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Abstract:



Computational fluid dynamics (CFD) can be seen as complementary tool alongside the visualization capabilities of cardiovascular magnetic resonance (CMR) and computed tomography (CT) imaging for decision-making. In this research CT images of three cases (i.e., a healthy heart pilot project and two patients with complex aortic disease) are used to validate and analyse the corresponding computational results. Three 3D domains of the thoracic aorta were tested under hemodynamic conditions. Under normal conditions, the flow inside the thoracic aorta is more streamlined. In the presence of ascending aortic aneurysm, large areas of blue separation zones (i.e., low velocities) are identified, as well as an internal geometry deformation of the aortic wall, respectively. This flow separation is characterized by the reversal of flow and sudden drop of the wall shear stress (WSS) in the aorta. Moreover, the aortic aneurysm simulations adversely affect the flow by increasing the pressure drop and flow inefficiency, due to the anatomical configuration of the ascending aorta. Altered hemodynamics led to a vortex formation and locally reversed the flow that eventually induced a low flow velocity and oscillating WSS in the thoracic aorta. Significant changes in the hemodynamic characteristics affect the normal blood circulation with strong turbulence occurrence, damaging the aortic wall, leading ultimately to the need of surgical intervention to avoid fatal events.
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1. Introduction


According to anatomical regions, the thoracic aorta goes from the heart to the diaphragm where it enters the abdominal region, becoming the abdominal aorta, which runs until the aortic bifurcation. The aorta begins as the ascending aorta, turns into the aortic arch and takes an inferior course where the descending aorta starts its vertical trajectory before ending at the bifurcation of the two common iliac arteries (Figure 1). The ascending aorta originates in the upper part of the left ventricle, from which is separated by the aortic valve. This area, designated as the aortic root, does not have the classical tubular shape yet, but follows a bulb-shaped geometry [1]. This region is quite important as its particular shape allows the blood that recoils to be collected and be directed to the coronary ostia. The tubular shape, typical of the aorta, begins at the sinotubular junction, which marks the transition between the root and the ascending aorta. The ascending aorta terminates on the aortic arch, which has a steep curvature from where the supra-aortic vessels originate superiorly. It continues its course running downwards to the diaphragm, being called the descending aorta [2].


Figure 1. Physiological aorta root in the normal condition.
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The ascending aorta aneurysm is the most common form of thoracic aortic aneurysm (TAA) (60%), followed by the aneurysm of the descending aorta (30%) and the aortic arch (10%), while the remaining 10% are thoracic-abdominal aneurysms [3]. The TAA is defined as a dilatation of the ascending portion of the aorta that affects the segment between the aortic valve and the brachiocephalic trunk, producing an enlarged vessel diameter 1.5 times greater than the original diameter (Figure 2) [4,5,6]. An ascending aorta, with a diameter between 1.1 and 1.5 times that of the original size, is considered to be dilated. The typical progression of an aneurysm in the aorta begins with high blood pressure, which increases the pressure waves of blood against the walls of the aorta. The presence of atherosclerotic disease also causes the wall of the aorta to lose its elasticity which means that its ability to dilate and recoil with each pressure wave of blood induced by the heartbeat is decreased. Eventually, the elastic membranes and smooth muscle within the aortic wall deteriorate and the vessel diameter increases [7].


Figure 2. Aneurysm of the ascending thoracic aorta: (a) Patient 1; (b) Patient 2.
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Understanding the physiology of patients with aorta disease is crucial not only for understanding local hemodynamics in complex anatomies, but also refining the assessment of individual patients [8]. Cardiovascular magnetic resonance (CMR) and computed tomography (CT) imaging have been very useful in evaluating blood flow characteristics [9,10,11]. Although this imaging technique (i.e., CMR) provides a 3D flow map of the blood circulation and can be used to explain complex hemodynamic scenarios, simulating multiple conditions for the same patient is still relatively long (15 min). Additionally, with limited spatial resolution compared to CT, despite the efforts in accelerating 4D sequences [12], not all clinical centres are proficient in using this technique [8]. Thus, CFD analysis reveals to be a relevant potential clinical tool to predict mal functions or future anomalies.



Computational fluid dynamics are capable to predict different scenarios at a patient-specific level [13]. Nevertheless, for computational models to be potentially integrated into clinical practice or used as clinical data (i.e., for decision-making) they need to be validated. Thus, in the present research two computational models were developed: one representative of a complex aortic pathology, with the presence of aneurysms, and another illustrative of a normal heart condition.




