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ABSTRACT 

The effect of flow diverter (FD) stent placement as a cerebral aneurysm treatment on hemodynamics was 

systematically investigated via numerical simulation. The aneurysm diameter was set to 8 mm and 12 mm, with 

an aspect ratio (AR) of 1.2 and 1.9, respectively. The curvature of the parent artery was also varied for the 

following three types: straight, inside, and outside. The blockage ratio of the FD stent was set to 31 %. The 

results reveal that, regardless of artery shape, the FD stent drastically modifies the flow in the aneurysm, 

including changing the flow direction in the systolic phase. In most cases, the flow rate into the aneurysm is 

significantly reduced by the stent; however, in the case of a straight artery, the flow rate is increased for the 

aneurysm model with AR = 1.9. The oscillatory shear index (OSI) generally increases owing to FD stent 

placement while the wall shear stress is substantially decreased. In particular, a high OSI area is widely 

distributed in the large aneurysm sac (AR = 1.9) for straight and internal artery cases. Although idealized 

aneurysm models are employed in the present study and further parametric studies are required, particularly 

with respect to stent configuration, these facts may explain the unexpected outcome in some (but not all) large 

aneurysm cases. 
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NOMENCLATURE 

A  neck area Q  mean inflow rate to the aneurysm 

AR aspect ratio of the aneurysm r radius of curvature 

d diameter of the parent vessel T  cardiac cycle 

D diameter of the aneurysm  wss instantaneous wall shear stress 

i, j, k directions WSS   Mean Wall Shear Stress 

N neck width  x, y, z  directions 

OSI  oscillatory shear index  fluid viscosity 

p  fluid pressure  fluid density 

q  instantaneous inflow rate to the aneurysm   

 

 

1. BACKGROUND 

A cerebral aneurysm is a balloon-like dilation that 

forms on an artery in the brain and its rupture often 

leads to critical complications, including loss of life. 

For example, Connlly et al. (2012) reported that the 

mortality of aneurysm rupture can be as high as 50 

% and 25 % of survivors suffer from secondary 

diseases. 

Several medical treatments have been proposed to 

prevent aneurysm rupture. The surgical clipping 

technique, in which the aneurysm neck is clipped by 

a small clip to stop the inflow of blood and promote 

clot formation, has been widely recognized as a 

promising method. However, it is essentially a 

craniotomy procedure, which places a heavy strain 

on patients. Moreover, particular attention needs to 

be paid to other risks, such as infections. In this 

respect, endovascular treatments are less invasive 

and less stressful; therefore, they have become more 

common. Coil embolization is the most popular 

method (Goel et al. 2014; McDonald et al. 2014; 

Pierot et al. 2014; Piotin et al. 2010). Insertion of 

coils into the aneurysm makes the flow in the 

aneurysm inactive and promotes clotting. However, 
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the coils may dislocate, particularly in cases of wide 

neck and/or large aneurysms (Ishihara et al.  2015; 

Soeda et al. 2003). It has also been reported that 

recanalization occurs in some cases, probably 

because the coils are pushed to the bottom of the 

aneurysm and, therefore, the clot is not well formed 

(Cognard et al. 1999; Grunwald et al. 2007; Shapiro 

et al. 2012).  

In contrast, flow diverter (FD) stent treatment has 

become a popular endovascular technique (Lylyk et 

al. 2009; Piano et al. 2013; Sadasivan et al. 2009; 

Berge et al. 2012; De Vries et al. 2013; Aenis et al. 

1997; Anzai et al. 2014; Seong et al. 2007; Seshadhri 

et al. 2011; Chong et al. 2014; Mori et al. 2014; 

Dholakia et al. 2014; Fischer et al. 2012; Lubcz et al. 

