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Abstract - Mycotic aneurysm is a serious medical condition that, if not treated promptly, can lead to life-threatening complications. The 

geometry of a cerebral mycotic aneurysm (CMA) is extremely intricate, and each anatomy is unique. Clinical imaging depicting the 

complicated architecture of the CMA include Digital Subtraction Angiography (DSA) and Computed Tomography Angiogram (CTA). 

Analysing the hemodynamics inside the complex aneurysm is still challenging. Computational fluid dynamics (CFD) simulation of blood 

flow in mycotic aneurysms has emerged as a promising method for understanding the hemodynamic parameters that contribute to the 

formation and propagation of these aneurysms. Calculations based on computational fluid dynamics (CFD) are used to explore the 

hemodynamic influences on flow characteristics, secondary flow patterns, and helicity in complex aneurysms. Aneurysm initiation and 

growth have been widely connected to hemodynamics-based wall shear stress (WSS). The relationship between the hemodynamics of 

aneurysm initiation and growth that leads to rupture is not entirely established in the context of patient-specific aneurysms. CFD-based 

studies in CMA are scarce, and the current work fills the gap by employing a patient-specific model. 
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1. Introduction 
Cerebral mycotic aneurysms (CMAs) are rare and potentially life-threatening vascular lesions that occur as a result of 

bacterial or fungal infections1. Intracranial mycotic aneurysms (MAs) are less common than berry aneurysms and are 

characterized by a focal dilation of the arterial wall due to inflammation, necrosis, and weakening of the arterial wall caused 

by a showering of bacterial emboli into the circulation2. The diagnosis of an infected aneurysm cannot be made using a 

diagnostic algorithm or criteria, but rather by combining clinical, laboratory, imaging, and surgical results3. Mycotic 

aneurysms are associated with a high incidence of rupture and mortality, which can lead to hemorrhage, sepsis, and death, 

making early diagnosis and treatment critical4-7. Cerebral mycotic aneurysm cases account less than 10% of the Intracranial 

aneurysms and remaining 90% cases are in a balloon-like enlargement of the vessel lumen8. Mycotic aneurysm treatment is 

difficult and frequently necessitates surgical intervention9. The flow dynamics inside mycotic aneurysms are of significant 

interest to researchers as they may provide insights into the pathophysiology of these aneurysms and inform treatment 

strategies10-12.  

Computational fluid dynamics (CFD) has emerged as an invaluable tool in the study of blood flow in cerebral aneurysms 

in recent years, but few studies have focused on CFD of CMAs. Several studies have used different modelling methodologies 

and computational methods to examine the CFD analysis of blood flow in mycotic aneurysms. The complicated geometry 

of mycotic aneurysms, together with the non-Newtonian and pulsatile nature of blood flow, has been shown in these 

investigations to result in highly non-uniform flow patterns and high wall shear stresses13-14. Zhao et al. (2019) used patient-

specific data from computed tomography (CT) scans to create 3D models of mycotic aneurysms in the aorta, and then used 

a finite element method to simulate blood flow. The existence of the aneurysm affected the blood flow pattern, resulting in 

zones of low and high wall shear stress, which could contribute to the aneurysm growth. Yue et al. (2022) used a combination 

of CFD and computational structural mechanics to investigate the effect of thrombus formation on the hemodynamics of 
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mycotic aneurysms along with other aneurysms in abdominal aortic aneurysms (AAA). They found that the presence of 

thrombus reduced the velocity of blood flow and altered the flow patterns, which could affect the risk of rupture. Overall, 

CFD has proven to be an effective method for analysing the hemodynamics of mycotic aneurysms, providing vital 

insight into the underlying mechanisms that lead to their genesis and evolution. Based on the preceding literature, CFD 

analysis on CMA has not been reported and the current study investigates the flow inside the cerebral mycotic aneurysm 

with computational fluid dynamics. 

 

2. Methods 

This section explains the solution methodology for patient-specific middle cerebral artery (MCA) and cerebral 

mycotic aneurysm blood flow simulations. To begin, the necessary scanning data from the recruited patient's radiological 

scans were gathered. These image slices are registered to generate the patient-specific 3D flow domain of interest. The 

3D volume is then imported to create the geometric model, meshing, and numerical simulations. 

