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Abstract

:

A cerebral aneurysm is a medical condition described as the bulging out of the cerebral artery under adverse pressure conditions. Patients with such medical conditions have a mortality of 20% and additional morbidity of 30–40% due to aneurysm rupture. The currently used imaging tools such as MRI and CT scans only provide geometrical information of the aneurysm and not the rupture risk associated with the progression of the aneurysm. A novel computational modeling framework was developed to model aneurysm progression and evaluate the stress distribution under varying pressure loading conditions to bridge this gap. Image segmentation was used to segment two middle cerebral arteries (MCA) and reconstructed to design aneurysm models at vulnerable sites for aneurysm progression simulation. Five aneurysm sizes and two different wall thicknesses were modeled to simulate different stages of aneurysm progression. Three pressures (i.e., diastolic, systolic, and hypertensive) were adopted to mimic the realistic pressure loading scenario for the middle cerebral arteries, and the stress distributions across all the models were estimated to understand the rupture risk. It was observed that the induced stresses in the aneurysm walls increased with an increase in the aneurysm diameter and blood pressure. Additionally, an aneurysm with a large diameter and thin walls exhibited a high risk of rupture, especially at high blood pressures. The reported results are anticipated to help medical practitioners predict rupture risks with known imaging-based aneurysm sizes and make timely decisions for such aneurysm conditions.






Keywords:


brain; cerebral; artery; aneurysm; rupture












1. Introduction


A cerebral aneurysm is a medical condition wherein thin spots appear in a weak section of the artery, which balloons or bulges out due to pressure. The developed aneurysm generates extra back pressure on the arterial walls which affects the nerves of the human brain. In the worst-case scenario, an aneurysm may burst or rupture or spill blood on the surrounding tissue. The condition of arteries bursting due to an aneurysm is termed brain hemorrhage [1,2,3,4,5]. Patients with known ruptures have around 20% mortality and an additional 30–40% morbidity [6,7,8]. Upon diagnosis of a cerebral aneurysm, the rupture risk is assessed to determine whether surgical operation should be undertaken. The decision to surgically operate the aneurysm is taken by comparing the rupture risk against the risks inherent in the operation. The treatment for cerebral aneurysms is either surgical clipping or endovascular coiling [9,10,11].



De Gelidi et al. [12] computationally investigated the initiation of an aneurysm in a regular aorta arterial model by inflating it with high pressure. To predict the aneurysm formation, they used two different material properties (anisotropic and isotropic) for designing two geometries of descending aorta, i.e., cylindrical and physiological. They found that the properties of the materials significantly affect the modeling results and predict the aneurysm formation. Kroon [9] modeled and simulated the growth of a cerebral aneurysm. The pressure stresses during the cardiac cycle were considered, and structural analysis was performed. The developed framework assessed the rupture risk of a cerebral aneurysm and reproduced the clinical results when compared for validation. Cebral et al. [13] modeled and simulated 62 patient-specific aneurysm models to evaluate the rupture of cerebral aneurysms. The results indicated that disturbed flow patterns, small impingement regions, and narrow jets are significantly associated with ruptured aneurysms. John [14] undertook a study to characterize the different flow types present in anterior communicating artery aneurysms. Patient-specific computational models were constructed, and simulations were performed to investigate ruptures. The findings showed that aneurysms with small impaction zones and higher flow rates entering the aneurysm were more prone to rupture risk. Jeong et al. [15] summarized hemodynamic studies, highlighting the initiation, progress, and rupture of cerebral aneurysms. The results showed that aneurysms rupturing at the arterial walls were observed with maximum stress values and displacement.



It is known from the literature that excessive stress and deformation of cerebral arteries trigger biological and biochemical responses in the arteries, which lead to changes in biomechanical characteristics of artery structure. The changes in the mechanical properties are mainly observed in terms of elastic modulus and Poisson’s ratio with the development and progression of aneurysms. In earlier models of aneurysm progression, researchers considered factors such as mechanical properties, geometries of the aneurysm, and application of various pressures. In this work, biomechanical modeling of aneurysm progression has been performed with different aneurysm sizes and thicknesses of the aneurysm wall. Aneurysm models were developed considering the ratio of aneurysm diameter to neck width to simulate the conditions more realistically. These models were studied to understand the effect of the different structural parameters and pressures on the development of stress and rupture risk.