2011; Torres et al. 2018; Möhlenbruch et al. 2015; 

Nelson et al. 2011; Saatci et al. 2012; Lai et al. 2016; 

Meng et al. 2006; Imai et al. 2008; Kim et al. 2008; 

Korkmazer et al. 2019). The FD stent has a high 

blockage ratio and is placed in the parent artery to 

cover the neck of the aneurysm. The basic strategy is 

to block blood flow into the aneurysm and make the 

flow in the aneurysm inactive without a coil (Anzai 

et al. 2014; Seong et al. 2007; Seshadhri et al. 2011; 

Chong et al. 2014; Mori et al. 2014; Dholakia et al. 

2014). In addition to advantages, such as technical 

simplicity and minimal invasiveness, this method has 

also been recognized as a promising treatment in 

several clinical studies (Lylyk et al. 2009; Piano et 

al. 2013; Sadasivan et al. 2009; Berge et al. 2012; De 

Vries et al. 2013; Fischer et al. 2012; Lubcz et al. 

2011; Torres et al. 2018; Möhlenbruch et al. 2015; 

Nelson et al. 2011; Saatci et al. 2012; Bouillot et al. 

2015; Jiayao et al. 2013; Lubicz et al. 2011). Piano 

et al. (2013) reported that 86 % of the evaluated 

aneurysms were completely occluded within 6 

months and no recanalization was observed in these 

cases. De Vries et al. (2013) investigated a total of 

49 aneurysms in 37 patients and found that 94 % of 

the stented aneurysms exhibited complete occlusion 

within 6 months. Saatci et al. (2012) treated 191 

patients with 251 aneurysms. In this series of studies, 

more than 90 % of aneurysms were successfully 

occluded by applying a flow-diverting device. 

Efforts to determine optimal configurations have 

been conducted in previous studies (Bouillot et al. 

2015, Jiayao et al. 2013).  

However, several clinical studies (Turowski et al. 

2011; Kulcsar et al. 2011; Mustafa et al. 2010; 

Rouchaud et al. 2016; Cruz et al. 2012; Brinjikji et 

al. 2013; Lubicz et al. 2010; Briganti et al. 2012; 

Siddiqui et al. 2012; Cagnazzo et al. 2019) reported 

unsuccessful cases or found some negative 

phenomena. Kulcsar et al. (2011) investigated 13 

cases of delayed rupture. They found that most 

ruptured aneurysms were large and had high aspect 

ratios. Similarly, Rouchaud et al. (2016) reported 

that approximately half of the delayed ruptured 

aneurysms were large. Furthermore, some 

fundamental studies (Cagnazzo et al. 2019; Liou et 

al. 2008; Bouillot et al. 2015; Cebral et al. 2011) 

have shown that the effects of FD stents on 

hemodynamics are complex. Liou et al. (2008) and 

Bouillot et al. (2015) showed that the locations of 

inflow and outflow at the systolic phase swap owing 

to the placement of the FD stent in the artery. Cebral 

et al. (2011) concluded that FD stent placement can 

drastically elevate the pressure in the aneurysm, 

which may lead to delayed rupture. A recent study by 

Larrabide et al. (2016) indicated that FD stent 

treatment significantly increased the flow pulsatility 

in the aneurysm. 

These findings indicate that FD stent placement can 

result in unexpected outcomes in some cases. As 

shown above, delayed rupture is likely to occur in 

large aneurysms but not all large aneurysms rupture; 

i.e., the size of the aneurysm is not the only factor of 

importance. For instance, previous studies (Cebral et 

al. 2011; Ujiie et al. 2011) pointed out that aneurysm 

rupture was triggered by blebs. However, this does 

not mean that no rupture occurs if a bleb is not 

formed. Generally, every aneurysm has a unique 

configuration and small differences may cause major 

differences. Some studies (Matsuda et al. 2017; 

Tateshima et al. 2003) indicate that numerical 

analysis dealing with simplified models can be 

significantly different from what is observed in 

practice. However, it is also true that it is still 

beneficial to simulate such idealized flows to clarify 

the hemodynamics from more fundamental and 

general aspects and several numerical studies have 

found a variety of interesting and significant results 

(Rajah et al. 2017; Vargas et al. 2016; Bhogal et al. 

2017; Walcott et al. 2016).  