 
2.1. Case Presentation 

A 66-year-old male with a history of chronic alcohol use and with no other co-morbidities presented with history 

of acute onset weakness in right upper limb and lower limb with slurring of speech with deviation of angle of mouth to 

left side. He had no history of headache, vomiting or seizure. With these complaints he was evaluated with imaging 

which showed infarct in left parietal region and aneurysm in the of left M3 segment of MCA. The patient underwent 

further imaging studies, which revealed irregularly walled fusi-saccular aneurysm involving proximal M3 branches of 

left MCA likely infective in etiology. Hypodense plaque with eccentric calcification was present in right carotid bulb 

causing approximately 60% luminal narrowing. Atherosclerotic plaque seen in left carotid bulb causing <50% 

narrowing. The patient underwent left pterional craniotomy and excision of aneurysm.  

 
2.2. Image acquisition and modelling 

A 3D model of a CMA of the respective patient was constructed based on medical imaging data (Computed 

Tomography (CT) scan) using the software 3D Slicer. The model included the aneurysm sac, inflow and outflow vessels 

as shown in Fig. 1(a). The generated model was then exported to ANSYS ICEM CFD to generate mesh. The generated 

mesh is shown in fig. 1(b).  

 

 

 

 
 
 
 
 
 
 
 
 
 
2.3. Governing equations  

The generated mesh then subjected to a transient-state CFD simulation using the finite volume method by the 

commercial software ANSYS Fluent. The three-dimensional patient-specific aneurysm model takes pulsatile in-flow 

into account in addition to incompressible, laminar, and non-Newtonian blood flow. It is considered that the aneurysm 

walls are smooth and rigid. Eqs. (1) and (2) give the continuity and Navier Stokes equations, respectively.  

 

Fig. 1(a): Geometry and 1(b): Mesh 

(a) (b) 
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Continuity equation: 

𝛁 ∙ 𝒖 = 𝟎                                                               (1) 

 

Navier Stokes equation: 

𝝆 (
𝝏𝒖

𝝏𝒕
+ (𝒖 ∙ 𝛁)𝒖)  =  −𝛁𝑷 + 𝛁 ∙ 𝝉                   (2) 

 

Where 𝜌 denotes the density of the fluid, u is the fluid velocity vector, P is the pressure, and 𝝉 is the stress tensor. 

 

𝝉 = μ (�̇�) 
𝟏

𝟐
 (𝜵𝒖 +  𝜵𝒖𝑻)                            (3) 

 

μ is the viscosity or apparent viscosity of the fluid and it is a function of shear rate for non-Newtonian fluid. Blood flow 

was modelled as a non-Newtonian (Carreau model), Eq. (4) expresses the shear-thinning behaviour of blood, which is 

represented by the Carreau model.  

𝝁 =  𝝁∞ + (𝝁𝟎 − 𝝁∞)[𝟏 + (𝝀�̇�)𝟐]
𝒏−𝟏

𝟐                                                                                  (4) 

 

Where 𝜇0 represents the viscosity at zero shear rate, 𝜇∞ represents the viscosity at an infinite shear rate, 𝜆 is the 

relaxation time, �̇� is the shear rate, and n is the power-law index. The parameters used in the study were gathered from the 

literature15, specified as 𝜇0 = 0.056 Pa.s, 𝜇∞ = 0.0035 Pa s, 𝜆 = 3.313 s, and 𝑛 = 0.3568, respectively. 

 
2.4. Boundary conditions 
2.4.1. Inlet - Time-varying velocity pulse  

In the current study, Transcranial Doppler (TCD) was used to investigate the temporal fluctuation of velocity in the 

Middle Cerebral Artery (MCA) at the inlet of MCA aneurysm models, as shown in Fig. 2(a). Fourier series were used to 

simulate the temporal fluctuations of the physiological velocity inlet condition, which were then implemented using a user 

defined function (UDF) script. 

 
2.4.2. Outlets - Time-varying pressure 

 The time-varying pressure at outlets must be incorporated to adequately reflect the distal resistance of vessels16. In this 

study, we adopted a pulsatile pressure boundary condition at all aneurysm outputs (Fig. 2(b)). The pulsatile pressure boundary 

condition was developed from previous research and used to aneurysm outlets17-19. Using time-varying pressure profiles at 

outlets results in a more physiological approximation of boundary conditions and blood flow that is closer to the in vivo 

nature.   
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Fig. 2(a): Inlet velocity and 1(b): Outlet pressure 

