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This work analyzes hemodynamic phenomena within the aorta of two elderly patients and their
impact on blood flow behavior, particularly affected by an endovascular prosthesis in one of
them (Patient II). Computational Fluid Dynamics (CFD) was utilized for this study, involving
measurements of velocity, pressure, and wall shear stress (WSS) at various time points during the
third cardiac cycle, at specific positions within two cross sections of the thoracic aorta. The first
cross-section (Cross-Section 1, CS1) is located before the initial fluid bifurcation, just before the
right subclavian artery. The second cross-section (Cross-Section 2, CS2) is situated immediately
after the left subclavian artery. The results reveal that, under regular aortic geometries, velocity
and pressure magnitudes follow the principles of fluid dynamics, displaying variations. However,
in Patient II, an endoprosthesis near the CS2 and the proximal border of the endoprosthesis
significantly disrupts fluid behavior owing to the pulsatile flow. The cross-sectional areas of
Patient I are smaller than those of Patient II, leading to higher flow magnitudes. Although in
CS1 of Patient I, there is considerable variability in velocity magnitudes, they exhibit a more
uniform and predictable transition. In contrast, CS2 of Patient II, where magnitude variation is
also high, displays irregular fluid behavior due to the endoprosthesis presence. This cross-section
coincides with the border of the fluid bifurcation. Additionally, the irregular geometry caused
by endovascular aneurysm repair contributes to flow disruption as the endoprosthesis adjusts
to the endothelium, reshaping itself to conform with the vessel wall. In this context, significant
alterations in velocity values, pressure differentials fluctuating by up to 10%, and low wall shear
stress indicate the pronounced influence of the endovascular prosthesis on blood flow behavior.
These flow disturbances, when compounded by the heart rate, can potentially lead to changes
in vascular anatomy and displacement, resulting in a disruption of the prosthesis-endothelium
continuity and thereby causing clinical complications in the patient.
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1. Introduction

For the present work, the following objectives can be established. Firstly, the impact of blood flow at the proximal edge of
the endoprosthesis is aimed to be understood by examining hemodynamic patterns that can lead to the anticipation of possible
prosthesis-endothelium detachment. Additionally, the hemodynamic responses (velocity profiles, pressure distributions, and wall
shear stress - WSS) of two specific patients (PI and PII), one of them with an endovascular prosthesis, are compared in two cross
sections of the aorta (CS1 and CS2). CS2 - PII is located at the endovascular prosthesis border to identify potential issues in the
proximity of the prosthesis location. Based on the differences in the selected parameters, a preliminary step is taken in this study
toward conducting a broader investigation to make significant generalizations for the benefit of patients who have required or will
require prosthesis-based treatments for their cardiovascular conditions.

It is important to note that cardiovascular diseases (CVD) are one of the leading causes of the highest number of deaths in the
world [1]. CVD accounted for approximately 19.05 million deaths worldwide in 2020 [2].

The Pan American Health Organization (PAHO) emphasizes the importance of prevention and treatment of CVD, with hyper-
tension being the most common cardiovascular disease in Latin America and the Caribbean. In addition to the Non-communicable
Diseases Risk Factor Collaboration (NCD-RisC) shows that people are unaware of their hypertension status, being higher in men
(43%) than in women (28%) [3], [4].

For those with cardiovascular disease, the COVID-19 represents cause for alarm, and those with heart disease and stroke have an
increased risk of developing severe forms of disease such as myocardial infarction, myocarditis, heart failure, shock, arrhythmias,
and sudden death and stroke. [5].

One of the main underlying pathological processes that leads to heart attacks (coronary heart disease) and strokes (cerebrovascular
disease) is known as atherosclerosis. Atherosclerosis is an inflammatory process affecting medium and large-sized blood vessels
throughout the cardiovascular system [6]. In atherosclerosis, fatty material and cholesterol are deposited inside the lumen of medium
and large-sized blood vessels (arteries). These deposits (plaques) cause the inner surface of the blood vessels to become irregular and
the lumen to become narrow, making it harder for blood to flow [7].

A well-established relationship exists between certain cardiovascular diseases and blood flow [8]. Early atherosclerotic lesions
have been observed to develop in regions where vessel branching occurs, resulting in complex or multidirectional flow patterns
[9]. Therefore, obtaining a comprehensive description of blood flow characteristics holds clinical value. Presently, non-invasive
techniques are employed to measure and characterize actual blood flow in specific patients. However, in many cases, these solutions
lack the precision and spatio-temporal coverage required to be truly useful [10]. In such scenarios, simulations based on mathematical
models emerge as a promising alternative.

Cardiovascular mechanics is a computational tool that has made it possible to create 2D simulation models, and it has evolved
to more complex 3D models. These simulations aim to enhance our understanding and prediction of cardiovascular problems, all of
which must be supported by mathematical models [9].

Similarly, with the assistance of Computational Fluid Dynamics (CFD), various studies have documented the simulation of blood
flow in specific aortic models for individual patients [11], [12], [13].

The initial imaging-based Computational Fluid Dynamics (CFD) analyses were driven by the objective of investigating the impact
of hemodynamic forces on the development of atherosclerosis in the carotid and coronary arteries. Additionally, they aimed to
quantify hemodynamic forces on abdominal aortic aneurysms and develop personalized surgical protocols [14].

