
have ever been conducted on an AVF, the law constants 
are obtained by best-fitting stress-strain curves from mea-
surements on a healthy artery and on a post-phlebitic vein 
(see (22) for more details). The stenosed part of the artery 
(Fig. 1b - ‘1b’) is modeled as viscoplastic with a Maxwell 
constitutive law. The law parameters are set to retrieve  
the same stiffness as the healthy arterial wall at small  

(a)

(b)
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deformation and to fit the data of Maher et al (23) at large 
deformation. This choice ensures continuity of the me-
chanical properties at the interface between the stenosed 
and non-stenosed segments.
The balloon and stainless steel stent are modeled as linear 
elastic materials. The mechanical properties indicated in 
Table I are those of stainless steel for the stent and those in-
dicated in (24) for the balloon. We have imposed a Poisson 
coefficient ν = 0.3 to guarantee numerical convergence.

Simulation of balloon-angioplasty

The opening of the balloon is simulated using ANSYS 
Structural Analysis software. The balloon is first positioned 
unfolded across the arterial stenosis without any contact 
with the wall. It is inflated by imposing a linearly increas-
ing internal pressure with a maximum pressure of 5.1 bar. 
During opening, the balloon comes into contact with the 
artery. The contact is supposed to be frictionless (25) and 
is solved using the augmented-Lagrange method. At each 
instant of time, the structural simulation consists in finding 
the mechanical equilibrium between the deformable artery 
and the elastic balloon using the implicit approach. When 
the maximum pressure is reached, the balloon is deflated 
with a linearly decreasing pressure. The degree of residual 
stenosis is equal to 20% after treatment.

Simulation of balloon-angioplasty followed with 
stent positioning

Balloon-angioplasty followed by stent deployment is 
modeled with ANSYS Structural Analysis software in a 
two-step implicit simulation. The balloon inflation is first 
simulated as described previously, while keeping the 
stent inactivated (i.e., transparent to the balloon and ves-
sel). The stent is only activated at the end of this first 
step. The second step corresponds to the balloon defla-

tion, during which the arterial wall comes into contact 
with the stent. The simulation solves for the mechanical 
equilibrium of the stent within the artery. The equilibrium 
shapes of the artery and stent are function of their me-
chanical properties. We define the contact between the 
artery and stent as frictional following the Coulomb theory. 
The friction coefficient is equal to 4.5 × 10-2 (24). Converse-
ly, no contact is defined between the stent and the balloon.

Evaluation of the equivalent stiffness of the  
stented artery

The equivalent stiffness of the stented artery is determined 
following an inverse analysis approach using ANSYS-
Structural. To do so, two simulations of vessel inflation 
are run: one with the stent present in the artery (reference 
case) and the other one with a bare vessel. In both cases, 
the vessel geometry is the one of the artery after angio-
plasty plus stenting.
The deformation of the stented artery is obtained by impos-
ing a linearly increasing pressure in the lumen in an implicit 
structural simulation. The contact between the artery and 
the stent is configured to be bonded, which guarantees 
that the artery and stent deform together under the im-
posed pressure. We then search which mechanical proper-
ties to provide to the bare vessel wall to obtain the same 
deformation during inflation as the stented artery.

Simulation of the fluid-structure interactions

The fluid-structure interactions are simulated implicitly in 
the geometries obtained after balloon-angioplasty with 
and without stenting. The numerical method has been de-
scribed in details in (22). Briefly, we couple implicitly the 
fluid and solid domains in ANSYS Workbench Platform. 
The finite element structural solver uses a Lagrangian 
multiplier-based mixed deformation-pressure numerical 
scheme (u-P formulation). The simulation is performed 
assuming large displacements. The fluid solver is based 
on the Rhie-Chow interpolation method to calculate the 
velocity field implicitly (26). We consider the atmospheric 
pressure as reference pressure and neglect gravity. The 
fluid-structure interactions are solved iteratively using the 
arbitrary Lagrangian-Eulerian formulation.
Iterations are repeated within each time-step until all the 
field equations have converged and the coupling conditions 
are satisfied. Each FSI simulation is run over six consecutive 

