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Purpose: Low-porosity endovascular stents, known as flow diverters (FDs), have been proposed as an
effective and minimally invasive treatment for sidewall intracranial aneurysms (IAs). Although it has
been reported that the efficacy of a FD is substantially influenced by its porosity, clinical doctors would
clearly prefer to do their interventions optimally based on refined quantitative data. This study focuses on
the association between the porosity configurations and the FD efficacy, in order to provide practical data
to help the clinical doctors optimize the interventions.
Method: Numerical simulations in fluid dynamics were performed using four patient-specific IA geome-
tries, pulsatile velocity profiles and braided fully resolved FDs. The variation of velocity and wall shear
stress within the IAs, were investigated in this study. Lattice Boltzmann method (LBM) was used to solve
the main challenge centered on the diversity of spatial scales since the typical diameter of struts of FDs is
only 25 lm while the artery normally can be larger by a hundred times.
Results: Numerical simulations revealed that the blood flow within IA sac was substantially reduced
when the porosity is less than 86%. In particular, the flow condition within each IA sac is favorite to ini-
tialize thrombus formation when porosity is less than 70%.
Conclusion: Our study suggests the existence of a porosity threshold below which the efficacy of a FD will
be sufficient for the patients to initialize the thrombus formation. Therefore, by estimating the porosity of
FD on patient-specific information, it may be potentially to predict whether or the blood flow condition
will successfully become prothrombotic after the FD intervention.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

An intracranial aneurysm (IA) is a vascular disorder character-
ized by a distension of the vessel wall that may rupture under
certain circumstances. The rupture can lead subarachnoid hemor-
rhage which has been reported with high morbidity and mortality
rates (Wiebers et al., 2003). The principal aim of endovascular
treatment of IA is to reduce blood flow within the IA sac and redi-
rect the bloodstream into the parent artery. A flow diverter (FD)
has been reported as one of the current optimal minimally invasive
treatments for IAs (Kallmes et al., 2007). Multiple clinical studies
(Berge et al., 2012; Murthy et al., 2014) have been performed in
order to demonstrate that FDs are able to slow down the IA blood
flow, producing an inflammatory response followed by thrombosis,
which can eventually, stabilize the IA and lead to an improvement
in the patient health. In addition to biochemical factors, hemody-
namics are thought to play a key role in understanding the IA
growth, the consequent thrombus formation and the possible wall
rupture. Many hemodynamic variables, including velocity and wall
shear stress (WSS), are studied to understand these mechanisms
(Steiger, 1990). For over a decade, hemodynamics has been studied
using computational fluid dynamics (CFD) (Sforza et al., 2009) and
many studies have demonstrated that CFD techniques can provide
a detailed analysis on the flow in patient-specific cases (Wang
et al., 2015; Zhang, 2015; Noël et al., 2017; Wang, 2014). Recently,
it has also been shown that investigation on hemodynamics after
FD insertion using CFD can be in good agreement with the
in vitro experiments (Cito et al., 2015). Despite the success that
has been made in treating IAs using FD devices, the permanent
morbidity (10%) and mortality (5%) associated with the FDs are
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not negligible (Arrese et al., 2013; Lubicz et al., 2010). Factors that
affect the function or efficacy of a FD remain unclear and a better
understanding of them could help clinical doctors improve their
intervention. Particularly, critical parameters such as porosity
could help clinicians determine the ideal FD configuration for trig-
gering thrombus formation. However, the main difficulties that
exist in analyzing the FD efficacy are that (1) researchers can
hardly modify one parameter but keep the other conditions (e.g.
vessel geometry and inlet velocity) unchanged (Arrese et al.,
2013); and (2) the cost will be considerably high to implement
experiments using FDs with different configurations. To solve this
issue, several studies took advantage of numerical simulations
(Augsburger et al., 2009; Ma et al., 2014; Meng et al., 2006;
Zhang et al., 2016). However, most simulation studies only
reported employing artificial vascular geometries to simulate the
complex FD-vessel system due to the lack of suitable stent-
deployment technique, the FD porosity calculation method for
patient-specific models, and the extremely high computational
cost on the numerical simulations. Berg et al. reported hemody-
namic simulations for two patient-specific models with single FD
configuration (Berg et al., 2018); Li et al. presented their screen-
based application using an 2D artificial aneurysm (Li et al.,
2018); Suzuki et al. investigated the relationships between geo-
metrical parameters and mechanical properties using 5 stents
(Suzuki et al., 2017); Zhang et al. employed three vascular geome-
tries to investigate the proposed optimization method under vari-
ous hemodynamic conditions (Zhang et al., 2016). Although those
studies suggested that FD efficacy in reducing blood flow within
the IA sac may highly depend on its porosity, they also declared
that more refined conclusions should be provided with the
patient-specific geometries and the fully resolved FD model (Kim
et al., 2010). Meanwhile, the experiments with FDs deployed into
the abdominal aortas of rabbits revealed that it may be a high risk
to deploy a FD with porosity less than 60% because of the existence
of the intimal coverage of branch ostia (Hong et al., 2012). It’s also
noted that, based on observations from the THROMBUS project
(http://www.thrombus-vph.eu), high-porosity FDs are easier to
deploy and better for blood exchange between parent vessel and
cavity. We hypothesize that a potential porosity threshold may
exist, and this threshold can be used as a prediction for the success
of a preventive endovascular treatment. The aim of this study is to
conduct numerical simulations to estimate the potential porosity
threshold. In order to realistically represent the reality in the med-
ical surgery of FD deployment, the THROMBUS project recently
developed a new technique to generate braided fully-resolved
FDs interactively (Flórez-Valencia et al., 2012; Flórez-Valencia
and Orkisz, 2017). This technique allows users to rebuild virtual
FDs based on its commercial characteristics (e.g. the number of
the struts and their weaving pattern) and takes the process of sur-
gery into consideration by optimizing virtual deployment depend-
ing on the final length and configurations of the FDs used. It also
can play with the deployment parameters in order to create virtual
FDs with different porosity configurations. For example, if the user
wants to create one FD with smaller porosity, he can simply
increase the number of coils and/or the number of loops of each
coil (note that in present study, we only modified the porosity by
changing the number of loops of each coil since the number of coils
of all FDs used in medical surgeries was 48). After generating FDs
with different porosity configurations, the main challenges in this
study center on the diversity of spatial scales (i.e. the diameter of
artery is multiple orders of magnitude larger than that of the
struts) and lengthy simulations. To cope with these issues, we
run the blood simulations with the help of Lattice Boltzmann
Method (Succi, 2001) (LBM) since it offers good calculation effi-
ciency, simple boundary conditions, and reasonable accuracy, mak-
ing it a powerful tool to deal with these issues. After this
preliminary, we propose an adaptive framework to estimate the
porosity of a FD deployed in patient-specific geometry. Addition-
ally, we investigate the effect of the porosity configuration on FD
efficacy based on patient-specific geometries and fully-resolved
FDs.