Using the Navier-Stokes mathematical model and various software tools for medical image processing and editing [15], along
with computational methods, including Computational Fluid Dynamics (CFD), scientists have been exploring the behavior of blood
flow and its interaction with vessel walls. Their goal is not only to quantitatively describe hemodynamic parameters but also to
potentially identify or predict various vascular pathologies or complications [11], [16], [17], [18], [30], [19], [20], [21].

There is evidence of alterations in pressure values at the edge of the prosthesis (bird-beak), which may, at some point, impact the
risk of prosthesis detachment [22], [23]. Hence, the main condition that triggers this study comes from developing new complications
after Thoracic Endovascular Aortic Repair (TEVAR). Such complications present an opportunity to explore the mechanical and
cellular mechanisms to explain this phenomenon. Abnormal flows leading to abnormal forces and subsequent deformation of the
aorta have been observed at various levels within the circulatory system, such as aortic dilation in bicuspid valves and post-stenosis
dilations. Potential complications of TEVAR at the proximal landing site may include the development of a new entry tear, either
due to the formation of a new aneurysm or loss of seal. The abnormal wall shear stress (WSS) created at the landing site can,
over time, account for why certain prostheses fail. Currently, the assessment of complications is reliant on frequent imaging. By
employing non-invasive imaging techniques to evaluate mechanical forces, we can distinguish patients who may require more
intensive imaging due to increased WSS-induced deformation of the aortic wall and, accordingly, plan personalized treatments. The
development of new complications after TEVAR creates a possibility for the evaluation of mechanical and cellular mechanisms that
explain the phenomenon. The evaluation of abnormal flows creating abnormal forces with subsequent deformation of the aorta has
been observed at different levels in the circulatory system (aortic dilation in bicuspid valves, post-stenosis dilations). The potential
complications of TEVAR in the proximal landing site include a new entry tear (either by new aneurysm formation or seal loss). The
abnormal WSS created at the landing site can explain, over time, why some prostheses fail. Today, complications are diagnosed
through frequent imaging. The evaluation of mechanical forces by non-invasive images can help differentiate patients who might
require more intensive imaging due to increased WSS deformation of the aortic wall and plan personalized treatments.

This paper presents a study on the behavior of blood flow velocity profiles and pressure distributions in a 3D model of the aorta
for two specific patients, investigating the influence of endovascular prostheses on flow patterns, particularly at the proximal edge.
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Fig. 1. Block diagram of the methodological process.

The study commences with the acquisition of Computerized Tomography (CT) scan images, followed by pre- and post-processing
of the images to create 3D models of the aortas. Subsequently, blood flow is simulated using Comsol Multiphysics 5.3a software.
Simulation results are recorded and analyzed at two cross-sections, at different predefined positions, and under specific initial
conditions representative of a cardiac cycle.

This study aims to provide information on blood flow patterns (velocity, pressure and WSS) at specific positions and at important
moments of the cardiac cycle at the edge of the prosthesis, providing additional insights into the problem of potential risk of prosthesis
displacement.

The main contributions of the paper can be summarized as:

— The continuous collision of blood with the proximal edge of the prosthesis leads to significant variations in velocity profiles and
pressure differentials, often exceeding 10% of their nominal values. This increase results in variations in shear forces, which, over
time, can transmit deformations to the ends of the endoprosthesis, hindering its proper anchorage. This observation strengthens
our hypothesis regarding the adverse effects on blood flow behavior upon contact with the proximal edge of the endoprosthesis.

— The observation that alterations in velocity profiles and pressure distributions at the prosthesis edges are propagated throughout
the entire cross-sectional area of the aorta, generating vortices that disrupt blood flow stability and extend throughout its
structure, raises concerns about potential displacements of the prosthesis anchor.

— The implementation of an adjustment mechanism in image acquisition synchronized with the heartbeat (triggered) is effective
in minimizing artifacts in the ascending aorta. This is crucial due to the image acquisition time and the individual intrinsic
movement of the heart, which varies for each patient. The synchronization mechanism is achieved by reducing the acquisition
time (increasing the gantry velocity), lowering the heart rate, or using a combination of both strategies. Consequently, the
obtained images can be accurately utilized for 3D modeling reconstruction. Subsequently, the 3D model serves as a valuable
resource for redundancy and for reliable simulations of blood flow behavior within the aorta.

2. Materials and methods

The methodological process used for obtaining graphical and numerical values of velocity, pressure, and WSS in the aorta fol-
lows the scheme shown in Fig. 1. It starts from image acquisition and continues through simulation to the subsequent graphical
representation of the results.

2.1. Image acquisition

In tomography images of the heart, the concept of temporal resolution, which refers to the timing of image acquisition, holds
particular significance. Since the object under evaluation exhibits motion during image capture, it gives rise to artifacts. Therefore, it
becomes imperative to implement a synchronization mechanism that enables the study of the beating heart. This synchronization is
achieved by reducing the acquisition time (by increasing the gantry velocity), lowering the heart rate, or employing a combination
of both processes. The artifacts stemming from the inherent cardiac movement extend into the ascending aorta, causing changes in
its diameter from systole to diastole. Hence, it is necessary to adjust the acquisition to the heartbeat (triggered) to obtain images
amenable to evaluation.

