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Abstract: Flow-diverting stents (FDSs) show considerable promise for the treatment of cerebral
aneurysms by diverting blood flow away from the aneurysmal sacs, however, post-treatment
complications such as failure of occlusion and subarachnoid haemorrhaging remain and vary with
the FDS used. Based on computational fluid dynamics (CFD), this study aimed to investigate the
performance of a new biodegradable stent as compared to two metallic commercially available FDSs.
CFD models were developed for an idealized cerebral artery with a sidewall aneurysmal sac treated
by deploying the aforementioned stents of different porosities (90, 80, and 70%) respectively. By using
these models, the simulation and analysis were performed, with a focus on comparing the local
hemodynamics or the blood flow in the stented arteries as compared to the one without the stent
deployment. For the comparison, we computed and compared the flow velocity, wall shear stress
(WSS) and pressure distributions, as well as the WSS related indices, all of which are of important
parameters for studying the occlusion and potential rupture of the aneurysm. Our results illustrate
that the WSS decreases within the aneurysmal sac on the treated arteries, which is more significant
for the stents with lower porosity or finer mesh. Our results also show that the maximum WSS near
the aneurysmal neck increases regardless of the stents used. In addition, the WSS related indices
including the time-average WSS, oscillatory shear index and relative residence time show different
distributions, depending on the FDSs. Together, we found that the finer mesh stents provide more
flow reduction and smaller region characterized by high oscillatory shear index, while the new stent
has a higher relative residence time.
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1. Introduction

A cerebral aneurysm, also known as a brain aneurysm, is an abnormal blood-filled bulge or dome
of a blood vessel, typically an artery, caused by weakening of the blood vessel due to cerebrovascular
diseases/disorders. If untreated, a cerebral aneurysm presents a high risk of rupture, and may lead
to haemorrhagic stroke—a leading cause of disability and death around the world. The mechanisms
behind the formation and developing of aneurysms have not been fully understood, but there is
evidence that high shear stress and blood velocity may provide the hemodynamic environment for
degenerative vascular injury [1]. The implantation of an intravascular device in the damaged vessel
has been proposed as a way to prevent the developing of the aneurysm and its possible rupture.
Among various devices, the flow-diverting stent (FDS), a self-expandable, strut-braided, mesh device,
is presently widely used for treating aneurysms, where intra-aneurysmal flow reduction induces
progressive aneurysm thrombosis in most patients. The degree of flow modification necessary to
induce a complete aneurysm occlusion among patients is not yet clear due to the complexity involved
in the changed hemodynamics upon the use of stents. However, the changed hemodynamics are very
important for planning the correct treatment [2–4]. Studies have been recently published regarding
this topic and it is generally accepted that the success of FDS treatment with a satisfactory aneurysm
occlusion depends on the changed hemodynamics [5,6]. Furthermore, it is recognized the porosity
of stents plays an important role in the changed hemodynamics; lower porosity can reduce the
blood flow into the aneurysm, thus increasing the likelihood of aneurysm occlusion. On the other
hand, lower porosity can increase stent stiffness, thus introducing difficulties in stent deployment
as well as the possibility of harming arterial walls from the excessive radial force [7]. Typically,
the FDA-approved endovascular stents for cerebral applications have porosities between 80% and
90% [7]. The stent design influences stent performance in reducing the aneurysmal inflow [7,8].
During last decades various evaluations of the hemodynamic changes in an aneurysm due to the
presence of FDSs have mostly been conducted in vitro and/or by means of numerical studies. Lieber
and coworkers extensively studied the aneurysmal flow circulation in the presence of a FDS, illustrating
that the capability of diminishing the inflow is a function of the stent shape and strut diameter [9,10].
Studies on the stent effects on aneurysm circulation have also been carried out by using computational
fluid dynamics (CFD) [1,7,8,11–14]. For example, the effects of stent mesh shape were investigated
by Aenis et al. [11], Rhee et al. [15] Bando and Berger [16], Stuhne and Steinman [17] and Cebral
and Lohner [18]. More recently, Larrabide et al. [19–21] analysed the change of flow pulsatility in
the aneurysm post the FDS treatment. Some other studies have investigated and evaluated the
flow reduction within aneurysmal sacs, depending on aneurysm morphology [22–24] and inflow rate
boundary conditions [25]. Recent studies have investigated the connection between hemodynamics
and treatment outcomes [5,26–29]. Although experimental and numerical studies and additional
clinical trials have already led to significant advances in this field, the effects on local hemodynamics
have not been fully understood [21,26,30]. Besides complete aneurysm occlusions in the majority of
the FDS-treatment cases, post surgical and long term aneurysm ruptures have also been reported [31].
In this study we propose a new design of biodegradable coarse-mesh stent and we evaluated its
performance, as compared to two finer-mesh commercial stents. The aim of the study is to evaluate its
capability of reducing the aneurysmal flow and promoting the desired occlusion. This new stent can
be fabricated by the dispensing-based rapid prototyping (DBRP) technique that allows for accurate
control over the microstructure of the device, thus facilitating the repeatability and precise control over
the stent struts [32,33]. With the aforementioned aim, we have employed CFD to numerically evaluate
the flow reduction and hemodynamics variables including the wall shear stress (WSS). In addition to
the blood flow velocity and pressure, WSS and WSS-related indices can provide important additional
information for assessing aneurysm occlusion, risk of aneurism rupture, and development of stenosis,
which are frequently reported as the complications of FDS treatment [31]. In the present study,
we investigated how the fine mesh stent affects the reduction of the WSS related indices including time
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average wall shear stress (TAWSS) and oscillatory shear index (OSI) distribution. Also, we suggest the
necessity of evaluating flow structures and WSS-related indices for analysing the FDS performance.