TABLE I -  VALUES OF THE MECHANICAL PROPERTIES OF 
THE BALLOON AND STENT

Balloon Stent

p 1000 kg.m-3 7999 kg.m-3

E 9 × 108 Pa 2 × 109 Pa

v 0.3 0.3
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cardiac cycles, with a time step equal to 5 × 10-3 s for both 
the fluid and the solid solver.
As boundary conditions, we impose (i) 0-rotation and 
0-translation at the vascular wall extremities; (ii) the time-
dependent velocity profile measured on the patient at 
the inlet - systolic Reynolds number of 1230, time-aver-
aged Reynolds number of 1020, Womersley number of 4  
(Fig. 2a); (iii) time-dependent pressure outlet profiles  
(Fig. 2b). The issue is that no patient pressure value can be 
obtained in vivo, as pressure measurement is invasive. We 
have therefore opted to impose the same inlet flow condi-
tion in the three configurations: we can thus evaluate the 
consequences of the endovascular procedure immediately 
after treatment, i.e., prior to any systematic change and ad-
aptation. The outlet pressures were obtained conducting a 
rigid-wall simulation in ANSYS CFX, applying Windkessel 
models at the two outlets. The constants of the Windkessel 
model are tuned following the method described in Deco-
rato et al (17): they are obtained by imposing the measured 
value of the flow split between the arterial and venous out-
lets (30-70%, respectively) and prescribing an expected 
time-averaged inlet pressure.

RESULTS

Post-treatment AVF geometry

A residual stenosis of 20% is achieved in both the stented 
and non-stented cases. Figure 3 shows the stenosed ar-
tery before treatment (a), after balloon-angioplasty (b) and 
after balloon-angioplasty plus stenting (c). The initial posi-
tion of the balloon is indicated by the cylinder in Figure 3a. 
The comparison of Figs. 3b and 3c shows that the geom-
etry of the vessel is almost unchanged by the presence of 
the stent. No clear change in the vessel curvature can be 
noticed.

Equivalent stiffness of the stented artery

Figure 4 compares the stress-strain curves for the stent-
ed and non-stented artery. It shows that, when stented, 
the vessel obeys the Hooke’s law. The linear elastic me-
chanical behavior of the stent therefore prevails over the 
viscoplastic behavior of the artery. The equivalent Young 
modulus Eeq of the stented vessel is 437 MPa, which  
is about 9 times larger than the stenosed artery at small 

deformations. The Wallstent® (Boston Scientific, Natick, 
MA, USA) therefore increases locally the vessel stiffness 
of the vessel after deployment. The value Eeq is imposed 
to the stenosed region of the artery in the FSI simulation of 
the stented geometry.

Hemodynamics

Influence of balloon-angioplasty

In order to evaluate the influence of the stenosis treatment, 
we have detailed the values of a few key hemodynamic  
parameters provided by the FSI simulations (Tab. II).  

Fig. 3 - Geometry of the afferent artery of the fistula (a) before treat-
ment (b) after balloon-angioplasty and (c) after balloon-angioplasty 
with stenting. Both post-treatment cases present a residual stenosis 
equal to 20%.

(b)

(c)

(a)
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Comparing the results before and after balloon-angioplasty, 
one can observe that the treatment has a significant effect 
on the stenosis region. It reduces the maximum velocity 
at the stenosis Vmax by about 10%, which induces a 50%  
decrease in the wall shear stresses WSSstenosis.
The pressure distribution along the AVF is provided in  
Figure 5 before treatment. Angioplasty also leads to a 60% 
decrease in the pressure difference across the stenosis 
ΔP (Table II). For a residual degree of stenosis of 20%, 
the pressure difference is below 5 mmHg, indicated in the  
literature as the threshold value for treatment (10). The 
treatment can thus be regarded as successful.

Table II shows that the venous flow rate Qv remains un-
changed. Indeed, we find that angioplasty hardly impacts 
the hemodynamics downstream of the stenosis.

Additional effect of stenting

The sole influence of stenting can be obtained by compar-
ing the FSI results, when angioplasty is followed or not 
by stenting (Tab. II). Hardly any difference can be noticed 
between the two treatments. They both lead to the same 
maximum velocity Vmax and wall shear stresses WSSstenosis 
at the stenosis. They engender the same flow distribution 
between the arterial and venous outlets, as shown by the 
similar values of venous flow rate Qv. The pressure drop 
at the stenosis ΔP is neither affected by stent positioning: 
the treatment of the stenosis can be considered as suc-
cessful in both cases, since ΔP remains each time below 
5 mmHg.

Internal wall stresses

The local strain and internal wall stresses are evalu-
ated after balloon-angioplasty with and without stent 
positioning and compared to the untreated case. The 
internal stresses are evaluated using the maximum com-
ponent of the Cauchy stress tensor σmax. They are com-
pared to the mean stress in the healthy artery σart, which 
is a good estimate of the baseline stress. Our objective 
is to see whether the endovascular treatments cause 
a departure of the internal stress from their baseline  
value. The vessel pre-stress has thus been neglected. 

