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a b s t r a c t

Recently, there has been considerable interest in the use of stents as endovascular flow diverters for the
treatment of intracranial aneurysms. Simulating this novel method of treatment is essential for under-
standing the intra-aneurysmal hemodynamics in order to design better stents and to personalize and
optimize the endovascular stenting procedures. This paper describes a methodology based on unstruc-
tured embedded grids for patient-specific modeling of stented cerebral aneurysms, demonstrates how
the methodology can be used to address specific clinical questions, and discusses remaining technical
issues. In particular, simulations are presented on a number of patient-specific models constructed from
medical images and using different stent designs and treatment alternatives. Preliminary sensitivity anal-
yses with respect to stent positioning and truncation of the stent model are presented. The results show
that these simulations provide useful and valuable information that can be used during the planning
phase of endovascular stenting interventions for the treatment of intracranial aneurysms.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Stroke is the leading cause of long-term disabilities and the
third cause of death after heart attack and cancer in the western
word [1–7]. It consists in the death of part of the brain due to oxy-
gen deficiency. There are two types of strokes, ischemic stroke and
subarachnoid hemorrhage (SAH). The former is caused by diminu-
tion of cerebral blood flow below certain threshold and the latter
due to bleeding into the intracranial space. About 80% of SAH are
caused by the rupture of cerebral aneurysms. A cerebral/intracra-
nial aneurysm is a cerebrovascular disorder in which an abnormal
balloon like dilation grows on the wall of a cerebral artery. These
aneurysms commonly occur at the base of the brain in the so-
called the arterial Circle of Willis. The exact reason for the genesis
of these aneurysms is not well understood. Research shows that
different factors such as genetics, hemodynamics and wall biome-
chanics play important roles [31]. In addition, hemodynamic fea-
tures such as wall shear stress, jetting, and vorticity are thought
to play a fundamental role in the growth and ultimately the rup-
ture of the aneurysm. Due to the life-threatening effects of SAH,
when physicians identify an unruptured aneurysm, they often con-
sider preventive treatment. Surgical clipping and coil embolization
are the most common methods of treatment [8]. Surgical clipping
involves placing a metallic clip across the neck of the aneurysm
thereby blocking the blood from entering into the aneurysm.
Endovascular embolization is a minimally invasive technique that
ll rights reserved.

: +1 703 993 9300.
consists in packing the aneurysm with platinum coils. The idea
here is to clot the blood inside the aneurysm and completely stop
the intra-aneurysmal flow. Both procedures intend to isolate the
aneurysm from the arterial circulation thus preventing aneurysm
rupture and hence the hemorrhage. Surgical clipping is not always
the favoured choice due to the high risks involved with craniotomy
and the impossibility of clipping certain aneurysms due to their
location and shape. Endovascular embolization also has some seri-
ous complications. Numerous cases of coil compaction leading to
the re-growth or the formation of a secondary aneurysm have been
reported. Moreover, wide neck or fusiform aneurysm cannot be
treated with coils alone. In cases like these a stent – an expandable
metallic mesh – is deployed in the parent vessel to hold the coils
inside the aneurysm dome.

Recently, there has been growing interest in the use of stents as
flow diverters without coils. The goal of this treatment is to disrupt
the inflow to the aneurysm and cause a complete thrombosis of the
aneurysm [9–11]. This requires new stents specifically designed to
achieve this goal.

Numerous studies have been published concerning the aneu-
rysmal flow alterations caused by stents alone using idealized
in vitro and numerical models [12–15]. Although these studies
have provided valuable information about the fluid dynamic
behavior of these stents, the results from these studies cannot
be generalized in a straightforward manner to the patient popula-
tion or used to plan the endovascular treatment of individual
aneurysms. Therefore, personalized or patient-specific models
have also been used to better understand the interaction between
the stent and the complex swirling flows in realistic anatomies
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[16–19,24,29,26,25,28]. These studies have shown that stents can
produce significant alterations in the intra-aneurysmal blood flow
patterns, but it is still not clear whether these alterations will cause
complete occlusion of the aneurysm and thus be a viable durable
treatment. It has also been pointed out that in some cases, the
implantation of stent can produce adverse hemodynamic condi-
tions [26]. Therefore, further studies of the hemodynamic altera-
tions produced by stents and treatment outcomes need to be
carried out.

However, simulating blood flow past endovascular devices such
as stents in patient-specific models poses a number of challenges
[30]. These include: techniques for virtual deployment of stents,
meshing the vascular model and the deployed stent [32,33], devel-
oping appropriate pre- and post-stenting boundary conditions, and
handling of relatively large computational meshes. This paper ad-
dresses some of these technical issues using an unstructured grid
embedding approach and discusses different clinical questions that
can be investigated with these simulations. The aim is to point out
the major challenges and provide guide to new investigators con-
ducting research in aneurysm flow diversion using patient-specific
image-based computational models.
2. Methods

The methodology for image-based simulation of blood flows in
stented cerebral aneurysms can be divided into the following stages:
(1) vascular modeling, (2) stent deployment, (3) meshing, (4)
hemodynamics modeling, and (5) data reduction and visualization.

