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Abstract. Image-based computational fluid dynamics modeling of cerebral aneurysms has 

matured over the last decade. These techniques have allowed the study of patient-specific 

hemodynamics to better understand the mechanisms responsible for aneurysm formation, 

progression and rupture, and the effects of different devices and therapeutic options. The 

purpose of this study was to enhance and use a computational modeling chain previously 

developed to construct patient-specific models of cerebral aneurysms from three-

dimensional (3D) medical images and pulsatile physiologic flows and use them to investigate 

and compare the hemodynamic characteristics in ruptured and unruptured aneurysms. Using 

this methodology, a database containing over 200 patient-specific models of brain aneurysms 

has been constructed from 3D rotational angiography images. The models have been run 

under different physiologic flow conditions, including pulsatile and steady flows. The resulting 

blood flow fields were visualized using a variety of techniques in order to qualitatively classify 

the aneurysms according to the following characteristics: a) flow complexity, b) flow stability, 

c) inflow concentration, and d) size of impingement. Secondly, a number of quantitative 

hemodynamic measures that attempt to capture these qualitative characteristics were 

defined. The aneurysms were then divided into two groups according to their previous 

history of subarachnoid hemorrhage, i.e. ruptured and unruptured aneurysms, and the 

hemodynamic characteristics of each group were analyzed and statistically compared. The 

results indicate that ruptured aneurysms are more likely to have concentrated inflow jets, 

small impaction zones, complex and unstable intra-aneurysmal flow patterns, and large 

maximum wall shear stress. In contrast, unruptured aneurysms tend to have diffuse inflow 

streams, large zones of flow impaction, simple and stable flow patterns, and lower maximum 

wall shear stress. The importance of these results is that these associations could be used to 

discriminate between mechanisms of aneurysm wall weakening based on low or high flow 

theories and to improve aneurysm risk evaluation which is currently only based on aneurysm 

geometry.  
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1 INTRODUCTION 

Assessing the risk of rupture of intracranial aneurysms is important for clinicians 

because the natural rupture risk can be exceeded by the small but significant risk 

carried by current treatments (Kassell, Torner et al. 1990; Tomasello, D'Avella et al. 

1998; Wiebers, Whisnant et al. 2003). To date, risk assessment is mainly based on 

aneurysm size. However, it is known that small aneurysms do rupture, and therefore a 

more precise risk assessment is highly desirable. Improving current aneurysm risk 

assessment and evaluation requires knowledge of the underlying mechanisms 

governing the natural evolution of cerebral aneurysms. Although these mechanisms 

are poorly understood, hemodynamics is thought to play a fundamental role 

(Stehbens 1972; Kayembe, Sasahara et al. 1984; Nixon, Gunel et al. 2009; Sforza, 

Putman et al. 2009). Thus, numerous investigators have used image-based 

computational fluid dynamics (CFD) models to extract patient-specific hemodynamics 

information (Jou, Quick et al. 2003; Steinman, Milner et al. 2003; Shojima, Oshima et 

al. 2004). However, there is no consensus on which variables or hemodynamic 

characteristics are the most important. This paper describes a computational 

framework to study and characterize both qualitatively and quantitatively the 

hemodynamic environment of cerebral aneurysms in order to relate it to clinical 

events such as growth or rupture. In particular, a number of hemodynamic quantities 

are proposed to describe the most salient features of these hemodynamic 

environments and further our understanding of the mechanisms of aneurysm 

progression and rupture. 

 

2 METHODS 

2.1 Patient Data 

Anatomical images of cerebral aneurysms and the connected arteries are obtained 

using 3D rotational angiography (3DRA) during conventional transfemoral 

catheterization of the cerebral blood vessels. Rotational acquisitions are obtained 

during a six seconds contrast injection for a total of 24 cc of contrast agent on a 

Philips Integris biplane unit (Philips Medical Systems, Best, The Netherlands). The 

projection images are reconstructed into 3D voxel data using standard proprietary 

software (Philips XtraVision). The patients’ medical and radiological records are 

reviewed and evaluated for evidence of aneurysmal intracranial hemorrhage. In 

patients with multiple aneurysms, the clinical and radiological information are 

considered and a judgment of the most likely source of hemorrhage is made. The 

other co-incident aneurysms are classified as unruptured. Cases with evidence of 

vasospasm, or incomplete or inconclusive clinical information as well as dissecting 

aneurysms are excluded from the study.  
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2.2 Anatomical Modeling and Meshing 

