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Abstract: Type A aortic dissection (AD) is one of the most serious cardiovascular diseases, whose risk predictors are controversial. The purpose of this research was to investigate how elongation accompanied by dilation of the ascending aorta (AAo) affects the relevant haemodynamic characteristics using image-based computational models. Five elongated AAos with different levels of dilation have been reconstructed based on the centerlines data of an elderly and an AD patient. Numerical simulations have been performed assuming an inflow waveform and a Windkessel model with three elements for all outflow boundaries. The numerical results have revealed that the elongation of AAo can disturb the systolic helical flow pattern between the root of AAo and the aortic arch. The helical flow inside the AAo starts to develop into a vortex flow when the elongated AAo becomes dilated. The vortex gives rise to a localized oscillatory shear index at the ostia of the brachiocephalic artery (BA) and the inner curve of the aortic arch. This study suggests that abnormal growth of AAo, especially accompanied by its moderate dilation, can be considered as morphological risk factors of AD.
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1  Introduction

Aortic dissection (AD) is an acute and severe cardiovascular disease, whose pathogenesis is still unclear [1,2]. Degeneration of the media, intramural haematoma in the ascending aorta (AAo), and intimal atherosclerosis are all considered to participate in the progression of AD [3–5]. An aorta that suffers from dissection experiences separation of the lumen into a true one and a false one. The true lumen is the original aortic vessel, while the false lumen is the newly developed passageway inside the media layer of the aortic wall. AD with involvement of the AAo or the aortic arch are classified as Stanford type A AD [6,7], which has a high mortality rate [8–10].

Studies have shown that the incidence of AD is strongly correlated with its morphological variation, such as the increasing aortic diameter [11–13]. Pilot studies have reported that the 6-cm diameter of AAo may be an indicative risk factor of AD. In contrast, a 5.5-cm diameter was frequently adopted as the threshold in current guidelines for aortic repair [11]. However, recent study argued that the aortas in most of the AD patients show little differences in diameter [14]. Thus, the diameter threshold to be considered as a risk factor for type A AD is currently controversial [15,16]. Other morphological alterations of AAo, such as its elongation and dilation, have also been pointed out to be significantly correlated with the risk of AD [17,18]. Elongation and dilation of the AAo are related to increasing age or hypertension [19]. The length of the AAo increases by 12% every 10 years [20], and the changes in aortic morphology caused by hypertension are similar to those of age increase for an additional 2–7 years. Kim et al. identified 4,654 nonsyndromic adults with the diameters of AAo within 40 to 55 mm and then summarized that the risks of type A AD were significantly correlated with two factors, the dilation of maximum aortic diameter and the increasing age of patients whose AAo became moderately dilated [17]. Meanwhile, based on computed tomography (CT) data obtained before the onset of AD, Heuts et al. [18] suggested that two more factors should be alert, they are aortic volume and the length of AAo.

Variations in the aortic morphology induce changes in the haemodynamic parameters and the endothelial layer, consequently, resulting in the remodeling of the vascular wall [21–24]. An elevated wall shear stress (WSS) is correlated with the reduction of elastic fibers in the AAo, while a larger WSS gradient can induce dysfunction of the endothelium in areas that effected by disturbed flow [21,23,24]. Meanwhile, low WSS and high oscillatory shear index (OSI) may be related to the development and rupture of large atherosclerotic aneurysms [22]. The morphological factors, such as elongation and dilation of the AAo, may play an essential role in the progress of AD. Unfortunately, the haemodynamic changes caused by the elongation and dilation of the AAo are still unknown.

In this study, numerical researches were carried out to quantitatively discuss the relationship between morphological alterations of AAo and type A AD. Based on the geometric features of the AAo of a healthy subject (C1), an elderly healthy subject (C2), and a patient with type A AD (AD case), multiple aortic models with elongated, dilated and elongated AAo were reconstructed, respectively. Flow rate waveform and three-element Windkessel model were applied as the inlet and outlet boundary conditions. Flow patterns, including WSS-related numerical results and streamlines, were then compared in detail.

2  Methods

2.1 Image Acquisition and Structural Feature Statistics

To obtain the morphological characteristics for the elongating and dilating AAo that may be related to the onset of AD, the image sequence acquisition, aortic model reconstruction and the geometric structure characteristics statistics were carried out, respectively.