2. Materials and Methods


2.1. Patient Data


Patients with aortic pathology underwent CT evaluation of cardiac anatomy and function. The computed axial tomography (CT), with a spatial resolution of 0.5–0.625 mm in the z-axis, and approximately 0.5 mm in the x to y-axes, showed that, morphologically, two of the patients presented aneurysms in the thoracic artery trunk. Figure 3, Figure 4 and Figure 5 show the CT derived anatomical data.


Figure 3. Patient 1 (73 years old) with a thoracic aorta aneurysm.
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Figure 4. Patient 2 (76 years old) with an ascending aorta aneurysm.
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Figure 5. Healthy patient (pilot) (62 years old) without aorta disease.
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Figure 5 shows the aortic root with the aortic diameter almost constant along the entire thoracic course.




2.2. Model Geometry and Mesh


The anatomic model was derived from the CT scan of the three patients. 3D volumes of the thoracic aorta were generated using the commercial software COMSOL Multiphysics 4.3.b (COMSOL Inc., Burlington, MA, USA). The hemodynamic analysis included four steps: (i) the aorta vessel geometry of the patients; (ii) the 3D image data in digital imaging and communications in medicine (DICOM) format was reconstructed into 3D anatomic geometry using the medical open source imaging software 3D Slicer 4.6.2.; (iii) the 3D patient-specific geometries were extracted in the numerical domain (stereolithography (STL) format); and (iv) the numerical domain was meshed and simulations were performed on the CFD COMSOL-Multiphysics 4.3.b model. To verify the specific differences of aorta pathologies (Figure 6 and Figure 7) compared to the typical arrangement, an aortic root from a healthy patient (i.e., without aortic pathology) was also generated (Figure 8).


Figure 6. Ascending aorta aneurysm (Patient 1): (a) computed tomography (CT) data and segmentation; and (b) mesh.
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Figure 7. Ascending aorta aneurysm (Patient 2): (a) CT data and segmentation; and (b) mesh.
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Figure 8. Healthy patient (pilot): (a) CT data and segmentation; and (b) mesh.
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The provided STL geometry presents some relatively complex surfaces, fillets, and blends, which result in small faces in some parts of the model. These small faces force the tet-mesher (tetrahedral mesh for 3D models) to use smaller elements. A solution is to use the COMSOL tetrahedral meshing algorithm that first applies a mesh on all of the surfaces of an object. This mesh is then used to seed the volume mesh from which tetrahedral elements grow elements inwards. As these tetrahedral elements intersect, their sizes are adjusted with the objective of keeping the elements as isotropic (similar edge lengths and included angles) as possible and to have reasonably gradual transitions between smaller and larger elements [14]. However, when these algorithms attempt to remove topological entities, they often need to modify the underlying NURBS (non-uniform rational basis spline) surfaces and are, therefore, somewhat limited. An alternative in COMSOL Multiphysics software is to use Virtual Operations, which can keep the existing geometrical representations as a basis for constructing a new alternative topological structure purely for the purposes of meshing and defining the physics [14].



From the Virtual Operations options, the Form Composite Faces feature was selected resulting in the same geometry, but ignoring faces that lie between two adjacent domains, resulting in a single domain. Lastly, the Mesh Control Points, Edges, Faces, and Domains features, hide points, edges, faces, or domains during the set-up of the physics. However, these geometric entities will still be present during the meshing step. By using these types of operations during the computational mesh of the anatomical models, greater control over the meshing process is done by designating geometric entities for the control of the mesh size and distribution [14].



Then, to assess the performance of each structure, two kinds of analyses were undertaken: mesh convergence and mesh sensitivity analysis. These two analyses are both based on the concept of establishing the independence of the CFD results over the mesh quality. A mesh sensitive analysis was developed by refining the mesh until a critical result, such as the pressure, converges (i.e., does not change significantly with each refinement) [15]. As shown in Figure 9 when the mesh number increases to 200,000, the pressure at the condition of peak systolic converges to a constant value. Thus, a mesh with 225,059 elements for a normal aorta and 2,358,055 and 242,859 elements, respectively, for Patient 1 and 2, were used in this research.


Figure 9. Mesh sensitivity analysis.
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The convergence analysis was done beginning with a very coarse mesh and incrementing the smoothness of the mesh by 25% for each further step, reaching 150% of the augmented mesh density [16].