2.1. Vascular modeling

Patient-specific models of cerebral aneurysms and the con-
nected vessels are created from 3D rotational angiography
(3DRA) images using a previously developed method [19,20].
Briefly, this method consists of the following operations. To reduce
the noise in the image it is first filtered briefly using a combination
of blurring and sharpening operations. The image is then seg-
mented using the seeded region growing algorithm. Using an
advancing tetrahedra algorithm an initial model of the image is ob-
tained by iso-surface extraction. This extracted iso-surface is then
allowed to deform under the action of internal smoothing forces
and external forces obtained from the gradients of the original
un-processed image [21]. The deformable model makes the surface
coincide with the vessel boundaries detected in the image. The sur-
face is then smoothed using a non-shrinking algorithm [22] and
the vessels are interactively truncated perpendicularly to their
axis. If desired the boundaries are extruded in order to minimize
the influence of the boundary conditions in the region of interest.
While the segmentation step aims at reconstructing the correct
vascular topology, the geometrical modeling step aims at accu-
rately representing the vascular geometry. Both the correct topol-
ogy and geometry of the aneurysm and parent vessel are required
for an accurate representation of the in vivo hemodynamics. The
geometrical model is then used to generate a finite element mesh
composed of tetrahedral elements using an advancing front meth-
od. The surface of the model is re-triangulated and this mesh
marches inwards filling the volume with tetrahedra elements
[35,36]. In order to resolve all the flow features in the flow simula-
tion, the size of the element is chosen in such a way that every ves-
sel has at least a given minimum number of elements across the
diameter. Such discretizations are created using an adaptive back-
ground grid that defines the spatial variation of element size in
space. Typically, meshes with a minimum resolution of 0.02 cm
are used resulting in pre-stent grids with approximately 2–5 mil-
lion elements. This methodology was used to construct patient-
specific models of four aneurysms in the internal carotid artery
near the ophthalmic artery, two aneurysms at the tip of the basilar
artery and one model of a patient with an aneurysm in the anterior
communicating artery and another two in the left middle cerebral
artery. These models were used to study the effect of different
stenting options.

2.2. Stent deployment

The stent deployment methodology consist in the following
steps: (a) extraction of the vessel centerline, (b) deformation of a
cylindrical support surface along the vessel skeleton until it con-
forms to the vessel walls, and (c) mapping of stent designs using
the deformed support surface. The skeleton of the parent vessel
is extracted from the vascular model using a previously developed
algorithm [43]. A cylindrical support surface is then generated
along this skeleton. Assuming this surface to be elastic it is de-
formed under the influence of internal smoothing forces and exter-
nal attractive forces to the vessel wall. The external forces consist
of an inflating or radial force proportional to the distance vector
between points in the triangulated surface and the centerline.
The internal smoothing forces are based on the classical Laplacian
smoothing operator. These are basically attractive forces between
each point in the triangulated surface and its first neighbors. The
positions of the vertices of the cylindrical surface are updated
using a classical Newtonian law of motion:

mi
@2pi

@t2 þ c
@pi

@t
� ~aifintðpiÞ ¼ ~bifextðpiÞ; ð1Þ

where pi is the position vector of point i, mi is the ith vertex mass, c
is a damping parameter, and fint and fext represent the internal and
external forces, respectively. The parameters ~ai and ~bi controls the
influence of the internal and external forces, respectively. The
discretization of Eq. (1) using a fully explicit discretization scheme
leads to [34]

pnþ1
i ¼ pn

i þ ð1� cÞðpn
i � pn�1

i Þ þ aifintðpn
i Þ þ bifextðpn

i Þ; ð2Þ
where ai and bi are force weights including the point mass and the
timestep. Stability of this scheme depends on ai, bi, and c lying in-
side [0,1/2], [0,1], and [0,1], respectively. All the cases in this text
were performed with the parameters c ¼ 1; ai ¼ 0:01, and
bi ¼ 0:0005. These values were selected on a trial and error basis
using several test cases. In the initial stage the cylindrical surface
which is made up of shell elements is at the center of the parent
vessel. As time progresses a combination of fint and fext are used to
pull the cylinder towards the vessel walls. This deformation process
is interactively stopped when most of the points on the cylindrical
surface are on the vessel wall. During the deformation process if a
point on the cylindrical surface crossed the vessel wall its normal
distance changes sign, then it is projected back to the vessel wall
and fixed. Once the final cylindrical surface is obtained then differ-
ent stent designs can be mapped onto it. The stent design is drawn
as a collection of connected lines on a rectangular region with the
same dimensions as the undeformed cylindrical support surface.
This rectangular region is triangulated and the local coordinates
of the points defining the stent design are calculated. The same local
coordinates of these points but on the deformed triangulation are
then used to obtain the deformed or deployed stent design. The de-
formed design is then used to generate beads of overlapping
spheres with the appropriate thickness along the lines and mapped
onto the surface of the deformed cylinder in order to obtain the final
stent model in the deployed state. In order to illustrate the method-
ology, three stent designs were considered: (a) a Neuroform stent,
(b) a left rotating helical stent, and (c) a right rotating helical stent.
All these stents had the same wire diameter (0.01 cm) and roughly
the same porosity.
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2.3. Meshing

The traditional computational mesh which is generated in order
to simulate the flow of blood inside the parent vessel and in the
presence of a stent is called a body-conforming mesh. Tradition-
ally, body-conforming grids have been used to simulate blood
flows in vascular models. However, the main difficulty in generat-
ing such a mesh for stented aneurysms is that it requires a water-
tight assembly of analytical and/or discrete surface patches to
describe the surface of the computational domain. Past experience
has shown that the creation of such a watertight geometrical mod-
el can be tedious and challenging even for simple vascular geome-
tries [27]. In contrast, unstructured embedded grid approaches
provide an effective automatic way of performing patient-specific
blood flow simulations in the presence of stents. In this approach
a body-fitted unstructured grid is created for the vascular model
and the stent is embedded into this mesh [33]. The elements of
the mesh that are cut by the surface of the stent are identified
and adaptively refined in order to increase the resolution of the
mesh around the stent wires. The edges of the final mesh that
are cut by the stent are excluded from the flow calculation and
no-slip boundary conditions are imposed at the cut-points. The
geometry of the stent can be represented either as a surface trian-
gulation (explicit surface definition) or by a series of overlapping
spheres (implicit surface definition) [28]. In the latter approach,
the distance between the spheres can be adjusted to represent
the stent to any degree of accuracy. In the embedded technique,
since the geometry of the stent is only used to determine the ele-
ments cut by the stent in the computational grid, these two ap-
proaches differ only in the way that the intersection between the
stent wire surface and the computational grid is computed. In
the former approach this means computing the intersection be-
tween triangles of the stent surface and edges of the computational
tetrahedral mesh. Whereas, in the latter approach its the intersec-
tion between the edges and the spheres. The latter one is easier to
implement.