In this study, we collected CT image data of 15 aortas including 10 AD cases and 5 healthy cases, which were reconstructed to obtain detailed data of AAo elongation and dilation. At the same time, the position of the aortic sinus with age was obtained. The in-plane resolution of the sequential CT images is 0.84 mm per pixel, with an interslice distance of 0.5 mm. Fig. 1a shows the identifiable true and false lumens in the cross-sectional image.
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Figure 1: The progress of patient-specific geometric reconstruction. (a) Cross-sectional image with of the chest. (b) A vascular cross-section containing the true lumen, the false lumen, and the region between them. (c) AAo of type A AD patient and its estimated geometry before the dissection. (d–e) Reconstructed aortic models of control cases and AD cases, respectively

Because the onset of type A AD is often acute, it is challenging to collect CT data before the dissection occurs. Thus, an imaging-based estimation method based on the post-dissection CT data is needed to reconstruct an approximate pre-tear aortic geometry [25,26]. In this study, we assumed that the changes of aortic morphology after the tear occurring were limited. Thus, the CT data for diagnosis was used to reconstruct the pre-dissection aorta by ‘repairing’ the tear in the ScanIP, an image processing passage (Simpleware, Ltd., Exeter, UK).

To estimate the pre-dissection aortic model based on CT images, there are three main processing steps preformed in ScanIP. First, the areas of all the dissected regions containing the true and false lumen were identified (Fig. 1b). The Boolean sum of the true, false lumen and the gap area was then carried out, and the pre-tear aortic lumen was obtained. Finally, after a filtering operation was conducted to remove the image noise, the approximate 3D model of the pre-dissection aorta was reconstructed (Fig. 1c). The overall aortic geometries of the control cases and pre-AD cases are presented in Figs. 1d and 1e, respectively. The computational domain was considered to be from the aortic sinus to the distal of descending aorta (DAo). And all aortic branches were considered. They are brachiocephalic artery (BA), left common carotid artery (LCCA), and left subclavian artery (LSA), respectively, as shown in Fig. 2.
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Figure 2: Centrelines of different vascular branches detected in the software of VMTK

The geometric structure characteristics statistics, including radius and length of segmental vessels of aorta (AAo, arotic arch, and DAo) and position of aortic sinus, was then obtained based on 3D reconstructed aortic models. All the aortic models (Figs. 1d and 1e) were saved as STL (Stereolithography) files and imported into the software of Vascular Modelling Toolkit (VMTK). The centrelines data of the aortic models was extracted, which are from the aortic sinus to the BA (Centreline A, as the blue solid and dashed line shown in Fig. 2), and to the end of the abdominal aorta (Centreline B, as the red dashed line shown in Fig. 2), and the centreline from the LSA to the end of the DAo (Centreline C, the green solid the dashed line in Fig. 2). The shared part between Centreline A and B was considered as the AAo segment. Meanwhile, the shared centreline in Centreline B and C presents the DAo segment. Fig. 2 presents the aortic models of a young control case (C1), an elderly control case (C2), and an AD case (case AD). The radius and the length of the AAo, the aortic arch, and the DAo were obtained by VMTK.

Tab. 1 shows the relative changes of length and average radius between AD and control groups in different segments of the aorta, which was normalized by the young control group’s value. The average length of the centerlines and radius in AAo, aortic arch, and DAo data from young control samples were adopted as the benchmark value, as shown in Tab. 1. The elderly pre-AD samples are the AD patients over 60 years old, and the young control samples are the healthy ones with age less than 60 years old. It can be seen that the length and average radius of AAo in the AD group is larger than of the control group, which is in agreement with the previous research [18]. Meanwhile, the length and average radius of AAo in the elderly AD group is significantly larger than that in the young control group. It meant that the topological structure correlates with age like it is reported in the work of Kim et al. [17]. According to the follow-up research of Barker et al. [25], when the AAo becomes longer with aging, the position of the aortic arch remains unchanged. Besides, it was found that the change in the length of the AAo and the arch is relatively large, and the diameter of the AAo also changes greatly. At the same time, CT data showed that the locations of a tear in most of the AD samples included in this study happened in the range of AAo.

Table 1: The relative length and average radius of the AAo, aortic arch, and DAo of each group
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Tab. 2 shows the detailed data on the AAo segment. The dilation rate of AAo is about 10% on average and could be increased to 17% in an elderly AD sample. The maximum radius presents in the middle of the AAo (the average position on AAo is almost 0.54 from the beginning point to the end of the AAo centreline in Fig. 2).

Table 2: Detailed data of the AAo segment
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For furtherly analyzing the direction alteration of AAo with the ages, position alterations of aortic sinus among different samples were extracted from the centerline data. As Fig. 3a illustrated, the direction of DAo (vector CD) was adopted as the reference direction, line BB’ is parallel to the vector CD. BA’ and AA’ are the parallel and vertical components of the direction of AAo (vector BA) related vector CD, respectively. From Figs. 3b and 3c, it can be seen that the ratio of BA’ and AA’ is obviously increased with the age. It means that the aortic sinus will present drooping along the direction of DAo, which is agreement with the previous studies [3,4]. Geiger et al. [27] also reported that the aortic sinus will correspondingly downward shift, but its orientation still consistent with the direction of the AAo. The directions of AAo and DAo were assumed in the same plane in this study.
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Figure 3: The AAo direction statistics of all the samples (a) the schematic diagram of the direction of AAo, (b) the ratio of BA’ and AA’ changes with age, (c) the BA’ changes with age. Vector CD and vector BA are the directions of DAo and AAo. BA’ and AA’ are the parallel and vertical components of BA with DAo direction

