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1. Introduction

   It has been estimated that 3%-7% of the US population harbors 

an un-ruptured intracranial aneurysm (UIA). There are 35 000 

people in the US have an intracranial aneurysm rupture each 

year[1]. Intracranial aneurysm rupture has devastating effects which 

include subarachnoid hemorrhage and a 10% mortality rate with 

50% mortality within the first month[1]. In addition, the economic 

impact of subarachnoid hemorrhage is significant with clipping 

and coiling procedures increasing in cost by approximately $20 000 

from 2001 to 2008[2]. Accurate assessment of rupture risks for 

UIA is a critical factor in medical decision making, but current 

evidence to guide physicians when counseling patients with UIAs 

is outdated and incomplete. Most previous methods of predicting 

aneurysmal rupture of a UIA in the clinical process is based solely 

on size and location of the aneurysm[3]. Currently, the International 

Study of Un-ruptured Intracranial Aneurysms (ISUIA) suggests 

that aneurysms less than 7 mm pose minimal risk for rupture, and 

therefore surveillance should precede intervention. Surprisingly, 

our own retrospective reviews (Clinical Neuroscience Institute, 

Wright State University / Premier Health) found that more than half 

of patients (n=202) who had ruptured intracranial aneurysms were 

seen to have an aneurysm size of less than 7 mm. 

   °Computational fluid dynamics (CFD) simulations studying the 
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flow in cerebral vasculature and aneurysms has been recognized as 

an important tool to illuminate the hemodynamic characteristics[4-7]. 

The risk of rupture of intracranial aneurysms was believed to 

be associated with the size of the aneurysmal sac and possibly 

correlated with the shape of the aneurysmal sac in early studies[8]. 

In recent researches, hemodynamic variables such as wall shear 

stress (WSS), are believed to play an important role in predicting 

the rupture of the aneurysmal sac[9-11]. Significant correlations of 

CFD simulations results with aneurysm formation and rupture risk 

have been reported in the literature[12-17], unfortunately accurate 

predictors still remain elusive. The latest review on complex 

interactions of hemodynamics with intracranial aneurysm initiation, 

growth and rupture proposed that the high-versus-low WSS is a 

manifestation of the complexity of aneurysm pathophysiology, and 

both high and low WSS can drive intracranial aneurysm growth and 

rupture[18]. The review brought out the hypothesis that low WSS 

and a high oscillatory shear index can trigger an inflammatory-cell-

mediated pathway, which could be associated with the growth and 

rupture of large, atherosclerotic aneurysm phenotypes, while high 

WSS combined with a positive WSS gradient can trigger a mural-

cell-mediated pathway, which could be associated with the growth 

and rupture of small or secondary bleb aneurysm phenotypes. The 

saccular side-wall intracranial aneurysm in the present study belongs 

to the small bleb aneurysm phenotypes. The current study focuses 

on the effects of morphology of the bleb aneurysm on the flow 

pattern within the sac, pressure and WSS distributions on the saccular 

surface. Based on the hypothesis mentioned above, the rupture risk 

will be analyzed in correlation with the morphology of the aneurysm.

   In the present study, the patient-specific anatomic aneurysmal 

flow was modeled from the three-dimensional reconstruction of 

the cerebral vessels using digital subtraction angiographic imaging. 

According to our retrospective reviews on the previously found 

aneurysm morphology, uniform growth with conformal shape 

and remodeling to bi-lobed aneurysm are mostly representative. 

Therefore, based on the actual three-dimension construction of 

patient’s aneurysm, we have created two phantom scenarios which 

are believed to increase the likelihood of aneurysmal rupture: (1) 

increase the size of the aneurysm by approximately two times and 

(2) create a bi-lobed aneurysm (dysmorphic) by restricting growth 

at a particular position over the aneurysm surface (mimic of fibrosis 

of the aneurysmal wall). The hemodynamic characteristics of the 

two phantom scenarios will be compared with the anatomic model. 