2. Materials and Methods


2.1. Geometrical Modeling


2.1.1. Arterial Segmentation and Modeling


Magnetic resonance imaging (MRI) images of the human brain were accessed from the NIH Visible Human database to develop the cerebral arteries model. The MRI images were segmented using TurtleSeg software and reconstructed to generate the geometry of the cerebral artery network (Figure 1A). Literature studies [15] indicate that cerebral arteries with curvature or bifurcation are more susceptible to aneurysms and their progression. Accordingly, two middle cerebral artery (MCA) sections, which are vulnerable to aneurysm initiation and progression, were sectioned out from the whole of the artery network using MeshLab software. The first MCA section had arterial bifurcation, and the other MCA had arterial curvature (Figure 1B,C). The meshes of the cropped-out sections of the cerebral arteries were then refined in Fusion360 software (Autodesk, San Rafael, CA, USA). The bifurcated MCA section and curved MCA section had diameters of 3 mm and 2.5 mm, respectively, and were given thicknesses of 0.3 mm and 0.25 mm (i.e., 10% of diameter [16]), respectively, using SpaceClaim.




2.1.2. Modeling of Different Grades of Aneurysm


The spherical aneurysm is one of the most commonly occurring aneurysm shapes [17], and this shape was developed computationally. Based on the literature on aneurysm progression in the middle cerebral artery [18], five aneurysm sizes were selected and modeled for both MCA models (Table 1). The wall thickness of the aneurysms was reported to be within the range of 0.016–0.216 mm [19]. Accordingly, this work considered two aneurysm thicknesses of 0.1 mm and 0.2 mm for the arterial sections. The ratio of aneurysm diameter to neck width was kept constant, with a value of 1.9 used throughout the aneurysm modeling [20].



Modeling of aneurysms on the artery sections was carried out using SolidWorks (Dassault Systèmes, Vélizy-Villacoublay, France) through a series of modeling steps. The complete model of an artery with an aneurysm was exported as a STEP file type for further processing. Aneurysms of five different sizes and two different thicknesses for both of the MCA sections with bifurcation and curvature were generated to obtain ten models of the aneurysm-mounted artery for each artery section. Figure 2 shows the models of various aneurysms developed on the sectioned bifurcation- and curvature-based middle cerebral arteries.





2.2. Finite Element Modeling


2.2.1. Meshing and Mesh Convergence Study


ANSYS Workbench 2019R2 was used to develop the artery–aneurysm models, and finite element analysis was performed using Solid-187 element type. The selected element type is a 10-node higher-order 3D element type and has been used extensively for irregular meshes [21,22]. The artery and aneurysm models were subjected to a contact pair of “bonded always” with initial penetration of excluding everything [23,24,25]. An optimal meshing was achieved by conducting a detailed mesh convergence study on the arterial models. Six meshes were generated for each MCA section by varying the element size and keeping a regular spacing between the number of elements in successive meshes. Total numbers of mesh elements for the six meshes of the bifurcated MCA section were 123,470, 135,624, 146,267, 156,484, 166,868, and 178,258. For the curved MCA section, the total numbers of mesh elements were 90,012, 95,467, 100,018, 105,649, 110,147, and 115,139. Figure 3 shows the representative meshed models for the middle cerebral artery with bifurcation and curvature. Three different pressure loads of 0.01 MPa, 0.016 MPa, and 0.023 MPa were selected for the mesh convergence study. These pressure loads were chosen to simulate the diastolic (80 mmHg), systolic (120 mmHg), and hypertensive (180 mmHg) pressures that occur during the cardiac cycle.




2.2.2. Material Properties


The elastic modulus and Poisson’s ratio values for the artery–aneurysm models were considered from the literature. The elastic modulus and Poisson’s ratio values were considered to be 0.4 MPa and 0.45 [26,27], respectively, for the arterial models, and values of 0.89 MPa and 0.45 [27,28] created an aneurysm. The breaking stress of intracranial saccular aneurysms has been reported to be 2 to 3 MPa [29].