2.4. Hemodynamic modeling

Blood has been typically considered a Newtonian incompress-
ible fluid. It has been shown that blood behaves as a Newtonian
fluid in large arteries [23]. Also, hemodynamic analyses of cerebral
aneurysm models with realistic anatomies using Newtonian and
Fig. 1. Methodology for quantification of aneurysm
non-Newtonian approximations have indicated that the main flow
characteristics are not significantly affected by the viscosity model
[20]. However, non-Newtonian effects can become important in
the slow flows encountered in stented aneurysms. This issue de-
serves further investigation. Based on these assumptions, the gov-
erning equations are the unsteady Navier–Stokes equations in
three dimensions [37]:

r � v ¼ 0; ð3Þ
@v
@t
þ v � rv ¼ � 1

q
rpþ mr2v; ð4Þ

where v is velocity, p is pressure, q is density, and m is kinematic vis-
cosity. In the simulations, values of q = 1.0 gr/cm3 and m = 0.04 cm2/
s were used. These equations are discretized in time using an impli-
cit scheme of the form:

r � vnþh ¼ 0; ð5Þ
vnþh � vn

hDt
þ vnþh � rvnþh þ 1

q
rpnþh ¼ rm � rvnþh: ð6Þ

The parameter h selects the time integration scheme used in the
simulation. If h ¼ 1 the first order backward Euler scheme is recov-
ered while with h ¼ 1=2 the second order Crank–Nicholson is ob-
tained. Moving the first term to the right-hand side, this scheme
can be interpreted as the steady-state solution of the pseudo-time
system:

@vnþh

@s
þ vnþh � rvnþh þ 1

q
rpnþh ¼ rm � rvnþh � vnþh � vn

hDt
: ð7Þ

This is similar to the original Navier–Stokes equation but with a
source term on the right-hand side. The solution is then advanced
in time by solving a steady-state problem in pseudo-time s at each
timestep. A linear (tetrahedral) finite element discretization of
space is used. The discrete system is obtained via the Galerkin
weighted residual method. An edge-based formulation is used for
efficiency. The resulting discrete system is of the form:

KijDuj ¼
X

ijX

CijðFi þ FjÞ; ð8Þ

where Kij; Cij; Fi; Dui denote the implicit left-hand side matrix, the
explicit right-hand side matrix entries, nodal fluxes and increments
in the nodal unknowns. The numerical scheme becomes unstable
al hemodynamic modification after stenting.
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when a Galerkin finite element approximation is done on the advec-
tion terms. Therefore, an edge-based upwind finite element approx-
imation is employed to discretize the equations in space [38,39].
The coupled system is solved iteratively using a fractional step
scheme with Lower–Upper Symmetric Gauss–Seidel (LU-SGS)
relaxation for the advection parts and a preconditioned conjugate
gradient solver for the pseudo-Laplacian of the pressure. The
Fig. 2. Original 3DRA images (first row), computational models (second row) and the thr
a–e; Patient 2: f–j; Patient 3: k–o; Patient 4: p–t.
scheme has been optimized over many years, and has been detailed
elsewhere [33].

2.4.1. Treatment of embedded objects
The edges of the computational grid cut by the surface of the

stent, which either represented as a triangulation or as a set of
overlapping spheres, are identified. At the intersection points a
ee stents deployed into the vascular models (third, fourth and fifth rows). Patient 1:
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no-slip boundary condition is automatically introduced and the cut
edges are excluded from the flow calculation. In addition, regions
of connected edges that lie outside the computational domain,
e.g. completely inside the stent wires, are identified and deacti-
vated. An attractive feature of this embedded approach is that it
only requires minimal modification of existing incompressible flow
solvers. For further details of this technique the reader is referred
to [33].

2.4.2. Boundary conditions
To make the simulations simple, vessel walls were assumed

rigid in this work. Although in reality there is wall motion which
can have a major influence on the hemodynamic variables,
sensitivity analyses conducted using vessel deformations mea-
sured with dynamic imaging technique show that flow character-
istics such as size and location of the flow impaction zone and
intra-aneurysmal flow patterns do not change significantly in
Fig. 3. Streamlines for the four aneurysm models, pre-stented case (top row), with Neuro
row). Patient 1: a–d; Patient 2: e–h; Patient 3: i–l; Patient 4: m–p.
comparison to simulations conducted using rigid walls [19]. No-
slip boundary conditions, v ¼ 0, are prescribed at the vessel walls.
Pulsatile physiologic flow boundary conditions are used in the
simulations. Volumetric flow rate curves measured with phase-
contrast magnetic resonance techniques on a number of normal
subjects are used to obtain generic flow waveforms for different
arteries and scaled to the patient-specific vessel diameter [46].
The inflow velocity distribution is obtained as a superposition of
Womersley profiles for each of the Fourier modes of the pre-
scribed flow rate curve [40,41]. The boundary conditions assume
fully developed flows and no secondary flows at the inlet bound-
aries. Previous studies have shown that if subject-specific models
are truncated too close to the aneurysm neck fully developed flow
conditions can have a significant effect on the intra-aneurysmal
hemodynamics [42,43]. However, for anatomical models with
longer upstream portions of the parent artery these assumptions
have less influence because they allow for the development of
form stent (second row), left helical stent (third row) and right helical stent (bottom
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appropriate secondary flows due to the curvature and tortuosity
of the parent vessel. In the present work, the entire upstream por-
tion of the parent artery visible in the anatomical images are in-
cluded in the models. This typically includes at least one turn of
the internal carotid artery which may be enough to produce real-
istic secondary flows at the location of the aneurysm. Typically,
traction-free boundary conditions are imposed at the outflow
boundaries. This assumes that the corresponding distal vascular
beds have similar flow impedances. More realistic approaches
have included imposing impedance boundary conditions from
morphometric data [40], modeling the distal vascular bed as a
block of porous material [44], or coupling to 1D models of the sys-
temic circulation [45]. In any of these approaches, the values of
the vascular bed parameters (flow rate, impedances, porosities,
etc.) have to be ‘tuned’ in order to avoid unrealistic pressure drops
or jumps in the wall shear stress in small vessels included in the
vascular models.
Fig. 4. Wall shear stress for the four aneurysm models, pre-stented case (top row), with
(bottom row). Patient 1: a–d; Patient 2: e–h; Patient 3: i–l; Patient 4: m–p.
2.5. Data reduction and visualization

