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Abstract

:

Flow diverting stents are deployed to reduce the blood flow into the aneurysm, which would thereby induce thrombosis in the aneurysm sac; the stents prevent its rupture. The present study aimed to examine and quantify the impacts of different flow stents on idealized configurations of the cerebral artery. In our study, we considered a spherical sidewall aneurysm located on curved and tortuous idealized artery vessels and three stents with different porosities (70, 80 and 90%) for deployment. Using computational fluid dynamics, the local hemodynamics in the presence and absence of the stents were simulated, respectively, under the assumption that the blood flow was unsteady and non-Newtonian. The hemodynamic parameters, such as the intra-aneurysmal flow, velocity field and wall shear stress and its related indices, were examined and compared among the 12 cases simulated. The results illustrated that with the stent deployment, the intra-aneurysmal flow and the wall shear stress and its related indices were considerably modified depending on both stent and aneurysm/artery geometries, and that the intra-aneurysmal relative residence time increased rapidly with decreasing stent porosity in all the vessel configurations. These results also inform the rationale for selecting stents for treating aneurysms of different configurations.
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1. Introduction


The cerebral aneurysm is a potentially deadly degenerative vascular disease that can initially be asymptomatic. The physical processes that cause its formation are still being investigated, but many studies in this field have highlighted the importance of the local hemodynamics on the development of the aneurysm once it is present in a cerebral vessel [1,2,3,4]. Due to local blood recirculation, the aneurysmatic sac may rupture, leading to high rates of morbidity and mortality [5]. It is estimated that   8 %   of all strokes are caused by ruptured aneurysms [6].



So-called flow diverting stents (FDSs) can be placed inside a cerebral artery for the prevention of aneurysm rupture using a minimally invasive procedure. They are currently considered a promising alternative to traditional methods, such as coiling and clipping [6]. The FDS induces a flow reduction within the aneurysmatic sac, promoting a progressive aneurysm thrombosis in most patients. Slow blood flow recirculating inside the sac may lead to aneurysm occlusion if the necessary changes to the hemodynamics occur. Knowledge of the hemodynamics is crucial to planing an effective treatment and improving the designs of FDSs [7,8,9,10], but unfortunately, they are still not fully understood. For that reason, this topic has been attracting significant interest from the scientific community and it is generally accepted that the success of a FDS procedure depends mainly on the induced hemodynamics [11,12]. In particular, the porosity of the device is recognized to have a significant role in the flow reduction and in the rigidity of the stent. A lower porosity promotes flow reduction within the aneurysmatic sac but it also leads to a high rigidity of the stent structure. In contrast, a device with a higher porosity is less effective at limiting flow into the aneurysm, but it is more flexible and can better adapt to the tortuous cerebral vessels [13]. In general, the evolution of new FDS technology has largely extended the usefulness of endovascular therapy. Innovative devices with better combinations of porosity and flexibility have been introduced with variable degrees of success [14,15]. Moreover, the role of the design of a FDS in determining the effectiveness of the endovascular therapy is now well established [16].



Computational fluid dynamics (CFD) have been used to study the reduction of flow within the aneurysmatic sac, analyze a number of hemodynamics indices as functions of different stent designs and determine the influences of the strut shape and size [2,13,17,18]. The design of the stent has been analyzed within patient-specific cerebral vessel models by several authors [11,19,20,21,22,23,24,25]. On the contrary, idealized models have also been frequently used for assessing the influences of the vessel geometry, aneurysm size and location on the effectiveness of the treatment [6,13,26,27,28,29]. Notwithstanding the extensive work that has been performed over previous decades, [19,25,30] the real relationship between the indices local hemodynamics and clinical outcomes is still unclear. Treatment with FDS has been reported to be capable of promoting complete aneurysm occlusion in the majority of cases, but long term patency and delayed ruptures have also been reported as consequences [31]. The results summarized by Lieber and coworkers [16] from about 20 flow studies on idealized, in vivo, and patient-specific geometries suggest a spectrum of flow diversion responses. Flow diversion reduces the intraneurysmal flow activity in idealized/simplified sidewall-type geometries by about 75–95%, by about 20–40% in bifurcation-type geometries and by around 60% in in vivo aneurysms. Reduction in the intraneurysmal flow activity in clinical cases is 20–30% in bifurcation geometries and around 80–90% in sidewall geometries.