The present study aims to quantitatively evaluate; (1) the velocity 

distribution proximal to, and inside of, the aneurysm, (2) pressure 

distribution on aneurysm surface, (3) the WSS distribution on the 

surface of the aneurysmal sacs and (4) the variances of pressure 

and WSS on the saccular surface. While the influence of WSS and 

pressure is believed to be correlated to the risk management of the 

aneurysm rupture, the importance of the oscillatory pressure and 

WSS should not be ignored as the time dependent pulsating behavior 

of the blood flow may also cause damage to the aneurysm surface. 

The ultimate goal of the current study is to assess the forces applied 

to various aneurysms and attempt to extrapolate these with rupture 

risks for UIAs using computational simulations of intracranial 

aneurysm hemodynamics. 

2. Materials and methods

2.1. Aneurysm characterization

   3D digital subtraction angiographic imaging data (Siemens Artis 

Zee) was obtained from an un-ruptured internal carotid artery (ICA) 

aneurysm discovered in a 64 year old, Caucasian, female patient 

with no smoking history or family history of rupture intracranial 

aneurysms. All 3D imaging was acquired using the Siemens 3D 

spin software. Images were acquired by careful catheterization of 

the cervical ICA using a 5F Terumo angle taper catheter and then 

visipaque 300 contrast agent was injected using the powered injector 

set at 3 mL/min contrast for 18 mL, total over a 5 second spin with 

a variable rate rise dependent on the patient’s cardiac output and 

previous digital subtraction angiographic contrast runs. This axial 

slice data was then collected in DICOM format and de-identified by 

the operating physician. In this work, 500 slicer image files with the 

thickness of 0.4 mm were used to reconstruct the 3D blood vessel 

geometry. The transformation from DICOM format to STL file was 

performed using a freeware software, 3D-Slicer. The STL file is 

considered a generic format for both CFD and CAD software.

   Figure 1a shows the unmodified 3D vascular reconstruction. As 

shown in the plot, not only that the data contains a lot of image 

noise, but there exists many trivial branches associated with 

various blood vessels. In order to reduce the computation efforts 

we decided to focus on the regions close to the aneurysm. The 

modification involves smoothing out the image noise appearing on 

the vessel surfaces and connections, filling holes, repairing broken 

connections, and eliminating unwanted small branches (unless they 

were approaching the ostium or connecting to the aneurysmal sac 

directly). These modifications can be performed in CAD software 

or a CFD preprocessor. The final configuration for CFD application 

is shown in Figure 1b. The ICA aneurysm was classified by two, 

independent, neurointerventionalist as a side-wall, saccular, 

unruptured aneurysm exhibiting one lobe. The diameter of the ICA 

inlet was 5.03 mm, the height of the aneurysm dome is 3.32 mm 

and the diameter of the aneurysm ostium is 3.72 mm which was 

comparable to CT angiography measurements. The equivalent 

inner diameter is calculated as 4.42 mm based on the volume of the 

aneurysmal sac, which is about 45.19 mm3. 

a
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b

Figure 1. a: Initial 3D model of cerebral arteries; b: Anatomic model after 

removing noise and arterial branches.
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2.2. Aneurysm morphology

   In the current study, the original aneurysm acquired from the 

patient’s clinical images was then assumed to evolve in different 

paths leading to two completely different morphologies, which are 

considered representative morphologies based on our retrospective 

review. The initial anatomic model, Figure 2a, was used to perform 

the transformations using Sculptor Morph V.3.4 (Optimal Solutions 

Software, LLC.). The first geometry (enlarged) was created by evenly 

enlarging the aneurysmal sac by 2.1 times which is a reasonable size for 

observed enlarged aneurysm and it reaches the limit of grid deformation 

under the current meshing method, as shown in Figure 2b. Compared 

with the original model, the height from the ostium to the dome was 

increased to 5.50 mm, the diameter of the ostium was enlarged to 3.89 

mm, and the equivalent inner diameter was increased to 5.64 mm. The 

second model (bi-lobed) was created by restricting the growth on a 

surrounding curve near to the middle position on the sac surface (like 

tightening the aneurysmal sac in z direction along the center line), as 

shown in Figure 2c. The bi-lobed model was assumed to transform from 

the original anatomic model unevenly while maintaining the maximum 

diameter of ostium being the same as the original model. As a result, 

the height from the ostium to the central lowest position of the concave 

region was reduced to 2.70 mm.