2. Materials and Methods

2.1. Assumptions for Model Development

For the model development in this study, we assume that;

• The blood vessels are rigid and the blood flow is incompressible and of a non-Newtonian fluid.
• The blood simulations are performed as unsteady and laminar.
• The boundary condition, i.e., the time-dependent mass flow is adapted from the literature and

imposed at the model inlet and outlet.
• Model extensions have been added to the model for guaranteeing that the blood flow in the region

of interest (within the artery) is fully developed.

2.2. Geometry: Idealized Aneurysm Model

The vessel considered in this work is an idealized cerebral artery harboring a saccular aneurysm
represented in Figure 1. The artery is considered as perfectly straight and a sidewall aneurysmal balloon
was added in the middle of the vessel. The arterial dimensions were taken from the literature [7].
The idealized sidewall aneurysm model was created by means of the commercial package Rhinoceros
c© (Robert McNeel and Associates, Seattle, WA, USA). The model consisted of a spherical sac attached

to the side of a straight vessel tube as shown in Figure 1. In particular, the aneurysm diameter was
19 mm while the artery diameter was 4.75 mm. The width of the aneurysm neck was 10.7 mm and
the aspect ratio (the maximum height of the dome divided by the width of the aneurysm orifice)
was 1.68 [7]. The aneurysm and stent geometries were separately reconstructed by means of the
aforementioned software package. Then, these were merged in single geometrical models that were
later imported and meshed in Ansys ICEM-CFD, Version 16.0 (ANSYS Inc., Canonsburg, PA, USA) as
described in the next section.

Figure 1. Idealized models of the aneurysmal cerebral artery: (a) control case, (b) STENT BS,
(c) STENT 1, (d) STENT 2. The aneurysm and artery diameters are 19 mm and 4.75 mm, respectively.
The width of the aneurysm neck is 10.7 mm and the aspect ratio (i.e., the maximum height of the dome
over the aneurysm width) is 1.68.

2.3. Flow Diverting Stents

The new stent and two higher-porosity commercial stents were considered in this study.
The commercial devices are representatives of commercially-available stents with T- and W-screen,
respectively. The W-screen stent (STENT 1) is manufactured by laser-cutting of a thin-wall tube
resulting in rectangular strut cross-sections, while the T-screen (STENT 2) is manufactured by
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double-helical woven wires with round strut cross-sections. Figure 2 depicts the three devices,
where the resulting mesh patterns of the T-screen and W-screen models are shown. The commercial
computer aided design (CAD) software Rhinoceros was used to reproduce the three-dimensional
geometry of the stents (see Figure 2). The porosities of the stent models are different, around 90% for
the new designed device, 80% for the STENT 1 and around 70% for the STENT 2 (see the mesh
patterns in Figure 2). The stent porosity was calculated by the ratio of the void surface to the
total surface of the stent cylinder [7]. The three stents were of the same length and of the same
external vessel diameter for facilitating the cerebral artery merging process. The main dimensions
of the three devices are summarized in Table 1. The new device (STENT BS) is a biodegradable
polymeric stent with a zig-zag configuration, manufactured with a strand diameter down to 0.4 mm
and fabricated by means of the DBRP technique, allowing for a more accurate control over the stent
struts yet facilitating its fabrication and repeatability [32]. The conventional methods of fabricating
biodegradable stents in fact are typically to braid monofilaments of biodegradable polymer into a
tubular structure [34], which are time-consuming, expensive, and lacking precise control over the
device microstructure [35,36]. Notably, the aforementioned new stent is of a design that is inspired by
conventional commercial devices but it is particularly suitable to be fabricated from biodegradable
materials by means of the DBRP technique [32].