The specific geometric configuration of the cerebral arteries influences the blood flow after stent placement [6], and the intra-aneurysmal hemodynamics also vary due to the vascular deformation induced by the presence of such a device [32,33]. Consequently, the hemodynamics properties used to describe the flow within the artery also change [33]. Since these indices are very important for predicting aneurysm rupture and stent performance [34], their evaluation is critical for assessing the effectiveness of the treatment.



In the literature, a considerable number of studies using idealized and patient-specific models have been published in recent years. However, how the geometry of the artery affects the stent efficiency is still unclear and it is investigated in this study. The aim of the present work is the systematic analysis of the effects of different stent designs on the hemodynamic environment within a sidewall aneurysm considering different idealized geometries. In order to quantify the influence of implants on the hemodynamics, the present numerical study considers an idealized sidewall aneurysm with three different arterial configurations, two curved and one tortuous, resulting in a total number of 12 different models. The impacts of three different stents with different porosities are investigated to obtain a quantitative understanding of the aneurysmal flow in these different models. For evaluating the stent-induced flow modifications, we consider a number of hemodynamic parameters that are recognized to play a central role, such as the intra-aneurysmal flow reduction and the wall shear stress (WSS)-derived indices. In particular, the relative residence time relative residence time (RRT) has been computed and quantified, as it has been recognized as especially suitable to quantify the tendency towards thrombus formation [6,35,36,37], although it is rarely used for evaluating the stenting efficiency.




2. Materials and Methods


2.1. Idealized Aneurysm Model under Different Geometrical Configurations


The cerebral artery considered in this work is an idealized vessel in the presence of a balloon aneurysm. Since the blood flow within the aneurysm mainly depends on the geometry, we created a variety of geometrical configurations. In particular, three different configurations have been considered, as shown in Figure 1. The artery dimensions and the baseline straight configuration considered in this study are based on the geometry proposed by Kim et al. [13]. The geometrical features of this baseline model are depicted in Figure 1a).



All the geometries considered were created by means of the commercial package package SolidWorks   ®   (Dessault Systèmes, Vélizy-Villacoublay, France). In a similar way as performed in the literature [6,13], in order to simplify the model and eliminate patient variability but still remain close to physiological configurations of the aneurysmatic vessels, in the present work we built different geometries. They were geometrical modifications of the straight artery with a saccular aneurysm, as presented in [28]. Two bend configurations of the artery were obtained starting from the straight baseline configuration and then curving the vessel centerline in the vertical and lateral directions (V-bent and C-bent arteries, respectively), as can be seen in Figure 1. In both cases, the inner bend angle is approximately   70 ∘  [13]. Additionally, a complex bend (S-shaped) configuration of the artery was considered. The latter is composed of two bend configurations with an inner bend angle of   90 ∘   each (see Figure 1). The values of the selected angles have been chosen depending on the feasibility of the stented geometries. In fact, due to the presence of the stent, it is not necessarily possible to obtain certain degrees of bending.



Finally, note that the V-bent and C-bent configurations have the same artery and aneurysm geometries but different growth directions on the artery; the S-bent configuration has a different artery geometry from the V-bent and C-bent cases, but the same aneurysm geometry and the same growth direction on the artery.




2.2. FDS Geometries


The performances of three flow diverting stents with different designs and porosities were compared along with the different artery configurations. In particular, the typical T-screen and W-screen stents were compared with a recently designed stent of higher porosity [28] (X-screen). The three-dimensional geometries of the stents can be seen in Figure 1. The W-screen-based stent has rectangular cross-sectioned struts and is manufactured by laser-cutting of a thin-walled tube. It has a porosity of about   80 %  . The T-screen-based stent is a round sectioned strut manufactured by double-helical woven wires, and has a porosity of about   70 %   (see Figure 1). The newly designed stent has a zig-zag configuration (X-screen), manufactured with a strand diameter down to 0.4 mm; it was realized at the University of Saskatchewan [38]. It has porosity of about   90 %   and was fabricated with the emerging dispensing-based rapid prototyping (DBRP) technique, which facilitates the fabrication of stents with excellent repeatability [38]. Hereafter, the three stents are named STENT 1 (X-screen), STENT 2 (W-screen) and STENT 3 (T-screen). Stent porosity was calculated by the percent ratio of the void surface to the total surface of the stent cylinder [13,28]. The three-dimensional geometries of the stents were created with the commercial package SolidWorks   ®   (see Figure 1). In a second stage, the stents were merged with the straight configuration of the artery that was finally curved and made tortuous using its centerline, as explained above. The three stents were generated to have the same length and external vessel diameter for the purposes of comparison. The main dimensions of the three stents are summarized in Table 1.