2.3. Computational fluid dynamics

   The models can be directly loaded into the commercial CFD software 

SC/Tetra (Cradle North America, Dayton, OH). The program solves 3D 

conservation equations of mass and momentum in time (the so-called 

Navier Stokes equations). As we assume the effect of vessel deformation 

is small, a rigid wall with no-slip boundary condition was applied to 

the wall surfaces. Blood was modeled as an incompressible Newtonian 

fluid with a density of ρ=1 050 kg/m3 and a dynamic viscosity of 

μ=4.5×103 Pa∙s, which is in accordance with previous studies[5,19]. The 

in-vivo measurement of the time-averaged blood flow rate in ICA is 

approximately 266 mL/min and ICA diameter is around 0.5 cm. This 

translates into a mean Reynolds number (Re=ρVD/μ, where V is the 

averaged velocity in ICA, and D is the diameter of the vessel). Even if 

we consider the waveform as shown Figure 3, the maximum Reynolds 

number is merely 816. Therefore, the simulation assumes the flow 

remains laminar throughout the calculation.

Figure 3. Inlet boundary condition for the simulation: a: Anatomic model; 

b: Comparison of the pressure waveform for ICA terminus and Pcomm 

artery; c: Volume flow rate for ICA inlet; d: Pressure difference between 

ICA terminus and Pcomm artery.
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2.4. Simulation parameters 

   The present study is based on the patient-specific vessel model. 

Nevertheless, only one mass flow rate waveform was applied at the 

inlet of ICA. The pulsatile mass inflow rate for the ICA was extracted 

from a parallel study, in which an in-house computer program for total 

human intravascular network simulation was developed (published in 

a separate paper[20]). Blood flow in arteries, capillaries and venules is 

modeled using lumped parameter models, or the 0D models, which 

are modeled using the connection of a number of capacitors, resistors 

and inductors to represent the real biomechanics[21-24]. The simulation 

results of volume flow rate and pressure are presented in Figure 3c. 

Compared to the previous study, the outlet pressure boundary condition 

plays an important role in the mass flow rate working on the aneurysm. 

Thus, at two distal vessels’ outlets, ICA terminus and Pcomm (posterior 

communicating) artery, a pressure difference wave form was applied 

for the ICA terminus artery, and a zero-value gage pressure was applied 

for the Pcomm artery, as shown in Figure 3d. Figure 3b shows the 

pressure inside the ICA terminus and Pcomm artery. In the current 

study, five cardiac cycles were performed with a time step of 0.000 2 

Figure 2. a: Anatomic model and two morphology models; b: Evenly enlarged model; c: Bi-lobed model. 
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seconds for the coarse mesh and 0.000 1 seconds for the fine mesh. 

The time dependent values of the pressure at the center of aneurysm’s 

ostium, as shown in Figure 4a, are presented in Figure 4b. As can be 

observed from the plots, a quasi-steady state solution has been reached 

and therefore all analysis were performed using the solution obtained in 

the fifth cardiac cycle.  

Figure 4. a: The position of monitor point; and b: the corresponding 

pressure profile from the second period to the fifth period. 
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2.5. Simulation convergence

   To verify the grid convergence, the solutions of two computational 

meshes were analyzed: 2.5×106 and 2.2×107 mesh elements. While the 

increase is only one order of magnitude, the refinement of the grids is 

mainly concentrated near the aneurysm regions. The execution time 

for the coarse and fine meshes were 60 h using 8 processors and 380 

h using 32 processors, respectively. Time-averaged pressure and WSS 

acting on the aneurysmal sac surface for the original anatomic case 

were compared and the results are presented in Figure 5. As can be seen 

from the contour plots, there is no visual difference between the two 

calculations and the maximum numerical difference in the averaged 

pressure and WSS is less than 5% in the two simulations. Hence, the 

coarse mesh was chosen to conduct the simulation for the rest of this 

study to simplify and reduce the time required for data collection.  