Figure 2. Mesh patterns of the considered FDSs with different porosities (90, 80, and 70%). From the
left to the right are STENT BS, STENT 1 and STENT 2.

Table 1. Dimensions of the flow diverting stents used.

Thickness (mm) Length (mm) Diameter (mm)

STENT BS 0.4 40 4.75
STENT 1 0.1 40 4.75
STENT 2 0.1 40 4.75

2.4. Numerical Analysis

The computational meshes were generated using the commercial software Ansys ICEM CFD,
Version 16.0 (ANSYS Inc., Canonsburg, PA, USA). Due to the complexity of the geometry in the
presence of stents, the grids were composed of unstructured tetrahedral elements. Finer mesh with
smaller tetrahedral elements were used to resolve the stent struts (see Figure 3). To ensure independent
results from the mesh element size, a mesh independency study was carried out by using the mesh
convergence criterion based on the WSS and the intra-aneurysmal velocity. In particular, we considered
it as converged if the mesh results in WSS and velocity profiles within 2.5% from the finest tested
mesh [21]. Convergence was reached with an element size around the stent strut of 0.015 mm and a
global tetrahedral element size of 0.3 mm. The total number of mesh elements ranged from 0.4× 106

to 12× 106 elements for both untreated and treated models. Unsteady CFD simulations for both
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treated and untreated geometrical models were carried out on the commercial software Ansys CFX,
Version 16.0 (Ansys Inc., Canonsburg, PA, USA). Notably, in many previous studies of computational
hemodynamics of cerebral aneurysm, the blood is simplified of being a Newtonian fluid, which
may not be always true [11,37]. For improvement, in the present study we took the rheology of
a non-Newtonian fluid into account by employing the constitutive model in which the dynamic
viscosity decreases as the shear rate increases. In particular, we used the Carreau-Yasuda model that
has been demonstrated as more appropriate than the Newtonian model for low shear rates [37,38].
The constitutive equation of the Carreau-Yasuda model is given by [39–41]:

µ = µ∞ + (µ0 − µ∞)

[
1 +

(
λγ̇

)a
] n−1

a

(1)

where µ0 = 0.056 is the viscosity at zero shear rate expressed in [Pa · s], µ∞ = 0.00345 is the viscosity
for an infinite shear rate expressed in [Pa · s], λ = 3.313 is the relaxation time expressed in [s], n = 2
is the power exponent and a = 0.64 is the Yasuda exponent [39]. The blood density was set to
1050 kg/m3. The vessel wall was assumed to be rigid with a no-slip boundary condition. A flow rate
waveform was used as the inlet and outlet conditions, since the model is not compliant. In particular,
a time-dependent velocity waveform in an intracranial aneurysmatic cerebral artery was taken from
literature [42]. This waveform was adapted to our models for computing the mass flow at the inlet.
The obtained waveform that represents a time-dependent mass flow was imposed at the inlet and
at the outlet of the model, which were extended to ensure fully developed flow in the region near
the stent and the aneurysm. The resultant time dependent mass flow is represented in Figure 3a).
Cardiac cycles of 1 s were discretized in time steps of 0.001 s. The main variables such as velocity and
pressure were set initially to zero for facilitating convergence. To reduce the effect of initial transients
at the beginning of the computation, three complete cardiac cycles were computed and data from the
last one was stored for subsequent analysis [19,21]. Typically, the results could be influenced by the
convergence obtained at the beginning of the simulations and by the initialization of the variables
(either automatic or user-defined). Computing three consecutive cardiac cycles assures a convergent
solution and transient-independent results.