Patient-specific vascular models are constructed from the 3DRA images using 

seeded region growing segmentation to recover the arterial network topology 

followed by iso-surface deformable models to recover the vascular geometry (Yim, 

Boudewijn et al. 2003; Cebral, Castro et al. 2005). The models are then smoothed 

using a non-shrinking algorithm (Taubin 1995) and arterial branches are truncated 

perpendicularly to their axes. During the vascular model construction process, the 

entire proximal portion of the parent artery visible in the 3D image is included in the 

model to ensure proper representation of secondary or swirling flows at the 

aneurysm location (Castro, Putman et al. 2006). The geometrical models are then 

used to generate volumetric computational grids composed of tetrahedral elements 

using an advancing front method (Löhner 2001; Cebral, Castro et al. 2005). These 

meshes are generated with a minimum uniform resolution of 0.01 cm to 0.02 cm. The 

mesh resolution is locally increased using source functions along arterial branches in 

order to ensure a minimum of 10 to 20 grid points in all vessel diameters. Typical 

meshes contain between 1 million and 5 million elements. 

2.3 Geographic Model Subdivision 

For subsequent analysis the computational mesh is partitioned into different 

geographic regions. This process consists of the following steps: a) interactive 

delineation of the aneurysm neck, b) triangulation of the aneurysm orifice, c) partition 

of the computational domain into aneurysm and vessel regions, d) further subdivision 

of aneurysm and vessel regions into sub-regions. During the interactive neck 

delineation, the user clicks on grid points along the aneurysm neck that are 

connected along the shortest geodesic path. Then, the aneurysm orifice defined by 

this neck contour is triangulated. This neck surface is then used to split the surface 

and volume grids into two regions corresponding to the aneurysm and the connected 

arteries. This is done by identifying all edges of the surface and volume grids that are 

cut by the triangles of the neck surface and using a region growing algorithm to label 

all grid points on each side of the neck surface. Subsequently, signed geodesic 

distance to the neck is computed on the surface and volume grids. These maps are 

then used to further subdivide the vessel and aneurysm regions into the following 

sub-regions: 1) near vessel – negative distance to the neck less than 1 cm, 2) far vessel 

– negative distance to the neck larger than 1 cm, 3) aneurysm neck – positive distance 

to the neck less than 10% of maximum positive distance, 4) aneurysm body – positive 

distance to the neck less than 60% of the maximum positive distance, and 5) 

aneurysm dome - positive distance to the neck larger than 60% of the maximum 

positive distance. The procedure is illustrated in Figure 1.  
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Figure 1: Geographic subdivision of vascular model. Left to right: neck delineation, aneurysm removal,  

neck orifice triangulation, geographic regions labeling. 

2.4 Blood Flow Modeling 

Blood flows are mathematically modeled using the unsteady 3D Navier-Stokes 

equations for an incompressible Newtonian fluid with density =1.0 g/cm
3
 and 

viscosity µ=0.04 Poise. The governing equations are advanced in time using a fully 

implicit scheme that recasts the original equations as a steady-state problem in 

pseudo-time (ϑ) at each time-step (n): 

t
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where u is the velocity, p the pressure, η the kinematic viscosity, u
n
 denotes the 

velocity at the previous timestep and u
ξ
=(1-ξ) u

n
 + ξ u

n+1
. The parameter ξ selects the 

numerical scheme: first order implicit Euler scheme (ξ=1), first order explicit Euler 

scheme (ξ=0) and second order Crank-Nicholson scheme (ξ=1/2). These equations 

are solved using a pressure-projection method where the spatial discretization is 

carried out using an edge-based upwind finite element method (Löhner 2001). The 

discretized momentum equation is solved using a Generalized Minimal Residuals 

(GMRES) method and the discretized pressure Poisson equation is solved using a 

deflated preconditioned conjugate gradients method (Mut, Aubry et al. 2009). This 

last method has been shown to significantly reduce the computation time, especially 

for elongated or tubular domains.  

 

2.5 Physiologic Boundary Conditions 

Typically, patient-specific blood flow data is not collected as part of the routine 

clinical examinations, and thus this information is not commonly available. Therefore, 

typical flow waveforms obtained from in vivo measurements of blood flows in normal 

subjects using phase-contrast magnetic resonance are used to prescribe boundary 

conditions (Cebral, Castro et al. 2003; Ford, Alperin et al. 2005; Cebral, Castro et al. 