2.3. Boundary Conditions


The FEM involves dividing the problem into subdomains, each represented by a set of element equations to the original problem, followed by systematically recombining all sets of element equations into a global system of equations for the final calculation. The global system of equations has known solution techniques and can be calculated from the initial values of the original problem to obtain a numerical answer [7]. The 3D incompressible Navier-Stokes equations were used for blood flow simulations, with the CFD software COMSOL-Multiphysics Equation (1):


[image: ]



(1)




where [image: ] is the time interval and [image: ] is the density of blood. The unknown variables are the blood velocity, [image: ], and the pressure that depends on the Cauchy stress, [image: ], described by a constitutive relation that characterizes the rheology of the fluid. In the case of Newtonian fluids the total stress tensor is simply defined by [image: ], [image: ] is the dynamic viscosity of blood, and [image: ] is the strain rate tensor, given by [image: ]. In this research, the viscosity is variable and depends on the shear rate [17]:
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(2)







Thus, for a non-Newtonian fluid, the total stress tensor is given by:


[image: ]



(3)







Different non-Newtonian models have been proposed in expert literature, describing different specifications of the viscosity function [image: ]. In case of blood flows the focus will fall on the bounded viscosity laws, using Carreu’s shear-thinning model Equation (4) [17]:
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(4)




where [image: ] is the rate of the deformation tensor given by Equation (5) for a 3D Cartesian coordinate system [18]:
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(5)







The constants for the Carreau model were established from in vivo data according to [17]:


[image: ]



(6)




in which the coefficients [image: ] and [image: ] are the asymptotic viscosities, that depend on the lowest shear rates, which corresponds to the lowest pressure drop in a pipe flow and on the higher shear rates, respectively. Herein, a = 2, for the Carreu model and λ and n are parameters to be estimated. If λ = 0 or n = 1, the viscosity is constant and the Newtonian model is recovered with the viscosity [image: ]. These parameters represent the relaxation time (λ), i.e., they determine the value [image: ] at which the low shear rate ends [19]. The power law index (n) represents the slope of the rapidly-decreasing portion of the curve and the shape parameter (a) is the shape transition between the upper [image: ] and the rapidly-increasing portion of the curve (i.e., estimated by curve fitting of experimental data, see [20,21,22].



A time-varying flow rate was imposed at the inlet boundary condition. As for the outlet condition, a pressure wave was set (both adapted from [23]). The boundary conditions are defined in Figure 10.


Figure 10. Boundary conditions used in both models.
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The simulations used for WSS assessment typically assume that the arterial walls are rigid, which greatly simplifies the simulation process. The effect of wall motion on velocity and WSS fields is often assumed to be negligible. This may be reasonable in older subjects and certain patient groups with increased vascular stiffness. Thus, for simplicity, and also due to the aging of the patients, the vessel walls were assumed to be rigid and the no-slip condition was considered.





3. Results


3.1. Blood Velocity


Figure 11 shows normal streamlines velocities in the aorta system (between 0.1 m/s and 0.55 m/s) with the absence of vortex formation in the arch branches.


Figure 11. Healthy patient: velocity streamlines (peak systole).
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Figure 12 shows low velocity values in the aorta system (<0.35 m/s) and marked vortex formation located at the proximal segment of the artery (coded blue).


Figure 12. Patient 1: velocity streamlines (peak systole).
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Figure 13 shows low velocity values in the ascending aorta (<0.2 m/s) and marked vortex formation located at the beginning of the descending aorta (coded blue). The transition degree between the distal arch and proximal descending aorta changes abruptly making almost 90 degrees between them. This results in disturbed flow and sudden flow acceleration (coded red).


Figure 13. Patient 2: velocity streamlines (peak systole).
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3.2. Wall Shear Stress


It is well recognized that a higher or lower WSS (HWSS and LWSS) may cause intimal dysfunction, which could result in the progression of atherosclerosis [24]. Extremely high values of WSS are associated with vessel remodelling responsible for aneurysm initiation and progression [25,26]. Conversely, regions of low WSS correlate with inward vascular remodelling and the progression of atherosclerosis [27]. Altered hemodynamics led to a vortex formation and locally reverses the flow, which eventually induces low and oscillating WSS in the thoracic aorta. In comparison with the smooth aorta artery (patient-pilot, Figure 14), low WSS values in Patients 1 and 2 can be observed in the ascending thoracic aorta (Figure 15 and Figure 16).