Finally, the geometries were exported as IGES files (Initial Graphics Exchange Specification) and imported into the commercial software package Ansys Inc., Version 16.0 (ANSYS Inc., Canonsburg, PA, USA) for creating the computational meshes and numerical models and performing the computations.




2.3. Summary of the Considered Cases


The simulations carried out in this work are summarized in Table 2. Each geometrical configuration included a simulation of the cerebral artery without a stent and with each of the three devices. As explained previously, the blood flow within the aneurysm mainly depends on the artery’s geometry [6]. As a consequence, it was crucial to consider a variety of geometrical configurations in order to generalize the findings. With this purpose, a total number of 12 simulations were systematically studied.




2.4. Numerical Discretization, Blood Rheology and Boundary Conditions


All geometries were imported into the commercial package IcemCFD, Version 16 (ANSYS Inc., Canonsburg, PA, USA) for the generation of body-conforming volumetric grids. The computational meshes were composed of tetrahedral elements.



IcemCFD creates computational grids utilizing user-specified parameters. In particular, the physical domain of each model was firstly reduced into a number of regions. Then, different mesh densities were used for each region: a finer mesh with smaller tetrahedral elements was used in the regions around the stent struts, due to their small dimensions. For ensuring a correct resolution of the velocity and hence a proper computation of the wall shear stress and its variables, the numerical mesh was refined near all walls. In addition, a grid independence study was carried out prior to performing the present simulations. Details can be found in a previous study [28] that was used as a basis for generating the numerical grids in the present work. The total number of mesh elements ranged from approximately   0.3   to   20 ×  10 6    elements depending on the presence or not of the intravascular device and on the size of the stent. The final grids used in this study are summarized in the Table 3.



Unsteady CFD simulations for the 12 geometrical configurations considered were carried out using the commercial software Ansys CFX, Version 16.0 (Ansys Inc., Canonsburg, PA, USA). Blood flow was modeled as an incompressible and non-Newtonian fluid by means of the Carreau–Yasuda model. This model, among others, is largely used in the literature for the simulation of hemodynamic disorders [28,33]. The constitutive equation that represents this model is:


   μ  e f f   =  μ ∞  +  (  μ 0  −  μ ∞  )  ·   1 +   λ  γ ˙   a     n − a  a    



(1)




where    μ 0  = 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   the Yasuda exponent. The blood flow was set to 1060 kg/m   3  . The vessel wall was assumed to be rigid with a no-slip boundary condition. As in the previous study [28], a time-dependent flow waveform found in the literature [39] was imposed at the inlet and outlet of the model using uniform velocity profiles. For that reason, the inflow and outflow regions were extended sufficiently to provide fully developed flow in the region near the device and to reduce the influence of the boundary conditions on the computational domain. Cardiac cycles of 1 s were discretized in time steps of 0.001 s [28]. Finally, three cardiac cycles were computed for each simulation in order to damp the initial transients. The flow regime has been considered as laminar as the inflow Reynolds number based on the peak flow at systole was 604.




2.5. Numerical Modeling


The equations considered for describing the conservation of mass and of momentum for an incompressible fluid can be written as follows:


  ∇ · v = 0  



(2)






   (   d v   d t   +  v · ∇ v  )  − μ ·   ∇  2  v = −  1 ρ  ∇ p  



(3)




where t is time,  v  is velocity of the fluid,  ρ  is the density of the fluid,  μ  is the dynamic viscosity of the fluid and p is the pressure. The governing equations were discretized for incompressible, laminar flow using the finite volume method and a fully implicit formulation. A SIMPLE-like algorithm was used to solve for the pressure and velocity fields. In particular, Ansys CFX uses a cascade of successively coarser grids which implies a fully implicit discretization of the equations at any given time step. The final set of coupled linear equations was solved using an Algebraic Multigrid method. This method adopts the so called factorization accelerated incomplete lower upper technique (ILU) for solving the discrete system of linearized equations written in linearized form as:


  A x = b  



(4)







The exact solution of the equations is reached during the course of several iterations by means of the ILU technique. The previous equation can be solved iteratively by starting with an approximate solution   x n   that is to be improved by a correction   x ′   obtaining a better solution   x  n + 1   :


   x  n + 1   =  x n  +  x ′   



(5)




where   x ′   is the solution of the linearized governing equations system   A  x ′  =  r n   , with    r n  = b − A  x n   . The iterative application of the presented algorithm yields the solution of the governing equations with the desired accuracy. The progress of the solver was monitored using the residuals of the discrete transport equations. In the present work, the solution was considered converged when the initial residual was less that   10  − 6   . Further details are given in the Ansys CFX user documentation. [40].




2.6. Hemodynamics Indices


As done in our previous study [28], WSS-related variables were evaluated to quantify the hemodynamic changes within the curved and tortuous arteries, in the presence of the sidewall aneurysm and the three different FDSs. Using the instantaneous WSS vector    τ w  →   obtained from each simulation during one cardiac cycle   T = 1   s, the time-averaged wall shear stress (TAWSS), the oscillatory shear index (OSI) and the relative residence time (RRT) were computed and mapped on the surfaces of the models. The RRT is especially relevant for evaluating the slow motions within the aneurysmatic sac [6,41]. The equations defining the three indices, which are widely utilized in the literature, are [42,43]:


  T A W S S =  1 T   ∫  0  T   |   τ w  →  |  d t  



(6)






  O S I = 0.5  1 −    |   ∫  0  T    τ w  →   d t |     ∫  0  T   |   τ w  →  |  d t     



(7)






  R R T =  1  ( 1 − 2 · O S I ) · T A W S S   =  1   1 T   |  ∫  0  T    τ w  →  d t |     



(8)







In the literature, the TAWSS and the OSI are correlated with the risk of rupture of the aneurysm. On the other hand, the RRT is considered suitable for quantifying the tendency towards thrombus formation [6,44].





3. Results


In order to assess the changes induced by the stents, we performed a numerical simulation of each geometrical configuration, as summarized in Table 2. For each simulation, we analyzed the velocity field in the artery and in the aneurysmatic sac, the flow reduction within the sac and the WSS-related indices. In the literature, a number of indices have been assessed for the purposes of predicting aneurysm rupture. Unfortunately, less interest has been given to the evaluation of these indices for assessing the thrombosis induced by a stent [6]. By comparing the results of the numerical simulations, it is possible to independently investigate the influence of artery curvature or tortuosity on the performances of the stents.



3.1. Impacts of the Stents on the Velocity Field and on Intra-Aneurysmal Flow


The velocity field was visualized using three-dimensional streamlines that depict the behavior of the blood flow within the sac at systole and diastole. As expected, stenting leads to considerable hemodynamic changes within the considered vessel configurations during both phases. The resulting flow structures are sketched in Figure 2 and Figure 3 for systole and diastole respectively. At systole, these are qualitatively similar for the different stent models, while a marked difference can be seen between the non-stented and stented cases for each respective configuration. In particular, all implants are capable of reducing the flow into the aneurysm. Additionally, it is apparent that the stent treatment is more effective for the S-shaped configuration in Figure 2. At diastole, the flow structures are again similar within the stented arteries. The three stents are effective, independent of the geometrical configurations of the artery. Of course their mission during diastole is facilitated by the reduced flow conditions. The more effective device here is STENT 2; the flow structure of STENT 1 looks similar to those of the unstented model. The behavior of STENT 3 is better than STENT 1 but slightly worse than that of STENT 2. There is a reduced tendency of the blood flow to circulate inside the aneurysmatic sac. It is clear that, in these conditions, the stent with low porosity is the most efficient.



In Figure 4 the different flow rates entering the aneurysm are summarized using bar graphs. In a close-up view, the performance of each stent is shown separately. Surprisingly, for each artery geometry, the most efficient flow reduction is provided by a different device. In particular, for the V-bent configuration, the highest flow reduction is given by STENT 1, for the C-bent configuration by STENT 3 and for the S-bent configuration by STENT 2. It is likely that the geometries of the artery change the initial undeformed straight configuration of the stent. Due to the curvature of the vessel in fact, the stent mesh could locally slightly enlarge and slightly close near the neck, between the artery and aneurysm. This could explain why the low porosity stent is not the one that offers the highest flow reduction in all cases. This is especially true in the V-bent configuration. Kim et al. [13] have highlighted similar findings. They report that when the curvature of the artery increases, the blockage effect of the stent diminishes and the flow into the aneurysm increases. In this sense, the high-porosity STENT 1 provides very similar performance for the different vessel configurations and seems to be less affected by geometry.