Figure 3. Model computational domains. (a) control case (in purple) including extensions (in light
blue) and time-dependent mass flow extracted by [42] imposed at the inlet and at the outlet of the
models. (b) Close-up view on the interface between the tetrahedral elements of the artery (in purple)
and the hexahedral elements of the extension (in light blue). (c) Close-up view on the aneurysm and on
the region of interest of the artery (in purple). (d–f) Close-up views showing local refinement around
the stent struts for the three flow diverters.
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2.5. Hemodynamics Parameters

The WSS and its related indices has been extensively used in human hemodynamics for studying the
performance of coronary stents [40,41,43–49]. Although they have been used as significant morphologic
and hemodynamic parameters for assessing intracranial aneurysm rupture [50–52], their application for
evaluating the performance of FDSs has been rarely performed. In general, the blood flow field and
pressure have been used as parameters to assess the performance of the FDS treatment [1,3,4,8,20–22,53].
In this regard, we believe that it is rational to evaluate WSS-related variables to quantify the changed
hemodynamics upon the stent implantation. By using the aforementioned models, we evaluated velocity,
pressure and WSS-related variables such as time average wall shear stress (TAWSS), oscillatory shear
index (OSI) and relative residence time (RRT). As noted previously, all the variables were evaluated
during the third computed cardiac cycle for each aneurysm with or without the deployment of a FDS.
All hemodynamic factors were registered at every time step. The WSS-related variables were computed
starting from the instantaneous WSS vector ~τw registered at each time instant of the cardiac cycle (T).
The TAWSS for a pulsatile flow represents the spatial distribution of the tangential, frictional stress caused
by the action of blood flow on the vessel wall temporally averaged on the entire cardiac cycle. It can be
calculated by integrating the WSS vector over the cardiac cycle, i.e.,

TAWSS =
1
T

∫ T

0
|~τw|dt (2)

The OSI is a non-dimensional parameter that measures the directional change of WSS during the
cardiac cycle [54]. OSI is often used to describe the disturbance of a flow field. It is defined by:

OSI = 0.5

(
1−
|
∫ T

0 ~τwdt|∫ T
0 |~τw|dt

)
(3)

A combination of TAWSS and OSI reflects the residence time of blood near the wall as proposed
by Himburg et al. [55]. Thus, a new metric termed RRT can be defined to quantify the state of
disturbed flow:

RRT =
1

(1− 2 ·OSI) · TAWSS
=

1
1
T |
∫ T

0 ~τwdt|
(4)

RRT is an additional hemodynamic factor to describe the slow fluid motion near the aneurysm
wall [54,56]. It is especially important when considering vascular diseases such as aneurysms because
the reduction of blood flow within the aneurysm sac is the principal role played by FDSs. As such,
this index can provide the measurement of the flow blockage that leads to the thrombosis post the
stent treatment.

3. Results

In the present study, the mean velocity of blood flow within the sac as well as the wall shear stress
and their associated hemodynamics variables have been computed in order to quantify the influence
of different stents. As noted previously, a variety of criteria have been formulated and used in the
literature to quantify hemodynamic effects so as to predict the risk of aneurysm rupture. Not only
the instantaneous wall shear stress distribution but also its spatial or temporal variation has been
considered as the suitable index to predict rupture [50–52]. There is no real agreement within the
research community about the most relevant parameters yet [22]. In this work, classical hydrodynamic
quantities were computed and combined to represent the changed hemodynamics in the cerebral
aneurysm after the FDS treatment. In particular, the residual residence time RRT was evaluated and
used to quantify the tendency toward thrombus formation [7], thus allowing the evaluation of the FDSs
performance. The flow structures and the spatial distribution of the pressure and of the WSS-related
indices are depicted in Figures 4–6. The main values quantified from Figure 7 are listed in the Table 2.
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Figure 4. On the left are the streamlines emitted from inlet and neck colored with the local velocity
magnitude, on the right are the velocity magnitude depicted on a transverse plane; for the cases of
(a) control case, (b) STENT BS, (c) STENT 1, and (d) STENT 2.
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Table 2. Summary of the simulation results.