Fig. 4 - Pressure-strain relationship of the stented artery (cross 
symbol) as compared to the patient-specific non-treated case (dot 
symbol).

TABLE II -  COMPARISON OF THE MOST RELEVANT HE-
MODYNAMIC PARAMETERS AFTER BALLOON-
ANGIOPLASTY WITH AND WITHOUT STENTING 
VERSUS THE NON-TREATED CASE

60%-Stenosis Angioplasty Angioplasty + 
Stent

vmax (m.s-1) 2.12 1.89 1.90

WSSstenosis  (Pa)
27.0 12.0 12.4

Q
—

v (ml.min-1) 779.0 772.0 772.2

ΔP (mmHg) 11.70 4.92 4.95

Fig. 5 - Distribution of the systolic pressure along the fistula.
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In Table III, we compare the spatial-averaged strain and 
stresses provided by the three FSI simulations at peak 
systole in a region around the stenosis throat (10 mm in 
length).
We observe that the maximum strain decreases by 40% after 
balloon-angioplasty and by 80% after balloon-angioplasty 
with stenting. Conversely, the normalized internal stress σmax / 
σart at the stenosis results to be 5 times larger after angio-
plasty alone and 14 times larger, when a stent is deployed.
In Figure 6, we compare the time-averaged distribution 
of the normalized internal stress σmax /σart after the two 
treatments. After balloon-angioplasty, the stenosis re-
gion is subjected to an internal stress σmax, which is up to 
11 times larger than the baseline value σart. This residual 
stress is due to the permanent plastic deformations that 
occur within the vessel wall during balloon inflation. The 
positioning of a stent further increases the residual stress. 
The stress σmax can be as large as 19 times the baseline 
value within the stented region. It is a consequence of 
the increase in vessel wall stiffness induced by the stent. 
Within the cephalic vein the stress distribution is the same 
before and after the treatment: it is about twice the base-
line stress in the artery.
Away from the stenosis, the stress σmax decreases and 
regains the values observed in the healthy artery. In the 
region upstream of the stenosis, the baseline stresses are 
completely recovered over a distance of 1.2 mm in the 
case of the simple balloon-angioplasty and of 2.5 mm in 
the case of stenting (Fig. 6). The gradient of the internal 
wall stresses space-averaged across the stenosed region 
remains of the same order of magnitude as after balloon-
angioplasty: it is at maximum tripled following stenting. 
The stent locally causes a larger stress gradient at the 
interface between the stented and non-stented portions 
of the artery with a 3.5-fold increase. Downstream of the 
stenosis, the baseline stress value is recovered after a 
distance of 1.3 mm after both treatments.

DISCUSSION

The results of the study show that positioning a self-ex-
pandable stent (e.g., Wallstent®) after balloon-angioplas-
ty has a negligible effect on the vascular geometry. The 
shape and curvature of the vessel are hardly modified. 
The stent does not straighten the vessel, which indicates 
a small bending rigidity of the general structure. This is 
coherent with what has been found by Duerig and Wholey 
(27). The wirestent device is designed to have a high radial 
stiffness to prevent the re-occlusion of the vessel, and a 
large axial flexibility to follow the curvature of the vascula-
ture after the deployment.
The inverse analysis provides a quantitative proof of what is 
guessed from the shape of the stented wall. The equivalent 
stiffness of the stented artery is only about 10 times larger 
than the bare artery (i.e., non-stented). It corroborates the  
in vivo results obtained by Vernhet et al for Wallstent® stents 
implanted in a rabbit abdominal aorta (28). The relatively 
small increase in the local vascular stiffness is due to the 
smaller rigidity of self-expandable stents as compared to 
balloon-expandable ones (27). Self-expandable stents also 
have the advantage to subject the vascular wall to an ex-
pansion force sustained over time. They do not suffer from 
radial recoil, as it can be the case for balloon-expandable 

TABLE III -  SPATIAL-AVERAGED VALUES OF THE STRAIN 
AND NORMALIZED STRESSES AT THE STENO-
SIS AT PEAK SYSTOLE

60%-Stenosis Angioplasty Angioplasty +  
Stent

Strain 15% 9% 3%

σmax/ σart 1.1 5 14

Fig. 6 - Time-averaged distribution of the maximum component of 
the Cauchy stress tensor σmax normalized by the mean stress in the 
healthy artery σart in the stenosis region: after balloon-angioplasty 
(a); after balloon-angioplasty and stent positioning (b).