Finally, it is important to remark that, as stated in the literature, the degree of flow reduction and redistribution within the aneurysmatic sac also depends on the orientation of the stent struts [45]. The orientation can be especially important for STENT 1, which has the thicker struts.




3.2. Impacts of the Stents on the WSS-Related Indices: TAWSS


The TAWSS was computed and is shown qualitatively on the vessel surface in Figure 5 and quantitatively by histograms in Figure 6a–f. The spatial field represented in Figure 5 highlights very similar distributions along the non-stented vessels and on each implant configuration. Comparing these spatial fields, it can be deduced that the TAWSS essentially does not vary once a device is introduced. Of course, as is widely known, in the region around the stent the TAWSS tends to decrease, and in particular, the reduction is focused on the regions very close to the struts [33].



Figure 6a–e represents for intervals of 1 Pa, the normalized area of the aneurysm and of the artery and artery and stent together, respectively, affected by each interval of TAWSS. This representation, as that presented below for OSI and RRT, allows quantifying the areas affected by the WSS-related indices of aneurysm and artery separately as functions of the total area of each model. In this way, it is possible to observe which part of the aneurysmatic vessel is affected by a specific value of TAWSS and which percentage of the total represented in Figure 6 can be associated to the aneurysm or to the artery within the different geometrical configurations. In can be observed, for example, that almost the entire area of the aneurysm is affected by TAWSS equal to 1–2 Pa, while the artery is affected by a non-uniform distribution, especially in the presence of the stent. This represents less than   40 %   of the areas of the models (  57 %   for the unstinted model). The histograms clearly show that the distribution of the TAWSS within the artery is overall very similar before and after treatment, independent of the vessel curvature. However, the presence of the stent slightly modifies the absolute values of the TAWSS inside specific intervals and the occurrence of the peak value (region with TAWSS = 5 Pa) was increased in some cases. The aneurysm models are mainly affected by TAWSS of around 1 Pa while the arteries are affected by a TAWSS of 2 Pa (40–47% of the models). The arteries systematically show increased values of TAWSS when stented; however, these are quite limited (largely less than   10 %   of the whole models, as is visible in Figure 6b,d,f).




3.3. Impact of the Stents on the WSS-Related Indices: OSI


Contrarily to the TAWSS distribution, the OSI spatial distribution depicted in Figure 7 looks non-uniform and reveals a clear increase from left to right. The STENT 1, STENT 2 and STENT 3 promote a visible increase of the OSI that is progressively larger in the order STENT 3 ≫ STENT 2 ≫ STENT 1. The increasing OSI may be related to a large recirculation within the dome of the aneurysm. However, regions with local high OSI values have been also related to the rupture of the aneurysm [44]. In this sense, it is possible to see that all the implants promote local regions with high OSI values near the aneurysmatic neck. Qualitatively, from Figure 7 this result seems to be independent of the type of implant and the configuration.



In particular, it seems that the worst situation occurred in the in the S-bent vessel. The extent of the region with high OSI values seems to be reduced for the V-bent and C-bent configurations. The OSI generally increased for the configurations with the stents, and this could benefit the development of the desired thrombosis. In addition, it should be observed that the non-stented vessel does not result in high values for this variable. A local increase of the WSS-derived indices that could lead to an adverse modification of the flow activity inside the aneurysmal sac has been found by other authors [32]. These regions can be observed also in Figure 8a,c,e within the aneurysm and Figure 8b,d,f within the artery. OSI =   0.1   is present in around the   50 %   of the artery (see Figure 8b,d,f). In the aneurysm, the effect of the stent is clearly visible as the OSI tends to increase when the stents are introduced. Increased maximal values of the OSI can be seen for each stented configuration. In addition, it is clearly visible that the stent that promotes the highest increase in the OSI values inside the aneurysmal sac is STENT 3 (OSI = 0.4–0.5 in 10 to around   20 %   of the model depending on the configuration). As mentioned before, from a qualitative point of view, the increase of the region with OSI   = 0.5   is considered extremely important for aneurysm rupture. However, also STENT 2 also promotes an increase of OSI that ranges from   0.3   to   0.4   in around   20 %   of the whole models. Within the artery, all the stents promote moderate increases of the OSI, especially STENT 2 in the V-bent configuration (OSI =   0.5   on about the   20 %   of the model; see Figure 8b) and STENT 3 (OSI = 0.3–0.5 on about 10–15% of the areas of the models depending on the configuration, as shown in Figure 8d,f).