Flow (Kg/s) (mm) Max TAWSS (mm) Max OSI (mm) Max RRT (mm)

Control case 1.28× 10−6 3.43 0.49 41.09
STENT BS 6.75× 10−8 5.09 0.48 54.25
STENT 1 4.47× 10−8 4.29 0.48 48.42
STENT 2 3.82× 10−8 3.56 0.47 42.42

3.1. Aneurysm without Treatment: Control Case

In Figure 4 the streamlines colored with the local velocity magnitude are shown in the
aneurysmatic sac before treatment. Coinciding with other studies [22,57], the blood flow within
the aneurysm enters from the distal portion of the aneurysm neck and swirls around the periphery of
the aneurysm sac with a slower velocity. Finally, the flow leaves the sac in the proximal region around
the inflow zone (see Figure 4a). The pressure within the sac is almost constant and similar between
the control case and the stented cases (see Figure 5). Also, in agreement with the previous study [24],
the pressure drop is very small despite the presence of the aneurysm. The WSS at the peak flow of
the cardiac cycle is almost constant along the parent vessel upstream of the aneurysm except at the
entrance of the sac, where the changes in velocity direction are registered. In the sac, much smaller
WSS values were found in comparison with the vessel, as reflected by the TAWSS (see Figure 6a).
As an average computed variable, the TAWSS attenuates and smooths the spatial differences. Larger
values are depicted at the junction of the artery with the neck. The maximum TAWSS is found at the
bottom of the proximal neck region, with a maximum value around 6 Pa, almost two times of the value
observed in the parent vessel just upstream of the aneurysm. The OSI for the untreated artery had
large values in the proximal region of the sac near to the vessel. This finding agrees with previous
studies, indicating that high OSI is of an aneurysmal risk factor [50]. Finally the RRT shows higher
values and hence higher residence of flow particles at the top of the sac. From the theoretical point of
view, it is believed that for an aneurysmal flow with vortical structures, the flow near the wall tends to
be recirculating, slow, and oscillatory. Thus, the average TAWSS tends to be low while the OSI tends to
be high. The area exposed to low shear stress tends to be large and the time spent by the fluid particles
near the wall tends to increase provoking a high RRT.

Figure 5. Pressure contours for the cases of (a) control case, (b) STENT BS, (c) STENT 1, and (d) STENT 2.
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Figure 6. First row are the spatial distribution of the TAWSS, second row are the spatial distribution
of the OSI, and third row are the spatial distribution of the RRT; for the cases of (a) control case,
(b) STENT BS, (c) STENT 1, and (d) STENT 2.

3.2. Aneurysm under FDS Treatment: Flow and Velocity Field

Stenting leads to considerable hemodynamic modifications as shown by the reduction of peak
velocities (compare Figure 4a to Figure 4b–d). The reverse flow (from left to right) near the aneurysm
dome becomes slowdown, which is more profound with the case of STENT 2. Before leaving the
sac in a direction almost parallel to the upper wall of the parent vessel, the flow accelerates slightly.
The observed streamlines at the peak flow during the cardiac cycle within the sac are of indications of a
high stenting efficiency, particularly for the case of STENT 2. The reduction of peak velocity and of the
flow inside the sac provokes an increase of the flow inside the vessel as visible in Figure 4a–d through
3D velocity streamlines and 2D velocity magnitudes depicted on transversal planes. This increase
is particularly significant for the new designed biodegradable stent. However, the new design has a
higher porosity and as such, affects the flow reduction as compared to the other two stents (Figure 4b
and Figure 4c,d). It is noted that the degree of reduction and the distribution of flow through the neck
depend on the orientation of stent struts [58,59]. The reduction of mass flow inside the aneurysmatic
sac is shown in Figure 7a for the cases of stents as compared to the untreated aneurysms. It is seen
that a significant reduction of flow is achieved with all stents, especially for case of STENT 2.

3.3. Aneurysm under FDS Treatment: TAWSS Distribution

The results show a slight reduction of TAWSS within the aneurysm sac for all stented cases.
However, around the neck of the sac a general increase of very small regions of high TAWSS is seen for
all stented arteries (Figure 7b). Generally, the results presented in the first row of Figure 6a show the
trends similar to those already discussed concerning the mean velocity (Figure 4a). In all cases, stenting
leads to the reduction of peak WSS and, as a consequence, of the TAWSS within the aneurysm sac
(Figure 6a–d). This reduction, however, is not much different among the three stents seem, indicating
their similar performance in this regard. The increase at the aneurysmal neck for all stented cases may
have lead to the possible rupture of the aneurysm after treatment. These regions seem less accentuated
for the case of STENT 2.
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Figure 7. (a) Flow reduction promoted by FDSs, (b) peak TAWSS, (c) OSI, and (d) RRT (d) in the
aneurysmatic sac for the artery without treatment and in the presence of the three considered stents.

