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Effect of Aneurysmal Shape on Atheromatous Hemodynamics during a Pulsatile Blood Flow

Abstract
Blood circulation in human arteries is primarily influenced by time-related transport processes. A variety of aneurysmal shapes’ geometry also affects the blood flow patterns within them. The current study examines the influence of aneurysmal morphology on atheromatous hemodynamic risk factors by numerically solving blood flow patterns. The software code of COMSOL Multiphysics has been employed in this blood flow simulation. The finite element method has been used. The aneurysmal shape of a rectangle generates an extensive separation zone compared to a trapezium and a triangle. At the aneurysm area, the shearing stress is lower contributes to a thrombus deposition. At the post-aneurysmal area, the velocity is increased. The aneurysmal rectangle gives a lower pressure compared to others. Compared to aneurysmal triangle and aneurysmal rectangle, the TAWSS for aneurysmal trapezium is raised by 7.43% and 34%, respectively. The extensive recirculation zone is found in an aneurysmal rectangle rather than in the aneurysmal trapezium or triangle. Finally, it is concluded that the aneurysmal rectangle deposits more lipids, fats to create more recirculation area.
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1. Introduction

An aneurysm is a swelling or expansion in a blood vessel’s wall. Aneurysm may rupture. We refer to this as an aneurysmal rupture. Internal bleeding occurs when an aneurysm ruptures. It frequently results in fatality and morbidity [1]. Conditions affecting the human’s blood vessels-related illnesses, including heart attacks and strokes, are the leading causes of death globally.  Aneurysms are the main cause of these illnesses [2-4]. Numerous experiments and computational fluid dynamics (CFD) analyses have been conducted to examine the flow disturbance caused by aneurysm or plaque formation growth in humans, which results in the system of cardiovascular failure [5-10]. Before burst, numerous aneurysms are asymptomatic, and they are frequently found by accident when undergoing imaging for different conditions [11-12]. Blood flow simulation in various cases such as flow pulsation, axisymmetric and geometric variations is important [13] because blood variables play a major influence in the initiation and progression of the atherosclerotic state for pulsatile blood flow, it is imperative to comprehend how blood operates in aneurysm. The findings indicate a considerable impact of the existence of aneurysm based on various hemodynamic factors along the central line and wall. 
      Narayan et al., [14] have investigated the aneurysmal blood flow in a magnetic area to assess the hemodynamic risk parameters. The research has found that the globular and bilobed shapes are more prone to sac rupture and lateral neck dilation. Elger et al., [15], and Cebral et al., [16] have conducted numerical simulations of blood pulsation flow, yielding flow types and analyzing their impact on hemodynamics. Aneurysmal diameter appears to have minimal impact on the distribution and amount of wall pressure during the flow cycle, according to Peattie et al., [17] along with Peattie and Bluth [18]. In Becker et al., [19], results have showed that the pressure of intra-aneurysm changed very little during and right after coiling and the diversion of flow. The pressures of intra-aneurysm are little affected by disruptions in the flow of intra-aneurysm single. The stenosed-aneurysmal blood flow investigation has been carried out in [20] to show its impact on atheromatous hemodynamics for the implementation in bioengineering field. To reveal the effects of hemodynamics on the rupture and expansion of cerebral artery’s aneurysms, numerical studies have been conducted [21]. This research provides accurate data and understanding regarding the impact of blood parameters on the cerebral artery’s aneurysms risks.
      Blood circulation in brain aneurysms shows chaotic and temporary conditions, frequently featuring vortices [22], in contrast to the laminar flow seen in the arteries of healthy brain. These altered flow types features contain vortex ring formations and swift-moving flow jets [23], which may hit the aneurysm’s wall, leading to excessively elevated wall shear stress (WSS) [24]. It led physicians to search hemodynamic metrices [25], such as time-averaging wall shear stress (TAWSS) and oscillatory shearing index (OSI), as possible markers of the risk of rupturing nature [26]. Advanced methods take into account dynamic elements such as the types of blood flow and WSS, that may be visualized through the highly image quality and numerical simulations [27-29]. Though Finol et al. [30] have studied double aneurysms, the investigation of the effect of aneurysmal shape is not yet established; this is the research gap being studied.
      Despite considerable research taking into account over the last few years to examine aneurysmal blood flow in an arterial geometry, limited studies have been conducted about blood flow in a luminal artery with varying aneurysmal shapes. Therefore, the present study is inspired to examine how several aneurysmal models influence blood circulation.   