Thus, we conducted systematic CFD simulations of 

typical round aneurysm models, with two different 

sizes formed on the side of a parent artery with three 

different curvatures. Our goal was to investigate the 

impact of the FD stent on hemodynamics and related 

parameters and to clarify the configurations of the 

aneurysm and parent vessel that may lead to 

unexpected outcomes. 

2. NUMERICAL METHODS 

2.1 Aneurysm and Artery Configurations 

The outline of the present CFD simulations is the 

same as that in our previous work (Matsuda et al. 

2017), in which the accuracy of the simulation was 

validated by comparing it with PIV experiments. The 

schematics of the computational domain are shown 

in Fig. 1. Figure 1(a) shows the aneurysm model. It 

has a spherical shape with a diameter of D = 8 mm 

or D = 12 mm. Both models have a neck width of 

N = 5.66 mm and the parent vessel diameter is set to 

d = 4.0 mm. Here, the aspect ratio (AR), defined by 

H/N, where H is the depth of the aneurysm, is  

AR = 1.2, and AR = 1.9, for D = 8 mm and 12 mm, 

respectively. According to a clinical study by Ujiie 

et al. (Ujiie et al. 2011), 80 % of aneurysms with 

 AR > 1.6 ruptured whereas 90 % of aneurysms with 

AR < 1.6 remained unruptured. The fluid flows in and 

out from the left and right sides of the image, 

respectively. Note that the artery is sufficiently long 

to avoid influences from the inlet and outlet 

boundaries. Figure 1(b) shows the three tested parent 

artery shapes; the first from the left shows a straight 

artery and the second and third shapes have curves 

with radii of curvature of r = -9.55 mm and r = +9.55 
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mm, respectively. In other words, for r = -9.55 the 

curve is on the aneurysm side while for r = + 9.55 

mm, the shape curves away from the aneurysm. In 

the present study, these three cases are referred to as 

straight, inside, and outside artery cases, 

respectively.  

 

 
Fig. 1. Schematics of the computational domain: 

(a) aneurysm model; (b) parent artery shapes. 

 

With respect to the configuration of the FD stent, one 

of the pipeline stents (Medtronic) was reproduced as 

an existing stent. It has a rhombus mesh with a side 

length of 0.32 mm and inner angles of 136 °and 44 °; 

therefore,  the mesh area is 0.07 mm2. The strut width 

was 0.045 mm and the blockage ratio was 31 %. In 

the simulation, a flat mesh satisfying the 

configuration was rolled along the artery wall. Note 

that it was placed only at the neck area of the 

aneurysm to reduce the computational load. 

2.2     Computational Mesh 

Star-CCM+ was used to create the computational 

mesh, which comprised unstructured tetrahedral 

elements. The mesh size varied from 0.01 mm (near 

the stent struts) to 0.4 mm (bulk regions) so that the 

flow and stent struts can be sufficiently resolved. The 

non-stented models had approximately 4 million to 6 

million grid points while the stented models had 

approximately 22 million to 28 million grid points. 

2.3     Computational algorithm 

Direct numerical simulations based on the finite-

volume method were performed using OpenFOAM 

2.3.1 (Open CFD Ltd). The governing equations are 

the continuity equation and Navier–Stokes equation:  
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Where p is the pressure, ρ is the density of the fluid, 

μ is the viscosity of the fluid, t is time, and 

ui (i=1, 2, 3) are the velocity components. The fluid 

was assumed to be an incompressible Newtonian 

fluid. The fluid density and viscosity were set to 1050 

kg/m3 and 3.47×10-3 Pa∙s, respectively. For the inlet 

boundary, the pulsatile velocity (Matsuda et al. 2017) 

was periodically applied to the entire area. The 

Reynolds number, based on the inlet velocity and 

diameter of the parent artery, varied from 224 to 565. 