3.4. Aneurysm under FDS Treatment: OSI Distribution

In the literature it was reported that the value of OSI for ruptured aneurysm is higher than
that for unruptured aneurysms [50]. For evaluating the performance of FDS, OSI is of a meaningful
parameter to be taken into account. In this work, we evaluated the OSI for each treated aneurysm,
as compared to the case without treatment (Figure 6). We noticed the region of high OSI proximal to
the sac, which may be caused by the recirculation inside the aneurysm. The variation of peak OSI
is shown in Figure 7c. It is seen that all stents promote a slight reduction of this variable and that
the case of STENT 2 has the best result. From Figure 6 we can also see that all stents are capable of
reducing the highest OSI region and that this reduction is accentuated for the case of STENT 2 and
more attenuated for the other two cases (i.e., STENT BS and STENT 1).

3.5. Aneurysm under FDS Treatment: RRT Distribution

From the stenting-efficiency point of view, the RRT is of the most interesting variable as it is a
measurement of the relative increase of blood residence time within the aneurysm sac. This variable
allows for the global analysis of hemodynamic changes and thrombus formation in the sac [22].
In the Figure 6 it can be seen that stenting leads to an increase of RRT within the aneurysm sac.
STENT 2 with a low porosity shows a similar spatial distribution with respect to the control case;
while STENT 1 has higher values. The biodegradable stent seems to provide the largest increase in
RRT (by comparing the third row of Figure 6d with Figure 6a to Figure 6c). This increase may be
explained by the large high OSI region caused by the biodegradable stent due to the lower diverted
flow and the induced change in flow structures (Figure 4a–d). As reported by Himburg et al. [55],
high RRT is characterized by low velocity with low WSS and oscillatory flow with high OSI. OSI is
insensitive to WSS magnitude; locations with low WSS could not necessarily be identified as sites
of high OSI because low WSS may simply results from a decrease of the flow velocity without any
local flow recirculation. Our results shows that the high RRT in the case of biodegradable stent is
reached with low, but not oscillatory, WSS and high OSI around the aneurysmal dome. From the third
row of Figure 6, it is seen that the highest RRT values are reached in very small locations near to the
aneurysmal neck. This is due to the local oscillation of the flow, as seen from the streamlines (Figure 4).
As a result, at the same location, all stented arteries have higher OSI values than the one without stent.
The variation of peak RRT for the different stents is shown in Figure 7d. It is seen that PRT reached
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its maximal value at the dome rather than the area near the neck and among them, STENT 2 has the
highest RRT. These results suggest the necessity of computing the RRT so as to provide the information
on the flow motion near the aneurysmatic wall as well as the information on the FDS-induced flow
blockage inside the aneurysmatic sac as reflected by OSI.