2. Methodology
2.1 Aneurysmal Geometry 
      
      The aneurysmal geometry utilized in the current simulations is represented by the aneurysm forms, which are the trapezium, triangle and rectangle depicted in Figure 1. The coordinates Y and X indicate the radial and axial locations. For the present numerical computation, the aneurysmal length of 2.792 mm has been taken into consideration in Figure 1. The simulation has taken into account aneurysm models that are 45% tall. Because aneurysms can grow in three various geometries, the nature of pulsatile blood flow is being examined. The geometry of computation has a diameter of 5 mm. 
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Fig.1. Aneurysmal geometrical shapes of present numerical computation.
2.2 Governing Equations and Boundary Conditions 

       The general continuity equation and Navier-Stokes equations are simplified for the three-dimensional flow of an incompressible Newtonian fluid. Fluid flow’s continuity equation can be given as follows:

                    

The form of Navier-Stokes equations can be written in the following way:

                   



In equations (1) & (2), denotes the fluid density, p is the pressure, is the velocity vector. The fluid domain’s inlet takes velocity pulse as a given equation [31].

          

A no-slip condition is assumed across the artery wall for the present computational domain. Outlet pressure for the investigated computational geometry is 4140 Pa. The fluid’s density and viscosity for the Newtonian model is 1060 and 0.00345 respectively.

2.3 Computational Techniques

The present research uses the software code for COMSOL Multiphysics to solve the governing equations for blood flow simulations in arteries featuring aneurysmal shapes. The software has been used on the basis of finite element methods. The artery’s inflow and outflow lengths from the aneurysmal shape should not affect the outcomes of computation. Numerous computations have been run in order to determine the aneurysm’s independent inflow and outflow lengths. Ultimately, it can be shown that the proximal and distal sides of the aneurysm, respectively, require lengths of 3D and 10D. In order to guarantee the precision of the predicted outcomes, multiple numerical computations have been executed using distinct mesh elements of 17601, 37539, 100573, 205104, and 309303. The results in wall pressure for the last two elements are approximately the same. So, the mesh elements of 205104 have been chosen for the present numerical computation. To get the accurate results, the second cycle has been selected for periodicity. 
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Fig.2. Grid test for several elements.


2.4 Method validation
      The correctness and firmness of the blood flow computation evaluation are validated and confirmed in this present research by comparing the results with those of research by Lee et al. [32] using axial velocity. Furthermore, as Fig. 3 displays, there is a significant agreement between the currently predicted axial velocity outcome and those obtained by Lee et al. [32]. A rigid wall’s predicted axial velocity at a downstream location (2.5*diameter) for several time points agrees well.
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Fig.3. Present numerical computation is validated with Lee et al. [32].



3. Results and Discussion


[bookmark: _Hlk202910691]3.1 Axial velocity due to aneurysmal shapes

     Fig. 3 compares the axial velocities of the trapezium, triangle, and rectangle aneurysmal shapes in the aneurysm regions, terminal area, and post-aneurysm region. The axial velocity can be affected due to the expansion of different aneurysmal geometries because of the nature of higher flow.  At the aneurysm area, the axial velocity is lower than in the post-aneurysmal area because of the deposition of thrombus. The speed is consistently reduced in the area near the aneurysm’s wall. In the aneurysm, the fluid slows down due to high flow regions, reaching minimal levels, which creates a separation zone, and the reduced velocity distribution causes the boundary layer to widen. The post-aneurysmal area gives a higher velocity for all investigated shapes. The lower velocity and greater recirculation are observed in the aneurysm of a rectangle at all locations compared to the aneurysmal shapes of a trapezium and a triangle. 
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[bookmark: _Hlk204860505]Fig.4. Axial velocity through radial direction at stenosis and post-stenosis locations.