The systolic peak appeared at t/T = 0.28, where T is 

the cardiac cycle. The Neumann boundary condition 

with a zero-velocity gradient was applied at the outlet 

boundary. The pressure boundary condition was set 

to 0 at the outlet boundary and the Neumann 

condition was applied at the inlet. The parent artery 

and aneurysm were regarded as rigid walls and the 

non-slip condition was applied to the surfaces. The 

time increment was set as 0.001 s. The simulation 

was allowed to progress until the flow statistics over 

a cycle became constant. The data exhibited in the 

present study were obtained at the 8th cycle in non-

stented cases and the 20th cycle in stented cases.  

In the present paper, some hemodynamic parameters, 

such as inflow rate to the aneurysm, q, mean wall 

shear stress, WSS, and oscillatory shear index (OSI) 

are discussed in the next section. The inflow rate to 

the aneurysm is defined as follows:  
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where A is the neck area and 2u  is the instantaneous 

normal-to-neck velocity. With respect to mean wall 

shear stress  
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where wss is the instantaneous wall shear stress at the 

aneurysm surface, pu   is the velocity component 

parallel to the aneurysm surface, and nx   is the 

direction normal to the aneurysm surface. Finally, 

the definition of the OSI is as follows: 
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3. RESULTS AND DISCUSSION 

3.1 Flow Field 

First, we show the transition of the velocity field in 

the aneurysm to capture the flow pattern in each case. 

Figure 2 shows the instantaneous velocity vectors on 

the central plane at t/T = 0.25, 0.5, 0.75, and 1.0 for  
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Fig. 2. Instantaneous velocity vectors on the central plane at t/T = 0.25, 0.5, 0.75, and 1.0 for the case 

with the non-stented model and AR = 1.2. 
 

the non-stented model and AR = 1.2. Here, Figs. 2(a), 

2(b), and 2(c) correspond to the straight, inside, and 

outside artery cases, respectively. Figure 3 shows the 

same data as in Fig. 2 but for the non-stented model 

and AR = 1.9. Note that the maximum velocity 

reaches approximately 650 mm/s at t/T = 0.25; 

however, in these figures, a velocity larger than 100 

mm/s is shown in red for clearer visualization of the 

aneurysm. Figure 2 illustrates that a large 

counterclockwise flow forms in the aneurysm sac, 

regardless of the differences in artery shape. A 

notable jet-like inflow on the distal side of the 

aneurysm was observed in the case of the outside 

artery. In the case of AR = 1.9, and the non-stented 

model (Fig. 3), the flow pattern is approximately 

similar to that for a non-stented model and AR = 1.2, 

as shown in Fig. 2. However, the velocity of the 

aneurysm was generally smaller. Figures 4 and 5 

show the instantaneous velocity vectors on the 

central plane at t/T = 0.25, 0.5, 0.75, and 1.0, 

respectively, for the stented model and AR = 1.2 and 

1.9. By comparing Figs. 2 and 4, we find two major 

effects of the FD stent. The first effect is that the jet 

flow is substantially weakened and the intra-

aneurysmal velocity is reduced in all artery shapes. 

Second, the flow pattern changed drastically. In the 

cases with the stented model and AR = 1.2, although 

there are minor differences among the straight, 

inside, and outside artery cases, the flow direction in 

the aneurysm becomes approximately clockwise at 

t/T = 0.25; i.e., the flow enters from the proximal side 

of the neck and flows out from the distal side of the 

neck. Such modification of the flow pattern by FD 

stent placement has been reported in previous studies 

(Liou et al. 2008; Bouillot et al. 2015). At t/T = 0.50, 

the flow along the aneurysm surface turns in the 

counter-clockwise direction but the inner fluid 

continues flowing in an approximately clockwise 

direction. At t/T = 0.75, and 1.0, the flow pattern 

becomes more complex and a mixture of counter-

clockwise and clockwise vortices appears in the 

aneurysm.  

Conversely, for all cases with the stented model and 

AR = 1.9 (Fig. 5), the main flow direction becomes 

clockwise at t/T = 0.25, which is the same trend as 

for AR = 1.2. However, the flow pattern varied 

depending on the artery shape. In the straight artery 

case (Fig. 5(a)), two large vortices appear at 

t/T = 0.50 but the counter-clockwise flow becomes 

dominant at t/T = 0.75, as in the non-stented cases. 

