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Abstract 
 

Cerebral aneurysm is a pathology in which the blood vessel wall in the brain weakens, fills with blood, and results in 

a balloon-like bulge. As the aneurysm grows, it applies pressure on the surrounding vasculature and brain tissues, 

causing symptoms like headache and visions problems. The wall can become so thin that one’s blood pressure may 

cause the aneurysm to rupture, which is often fatal. This research focuses on using computational fluid dynamics 

(CFD) to analyze blood flow patterns before and after proposed surgical modifications for an aneurysm model. A 

model of the aneurysm, used as a reference in this project, was obtained from a previous project in which it was 

generated from computed tomography angiography (CTA) images. Because of over-smoothing, a new geometry 

needed to be constructed to perform flow analysis using the original CTA images. The process began by using ITK-

SNAP to segment the geometry and using Geomagic Design X to finalize the geometry by removing unnecessary 

vasculature. The file was then imported into Hypermesh and a mesh for CFD was generated. The mesh and 

geometry was then imported into Fluent. Boundary conditions were applied for the CFD analysis based on a set of 

assumptions. Flow simulations were performed to validate the assumptions made and characterize the blood flow 

patterns for the baseline case. Surgical modifications were implemented. CFD analysis was then repeated to 

determine the effects of each modification on blood flow patterns. The geometry model of the aneurysm was then 

printed using additive manufacturing (AM) for patient education and surgical treatment planning. The results of this 

research will allow surgeons to determine the best treatment option to improve the efficiency and success of surgical 

intervention for cerebral aneurysms and provide insight for patient learning to increase compliance with suggested 

surgical interventions.  
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Introduction 
 

An aneurysm is a pathology in which the blood vessel wall weakens, fills with blood, and forms a balloon-like bulge 

due to a deficiency in collagen, a structural protein, and the repetitive pressure of blood flow. As the aneurysm 

grows, it applies pressure on the surrounding vasculature and tissues. If an aneurysm occurs in the brain, it can cause 

symptoms like double vision, dilated pupils, and pain above and behind the eye. Aneurysms most often occur on 

larger blood vessels where an artery branches
6
.
 
 

   About 5% of the population may develop or have a cerebral aneurysm. The blood vessel wall can become so thin 

that one’s blood pressure may cause the aneurysm to rupture
6
. Rupture of a cerebral aneurysm releases blood into 

the space around the brain and is called a subarachnoid hemorrhage. Subarachnoid hemorrhages have a mortality 

rate of 50% and a morbidity rate of 50% for those who survive
3
.  

   Blood flow through the brain is complex. It is tightly regulated to meet the brain’s metabolic demands. Too much 

blood flow can raise intracranial pressure and too little causes an ischemic cascade, or a series of biochemical 

reactions initiated by inadequately supplied tissues, and may lead to damage and death of brain cells
1
. From the 



 
 

heart, blood is carried to the brain by two paired arteries, the internal carotid arteries and the vertebral arteries. The 

internal carotid arteries supply the front areas of the brain, while the vertebral arteries supply the back. Once the 

blood passes through the skull, the right and left vertebral arteries join together to form a single basilar artery. This 

basilar artery and the internal carotid arteries join together in a ring called the Circle of Willis, which is a common 

location for aneurysms to form
6
. Blood flow, specifically through aneurysms, can be complex due to the formation 

of jets and recirculation zones. The flow is mainly determined by the aneurysm geometry and is, therefore, variable 

between patients
5
.  

   Most unruptured aneurysms are discovered incidentally during a scan for another medical condition because they 

often do not present any symptoms. One of the diagnostic tools used to image aneurysms is computed tomography 

angiography (CTA). This imaging system is a non-invasive x-ray that images the anatomical structures to detect 

blood in or around the brain. Contrast is often injected into the patient’s blood stream to allow for a better image of 

the arteries. Therefore, with CTA, the blood vessels and soft tissues can be imaged
6
. 

   Physicians must consider the risk of treatment versus the risk of rupture when trying to determine whether the 

unruptured aneurysm should be surgically treated. Most often, the first treatment method is to passively observe the 

aneurysm using imaging scans every year. If symptoms arise or if there is abnormal growth, the physician will opt 

for surgery. There are three surgical treatments available. The first is surgical clipping. In this procedure, a cut is 

made in the skull, called a craniotomy, to expose the brain and vasculature. The brain is then retracted in order to 

locate the artery with the aneurysm. Once located, a small titanium clip is placed across the neck of the aneurysm to 

obstruct the normal blood flow from entering the aneurysm. The second intervention is artery occlusion and bypass. 

This method is most often performed on aneurysms that do not have a defined neck or are too damaged. In this 

procedure, the surgeon completely blocks the artery supplying the aneurysm and blood flow is bypassed around the 

occluded section by inserting a vessel graft connected above and below the occluded artery so blood flow continues. 