2.2.3. Loads and Boundary Conditions


Arteries transport blood throughout the body and primarily withstand the blood pressure load. Thereby, pressure loads (0.01 MPa and 0.016 MPa) equivalent to the normal diastolic pressure (80 mmHg) and systolic pressure (120 mmHg) of the human cardiac cycle were applied to the inner walls of the modeled artery and aneurysm. In addition, a pressure load of 0.023 MPa, equivalent to 180 mmHg, was applied to imitate hypertension pressure conditions. For the finite element analysis, the ends of the artery sections were constrained in all degrees of freedom.






3. Results and Discussion


3.1. Mesh Convergence Results


For the mesh convergence study, three pressure loads of 0.01 MPa (80 mmHg), 0.016 MPa (120 mmHg), and 0.023 MPa (180 mmHg) were considered for the generated meshes. The maximum von Mises stress values induced in the meshed models were compared across successive meshes to identify the optimal meshing. For the bifurcated MCA section, the mesh convergence study showed maximum von Mises stress variation within an acceptable range (<5%) for all the pressure conditions once the number of mesh elements exceeded 156,484 (Figure 4A). The element size corresponding to this mesh was chosen for performing the FE analysis on all the aneurysm models of this arterial section.



Across all the pressure conditions, there were significant variations in the maximum von Mises stress for the curved MCA section, when the number of mesh elements was below 95,000. With an increase in the number of mesh elements beyond 105,649, the change in maximum von Mises stress for successive meshes decreased and was estimated to be within 5% for all three pressure conditions (Figure 4B). The element size corresponding to this mesh was chosen for the FE analysis on all the models of aneurysms of this arterial section.




3.2. Stress Distribution with Aneurysm Growth


Simulations were conducted for five aneurysm sizes and two thicknesses for each of the arterial sections (i.e., bifurcated and curved MCA). A total of 60 simulations were conducted with 20 artery–aneurysm models (2 MCA × 5 sizes × 2 thicknesses) and under three varying pressure load conditions (diastolic, systolic, and hypertensive). The stress distribution was computationally estimated in terms of von Mises stress across the different locations of the artery–aneurysm models, and the correlation with varying aneurysm size (i.e., increasing size simulating growth) was studied. Across all bifurcated MCA models, the highest von Mises stress value was recorded around the neck of the aneurysm, and the overall stress concentration was detected in the region around the artery–aneurysm junction. The maximum von Mises stress for different models with varying aneurysm sizes and 0.1 mm wall thickness ranged from 0.804 MPa to 13.3 MPa, while corresponding values for models with a 0.2 mm wall thickness ranged from 0.972 MPa to 9.063 MPa. The stress distribution of the curved MCA section was found to be similar to the stress distribution of the bifurcated MCA section, where high stresses were concentrated around the junction of the artery–aneurysm model. For the curved MCA section, the maximum von Mises stress values ranged from 0.823 MPa to 11.274 MPa for different artery–aneurysm models with varying aneurysm sizes and 0.1 mm wall thickness, and from 0.674 MPa to 4.73 MPa for artery–aneurysm models with a 0.2 mm wall thickness.



3.2.1. Bifurcated MCA Section


The von Mises stress distributions for the bifurcated MCA with aneurysm thicknesses of 0.1 mm and 0.2 mm are shown in Figure 5A,B, respectively. Across all the models, the stress distribution was observed to be similar and uniform on the artery and aneurysm. Higher stresses were concentrated in the region around the artery–aneurysm junction and the maximum von Mises stress was observed at the neck of the aneurysm. The values of maximum von Mises stress for various models with 0.1 mm wall thickness was from 0.804 MPa to 13.3 MPa, and the same values for models with 0.2 mm wall thickness were from 0.972 MPa to 9.063 MPa. The maximum stress values were compared, which indicated significant variation in the maximum stress with changes in pressure, aneurysm diameter, and aneurysm wall thickness. Overall, the results indicated some dependence of the induced stresses on blood pressure and structural parameters of the aneurysm, i.e., diameter and thickness. It was found that the value of maximum von Mises stress for certain aneurysms (such as models with large diameters and lower thicknesses under high pressure loads) exceeded the range of breaking stress for aneurysms, indicating a risk of rupturing.




