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Abstract We present a patient-specific computational anal-
ysis of the influence of a stent on the unsteady flow in cerebral
aneurysms. The analysis is based on four different arterial
models extracted form medical images, and the stent is placed
across the neck of the aneurysm to reduce the flow circulation
in the aneurysm. The core computational technique used in
the analysis is the space–time (ST) version of the variational
multiscale (VMS) method and is called “DSD/SST-VMST”.
The special techniques developed for this class of cardiovas-
cular fluid mechanics computations are used in conjunction
with the DSD/SST-VMST technique. The special techniques
include NURBS representation of the surface over which the
stent model and mesh are built, mesh generation with a rea-
sonable resolution across the width of the stent wire and with
refined layers of mesh near the arterial and stent surfaces,
modeling the double-stent case, and quantitative assessment
of the flow circulation in the aneurysm. We provide a brief
overview of the special techniques, compute the unsteady
flow patterns in the aneurysm for the four arterial models,
and investigate in each case how those patterns are influ-
enced by the presence of single and double stents.
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1 Introduction

Computational cardiovascular fluid mechanics has been one
of the most popular research areas in computational mechan-
ics (see, for example, [1–39]). Addressing the computa-
tional challenges involved in fluid–structure interaction (FSI)
between the blood flow and cardiovascular wall, which of
course makes the computations more realistic, has been
one of the main reasons for the rapid expansion of this
research area. Many of the articles cited above are on patient-
specific modeling of arteries, especially cerebral arteries with
aneurysm. Patient-specific analysis of the unsteady flow in
cerebral aneurysms with a stent also involves computational
challenges, mostly related to the need to have a good spatial
representation of the stent, with a reasonable mesh resolution
across the width of the stent wire and in the normal direction
near the arterial and stent surfaces. In this article we address
those challenges and present a computational analysis based
on four different arterial models, where we assess the influ-
ence of the stent on the flow circulation in the aneurysm.
For each model, we investigate both the singe- and double-
stent cases. Including the FSI in the modeling would make
the computations even more realistic, and more challenging,
but at this stage of our work we hold the arteries rigid, since
our main objective is to evaluate the influence of the stent.
We believe this objective can be reached to a certain extent
without taking the FSI into account.

In the computation reported here, as the core method
we use the deforming-spatial-domain/stabilized space–time
(DSD/SST) formulation [40–46], which is a moving-mesh
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technique. It is an alternative to the arbitrary Lagrangian–
Eulerian (ALE) finite element formulation [47], which is
still the most popular moving-mesh technique used in com-
putational cardiovascular fluid mechanics. The DSD/SST
method, however, has also been one of the most widely
used techniques in patient-specific arterial FSI computa-
tions reported in the literature (see [1–3,6,5–7,9,10,14,15,
18–22,31,33,34,37–39]), with almost all of the compu-
tations focusing on cerebral arteries with aneurysm. The
DSD/SST method, like many ALE methods, is based on
the streamline-upwind/Petrov-Galerkin (SUPG) [48] and
pressure-stabilizing/Petrov-Galerkin [40,49] stabilizations.
The specific version of the DSD/SST method we use in the
computations is the space–time (ST) version [45,46] of the
residual-based variational multiscale (VMS) method [50–
53]. It was named “DSD/SST-VMST” (i.e. the version with
the VMS turbulence model) in [45], which is also called
“ST-VMS” (meaning “Space–Time VMS”) in [46]. It has
been successfully tested on wind-turbine rotor aerodynam-
ics in [54,55], simple FSI problems in [46], and aerodynam-
ics of flapping wings in [56–58]. Although we do not need
a moving-mesh method in our computations here, we still
use the DSD/SST method. As pointed out in [45,46,59], the
DSD/SST method, because of its space-time nature, has sev-
eral desirable features.

A number of special techniques for arterial fluid mechan-
ics were developed to be used in conjunction with the
DSD/SST technique. The special techniques used in the com-
putations here include techniques for calculating an esti-
mated zero-pressure (EZP) arterial geometry [9,18,20,34,
37,60,61], a special mapping technique for specifying the
velocity profile at an inflow boundary with non-circular
shape [18,61], techniques for using variable arterial wall
thickness [18,20,61], mesh generation techniques for build-
ing layers of refined fluid mechanics mesh near the arte-
rial walls [14,18,20,61], techniques [20] for calculation of
the wall shear stress and oscillatory shear index (OSI), tech-
niques [31] for extracting the arterial-lumen geometry from
3D rotational angiography (3DRA) and generating a mesh
for that geometry, and a new scaling technique [34,37] for
specifying a more realistic volumetric flow rate.