Hence, to highlight the influence of AAo structural variation on the hemodynamic characteristics of the aorta, our work focuses on the elongation and dilation of AAo, while the structural changes of the aortic arch and DAo were neglected. The centerline of AAo in a control sample was replaced with the one in an elderly control sample and a pre-AD sample and then the direction of AAo and DAo were kept in the same plane. For reconstructing the dilated structure of AAo, the dilation rate of 10% or 20% of maximum radius in AAo was applied. And the location of the maximum radius was set in the middle of AAo. It can reproduce the elongation, and dilation of AAo and prolapse of the aortic sinus.

2.2 Computational Model

An auxiliary computing domain was established to enhance the physiological flow pattern in AAo [28–30]. The auxiliary computational field at the aortic valve was created by “Blending” the shape of the aortic valve (peak systole) with a circular face of 30 mm in diameter at a distance of 200 mm (Fig. 4). A distance of 200 mm was prepared for the full development of the injecting flow. At the same time, to ensure the consistency of the inflow rate between different calculation samples, a circle of 30 mm in diameter was selected as the distal end of the “Blending” operation. The orientation of this truncated auxiliary computational domain was further adjusted according to the direction of the outer contour of the aortic sinus, as depicted in the upper subview of Fig. 4. Meanwhile, four auxiliary computational domains were established at the truncated sections of every outlet boundary, including three outlets on aortic bifurcations and one at the abdominal outlet, which has been depicted in Fig. 4 (body in blue).
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Figure 4: Design and establishment processes of the auxiliary entrance and outlets with the details illustrated by two partially enlarged views

The operations for elongating and dilating the AAo were divided into two steps. In the first step, the AAo of C1 was elongated by replacing its centreline with the ones of C2 and the AD case. In the second step, based on the elongated aortic model, the morphological operations were performed to enlarge the diameter of specific cross-section of AAo. It can reproduce the morphological changes of the AAo during aging or pre-AD according to these remodeling process.

The reconstruction processes for elongating the AAo of C1 are shown in Fig. 5. The process begins with obtaining the centreline of the AAo of each case (there are C2 and C1 in Fig. 5a). The beginning and ending points of the centreline were determined by VMTK and have been introduced in Fig. 2. This centreline was divided into segments by five evenly distributed green dots whose tangential directions were depicted by black arrows (Fig. 5b). The AAo was then truncated by sections which are vertical to the tangential direction at each point of the centreline. The body between the sections was furtherly removed, leaving the segmented faces only whose normal directions were consistent with black arrows (Fig. 5b). After the original AAo was removed, the centreline of C1 was replaced with that of C2 according to the connecting point of AAo and aortic arch and the tangential direction of it [19,27]. More importantly, an adjustment will be carried out by spinning the centerline around the connecting point to ensure the position of the new aortic sinus is in the same plane with the orientation of the DAo. Correspondingly, the replaced centreline was also evenly divided into five parts by red dots whose tangential direction was illustrated by blue arrows (Fig. 5c). The locations and directions of segmented faces and the body of the auxiliary entrance and aortic sinus were redistributed according to the replaced centreline’s tangential direction at the five points (the black arrow matches with the blue arrow, as depicted in EC2 of Fig. 5d). The “Blending” operation was finally applied to conduct the aortic model (Fig. 5d).
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Figure 5: The process of reconstruction of the elongated aortic model. (a) The centrelines of the AAo of all subjects were extracted. (b) The AAo was cut according to the tangential direction (black arrows) of the five evenly distributed points. (c) The AD case’s centreline replaced the centreline of C1 according to the position and orientation of the distal end of the original centreline. (d) The entrance and the various segments were redistributed along the centreline’s tangential direction of the AD case. The normal vector of the cross-sections was depicted by the black arrows, while the blue arrows represented the tangential vector directions

In order to obtain the computational model with the dilation of AAo, the dilating operation will be carried out based on the elongated C1. As it is depicted in Fig. 6, the radius of the third and fourth segment faces was enlarged by 10% by means of multi-section “Blending”, the aortic model with an elongated and dilated AAo was conducted (Fig. 6).
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Figure 6: The diameter of the third and fourth sections is enlarged by 10% to create a dilated AAo by blending all redistributed sections

Five models with morphological alterations of the AAo were established (Fig. 7a). Models EC2 and EAD represent the aortic model have an elongated AAo, which were developed based on the centrelines of C2 and the AD case, respectively. Meanwhile, EC2_D10 and EAD_D10 reflect a 10% dilation in the middle of AAo, and EAD_D20 means the model with a 20% dilation (Fig. 7b).
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Figure 7: Newly generated aortic models with morphological changes of AAo. (a) Geometric models with different degrees of elongation and dilation of the ascending aorta. (b) The diameter changes along the centreline of each model, with the end of the descending aorta as the longitudinal alignment