2. Materials and methods

2.1. Patients’ data and FD deployment

Four sidewall IAs shown in second row of Fig. 1 with different
volumes (984:3 mm3;164:6 mm3;55:0 mm3 and 602:6 mm3,
respectively) were used in the present study. The position of IA
(Shapiro et al., 2014) was taken into consideration: Patient 1 was
located at a straight parent artery, Patient 3 was located at the
inner curve of its parent artery while Patients 2 and 4 located at
more outer of the vessel curve. These four patients geometries
were reconstructed by THROMBUS project (Chen et al., 2014;
Wang et al., 2016, 2017a). All patients were successfully treated
with Pipeline Embolization Devices (Pipeline�) at the Radiology
Department of the University Hospital Center in Montpellier,
France. For each patient, the upstream velocity profile (shown in
bottom row of Fig. 1) was acquired by clinical doctors using stan-
dard 2D phase-contrast magnetic resonance imaging and an in-
house software application for segmenting medical images and
estimating velocities (Eker et al., 2015). The virtual braided fully
resolved FDs were interactively constructed in the vessel geome-
tries of all the patients by our in-house application based on
RGC-sm model (Flórez-Valencia et al., 2012; Flórez-Valencia and
Orkisz, 2017). The start and end points for each virtual FD (see
the middle row of Fig. 1) were determined with help of 2D digital
subtracted angiography images (lateral, frontal and working views)
acquired during the endovascular treatment as shown in the top
row of Fig. 1. This technique produces collision-less struts, and also
allows ‘‘weaving” the struts with different patterns. We used
weaving patterns that matched the patterns of the actual FDs
deployed in patients.