The third surgical treatment is endovascular coiling in which a catheter is inserted into an artery in the groin and 

guided through the blood vessels to the aneurysm. Once the catheter is placed into the aneurysm, the aneurysm is 

packed with platinum coils or balloons to occlude the blood in the aneurysm, which allows the blood to flow past the 

aneurysm in the artery
6
. Occasionally, for geometrically-complex aneurysms, custom endovascular flow diverters or 

stents are used to minimize blood flow into the aneurysm. All options have their own advantages and disadvantages. 

Therefore, the surgeon must decide which option is best for each individual patient.  

   Computational Fluid Dynamics (CFD) is a technique that provides a qualitative and quantitative prediction of fluid 

flows using mathematical modeling, numerical methods, and software tools. CFD allows researchers to perform 

virtual experiments on the computer that have similar results to real experiments
2
. Using CFD to simulate blood 

flow in arteries may help to predict the development of aneurysms, as well as, allow surgeons to make clinical 

decisions
3
. Because there are many treatment options, the use of CFD will allow surgeons to consider different 

surgical options for flow alterations and help to determine the most effective treatment. CFD simulations will help to 

determine which of the proposed surgical options is most likely to reduce the flow into the aneurysm, while allowing 

for continued flow through the surrounding vasculature
4
. Therefore, with CFD, surgeons can perform simulations on 

the computer so that they can plan exactly what they are going to do when they get into surgery, reducing the 

uncertainty and the time in the operating room
3
.  

   There have been previous CFD models of intracranial aneurysms made in order to model altered blood flow 

resulting from different surgical options. Previous research had obtained measured inlet velocity using phase-

contrast MRI
3
. In this study, while the vascular geometry was complex, consisting of multiple aneurysms, CTA 

images were only available, so boundary conditions were applied based off of proper assumptions. The hypothesis 

was that using only CTA scan data and proper boundary conditions, CFD could be used to analyze blood flow 

patterns before and after proposed surgical modifications for an aneurysm model.  

 

Methodology 
 

Following a protocol approved by the Institutional Review Board of the Milwaukee School of Engineering, three 

sets of anonymized CTA scan images in DICOM (Digital Imaging and Communications in Medicine) format were 

obtained from the Department of Radiology at the University of Virginia. In a previous project, two aneurysm 

models were created from the CTA images and printed using additive manufacturing. The two models were referred 

to as Anon-1 and Anon-2. In this project, only Anon-2 was considered. Anon-2 had a saccular aneurysm located in 

the cavernous portion of the right carotid artery and a fusiform aneurysm located in the middle cerebral artery
7
. The 

previously generated model served as a reference during segmentation and creation of the geometry for this project.  

   To create the geometry for CFD analysis, the series of DICOM images were imported into ITK-SNAP (University 

of Pennsylvania and Utah). In ITK-SNAP, active contour segmentation was selected to perform automatic 



 
 

segmentation. Manual segmentation was then performed to eliminate the bone from the vasculature by analyzing the 

CTA images slice by slice and removing voxels. Once complete, the segmented geometry was exported into 

Geomagic Design X (3D Systems, SC). Another segmentation was performed using a different procedure and 

compared to the segmentation performed in ITK-SNAP. Once it was confirmed that the two segmented geometries 

were similar by aligning them, the two geometries were blended to obtain the final geometry. This final geometry 

was verified by Dr. Rayz at the Medical College of Wisconsin, who is an expert in CFD analysis of aneurysms.  

   The file was then imported into Hypermesh (Altair, MI) and a mesh for CFD was generated. The geometry was 

cut into sections so that separate portions of the geometry could be meshed with different densities. An iterative 

process was used to create a suitable mesh. The case file was then imported into Fluent (ANSYS, PA). Boundary 

conditions were applied for the CFD analysis based on a set of assumptions.  

   In this study, blood flow was assumed to be steady and laminar. Blood was considered to be incompressible and 

Newtonian, with a constant viscosity of 0.0035 Pa*s. Blood was also assumed to have a density of 1060 kg/m
3
. It 

was also assumed that there was sufficient length of the inlet vessel for flow to develop before it reached the 

beginning of the aneurysm. Rigid walls were assumed, which is a reasonable assumption because cine MR images 

show no appreciable movements of blood vessels over the cardiac cycle. In addition, as the vessel wall deteriorates 

in aneurysms, the wall loses elastin, which makes the wall more rigid
3
. 

   In order to obtain the value for the velocity magnitude to prescribe the inlet boundary condition, a calculation was 

performed based off of fluid principles. The average velocity over a cross sectional area, Vm, was calculated by 

using equation (1), where R is the radius, τw is the wall shear stress (WSS) (10 dynes/cm
2
, which was considered to 

be a typical shear stress for this type of blood vessel), and µ is the dynanmic viscosity of blood.  