2.3 Boundary Conditions and CFD Simulations

The Fluent Meshing ver. 17.2 was adopted for mesh generation. Multiple sizing scales of polyhedral mesh with ten prismatic layers near the wall were generated for the mesh sensitivity test. The adequate density of the boundary layers was firstly taken into consideration to meet the conditions of the turbulence model used in this study. Mesh independent computational experiments were performed on C1. A relatively coarse mesh and a fine mesh with 100% refinement, which containing 240,000 and more than 700,000 polyhedral cells, respectively, were included for the sensitivity test. The relative changes in facet maximum WSS were less than 6% with regard to the second-order truncation error in this numerical experiment. The relatively coarse scheme was adopted for its lower computing cost. However, due to the difference in body size, the sizing of all the aortic models was basically between 300,000 and 600,000 cells.

Based on the laws of motion (momentum equation) and conservation of mass, the condition of 3D fluid flow can be sufficiently calculated by the Navier-Stokes equations [31]. The blood is considered as Newtonian fluid and the flow simulations are conducted based on the following governing equations. For the three-dimensional incompressible Newtonian fluid Navier-Stokes and continuity equations are written as follows:


ρ(∂u∂t+u⋅∇u)=−∇p+μ∇2u



∇⋅u=0


where 
ρ
 is the density which was set as 1060 kg/m3, and 
μ
 is the viscosity of the blood which was set to 4.0 mPa·s. At the same time, 
u
 is representing the velocity vector of the fluid and 
p
 means the pressure. The governing equations are solved using finite volume method (FVM) for its performance in conservation properties [31]. The second-order upwind scheme was employed for spatial discretization. The algorithm for pressure velocity coupling was dealt with the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) scheme [32]. Simulations were conducted using the commercial computational fluid dynamic (CFD) solver named Fluent (ANSYS Inc., USA). The turbulence model, named SST-Tran (shear stress transport) was assigned to simulate the transitional effects near the boundary layers and the computational lumen [33]. The SST-Tran model combines the original type of 
k−ω
 model and a standard 
k−ϵ
 model in the boundary layers and free flows regions inside the computational domain, respectively. One of the advantages is the SST-Tran model includes two additional transport equation to control the timing of triggering transition locally and to capture the nonlocal influence of the turbulence intensity [34,35]. A low turbulence intensity (1%) was adopted in this research [33,36]. No-slip conditions and the assumption of a rigid arterial wall were adopted [37].

Uniform boundary conditions settings were adopted in all models to achieve consistency across all samples. A flow waveform reported by Morbiducci et al. was specified at the auxiliary entrance [38]. The cardiac cycle was 1.0 s, with a peak systole mass flow rate of 510 g/s (Fig. 8a). Investigation of haemodynamic alterations is conducted on four key time points, namely mid-acceleration (t1 = 80 ms), peak systole (t2 = 130 ms), post-peak systole (t3 = 180 ms) and mid-deceleration (t4 = 260 ms), which were marked under their time sequences (Fig. 8a). A Windkessel model was implemented to account for the influence of compliance from the computational domain outlets to the distal vasculature. The three-element Windkessel model (3-EWM) contains a resistance R1, a compliance C, and a resistance R2, representing the natural resistance from the outlets of the computing domain to the distal vasculature, the capacitance, and the distal resistance, respectively. R1 and C are parallel-connected and then connected in series with R2 (Fig. 8b). During a computational time step, the 3D domain reserves the inflow data from the inlet wave (Fig. 8c), and the Fluent solver provides the flow data and pressure data of the 3D domain to the 3-EWM. The corresponding pressure for the next iteration that considers effective vascular compliance is sent back by the user-defined functions in Fluent. Many studies have provided details on obtaining patient-specific parameters such as the terminal resistance Rt (Fig. 8b) or R1 using clinical data [39–42]. In this research, well-adjusted parameters of the 3-EWM presented by Kim et al. (Tab. 3) were adopted [43].
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Figure 8: Settings of flow boundary conditions. (a) The waveform of the inlet boundary and four essential time instants. (b) Schematic diagram of the 3-EWM. (c) The layout of polyhedral mesh and an example using the entrance section to indicate the view for the flow pattern presentation

Table 3: Values of the 3-EWM that adopted from Kim et al. [43]
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2.4 Data Extraction and Analysis

The shear stress at each calculating point on the vascular wall is quantified in a cardiac cycle by the time-averaged wall shear stress (TAWSS), expressed as:


TAWSS=1T∫0T|WSS(s,t)|dt


where 
T
 is a cardiac cycle period, while 
WSS
 is the transient wall shear stress at the position 
s
.