2.2. Porosity estimation using image segmentation methods

Porosity estimation on deployed FDs remains an open question,
although a few methods have been reported (Augsburger et al.,
2009; Larrabide et al., 2014). In this study, we proposed a precise
and efficient framework (shown in Fig. 2 which can be simply read
as,Metal coverage ¼ 100%� Porosity), which is defined as the ratio
of the free neck area divided by the total neck area,

Porosity ¼ AN � AFD

AN
� 100%; ð1Þ

where AN and AFD represent the total neck area (shown in Fig. 2c,
rounded by the red curve) and area of the FD struts (shown in
Fig. 2d, white lines in the red curve), respectively. First, we
extracted the region of interest (the neck of the IA, shown in
Fig. 2b) from the original image. The neck area is a diffuse region
whose boundary is difficult to segment. We use the elliptically
refined level set method (Wang et al., 2016) to segment the aneur-
ysm neck (Fig. 2c), which is normally bounded by discontinuities
and ellipse-like contours. We adopt the general expression for the
elliptically segmentation energy formulation form

E ¼ aElevel set þ bEellipse ð2Þ
where Elevel set represents the level set term and Eellipse embeds the
ellipse-like shape prior. The weight a and b are the positive
hyper-parameters that balance the influence of the two terms.
When b is low, for example, in the extreme case a ¼ 0 and b ¼ 0,
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Fig. 1. The top row: 2D digital subtracted angiography images which were acquired during the treatment; the middle row: the start and end points for each virtual FD which
were determined with help of 2D digital subtracted angiography images acquired during the endovascular treatment and a pattern of two up-one down of the struts was used
for virtual deployment; the bottom row: patient-specific velocity profiles which were acquired by clinical doctors.

Fig. 2. Overview of the porosity estimation framework taking Patient 2 as an example. (a) the geometry of Patient 2, (b) neck extraction of Patient 2, (c) neck segmentation
using level-set with ellipse method, (d) segmentation of struts of FD device using Otsu method.
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this amounts to using the traditional level set segmentation; when
b is high, the segmentation contour will be closer to an ellipse; in
the extreme case b ¼ þ1, predominant weighting is given to the
ellipsoid shape; for the intermediate b value (�1), local variations
of the final contour are closer to those of actual contours. In all
the experiments presented herein, a and b were set at 1 and 0.6,
which has been observed to provide contours that follow the actual
ones. The Chan-Vese model (Chan et al., 2000) is used in this pre-
sent study as the level set term

Elevel setðc1; c2;CÞ ¼ l � LengthðCÞ þ m � AreaðinsideðCÞÞ
þw1

R
insideðCÞ jI � c1j2dxdyþw2

R
outsideðCÞ jI � c2j2dxdy;

ð3Þ
where lP 0; m P 0;w1 and w2 > 0 are fixed parameters. I is inten-
sity of the image, c1 and c2 are the average intensity inside and out-
side C, respectively. The annular shape constraint in our level set
framework is developed by minimizing the following energy
criterion:

Eellipseð/; kÞ ¼
Z
X
ð/ðXÞ � /eðX; kÞÞ2dð/ðXÞÞdX; ð4Þ
/eðX; kÞ ¼
FðX; kÞ

jrFðX; kÞj ; ð5Þ

FðX; kÞ ¼ k1X
2 þ k2Xyþ k3y2 þ k4X þ k5yþ k6 with k2 < 4k1k3;

ð6Þ
where /eðXÞ is the Sampson distance function (Wang et al., 2016)
representing the Sampson distance of a point X from the annular
shape defined by the parameter k. The function FðX; kÞ corresponds
to the algebraic distance of a point X ¼ ðx; yÞ to an ellipse and is rep-
resented by the standard quadratic equation for conic sections. The
following equations are obtained based on the fact that we can
obtain the minimization of energy by finding the geodesic zero level
set:

@/
@t

¼ gðX; kÞdð/ðXÞÞ ð7Þ

gðX; kÞ ¼ �2ð/ðXÞ � /eðX; kÞÞ: ð8Þ
After aneurysm neck is segmented, the Otsu method (Otsu,