Additional special techniques have been developed in [39]
to address the challenges specific to computation of flows
in cerebral arteries with aneurysm and stent. They include
NURBS [62,63] representation of the surface over which
the stent model and mesh are built, mesh generation with
a reasonable resolution across the width of the stent wire
and with refined layers of mesh near the arterial and stent
surfaces, modeling the double-stent case, and quantitative
assessment of the flow circulation in the aneurysm. The arte-
rial-lumen geometries were extracted from the 3DRA images
that were provided to us while carrying out the arterial FSI
research reported in [31,34,37]. In the computations, we use

Fig. 1 Flat stent (top), stent mapped to a NURBS surface (bottom left),
and lumen split with the stent (bottom right). The closed curve marked
on the flat stent is the intersection of the NURBS surface and lumen
and serves as the periphery of the interior boundary containing the
stent

the lumen geometries obtained after the artery goes through
the EZP process [34,37] and is inflated to a pressure cor-
responding to the pressure at the start of our computation
cycle (cardiac cycle), which is approximately 80 mm Hg.
We do that instead of directly using the geometries extracted
from the 3DRA so that we have a consistent basis for
comparison with future FSI computations with these lumen
geometries.

In Sect. 2 we provide an overview of the model and mesh
generation process. The computational results are presented
in Sect. 3, and the concluding remarks are given in Sect. 4.

2 Model and mesh generation

Model and mesh generation for a cerebral artery with aneu-
rysm and stent requires numerous steps, and the details are
provided in [39]. Here we provide a summary of the process.
We start with the flat stent and the arterial lumen, and map
the stent to a NURBS surface, which fits across the neck of
the aneurysm (see Fig. 1).

The flat-stent model was generated using the geome-
try of a Cordis Precise Pro Rx nitinol self-expanding stent
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Fig. 2 Stent mesh

(PC0630RXC) with a wire diameter of about 0.1 mm.
The arterial surface was extracted from medical images and
a lumen reflective of the inflated arterial-wall structure was
generated through the process reported in [31]. The intersec-
tion of the NURBS surface and lumen serves as the periphery
of the interior boundary containing the stent, and we model
and mesh only that part of the stent as shown in Fig. 2. The
width of the stent wire is meshed with three to four elements
(see [39] for details). The periphery of the interior-boundary
mesh splits the lumen geometry into parent and aneurysm
segments. For the zero-thickness representation of the stent,
which is the case for the computations presented in this paper,
the interior-boundary mesh serves as the surface mesh for
the volume meshes generated over the parent and aneurysm
parts of the arterial volume. Using also the surface meshes
for the parent and aneurysm segments of the lumen, we gen-
erate layers of refined mesh on either side of the stent and
near the arterial walls. We use four layers, each increasing in
thickness with a progression ratio of 1.75 (the same number
of layers and progression ratio used in [31]). The details of
the thickness calculations, which include the solution of the
Laplace’s equation over the surfaces to calculate the variable
thickness of the first layer, can be found in [31,39]. The rest
of the fluid volume mesh is generated by using the innermost
surface of the layers of refined mesh as the surface mesh for
generating the volume mesh in both the parent and aneurysm
parts of the arterial volume.

Remark 1 We generate the double stent by overlaying two
single flat-stent geometries and translating one of them in two
directions. We map the intersection of the deformed NURBS
surface and lumen geometry, which is again the periphery of
the interior boundary, to the flat double-stent geometry and
mesh the double stent as one mesh. The double-stent mesh
is treated the same as the single-stent mesh in the remaining
mesh generation steps. Figure 3 shows the full single and
double stents.

Remark 2 The mesh generation process for the finite-thick-
ness representation can be found in [39], together with
comparative computations for the zero- and finite-thickness
representations.

Fig. 3 Surface for single (top) and double (bottom) stents

3 Computational results

3.1 Computational models

As it was done for the computations reported in [1–3,6,7],
the blood is assumed to behave like a Newtonian fluid (see
Sect. 2.1 in [9]). The density and kinematic viscosity are set to
1,000 kg/m3 and 4.0×10−6 m2/s. Other computational con-
ditions, including the structural properties used in the EZP
and inflation processes and the boundary conditions used in
the flow computations can be found in [34].