2008). The waveforms measured in the cerebral arteries of normal volunteers are 

scaled with the area of the inlet boundary in order to achieve a mean wall shear stress 

of 15 dyne/cm
2
 at the inlet (Cebral, Castro et al. 2008). Fully developed velocity 
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profiles are specified at the model inlet boundary using the Womersley solution 

(Taylor, Hughes et al. 1998). Traction-free boundary conditions are prescribed at the 

model outlets. Since patient-specific flows are not known, in order to assess the 

variability of the hemodynamic quantities each model is run under two pulsatile flow 

waveforms corresponding heart rates of 60 bpm and 100 bpm (Jiang and Strother 

2009), and three steady flow conditions corresponding to an inlet wall shear stress of 

10 (low), 15 (medium) and 20 dyne/cm
2
 (high), respectively.  

 

2.6 Flow Post-Processing 

The computed flow field is post-processed to define a number of derived 

quantities. These derived fields can be subdivided into: a) volumetric fields, b) surface 

fields, and c) fields defined at the aneurysm orifice surface, and are defined as follows. 

 

Volumetric fields:  

Derived fields defined over the domain volume include: kinetic energy (k), strain rate 

( ), viscous dissipation (Φ), and vorticity (ω), defined as: 

 
(3) 

 (4) 

 
(5) 

 (6) 

where the strain rate tensor (eij) is given by: 

 
(7) 

These fields are numerically computed from the velocity field using a Galerkin finite 

element approximation in the volumetric domain Ω. 

 

Surface fields: 

Surface fields derived over the domain surface include the wall shear stress (τ), which 

is calculated as the derivative of the tangential velocity (ut) in the normal direction (n) 

at the vessel surface: 

 
(8) 

This field is computed from the velocity field using a parabolic recovery of boundary 

gradients method (Löhner, Appanaboyina et al. 2007) which is a second order 

method equivalent to placing three grid points in the boundary layer.  

 

Orifice fields: 

Finally, the velocity field is interpolated to the orifice surface Γo. This is done by first 

identifying all the edges of the volume grid that are cut by triangles of the surface 
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defining the neck surface. The algorithm uses a bin data structure to store all the 

edges of the volume grid. Then it loops over all the neck surface triangles and 

identifies from the bin structure the edges crossing the bounding box of each 

triangle. These edges are tested to check whether they cut the triangle plane and if 

so, if the intersection point lies inside the triangle, in which case the edge is marked 

as cut. Once the cut edges have been found, linear interpolation is used to compute 

the field values at the intersection points. A triangular connectivity is then generated 

connecting the intersection points into an interpolated neck surface mesh. Using this 

connectivity the surface normal at each point on the orifice surface is computed and 

used to find the velocity components along the normal (un) and tangential (ut) 

directions. 

 

2.7 Hemodynamics Characterization 

The aneurismal hemodynamic environment is qualitatively characterized by visual 

inspection of a set of blood flow visualizations according to the following properties 

(Cebral, Mut et al. 2010): 1) Flow complexity: simple flow patterns consisting on a 

single recirculation zone or vortex structure within the aneurysm, or complex flow 

patterns exhibiting flow divisions or separations within the aneurysm sac and 

containing more than one recirculation zone or vortex structure; 2) Flow stability: 

stable flow patterns that persist (do not move or change) during the cardiac cycle, or 

unstable flow patterns where the flow divisions and/or vortex structures move or are 

created or destroyed during the cardiac cycle; 3) Inflow concentration: concentrated 

inflow streams or jets that penetrate relatively deep into the aneurysm sac and are 

thin or narrow in the main flow direction, or diffuse inflow streams that are thick 

compared to the aneurysm neck and flow jets that disperse quickly once they 

penetrate into the aneurysm sac; and 4) Flow impingement: The flow impingement 

zone is the region of the aneurysm where the inflow stream is seen to impact the 

aneurysm wall and change its direction and/or disperse. This region is classified as 

small (large) if its area is small (large) compared to the area of the aneurysm (less than 

50% or more than 50%). Examples are presented in Figure 2. 
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Figure 2: Examples of aneurysm flow characteristics. Top to bottom and left to right: simple and 

complex flows, large and small impingement regions, diffuse and concentrated inflows, and stable and 

unstable flow patterns. 