Figure 14. Patient-pilot: wall shear stress (WSS) contours (at peak systole).
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Figure 15. Patient 1: wall shear stress (WSS) contours (at peak systole).
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Figure 16. Patient 2: wall shear stress (WSS) contours (at peak systole).
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Figure 14 shows normal values of WSS located in the smooth curvature of the aorta artery. On the contrary, Patients 1 and 2 present vascular areas exposed to low WSS over time, which contributes to a vascular remodelling. Herein, there is direct evidence of an aneurysm, since locally-altered hemodynamics and vessel wall parameters, i.e., the observed overt difference in values between the anterior and the posterior vessel wall, affect the vascular remodelling and, consequently, the aneurysm growth [27]. Figure 15 shows regions of low WSS correlated with the progression of atherosclerosis. Altered hemodynamics led to a vortex formation and locally reverse the flow, which induces low and oscillating WSS in the thoracic aorta. Figure 16 presents low WSS values at the inner curvature of the thoracic aorta and high WSS at the level of the aorta arch, which may explain the progression/extension of the disease in the future.





4. Discussion


The computational simulations concerned the profiles of velocity and WSS in the three cases. According to [2], to characterize the structure of the TAA, the main geometrical TAA parameters are measured: [image: ], the aneurysm length, and [image: ], the maximum diameter of the aneurysm. The factor which assesses the length [image: ] and the diameter [image: ] is known as the saccular index [image: ] Equation (7) [28]. If the saccular index is close to 1, the aneurysm is saccular (spherical), but if it is close to 0, the aneurysm is more fusiform. The deformation diameter rate [image: ] characterizes the nondeformed aorta diameter [image: ] with the maximum diameter of the aneurysm. A nonaneurysmal aorta is defined as [image: ] [2]:


[image: ]



(7)







To evaluate the asymmetry [image: ] of the aneurysm, [image: ] and [image: ] are defined as the ratio measured at the midsection of the TAA from the longitudinal z-axis to the posterior and anterior walls, respectively [29]. Thus, [image: ] yields an azimuthal symmetry and [image: ] is a TAA for which only the anterior wall is dilated, while the posterior wall is nearly flat [30]. Based on these indices, it is possible to identify the type of aneurysm presented in each patient (Table 1).



Table 1. Geometrical characteristics of the aneurysms.







	
Patient

	
[image: ] (cm)

	
[image: ] (cm)

	
[image: ] (cm)

	
[image: ] (cm)

	
[image: ] (cm)

	
χ

	
β

	
γ

	
Type






	
Pilot

	
2.80

	
1.40

	
1.40

	
2.80

	
-

	
1.00

	
1.00

	
-

	
-




	
1

	
3.54

	
2.06

	
2.70

	
4.76

	
6.92

	
1.35

	
0.76

	
0.69

	
saccular with azimuthal symmetry (35% of deformation)




	
2

	
2.69

	
0.56

	
3.33

	
3.88

	
11.53

	
1.44

	
0.17

	
0.34

	
fusiform with only anterior wall dilated (44% of deformation)










According to [1,31,32,33,34,35], based on the TAA shape, different criteria for the TAA collapsibility can be applied: (i) if the TAA diameter is 45% higher than the non-deformed aorta diameter; (ii) if the asymmetry index factor is [image: ]; (iii) if the deformation diameter ratio [image: ]; and (iv) if the saccular index [image: ]. However, the TAA dilation and potential rupture also depend on the hemodynamic loads. Thus, alternative methods of TAA rupture assessment are needed, such as numerical analysis involving CFD models to determine the WSS distributions and flow patterns (Table 2).



Table 2. Velocity magnitude and WSS ranges.







	
Patients

	
Velocity Magnitude Range (m/s)

	
WSS Range (Pa)






	
Patient—pilot

	
0.1–0.55

	
2–14




	
4 < 50% area < 6 (LWSS)




	
8 < 50% area < 12 (HWSS)




	
Patient 1—TAA

	
0.1–0.35

	
1–7




	
85% area < 5 (LWSS)




	
Patient 2—TAA

	
0.1–0.60

	
0–14




	
0 < 60% area < 3 (LWSS)




	
8 < 40% < 11 (HWSS)










The mean WSS was set according to the values obtained for patient-pilot, i.e., 5.4 Pa. The areas with WSS values under the mean value have been classified as low WSS areas (blue) and areas with WSS values higher than the mean value as high WSS (brown) [36,37]. Analysis of WSS contours for all cases shows that the area of low WSS coincides with the location of the recirculation areas (low velocities), and higher WSS values are found in two regions: in the neck area and in the corresponding area where the blood flow jet has an impact on the aneurysmal sac [38,39,40]. Higher blood flow has an impact directly on the arterial wall producing higher WSS. WSS peak values may not influence too much in aneurysm growth; however, in these areas a material failure could be produced provoked by blood flow jet, as well as intrinsic properties of the vessel wall (e.g., collagen diseases). The blood flow jet path is provoked by the TAA tortuosity (see Figure 17, Patient 2, the transition between the aortic arch and descending aorta).