3.2 Velocity streamline and recirculation zone
      Fig. 4 illustrates the systolic phase streamlines (t = 0.08625 sec) in a damaged artery while taking various aneurysm forms into account. It is clear that although the inlet velocity is identical, for the examined cases, flow recirculation is considerably more pronounced in the aneurysmal model of rectangle compared to the aneurysmal models of trapezium and triangle. The rhythmic behavior of blood flow, characterized by its pulsating condition, leads to the formation of recirculating flows. Taking this fact into account, recirculation zones in the affected artery during the systolic phase of a normal cardiac cycle are examined for all forms. It is noted that the recirculation areas are seen to develop and progressively diminish the speed. Nonetheless, significant flow recirculation is seen in the rectangular aneurysm.

[image: ]
Fig.5. Velocity streamlines for various aneurysmal shapes.


3.3 Hemodynamic risk factors
      The artery wall exhibits time-averaged biomarkers, including TAWSS, OSI, and relative residency time (RRT) introduced in [33], which are indicators of endothelium degradation (Fig. 6(a, b, c)). The negative shearing force at the wall surrounding the aneurysm region, where flow recirculation occurs, is significantly smaller than in other sections, and this recirculation differs with various aneurysmal shapes. The rectangular shape of an aneurysm contributes to making the flow more disturbed in the aneurysm area. Research indicates that the artery’s wall experiences greater TAWSS from an aneurysmal trapezium than from a triangle or rectangle, with the latter two shapes resulting in the lowest stress among the three aneurysm shapes studied. The findings also demonstrate that the TAWSS magnitude is higher at the ending section of the aneurysm than at the aneurysm section [34]. It is therefore convenient to state that the likelihood of rupturing an artery’s wall resulting from aneurysm development is greatest in the trapezium, followed by the triangle and the rectangle. Another two important parameters, OSI and RRT, indicate the direction of shearing stress and blood particles’ residence time, leading to the indication of flow separation points with peak points, and an aneurysmal rectangle gives an extensive recirculation zone.
The distributions of viscous stress contours with a 45% depth due to aneurysmal various shapes are presented in Fig. 6(d) for the segmentation of arterial geometry. In every aneurysm model, the viscous stress peaks near the beginning of the artery and falls throughout the aneurysm, contributing to the accumulation of atherosclerotic lipid, fat, fatty acids, etc. Nonetheless, the trapezium model has the greatest magnitude compared to the other two shapes.

[image: ]
                                                                                          (a)








[image: ]
                                                                                          (b)
[image: ]
                                                                                        (c)
	[image: ]
                                    (d)

Fig.6. Distributions of hemodynamic parameters (TAWSS, OSI, RRT) in 6(a, b, c), and viscous stress contours for different aneurysmal shapes in 6(d).


3.4 Pressure contour
      The pressure from an aneurysm is a vital aspect in understanding the emergency if it remains unrecognized and unevaluated properly. In the progression and development of atherosclerosis, the shape of the aneurysm significantly influences the nature of flow within the arterial structure, which is also visible with the pressure contour distributions (Fig. 7) throughout the artery, since the severity of shape-based blood circulation contributes to the detection of patients’ disease. The trapezium shape of the aneurysm generates significantly greater pressure compared to the aneurysmal triangle, which consecutively greater than that of the aneurysmal rectangle shape. Conclusively, it may be claimed that for every shape of aneurysm model, the minimum pressure occurs at the distal region after the aneurysm. 
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Fig.7. Pressure contour distribution for aneurysmal shapes.



4. Conclusions

      This research examines different aneurysmal shapes as conventionalized representations to investigate the recirculated nature of flow, as the recirculated formation of flow within the aneurysm area is crucial in rupture characteristics, and the earlier finding of an aneurysm can aid in predicting the risk of rupturing nature. The Newtonian flow pulsation of the geometry of three dimensions is the focus of this investigation. The software code of COMSOL Multiphysics has been adopted, with validation of the method being satisfactory. The aneurysmal form of a rectangle creates a wide separating zone in comparison to a trapezium and a triangle. In the aneurysm region, the reduced shearing stress aids in thrombus accumulation. In the area following the aneurysm, the speed is heightened. The aneurysmal rectangle produces a reduced pressure relative to others. The TAWSS for aneurysmal trapezium is increased by 7.43% and 34%, respectively, in comparison to aneurysmal triangle and aneurysmal rectangle.
      Finally, this research demonstrates that people with different types of aneurysms exhibit various vortex configuration characteristics in their blood circulation. 
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