Using the exposed acquisition mechanisms, two patients are selected for the study of thoracic aortic vascular hemodynamics
using CFD. The first patient, 72 years old, with aortic stenosis and other associate diseases (Patient I). The second, 68 years old, with
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Fig. 2. Axial, sagittal and coronal planes of Patients I and II.

proximal descending aortic aneurysm treated with aortic endoprosthesis (Patient II). Three-dimensional geometry is reconstructed
from the CT scan (Sommaton Force CTAWP757474 by Siemens, owned by Clinica De La Costa in Barranquilla, Colombia) images
with a resolution of 512 x 512, with a pixel size of 0.625 mm and with thickness of 0.6 mm. The medical DICOM images where
anonymized to protect patients privacy. Figs. 2(a) and (b) shows an image for three different planes: axial, sagittal and coronal, for
both patients.

2.2. Image processing and 3D reconstruction

The geometric characteristics of the three-dimensional model of a blood vessel for a specific patient are a necessary and decisive
condition for obtaining flow patterns and shear stresses [24], [25], [26], [27], [28]. Similarly, vascularity varies among individual
patients. Due to anatomical complexity and the presence of adjacent interfering tissues, such as bones or other tissues with similar
intensities, the extraction of blood vessels is a laborious and time-consuming process. This can easily lead to error-prone diagnostic
results in clinical practice [29]. Therefore, the acquisition and processing of images play a crucial role in adapting and obtaining a
geometric structure that anatomically aligns with the region of interest.

Many previous studies have constructed simplified or idealized 3D geometries of the thoracic aorta using a limited series of two-
dimensional slices initially obtained through conventional CT or magnetic resonance imaging (MRI). Techniques such as cubic spline
curves have been employed to create models of the aortic cross-sections, often replacing the missing or idealized cross-sections of the
subjects. With advancements in CT technology, there has been a significant improvement in the acquisition of multiple high-quality
images, enabling the reconstruction of 3D models that closely resemble the real geometry of the aorta. However, the presence of
artifacts caused by the intrinsic movement of the region of interest during acquisition still poses a challenge.

Bracamonte et al. [30] replace irregular cuts with circles of the same area and centroid to construct a solid object with smooth
and regular surfaces. Morris et al. [25] generated three different three-dimensional models. The first model is based directly on CT
scanner images without synchronization with the heart. The second model utilizes a method developed by Moore et al. in their
previous works [31], [32], where the area of each axial slice is smoothed, leading to a modification of the (x, y) coordinates of
the centroid. The third model assumes that all cross sections are concentric circles, which are also smoothed, with radii and areas
determined for each acquired image.

In this study, the synchronization mechanism in the acquisition process, as described in the previous section, is utilized to prepare
the acquired images for the subsequent stages. Three-dimensional aortic geometries for two patients are reconstructed from the CT
images previously obtained. All images (382 for Patient I and 341 for Patient II) are processed to enhance the quality of the CT scans
and generate 3D aortic geometries.

The open-source medical image processing software, 3dSlicer, is employed for this purpose. The image processing workflow begins
with contrast adjustment and noise reduction filters, followed by image segmentation to isolate the region of interest (ROI) using
a thresholding algorithm. The software enables the 3D model of the aorta to be obtained. Notably, the resulting 3D model can be
visualized during the image processing, facilitating subjective evaluation and the fine-tuning of image processing algorithms for
greater accuracy.

The reconstructed model may include other structures, such as bones and parts of the heart muscle, which need to be manually
removed to visualize the ROI correctly. Tools are provided by the software for the removal of undesired structures and the visual-
ization of the model’s edges. Cross-sections perpendicular to the blood vessel axis are created using MeshMixer software (https://
www.meshmixer.com/) to further refine the model and differentiate the aorta from other vessels. These cross-sections are also used
to smooth out irregularities and highlight the features of the aorta.

Figs. 3(a) and (b) display the 3D geometries after processing, and these geometries are loaded onto Academic Classkit License -
Comsol Multiphysics 5.3a software. In Comsol Multiphysics, the meshing process is performed, as shown in Figs. 3(c) and (d).

3. Model and boundary conditions
A CFD model is proposed for the hemodynamic analysis of aortic geometries, as illustrated in Fig. 3. The mathematical model
for blood flow velocity and pressure is computed using the Navier-Stokes equations [17], [11], [33]. Assuming an incompressible,

unstable laminar flow and neglecting the influence of gravity, it can be stated that

p[g—l:+U.VU] —_VP+uV2U )
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where U is the velocity (m/s); P is the pressure, which corresponds to a Lagrange multiplier to satisfy the incomprehensibility
condition (Pa, or mmH g); u is fluid viscosity (N X s/m? or Pax s); and p: liquid density (kg/m>). For the case of the cardiovascular
system, where blood is considered an incompressible fluid (blood density is constant in space and time), the Equation (2) is zero
[34]. The Equation (1) represents the parameters that influence the behavior of the fluid, whereas the Equation (2) establishes the
continuity equation.

The Navier-Stokes equations for momentum and mass conservation, which govern fluid motion, are solved using the Finite
Elements Method. The numerical solution is obtained using the software Comsol Multiphysics, considering a series of assumptions
that parameterize the model, all of which are derived from previous studies mentioned below.

The blood is considered as an incompressible, homogeneous, and Newtonian fluid, which is a valid assumption in larger arteries
with constant density value p = 1060 kg/m3 and constant dynamic viscosity u = 0.0035 Pa x s [35], [33], [36], [30], [27], [12],
[37] [38].