1979) was performed to segment the struts (results shown in
Fig. 2d). At last, with the segmentation results, the porosity can
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be estimated through Eq. (1). The main objective of this study is to
determine a porosity threshold that can help clinicians select the
best device for triggering thrombus formation in their patients.
In this stage, we included four patients and set up three different
porosity levels (shown in Table 1), including the actual porosity
level used in these patients (Level 3).
2.3. Segmentation parameter setting

The parameters a and b in Eq. (2) are the positive
hyper-parameters that balance the influence of the level set and
shape prior terms. As we discussed before, in all the experiments
presented herein, a and b were set at 1 and 0.6, which has been
observed to provide contours that follow the actual ones. The rest
of the parameters used in level set segmentation were shown
in Eq. (3), l; m;w1, and w2 were determined based on the descrip-
tion in Chan et al. (2000). The level set iteration can slightly vary
depending on the image. In our experiments, the calculation of
each step was stopped when a convergence was reached
(AN\AN�1

AN
� 100% 6 0:001, where AN represents the current segmen-

tation result). During our experiments, the iteration for level set
was basically around 300. All the parameters are summarized in
Table 2.
2.4. Numerical simulations of blood flow with LBM

Blood flow simulations of IAs with FDs remain a challenge due
to the range of spacial scales of the flow field. The typical diameter
of the struts forming the FDs is as small as 25 lm, while the artery
(3—5 mm) can be hundreds times larger. It is difficult to create a
computational grid to adapt to these different spacial sizes, and
the calculation of the fluid equations on such a grid can be even
harder.

However, LBM (as described in similar studies (Succi, 2001))
offers the possibility to solve the fluid equations with a regular
grid. Combining a so-called bounce-back boundary condition, we
can simply identify all grid nodes located inside solid obstacles
(like struts in the present study) and label them appropriately.
LBM also allows us to fully resolve the flow pattern of blood flow
on a grid with moderate resolution and at a reasonable computa-
tional expense, instead of using the analytical model to estimate
the influence of the FDs.

Additionally, the THROMBUS project did a thorough conver-
gence analysis to find an appropriate resolution for the numerical
simulations. This analysis showed that the result would slightly
depend on the resolution when the measurement points were cho-
sen close to the FD. However, for measurement points far from the
FD, grid convergence was reached if the grid spacing dx was within
an order of magnitude of the strut diameter. This study concluded
Table 1
Different porosity levels for four patients to find the optimized porosity configuration.

Level 0 Level 1 Level 2 Level 3

Patient 1 100 86 78 70
Patient 2 100 86 78 69
Patient 3 100 86 78 70
Patient 4 100 85 78 70

Table 2
Choice of segmentation parameters.

Parameters a b Iteration l m w1 w2

Numbers 1 0.6 300 0.1 0 1 1
that, for the purpose of a velocity and WSS study in the IA, a grid
resolution of the order of the strut diameter is sufficient (the grid
spacing in this study was 29 lm). It also was found that for the
present study, a dimensionless lattice velocity of uLB ¼ 0:04 can
provide sufficient accuracy. For each patient, this approach was
used to impose a no-slip boundary condition along the blood vessel
wall, a Dirichlet boundary condition with a time-oscillating Poi-
seuille profile at the inlet, and constant-pressure boundary condi-
tion at the outlet (as described in similar studies (Succi, 2001)).
Furthermore, considering that in larger vessels (diameter
>0.5 mm) blood behaves as a Newtonian fluid (Nichols et al.,
2011), an incompressible viscous Newtonian fluid with density
q ¼ 1060 kg=m3 and kinematic viscosity m ¼ 3:3� 10�6 m2=s was
assumed in this study. In order to reduce initial transients, two car-
diac cycles were computed and data of the second was analyzed.
All the simulations were performed with the open source library
Palabos (http://www.palabos.org) based on LBM, which is a vali-
dated CFD tool for the study of flow dynamics (Malaspinas et al.,
2016), and the parallel computations have been performed on
the cluster of the CC-IN2P3- CNRS (http://cc.in2p3.fr).