In order to quantify the changes in aneurysmal hemodynamic
variables produced by the deployment of a stent the following
methodology is used. First the neck of the aneurysm is defined
by interactively selecting points along the neck of the aneurysm
on the surface mesh. Points along the geodesic path between se-
lected points are identified and selected. The selected points are
then deleted from the triangulation, effectively cutting the surface
mesh into two pieces, one representing the aneurysm sac and the
other the parent artery. The hole in the parent artery mesh repre-
senting the neck of the aneurysm is then triangulated. This surface
is then used to label the grid points of the volumetric grid lying on
each side of the neck surface. For this purpose, the edges cut by the
neck surface are identified and an advancing layers algorithm is
used to mark the points on each side of this surface. The result of
this step is a mask identifying grid points that belong to the
Neuroform stent (second row), left helical stent (third row) and right helical stent
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aneurysm or the parent artery. Finally, this mask is used to calcu-
late the minimum, maximum and spatial average of a number of
hemodynamic variables in the aneurysm and parent artery regions.
The hemodynamic variables considered include: the absolute
velocity, the vorticity magnitude, the kinetic energy, the shear rate
(second invariant of the shear rate tensor), and wall shear stress
magnitude. In addition, flow variables are interpolated from the
volumetric grid to the surface triangulation defining the neck. This
allows the quantification of hemodynamic variables at the neck
such as the total mass flux into the aneurysm.

The labeling of aneurysm and parent artery grid points allows
for the visualization of hemodynamic variables in each region sep-
arately. Intra-aneurysmal flow patterns are visualized by automat-
ically generating sets of streamlines originating at the center of
each of the elements of the aneurysm region and propagated for-
ward and backwards. The aneurysmal inflow pattern is visualized
by plotting the velocity profile on the interpolated to the neck sur-
face. These visualizations depict the inflow and outflow regions,
the secondary flows at the aneurysm neck, and are useful to deter-
mine the size and location of the inflow and outflow portions of the
neck.

The methodology is illustrated in Fig. 1. This figure shows the
original surface model of an aneurysm in the internal carotid artery
(a), the parent artery after removal of the aneurysm sac with a hole
at the neck (b), the triangulated neck (c), and the labeling of aneu-
rysm and parent artery points in the volume and surface meshes (d
and e). Examples of visualizations of hemodynamic variables are
shown in the bottom row of Fig. 1: (f) velocity vectors at the aneu-
rysm neck, (g) velocity magnitude at the aneurysm neck, (h) veloc-
ity profile at the aneurysm neck, (i) streamlines through the
aneurysm region, and (j) wall shear stress distribution on the aneu-
rysm sac.
Table 1
Quantitative values for results shown in Figs. 3 and 4. Stent 1: Neuroform; Stent 2: helix

Qin=Q0 (%) Vmax (cm/s) Vmean (cm/s) xm

Patient 1
Pre-stent 14% 181.72 22.91 55
Stent 1 16% 161.87 22.21 52

(�13%) (11%) (3%) (6%
Stent 2 9% 85.76 7.10 16

(36%) (53%) (69%) (71
Stent 3 11% 109.51 10.63 25

(21%) (40%) (54%) (55

Patient 2
Pre-stent 13% 39.90 3.83 86
Stent 1 8% 34.78 2.03 45

(38%) (13%) (47%) (48
Stent 2 5% 17.62 1.02 18

(57%) (56%) (73%) (78
Stent 3 6% 21.37 1.09 20

(53%) (46%) (28%) (76

Patient 3
Pre-stent 19% 20.00 2.82 71
Stent 1 12% 17.07 1.37 33

(38%) (15%) (49%) (52
Stent 2 8% 11.52 0.95 20

(58%) (42%) (66%) (72
Stent 3 8% 9.85 0.93 20

(58%) (51%) (33%) (71

Patient 4
Pre-stent 91% 53.61 5.40 58
Stent 1 80% 49.36 4.03 41

(12%) (8%) (25%) (28
Stent 2 67% 46.41 2.90 25

(26%) (13%) (46%) (56
Stent 3 63% 47.35 2.71 23

(31%) (12%) (50%) (59
3. Results

3.1. Effects of stent design

In this section, the methodology is demonstrated by simulating
the effects of three different stent designs on four patient-specific
models of internal carotid artery (ICA) aneurysms (a total of 12
simulations). This illustrate how the methodology can be used to
select the best available flow diverting device for a given aneu-
rysm. The vascular models were created from 3DRA images as de-
scribed in the methods section. Volume renderings of the 3DRA
images of the aneurysms and the corresponding vascular models
with the various stent designs are shown in Fig. 2. The aneurysms
were located in the left ICA for patients 1 and 4, and in the right ICA
for patients 2 and 3. The first stent design made up of rhomboidal
cells corresponds to the Neuroform stent from Boston Scientific
Inc. (third row of Fig. 2), and the other two stents are helical stents
with the stent wire pointing towards the left (fourth row of Fig. 2)
and right directions (fifth row of Fig. 2). The two helical stents had
the same pitch angle and porosity, the only difference was their
orientation. These idealized helical stents were chosen in order
to investigate whether they had different effects on swirling flows
rotating in different directions such as in the left and right ICA’s.
Pulsatile flow calculations were performed without and with the
stents inside the vascular models. Visualizations of the flow struc-
tures in the aneurysms and parent artery as well as distributions of
the wall shear stress (WSS) at peak systole, before and after stent-
ing are presented in Figs. 3 and 4, respectively. Values of hemody-
namic variables before and after stenting with each stent are
presented in Table 1. This table lists the ratio of the aneurysm in-
flow to the parent artery flow rate ðQ in=Q 0Þ, the maximum and
mean velocity in the aneurysm (vmax and vmean), the mean vorticity
left; Stent 3: helix right.