Four patient-specific cerebral arteries with aneurysm are
studied at three states: before stenting, after stenting with a

Table 1 Physical parameters for the four arterial models

Model DI DO1 DO2 α Qmax

Model 1 3.7 2.9 2.33 2.05
Model 2 2.8 2.4 2.7 1.75 0.78
Model 3 4.4 2.6 2.73 3.40
Model 4 3.5 1.7 2.1 2.21 1.63

Diameters are in mm and peak volumetric flow rate is in ml/s. Here DI,
DO1, and DO2 are the diameters at the inflow, first outflow, and second
outflow, respectively. Also, α and Qmax are Womersley number and
peak volumetric flow rate, respectively
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Model 1 Model 2

Model 3 Model 4

Fig. 4 Arterial lumen geometry obtained from voxel data for the four
models studied

single stent, and after stenting with two stents. The physical
parameters for the four arterial models are listed in Table 1
and the lumen geometries are shown in Fig. 4. The fluid
mechanics meshes for the single-stent case for the four mod-
els are shown in Figs. 5, 6, 7, 8. The cross-section view shows
the refined mesh at the aneurysm neck on either side of the
boundary separating the aneurysm from the parent artery.
The node and element numbers for the 12 fluid mechanics
meshes are given in Table 2.

All computations are carried out using the DSD/SST-
VMST technique (see [45,46] for the terminology), with the
stabilization parameters as given by Eqs. (7)–(11) in [44] for
τM = τSUPG and Eq. (37) in [56] for νC. The time step size is
3.333×10−3 s. The number of nonlinear iterations per time
step is 4 and the number of GMRES iterations per nonlin-
ear iteration for each model are shown in Table 3. We check
the mass balance as one of the indicators of numerical con-
vergence, and set the number of GMRES iterations accord-
ingly. Sufficient mass balance is reached when the difference
between the inflow and outflow rates essentially equals zero.
Figures showing the mass balance for Model 1 can be found
in [39].

3.2 Comparative study

The stent free area at the neck of the aneurysm is reduced to
approximately 85 and 71 % in the single- and double-stent
cases for all four models, respectively. We compare the fluid
mechanics before and after stenting in each of the four mod-
els by analyzing the ratio of the aneurysm-inflow rate to the

Fig. 5 Model 1. Fluid mechanics mesh for the single-stent case, with
cross-section and inflow plane views

Fig. 6 Model 2. Fluid mechanics mesh for the single-stent case, with
cross-section and inflow plane views

time-averaged parent-artery-inflow rate QA
QP

, the spatially

averaged kinetic energy and vorticity in the aneurysm, and
OSI. The aneurysm-inflow rate is calculated by integrating
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Fig. 7 Model 3. Fluid mechanics mesh for the single-stent case, with
cross-section and inflow plane views

Fig. 8 Model 4. Fluid mechanics mesh for the single-stent case, with
cross-section and inflow plane views

the magnitude of the normal component of the velocity over
the interior-boundary mesh containing the stent and dividing
that by 2. We divide by 2, because the integral of the magni-
tude of the normal component of the velocity measures twice

Table 2 Number of nodes and elements for the fluid mechanics mesh
for each case of the four models

Model 1 Model 2

nn ne nn ne

No 527,323 3,168,305 430,497 2,532,798
Single 566,049 3,300,182 442,454 2,532,798
Double 662,431 3,736,603 503,819 2,823,729

Model 3 Model 4

nn ne nn ne

No 530,268 3,136,903 428,260 2,522,129
Single 552,922 3,136,903 447,430 2,522,129
Double 930,403 5,261,467 867,500 4,916,931

Here nn and ne are number of nodes and elements, respectively

Table 3 GMRES iterations per nonlinear iteration for each case of the
four arterial models

Model 1 Model 2 Model 3 Model 4

No 1,000 1,000 1,500 1,000
Single 1,500 1,000 1,500 1,000
Double 1,500 1,200 2,000 1,700

the inflow rate. The effectiveness of stenting using either the
single or double stent depends on the degree to which the
flow characteristics were altered and also the arterial geom-
etry and size of the aneurysm. The higher OSI observed in
stent cases for all models follows the belief that regions with
increased OSI prompt thrombus formation [64,65].

3.2.1 Model 1

The aneurysm in Model 1 has a volume of 0.10 cm3 and
approximate neck area of 0.47 cm2. The total area in the neck
blocked by the stent in the single- and double-stent cases is
0.07 and 0.13 cm2, respectively. Figures 9, 10, 11, 12 show
the reduction in blood flow into and within the aneurysm
caused by stenting. The parent artery has an average inflow
rate of 0.62 ml/s. The peak blood flow into and within the
aneurysm occurs approximately 0.02 s before peak inflow
rate in the parent artery. The time-averaged QA

QP
decreases by

22 and 78 % in the single- and double-stent cases, respec-
tively. Similarly, the kinetic energy averaged in space and
time decreases by 72 % in the single-stent case and 92 %
in the double-stent case. The reduction in vorticity in the
aneurysm caused by stenting is shown in Figs. 13 and 14.
The vorticity, averaged in space and time, is reduced by 47
and 72 % in the single- and double-stent cases, respectively.
Figure 15 shows the OSI for all three cases.