And the OSI is introduced to measure the degree of change of the 
WSS
 during a cardiac cycle, which can be written as:


OSI=12[1−(|∫0TWSS(s,t)dt|∫0T|WSS(s,t)|dt)]


In the simulation, seven cardiac cycles were needed until the simulation reached convergence. The convergence was judged when the residuals of the mass and momentum conservation equations both went below 10−3. One additional cardiac cycle was calculated for data extraction. A second-order implicit time-stepping scheme was adopted with the fixed time-discrete scheme. In order to pass the time-step independent test, each cycle is divided into a fixed time step of 0.005 s. For every two-time step, the WSS in Cartesian coordinates was extracted for the calculation of TAWSS and OSI maps. A computational cycle contains 200-time steps and will generate 100 sets of output data.

3  Computational Results

In this section, flow patterns in all patient-specific models (C1, C2, and AD), in subjects with elongated AAo (EC2 and EAD), and with dilated and elongated AAo (EC2_D10, EAD_D10, and EAD_D20) are compared in detail.

3.1 Validation of Numerical Simulation Results

In order to analyze the benchmark method in our research, the 4D-MRI (4D phase contrast Magnetic Resonance Imaging) result in healthy and AD case were compared with our numerical results of heathy case (C1) and AAo elongated and dilated model (EAD_D20). An auxiliary entrance and 3-EWM were adopted in the current numerical simulation. For better description of flow pattens in AAo, vortex flow was defined as revolving particles around an axis in orthogonal to the vessel centreline and helical flow was considered a rotational motion around the longitudinal axis of the vessel centreline [44].

Fig. 9 indicates that the streamline and velocity distribution in C1 and EAD_D20. It can be seen that the velocity gradually decreases along the outer wall of the AAo and a helical flow was driven inside of AAo with consideration the auxiliary calculation domain in model C1. In the AAo elongated and dilated model, the position of inflow impingement shifts down and a large recirculating vortex was formed. The flow pattern in AAo of this research is highly similar to the 4D-MRI measurement result [45]. Comparison of previous study without the auxiliary calculation domain [46], the flow field in AAo is different from the physiological environment in terms of flow state and impact region. With consideration of the aortic sinus and auxiliary calculation domain, it can better solve the problem of the physiological authenticity of the AAo in the flow simulation. Although valves were still not considered in the current study, the auxiliary entrance and 3-EWM can significantly improve the physiology of the flow in AAo and make the simulation study in AAo much more credibility comparing with the results in previous researches [28–30,46].

[image: images]

Figure 9: The comparison of the flow field in the healthy aortic model and AAo elongated and dilated model

As it is depicted in Figs. 10a and 10b, the phase difference of inflow and pressure can be observed. About 30% of the flow leaves through the branches of the aortic arch which is similar to the distribution of aortic blood flow under the physiological conditions. In addition, the physiological characteristics such as the phase difference and the reflux can also be reproduced. Meanwhile, the amplitude of pressure at all boundaries was larger than that of the physiological range. It may be related to the rigid wall assumption.
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Figure 10: Numerical results on all the flowing boundaries of C1 and the flow pattern of C1, C2, and AD. (a) The mass flow rate of all the flow boundaries of case C1. (b) The pressure at all flow boundaries in case C1. (c–d) TAWSS and flow pattern comparisons of specific aortic model of C1, C2, AD and the reconstructed aortic model of EC2, and EAD_D20

Figs. 10c and 10d show TAWSS and flow pattern comparisons between the patient-specific models (C1, C2, and AD) and the artificial reconstructed models (EC2 and EAD_D20). As it is depicted in Fig. 10c, TAWSS distribution in AAo of C2 is highly similar with that in related artificial model EC2. At the same time, streamlines data of the AAo in AD and the EAD_D20 present a similar flow pattern (Fig. 10d). It means that the artificial reconstructed models can reproduce the physiological flow characteristics of patient-specific models.

3.2 Flow Characteristics in Subjects with Elongated AAo

This chapter will present the effect of AAo elongation on its haemodynamics. To better highlight the distribution of WSS, the range of WSS magnitude has been rescaled into 0 Pa to 30 Pa. WSS and the streamline in C1, EC2, and EAD at flowing instants of t1 to t4 are depicted in Figs. 11a, 11b, respectively.
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Figure 11: Numerical results of C1, EC2, and EAD. (a–b) WSS distribution and streamline of the AAo and aortic arch of C1, EC2, and EAD at the time instants of t1 to t4. t1 = 80 ms (mid-acceleration), t2 = 130 ms (peak systole), t3 = 180 ms (post-peak systole) and t4 = 260 ms (mid-deceleration) (c–d) The anterior and posterior views of TAWSS and OSI. According to the streamlines, the flow fields with helical flow and vortex flow characteristics are marked using black arrows