The vessel walls are considered to be rigid, and a no-slip condition is applied at the walls. A generic and idealized input waveform,
representing the pulsatile velocity profile and not containing patient-specific flow characteristics, such as heart rate and systolic
volume, is used as the initial condition [39]. Likewise, a shape of the pulsatile pressure waveform at the aortic outlets has been used
and confirmed by various works (Figs. 4(a) and (b)) [40], [41], [35], [42], [43], [44], [45], [28].

The meshing process for both geometries is chosen to be unstructured, composed of tetrahedra, pyramids, and quadrilaterals,
which are configured by the Comsol Multiphysics software itself according to the aortic anatomy, as shown in Figs. 3(c) and (d). To
ensure that the simulation results are independent of the mesh, the mesh sizes were empirically tested. Normal and fine sizes, inherent
to the Comsol software, were selected, taking into account the need to mitigate time-consuming aspects of transient simulations [39],
as well as supported by the work of other authors [46], [43]. In this way, for Patient I, the maximum element size is 4.69 mm, and
the minimum element size is 0.884 mm, with a total of 445,348 elements. For Patient II, the maximum element size is 9.14 mm, and
the minimum element size is 2.73 mm, with a total of 216,702 elements.
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A transient analysis is carried out for 3.2 s with a time step equal to 0.0032 s. Four cardiac cycles were simulated, with last
around 0.8 s per cycle.

4. Results

A study on blood flow behavior is conducted in two patients with cardiovascular diseases, one of whom has an endovascular
prosthesis. Velocity profiles and pressure distributions are acquired from two cross sections of the thoracic aorta (CS1 and CS2),
situated before and after the blood flow bifurcations, as illustrated in Figs. 5(a) and (b). The location of CS1 is chosen before the
fluid bifurcation to ensure that, even when the aortic conduit does not exhibit morphological alterations, the fluid does not respond
to unpredictable hemodynamic variations. The positioning of CS2 serves the purpose of understanding the flow patterns after the
fluid bifurcation, specifically to discern any differences and assess the potential influence of CS2 in Patient II. Notably, CS2 coincides
with the proximal edge of the endoprosthesis.

The selection of measurement positions was based on the 3D geometry of the aorta for each patient, taking into consideration the
anatomical orientation of the human body, as depicted in Figs. 6(a)-(d). Consequently, Position 1 (Pos. 1: Vell or Presl) is situated
in the upper arch or the internal concave zone of the aortic arch, while the final position is located in the lower arch or the convex
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Table 1
Maximum errors in the time instants and in the selected positions.
Time (s) Max. Error Time (s) Max. Error Position Max. Error
ID Cycle2 Cycle3 % ID Cycle2 Cycle3 % %
1 0.80 1.60 0.89 8 1.11 1.91 0.44 Pos. 1 1.53
2 0.81 1.61 1.53 9 1.14 1.94 0.55 Pos. 2 0.55
3 0.87 1.67 0.06 10 1.20 2.00 1.72 Pos. 3 0.55
4 0.90 1.70 0.06 11 1.34 2.14 0.12 Pos. 4 0.68
5 0.93 1.73 0.06 12 1.50 2.30 0.27 Pos. 5 0.56
6 1.05 1.85 0.19 13 1.59 2.39 0.41 Pos. 6 0.92
7 1.08 1.88 0.38 14 1.60 2.40 1.67 Pos. 7 1.72
Pos. 8 1.67
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Fig. 7. Box-Plots relative error in CS2, Patient II. (a) Time, (b) position.

Table 2
Samples number to velocity and pressure.

Patient I Patient II

Cross-Section 1 Cross-Section 2 Cross-Section 1 Cross-Section 2

Velocity Pressure Velocity Pressure Velocity Pressure Velocity Pressure

Position 14 14 10 10 14 14 8 8
Time 14 15 14 15 14 15 14 15
Total 196 210 140 150 196 210 112 120

zone of the aortic arch. The simulation spans four cardiac cycles, with each cycle lasting 0.8 s. The model initiates with a transient
phase that stabilizes by the end of the first cycle, achieving regularity and repeatability in the measurements of velocity and pressure
waves.

To confirm the stability, velocity magnitudes from cardiac cycles 2 and 3, corresponding to CS2 in Patient II, are considered.
Pressure magnitudes are not utilized due to their less significant variations between cycles. CS2 in Patient II is selected because it
exhibits the greatest variability in magnitudes, owing to its location at the fluid bifurcation’s edge and its unique geometry, influenced
by an aneurysm and subsequent repair with an endovascular prosthesis.

The relative error is utilized as a metric, with reference to the velocity magnitudes of Cycle 3 in relation to Cycle 2. The maximum
errors are computed at 14 time points throughout the cardiac cycle and at the eight positions of CS2, as presented in Table 1. It is
noted that the highest error, 1.7%, is followed closely by 1.5%. However, these two particular cases are primarily influenced by two
factors: firstly, the proximity of the measurement position to the fluid bifurcation and the edges of the modified aortic geometry;
and secondly, their occurrence during the initial or final stages of the cardiac cycle and immediately after the phase transition from
systole to diastole. During this transition, alterations in the measurements are induced by retrograde flow. Two Box-Plots have been
created to better comprehend the behavior of relative error at all time points and positions. One of them displays errors by time
instant (Fig. 7(a)), while the other presents errors by position (Fig. 7(b)). These plots reveal that the error percentage remains largely
below 0.5% (constituting 91.1% of the total errors), with the previously mentioned maximum errors identified as outliers in the Box-
Plots. Consequently, the maximum variation in velocity observed during the calculations did not exceed 0.5% between the second
and third cycles. This aligns with findings reported in [43] and [45].