3.2.2 Model 2

The aneurysm in Model 2 is the smallest of the four mod-
els, computed with a volume of 0.04 cm3 and approximate
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Fig. 9 Model 1. Comparison of QA
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for the three cases

0 15 30 45

Velocity (cm/s)

Fig. 10 Model 1. Streamlines showing changes in blood flow patterns
and velocity induced by stenting at peak flow into the parent artery
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Fig. 11 Model 1. Comparison of spatially averaged kinetic energy in
the aneurysm

neck area of 0.36 cm2. The stent area for the single- and
double-stent cases are 0.05 and 0.10 cm2, respectively. The
average inflow rate for Model 2 is significantly lower than
the other three models at 0.26 ml/s. The change in blood flow
velocity is shown in Figs. 16, 17, 18, 19. Peak blood flow into
the aneurysm, along with peak kinetic energy, occurs approx-
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Fig. 12 Model 1. Volume rendering of aneurysm velocity magnitude
at peak flow into the aneurysm
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Fig. 13 Model 1. Comparison of spatially averaged vorticity magni-
tude in the aneurysm
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Fig. 14 Model 1. Volume rendering of aneurysm vorticity magnitude
at peak flow into the aneurysm

imately 0.13 s after peak inflow rate into the parent artery.
In Fig. 16, the time-averaged flow-rate ratio is reduced by
41 % in the single-stent case and 81 % in the double-stent
case. As can be seen in Fig. 18, the kinetic energy within
the stent is significantly reduced with the single stent alone.
The kinetic energy within the aneurysm averaged in space
and time decreases by 83 and 95 % in the single- and dou-
ble-stent cases, respectively. The change in vorticity between
the three cases is shown in Figs. 20 and 21. The single-stent
case exhibits a 50 % reduction in vorticity averaged in space
and time while the double-stent case shows a 69 % reduction.
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Fig. 15 OSI for Model 1

Figure 22 shows the increase in OSI from before stenting to
stenting with two stents.

3.2.3 Model 3

The geometry of Model 3 has a pronounced curvature just
prior to and at the aneurysm location. The small size of
the aneurysm, 0.05 cm3 in volume, coupled with the sig-
nificant curvature, results in greater blood flow into and
within the aneurysm compared to the other models. The
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Fig. 16 Model 2. Comparison of QA
QP

for the three cases
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Fig. 17 Model 2. Streamlines showing changes in blood flow patterns
and velocity induced by stenting at peak flow in the parent artery
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Fig. 18 Model 2. Comparison of spatially averaged kinetic energy in
the aneurysm

neck of the aneurysm spans an area of 0.60 cm2, the larg-
est neck area of the four models, contrary to the over-
all small size of the aneurysm. The single stent covers an
area of 0.09 cm2 and the double stent nearly doubles the
area covered to 0.17 cm2. Figures 23, 24, 25, 26 show the
changes induced by deploying a stent to treat the aneu-
rysm. The average inflow rate for the parent artery is slightly
higher than the other models at 0.97 ml/s. The peak flow
into the aneurysm occurs approximately 0.02 s after peak
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Fig. 19 Model 2. Volume rendering of aneurysm velocity magnitude
at peak flow into the aneurysm
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Fig. 20 Model 2. Comparison of spatially averaged vorticity magni-
tude in the aneurysm
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Fig. 21 Model 2. Volume rendering of aneurysm vorticity magnitude
at peak flow into the aneurysm

flow into the parent artery. On average, QA
QP

decreases by

16 and 78 % in the single- and double-stent cases, respec-
tively. The single-stent case has a significant drop in average
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Fig. 22 OSI for Model 2

kinetic energy at 66 % and the double-stent case is reduced
about 87 %. The vorticity in the aneurysm follows a simi-
lar pattern to kinetic energy and the reduction is shown in
Figs. 27 and 28. The average vorticity decreases 41 and
62 % in the single- and double-stent cases, respectively.
Figure 29 shows the OSI for all three cases.