(a) (b) 
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2.5. CFD Analysis 

In the CFD analysis, the Navier-Stokes equations were used to describe the motion of a fluid in terms of velocity, 

pressure, density, and viscosity. Fig. 2(a) shows how the model was set up to simulate blood flow under physiologically 

relevant settings with a pulsatile velocity. To simulate the resistance of downstream vasculature, the vessel walls were 

subjected to a no-slip boundary condition, and the outlet boundaries were subjected to a transient pressure boundary 

condition, as illustrated in fig. 2(b). In this study, the finite volume technique (FVM) was used with ANSYS Fluent and the 

implicit solver to solve the governing equations and estimate the time-dependent flow through three-dimensional CMA 

geometry. A second-order implicit scheme is used for transient formulation. For spatial discretization, a second-order upwind 

approach was used, and the COUPLED scheme was used for pressure-velocity coupling.  Each pulse cycle was divided into 

800 time steps with a step size of 0.001 s. The convergence criteria for the solutions were considered at a residual value of 

10-5 for the continuity and the velocity. The simulation has conducted for five cardiac cycles and the presented results were 

taken from the last cardiac cycle. 

An unstructured mesh is used to discretize the flow domain of interest. To capture the complex flow behaviour in these 

places, the mesh is refined closer to the bifurcation and aneurysm regions. To capture high-velocity gradients, the five 

inflation layers are used near the wall. The model is subjected to a mesh independence investigation with four different mesh 

densities19. The difference in WSS values between the two meshes was determined to be less than 1%. As a result, the final 

mesh is used for simulations with 6.94 million elements. 

 

3. Results and Discussions 
The CFD simulation gives a detailed information on the flow patterns and hemodynamic characteristics of the CMA. 

The CFD analysis revealed that the blood flow in the mycotic aneurysm was characterized by complex flow patterns, 

including recirculation and flow separation. Flow patterns, wall shear stress profiles, and three-dimensional vortices were 

studied. The peak velocity inside the aneurysm was significantly lower than the peak velocity at the adjacent normal artery. 

The low velocity in the aneurysm was associated with a higher risk of thrombosis and embolization. The simulation revealed 

a complex flow pattern with a region of stagnant flow within the aneurysm sac, which has been linked to an increase in 

thrombosis risk and subsequent rupture.  

 

 

 

 

 

(a) 3.3 s (d) 3.6 s (c) 3.5 s (b) 3.4 s 

(e) 3.7 s (g) 3.9 s (h) 4.0 s (f) 3.8 s 

Fig. 3: Velocity streamlines at different instances of a cardiac cycle  
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In addition, the results showed that the hemodynamic parameters within the aneurysm were dependent on the aneurysm 

geometry and size. Fig. 3(a-f) shows the velocity streamlines at different instances of a cardiac cycle of the pulsatile flow of 

blood through mycotic aneurysm and it shows the disturbed flow inside the aneurysm sac. During the systolic phase of the 

cardiac cycle, maximum velocity can be observed in the curved regions of the inlet vessel and minimum velocity at the 

aneurysm sac. During the diastolic phase, the velocity is reducing in all regions and nearly a stagnant flow is observed in 

aneurysm sac. Recirculation strength in the aneurysm is more in the systolic phase than the diastolic phase. 

 

 

 

 

 

Fig. 4 depicts the time-averaged velocity contours at different sections of the geometry. Planes 1-2 are at the inlet 

vessel and 3-4 are at the outlet vessel before the aneurysm. Planes 5-10 are at the different sections inside the aneurysm. 

planes 11-12 are the sections at the outlet vessels of aneurysm. It is observed that a higher magnitude of velocity at the inlet 

section of the aneurysm and a disturbed flow inside the aneurysm. Higher strength of secondary flow is observed at the 

planes 9 and 10 compared with other planes in the aneurysm. At the outlet side, traces of secondary flows are diminishing.  

 

Table 1: Reynold’s number (Re) and Womersley number (α) at different planes 

 

Planes 
Area, A  

(m^2) 

Equivalent 

diameter, D  

(m) 

Velocity, U 

(m/s) 

(Time avg. and 

area avg.) 