For this reason, the results and subsequent analysis are based on measurements taken during the third cardiac cycle (from 1.6 s
to 2.4 5), at the specific number of positions and time points listed in Table 2. Considering the information above, the analysis of
velocity profiles and pressure distributions is conducted based on the measurements of their magnitudes and the interpretation of
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waveforms represented in a 2D plane. The abscissa axis corresponds to time, while the ordinate axis represents the magnitude value
of the measured variable (velocity or pressure). This graphical representation proves valuable in understanding the response of the
blood flow model in the aorta and at the predefined positions for each cross-section, with initial conditions configured as velocity
and pressure trajectories (Fig. 4).

As shown in Figs. 6(b) and (d), the number of positions in Patient I CS2 (10) does not match that of Patient II CS2 (8). However,
based on the results below, it becomes evident that the measurements taken at Positions 5 and 9 of Patient I (Fig. 6(b)) closely
resemble both numerically and graphically those of Positions 6 and 10, respectively. The differences at Position 5 are minimal, and
the maximum changes are only 0.3 mmH g and 0.1 m/s at Position 9. Consequently, whether or not these positions are included does
not affect the conclusions drawn from the analysis.

As a complement to the analysis of the results, Box-Plots are used to measure the dispersion of the velocity and pressure magni-
tudes at each time instant according to the measurement positions.

Analysis of the Behavior of Waves Representing the Velocity Profiles: It is evident in Figs. 8 and 9 that notable changes
occur in the waveforms from one position to another. These differences are particularly pronounced at time instants within the
region where acceleration and deceleration are at their maximum, and where the highest peak velocity is reached (Fig. 4(a)). These
variations in the waveforms are attributed to the instability of hemodynamic phenomena within the major vessels and the curvature
of the aorta, a condition that is clearly evident in the patients under study, as reported by [47]. On the other hand, it is observed that
the velocity magnitudes in the aortic geometry of Patient I exceed those of Patient II. In contrast, the pressure magnitudes in Patient
I are lower compared to Patient II. This behavior is attributed not only to the shorter distance the fluid travels in Patient I but also
to the larger diameter of the arteries in Patient II.

It is also evident that at time instants 1.67 s, 1.7 s, and 1.73 s, as shown in Fig. 8(a), corresponding to the intermediate phase of
systole, the velocity magnitude in CS1 of Patient I experiences a rapid and nearly constant decrease. This decrease maintains a value
of 0.1171 £ 0.026m/s for each of the positions, starting at Position 1 and ending at Position 14. In contrast, for Patient II during the
same intermediate phase of systole, the velocity magnitude curves are highly similar to each other, with the exception of the curve
at Position 14 (Fig. 8(b)).



J.P. Tello, J.C. Velez, A. Cadena et al. Heliyon 10 (2024) e26355

Time; s / P Tier' Vs / P Timrez—'71
Arrow VolumeZVelocity field Arrow Volume? celocity/‘field Arrow Volu ; f

() (b) ©

Fig. 10. Arrow volume: velocity field of the systole - Patient L.

2 Time& 167 s . 2 TimeZ1f's s 2 Time<173's ¢
Arrow Volume; Velogity; field Arrow Volume; Velogity;/ field Arrow Volume; Velogity/ field
/ v, [ 4
] 7

= //—‘/"‘lg /4‘ -
\ 4 4 +

2N TN ,
~ W D ¢ ﬁ

S, b

A o

93 B
é //( » ¥ N y /fﬂ ¥ (
L s v
(a) (b)

Fig. 11. Arrow volume: velocity field of the systole - Patient II.

This velocity behavior observed in CS1 of Patient I can be attributed to the initial direction taken by the fluid as it enters the
aorta, as illustrated by the velocity vectors in Figs. 10(a)-(c). These vectors directly collide in substantial numbers with the upper
wall or concave zone of the duct, resulting in high blood flow velocities, contrasting with the situation in the convex zone. This
contrast is more pronounced in Patient II due to the fluid having traveled a greater distance from the inlet to CS1, coupled with the
geometry of the aortic conduit. This distribution of velocity vectors is more uniform throughout the region, as shown in Figs. 11(a)-
(c). The velocity waveforms in CS2 of the two patients, as shown in Fig. 9(a) and (b), exhibit distinct behaviors, deviating from their
original patterns, with a significant disparity, particularly in the first two positions. These positions are situated in close proximity
to the entrance of the left subclavian artery, where the fluid undergoes bifurcation. In this region of separation, flows with varying
quantities of motion interact in different directions due to the channel orientations that form the bifurcation, leading to the formation
of vortices, as discussed in [48].

Furthermore, in the case of Patient II, CS2 coincides with the proximal edge of the endoprosthesis. This proximity accentuates
the alterations in velocity profiles, especially those generated in the vicinity of the edges (Positions 1, 2, 7, and 8).

These results begin to confirm the influence of the proximal edge of the endovascular prosthesis on blood flow behavior in a
real aorta model obtained through CT image processing of a specific patient. The significance of this influence becomes even more
evident in the subsequent results, which are of great clinical interest.

