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Abstract

:

The role of intraluminal thrombus (ILT) in the rupture of abdominal aortic aneurysms (AAA) is controversial, and it is unclear whether it increases or decreases the risk of rupture. This research aims to find a clear answer to this question. Previous computer modelling suggests that an ILT lowers oxygen dissemination to the AAA wall, contributing to wall thinning. The methodology used in this study determines the amount of oxygen reaching the aneurysm wall after passing through the ILT by using the porous nature of the ILT to recreate the condition as closely as feasible. Using computed tomographic images, patient-specific three-dimensional (3D) AAA geometries were recreated. Modelling blood and oxygen flow in AAA was obtained using a computational fluid dynamics (CFD) approach. Our findings indicated that the oxygen volume percentage had completely reached the aneurysm wall. Only at the inlet and outflow did the greatest wall shear stress (WSS) occur, with a significant drop in the central region of the aneurysm wall. CFD was used to calculate the velocity, pressure, and WSS of aortic blood flow. ILT had no effect on oxygen flow to the aneurysm wall, disproving the theory that it produces local hypoxia.
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1. Introduction


The abdominal aorta is one of the largest arteries in the human body and the major blood vessel emerging from the left ventricle of the heart [1]. In addition, it is the channel for distributing oxygenated blood from the heart to arterial branches that transmit the blood to all organs of the body [2]. Flow development in the aorta is complex due to the pulsatile nature of blood flow and statistical variations such as robust, torsion, tapering, twisting, curving, and branching. Theoretical and experimental analysis was detailed studying steady and unsteady flow patterns in a curved tube, which provides an understanding of flow patterns, expansion of secondary flow, dean vortices, and the WSS at the inner and outer walls of the aorta [3,4,5,6,7,8,9]. Computational fluid dynamics (CFD) was used to investigate blood flows in the aorta due to its high resolution and straightforward representation of flow parameters. CFD has vast applications for the treatment and diagnosis of CDs such as aneurysms, atherosclerosis, arteriosclerosis, and stenosis [10].



Abdominal aortic aneurysm (AAA) is a degenerative illness that causes the aorta to dilate and weaken [11]. AAA is also a life-threatening condition characterized by ballooning in the distal section of the abdominal aorta. This expansion continues until the aneurysm ruptures, which is a catastrophic event. Surgical repair is the sole option for this problem, and AAA diameter is the most important consideration in deciding whether or not to repair it. The aorta’s typical diameter is nearly 2 cm, and when it reaches or exceeds 5 cm, repair is recommended. Extensive investigations have recently been undertaken to evaluate if observing AAAs with a maximal diameter of 5.5 cm is safe [12,13]. The fundamental problem with this condition is that it is unpredictable or asymptomatic, and the only method to diagnose a patient or track the disease’s course is to perform CT scans on them annually or upon request. Untreated abdominal aortic aneurysms are dangerously close to rupturing. A rupture is a biomechanical event that occurs when stress in the dilating and degenerating aneurysm wall surpasses its strength at any point along its length [14]. The AAA frequently employs stress analysis to investigate stress distributions. The AAA is sensitive or prone to rupture if local tension is excessive, or there is stress concentration [15]. Furthermore, an intraluminal thrombus (ILT) is present in 75% of AAAs [16]. A blood clot is a three-dimensional (3D) fibrin structure incorporating blood cells, platelets, blood proteins, and cellular debris that forms between circulating blood and the aorta wall in varying degrees [17]. The role of the ILT in AAA is debatable, and it is unclear whether an ILT enhances or diminishes the chance of AAA rupture. The ILT is a porous substance, namely, a low-density material with pores.



However, the majority of earlier studies, particularly those based on three-dimensional geometries, modelled the ILT as a solid nonpermeable substance, which does not reflect reality. ILT was linked to an increased risk of rupture by some researchers [16,18]. Others feel that the ILT can reduce AAA wall tension and thus protect the AAA from rupture [14,19,20,21]. Despite this, numerous studies imply that ILT has no effect on the risk of rupture [22,23].



According to Wolf et al., an increased AAA thrombus burden was linked to a higher risk of fast growth [18]. Another study by Satta et al. linked the thickness of the endoluminal thrombus to the risk of rupture [24]. Ruptured and nonruptured aneurysms had similar dimensions, but the ruptured aneurysms had a thicker thrombus than the nonruptured ones. One study investigated if different flow patterns in aneurysms could be recognized by magnetic resonance imaging [25]. However, the recirculation zone produced inside the aneurysm cavity caused conditions that encourage thrombus formation and increase the risk of rupture. In contrast with these findings, a study by Faggioli et al. found no relation between thrombus thickness and rupture [26]. Intraluminal thrombus, a theoretic mathematic aneurysm model, can significantly reduce aneurysm wall stress and thereby protect against rupture [19,20]. Investigators concluded on the basis of AAA stress assessments using simplified hypothetic models that the presence of ILT decreases stress to the AAA wall [19,20,21,27]. However, in this research, the mechanical properties of ILT were predicted using a basic linear elastic model for this material, or simpler forms for the AAA and ILT were utilized.