Area avg. 

dynamic 

viscosity, 

(Pa.s) 

Reynold's No.,  

Re 

Womersley 

number,  

α 

1 3.20107 x 10-06 0.002019355 0.95893 0.00423 485.2920205 1.41654205 

2 2.82269 x 10-06 0.001896255 1.12465 0.003739 604.538411 1.41470734 

3 1.60 x 10-06 0.00142584 0.552183 0.003823 218.2831009 1.0520076 

4 1.67 x 10-06 0.001458526 0.477113 0.003883 189.9779121 1.06785688 

5 4.13 x 10-06 0.002293788 0.624056 0.003934 385.69303 1.6684022 

6 1.94 x 10-05 0.004970255 0.250189 0.004556 289.3035894 3.35928716 

7 1.32 x 10-05 0.004102477 0.149344 0.004789 135.6115838 2.70453469 

8 5.46 x 10-06 0.002636399 0.253524 0.004207 168.4027145 1.85432361 

9 1.93 x 10-05 0.004963626 0.247539 0.004381 297.2865524 3.42121443 

10 5.23 x 10-06 0.002580816 0.304468 0.004016 207.3824194 1.8578414 

11 3.53 x 10-06 0.002119344 0.37684 0.004043 209.4098192 1.5206725 

12 1.66 x 10-06 0.001454302 0.634601 0.003834 255.1559162 1.07150618 

 

Fig. 4: Time-averaged velocity contours at different sections  
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 Womersley number (α) is expressed as 

𝜶 = 𝒅√
𝝎𝝆

𝝁
        (5)    

Where ω represents the frequency of pulsatile flow, and d represents the characteristics length of the vessel.  

The area averaged time – average velocity and area averaged dynamic viscosity at all planes have taken from the 

simulation results and calculated the Reynold’s number and Womersley number at the corresponding planes. The results are 

shown in table 1. 

 

 

 

 

 

 

 

 

 

 

The simulation also revealed that the flow was highly disturbed, with areas of low and high wall shear stress. The time 

averaged wall shear stress (TAWSS) in the vessel wall is shown in fig. 5. Maximum value of TAWSS is occurring at the 

inlet section of the domain and comparatively very low value of TAWSS can be seen at the aneurysm sac. High value of 

TAWSS can be seen at some points in the aneurysm. Lower WSS values are connected with aneurysm rupture20. High WSS 

readings, on the other hand, are also linked to aneurysm rupture21. Meng et al. investigated the aneurysm rupture mechanisms 

at high and low WSS levels and discovered that aneurysms burst at both high and extremely low WSS levels22. Lower 

TAWSS areas are prone to thrombus formation and aneurysm wall thickening. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 6: Three-dimensional structures of helicity (vortex core region with level 0.01) at peak systole and end of diastole 

 

(a) (b) 

Fig. 5: Time averaged wall shear stress (TAWSS)  
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Fig. 6 (a) and (b) shows the helicity plots at the systolic phase and end of diastolic phase respectively. The blue colour 

represents the anticlockwise rotation of the vortex, whereas the red colour represents the clockwise rotation of the vortex. 

The strength of helicity is much higher during peak systole than at end diastole. Because of the complicated structure of 

aneurysm, the vortex size is asymmetric. Near the inlet, the anticlockwise vortex prevails, whereas the clockwise vortex 

dominates towards the outlet and at one side of the aneurysm. The combination of clockwise and anticlockwise vortices 

dominates in one outlet where the secondary flow is much higher as shown in fig. 4. At the end of the diastolic phase, the 

vortex size is much lower compared with peak systole 

 

4. Conclusion 
In the present study, patient specific cerebral mycotic aneurysm at the M3 segment of MCA was chosen to study the 

hemodynamics. It was observed that CFD analysis is a valuable tool for the analysis of the blood flow in mycotic aneurysms. 

The analysis can provide valuable information about the flow patterns, velocity, wall shear stress distribution and vortex 

formation in the aneurysm, which can aid in the diagnosis and treatment of the disease. The results of this study shed light 

on the hemodynamics of CMAs and demonstrate the potential of CFD as a tool for studying this rare and challenging vascular 

lesion. The results of the current simulation suggest that the formation and progression of mycotic aneurysms are influenced 

by the non-uniform and complex flow patterns that occur within the aneurysm. The complex flow patterns and disturbed 

flow in CMAs may contribute to their high risk of rupture and thrombosis. The use of CFD analysis in the management of 

mycotic aneurysms can help to reduce the risk of complications and improve patient outcomes. These findings may help 

guide the development of more effective treatment strategies for mycotic aneurysms, as well as improve our knowledge of 

the underlying mechanisms that contribute to the genesis and progression of these diseases. Further detailed research is 

needed with more cases to validate these findings and develop strategies to improve the diagnosis and treatment of CMAs. 
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