Figure 5. Time-averaged pressure distribution: a: Coarse mesh; b: Fine 

mesh and WSS distribution: c: Coarse mesh; d: Fine mesh.
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3. Results

3.1. Time-averaged intraaneurysmal flow patterns 

   Time-averaged analysis, which was based on 5 000 instantaneous data 

files in the fifth cycle, was performed for the three cases. The blood 

flow patterns inside the aneurysmal sac were compared in Figure 6. 

Complex vortex-like flows were observed inside the aneurysm for all 

three cases. Three represented streamlines were displayed for purposes 

of illustration. The black line indicates the fraction of the flow bypassing 

the aneurysm while the red and blue lines show the fraction of the blood 

entering into the aneurysmal sac. For the original anatomic aneurysm, 

the blood stream enters the aneurysm from the ostium and moves along 

the back left wall of the sac from the current view of the aneurysm as 

shown in Figure 6a. Then, after the bloodstream reaches the dome, a 

quantity of bloodstream keeps flowing along the right side wall and 

moving out, whereas a large amount of bloodstream turns down along 

the front surface resulting in vortices about the center of the aneurysmal 

Figure 6. Time-averaged streamlines: a: The anatomic case; b: The enlarged case; c: The bi-lobed case.
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sac, and then moves out of the aneurysm resulting in a spiral-line path. 

   Dissimilar to the anatomic case, the enlarged model generates a 

more complicated flow pattern inside the aneurysmal sac, as shown in 

Figure 6b. There is no bloodstream directly leaving the aneurysmal sac 

after reaching the dome. All flow turns down along the front surface 

generating large-scale, central, vortices which make the blood residence 

time longer. This results in an evenly low velocity distribution inside. 

The phenomenon can also be explained by linking with mass flow rate 

entering the aneurysm, which will be presented in the following. As 

performed in Figure 6c, the flow pattern of the bi-lobed case is similar 

to the anatomic model. Since the geometry has been changed, the dome 

of the aneurysm is now lower than the anatomic case so that the vortex 

is remained at a lower position compared to Figure 6a. Thus, the blood 

residence time is shorter than the anatomic case. 

   Figure 7 shows the time averaged velocity contour and 2D vector 

on the cross section of the ostium as shown in the Figure 7a. In order 

to illuminate the mass flow rate going into/out of the aneurysm, the 

velocity component normal to the cross section was used to compute 

the mass flow rate. As Figures 7b, 7c, and 7d presented, local high 

positive and negative out-of-plane velocities are observed in the 

anatomic and bi-lobed cases, which indicates more friction can be 

generated on the ostium region. The anatomic case had the largest 

mass flow rate (34.12%) out of the three cases, while the enlarged case 

had the lowest flow rate (23.78%). Therefore, under the same flow 

condition in the vessel, the increase of the aneurysmal sac volume 

gave rise to the decrease in velocity inside, which resulted in a lower 

WSS distribution on the surface of sac. In order to illuminate the details 

inside of the aneurysmal sac, several cut-planes with in-plane velocity 

vectors and out-of-plane velocity contours have been added, as shown 

in Figures 8, 9 and 10. The distance in-between the cut-planes is about 

1.6 mm. Again, the bloodstream entering into the aneurysm is mainly 

from the left side, near the front surface from the present perspective, 

and moves out from the right side near the front surface. The high 

speed inflow and outflow around these two locations respectively could 

induce the local high WSS.

Figure 7. Time-averaged out-of-plane velocity contour with 2-D in-plane velocity 
vectors on the cross-section at the inlet of the aneurysm: a: 3D view of inlet of the 
aneurysm; (b) the anatomic case; (c) the enlarged case; (d) the bi-lobed case. Note 
that the range of the length of the velocity vector is from 0 to 0.38 m/s.
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Figure 8. Time-averaged out-of-plane velocity contour with in-plane 

velocity vectors on several cross  sections in the aneurysm with streamlines 

for the anatomic case.
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Figure 9. Time-averaged out-of-plane velocity contour with in-plane 

velocity vectors on several cross sections in the aneurysm for the evenly 

enlarged case.
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Figure 10. Time-averaged out-of-plane velocity contour with in-plane 

velocity vectors on several cross sections in the aneurysm with streamlines 
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3.2. Pressure and WSS distribution of time-averaged analysis