This study focuses on whether the ILT provokes the rupture of the AAA wall by using CFD simulation with real ILT modelling. A 3D aorta geometric model with a single inlet and two outlets was reconstructed from each patient’s CT images. The 3D reconstructed model was imported to ANSYS v15 software for computation using FLUENT solvers. This locates the ILT by applying the porous property, studying pressure changes on the aneurysm wall, and oxygen and blood flow velocity.




2. Materials and Methods


2.1. Geometry


A three-dimensional patient-specific module of an abdominal aortic aneurysm (AAA) including a 1.5 mm thick intraluminal thrombus (ILT) was used here. The ILT was located inside the aneurysm that was inside the inflated part of the abdominal aorta. Thus, a 3D aorta geometric model with a single inlet and two outlets was reconstructed from each patient’s CT images, as shown in Figure 1 (available online: https://radiopaedia.org/articles/draped-aorta-sign?lang=us (accessed on 20 April 2021). However, the aneurysm geometry was mainly simulated for the following reasons:



The ILT was located by applying the porous property to study changes in the aneurysm wall, reduce computational errors and time, and increase computational accuracy.



Figure 2 depicts the aneurysm geometry used in the simulation. Inlet and outlet diameters were approximately 3.5 cm, and the maximal aneurysm diameter was approximately 6.3 cm. The geometry had a single inlet and a single outlet for blood and oxygen flow. The 3D reconstructed model was imported to ANSYS v15 software (ANSYS, Canonsburg, PA, USA) for computation using FLUENT solvers.




2.2. Mesh Generation


The 3D model of AAA was reconstructed and meshed, as shown in Figure 3. Mesh independence was studied to determine the optimal number of mesh elements, as meshing divides the geometry into many discretized volume elements or cells. This geometry meshed into 1,593,429 elements and 304,321 nodes. Thus, the change in the number of elements and nodes was due to changing the mesh size settings for higher computation accuracy.




2.3. Material Properties


The geometry consisted of three bodies: the aneurysm walls as a solid material, the ILT as a porous material, and the lumen as a fluid material for the flow of oxygen and blood.



Wall properties:


  density = 1.2      g   cm    − 3   ,    Young ’ s   modulus    = 2.7    Mpa  ,   Poisson ’ s   ratio = 0.45  



(1)







ILT properties:


      Permeability    = 3.7 ×   10   − 7      m 2  ,    density  = 0.53      g   cm    − 3   ,          viscous   resistance    = 2 , 700 , 000      m    − 2       



(2)








2.4. Intraluminal Thrombus Porosity


The ILT is a porous material, so this study applied this property to the ILT geometry to mimic reality. The 3D geometry was thus converted into a two-dimensional (2D) geometry to understand how to properly apply the porous property in ANSYS software. In Figure 4, brown represents the lumen where blood and oxygen flow, and green represents the ILT. The top and bottom surfaces represent the aneurysm wall. The perpendicular left surface represents the inlet, and the perpendicular right surface represent the outlet.



Porosity was established by representing ILT permeability as the inverse of the viscous resistance in ANSYS software in the X, Y, and Z directions. The value of permeability (3.7 × 10−7 m2) was used in a study by Adolph et al. [28], so viscous resistance is (2,700,000 m−2), and we used the same value. Similarly, after applying porosity to the 2D geometry, the porous property of the ILT was established on the 3D geometry using the same approach as that used on the 2D geometry.




2.5. Blood and Oxygen Flow


Flow was simulated as turbulent Eulerian multiphase flow to display the volume of each phase separately or in combination. According to a study by Collins et al., oxygen was the second phase with a volume fraction of 20%, and the primary phase was blood [29].



Moreover, oxygen properties (density, 1.2999 kg/m3; viscosity, 1.919 × 10−5 kg/m−3) were found in ANSYS fluent database, and blood properties were manually inserted (density, 1080 kg/m3; viscosity, 0.0035 kg/m−3) [30].



In addition, multiphase flow over the single-phase flow was selected for the following reasons:




	
to give a specific volume fraction for each material, as oxygen volume is lower than blood volume;



	
to separately or in combination analyze the effect of both materials.









2.6. Boundary Conditions


The inlet was configured as a velocity inlet with a constant value of 0.3 m/s, and the outlet as a pressure outlet with a value of 13,335 Pa. No-slip boundary criteria were utilized to keep the walls immobile, as described in [31].