3.2.2. Curved MCA Section


Figure 6A,B shows the von Mises stress distributions for the curved MCA section with aneurysm wall thicknesses of 0.1 mm and 0.2 mm, respectively. Five different aneurysm diameters of 2 mm, 5 mm, 8 mm, 11 mm, and 14 mm were considered to model the aneurysm growth for both wall thicknesses (0.1 mm, 0.2 mm). The curved MCA section results were similar to the results of the bifurcated MCA section, where high stresses were concentrated around the junction of the artery–aneurysm model. The maximum stress was observed at the neck of the aneurysm in all of the models. The values of maximum von Mises stress for various models with 0.1 mm wall thickness were from 0.823 MPa to 11.274 MPa, and the values for models with 0.2 mm wall thickness were from 0.674 MPa to 4.73 MPa. On comparing the maximum stress values across all the models, the aneurysm diameter, aneurysm thickness, and pressure load were significant factors affecting the simulation results. In the following sections, the rupture risk of the artery–aneurysm models was recorded for induced stresses exceeding the range of aneurysm breaking stress, i.e., 2 to 3 MPa.





3.3. Effect of Structural Parameters on the Induced Stresses in Aneurysm Wall


The values for maximum von Mises stress were analyzed with respect to the aneurysm diameters across each thickness. Figure 7A,B shows the maximum von Mises stress versus aneurysm diameter for three pressure conditions for the models of the bifurcated MCA section with 0.1 mm and 0.2 mm thick aneurysm walls, respectively. In general, the maximum von Mises stress was estimated to increase with an increase in aneurysm diameter. For the 0.1 mm thick aneurysm, the initial increase in the maximum stress value was rapid with an increase in diameter from 2 mm to 10 mm, followed by a plateau with an increase in diameter from 10 mm to 14 mm, and a further rise with an increase in diameter from 14 mm to 18 mm for all three pressure conditions. Across all three pressure conditions, the maximum stress value for 0.2 mm thick aneurysm increased gradually and later rapidly (i.e., increasing slope) with an increase in the aneurysm diameter. For both aneurysm thicknesses and under each pressure load, the value of maximum von Mises stress was highest for the aneurysms with the largest diameter. The value of maximum stress was higher for aneurysms with thinner walls. For models with 2 mm aneurysm diameter, maximum stress for both thicknesses lied in the breaking stress range when pressure was hypertensive. For models with 6 mm aneurysm diameter, the breaking stress range was reached for 0.1 mm thick aneurysms when the pressure became systolic, and the same happened for 0.2 mm thick aneurysms when pressure was hypertensive. For models with 10 mm aneurysm diameter, maximum stress for 0.1 mm wall thickness was well beyond the breaking stress range even for diastolic pressure, and it lied within the breaking stress range for 0.2 mm wall thickness when pressure was systolic. For other models with a diameter beyond 14 mm and of both thicknesses, maximum stress easily reached the breaking stress for diastolic pressure, which is the lowest possible pressure load. It was concluded that the likelihood of aneurysm rupture increases with increasing diameter, but a higher aneurysm wall thickness is able to offset this effect of increasing diameter.



Figure 7C,D shows the maximum von Mises stress versus aneurysm diameter for three pressure conditions for the model of the curved MCA section with 0.1 mm and 0.2 mm thick aneurysm walls, respectively. Similar to the bifurcated MCA, it was found that the maximum von Mises stress increases with aneurysm diameter. For 0.1 mm thick aneurysms, the maximum stress value initially increased gradually, then rapidly (i.e., increasing slope) with an increase in the aneurysm diameter for all three pressure conditions. However, for 0.2 mm thick aneurysms, the maximum stress value initially decreased slightly with an increase in diameter from 2 mm to 5 mm before increasing rapidly with an increase in diameter from 5 mm to 14 mm for all three pressure conditions. The value of maximum stress was more than double for aneurysms with thinner walls compared to that of aneurysms with thicker walls. For aneurysm models with 2 mm and 5 mm diameter, maximum stress for both thicknesses either remained below or just touched the breaking stress range. For models with 8 mm diameter, the breaking stress range was reached for aneurysms with 0.1 mm thick walls when the pressure became systolic, and the same happened for aneurysms with 0.2 mm thick walls when pressure was hypertensive. For aneurysm models with 11 mm diameter, maximum stress for 0.1 mm wall thickness was within the breaking stress range when pressure was diastolic, and for aneurysms with 0.2 mm wall thickness when pressure was systolic. For aneurysm models with a diameter of 14 mm and both wall thicknesses, maximum stress reached the breaking stress range for even the lowest load of diastolic pressure. It was also established for the curved MCA section that while the chance of aneurysm rupture increases with increasing diameter, this impact is less for aneurysms with walls of greater thickness.