3.2.4 Model 4

Model 4 has the largest aneurysm of the four arteries studied
with a volume of 0.61 cm3 and has the second largest neck
with an area spanning 0.53 cm2. The single and double stents
cover an area of 0.08 and 0.15 cm2, respectively. For the
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Fig. 23 Model 3. Comparison of QA
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for the three cases
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Fig. 24 Model 3. Streamlines showing changes in blood flow patterns
and velocity induced by stenting at peak flow in the parent artery
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Fig. 25 Model 3. Comparison of spatially averaged kinetic energy in
the aneurysm

no-stent case, we report the results from the computation
of the second cardiac cycle, because the first cycle is not
enough to obtain temporally periodic values for the quantities
displayed. A gradual decrease in flow going into the aneu-
rysm is observed from the no-stent case to the double-stent
case. The single-stent case has a reduction of 37 % in QA

QP
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Fig. 26 Model 3. Volume rendering of aneurysm velocity magnitude
at peak flow into the aneurysm
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Fig. 27 Model 3. Comparison of spatially averaged vorticity magni-
tude in the aneurysm

and the double-stent case has a 82 % reduction. A dramatic
reduction in kinetic energy occurs in both of the stent cases
compared to the no-stent case, with 89 % decrease in the sin-
gle-stent case and 97 % in the double-stent case. Figures 30,
31, 32, 33 show the reduction in blood flow. The average
inflow rate into the parent artery is 0.50 ml/s and the peak
blood flow into the aneurysm occurs 0.04 s after peak inflow
rate into the parent artery. Similarly to kinetic energy, vor-
ticity drops significantly in the stented cases as shown in
Figs. 34 and 35. The average reduction for the single-stent
case is 72 % and for the double-stent case 86 %. The OSI for
all three cases is shown in Fig. 36.

4 Concluding remarks

We addressed the challenges involved in patient-specific
computation of the unsteady flow in cerebral aneurysms with
a stent and presented an analysis of the influence of the stent
on the flow circulation in the aneurysm. We used in the anal-
ysis four different arterial models extracted form medical
images, and placed the stent across the neck of the aneurysm
to reduce the flow circulation. For each model, we computed
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Fig. 28 Model 3. Volume rendering of aneurysm vorticity magnitude
at peak flow into the aneurysm
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Fig. 29 OSI for Model 3

both the singe- and double-stent cases, and also the no-stent
case. As the core method we used the DSD/SST method,
which, because of its space-time nature, has several desir-
able features. The specific version of the DSD/SST method
we used is the DSD/SST-VMST, which is the space-time
version of the residual-based VMS method. A good number
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Fig. 30 Model 4. Comparison of QA
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for the three cases
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Fig. 31 Model 4. Streamlines showing changes in blood flow patterns
and velocity induced by stenting at peak flow in the parent artery
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Fig. 32 Model 4. Comparison of spatially averaged kinetic energy in
the aneurysm

of special techniques targeting arterial fluid mechanics com-
putations were also used in conjunction with the DSD/SST-
VMST method. Furthermore, we used some additional spe-
cial techniques developed to address the challenges specific
to computation of flows in cerebral arteries with aneurysm
and stent. The additional techniques include NURBS repre-
sentation of the surface over which the stent model and mesh
are built, mesh generation with a reasonable resolution across
the width of the stent wire and with refined layers of mesh
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Fig. 33 Model 4. Volume rendering of aneurysm velocity magnitude
at peak flow into the aneurysm

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

2

4

6

8

10

Time (s)

V
or

tic
ity

(s
-1

)

No Stent Single Stent Double Stent

Fig. 34 Model 4. Comparison of spatially averaged vorticity magni-
tude in the aneurysm
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Fig. 35 Model 4. Volume rendering of aneurysm vorticity magnitude
at peak flow into the aneurysm

near the arterial and stent surfaces, modeling the double-stent
case, and quantitative assessment of the flow circulation in the
aneurysm. With a total of 12 computations for the four mod-
els, we presented an extensive evaluation of the influence of
placing a stent across the neck of the aneurysm. We quantified
the evaluation in terms of the ratio of the aneurysm-inflow
rate to the time-averaged parent-artery-inflow rate, the spa-
tially averaged kinetic energy and vorticity in the aneurysm,
and OSI. We observed significant decreases in the first three
of these quantitative measures with a single stent, and even

0.00 0.25 0.50
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Fig. 36 OSI for Model 4

more with a double stent. The computations show that the
core and special techniques constitute a powerful tool for
analysis of how well a stent performs in reducing the flow
circulation in a cerebral aneurysm, and this can be used is
design studies for such stents.
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