ean (1/s) _cmean (1/s) smax (dyne/cm2) smean (dyne/cm2)

6.25 414.22 446.76 40.61
2.66 391.71 957.96 36.94
) (5%) (�114%) (9%)

0.18 125.69 286.81 9.83
%) (70%) (36%) (76%)

1.27 187.50 323.38 16.78
%) (55%) (28%) (59%)

.37 73.89 95.49 5.73

.30 34.21 118.61 3.62
%) (54%) (�24%) (63%)

.80 22.00 81.08 1.80
%) (70%) (15%) (69%)

.82 23.80 68.95 1.90
%) (68%) (28%) (33%)

.17 60.51 82.94 5.11

.92 34.08 102.83 2.82
%) (44%) (�24%) (45%)

.51 21.16 95.95 1.98
%) (65%) (�16%) (61%)

.48 20.84 97.40 2.09
%) (65%) (�17%) (59%)

.21 44.91 111.08 4.74

.71 34.21 346.29 3.98
%) (24%) (�212%) (16%)

.69 23.29 323.04 2.51
%) (48%) (�191%) (47%)

.88 21.62 297.81 2.42
%) (52%) (�168%) (49%)
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ðxmeanÞ, the mean shear rate ð _cmeanÞ and the maximum and mean
wall shear stress magnitude (smax and smean). The percentages in
parentheses represent the change in the corresponding hemody-
namic variables from before to after stenting (i.e. the modification
of the hemodynamic variables caused by stenting). Positive
changes mean reduction of the hemodynamic variables while neg-
ative changes represent increases.

In the first patient, the inflow jet is located towards the left and
distal part of the neck, impacting on the distal part of the body of
the aneurysm. All the stents are seen to diffuse the inflow jet and
re-direct it towards the dome of the aneurysm, and reduce the
WSS in the aneurysm. In this case, the left helical stent produces
significant changes in the hemodynamic variables. This stent pro-
duces larger reductions in all the hemodynamic variables com-
pared to the other two stents (see Table 1). Comparing this left
helical stent with the Neuroform stent the minimum difference
in the percentage change in hemodynamic variables was 42% for
vmax and the maximum difference was 150% for smax. With respect
to the right helical stent the minimum difference was 8% for smax

and maximum difference was 17% for smean.
In patient 2, the inflow is located at the distal part of the neck

and the intra-aneurysmal flow circulates in counter-clockwise
direction (Fig. 3e). The Neuroform stent produces very little mod-
ification to the flow pattern (Fig. 3f) but an increase in the WSS
at the distal part of the neck can be observed (Fig. 4f). This is be-
cause blood is being squeezed between the stent wires and the
vessel walls. In contrast, the two helical stents produce more sig-
nificant flow modifications. In particular, they shift the inflow to
the proximal part of the neck and change the direction of the in-
Fig. 5. Patient-specific vascular models of three patients. Model with three aneurysm
aneurysm models (bottom row).
tra-aneurysmal flow circulation to clockwise (Fig. 3g and h). As
in the previous case, the left helical stent seems to cause the largest
reductions in the hemodynamic variables (see Table 1). Comparing
the left helical stent with the Neuroform stent the minimum differ-
ence in the percentage change in hemodynamic variables was 6%
for smean and the maximum difference was 43% for vmax. With re-
spect to the right helical stent the minimum difference was
�13% for smax and the maximum difference was 45% for vmean.

In patient 3, the inflow is located in the distal part of the neck
and the flow recirculates in the clockwise direction (Fig. 3i). All
stents diffuse and deviate the inflow jet towards the left part of
the neck. However, they do not change the direction of flow circu-
lation in this aneurysm. In this case all stents produced an increase
in the maximum wall shear stress, however a more pronounced in-
crease in the WSS at the distal neck can be observed for the Neu-
roform stent (Fig. 4j). The helical stents seem to yield smoother
flow patterns, i.e. less vortical structures, than the Neuroform
(Fig. 3k and l). Again, the stent that seems to cause a larger reduc-
tion in the hemodynamic variables is the left helical stent (Table 1).
In comparison with the Neuroform stent the minimum difference
was 8% for smax and the maximum difference was 27% for vmax.
With respect to the right helical stent there was no difference in
the percentage change for Q in=Q0 and _cmean and the maximum dif-
ference was 33% for vmean.

In patient 4, the inflow is located at the proximal part of the
neck and flow mainly circulates in the counter-clockwise direction
(Fig. 3m). In this case, the Neuroform stent seems to concentrate
the inflow jet (Fig. 3n), while the helical stents produce a small dif-
fusion of the inflow jet and a smoother intra-aneurysmal flow pat-
s (top left corner) and their close-up view (top right corner), and two basilar tip
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tern (Fig. 3o and p). All stents produced an increase of the WSS at
the distal neck, without changing the circulation direction. In this
case, the stent that produced the largest reduction in all hemody-
namic variables was the right helical stent (see Table 1). Compar-
ing the right helical stent with the Neuroform stent the
minimum difference was 4% for vmax and the maximum difference
was 44% for smax. With respect to the left helical stent the mini-
mum difference was �1% for vmax and maximum difference was
23% for smax.

3.2. Effects of treatment options

This section illustrates how the methodology can be used to se-
lect the best therapeutic option for a given patient. Three patients
with intracranial aneurysms are considered. One patient had two
aneurysms in the left middle cerebral artery (MCA) and one in
the anterior communicating artery (ACoA). The other two patients
had wide neck aneurysms at the tip of the basilar artery (BA). Pa-
Fig. 6. Streamlines depicting the intra-aneurysmal flow patterns before and after the dif
e–h; Patient 2: i–l; Patient 3: m–p.
tient-specific models were constructed from 3DRA images. For pa-
tient 1, bilateral 3DRA images were used to create the vascular
model including the left and right ICA’s and MCA’s. The anatomical
models of these three patients are shown in Fig. 5.