As it is depicted in Fig. 11a, the WSS in the inner curve of the AAo is first elevated at t1 (black arrows). At the peak systole (t2), an increased WSS is observed at the beginning of the outer curve of the AAo (black circles, Fig. 11a). Notably, when the AAo elongates, the area of elevated WSS reduces (EAD case at t2 of Fig. 11a). And the area of the elevated WSS starts increasing and reaches its maximum at t3, as depicted by the black arrows in the column of t3 in Fig. 11a. It should be noticed that the elevated WSS hardly reaches the aortic arch in the EAD case. Meanwhile, the flow pattern also indicates the different haemodynamic alteration which is taking place in the AAo of EAD case (Fig. 11b red box at t3). It seems that a larger elongation of AAo will cause a small vortex flow occurring around the inner curve of the middle of AAo. Finally, at the instant of t4, the amplitude of WSS decreases gradually. The WSS at the aortic bifurcations is still elevated, and the growth of the AAo weakens the WSS on the AAo and the aortic arch (the t4 column in Fig. 11a).

Comparison of the TAWSS, as it is depicted in Fig. 11c, demonstrates that a weakened distribution of WSS is observed on the outer curve of the AAo and the aortic arch in elongated case. Although consistent with the WSS pattern in the peak systole, the TAWSS on the distal end of the BA bifurcation is abnormally high (>10 Pa). Considering that the WSS on the aortic arch of the EAD case has a lower amplitude than that of the C1 and EC2 cases, the WSS gradient on the bifurcation in the EAD case may be higher. Meanwhile, the OSI distribution shows that the shear oscillation is higher on the inner curve of the AAo and the aortic arch in the EAD case (Fig. 11d), which is different from the C1 and EC2 cases, but it is similar to that of the patient-specific AD case (AD sample in Fig. 10d).

3.3 Flow Characteristics in Subjects with Dilated and Elongated AAo

Fig. 12 depicts the numerical result of streamline and WSS distribution at different moments in one cycle. A high-WSS distribution was observed on the inner curve of the aortic arch in the dilated samples (black arrows on the inner curve of EAD, EAD_D10, and EAD_D20 in Fig. 12a) due to the narrowing of the AAo. At the moment of t3, a noticeable difference in streamline can be observed (red box in and Fig. 12b). A flow field with a helical pattern was observed in the AAo in C1, EC2, and EC2_D10. It can be seen that, for the flow pattern in AAo segment, the helical flow is dominant in the control model C1 and the vortex flow occurs near the region of the aortic sinus. With the growth and dilation of AAo, vortex flow and helical flow coexist in AAo, and the region affected by vortex flow became larger. However, when the subject was AD-centreline-related, the helical pattern was weakened (Fig. 12b). Correspondingly, the flow was injected directly along the outside of the AAo, and then resulting in a vortex flow pattern inside the dilated vascular lumen which led to an elevated WSS distribution on the inner side of the AAo (red arrows in EAD_D20). Similar vortex flow was also observed in the patient-specific sample (sample AD in Fig. 10d). However, according to the streamline data, the elevated WSS is generated by the vortex pattern which will surely contribute to the local alteration of OSI.
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Figure 12: Numerical results of the baseline subject C1 and all the artificial models. (a) The posterior views of the AAo and aortic arch at the time points of t = 80 ms, 130 ms, 180 ms, and 260 ms, respectively. (b) Streamline and pressure on a slice of the AAo at 180 ms. (c–d) The anterior and posterior views of TAWSS and OSI distributions of all samples. According to the streamlines, the dominant flow state is indicated by arrows

The difference in flow patterns will lead to a different TAWSS and OSI outcome. Figs. 12c and 12d provide a detailed layout of TAWSS and OSI of all subjects. As the keyframes indicate, the cases with a dilated AAo share a similar but lower TAWSS distribution. Meanwhile, a concentrated region of OSI was observed in all AD-centreline-related subjects on the inner and outer sides (proximal side of the BA bifurcation) of the distal end of the AAo. Additionally, when the elongated aorta became dilated, the elevation and concentration of OSI around the ostia of the BA and the inner curve of the aortic arch increased correspondingly (red arrows in Fig. 12d).