Analyzing Pressure Distribution Wave Behavior: In the systole phase of both patients, small variations in blood pressure
magnitudes are observed (Figs. 12(a) and (b) and Figs. 13(a) and (b)). These variations become more pronounced and clinically
relevant in CS2. However, during the diastole phase, no significant pressure variations are noticeable in any of the positions.

In CS2 of Patient I, the highest pressure magnitudes occur at the time instant of 1.64 s, just before reaching the maximum velocity
(1.7 s). Nonetheless, the pressure differential is low at this point, only 2%, with a maximum pressure of 126.3 mmH g. When the
velocity reaches its maximum, there is a pressure differential of 10.9% with only two pressure values (124 mmH and 121 mmH g)
exceeding the baseline pressure of 120 mmH g. However, this differential is not a clinical concern as it is near the fluid bifurcation,
where natural flow alterations also affect pressure. By the next time instant of 1.76 s, the pressure differential drops to 2%. These
results are indicated in the highlighted region of the waveforms in Fig. 13(a).

In CS2 of Patient II, a substantial presence of pressure differentials is observed during the systole phase: 4% at 1.64 s, 10% at
1.7 s, 6.1% at 1.76 s, and 3.6% at 1.79 s, as shown in the boxed area of the waveforms in Fig. 13(b). The maximum and minimum
magnitude values are respectively 131.3 mmH g and 119.5 mmH g, occurring at the instant of maximum velocity. These differentials
are consistently located near the proximal anchor zone of the endovascular prosthesis. The significance of these differentials lies in
the fact that, when multiplied by the heartbeat frequency, they can lead to asymmetries at the ends of the endoprosthesis and an
increase in shear forces. The consequences may include anatomical deformation, potentially impeding the correct anchorage of the
prosthesis and leading to subsequent displacement.
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Table 3
Extrapolation of the measurement time instants of cycle 3 to the base cycle.
Velocity Pressure
Time (s) Time (s) Time (s) Time (s)
Cycle 1 Cycle3  Cycle1l Cycle3  Cyclel Cycle3  Cyclel Cycle 3
0.00 1.60 0.31 1.91 0.00 1.60 0.31 1.91
0.01 1.61 0.34 1.94 0.01 1.61 0.40 1.94
0.07 1.67 0.40 2.00 0.04 1.64 0.49 2.00
0.10 1.70 0.54 2.14 0.10 1.70 0.52 2.09
0.13 1.73 0.70 2.30 0.16 1.76 0.58 2.12
0.25 1.85 0.79 2.39 0.19 1.79 0.79 2.18
0.28 1.88 0.80 2.40 0.25 1.85 0.80 2.39
0.28 1.88

2.18

—e—Presl
Pres2
Pres3
Pres4

—e—Pres5

—e—Pres6

—e—Pres7

—e—Pres8

228 238

Statistical analysis is conducted using Box-Plots for each patient and cross-section. The time axis in the Box-Plots is transformed to
the typical duration of a cardiac cycle (base cycle: 0.0 s to 0.8 s). This transformation is performed to facilitate a simpler and quicker
interpretation when associating the times with the duration of the systolic and diastolic phases of the cardiac cycle, as detailed in

Table 3.

Cross-Section 1 - Patient I and Patient II: In the Box-Plot diagrams in Fig. 14(a), we observe a low dispersion of velocity
magnitudes during the initial two time instants. However, as we move from 0.07 s to 0.13 s, which corresponds to the intermediate
phase of systole, the dispersion rapidly increases, reaching its peak at 0.1 s, coinciding with the moment of maximum velocity (1.75
s in the third cardiac cycle).

Despite the data dispersion, an almost symmetrical distribution is maintained, with a mean very close to the median. Subsequently,
the dispersion decreases rapidly, but a slight dispersion reappears in the time interval from 0.25 s to 0.34 s. This dispersion is mainly

10
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Fig. 16. Streamlines in Cross-section 1 for Patient I.

caused by the measurement positions and the presence of retrograde flow, evident in the change of direction of the velocity vectors,
as shown in Figs. 15(a)-(c), and the effect of vortex formation, as indicated by the streamlines in Figs. 16(a)-(c).

During the systole phase, and reinforcing the earlier discussion, Figs. 10(a)-(c) illustrates how the magnitude of velocity vectors
extends more widely and gathers in greater quantity on the concave surface of the aorta, resulting in higher velocities. In contrast, a
smaller grouping of shorter velocity vectors is observed on the convex surface of the aorta, associated with lower velocities. However,
for Patient II, in contrast to Patient I, the Box-Plots in Fig. 14(b) during the intermediate phase of systole indicate a smaller dispersion.
They maintain a symmetrical distribution with minimal differences between quartile ranges. It is in the later time instants, spanning
from 0.25 s to 0.4 s, where we observe a more noticeable scatter in velocity magnitudes. During this interval, the data distribution
lacks uniformity, primarily due to the presence of retrograde flow, which significantly affects fluid behavior. This flow is clearly
represented in the velocity vectors shown in Figs. 17(a)-(c) and the streamlines in Figs. 18(a)-(c).

Cross-Section 2 - Patient I and Patient II: In the case of Patient I, the Box-Plots in Fig. 19(a) reveal that data dispersion becomes
noticeable at 0.07 s and continues to increase rapidly and almost linearly until it reaches its maximum value, which is slightly more
than twice the initial Box-Plot range. This occurs at 0.13 s, coinciding with the moment of maximum velocity. It is worth noting
that there is a small difference of 0.03 s from the time when the maximum velocity occurs in the initial model conditions, a unique
characteristic for this cross-section.