The latter change is also observed in the internal 

artery case but from t/T = 0.50, as shown in Fig. 5(b). 

In the outside artery case (Fig. 5(c)), the inner 

clockwise flow is relatively dominant at t/T = 0.5 but 

tends to split into clockwise and counter-clockwise 

vortices at t/T = 1.0. This is similar to the AR = 1.2 

case shown in Fig. 4(c).  

As explained in the Introduction, the primary goal of 

FD stent placement is to reduce the inflow into the 

aneurysm. Hence, we calculated the inflow rate to the 

aneurysm, q. Figure 6 shows the time-series data. As 

indicated in the previous figures, the FD stent 

generally reduced the inflow rate. In particular, the 

inflow rate in the systolic phase (t/T = 0.25) was 

significantly reduced in the outside-artery case. 
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Fig. 3. Instantaneous velocity vectors on the central plane at t/T = 0.25, 0.5, 0.75, and 1.0 for the case 

with the non-stented model and AR = 1.9. 

 

 

Fig. 4. Instantaneous velocity vectors on the central plane at t/T = 0.25, 0.5, 0.75, and 1.0 for the case 

with the stented model and AR = 1.2. 
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Fig. 5. Instantaneous velocity vectors on the central plane at t/T = 0.25, 0.5, 0.75, and 1.0 for the case 

with the stented model and AR = 1.9. 

 

 

Fig. 6. Time series data depicting inflow rate for a cardiac cycle. 

 

The only case showing a different trend is the straight 

artery with AR = 1.9; the maximum flow rate is 

considerably increased by installing the FD stent. 

To investigate the differences in the inflow pattern at 

the neck, a color contour map of u2 (normal-to-the-

neck velocity) distribution of the neck area at  

t/T = 0.25, is shown in Fig. 7. In general, a strong 

inflow and outflow appeared around the central 

 (z = 0) area and the fluid out-flow in the central area 

was weak. It is also found that, in the non-stented 

models, the flow patterns between the AR = 1.2 and 

1.9 models are different in the straight and inside 

artery cases while they are similar in the outside 

artery case. Comparisons of the non-stented and 

stented models reveal that the area where the flow  



Y. Ito et al. / JAFM, Vol. 14, No. 5, pp. 1547-1558, 2021.  

 

1553 

 

Fig. 7. Color contour map of the normal-to-the-

neck (vertical) velocity distribution to the neck 

area at t/T = 0.25. 
 

flows into the aneurysm is significantly changed by 

stent placement. In the case of the AR = 1.9 model, 

the inflow and outflow areas move toward the 

proximal and distal sides, respectively. Furthermore, 

strong inflow and outflow areas were enlarged in the 

case of a stented and straight artery. This increases 

the inflow rate owing to stent placement. The two 

areas are also separated in the other two parent artery 

cases but the size of the areas was considerably 

reduced by stent placement. 

 

 
(a) 

 
(b) 

Fig. 8. Mean inflow rate for a cardiac cycle. (a) 

AR=1.2; (b) AR=1.9. 

Figure 8 shows the mean inflow rate per cardiac 

cycle (Q). It is worth noting that although the mean 

inflow rate is almost the same in some cases, as 

indicated previously, this does not mean that the flow 

patterns are the same. Regarding the effect of 

stenting, the mean inflow rate is reduced by 

approximately half in all cases with AR = 1.2 (Fig. 

8(a)). Similarly, for the AR = 1.9 model (Fig. 8(b)), 

the mean inflow rate in the inside and outside cases 

decreased by 35 to 50 %. However, the inflow rate 

increases in the straight artery case, unlike in the 

other cases. This fact is not intended from a surgical 

point of view. This may have a bigger impact, 

considering that stent placement can straighten the 

parent vessel (Voß et al. 2019; Jeong et al. 2014). 

3.2 Other Hemodynamic-related Statistics 

Figure 9 shows the distribution of wall shear stress. 