3.4. Impact of the Stents on the WSS-Related Indices: RRT


The RRT is a very interesting variable, as it provides a measure of the relative increase of blood residence time within the aneurysm sac. As discussed, in the literature it has been often related to the tendency of thrombus formation within the aneurysmal sac and hence to the efficiency of the stent. For this reason, it can be used as a parameter for the hemodynamic environment promoted by the placement of a flow diverting device and the consequent desired occlusion of the sac [6,28]. The obtained RRT spatial distributions seem different from those found in a previous study with a straight vessel configuration [28]. This confirms that the geometry of the artery is crucial for assessing the stent performances [10]. Due to the diverted flow and the induced change of the flow structure, the RRT within the aneurysm is higher for all the stented models compared to the non-stented cases, as visible from Figure 9. This increase can be explained by the large high-OSI regions on the aneurysmatic dome analyzed before. Large recirculations within the sac promote a higher residence time that should induce the required occlusion of the aneurysm. While all the stents promote an increase of RRT, it progressively increases in the order STENT 3 ≫ STENT 2 ≫ STENT 1. STENT 3 systematically promotes the highest RRT.



When looking at the distribution of the RRT over normalized areas depicted in Figure 10a–f, the results can be seen more clearly. In all aneurysms, STENT 3 promotes a more pronounced increase of regions with higher RRT, especially for RRT   ≥ 200    Pa   − 1     (see Figure 10a,c,e). These regions are of about 5% to   15 %   of the whole models. For this reason, STENT 3 seems to provide the most potential for aneurysm thrombosis. In contrast, for   200    Pa   − 1   ≥   RRT   ≥ 100    Pa   − 1    , STENT 1 and STENT 2 induce a more noticeable increase compared to STENT 3. In general, within the artery, as expected the RRT looks quite small independent of the presence of the stents (around   50    Pa   − 1    ). This tends to affect a range of area of about 32% to   55 %   of the entire models. The latter contributes to enhance the situation of the aneurysm where RRT is very small without stent (less than   50    Pa   − 1     in about 38–51% of the models) but tends to drastically increase once the stents are introduced (compare Figure 10a,c,e). As commented, the highest increase is promoted by STENT 3 (for RRT greater than   ≥ 200    Pa   − 1    ).





4. Discussion


The use of flow diverting stents for treating cerebral aneurysms originated as a complementary technique to other endovascular treatments [6]. Successive clinical trials and experimental studies have shown that these devices are capable of reducing the intra-aneurysmal flow and of promoting the desired occlusion. Recent advances have produced the development of flexible, low porosity devices that have shown improved performances compared to the previous flexible, high porosity or rigid, low porosity stents. However, further study is still necessary for the development and the optimization of these devices as well as for the planning of the therapies. In this context, we have analyzed the performance of three flow diverting stents and the impact that these devices may have in different vessel geometrical configurations, which present variations of curvature and tortuosity in similar way as cerebral arteries. Notable curvature and high tortuosity characterize the geometries of these vessels. For this reason, high flexibility is desired for a FDS even if this aspect is not accompanied by the necessary porosity. High reported rates of successful FDS endovascular procedures generally indicate that the hemodynamic change induced by a FDS is responsible for the complete aneurysm occlusion. In the literature, it is assumed that a specific threshold should exist regarding the minimum necessary flow rate reduction that would promote thrombosis [10]. This threshold can be assessed by computational simulations that evaluate not only the reduction of flow but also the hemodynamical indices that could help to predict the recirculation of blood flow within the aneurysmatic sac (such as the RRT and the OSI) and the risk of rupture (such as the TAWSS and the OSI) [46]. In the literature it is also stated that the value of OSI for ruptured aneurysms is higher than that for unruptured aneurysms [44]. The presented results show that the flow diverting devices increase the OSI at the dome when reducing porosity. This means that even if they promote a considerable flow reduction, they may still increase the risk of rupture. On the contrary, the porosity reduction promotes an increase of the RRT, which is desirable for guaranteeing the necessary occlusion. Previous studies have suggested the velocity or flow reduction as variables for predicting the FDS-induced desired thrombosis [9,10,16]. The structure of the flow has also been considered for assessing the local hemodynamics within the stented aneurysm [13,16]. However, as demonstrated in the presented results and in those of other studies [6,44] it is clear that the hemodynamic indices should be evaluated for having the entire picture on stenting effectiveness.