For each aneurysm, different treatment options were consid-
ered. Each option consisted in deploying one or two Neuroform
stents in different ways. For the ACoA aneurysm of patient 1, the
first option was to place a stent from the A1 segment of left ante-
rior cerebral artery (ACA) to the A2 segment of the left ACA. The
second option consisted in placing the stent from the left A1 to
the right A1. For the MCA aneurysm and for the BA aneurysms of
patients 2 and 3 the first option was to place a stent from the par-
ent artery to one of the daughter branches. The second option was
to place the stent from the parent artery to the other daughter
branch, and the third option was to place two stents from the
parent artery to each of the daughter branches (stent in stent
technique). A total of six simulations were carried out for this
analysis. The flow patterns at peak systole for each aneurysm
ferent treatment options. Patient 1, AcoA aneurysm: a–d; Patient 1, MCA aneurysm:
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before stenting and after treatment with each option are presented
in Fig. 6. The corresponding distributions of WSS are presented in
Fig. 7. The values of hemodynamic variables and their modification
produced by each treatment option are listed in Table 2.

The ACoA aneurysm of patient 1 is fed from the left ACA with a
fairfly wide inflow jet that impacts on the back wall of the aneu-
rysm producing a relatively high WSS in the body and dome of
the aneurysm (Figs. 6a and 7a). When the stent is placed from
the left A1 to the left A2, the inflow jet is disrupted causing a sig-
nificant alteration in the intra-aneurysmal flow pattern and reduc-
tion of the WSS (Figs. 6b and 7b). However, there is still a region of
elevated WSS at the same impaction zone. When the stent is
placed across the neck of the aneurysm (from the left A1 to the
right A2) the inflow jet is slightly deviated towards the dome of
the aneurysm and the major flow structures within the aneurysm
are not significantly modified (Fig. 6c). The region of elevated WSS
is found at the dome of the aneurysm (Fig. 7c). A second simulation
for of this option was carried out after rotating the stent half a cell.
Fig. 7. Wall shear stress distributions before and after the different stenting options. Pati
m–p.
In this case, there is more obstruction of the inflow jet, a less com-
plex velocity pattern, but slightly higher WSS in the aneurysm
(Figs. 6d and 7d).

In the MCA aneurysm of patient 1, the inflow jet impacts on the
dome of the aneurysm creating a region of elevated WSS along the
body and dome of the aneurysm (Figs. 6e and 7e). When deploying
the stent from the parent vessel to the left branch, the inflow jet is
slightly diffused, the intra-aneurysmal vortical structures are mod-
ified, and the WSS is reduced at the dome of the aneurysm (Figs. 6f
and 7f). At the same time the inflow into the smaller MCA aneu-
rysm is also reduced. When the stent is deployed to the other
daughter (right) branch, there is a larger obstruction of the inflow
jet and a more complex intra-aneurysmal flow pattern with an
overall lower WSS in the aneurysm (Figs. 6g and 7g). However,
the inflow into the smaller MCA aneurysm is increased. When
deploying one stent to each of the daughter branches, the intra-
aneurysmal flow pattern displays new vortical structures, i.e. more
complex flow pattern, and lower WSS in the aneurysm (Figs. 6h
ent 1, AcoA aneurysm: a–d; Patient 1, MCA aneurysm: e–h; Patient 2: i–l; Patient 3:



Table 2
Quantitative values for results shown in Figs. 6 and 7.

Qin=Q0 (%) Vmax (cm/s) Vmean (cm/s) xmean (1/s) _cmean (1/s) smax (dyne/cm2) smean (dyne/cm2)

Patient 1 (ACoA)
Pre-stent 19 86.07 18.53 727.01 547.52 278.64 75.09
LA1 to LA2 12 71.86 10.12 387.68 314.05 530.50 69.39

(34%) (17%) (45%) (47%) (43%) (�90%) (8%)
LA1 to RA2 12 102.49 14.24 674.52 503.54 644.74 71.24

(38%) (�19%) (23%) (7%) (8%) (�131%) (5%)
LA1 to RA2 rotated 9 90.43 8.61 390.20 301.56 679.51 71.66

(55%) (�5%) (54%) (46%) (45%) (�144%) (5%)

Patient 1 (MCA)
Pre-stent 51 101.67 16.26 415.97 304.74 282.60 71.93
Left 48 80.76 8.98 185.05 152.14 684.02 70.16

(7%) (21%) (45%) (56%) (50%) (�142%) (2%)
Right 34 48.61 5.51 119.84 104.03 667.19 69.14

(33%) (52%) (66%) (71%) (66%) (�136%) (4%)
Both 22 52.89 4.37 100.57 87.64 685.53 69.69

(57%) (48%) (71%) (76%) (71%) (�143%) (3%)

Patient 2
Pre-stent 84 36.75 4.34 60.77 46.10 109.37 14.07
Left 52 23.25 1.16 16.07 14.16 132.09 11.49

(39%) (37%) (73%) (74%) (69%) (�21%) (18%)
Right 61 28.32 1.53 21.02 18.09 109.25 9.76

(28%) (23%) (65%) (65%) (61%) (0%) (31%)
Both 28 20.27 0.38 6.50 6.26 125.17 8.48

(67%) (45%) (91%) (89%) (86%) (�14%) (40%)

Patient 3
Pre-stent 84 121.37 29.28 617.55 416.83 535.36 99.26
Left 63 99.14 19.14 382.39 265.40 786.10 88.07

(25%) (18%) (35%) (38%) (36%) (�47%) (11%)
Right 68 123.33 22.50 454.36 310.44 1047.82 107.68

(19%) (2%) (23%) (26%) (26%) (�96%) (�8%)
Both 41 100.19 11.67 275.56 200.92 1081.84 98.64

(59%) (17%) (60%) (55%) (52%) (�102%) (1%)
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and 7h). At the same time the inflow into the smaller MCA aneu-
rysm is also reduced. However, in this case there is an increase
of WSS in the ouflow part of the neck of the aneurysm.

