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Abstract 

Using a porous medium as a computational model for the real flow-diverting (FD) stent in 

computational fluid dynamics (CFD) improves the simulation efficiency. Adjustment of 

permeability level of the applied porous medium can result in various flow-resistance effects, 

which impact on the flow dynamics around and inside the aneurysm dome. Moreover, diversity 

in patient-specific aneurysm geometry also contributes to the difference in both the resistance 

force induced by the FD device and the aneurysmal haemodynamics. However, few studies 

have discussed the relationship between the setting of permeability and the intra-aneurysmal 

haemodynamics with different aneurysms.   

In this study, in order to distinguish FD stents with different porosity, we simulated the porous 

medium stent with a range of permeabilities, respectively in a successfully treated aneurysm 

and an unsuccessfully treated one observed clinically. Haemodynamic parameters of intra-

aneurysm mass flow rate (MFR) and energy loss (EL) were calculated to investigate their 

response to the alteration of permeability, as well as to the aneurysm morphology. 

In comparison between the two patient-specific aneurysms, we found marked changes (70 and 

40 % in MFR, 40 and 35 % in EL, respectively with successful and unsuccessful cases) in the 

aneurysmal haemodynamics as the porosity level of the implanted FD stents was increased by 

a factor of 25. The simulation results showed considerable differences in the relative flow-

diversion between the clinically observed successful and unsuccessful case (up to 30 % in MFR 

and 45 % in EL). This study will help to provide future FD modellers with information about 

suitable selection of permeability level for different aneurysm cases.  
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Stent; Cerebral Aneurysm 

Introduction 

Intracranial aneurysm (IA) is a vascular disease, observed by digital subtraction angiography 

(DSA) as a bulge that dilates out of the cerebrovascular wall. Untreated IAs may rupture, 

leading to subarachnoid haemorrhage, a severe condition that threatens the patient’s life [1-3]. 

As an endovascular therapy, the flow-diverting (FD) stent is commonly used by 

neuroradiologists to keep most of the blood flow within the parent artery, thereby inducing 

blood clotting inside an aneurysm [4-5]. 



The flow-diversion efficacy of an implanted FD device is thought to be closely associated with 

the treatment outcome. To quantitatively analyse the flow-diversion efficacy, computational 

fluid dynamics (CFD) is frequently used to resolve the aneurysmal haemodynamics, as well as 

to quantify the haemodynamic alterations caused by different FD devices. Recently, an 

emerging technique that models an FD stent as a porous medium markedly decreased the 

computational time in CFD simulations [6]. By adjusting the permeability of the porous medium 

on the basis of the diversity in FD stent structures and porosity, the flow resistance induced by 

the porous medium stent model can be varied to represent different FD stents [6-8].  

A problematic issue in FD treatment is that the outcomes may vary with respect to patients, i.e. 

a number of patients may still suffer from incomplete aneurysm occlusion even after two or 

three FDs were implanted. Previous studies suggest that the porosity of an FD stent can greatly 

affect the flow-diversion efficacy, thereby determining if an aneurysm can be completely 

occluded. However, the effects of device porosity on flow-diversion efficacy have not yet been 

quantitatively studied. 

In this study, we aim to compare the flow-diversion efficacy of FD stents with different 

porosities, using permeability as a surrogate for porosity, and investigate the treatment 

outcomes of such devices in different patients, by contrasting the haemodynamic alterations in 

a successfully treated aneurysm and an unsuccessfully treated one. 

Methods 

Patient-specific Aneurysms 

Two patient-specific intracranial aneurysm model geometries were studied, after we obtained 

the institutional ethics approvals. One of the aneurysms (‘successful’) was confirmed fully 

occluded 6 months after treatment, whereas the DSA of the other (‘unsuccessful’) revealed the 

existence of a residual aneurysm. A centre plane across the aneurysm lumen was selected to 

demonstrate and summarise the haemodynamic differences after FD treatments. The aneurysm 

geometries and the positions of the two planes are as shown in Figure 1. 

Flow-diverting Stent Modelling  

The FD stent geometry was modelled as a fitted tube, with varied diameters, running through 

the parent artery that covers the aneurysm neck (see Fig. 1). Instead of the conventional stent 

geometry with individual FD wires, the FD stent was defined as a homogeneous porous medium 

tube in the simulation, with constant thickness of 100 μm. By defining the permeability, the 

 
(a)                                                         (b) 

Figure 1. Geometries of two patient-specific aneurysms and the positions of the 

centre planes: (a) the successful aneurysm and (b) the unsuccessful aneurysm. 



resistance force induced by the porous medium can be adjusted, which is expressed as a 

momentum source term added to the standard fluid flow equation: 

𝑆𝑖 =  − (
𝜇

𝛼
𝑣𝑖 + 𝐶2

1

2
𝜌|𝑣|𝑣𝑖),                                                    (1) 

where α is the permeability, C2 is the quadratic loss coefficient, i represents the x, y, or z 

coordinate, v is velocity, μ is viscosity, and ρ is density. The equation describing the correlation 

between the momentum source term and pressure drop is simplified as 

∆𝑝 =  −𝑆𝑖∆𝑒,                                                                             (2) 

where ∆e is the thickness of the porous medium [6]. 