The geometry of the artery in the presence of an aneurysm has been recognized to be crucial for assessing the flow characteristics and hence the effectiveness of the stent [13]. Higher vessel curvatures for example drastically reduces the capability of the stent to divert the flow [13]. The stent itself has also been found to strongly influence the arterial geometry [33]. Additionally, recent studies have shown that the vessel deformation induced by the flow diverting device may provide an unfavorable hemodynamic environment for thrombus formation [32]. For this reason, in this study we have analyzed and compared different geometrical configurations with and without the device. Even though the stented configuration shows a reduction of the flow within the aneurysm for the curved and the tortuous vessel, in comparison with the straight configuration analyzed in previous studies [28], its effectiveness is reduced. Kim et al. [2] found that higher curvature was associated with diminished ability of the stents to reduce the flow, with increased stasis, and with reduced maximal WSS. Seshadhri et al. [6] found a drastic increase of the velocity and of the WSS for curved vessels compared to the straight vessel. The stents that they have considered were however capable of reducing flow activity and related hemodynamic indicators in all situations. Our results provide similar conclusions, even they highlight that the high porosity stent is also capable of promoting a considerable flow reduction within the sac that may cause aneurysm occlusion. Surprisingly, we found that the stent porosity seems to have less influence on the flow reduction compared to the geometry of the vessel. The latter seems to drive the performance of the FDS. In this sense, the behavior of the three devices has been found to be very different when compared to each other. A previous study in the field has suggested the importance of considering a realistic geometry of the vascular system for quantifying the stenting efficiency [6]. On the contrary, the behavior of the three considered FDSs seems very similar regarding the increase of the OSI in the neck that is an important negative effect of the stent placement, as also stated in recent studies [32]. From the presented results, it seems that the geometrical configurations considerably modify the recirculation inside the aneurysmatic sac when compared to the straight artery considered in [28]. As a consequence, the stent is less effective in regards to the OSI compared to the findings presented in [28]. Nevertheless, the flow structure changes induced by STENT 2 suggest that the region with high OSI is larger than those induced by the other 2 devices, even though it produces the highest RRT within the sac. In this sense, the effectiveness of a device with low porosity in comparison to one with high porosity is still controversial. Nonetheless, we demonstrated that given the geometry of the vascular system the results provided by devices with varying porosity can be significantly different in terms of hemodynamics indicators, even though the fundamental mission of diverting flow is always achieved.




5. Limitations


The results presented in this work are affected by limitations that can be summarized as follows. The models and simulation results did not consider the interaction between blood flow and arterial walls, the real stent mechanical behavior and the arterial compliance. The rigid walls approximation could of course influence flow patterns and hence the WSS related indices. Furthermore, no information about the stent structural behavior and arterial stresses and strains can be given. However, in the literature it is stated that the vessel motion in cerebral aneurysm hemodynamics is limited [39]. Additionally, in the literature, the necessity of using FSI in stented artery is still debated as its influence on the WSS related variables is limited [47].



Additionally, the results are not validated with an appropriate experimental study or with a clinical follow up study. Finally, it has to be observed that the present study offers the possibility of more extended patient-specific analyses in which the real effect of the stent placement on the geometry of the cerebral artery can be more accurately studied. The latter include the straightening promoted by the FDS depending on its rigidity/porosity, etc. [24,33].



Lastly, there are common locations of the aneurysm which are very different from that considered, such as the cavernous portion of internal carotid artery and/or portions of the vertebral artery. In the former, the parental artery is more curved compared to that considered in the present study. In the latter, the aneurysm sacs have a lower dome/neck ratio, rather than a spherical shape. These aspects reinforce the necessity of patient-specific studies, as discussed in the literature [10,48].