 

      Vm =
Rτw

4μ
                          (1) 

 

   To validate that flow through the vasculature is laminar, the Reynolds number was calculated. The Reynolds 

number was determined to be less than 2300, which represents laminar flow.  

   The outlet gauge pressure was set to 0 Pa for all outlets because in a previous non-published study by Dr. Rayz, 

the model with zero-pressure outlet conditions was found to produce outlet flow rates closer to the in vivo 

measurements than other outlet conditions that were analyzed
3
. In addition, this assumption was validated along 

with the Newtonian and sufficient length of the inlet vessel to allow for developing flow assumptions. All other 

assumptions that were made are generally accepted when modeling cardiovascular flows, and, therefore, were not 

validated.  

   Once the boundary conditions and assumptions were applied, flow simulations were performed to validate the 

assumptions made and characterize the blood flow patterns for the baseline case. Surgical modifications were 

implemented. A flow diverter was proposed by removing the aneurysm in the geometry using Geomagic. Outlet 

flow-compensated clipping was performed by forcing one outlet to have zero flow and maintaining flow through the 

second outlet. This was accomplished by reducing the inlet velocity magnitude prescribed by the percentage of 

baseline outlet flow partition. CFD analysis was then repeated to determine the effects of each modification on 

blood flow patterns. Flow streamlines, wall shear stress (WSS) and pressure maps were analyzed. The geometry 

model of the aneurysm was then printed using additive manufacturing (AM) for surgical treatment planning and 

patient education. The progression of the project can be seen in Figure 1.  

 

 

 

 

 

 

 

 

 
Figure 1. Progression from CTA scans to final printed geometry 

From left to right, pictures include the CTA scan, segmentation in ITK-SNAP, mesh in Hypermesh, and final 

geometry printed using selective laser sintering.  

 



 
 

Results 
 

After removing unnecessary vasculature and smoothing the geometry from the ITK-SNAP segmentation, the 

geometry of the aneurysm, as seen in Figure 2, resulted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Geometry of aneurysm used in fluid analysis 

 

   To validate the assumption of sufficient length of inlet vessel for flow to develop, a velocity slice and velocity 

vectors were created, as seen in Figure 3.  
 

 

 

 

 

 

 

 

 

 

 
Figure 3. Velocity slice of inlet vessel to validate developing flow assumption (left) and velocity vector of inlet 

vessel to validate developing flow assumption (right) 

 

   A uniform, blunt velocity profile of 0.16 m/s was prescribed at the inlet to achieve the assumed wall shear stress. 

If shown, the velocity slice would show one color to represent the uniform velocity. Due to the different velocity 

magnitudes denoted by the different colors and lengths of vectors displayed in Figure 3 in the inlet vessel, it can be 

observed that flow has developed by the time it reaches the aneurysm. Therefore, the assumption was valid. 

   To validate the Newtoninan flow assumption, the outlet flow paritions between the anterior cerebral artery (ACA) 

and the middle cerebral artery (MCA) and WSS maps were compared between Newtonian behavior and the Carreau 

model for blood, which represents Non-Newtonian behavior. For the Carreau model, the time constant (λ) was 3.313 

s, the empirical exponent (n) was 0.3568, the zero strain viscoisty (μ0) was 0.056 Pa*s, and the infinite strain 

viscosity (μ∞) was 0.00345 Pa*s
8
.  

 

Table 1. outlet flow partitions determined for the ACA and MCA for newtonian and non-newtonian flow conditions 

expressed as percentages 

 Newtonian Non-Newtonian 

ACA 34.7% 34.8% 

MCA 65.3% 65.2% 

 

Right internal carotid  

artery (inlet) 

Saccular aneurysm  

Anterior cerebral  

artery (outlet) Fusiform aneurysm 

Middle cerebral artery 

(outlet) 



 
 

   As seen in Table 1, the outlet flow partitions changed by 0.1%. In addition, the WSS maps were compared and, 

qualititavely, there was no discernable difference observed. Therefore, the assumption was valid. 

   To validate the assumption in which all outlet pressure was set to 0 Pa, or gauge pressure, for all outlets, the WSS 

maps were analyzed. Four different cases in which the ACA’s outlet pressure was set to 0, 50, 100, and 800 Pa were 

performed. The case in which all outlets were set to 0 Pa qualitatively produced the most similar WSS magnitude 

across the middle of each outlet vessel than any other case, so these boundary conditions were considered 

reasonable. 