Initial values of both permeability and inertial resistance factor were obtained based on a test 

model in numerical simulation that has a similar geometry to the Silk stent [6]. The permeability 

of an FD device is directly associated with the FD stent porosity. We adjusted the permeability 

by a series of factors — from 20% to 500% of the initial value (referred to as porosity level 20 

to 500), to measure the effects of device porosity on the post-stenting haemodynamic alterations.  

CFD simulation 

The blood was assumed to be a Newtonian, incompressible fluid undergoing steady laminar 

flow. To match the properties of physiological blood flow, density and viscosity were specified 

as 1050 kg/m3 and 0.0035 Pa·s, respectively. Mass flow rates of 250 mL/min at the inlet 

boundary were studied, while a 0 Pa static pressure was set at the outlets for all cases. A mesh 

dependency test was carried out before the simulation to ensure mesh quality and numerical 

accuracy. The fluid zone was discretised into 0.7 to 2.8 million elements with tetrahedral mesh 

elements, while denser mesh was added to the artery wall and stent surface. We used a 

commercial finite-volume-method based solver (CFX, Ansys, U.S.A.) to perform the CFD 

simulation. 

Results 

Figure 2 demonstrates the intra-aneurysmal haemodynamic result for the untreated condition 

and treated cases with the porosity level 20, 100, and 500. Figure 3 presents the alterations of 

flow-diversion efficacy, measured as intra-aneurysmal mass flow rate (MFR) and the Energy 

Loss (EL), at different levels of porosity.  

We found that the velocity magnitude on the centre plane increases, when the device porosity 

increases. This trend is observed in both successful and unsuccessful aneurysms (Fig. 2).  

By comparing the streamlines before and after FD treatments, an inflow reduction can be clearly 

observed in both aneurysms. With the successful aneurysm, the increasing porosity levels result 

in a decreasing blocking effect of aneurysmal inflow, while in the unsuccessful aneurysm, the 

flow-diversion effects remain similar from porosity level 20 to 500 (Fig. 2).  

Visualisation of velocity iso-surfaces in both cases shows that a strong inflow jet exists in the 

unsuccessful case even under the condition of the lowest porosity level, whereas the inflow jet 

can be markedly reduced in the successful case when a FD stent is implanted (Fig. 2). 

Quantitative results also show distinctions in the response to different porosity levels between 

the two aneurysms. For the successful case, the MFR drastically decreased from 80% to 16% 

when the porosity level was reduced from 500 to 20. For the unsuccessful case, however, the 

MFR only decreased to 40% when the porosity experienced the same reduction. Moreover, EL 

in the unsuccessful case reveals a 25–55% higher tendency than that of the successful case (Fig. 

3).   
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Figure 2. The velocity distributions on the centre plane, the streamlines and the 

velocity iso-surfaces for the successful and unsuccessful aneurysms, with a porous 

medium FD stent of various permeability levels, and the untreated cases.  



Discussion and conclusions 

Techniques, such as stent compaction or multi-stent implantation [9-10] that decrease the porosity 

of the FD wires across the aneurysm ostium, can effectively improve the flow-diversion 

efficiency post-treatment. However, the highest level of flow diversion that can be achieved by 

decreasing the permeability level may differ across different aneurysm geometries, e.g. the 

successful case (16%) and the unsuccessful one (40%) in this study. 

Furthermore, as can be seen in the unsuccessful case, a gap exists between the stent layer and 

the vascular wall, through which a strong inflow jet enters the aneurysm lumen. The DSA taken 

in the follow-up of the unsuccessful case also revealed the existence of the strong inflow jet. 

This suggests that not only the porosity level of an FD stent, but also the selection of device 

size in combination with parent artery morphology should be taken into consideration by 

neuroradiologists in the design of an FD stent treatment.  

To sum up, we investigated the effect of device permeability levels on a successfully treated 

aneurysm and an unsuccessful one with an implanted FD stent. We found that decreasing the 

permeability of an FD stent can improve the flow-diversion efficacy post-treatment, but how 

much improvement can be achieved depends on the morphological characteristics of the 

aneurysm and parent artery, as well as the selection of device size.  

 
(a) 

 
(b) 

Figure 3. Comparison of aneurysmal haemodynamics between successful and 

unsuccessful aneurysms treated with a porous medium FD stent at a range of 

permeability levels: (a) Mass flow rate and (b) Energy loss.   

(Haemodynamic results are given as percentages of the respective untreated cases.) 
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