Figure 17. High and low WSS at peak systole: (a) Patient-pilot; (b) Patient 1; (c) Patient 2.
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To explain such LWSS values in Patients 1 and 2, vortical structures (VS) associated with platelet formation, adhesion, and aggregation, seem to be an indicator for diseased vessels with great diameters such as the aorta and pulmonary trunk, that are more prone to create a deposition of atherosclerotic plaque or, even more relevant, mural thrombus (Figure 18). While thrombus grows at sites of LWSS, spanwise vortices give rise to streamwise vortices, i.e., the VS are triggered by unstable low-speed streaks, by stretching rather than a roll-up mechanism. Thus, blood-flow-induced activation of platelets lead to their deposition and agglomeration at the wall exposed to LWSS.


Figure 18. Formation of vortical structures (at peak systole): (a) Patient-pilot; (b) Patient 1; (c) Patient 2.
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In patient-pilot, the VSs break up into smaller substructures at peak systole. In contrast to the TAA cases, streamwise VSs are reinforced at the beginning, coinciding to low WSS.



There are technical limitations regarding the validation of CFD modelling: (i) to reduce the calculation cost, a fixed boundary condition was applied in the present study, since FSI simulations require knowledge of material parameters and in vivo boundary conditions that are unknown, thus, rigid walls were assumed, neglecting the dynamics that is introduced by the moving wall; (ii) relation between aorta and other structures in the vicinity (e.g., pulsatility of the pulmonary artery); (iii) pathological changes in the endothelial tissue cannot be examined; (iv) motion constraints at initial and final boundaries, such as the compression/expansion induced by the aorta was not considered; (v) lack of in vivo data to determine if the WSS may initially have been normal and with dilation of the aorta decreased with the increasing of the diameter, or, at the beginning, when the aorta was still of normal dimensions, WSS could be higher (for some unknown reason, such as the orientation and pressure of the blood when ejected), which led to the development of the aneurysm. An FSI simulation of the model was not performed, as the subject-specific wall material properties were not available and using standard values from literature would only add uncertainty to the results.



Although this study is under research, it can contribute to a better understanding of aorta diseases and used by medical teams in optimizing specific treatment for each patient as to determine the best health procedure to follow in each case.




5. Conclusions


Flow characterization by definition of non-Newtonian blood flow characteristics, comparisons between levels of turbulence, WSS distribution, and vortical structures (localized streamwise vortices) were the main goals of this research, assuming a non-mobile solid border.



Vorticity streamlines in the aorta artery revealed lower wall shear stress with the progression of atherosclerosis. Platelets were exposed to longer residence time inside the vortex than in the normal aorta. The results also showed that the blood stagnation in the ascending aorta of Patients 1 and 2 are associated with low wall shear stress. By simulating the blood flow in different volumetric configurations of the systemic vasculature, using the same boundary conditions for each patient, allowed to investigate the hemodynamic quantities that are relevant to assess cardiovascular function. Analysis of WSS for all cases shows that low WSS areas coincide with the location of recirculation zones, related to low velocities, and are more pronounced in aneurysms with a saccular shape.



Analyses described in this research highlight the potential for CFD to play an important role in the clinical determination of aneurysm risks. The choice of boundary conditions, mesh and time resolution, segmentation methods and parameters, location of vessel truncation, can affect the quantitative hemodynamic results. Hence, with the use of CFD models as a complementary tool with CT imaging brings important insights to clinicians to better understand and visualize the flow patterns, pressure gradients, turbulence, and WSS caused by heart disease and to make predictions for possible new anomalies.



This analysis gives additional information not only for a specific case, but in the evaluation of different scenarios that can be virtually simulated: (i) geometry configuration; and (ii) evaluation of vorticities and WSS over time that cannot be identified using in vivo data.
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