3.4. Effect of Varying Blood Pressure on Aneurysm Wall Stresses


The effect of three pressure loading conditions was evaluated for the artery–aneurysm models and bubble plots were used to compare the maximum von Mises stress values across the three pressure loads, i.e., diastolic, systolic, and hypertensive. The bubbles in the plot represent various aneurysm models with varying diameters and wall thicknesses. Figure 8 shows the bubble plot for various models of the bifurcated MCA section. It was found that the maximum von Mises stress rises with an increase in pressure load for all models with the same aneurysm diameter and wall thickness. For all of the models, the maximum stress value increased up to 60% when pressure changed from diastolic to systolic. The maximum stress value again increased by 43% with a change in pressure condition from systolic to hypertensive. However, for artery–aneurysm models with an initial diameter of 2 mm, the maximum stress value increased by 20% when pressure changed from diastolic to systolic, and by another 7% when pressure changed to hypertensive. On increasing the aneurysm wall thickness from 0.1 mm to 0.2 mm, the maximum von Mises stress decreased. Across all the pressure loads, the decrease in the von Mises stress was 41% for 6 mm aneurysm diameter, 67% for 10 mm aneurysm diameter, 45% for 14 mm aneurysm diameter, and 31% for 18 mm aneurysm diameter. Under the diastolic pressure condition in the bifurcated MCA section, for aneurysms with 0.1 mm wall thickness, the maximum stress was beyond the range of breaking stress (2–3 MPa) when the diameter became 10 mm, and for 0.2 mm wall thickness, it was in the breaking stress range when the diameter reached 14 mm. Under systolic pressure conditions, for aneurysms with 0.1 mm wall thickness, the maximum stress reached the breaking stress range when the diameter was 6 mm, and for 0.2 mm wall thickness, the same occurred when the diameter was 10 mm. Under hypertensive pressure conditions, the maximum stress was within the breaking stress range for an initial diameter of 2 mm for both wall thicknesses. These observations indicated that increasing pressure load might have an adverse impact on aneurysms with increased chances of rupture. The most vulnerable aneurysm model across all the models was found to be the one with 18 mm diameter and 0.1 mm wall thickness.



Figure 9 shows the bubble plot for various models of the curved MCA section. Similar patterns were seen for the curved MCA section when compared to the bifurcated section models. The maximum von Mises stress increased with an increase in the pressure for all the models with the same aneurysm diameter and wall thickness. For all the models, the maximum stress value increased up to 61% when pressure increased from diastolic to systolic, and it further increased by 45% when pressure increased from systolic to hypertensive. The maximum von Mises stress decreased as the aneurysm wall thickness increased from 0.1 mm to 0.2 mm for all aneurysm diameters. The estimated decrease in the maximum stress value on increasing the aneurysm wall thickness was 18% for 2 mm aneurysm diameter, 36% for 5 mm aneurysm diameter, 46% for 8 mm aneurysm diameter, 49% for 11 mm aneurysm diameter, and 58% for 14 mm aneurysm diameter models. Under diastolic pressure conditions in the curved MCA section, for aneurysms with 0.1 mm wall thickness, the maximum stress was in the range of breaking stress (2–3 MPa) when the diameter became 11 mm, and for 0.2 mm wall thickness, this happened when the diameter reached 14 mm. Under systolic pressure conditions, for aneurysms with 0.1 mm wall thickness, the maximum stress fell within the breaking stress range when the diameter was 8 mm, and for 0.2 mm wall thickness, the same happened when the diameter was 11 mm. Under hypertensive pressure conditions, for aneurysms with 0.1 mm wall thickness, the maximum stress reached breaking stress range at 5 mm diameter, and for 0.2 mm wall thickness, it reached the breaking stress range when the diameter was 8 mm. These observations validated the conclusion that increasing pressure load may have an adverse impact on aneurysms with increased chances of rupture. The aneurysm with 14 mm diameter and 0.1 mm wall thickness showed the highest maximum von Mises stress.