WSS in the region with elevated OSI (red arrows in Fig. 12d) and streamline on the longitudinal section of AAo of the C1 and EAD_D20 cases were shown in Figs. 13a and 13b. WSS distribution shows an obvious oscillation in the cardiac period from 0.15 s to 0.45 s in the EAD_D20 case. While WSS in the control case decrease after reaching the second peak (t = 0.20 s). The streamline diagrams in the longitudinal section of AAo were extracted in which plane the OSI is elevated (red arrows in Fig. 12d). It was found that the obvious vortex flow patterns were observed in the EAD_D20 sample in Fig. 13b). And there is a small vortex occurring at the BA branch (red arrows in Fig. 13b) at the peak moments of the WSS of the EAD_D20 sample between 0.15 s and 0.45 s (Fig. 13a). Its disturbance of the local flow direction may be the reason for the increase in OSI at ostia of BA.
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Figure 13: WSS Changes and streamline of C1 sample and EAD sample at high OSI region of the proximal ostia of BA. (a) WSS alterations over time during the cardiac cycle with the time incidents of 0.15 s and 0.45 s highlighted. (b) Streamline diagrams on the longitudinal section of AAo of C1 and EAD_D20

4  Discussion

Several studies have reported that the aorta before the dissection could have a morphological alteration. The maximum diameter of the AAo, i.e., the widely accepted threshold for indicating the risk of AD, remains controversial. Besides the maximum diameter of the AAo, other morphological patterns, including the elongation and moderate dilation during aging or hypertension, have been proposed to indicate the risk of AD. Morphological changes may lead to the alteration of haemodynamic parameters. Computational methods, which are valuable for evaluating the role of haemodynamic parameters in vascular diseases, such as the complex phenomena involved in dissection development and progression [36,46,47], have been widely accepted to investigate the morphology-related haemodynamic alterations [48]. In this study, by replacing the centreline of the AAo of a healthy subject with the ones of an aged sample and an AD sample, five models of the elongated and dilated AAo were developed. The effects of morphological changes on aortic haemodynamic parameters were studied.

Based on the patient-specific aortic model, the influence of morphological alterations of AAo caused by age and AD on the flow field of the AAo and aortic arch can be observed in. As shown in Fig. 10, the distribution of the TAWSS on the outer curve of the AAo, the impingement region of inflow in the model of C1, is similar to that of the AD sample, but its area is reduced. At the same time, the distribution of OSI in model C1 is significantly different from that in pre-AD sample. However, for the patient-specific aortic samples, the morphological differences are not only reflected in the structure of AAo, but also presented by the angles of its aortic arch and branch vessels. These structural alterations will limit the study which focus on the influence of AAo’s morphological changes only on the haemodynamics characteristic of aortic model.

The effect of age increase and hypertension on the morphology of the AAo has been well studied, that is, AAo increases by 12% every ten years [19]. It can be seen that the elongation of the aorta is a long-term process. On the other hand, studies have pointed out that the AAo of AD patients will be extra longer [18]. However, it is a challenge to obtain CT images for the elongated process of an AAo clinically. In this case, the method to replace the centerline of AAo of healthy, elderly, or AD samples may be one of the feasible modeling methods at present. By the structure statistics of collected AD and healthy samples in this study, the morphological changes of AAo were obtained, such as the position of the maximum radius, the dilation rate of maximum radius to mean radius, the position of the aortic sinus, and the spatial position relation of AAo direction and DAo direction. With consideration of these morphological information of AAo, the grafting operation of the centerline of AAo is feasible to reproduce the physiological structure and haemodynamics state of AAo.

The accurate estimation of WSS is usually used to predict the specific tear locations, whereas abnormal WSS and WSS gradients are often discussed to investigate biological processes that may result in vascular wall remodeling [21–24,49–52]. A high WSS (10 to 30 Pa) may result in a unique expression of the endothelial layer that may participate in the arterial remodeling [53]. Besides that, an elevated WSS was found to correspond with elastic fiber degeneration [23,24]. It is worth noting that the expansive remodeling and degeneration of elastic fibers in the aorta appear to be related to AD onset. In consist with our early studies, the elevated WSS was also observed at vascular branches (Fig. 10c) [46]. In that study, the entrance of the dissection in three of five subjects was located at bifurcations on the aortic arch, where the elevated WSS was also observed. However, the entry boundary of early research still has insufficient. Early studies involving aortic valves and aortic root have reported many advantages [28–30,54]. The discreet design of the valve could enhance structural and hemodynamic performances [54]. At the same time, the aortic sinus or valve involved auxiliary computing domain is helpful to improve the authenticity of CFD calculation in the AAo [27,30,55]. Accordingly, regarding the previous works [28,29], an auxiliary blood injection model was established at the aortic sinus in this study to close the physiological situation. At the same time, a uniform entrance (Fig. 4) was conducted to avoid the inlet area alterations between different samples. As depicted by the streamlines in Fig. 9, the numerical results of C1 and EAD_D20 share highly similar flow patterns with the 4D flow MRI results (the control and dilated aortas reported by Markl et al. [45]). More importantly, together with the 3-EWM, this numerical research could reproduce the physiological flow rate in each blood vessel branch (Fig. 10a). Meanwhile, the amplitude of the pressure changes at all boundaries have exceed the physiological range which may partly due to the assumption of a rigid wall and the absence of other branch vessels, such as the coeliac trunk, and superior mesenteric aorta.