(b)

(a)
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stents (27, 29). Another advantage is the relatively small 
trauma caused to the endothelial cells by the stent deploy-
ment, in contrast to balloon-expandable stents (25).
The comparison of the results of the fluid-structure inter-
action simulations shows that the two treatment options 
have an equivalent immediate effect on the hemodynam-
ics both locally at the stenosis and globally in terms of 
distal flow split. These results are supported by recent 
clinical studies (15). The hemodynamics is therefore hardly 
influenced by the local increase in stiffness of a portion of 
the vasculature.
The fact that the venous outflow Q—v keeps the value it 
had before treatment is particularly relevant for hemodi-
alysis: the fistula remains functional despite the presence 
of an arterial stenosis. This is very different to the case 
of venous stenoses, which reduce the venous outflow. 
Arterial stenoses, however, induce a large pressure drop 
in the afferent artery. It is not clear which effect the latter 
has on the overall blood circulation. Some believe that 
the pressure drop is responsible for a higher pressure 
upstream of the AVF and thus for an increased cardiac 
work. In this hypothesis it is advisable to treat any steno-
sis as early as possible to reduce the pressure drop and 
thus the risk of heart failure. Indeed, all hemodialyzed 
patients are particularly vulnerable to premature cardiac 
disease and failure, since the fistula creates a direct con-
nection between arteries and veins and thus decreases 
the downstream vascular resistance (10, 30, 31). Another 
hypothesis could be that the stenosis actually has a pro-
tecting effect: by increasing the hydraulic resistance and 
limiting the flow in the radial artery, it decreases the ve-
nous pressure. Whole-body flow simulations could shed 
light on this question.
When considering the influence of the two treatments on 
the wall mechanics, we observe a larger difference than 
on the hemodynamics. The study has shown that resid-
ual stresses build up within the vascular wall following 
balloon-angioplasty: the internal wall stresses at the ste-
nosis throat are, on average, five times the baseline value 
at peak systole (Tab. III). Stenting causes an increase in 
the maximum internal wall stresses and in their spatial 
gradient, which is associated with the induced increase 
in vessel wall rigidity. In the case of a Wallstent® stent, 
the increase is moderate (at maximum they are tripled). 
There should therefore be a limited risk of in-stent reste-
nosis. Restenosis has been shown to mainly appear in the 
case of axially rigid balloon-expandable stents (32): the 

latter can cause local alteration in wall shear stresses in 
the regions upstream and downstream of the stent, which 
is prone to neointima proliferation (32). But contrary to 
balloon-expandable stents, the self-expandable wirestent 
Wallstent® has a high axial flexibility.
In clinics it has been observed that balloon-angioplasty 
alone often fails because of the viscoelastic recoil of the 
vessel within 6 to 12 months after the treatment (15). It 
has been proven recently that the additional use of stent-
ing renders balloon-angioplasty more efficient, especially 
in the long term (13, 15). From the present results, one can 
hypothesize that it may due to the fact that the stent main-
tains the vessel open. The beneficial impact of the stent 
is likely to be small immediately after treatment and to in-
crease in the months following treatment, when the bare 
vessel experiences natural recoil.
FSI simulations cannot model the viscoelastic recoil and 
predict the long-term response of the vascular wall. In the 
future it would be interesting to build a model of the evolu-
tion of the vessel, taking into account the endothelial re-
sponse to hemodynamic solicitations as well as the wall 
response to altered internal stresses.

CONCLUSIONS

We have implicitly simulated the treatment of an AVF pre-
senting an 60% arterial stenosis by balloon-angioplasty 
with and without stent positioning. We have shown that 
implanting a self-expandable stent has the advantage of 
preserving the curvature of the treated vessel and caus-
ing a moderate increase in the local stiffness of the ar-
tery. Comparing the flow conditions predicted by the FSI 
simulations, we have found that the two treatments are 
equivalent. They preserve the functionality of the fistula, 
as none of them perturbs the flow distribution in the AVF; 
they both reduce the pressure difference across the ste-
nosis below its critical threshold value (ΔP ≤5 mmHg). 
The comparison of the internal wall stresses after the two 
treatment options indicates that stent positioning leads to 
a maximum three-fold increase in the wall internal stress 
σmax at the stenosis throat. This is moderate enough for 
in-stent restenosis to be unlikely to develop over time. 
The beneficial effect of stenting observed in clinics must 
come from the fact that the stent prevents the natural 
elastic recoil of the vessel after angioplasty and therefore 
the occurrence of restenosis.
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