   After performing CFD analysis on the geometry of the aneruysm for the baseline case, a maximum velocity of 

1.11 m/s resulted. The maximum WSS was 42.76 Pa. In order to compare the anerusym geometry to the proposed 

flow diverter surigical modfication, the scale was set to a maximum velocity of 0.60 m/s and 25 Pa for WSS, as seen 

in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Wall shear stress of aneurysm geometry (top) and velocity streamline of aneurysm geometry (bottom) 

 

   A flow diverter surgical modification was proposed by removing the saccular aneurysm in the geometry. After 

performing CFD analysis on the modified geometry, a maximum velocity of 1.21 m/s and a maximum WSS of 

43.58 Pa was observed. In order to compare the surgical modification geometry to the aneurysm geometry, the 

scales were changed to the same values as previously listed. The velocity streamline and the wall shear stress map 

can be seen in Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Wall shear stress (top) and velocity streamline (bottom) of flow diverter surgical modification 

 

   When comparing the aneurysm geometry to the flow diverter surgical modification, it can be observed that the 

difference in flow patterns and WSS is confined to the area where the aneurysm was before the modification. When 

comparing the WSS maps, it can be observed that the surgical modification has a slightly higher WSS magnitude at 

the portion of the vessel where the aneurysm used to be. In addition, when comparing the flow streamlines, a 

difference in the path of the streamlines can be observed in the region proximal to the ACA outlet. However, flow 

rate through the ACA was not reduced and no jets were created from the surgical modification, which may indicate 

that the modification could be a potential surgical treatment option.  

   To apply alternative surgical modifications, different surgical clips were proposed in the aneurysm geometry by 

forcing one outlet to have zero flow while maintaining baseline flow through the second outlet. The pressure map of 

the aneurysm geometry, as seen in Figure 6, was compared to the pressure maps of the simulated clipping of the 

ACA, as seen in Figure 7, and the simulated clipping of the MCA, as seen in Figure 8. Each pressure map’s scale 

was set to a range of 400 to 1041.63 Pa for comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Pressure map of aneurysm geometry with flow through both ACA and MCA outlets 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Pressure map of aneurysm geometry with ACA clipped 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Pressure map of aneurysm geometry with MCA clipped 

 

   When comparing the pressure maps of the simulated clippings, it can be observed that the ACA clipping 

modification resulted in slightly higher aneurysm pressure than the MCA clipping modification denoted by the 

darker orange color. However, the pressure in the aneurysm in both maps for the simulated clipping produced a 

lower magnitude of pressure than the baseline case due to the reduction in flow through the aneurysm. 

   To further compare the simulated clippings to the baseline case, the volumetric flow rate into the aneurysm body 

was compared. The flow rate into the aneurysm for the baseline case was determined to be 11.30 mL/min. When the 

ACA and the MCA were clipped, the flow rate into the aneurysm was 6.45 mL/min and 2.24 mL/min, respectively. 

The values listed represent the lowest calculated volumetric flow rate into the aneurysm body because as one outlet 

was clipped, the velocity magnitude for the inlet condition was reduced proportionally by the outlet flow partition 



 
 

percentage determined in the baseline case. It is also important to note that the volumetric flow rate into the 

aneurysm body is inversely proportional to the amount of time blood remains in the aneurysm. This may help 

surgeons to quantify the effect of the proposed surgical modification.  

 

Discussion 
 

After creating a geometry for the aneurysm, making assumptions, prescribing appropriate boundary conditions, and 

validating those assumptions, a method for the use of CFD to model blood flow through brain aneurysms before and 

after surgical modifications using only CTA images has been proposed. The proposed method may be used by 

radiologists, technicians, and surgeons to evaluate the effect of each proposed surgical modification on the flow 

through the aneurysm and the wall shear stress and pressure on the wall of the surrounding vasculature. Using this 

procedure, doctors can perform surgery on the computer and propose different surgical modifications to determine 

which option reduces flow into the aneurysm without sacrificing flow through the surrounding vasculature. 

Effectively, this may improve the outcome by allowing surgeons to better prepare.  

   There are some possible limitations to the proposed method. Because measured inlet velocity profile was not 

obtained, assumptions were made to prescribe the velocity magnitude at the inlet. These assumptions were based off 

of ideal fluid principles and may not represent actual fluid flow for the case studied. In addition, mesh sensitivity 

analysis should be performed to confirm adequacy of the mesh density used in the CFD simulations.   

   In the future, pulsatile flow could be added to better represent the flow through the arteries. In addition, more 

outlets to the aneurysm geometry could be included. Further analysis would be needed to determine if including 

more outlets more accurately represents flow through the brain. Lastly, the proposed method of using CFD to 

analyze blood flow patterns through cerebral aneurysms could be crossed validated with physical flow model 

measurements of the exact same geometry. This would help provide confidence for the use of CFD to analyze blood 

flow in cerebral aneurysms.  
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