As Kim et al. reported, aging and hypertension are the risk factors for AD in patients with moderate dilation of the AAo. On the one hand, one of the most critical alterations related to elongation is the helical flow inside the AAo (Fig. 12b). As reported by Liu et al. [56], the helical flow derived from the injection flow could generate a protective flow pattern in the aortic arch. Some qualitative suggestions that the difference was provided in the helical flow pattern related to the healthy and AD patients’ aortic arches because the location of the inlet boundary was deployed inside the AAo [46]. In contrast, in the current study, the streamlined data were close to physiological authenticity. It was observed that the helical flow pattern, which should be occupying the entire AAo during the peak systole (C1 in Fig. 11b), was disturbed in the EAD case and then gradually developed into vortex flow pattern which is dominant when the dilation of the AAo occurred (cases EAD, EAD_D10, and EAD_D20 in Fig. 12b). Similar helical and vortex patterns in cases of dilated and healthy aortas have been found in 4D flow MRI detection [44].

On the other hand, when the AAo became longer, the TAWSS on the AAo and aortic arch also decreased (Fig. 11c). Meanwhile, consistent with the results of earlier studies, a region with increased WSS distribution was also presented at the distal end of BA and LCCA bifurcations [46]. In addition, abnormally low WSS occurred on the proximal side of the ostia of BA, where a larger OSI distribution was also found on the inner curve of the AAo and on the proximal side of the ostia of BA. As reported by Dolan et al. in 2011, a positive WSS gradient may be related to the pathological remodeling of aneurysm formation at vascular bifurcations [21,57]. While low WSS ( 0 Pa to 0.4 Pa) is considered to be prevalent at atherosclerosis-prone sites [58] and high OSI triggers inflammatory cell-mediated pathways, which may be related to the onset and outbreak of giant atherosclerotic aneurysms [22]. Considering these haemodynamic alterations, the elongation of the AAo may cause pathological vascular remodeling around the ostia of BA.

In addition, two elongated and dilated AAo models were generated in this study. As revealed by the numerical results, the OSI distribution of EAD_D20 was obviously different from that of the C1. The highest OSI was found on the both sides (inner and outer curves) of the distal end of the AAo (case EAD_D20 in Fig. 12d), which increases the risk of pathological remodeling of the vascular wall locally. When comparing the flow fields of the C1 and EAD_20 samples at the high OSI position, we noticed that WSS distribution shows an obvious oscillation in the EAD_D20 case. And there are obvious vortex flow patterns in the plane which is close to the location of elevated OSI. Oscillating shear stress activates monocytes and increases platelet activation. These alterations are followed by the loss and dysfunction of endothelial cells, lipid accumulation, and platelet aggregation, which may lead to acute aortic syndrome or the onset of initial tear [58–61].

However, this study still has some limitations. The first one is related to the simplified model of valve leaflets. In this study, the blood vessel was considered as rigid wall neglecting the fluid-structure interaction including the movement of aortic valve and the compliance of aortic model. The structure of valve leaflets helps to improve the outcomes of numerical results compared with the MRI-based inlet velocity profile [45,62]. Studies on the bicuspid aortic valve have also reported a difference in WSS distribution-related aortic geometry alterations [25,63]. Secondly, fluid-structure interaction is essential to obtain the low oscillatory shear stress distribution and may produce different WSS and pressure drop compared to the rigid aorta case [37,64]. In this case, the aortic valve should be involved using an FSI method in our further research. In addition, the method for distinguishing the segment of AAo, aortic arch, and DAo used in this study needs to be improved. When the angle between the proximal of the BA and the AAo becomes smaller, the bifurcated site will move forward, which may cause the length of the aortic arch to increase and the one of AAo to decrease. Moreover, it is the lack of experimental verification of the outcome of different fluid patterns in the AAo in current work. In the further study, an in vitro experiment base on a compliant aortic model will be done to investigate the influence of the wall properties on the fluid patterns. Besides that, considering that the changes in vascular structure will bring the tissue temperature variation, under the periodic blood pressure conditions [65]. The aortic structure changes would lead the variation of its surrounding tissue temperature distribution, which maybe another factor worth to be investigate.

5  Conclusions

This study revealed that abnormal elongation accompanied by moderate dilation of AAo could be morphological risk factors of type A AD, which affects haemodynamic factors at the ostia of BA. The elongation of the AAo disturbs the helical flow pattern derived from the injection flow during the systole period, which resulted in significantly different OSI distribution on the AAo. The results also presented that when an elongated AAo becomes dilated, the region effected by vortex flow became larger, which gives rise to a localized OSI concentration at the distal end of the inner and outer curves of the AAo. Considering that the ostia of the BA and its inner curve are at locations vulnerable to type A AD, it will suggest that clinicians should be alert if an elderly or hypertensive patient’s AAo has an elongated trend with dilation.
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