4. Discussion

In the recent years, the endovascular techniques for treating cerebral aneurysms have shown
significant advances although, they still need to be improved [22]. Intravascular stenting is presently
one of the most used treatment methods even though their effect on the flow has not been completely
explained from the scientific point of view. For treating cerebral aneurysms with flow diverters, a deep
knowledge of the associated hemodynamic changes is always needed for optimizing the treatment
performance of the stents. FDSs are considered promising for reducing blood flow into and thus
occluding the aneurysmatic sac. While in the past these devices were used in association with other
techniques, many studies have demonstrated that they can be potentially used alone [8,10,11,58].
Also, it has been shown that the porosity has emerged as one of the very important parameters for the
success of FDS treatment [1,7,9]. This parameter is important to the hemodynamics changes in the
artery, such as the changes in blood flow velocity and pressure, thus affecting the thrombosis. Despite
many encouraging studies, the outcomes of cerebral aneurysms treated by FDSs remain uncertain
and unpredictable. For example, some modifications that could be induced by the FDS for facilitating
the desired hemodynamic environment are still unknown [4,22,50]. Very recently Ouared et al. [4]
investigated the aneurysmal hemodynamic changes before and after FDS treatment; and they also
examined the potential hemodynamic reduction thresholds by analysing velocity, WSS, and pressure
pre- and post- stent treatments. Furthermore, they suggested a velocity reduction threshold for the
aneurysm thrombosis. Unfortunately, no other hemodynamic indices have been reported in this
regard. Only a few studies have analyzed the WSS related variables [50,52] and used them in assessing
aneurysmal rupture [22,29]. A better understanding of the post treatment conditions would help
the design of new devices for treating aneurysms. For this, in this work we have analyzed various
hemodynamics quantities (velocity, pressure, TAWSS, OSI and RRT) within an idealized cerebral
aneurysmatic artery in the presence of a new FDS design. Its performance has been compared with
those of other commercial designs. The hemodynamic variables examined in this study could help
identify the risk of aneurysm rapture [50]. In particular, TAWSS and OSI are recognized to be strong
indicators for determining whether or not an aneurysm will rupture as reported by Xiang et al. [50].
Previous studies have demonstrated that low WSS and high OSI regulate endothelial surface adhesion
molecules, causing dysfunction of flow-induced nitrous oxide, increasing endothelial permeability,
and thus, promoting atherogenesis and inflammatory cell infiltration [60]. The inflammation process
caused by this hemodynamic environment may promote degradation of the aneurysm wall, and
possibly lead to the aneurysm rupture [50,60]. In this study we also compute the RRT, which is
associated with the flow blockage in the aneurysm. This parameter is directly correlated with TAWSS
and OSI and has been very rarely evaluated for assessing FDS performance though it can provide
the information on of the flow motion near the arterial wall. The biodegradable stent showed the
largest increase in RRT despite a similar flow reduction due to its larger porosity. This would be
explained by examining the OSI spatial distribution on the aneurysmal dome. The maximal value was
found in a specific region in all stented cases, the case of STENT BS showed higher values around
the dome as compared to the other two cases (STENT 1 and 2). This result suggests the necessity
of evaluating the variable of RRT in addition to the flow reduction. Many of previous studies have
focused on the blood flow, velocity and pressure. However, WSS-related indices, especially OSI and
RRT, are important for assessing the hemodynamics conditions, as modified by the use of FDSs [22],
and are able to provide information related to the post-treatment ruptures and/or branch stenosis
among other complications [31].
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5. Limitations

The present study is preliminary and the obtained results are subject to following limitations.
Firstly, the reported capability of the stents for reducing the blood flow is based on numerical
simulations, which may be premature due to the lack of experimental validation. Even though,
our work has successfully developed CFD-based methods for comparing the treatment outcomes of
aneurysms treated by different FDSs, with the first insight into the main properties of the considered
stents. Secondly, the models and simulation results did not consider the interaction between blood
flow and arterial walls, or the arterial compliance and stent geometrical changes. Thus, this study
reveals the information on the flow patterns and the WSS indices, rather than the information related
to the change of aneurysm structure. Also, the rigid walls could inherently influence flow patterns.
However, the importance of the FSI when modelling cerebral aneurysms is still being debated in the
literature since the human intracranial arteries are stiffer than other arteries. For this reason, the impact
of the vascular motion on the hemodynamics may be limited [42,61]. At last, the idealized virtual stent
configurations used in the present work may be different from the real one due to the patient specific
artery and other patient conditions.

6. Conclusions

In this study, we presented a simplified CFD model consisting of a spherical aneurysm on a
straight artery, where three different stents - a new design and two commercial devices, were deployed,
respectively, for treatment. Our CFD-based simulation illustrated that the deployment of the stents
resulted in the reduction of flow, as indicated by the decrease in the mean velocity within the aneurysm.
Our results of WSS-related indices also showed that the finer mesh stent with the lowest porosity had
the best performance in terms of the reduced flow, TAWSS and OSI and that the new stent of a more
porous construct had a higher RRT, thus likely contributing to the aneurysm occlusion, suggesting
its flow structure may be more appropriate. This result also suggests the necessity of evaluating flow
structures and WSS-related indices in addition to the capacity of the device of reducing the flow,
the WSS and the pressure. It should be noted that, although the aneurysmal model developed in this
study is simple, it would serve as a base to develop patient-oriented models for continuing research in
this direction.
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