Figures 9 (a) and (b) show the mean wall shear stress 

(WSS). Note that the maximum WSS in the stented 

models is significantly lower than that in the non-

stented models; thus, the maximum threshold of the 

color change was set at WSS = 1 Pa for clearer 

visualization. For all non-stented models, there exists 

a high WSS area around the distal side of the neck, 

where the jet flow enters the aneurysm. For AR = 1.2, 

a spotty low WSS area indicated by a black circle 

appears. The WSS for the AR = 1.9, model is smaller 

than that for the AR = 1.2 model. However, once the 

stent is placed, the WSS becomes nearly zero in all 

cases except in the vicinity of the neck.  

Wall shear stress as an indicator of aneurysm rupture 

has been discussed, although the interpretation varies 

according to different researchers. Some studies have 

concluded that a high wall shear stress is dangerous 

(Meng et al. 2007; Boussel et al. 2008) while others 

concluded that low wall shear stress can cause 

aneurysm rupture (Jou et al. 2005; Omodaka et al. 

2012; Shobayashi et al. 2013; Sindeev et al. 2018; 

Karmonik et al. 2010. Thus, we do not discuss this 

topic further here but this fact may imply that other 

related parameters should be discussed. In this 

respect, the time fluctuation of the WSS could be 

important; however, previous studies have only 

focused on the mean values. For example, the 

magnitude of variance may be large, even if the mean 

value is small. Another possibility is that as the 

movement repeats every second, or more frequently, 

a short period of spiky behavior, which does not 

influence the mean value, may significantly affect 

the vital response. Figure 9I shows the time series 

data of the WSS at the four locations highlighted in 

Fig. 9(b). Note that although only the outside cases 

are shown, the other two cases exhibit the same 

trend. Figure 9(c) illustrates that, in the present cases, 

the average and variance show the same tendency, 

indicating that the fluctuation is small/large when the 

mean value is small or large.  

Furthermore, the oscillatory shear index (OSI) was 

calculated as the risk index of aneurysm rupture. A 

high OSI area is thought to cause vascular 

inflammation due to endothelial disorders (Rajah et 

al. 2017; Vargas et al. 2016). As shown in Fig. 10, 

the OSI is generally higher in the stented models than 

in the non-stented models. In particular, a high OSI 

area is widely distributed in the aneurysm sac in large 

aneurysms (AR = 1.9) and in straight and inside 

arteries; i.e., placement of the FD stent has a negative  
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Fig. 9. Wall shear stress profiles. (a) Mean wall shear stress distribution for AR=1.2; (b) Mean wall 

shear stress distribution for AR=1.9; (c) Time series data of WSS at the four points for the outside case. 

 

 
Fig. 10. OSI distributions.  

 

effect from this perspective. It is also notable by 

comparing Fig. 10 with Fig. 9 that high OSI and low 

WSS areas are distributed in almost the same area, 

particularly in the non-stented models. 
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4. CONCLUSIONS 

In this study, we investigated the impact of the 

placement of a flow diverter (FD) stent as a cerebral 

aneurysm treatment on hemodynamics in cerebral 

aneurysms, using a computational fluid dynamics 

(CFD) simulation. The results reveal that, regardless 

of the artery shape, the FD stent drastically modifies 

the flow in the aneurysm, including the change in 

flow direction. The flow rate into the aneurysm is 

significantly reduced by the stent in most cases but it 

is increased in the AR = 1.9 and straight artery cases. 

The oscillatory shear index (OSI) generally increases 

owing to the FD stent placement, whereas the wall 

shear stress substantially decreases. In particular, a 

high OSI area is widely distributed in the large 

aneurysm (AR = 1.9) sac for straight and internal 

artery cases.  

Although idealized aneurysm models were employed 

in the present study, further parametric studies, 

particularly with respect to the stent configuration 

(Dmytriw et al. 2019; Moriwaki et al. 2018) are 

required; these facts possibly explain the unexpected 

outcome in some (but not all) large aneurysm cases. 

It is also indicated that both the aneurysm size and 

artery shape must be considered when estimating the 

efficacy of FD stent placement.  
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