6. Conclusions


This study explored the impacts of different geometrical configurations on the performances of three different stents. Our results show that the examined stents all accomplish the desired reduction of flow rate into the aneurysm, including the recently designed stent that features the highest porosity. Our results also illustrate that the reduced flow rate depends on the vessel’s geometrical configuration more than on the stent porosity. For each vessel configuration, the flow rate reduction varies, depending on the stent porosity. Based on the computed hemodynamic indices for stented models, we found a very similar behavior regarding the TAWSS and the OSI, while the low porosity stent seems to promote the highest RRT. While further studies are needed to find new hemodynamics thresholds that may improve vascular procedures, the obtained results might help address the definition of the necessary hemodynamic environment for the treatment of intracranial aneurysms.
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Figure 1. (a) Geometrical characteristics of the giant saccular aneurysm employed in this study [13] with the baseline straight artery [28] and the considered geometric configurations. Sidewall aneurysm model with (b) V-bent artery, (c) C-bent artery and (d) S-bent artery. Straight configuration of the FDSs: (e) STENT 1 (  90 %   porosity), (f) STENT 2 (  80 %   porosity) and (g) STENT 3 (  70 %   porosity). 
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Figure 2. Streamlines introduced at the inlet of each model, colored with the local velocity magnitude, plotted at the peak flow during systole for the same vascular geometry and for the three flow diverter stents considered in this study: (a) no stent, (b) STENT 1, (c) STENT 2 and (d) STENT 3. 
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Figure 3. Streamlines introduced at the inlet of each model, colored with the local velocity magnitude, plotted at diastole for the same vascular geometry and for the three flow diverter stents considered in this study: (a) no stent, (b) STENT 1, (c) STENT 2 and (d) STENT 3. 
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Figure 4. Flow reduction promoted by the FDSs within the aneurysm sac. 
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Figure 5. Spatial distribution of the time-averaged wall shear stress (TAWSS) for the three vessel configurations (top row, V-bent vessel; middle row, C-bent vessel; bottom row, S-bent vessel) and the three stents: (a) no stent, (b) STENT 1, (c) STENT 2 and (d) STENT 3. 
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Figure 6. Histograms of the normalized area associated to the TAWSS of the aneurysm and of the artery (and stent) for V-bent, C-bent and S-bent vessel configurations. The depicted areas are normalized with respect to the area of whole geometry model. 
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Figure 7. Spatial distribution of the shear index (OSI) for the three vessel configurations (top row, V-bent vessel; middle row, C-bent vessel; bottom row, S-bent vessel) and the three stents: (a) no stent, (b) STENT 1, (c) STENT 2 and (d) STENT 3. 
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Figure 8. Histograms of the normalized area associated to the OSI of the aneurysm and of the artery (and stent) for V-bent, C-bent and S-bent vessel configurations. The depicted areas are normalized with respect to the area of whole geometry model. 
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Figure 9. Spatial distribution of the relative residence time (RRT) for the three vessel configurations (top row, V-bent vessel; middle row, C-bent vessel; bottom row, S-bent vessel) and the three stents: (a) no stent, (b) STENT 1, (c) STENT 2 and (d) STENT 3. 
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Figure 10. Histograms of the normalized area associated to the OSI of the aneurysm and of the artery (and stent) for V-bent, C-bent and S-bent vessel configurations. The depicted areas are normalized with respect to the area of whole geometry model. 
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Table 1. Main dimensions of the flow-diverting stents considered.
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	Thickness [mm]
	Length [mm]
	Diameter [mm]
	Porosity





	STENT 1
	0.4
	40
	4.75
	   90 %   



	STENT 2
	0.1
	40
	4.75
	   80 %   



	STENT 3
	0.1
	40
	4.75
	   70 %   
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Table 2. Summary of the geometrical cases analyzed.
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	Vessel
	Diameter [mm]
	Aspect Ratio [mm]
	Stent





	V-bent, C-bent, S-bent
	4.75
	1.68
	No stent, STENT 1, 2, 3
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Table 3. Summary of the computational meshes used in this study.
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	No Stent
	STENT 1
	STENT 2
	STENT 3





	3D elements
	329,286
	10,949,532
	14,403,306
	18,358,866



	2D elements
	94,830
	1,143,257
	1,040,456
	1,440,800
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