2.7. Initialization and Calculation


Without initialization, results in ANSYS software cannot be effectively obtained, so flow variables need initial values. Because we simulated porous media on the ILT, hybrid initialization was not utilized because it cannot manage the porous formulation that produces inaccurate results, so normal initialization was selected instead. Results were calculated in 50 max iterations, 50 time steps, time step sizes = 0.001, and the total calculation time for a single analysis was 5 h.





3. Results


Results were measured using a four central processing unit computer, and the time for an analysis was up to 5 h.



3.1. Porosity


First, the flow pattern inside the lumen and ILT before applying porosity was found. Therefore, the flow of blood and oxygen did not penetrate the ILT surface and the aneurysm wall, as the porous property was not yet applied, and the wall was impermeable, as shown in Figure 5a.



The flow pattern inside the lumen and ILT after applying porosity with a permeability value of 3.7 × 10−7 m2 is illustrated in Figure 5b, which indicates the flow of blood and oxygen penetrating the ILT surface due to the porous property applied on the ILT. Figure 6 shows that the flow did not penetrate the aneurysm wall, as it was impermeable.



Furthermore, Figure 7a exhibit the flow of blood and oxygen inside the ILT only without flow inside the lumen. Figure 7b shows the inlet on the left and the outlet on the right.




3.2. Velocity


The flow of oxygen and blood particles inside the lumen and ILT is shown in Figure 8. Particles flowed from the inlet on the left to the outlet on the right with maximal velocity reaching 0.483 m/s and minimal value of 0, and it appeared inside the ILT.



Additionally, in the following figures, velocity inside the ILT before and after increasing the viscous resistance was compared. Figure 9 shows a significant decrease in velocity in the ILT region due to high viscous resistance. Figure 10 demonstrates the streamlines penetrating the ILT surface, which indicates that the ILT was permeable. There was also a significant decrease in velocity streamlines flowing inside the ILT after increasing the viscous resistance of the ILT. The previous comparison proves that the porosity of the ILT functioned and highly affected flow velocity inside the ILT when using high viscous resistance.




3.3. Oxygen Volume Reaching the Aneurysm Wall


The initial oxygen volume fraction used in this research was 20% of the total flow, and the majority of the flow was blood, which was about 80% of the flow. Figure 11a shows the volume of oxygen reaching the aneurysm wall. Therefore, the oxygen volume reached the aneurysm wall due to the porous property, as shown in Figure 11b.




3.4. Wall Shear Stress (WSS) and Pressure


Finding the WSS and pressure was part of studying the effect of a porous ILT on the aneurysm wall. The maximal WSS was 7.54 Pascal, and the minimal WSS was 0.0176 Pascal. The maximal pressure value was approximately 13,548.593 Pascal, and the minimal value was 13,335 Pascal.





4. Discussion


The presence of ILT complicates the already difficult disease of abdominal aortic aneurysm. Many researchers used numerical analysis of AAAs to investigate the wall shear stress (WSS) distributions and flow patterns within the aneurysm sac [32,33] to investigate blood flow in AAAs [34,35,36]. Wall stress is linked to AAA shape and its components. The shape and maximal diameter of the aneurysm, the thickness of the aneurysm walls, and the thickness and distribution of the ILT inside the aneurysm are all parameters that influence simulation results. The role of abnormal low-density lipoprotein (LDL) build-up inside the arterial wall and hypoxia was well-documented in the development and progression of atherosclerosis [37]. By releasing many types of harmful enzymes, inflammation triggers structural disintegration [38,39]. Pathogenesis is a major topic of debate. AAAs start with inflammation and weakening of the wall (e.g., the first loss of elastin), leading to atherosclerotic involvement and intraluminal thrombus, according to some studies.



ILT’s effect on the risk of AAA rupture is controversial. An ILT limited oxygen transport to the AAA wall, perhaps resulting in local hypoxia and wall weakening [16]. The aorta wall’s mechanical failure to resist the sign, which occurs when the tangential stress within the wall exceeds the vessel wall’s sturdiness at any point, causes aneurysm rupture. Wall stress is affected by pressure level, vessel diameter, and wall thickness [40]. The two most important predictors of AAA rupture are wall stress and strength. The AAA ruptures when local stress surpasses local wall strength, and bursts only when local stress exceeds local wall strength. Figure 5 and Figure 6 show the flow pattern before and after applying porosity to the ILT to provide a better understanding of the overall geometry, ILT surface, and aneurysm wall. In realistic AAA geometries, the CFD study also reveals unknown information on the link between blood flow hemodynamics and rupture site.