In the BA tip aneurysm of patient 2, the inflow jet impacts on
the body of the aneurysm producing a region of elevated WSS on
the right side of the aneurysm and then splits and exits towards
the left and right posterior cerebral arteries (PCA) (Figs. 6i and
7i). All stenting options produced significant disruption of the
inflow jet, reduction of the intra-aneurysmal velocity, alteration
of the flow structure, and reduction of the WSS in the aneurysm
(Figs. 6j–l and 7j–l). However, when deploying a single stent from
the BA to the left PCA (Fig. 7k) there is only a slight increase of the
WSS at the outflow part of the neck compared to the other two
cases.

In the BA tip aneurysm of patient 3, a concentrated inflow jet
impacts on the dome of the aneurysm producing a region of high
WSS at the dome and a complex intra-aneurysmal flow pattern
(Figs. 6m and 7m). When stenting from BA artery to the right
PCA, the inflow jet is slightly deviated to the right but there is still
a region of high WSS at the dome (Figs. 6n and 7n). When stenting
from the BA to the left PCA, the inflow jet appears to be more con-
centrated and impacting on a smaller region of the dome (Figs. 6o
and 7o). When two stents are deployed, one into each PCA, the in-
flow jets is diffused, the intra-aneurysmal flow structures are mod-
ified, and the WSS in the dome is significantly reduced (Figs. 6p
and 7p). However, in all cases an increase of WSS is observed in
the outflow regions of the stented aneurysm neck.

In all the double-stenting simulations, a larger reduction in the
hemodynamic variables was observed compared to stenting with
just one stent (see Table 2). However, these options typically pro-
duced an increase of the maximum WSS in the aneurysm. In both
BA tip aneurysms, stenting to the left PCA seem to produce the
second largest reduction of the hemodynamic variables (after
double-stenting) with a smaller increase of the WSS, and the larg-
est reduction in the mean WSS. In the MCA aneurysm of patient 1,
the stenting to the right branch produces the second largest reduc-
tion in the hemodynamic variables and the largest reduction of the
mean WSS.

3.3. Effects of stent positioning

When a stent is deployed to treat an aneurysm, there is little
control on the exact positioning of the stent. However, depending
on the design of the stent, positioning can potentially have a signif-
icant effect on the hemodynamics of the stented aneurysm. There-
fore, it is important to study the sensitivity of the flow diversion
characteristics of different stent designs to their positioning. This
section presents results of different positioning of the Neuroform
stent. The same patient-specific models used to study the effects
of different stent designs (Section 3.1) were used. One additional
simulation was performed for each model by rotating the stent half
a cell, i.e. the maximum angular displacement with respect to the
initial positioning. The flow patterns and wall shear stress distribu-
tions at peak systole are shown in Fig. 8. Table 3 lists the values of
hemodynamic variables obtained with the two stent positions for
each of the four patients of Section 3.1.

These results show that the flow modifications obtained with
the two positioning of the stent are in good agreement. The largest
difference occurred for patient 1 (top row of Fig. 8) where there
was a difference in the deviation of the inflow jet and the WSS near
the inflow zone of the aneurysm neck. Additionally, in the previous
section, a difference in the flow patterns obtained for the ACoA
aneurysm after repositioning the stent across the aneurysm neck
was observed.



Fig. 8. Streamlines and WSS results for the original stent configuration (first and third column) and the rotated configuration (second and fourth column). Patient 1: a–d;
Patient 4: e–h; Patient 2: i–l; Patient 3: m–p.
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3.4. Effects of partial stent modeling

When comparing the relative performance of different stents as
flow diverters one is often concerned with the alterations of the
flow pattern and WSS in the aneurysm and not so much in the de-
tailed flow fields near the walls of the parent vessel. In such cases,
the computational expense of the simulations can be significantly
reduced if only the portion of the stent that crosses the aneurysm
neck is modeled. This would result is much smaller computational
meshes. Therefore, in order to assess whether this approach yields
reasonable results, comparisons of the flow fields obtained by
modeling the entire stent and only the portion that cover the neck
were carried out. For this purpose, the same four models of Section
3.1 and the Neuroform stent were used. The original stent models
were interactively cut and the portions that lied entirely on the
vessel walls were removed. The original and truncated or partial
stent models in their deployed state for each patient are shown
in Fig. 9.
The results of the flow simulations with both stent models for
each patient are presented in Fig. 10. Values of hemodynamic vari-
ables obtained with the partial stents are listed in Table 3. These
results show that the flow patterns and wall shear stress distribu-
tions obtained with the truncated stent models are in good agree-
ment with those obtained with the full stent models. Additionally,
the computation times and mesh sizes for the full and truncated
stent simulations are presented in Table 4. These results show that
a substantial gain in CPU time can be obtained with the truncated
models.
4. Discussion

The simulation of flow alteration caused by different endovas-
cular devices has recently gained attention as new flow diverting
devices are being designed for treating cerebral aneurysms by
themselves. This requires overcoming a number of challenging



Fig. 9. The full stent and the partial stent for the different aneurysms.

Table 3
Quantitative values for results shown in Figs. 8 and 10.

Qin=Q0 (%) Vmax (cm/s) Vmean (cm/s) xmean (1/s) _cmean (1/s) smax (dyne/cm2) smean (dyne/cm2)

Patient 1
Position 1 16 161.87 22.21 522.66 391.71 957.96 36.94
Position 2 14 194.66 20.75 512.12 392.45 1027.15 40.30
Truncated 15 148.73 20.99 483.89 368.35 935.58 32.96

Patient 2
Position 1 8 34.78 2.03 45.30 34.21 118.61 3.62
Position 2 8 27.57 1.61 32.94 33.74 94.98 2.76
Truncated 8 34.05 1.96 43.35 40.06 116.54 3.48

Patient 3
Position 1 12 17.07 1.37 33.92 34.08 102.83 2.82
Position 2 13 18.46 1.53 38.20 37.58 114.07 3.51
Truncated 12 16.69 1.31 32.34 32.70 99.12 2.71

Patient 4
Position 1 80 49.36 4.03 41.71 34.21 346.29 3.98
Position 2 78 50.18 3.84 40.25 32.92 290.56 3.38
Truncated 74 47.07 3.70 37.93 31.53 336.73 3.53
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technical problems related to accurate anatomical modeling,
deployment of the stents inside patient-specific vascular models,
meshing these geometries, computing pulsatile flows around de-
vices realistically and efficiently, comparing the performance of
the different stent designs and treatment options, and studying
the sensitivity of the calculations with respect to stent positioning
and partial modeling. The work presented in this paper represent
the first steps towards these aims. In particular, the authors have
explored the use of unstructured embedded grids for the personal-
ized modeling of blood flows in stented intracranial aneurysms,
have addressed some of the associated technical challenges, and
have illustrated the use of the methodology to answer-specific
clinical questions.