 

2.8 Data Reduction  

Using the geographic subdivision described earlier, the following quantities are 
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defined using hemodynamic variables defined over the volume, surface or orifice 

regions: 

 

Kinetic Energy Ratio (KER): measures the total kinetic energy in the aneurysm relative 

to that of the parent artery: 

 

(9) 

where ka and kv represent the total kinetic energy computed over the aneurysm (Ωa) 

and near vessel regions (Ωv), respectively. 

 

Viscous Dissipation Ratio (VDR): measures the amount of viscous dissipation of 

mechanical energy in the aneurysm relative to that in the parent artery: 

 

(10) 

where Φa and Φv represent the total mechanical dissipation in the aneurysm and near 

vessel regions, respectively. 

 

Maximal wall shear stress (MWSS): measures the maximum wall shear stress value over 

the aneurysm region: 

 (11) 

 

Denoting τv and σv the mean and standard deviation of the wall shear stress 

magnitude computed over the near vessel region, aneurysm regions of high (Γh) and 

low (Γl) wall shear stress are defined as regions where the WSS is higher or lower than 

the mean WSS in the parent artery by one standard deviation: 

 
(12) 

 

The areas of these two regions are denoted by Ah and Al, respectively. In addition to 

MWSS, the following surface variables are defined: 

 

Low Shear Area (LSA): measures the percent of the aneurysm area that is subject to a 

“low” WSS, i.e. one standard deviation below the mean WSS in the parent artery: 

 (13) 

where Aa is the area of the aneurysm sac. This variable is 0 if there is no region with 

WSS below one standard deviation of the mean WSS in the parent artery, and will 

tend to 1 if the entire aneurysm is subject to “low” WSS. 

 

Shear Concentration Index (SCI): measures the degree of concentration of the WSS 

distribution: 

 
(14) 
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where Fh and Fa represent the total viscous shear force computed over the region of 

WSS (Γh) and the entire aneurysm (Γa), respectively: 

 

(15) 

This index becomes 0 if no part of the aneurysm is under “high” WSS (higher than one 

standard deviation above the mean WSS in the parent artery) and becomes large 

when the WSS distribution has a peak with high WSS concentrated on a small region 

of the aneurysm. 

  

Low Shear Index (LSI): measures the relative amount of the total shear force that is 

applied in regions of “low” WSS: 

 
(16) 

where Fl is the total viscous shear force applied in the region of “low” WSS: 

 

(17) 

The LSI varies from 0 when no frictional shear force is applied in regions of low WSS 

to 1 when the total frictional shear force is applied in regions of low WSS. 

 

Defining Γi the inflow region of the aneurism orifice, i.e. with positive normal velocity: 

 (18) 

the areas of the inflow and entire aneurysm orifice are denoted as Ai and Ao, 

respectively. 

 

Inflow Concentration Index (ICI): measures the degree of concentration of the blood 

stream flowing from the parent artery into the aneurysm: 

 
(19) 

where Qv is the flow rate in the parent artery and Qi is the flow rate entering the 

aneurysm: 

 

(20) 

This index takes a value of 0 if no flow enters the aneurysm and grows larger as the 

flow rate increases and is concentrated over a small region of the aneurysm orifice. 

 

3 RESULTS 

A total of 210 cerebral aneurysms have been modeled and analyzed as described 

before. For each aneurysm, the values of all the variables defined above were 

computed at each instant of time during the cardiac cycle and their minimum, 

maximum and average values over the cardiac cycle were calculated. Then, different 

aneurysm groups were defined including ruptured and unruptured aneurysms, 
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aneurysms with complex or simple flows, aneurysms with stable or unstable flows, 

aneurysms with concentrated or diffuse inflows, and aneurysms with small or large 

flow impingement regions. The average values of these variables over the different 

aneurysm groups were then computed and statistically compared using Student’s t-

test. The differences in the mean values were considered statistically significant if the 

two-tailed p-values were less than 0.05 (95% confidence).  

 

The results are summarized in Table 1. This table lists the number of ruptured and 

unruptured aneurysms in each qualitative flow category, the mean values of the 

hemodynamic variables over the ruptured and unruptured groups as well as the p-

values of the corresponding t-tests.  