2.5. Lattice Boltzmann method

LBM has been successfully applied to the numerical simulation
of flows, especially in complex geometries such as intracranial
arteries (He et al., 2009) and interest in this method has grown
rapidly in recent years (Malaspinas et al., 2007). One of its main
advantages is that data communication between nodes is always
local, which allows for efficient parallelization (Nourgaliev et al.,
2003). LBM takes a mesoscopic approach from statistical physics.
Basically, macroscopic properties, like pressures p and velocity u
of a fluid, can be represented in terms of a discrete set of popula-
tions f i(i ¼ 0; . . . ; k� 1), which are discrete representation of the
statistical particle distribution functions for the velocity of mole-
cules. The total number of variables kallocated on every node of
the lattice is model dependent, and reflects a choice of numerical
stencil during the discretization of velocity space. The macroscopic
density q and velocity u of fluid can be computed as moments of
the populations,

q ¼
X
i

f i u ¼
X
i

f iei; ð9Þ

where constant vector ei represents the discrete velocity model in
the discretization procedure of velocity space. The most widely
known LBM model called lattice BGK (LBGK for short) was imple-
mented in the present study (as described in similar studies
(Succi, 2001)), in which the distribution functions f i of each node
relaxed on the same time-scale and towards a set of discrete equi-
librium distribution functions f eqi parametrized by the local con-
served quantities, density q and velocity u. The LBM equation is
exposed by,

f iðxþ Dtei; t þ DtÞ � f iðx; tÞ ¼ �1
s
½f iðx; tÞ � f eqi ðx; tÞ�; ð10Þ

where s is the relaxation time and f eqi are given by

f eqi ¼ xiq 1þ ei � u
c2s

þ ðei � uÞ2
2c4s

� u � u
2c2s

" #
; ð11Þ

where cs is the sound speed of the lattice and wi are the weight
coefficients corresponding to the considered directions of the lat-
tice. They both depend on the choice of lattice (see the coefficients
selection (Succi, 2001)) and a three-dimensional (3D) lattice model
called D3Q19 (i ¼ 0; . . . ;18) was used in this study. Meanwhile, the
relaxation time s in Eq. (10) is related to the kinematic viscosity m
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through the relation, m ¼ c2s ð sDt � 1
2Þ (Chen and Doolen, 1998;

Malaspinas et al., 2007).
3. Results

3.1. Analysis of numerical simulations of four patients

Manual segmentation was used as the ground-truth for evaluat-
ing the automatic segmentation (Wang et al., 2016; Wang et al.,
2017b), using the Dice value (Dice, 1945), a commonly used for
measuring the overlap between manual and automatic segmenta-
tion. A MevisLab-based tool (http://www.mevislab.de/) was imple-
mented to help our readers draw the manual contours. The manual
IA neck segmentations of all subjects were performed in a blinded
manner: one reader was blinded to the automated segmentation
results. In this study, one reader drew manual contours two times
in all subjects and the intra-observer variability was 1.54 � 1.30%.
The contours obtained from the proposed automatic segmentation
Fig. 3. The velocity magnitude distribution at peak systolic time in the pulsating
flow condition for each IA. From top row to the bottom row: porosity configurations
from level 0 to level 3. From left column to right: Patient 1 to Patient 4.

Fig. 4. The velocity streamlines distribution at peak systolic time in the pulsatin
match well with the manual boundaries, with high Dice coeffi-
cients of 97.62 � 2.12%. This demonstrates that good and stable
segmentation has been achieved with the proposed method on
all subjects.

Before we started a general study on four patients, Patient 2 was
chosen to conduct a preliminary test. We set up a relatively large
range for porosity configuration, from 100% to 51.7%, (note that
100% means no FD deployed) for 10 cases, to find a correlation
between the flow reduction and the porosity configuration. Our
results for Patient 2 was similar to the trend proposed by
Augsburger et al. (2009): the lower the porosity, the higher the
flow reduction within the aneurysm sac.

After that, as we mentioned in Section 2.1, four groups of sim-
ulations were launched with different porosity levels (note that
level 0 represents the cases without FD and level 3 corresponds
to the FDs used in the medical intervention). Meanwhile, the
patient-specific velocity profiles in treatment (shown in Fig. 1)
were used as inlet velocity condition. The velocity distribution
for each patient-specific model is shown in Fig. 3. It can be
observed that for each case, the FD successfully disconnects the
IA flow from the parent artery and restores a physiological flow.
And for each case with FD, the velocity magnitudes within IA sac
are reduced significantly while the behavior of blood flow within
the parent artery remains almost the same as the case without
FD. Furthermore, it also should be noted that for each case, the
velocity magnitudes within IA sac stay considerably low for these
four patients when the porosity is at Level 3.