   Based on the time-averaged CFD simulation for the three models, 

pressure, WSS and their corresponding oscillatory components were 

extracted and mapped on the surface of the internal carotid aneurysm as 

shown in Figures 11, 12, 13, and 14, respectively. The WSS is calculated 

using the definition equation of the WSS, as presented in Eq. (1),

WSS=τW=µ ∂
uT

∂n n=0
			          (1)

   

where uT  is the velocity tangential to the local surface, n is the local 

coordinate normal to the local surface, and µ is the dynamic viscosity 

of the fluid. The variances of pressure and WSS provide information 

for the strength of the oscillation and are defined as√p' 2 and τw
√ ' 2

where prime denotes the difference between instantaneous and mean 

values and bar indicate average over one time cycle. 

Figure 11. Time-averaged pressure distributions: a: The perspective of the 
aneurysm; b: The anatomic case; c: The enlarged case; d: The bi-lobed case.
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Figure 13. The root mean square of pressure distributions: a: The anatomic 

case; b: The enlarged case; c: The bi-lobed case.

   The time-averaged pressure contours on the surface of the aneurysmal 

sac are presented in Figure 11, with Figure 11a showing the perspective 

view of the aneurysm. As shown in Figure 11b, the maximum pressure 

of 415.38 Pa on the anatomic model appears at the dome region in 

relation with the impingement, and the minimum pressure 157.62 Pa 

is located on the left hand side corresponding to the high speed passing 

flow. Figure 11c shows the pressure contour of the enlarged phantom 

morphology, the range of pressure is from 231.84 to 399.58 Pa. It has 

been observed that the range was dramatically narrowed compared to 

the anatomic model and thus the pressure is more uniformly distributed. 

The pressure contour for the bi-lobed phantom morphology is shown 

in Figure 11d. The range of pressures was from 158.84 to 461.00 Pa 

and a wider high pressure region is mainly concentrated in the concave 

region as compared to the original anatomic case. 
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Figure 12. Time-averaged WSS distributions: a: The anatomic case; b: The enlarged case; c: The bi-lobed case.

Figure 14. The root mean square of WSS distributions: a: The anatomic case; b: The enlarged case; c: The bi-lobed case.
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   Attention is now focused on the comparison of the WSS, as shown 

in Figure 12. For the original anatomic case as shown in Figure 12a, 

the maximum WSS of 39.05 Pa was observed at the aneurysm neck 

region as predicted in the previous analysis on the left hand side. 

On the sac surface, a maximum WSS of 17.61 Pa was observed in 

several places in the dome area. In contrast, WSS for the enlarged 

and bi-lobed cases are shown in Figures 12b and 12c, respectively. 

The distribution of WSS for the enlarged case become more uniform 

on the aneurysmal sac surface and it had a smaller magnitude (the 

maximum WSS was 9.81 Pa on the sac surface), which agreed with 

the previous analysis based on the flow characteristics. For the bi-

lobed case, in addition to the regions close to the aneurysm neck, 

high WSS was also observed close to the aneurysm neck and the 

concave region on the dome, which also agreed with the previous 

estimation based on the flow characteristics. In this case, due to the 

irregularity of the aneurysm, there existed a region of high WSS near 

the concave region, having a maximum WSS of 33.20 Pa.

   The contours for the root mean square of WSS are shown in Figures 

13 and 14. It can be seen that the root mean quare of pressure and WSS 

is around 30.9% and 62.5% of the mean, and the contour distributions 

were similar to those of the mean pressure and WSS. The high root mean 

square value indicated that WSS is subject to a substantial oscillation 

due to the unsteady nature of the cardiac blood flow. The similarity in 

contours of the mean WSS and the root mean quare value implied that 

the region of impact caused by the unsteady nature was essentially in 

accordance with the area where large mean WSS was observed.   