The outliers in the Box-Plots are linked to measurements taken near the cross-section edges and in proximity to the subclavian-
artery proximal area. Although the scatter decreases at 0.25 s, it remains noticeable due to the onset of retrograde flow caused by

11
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changes in pressure and a sharp decline in velocity. This behavior is visually evident in the magnitude and direction of velocity
vectors as shown in Figs. 15(a)-(c) and in the streamlines with vortex formation displayed in Figs. 20(a)-(c). In the case of Patient II,
the Box-Plot plots in Fig. 19(b) once again reveal a significant scatter of velocity magnitudes, resembling what was observed in CS1
for Patient I. However, the distribution of values between quartiles changes at each of the time instants with high velocities (at 0.07
s, 0.1 s, and 0.13 s). Similar to Patient I (CS2), a minor dispersion occurs at the time instant of 0.25 s due to the retrograde flow,
which can be visualized in the flow vectors and streamlines presented in Figs. 17(a)-(c) and Figs. 21(a)-(c), respectively.

It’s worth emphasizing that CS2, in addition to being located at the border of the subclavian artery, coincides with the proximal
zone of the prosthesis. As shown in Fig. 6(d), its irregular geometry further influences the velocity profiles throughout the analyzed
region. Regarding pressure in CS1 for both patients, the Box-Plot diagrams in Figs. 22(a) and (b) allow us to observe slight dispersions
that are barely noticeable in the curves in Figs. 12(a) and (b). These dispersions occur during the systole phase and at the time instants
of 0.1 5, 0.16 s, and 0.19 s, with the most noticeable one happening at the moment of maximum velocity (0.1 s). However, there are
no significant changes in the pressure differentials that justify further analysis. In CS2 of Patient I, the Box-Plots in Fig. 23(a) reveal
a notable dispersion in pressure magnitude values at the time instant of 0.1 seconds. This dispersion is closely linked to changes in
blood flow resulting from the proximity of the cross-section to the fluid bifurcation.

However, in CS2 of Patient II (Fig. 23(b)), the scatter extends through almost the entire systole phase and is not solely re-
lated to the fluid bifurcation. It is primarily due to the cross-section’s alignment with the proximal part of the endoprosthesis.
As previously mentioned, the irregular geometry resulting from the prosthesis-endothelium junction alters blood flow, resulting in

12
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pressure differentials that reach and exceed 10% of their nominal values. These differentials can be transmitted to the ends of the
endoprosthesis, creating forces that have the potential to alter the anatomy, leading to prosthesis migration or disruption of the
prosthesis-endothelium continuity. The maximum differential remains particularly prominent at the time instant of 0.1 s. At other
time instants, there is a higher degree of regularity, which becomes more pronounced during the diastole phase. During this phase,
the pressure magnitudes in both patients closely resemble patterns commonly observed in the work reported by other authors and in
aortic geometries similar to those of the two patients under study.

All these alterations in blood flow, including variations in velocity and pressure, are detected in specific regions and time intervals.
They are most pronounced in CS2 of Patient II due to the proximity of the fluid to the proximal area of the endovascular prosthesis.
In this region, rheological phenomena lead to the formation of vortices and the emergence of pressure differentials. When combined
with the continuous beating of the heart, these factors can result in partial detachment of the prosthesis, causing irreparable damage
to the region of the proximal anchorage of the endoprosthesis.

The analysis of Wall Shear Stress (WSS) is added to reinforce the findings provided by the results of velocity and pressure
magnitudes, a variable directly related to the propensity for substance accumulation on the arterial wall. There is evidence that
associates the WSS distribution factor with the vascular disease known as atherosclerosis [49], and it is currently considered an
effective metric for the early diagnosis of atherosclerosis [50].

4.2. Analyzing WSS represented wave behavior

The study now shifts its focus exclusively to CS2 to confirm the WSS patterns and after analyzing the magnitudes of velocity
profiles and pressure distributions in the two cross-sectional areas of both patients, as alterations in flow patterns have been observed.

The study commences by selecting 14 positions, as depicted in Figs. 24(a) and (b), encompassing the majority of the cross-
sectional area’s perimeter. Similarly, 14 time instants were chosen, following the same approach used for velocity and pressure. This
results in 196 values of WSS magnitudes for each patient, obtained by measuring at the 14 positions and at 14 time instants. The
waveforms resulting from the measurements taken at a specific position and during one cardiac cycle are plotted, starting at 1.6 s
(the beginning of the third cardiac cycle) and ending at 2.39 s (the completion of the third cardiac cycle). Subsequently, Box-Plots
are constructed, and the results are analyzed, considering that low shear stress reduces endothelial production of nitric oxide and
antioxidant proteins, which is related to the generation and progression of atherosclerotic plaques in the coronary, carotid, and aortic
areas [51].

Regions characterized by diminished shear stress levels, specifically below 12.6 dynes/cm? (1.26 Pa), exhibit a substantial
increase in atherosclerotic plaque formation and an expansion of the vascular area, indicative of positive vascular remodeling.
Conversely, areas experiencing shear stress, within the physiological range of 12.6 to 26.9 dynes/cm? (1.26 to 2.69 Pa), display no
statistically significant alterations. Furthermore, regions subjected to elevated shear stress levels exceeding 27 dynes/cm? (2.7 Pa)
demonstrate favorable arterial remodeling, with no concurrent modifications in the atheroma plaque [51].