Snapshots on velocity streamlines through the FDs are shown in
Fig. 4, which were acquired at highest peak of the velocity profile.
They reveals that the struts of FD devices block the blood flow and
decrease its velocity. It can be noted that the velocities and the
complexity of blood flow within the IA sac are substantially
reduced after treatment. Furthermore, by decreasing the porosity,
the flow structures may change and, in particular, become
smoother and simpler (i.e. less swirling). The vortex size is reduced
due to the placement of FD devices and the location of vortex cen-
ter may shift from the dome to the center of the IA sac.

The variation of mean WSS of each IA sac surface during one
cardiac cycle is provided in Fig. 5. A diversity of WSS reduction/
reduction rate can be found, which will result in a great difficulty
to predict FD efficacy for different patient-specific geometries.
However, we note that the results clearly show that FDs reduce
the WSS. For each patient-specific model, after the deployment of
each FD, the peak of WSS almost occurs at same period of cardiac
cycle. In other words, the WSS curve remains relatively similar
shape as the case without FD. Another remark we would like to
point out is that, for each IA model with a porosity of level 3, the
mean WSS (even for the peak value) has been reduced consider-
ably, which may lead to a favorite condition for initializing throm-
bus formation in patients, as observed.
g flow condition for each IA. From left to right: from Patient 1 to Patient 4.

http://www.mevislab.de/


Fig. 5. The velocity magnitude distribution at peak systolic time in the pulsating flow condition for each IA. From top row to the bottom row: porosity configurations from
level 0 to level 3. From left column to right: Patient 1 to Patient 4.

Table 3
The average of mean velocity with IA sac (over one cardiac cycle) along with its
reduction percentage for four patient-specific models with different porosity
configurations.

Vsac m=sð Þ
Patient 1 Patient 2 Patient 3 Patient 4

Level 0 0.078 0.166 0.230 0.098
Level 1 0.033 0.108 0.107 0.050
Level 2 0.013 0.063 0.050 0.023
Level 3 0.005 0.030 0.032 0.011
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3.2. Quantitative analysis of the numerical simulations

In order to perform an in-depth study on the blood flow behav-
ior, the WSS and the velocity within the IA sac, were evaluated. The
average of mean velocity within the IA sac and meanWSS on the IA
sac surface for each IA are analyzed and shown in Fig. 6. As we
mentioned before, for each IA with the FD at same porosity level,
a bigger reduction can be observed in WSS than in velocity. Mean-
while, a dropping reduction rate reveals a non-linear correlation
between the porosity and the FD efficacy for each IA. Besides,
one remark we would point out is that a variation in the reduction
percentage can be observed for the four IAs (the quantitative data
can be found in Table 3 and Fig. 6). For example, the velocity reduc-
tion reached 53.2% for the IA of Patient 3 with the porosity around
Fig. 6. The reduction percentage of the average of mean velocity within the IA sac
and meanWSS on the IA sac surface for each IA with different porosity levels shown
in Table 1.
85% (level 1), while it is only 34.9% for the IA of Patient 2 under the
same configuration. Also, the FD obtains lowest efficacy for the IA
of Patient 1 when the porosity is around 85%, the FD makes highest
efficacy when the porosity is around 65%. It reveals that, even with
the porosity at the same level, the FD efficacy can vary largely
depending on the patients. This fact suggests that, the volume size,
the morphologic factors, and the inlet velocity of the IAs may also
influence the FD efficacy. For example, if we take the volume of IAs
mentioned in the beginning into consideration, the results shown
in Fig. 6 indicate that, the FDs may have a better efficacy for the
IAs with bigger volumes when the porosity is lower than 75%. In
particular, the bigger the volume of IA is, the higher efficacy the
FD may have.
4. Discussion

Previous experiments with FDs deployed into the abdominal
aortas of rabbits revealed that it may be a high risk to deploy a
FD with porosity less than 60% because of the existence of the inti-
mal coverage of branch ostia (Hong et al., 2012). We note that
based on observations from THROMBUS project, high-porosity FD
is easier to deploy and better for blood exchange between parent
vessel and cavity. Although these findings show the clinical doctors
and researchers a good path to follow, it still remains unclear to
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predict the outcome of an intervention using a FD, due to the lack
of more quantitative data.