Currently, a simplistic approach is used to virtually deploy the
stent models into the patient-specific vascular models. This ap-
proach does not take into consideration the conformability charac-
teristics of the different stents, and neglects any deformation of the
parent artery due to the deployment of the stent. Future models
need to incorporate these effects for a more accurate representa-
tion of the stent geometry in its deployed state.
The unstructured embedded grid approach has been shown to
be a powerful technique to deal with complex vascular and device
geometries. This strategy allows for the automatic meshing around
the endovascular devices in their deployed state. This technique
also allows using different representations of the stent geometry
(e.g. triangulated surface, overlapping spheres, etc.). Although this
approach may tend to produce larger grids than a body-fitted ap-
proach to achieve similar resolutions, it is quite easy to use even
for geometrically complex situations such as multiple stenting or
stent in stent techniques (one stent deployed inside another). Once
the vascular model has been constructed and meshed, introducing
the stent into grid is straightforward as it only requires an adaptive
mesh refinement, which is done automatically in a few minutes.
On the other hand, it was shown that modeling only the small por-
tion of the stent that crosses the aneurysm neck is sufficient for
studying the intra-aneurysmal hemodynamics while significantly
reducing the mesh sizes and computational times. Additionally,
previous studies showed that flows past endovascular devices
computed with body-fitted and embedded grids were in close
agreement [27,28].



Fig. 10. Streamlines and WSS results for the different aneurysms with full and partial stents. Patient 1: a–d; Patient 4: e–h; Patient 2: i–l; Patient 3: m–p.
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The prediction of flow reduction in small arteries branching off
from the parent artery near the neck of the aneurysm when a stent
is deployed requires appropriate outflow boundary conditions. In
these situations (not presented here) the stent may partially cover
the origin of these small branches and thus block the flow through
them. Clearly, prescribing the flow rate at the outflow boundary
Table 4
Mesh size and computation time taken to simulate flow with the full and partial
stents.

Full Partial

No. of elements
(in millions)

Time taken (h) No. of elements
(in millions)

Time taken (h)

Model 1 4.3 20:23 1.25 4:19
Model 2 7.1 16:30 4.8 12
Model 3 5.3 11:43 3 9:17
Model 4 3.9 10 2.3 6:31
would not be realistic as this would assume no change in the flow
rate from the pre-stented case. Boundary conditions based on flow
impedances or coupling to reduced models of the distal vascular
beds seem to be the appropriate choice. However, this requires a
proper estimation of the values of the distal impedances, or the
parameters of the reduced models, as well as stable methods for
imposing these boundary conditions. This is clearly an area that re-
quires further study.

The results of virtual stenting four patient-specific aneurysm
models with three different stent designs presented here indicate
that the same stent can produce different alterations of the hemo-
dynamics of different aneurysms. The flow modifications largely
depend on the inflow characteristics of the aneurysm, which in
turn depend on the location of the aneurysm and the geometry
of the parent vessel. Secondary flows, induced by the turns and tor-
tuosity of the parent artery, play an important role in determining
the way in which the flow enters the aneurysm. This could help
explain the different dynamical behavior of the two helical stents
that have the same geometry except for their direction of rotation.



S. Appanaboyina et al. / Comput. Methods Appl. Mech. Engrg. 198 (2009) 3567–3582 3581
The increase in WSS observed at the distal neck after stenting is
consistent with the results reported by Lieber and Gounis [47],
who conducted in vitro, in vivo and numerical experiments to elu-
cidate the effects of different stent design parameters and the pre-
vailing parent vessel hemodynamics on intra-aneurysmal flow
patterns. They also observed changes in the circulation direction
after stenting of an idealized aneurysm model. However, as shown
here these latter observations cannot be generalized to all aneu-
rysms, stent designs and parent artery geometries.

The results presented in this paper illustrated how the method-
ology can be used not only to select the best available flow divert-
ing device for a given aneurysm but also to select the best
therapeutic option. In addition, it was shown that these choices
are not always intuitive and should be done on a patient-specific
basis, i.e. the best choice for a given patient may not be the optimal
choice for another patient. However, this may change with new de-
vices that may be designed to achieve similar flow diversion char-
acteristics in different situations. Additionally, further research is
needed in order to develop methods for quantitative evaluation
of the performance of different flow diverters. Besides considering
fluid dynamical variables such as maximal wall shear stress, total
inflow rate, residence times, etc. models that predict the amount
of thrombus formation within the aneurysm are required for a
more appealing evaluation of the stents and clinical outcomes.

The sensitivity studies presented in this paper indicate that
although the positioning of the stent can potentially have a signif-
icant effect on the intra-aneurysmal hemodynamics, in many situ-
ations these effects are actually quite small. The performance of
the stent is related to the number of wires that cross the inflow
jet blocking the flow into the aneurysm. This depends not only
on the stent design but also on the fluid dynamics characteristics
of the aneurysm. It is to expect that the flow diverting characteris-
tics of highly porous stents with asymmetric cell designs will be
more dependent on the positioning, especially for aneurysms with
thin or concentrated inflow jets. Stents with smaller and symmet-
rical cells may have more chances of disrupting the inflow jet inde-
pendently of their positioning.

5. Conclusions

In conclusion, unstructured embedded grids are a viable ap-
proach for the patient-specific simulation of endovascular treat-
ment of cerebral aneurysms with flow diverting devices.
Although a number of challenges remain to be addressed, it was
shown that these models can help design better devices, personal-
ize the endovascular procedures, and answer specific clinical
questions.
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