There is a strong suggestion in the literature that an ILT decreases the tension acting on the aneurysm wall before to rupture, stress known as Von Mises stress. This study could only compute the WSS because it used computational fluid dynamics rather than the finite-element method, and it presumed that the ILT also reduced the WSS. WSS results were compared with those in a previous study by Boyd et al. [41,42,43,44]. The geometry’s maximal diameter was roughly 6.3 cm, indicating that it was highly prone to rupture, and they used a ruptured abdominal aortic aneurysm model without ILT in their investigation. The aneurysm wall boundary conditions in their study were the same as those in this study. Lower WSS values than their values were expected, since their flow was directly touching the aneurysm wall. Their maximal WSS value was 5 Pascal, and it occurred at the aneurysm wall’s inlet, outlets, and central region. The aneurysm wall’s center in this study had substantially less shear stress than the aneurysm walls did. Similarly, WSS results were compared to those in [31], where a geometry with an intact abdominal aorta was employed. The boundary conditions of their aneurysm wall and exit were identical to those in this study. Their maximal WSS value (8.91 Pascal) was higher than the maximal WSS value obtained in this study (7.54 Pascal). Moreover, to further study the effect of the porous ILT, results were compared with those of previous studies. In terms of pressure, these results and those in [23] showed similar findings, with their maximal pressure measured being approximately 110 mmHg, which was slightly different to our maximal pressure value, which was 13,548.593 Pascal (13,548.593 Pascal = 101.62279 mmHg).



In addition, a realistic material model is crucial in the modeling of AAA wall stress, and it is the cornerstone of the computer simulation of AAA stability. Low WSS is unlikely to directly cause aortic rupture, but ILT deposition may continue in locations where velocity and WSS are low. Alterations in the local environment, such as inflammatory [28,45] or ischemic changes [16,46], may result in adventitial integrity loss as a result of ILT deposition. The aortic rupture happened in low-flow areas and, in the vast majority of cases, in recirculation zones with low WSS and ILT deposition. In this investigation, a significant decline in velocity was found when comparing particles penetrating and flowing inside the ILT to particles flowing inside the lumen. The change in velocity was caused by the porous characteristic of the ILT and the change in aneurysm diameter. The ILT’s viscous resistance was increased to examine if the porous property was effective and affecting the flow.



Despite the encouraging results obtained from the present computational model created in this study, the proposed models are unable to adequately mimic in vivo conditions, and hence do not account for several very complicated local issues that occur over the course of thrombus development. This also assumes tissue homogeneity, which is not usually the case. Furthermore, intraluminal thrombi locally form along the wall, whereas the model assumed flow around the thrombus. Furthermore, the aneurysm wall is separated from a luminal oxygen supply; the actuality of this trait is thrombus metaplasia that may occur over time.



These may be caused by persistently hypoxic tissue. Another factor that may contribute to artery weakening is variations in blood flow within artery walls.



Another factor to consider in future research is the type of dynamic flow around the thrombus, as laminar flow is not always a perfect simulation, and wall damage can locally occur as a result of disturbed flow, increasing local oxygen demand while decreasing oxygen supply, partly due to tissue thickening. A thrombus having high porosity may be validated early in thrombus formation; however, as thrombi become denser, the percentage of porosity decreases, and this theory may have a margin of error.




5. Conclusions


ILT causes a slight reduction in pressure and a considerable reduction in shear stress acting on the aneurysm wall. The maximal stress and WSS acting on the aneurysm wall were similarly lowered. Furthermore, because the oxygen volume almost completely reached the aneurysm wall, the findings of this study refute the notion that an ILT is the source of local hypoxia. The results of CFD simulations showed that developing a geometric model utilizing meshing and mesh independency check is a realistic technique for studying human physiology and illness in vitro at a fixed period.



While computational models are unable to adequately simulate in vivo conditions, as mentioned in the discussion, findings in this paper may be obtained with a margin of error.



Future research should focus on improving computer modeling by incorporating local and time-varying factors, such as the kind of dynamic flow surrounding the thrombus, tissue homogeneity assumption, and decreasing porosity over time.
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Figure 1. AAA geometry. 
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Figure 2. Aneurysm geometry. 
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Figure 3. Meshed model. 
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Figure 4. AAA geometry after conversion from 3D to 2D. 
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Figure 5. (a) Inner ILT surface and aneurysm wall; (b) flow pattern inside lumen. 
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Figure 6. Flow not penetrating aneurysm wall. 
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Figure 7. (a) Streamline penetrating ILT surface; (b) streamline only inside ILT. 
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Figure 8. Particle flow inside aneurysm. 
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Figure 9. Decrease in velocity in the ILT region. 
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Figure 10. Streamlines penetrating ILT surface. 
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Figure 11. Volume of (a) oxygen and (b) blood. 
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