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Supplemental Methods 

 

Aneurysm Morphological Characteristics  

For each aneurysm, the aneurysm size and the neck width were measured using three-

dimensional (3D) rotational angiography images. Aneurysm size was defined as the 

maximum perpendicular height of the aneurysm sac, and was categorized as small 

(≤10 mm) or large (>10 mm), in accordance with Dhar et al.1 Neck width was 

categorized as narrow (≤4 mm) or wide (>4 mm).2, 3  

 

Treatment-Related Factors 

Packing density, defined as the ratio between the volume of the coils and the volume 

of the aneurysms, was expressed as a percentage.4 The volume of the coil was 

calculated as π × (diameter of coil/2)2 × the coil length.5 The volume of the patient-

specific aneurysm was scaled using Geomagic studio software (Geomagic studio 

version 12.0; Geomagic Inc., Cary, NC, USA). To our knowledge, there is no 

definitive relationship reported between the packing density and recanalization.6, 7 To 

examine the correlation with recurrence, we categorized packing density using a 

threshold of 24%, derived from previous reports showing that recanalization was less 

common when the coil packing density was >24%.4, 8 

 



Computational Modeling and Hemodynamic Simulations 

 

Virtual Stenting and Porous Media Techniques 

All pre-treatment aneurysm geometries were obtained from digital subtraction 

angiography (DSA) images. We then applied the porous media method and our novel 

virtual stenting technique to simulate the coil mass and in vivo stent deployment, 

respectively, as previously reported.9-11 The virtual stenting workflow was as follows: 

(1) preprocessing: we isolated the parent vessel from the aneurysm and trimmed down 

the stent deployment region using Geomagic studio software; (2) simplex mesh 

expansion: the centerline was obtained within the parent vessel to undergo radial 

expansion using software (MATLAB R2013a; The Mathworks, Natick, MA, USA) to 

initialize a simplex mesh, and the expansion was stopped when the initialized simplex 

mesh had good apposition with the parent-vessel wall; (3) postprocessing: the 

Enterprise stent pattern was mapped to the simplex mesh, and the wires were swept 

into the 3D structures using CAD software (Creo Parametric 2.0; PTC Needham, MA, 

USA). The aneurysmal sac with coils was modeled as a porous medium as described 

by Wang et al,10 following the porous media model theory of Kakalis et al. 

 

Hemodynamic Simulations 

Computational fluid dynamic modeling was previously described.12, 13 Each patient-

specific model obtained from 3D data was imported into ICEM software 

(ANSYS14.0, Canonsburg, PA, USA) to create finite volume tetrahedral element 



grids. After meshing, simulation of hemodynamics was performed with ANSYS CFX 

software (ANSYS CFX 14.0; ANSYS, Inc., Canonsburg, PA, USA). The Navier–

Stokes formulation was used in the underlying calculation, with an assumption of a 

homogenous, laminar, and incompressible blood flow. We treated blood as a 

Newtonian fluid. The blood vessel wall was assumed to be rigid with no-slip 

boundary conditions. The density and dynamic viscosity of the blood were specified 

as ρ=1060 kg/m3 and μ=0.004 Pa/s, respectively. A representative pulsatile period 

velocity profile was obtained by transcranial Doppler, and set as the inflow boundary 

condition. To confirm the numeric stability, 2 cardiac cycle simulations were 

performed and the results from the second cardiac cycle were collected as output for 

the final analyses.  

After CFD simulation, the following hemodynamic parameters at both pre-

treatment and post-treatment were collected at systolic peak using ANSYS CFD-post 

software (ANSYS CFX 14.0; ANSYS, Inc., Canonsburg, PA, USA);9, 14 (1) wall shear 

stress-related parameters: the average wall shear stress on the neck wall and the whole 

aneurysm wall, (2) velocity-related parameters: the average velocity on the neck plane 

and inside the aneurysm. To reduce the differences between individuals, we used the 

reduction ratio between pre-treatment and post-treatment for observation of 

hemodynamic changes. The hemodynamic reduction ratio was calculated as (pre-

treatment parameter − post-treatment parameter) / pre-treatment parameter.  
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