The aim of this work is to provide a numerical study of virtual
FDs to help in understanding the effect of porosity configurations
on hemodynamics within the IAs and provide possible threshold
for optimal porosity. To achieve this aim, patient-specific geome-
tries and fully-realized FDs were used to establish numerical sim-
ulations. The virtual FDs were built based on their geometrical
parameters from the manufacturers and their deployment location
was validated by medical images.

In this study, the virtual insertion of the stent into the patient’s
vessels was proposed, which was subdivided into three steps: pre-
processing, generation of stent geometrical characteristics, and vir-
tual stent deployment. We have implemented a complete
workflow to perform a virtual stent of intracranial aneurysms
using pipeline flow diverters. Automatic level set based segmenta-
tion method was also proposed to estimate the porosity. The main
difficulty in segmentation is contouring the aneurysm neck with-
out the contour leakage. The proposed level set based segmenta-
tion method was developed to solve this problem by adding a
shape prior term to the original level set formulation. The simula-
tions have been carried out using lattice Boltzmann method.

According to our numerical simulations, there is no clear corre-
lation between the porosity and FD efficacy for different IAs, which
makes it extremely difficult to predict the FD efficacy with differ-
ent porosity levels after the deployment. However, it should be
noted that in the THROMBUS project, the clinical doctors success-
fully treated these patients with the FDs of level-3 porosity. Con-
sidering this fact and the finding that low velocity (<0.025 m/s)
is normally associated with thrombus formation (Rayz et al.,
2008; Malaspinas et al., 2016), our investigation on four patients
indicates that a value of porosity around 70% can be sufficient for
the patients to trigger the thrombus formation. Although it should
be noted that there might exist different classes of IAs (i.e. different
sizes or morphologies), for the most frequent ones, a potential uni-
versal porosity threshold may exist.

Despite the limitations of this study, our initial results suggest
that the porosity equal to 65% would be a potential threshold
which can be used as a prediction of the success of a preventive
endovascular treatment using FD. The clinical doctors may take
our study into consideration to make a patient-specific estimation
of the FD efficacy before the intervention and to select the opti-
mized device configuration for the patients.
5. Limitation and future directions

It should be noted that as the difference in diameter between
the FD struts (25 lm) and the IA vessel is more than two orders
of magnitude, it is very difficult to perform coupling calculation
between the blood flow and the IA vessel wall or FD. This diameter
difference also results in extremely high computational cost on
simulations on the FD-vessel system. Small sample size has been
a limitation in the simulation studies regarding this FD-vessel sys-
tem. In the current work, 4 patient-specific models along with FD
with different configurations were investigated. In future, more
patients will be investigated to conduct a statistical analysis on
the correlation between the FD efficacy and the porosity configura-
tion and other FD brands will be considered as well to draw a more
general conclusion.
6. Conclusions

In this article we investigated the effect of the FD porosity in the
reduction of the blood flow within the IA being an important factor
in the healing process, particularly the thrombus formation.
Numerical simulations of one 3D patient-specific IA model of
Patent 2 suggests that the efficacy of FDs is substantially associated
with the porosity configuration. In particular, the efficacy will
increase with decreasing porosity configurations (a non-linear cor-
relation). Meanwhile, it was observed that the increased rate of
efficacy of a FD slows down when we continue decreasing the
porosity, especially when the porosity is lower than 70%. The
numerical simulations of four patient-specific models show a vari-
ation in the FD efficacy with the porosity at same level. This obser-
vation suggests that morphologic factors, such as the volume and
the relative location of IA, as well as the inlet velocity can partly
influence the FD efficacy. The above facts make it hard to predict
the FD efficacy with different porosity levels for different IAs. More
patients would be needed to confirm the lack of correlation. Addi-
tionally, patient blood rheology, which affects the likelihood of clot
formation, may also need to be taken into account by the simula-
tion. However, considering the success made in the medical treat-
ments for these patients, the present study indicates that a FD with
a porosity around 70% will be sufficient for the treatment for the
patients.
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