 

 
 

 Variable Ruptured Unruptured P-value 

Hemodynamic 

characteristics 

simple flow 14 62 
<0.0001 

complex flow 69 65 

stable flow 20 59 
0.0018 

unstable flow 63 68 

diffuse inflow 28 85 

<0.0001 concentrated 

inflow 
55 42 

large impingement 20 62 
0.0006 

small impingement 63 65 

Hemodynamic 

measures 

 

MWSS 
384 

dyn/cm
2
 

277 

dyn/cm
2
 

0.0034 

ICI 1.012 0.66 0.0035 

SCI 9.97 6.47 0.0154 

VDR 0.36 0.951 0.0123 

KER 0.232 0.176 0.2226 

LSA 60% 56% 0.3716 

LSI 0.26 0.25 0.6630 

Geometry 
size 9.38 mm 6.59 mm <0.0001 

AR 1.42 0.966 <0.0001 

Table 1: Hemodynamic characteristics and quantitative measures of ruptured and unruptured 

aneurysms. 

The ratios of the number of ruptured to unruptured aneurysms in each flow 

category are presented in Figure 3. The stars over the bars indicate statistically 

significant differences. 
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Figure 3: Qualitative hemodynamic characteristics and aneurysm rupture. 

Similarly, the ratios of the mean values of geometric and hemodynamic variables of 

ruptured to unruptured aneurysm groups are shown in Figure 4. Bars above (below) 

one mean values larger (smaller) for the ruptured group. The error bars included in 

this figure represent the variability of these ratios of hemodynamic quantities with the 

different physiologic flow conditions considered. Again, the starts indicate statistically 

significant differences (to 95% levels) in the values of quantities over the ruptured and 

unruptured groups. The plus sign indicates a marginal significance to a 90% level.  
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Figure 4: Quantitative measures and aneurysm rupture. 

These results indicate that ruptured aneurysms are more likely to have complex 

flows, unstable flow patterns, concentrated inflows and small impingement regions 

than unruptured aneurysms. These qualitative characteristics are consistent with 

values of hemodynamic variables that indicate that ruptured aneurysms tend to have 

larger inflow concentration indices, larger shear concentration indices, larger maximal 

wall shear stress, marginally larger kinetic energy ratios, and smaller viscous 

dissipation ratios that unruptured aneurysms. Additionally, ruptured aneurysms are 

on average bigger and of larger aspect ratios than unruptured aneurysms. In contrast, 

ruptured and unruptured aneurysms did not have significant differences in their areas 

under low wall shear stress or in their low shear indices.  

 

Finally, the ratios of hemodynamic quantities averaged over the different qualitative 

hemodynamic categories defined earlier are presented in Figure 5. As in the previous 

figures starts (and plus signs) indicate statistically significant differences between the 

values of these quantities over the different aneurysm groups. These results indicate 

that complex flows tend to be associated with higher maximal WSS, more 

concentrated inflows, more concentrated shear stress distributions, larger areas of low 

WSS and lower viscous dissipation ratios than simple flows. Unstable flows are 

associated to larger inflow and shear stress concentrations, larger areas of low WSS 

and larger low shear indices, and lower viscous dissipation ratios than stable flows. 

Aneurysms classified as having concentrated inflows tend to have larger maximal 

WSS, inflow and shear concentrations, areas under low WSS and low shear indices, 

and lower viscous dissipation ratios than those classified as having diffuse inflows. 

Similarly, aneurysms with small impingement regions were found to have larger shear 
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concentration indices, areas of low WSS and low shear factors, and lower viscous 

dissipation and kinetic energy ratios than aneurysms with large impingement regions.  

 

Figure 5: Relationship between hemodynamic characteristics and quantitative measures. 

4 CONCLUSIONS 

A computational framework for the analysis of hemodynamics of cerebral 

aneurysms has been described. A number of qualitative characteristics and 

quantitative measures have been defined and obtained over a patient population 

with a total of 210 cerebral aneurysms. This analysis indicates that ruptured 

aneurysms tend to have concentrated inflows, concentrated wall shear stress 

distributions, higher maximal wall shear stress and smaller viscous dissipation ratios 

than unruptured aneurysms. Additionally, ruptured aneurysms tended to be larger in 

size and to have larger aspect ratios than unruptured aneurysms, as expected. All 

these associations reached a strong statistical significance. In addition, these statistical 

associations were found to be largely unaffected by the choice of physiologic flow 

conditions even if steady flows are used. This confirms the notion that hemodynamic 

information derived from image-based CFD models can be used to assess aneurysm 

rupture risk, to test hypotheses about the mechanisms responsible for aneurysm 

formation, progression and rupture, and to answer specific clinical questions. 
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