4. Conclusions


This work presented a novel framework for modeling cerebral aneurysm progression and assessing rupture risk. Two realistic and common arterial sections, namely a bifurcated middle cerebral artery and a curved middle cerebral artery, were modeled, and aneurysm progression (i.e., varying aneurysm diameter and wall thickness) was simulated. The effect of aneurysm size, wall thickness, and change in blood pressure value was characterized and the induced stresses were evaluated. It was found that high-stress values were generated with an increase in the aneurysm diameter, increased pressure loads, and decreasing thickness of the aneurysm wall, consequently leading to an increase in aneurysm rupture risk. Across all bifurcated MCA models, the highest von Mises stress value was recorded around the neck of the aneurysm, and the overall stress concentration was detected in the region around the artery–aneurysm junction. The stress distribution of the curved MCA section was found to be similar to the stress distribution of the bifurcated MCA section, where high stresses were concentrated around the junction of the artery–aneurysm model. Such an extensive investigation has not been conducted for cerebral aneurysms. The results of such an investigation can help determine a patient’s aneurysm rupture risks from the study of the aneurysm’s structural parameters through imaging and from measuring of maximum possible blood pressures. This information would be indispensable for doctors and surgeons to plan timely corrective measures to mitigate aneurysm ruptures.



There are some limitations of the reported work which should be acknowledged. In this study, the thickness of the aneurysm wall was considered to be uniform. However, the wall thickness varies across different locations of an aneurysm. Furthermore, a spherical geometry was assumed for the aneurysm, which is an ideal case among a wide range of aneurysm geometries typically observed. The arteries were also simulated with isotropic material properties, instead of anisotropic properties due to fibers in their layers. Additionally, this study was purely an engineering simulation-based work to determine structural parameters of an ideal aneurysm, which may lead to rupture due to excess pressure, and was not based on a neurosurgical or clinical approach. In future, more realistic aneurysm geometries, wall thicknesses, and anisotropic material models, along with a neurosurgical or clinical approach will be adopted to improve the accuracy of the results. This work considered static pressure loads on the aneurysm walls. Although the current modelling technique was economical and the results were comparable with the previous studies [19,20,21,23,24,25], future studies including a detailed computational fluid dynamics study can increase the overall accuracy of the cerebral flow model. In addition to this, a pulsating flow simulating the diastolic and systolic pressures can be used to further enhance the model. These techniques may increase the overall computational cost and will require extra computational refinement.
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Figure 1. Model of the cerebral arteries in (A), MCA section with bifurcation in (B), and MCA section with curvature in (C). 
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Figure 2. Aneurysms of different sizes (diameter) simulating progression in bifurcation MCA: (A) 2 mm, (B) 6 mm, (C) 10 mm, (D) 14 mm, (E) 18 mm; and in curved MCA: (F) 2 mm, (G) 5 mm, (H) 8 mm, (I) 11 mm, and (J) 14 mm. 
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Figure 3. Meshed artery models of (A) Bifurcated MCA section and (B) Curved MCA section. 
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Figure 4. Mesh convergence results for: (A) Bifurcated MCA and (B) Curved MCA. 
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Figure 5. von Mises stress distribution in bifurcated MCA section with wall thickness of: (A) 0.1 mm and (B) 0.2 mm. Here, the columns represent the aneurysm diameters and rows correspond to the pressure loads (0.01 MPa, 0.016 MPa, and 0.023 MPa). 
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Figure 6. von Mises stress distribution in curved MCA section with wall thickness of: (A) 0.1 mm and (B) 0.2 mm. Here, the columns represent the aneurysm diameters (as per Figure 2) and rows correspond to the pressure loads (0.01 MPa, 0.016 MPa, and 0.023 MPa). 
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Figure 7. Maximum von Mises stress variation for bifurcated MCA section with wall thickness of: (A) 0.1 mm and (B) 0.2 mm; and for curved MCA section with wall thickness of: (C) 0.1 mm and (D) 0.2 mm. 
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Figure 8. Maximum von Mises stress variation with aneurysm diameters for three pressure conditions for models of bifurcated MCA section. 
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Figure 9. Maximum von Mises stress variation with aneurysm diameters for three pressure conditions for models of curved MCA section. 
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Table 1. Aneurysm sizes for modeling the artery–aneurysm models.
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MCA Section

	
Aneurysm Diameter (mm)






	
Bifurcated

	
2

	
6

	
10

	
14

	
18




	
Curvature

	
2

	
5

	
8

	
11

	
14
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