4. Discussion

   CFD studies in the present study have assumed the same heart rate 

(HR) and blood pressure (BP), which represents a snapshot of the 

varying physiological conditions. However, by eliminating the effect 

of HR and BP, the present study presents a more pure influence of the 

morphology of the bleb aneurysm on the flow pattern, pressure and 

WSS distribution. In the present study, the 3D patient-specific UIA was 

successfully reconstructed and modeled for the CFD simulation. The 

saccular side-wall intracranial aneurysm in the present study belongs 

to the small bleb aneurysm phenotypes based on the classification of 

Meng et al[18]. The arterial flow characteristics are illustrated in terms 

of velocity vectors and streamlines. High velocity streams entered the 

aneurysm sac from the left back side, and became complex vortices. 

The high and unsteady pressure and friction on the arterial wall could 

induce a mural-cell-mediated pathway. It has been indicated that 

pressure elicits tensile stresses in the wall, which are felt by vascular 

mural cells, namely smooth muscle cells and fibroblasts[18]. Under 

unbalanced stresses, these mural cells can regulate collagen dynamics 

by cross-linking and synthesizing new collagen and degrading old 

collagen. Meanwhile, endothelial cells lining the vessel lumen sense 

changes in WSS from blood flow and transduce these mechanical 

signal into biologic signals, activating pathways to maintain vascular 

homeostasis. Through endothelial cell-mediated biology, WSS not 

only regulates vascular tone but also drives vascular remodeling under 

sustained deviations from physiologic baselines[25-28]. 

   In the bi-lobed phantom morphology, the increased WSS observed 

on the sac surface associated with a higher flow velocity gradient 

and increased pressure could accelerate the process of the artery wall 

degeneration and weakening in response to changing hemodynamic 

loading and biomechanic stressors[29]. This situation is aggravated 

by the large unsteady nature of blood flow. The computational 

results showed that the oscillation of WSS essentially coincide with 

high averaged WSS. The changes in the aneurysmal wall properties 

could induce intensive strain especially near the margin between 

the stiff region and normal region, and cause the aneurysm to grow 

unevenly. The uneven feature of the aneurysm and high WSS are 

mutually caused and intensified. This trend could theoretically lead 

to the rupture of the aneurysm. 

   In the evenly enlarged phantom morphology, the decreased pressure 

and WSS on the sac surface are considered favorable for maintaining 

vascular homeostasis. However this is based on the hypothesis that the 

aneurysm is a thin-walled, smooth, hypocellular aneurysm phenotype. 

If it is a large, thick-walled, atherosclerotic aneurysm phenotype, the 

low WSS and high oscillatory shear could trigger an inflammatory-

cell-mediated pathway, which could be associated with the growth 

and rupture of this type of aneurysm[17,30]. Such findings highlight 

aneurysm hemodynamics, in conjunction with better classification of 

aneurysms, could help determine the rupture of cerebral aneurysms. 

   Several limitations have impact on the accuracy of the results. In 

the CFD simulation, a rigid wall was applied because of the lack of 

information of arterial wall properties such as elasticity and thickness. 

The thickness of the bleb aneurysm is commonly thinner than an 

arterial wall, which is a possible factor for rupture. The averaged intra-

arterial mass flow rate waveform is based on a total human intravascular 

network simulation. However, the unsteady physiological conditions 

such as the change of HR and BP were not taken into account in the 

present study. However, it is difficult to measure the precise waveform 

of a patient, because of different heart beats, total length of blood 

vessel, and the blood vessel structure. Based on this information, more 

accurate inlet boundary conditions and more precise fluid-structure 

interactions will be taken into account in our future studies. 

   An anatomic un-ruptured aneurysm on the ICA, and two phantom 

morphology models under the same inlet flow waveform were analyzed 

using CFD. The present study shows it is the intracranial aneurysm 

morphology and hemodynamics which have significant impact on 

pressure and WSS distribution on the surface of the cerebral aneurysm 

and not necessarily the overall size of the intracranial aneurysm. 

The predictions of rupture merely based on size of the aneurysm 

are questionable. Our research suggests that in the evenly enlarged 

phantom morphology, the decreased pressure and WSS on the sac 

surface are considered favorable for maintaining vascular homeostasis 

of a bleb aneurysm, while irregular morphologies of a small bleb 

aneurysm, such as bi-lobed configurations, could accelerate the process 

of the artery wall fibrosis which might lead to a higher risk of rupture.
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