One parameter related to WSS is the time-averaged value over the cardiac cycle, known as TAWSS (Time Average WSS), which is
helpful for pulsatile flow types. In the human arterial system, TAWSS has an approximate value of 1.5 Pa and values above have a
protective effect while those below may result in a risk of plaque growth due to Intimal Hyperplasia (HI) [52].

The analysis of WSS results is focused on the systolic phase and the time interval where the systole-to-diastole transition occurs. In
this way, the graphs shown, divided into four groups (Figs. 25), aim to classify, into sets or regions, the positions along the perimeter
of the cross-sectional area where similar WSS magnitudes are generated. As can be observed, the highest WSS values are found at
Position 1 and Position 14 (Fig. 25(a)), with maximum values of 12.7 Pa and 15.1 Pa, which are lower than those in other considered
works to be capable of triggering platelet activation and the formation of microparticles, their accumulation, and subsequent rupture
of the atherosclerotic plaque [52], [53]. Following, there are Positions 5, 6, 7, 8, 9, and Position 12 (Fig. 25(c)), whose waveforms
are more regular and follow the flow velocity pattern for both the systolic and diastolic phases, with maximum magnitude values
ranging from 6 Pa to 8.5 Pa.
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Fig. 25. WSS waveforms in CS2 to Patient L.

In Fig. 25(d), the waveforms correspond to Positions 10 and 11, with slightly lower magnitude values (5.2 Pa and 5.3 Pa)
compared to the positions mentioned before. Finally, in Fig. 25(b), the shear stress magnitudes with the lowest values are shown, but
they are not within the range considered risky for the patient under study (between 2.5 Pa and 4.5 Pa). These values are associated
with Positions 2, 3, 4, and Positions 13.

Similarly, for Patient II, the graphs are grouped following the same considerations (Figs. 26). The difference here is that low
WSS values are presented, which are, therefore, the subject of analysis. As previously mentioned, the effects of low-shear stress
favor plaque progression and influence the development of atherosclerotic disease [51]. Even though the appearance of the graphs
is grouped in nearly consecutive order, starting from Position 1 to Position 14, the analysis begins with Fig. 26(e) considering that
the maximum magnitudes in these positions (Positions 11 and 12) are the highest among all the waveforms, and their averages of
1.5 Pa and 1.3 Pa fall within the range where shear stress has a protective effect on the endothelium.

In Figs. 26(b), (d), and (f), a very similar behavior is observed in all the waveforms. However, they are grouped in different graphs
to perceive these small differences better. In Fig. 26(b), the maximum values are between 2.5 Pa and 3 Pa. In Fig. 26(d), they range
between 3 Pa and 3.5 Pa, and in Fig. 26(f), they range from 3.3 Pa to 3.8 Pa. Only at Position 8 is there fluctuating alteration after
1.8 s (0.2 s into the baseline cycle) when the retrograde flow is present. Additionally, the TAWSS values at each of the mentioned
positions are practically at the lower threshold limit of 1 Pa, which is not sufficient reason to make a valid judgment.

It is important to note the behavior of Fig. 26(a). As observed, the maximum values of the two waveforms are around 1.2 Pa,
with one above and the other below. However, the average value for Position 1 (WSS 1) is 0.5 Pa, and for Position 2 (WSS 2) is 0.42
Pa. These magnitudes indicate a progression of atherosclerotic plaques, negatively impacting the neointimal response to prosthesis
implantation and consequently contributing to restenosis [51].

Finally, in Fig. 26(c), there is a fluctuation in WSS with maximum amplitudes of 2 Pa and 1.8 Pa at Positions 6 and 7, respectively.
The TAWSS values are 0.7 Pa and 0.79 Pa, below the threshold and within the risky zone. In this regard, these two characteristics
reaffirm the presence of rheological complications directly affecting the patient health.

WSS Analysis using Box-Plot Box-Plot diagrams are created to represent the distribution and dispersion of WSS values at each
time instant to complement the interpretation and analysis of the data, as shown in Fig. 27(a)-(b). In Patient I (Fig. 27(a)), the shear
stress values are within the range of physiological values considered normal. A few of them are slightly higher and are referred to as
increased shear rate, meaning they have a protective effect on the endothelium [51], [54].

Similarly, the figures reflect that during the diastolic phase, due to the relaxation of the cardiac muscle, WSS falls below 1 Pa. This
behavior is because WSS is directly related to changes in velocity, which are of small magnitude during this phase. This statement
can be addressed and reinforced in future work. As is known, rheological changes occur during this last instant due to retrograde
flow, contributing to the decrease in WSS.
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Fig. 26. WSS waveforms in CS2 to Patient II.

Similarly, for Patient I, the Box-Plot diagram in Fig. 27(a) shows a balance in the data distribution. Some spreads are more
extensive than others, becoming further noticeable starting at 0.07 s, and predominating even more in the middle and end of the
systolic phase. The larger spreads (from the third quartile to the final value) occur at the time when the velocity is maximum (0.1
s) and at the moment when the systole-to-diastole phase change begins due to the presence of retrograde flow. Outliers in the data,
while not contributing much to the analysis, fall within the range of WSS values considered protective. At 0.1 s, 0.13 s, and 0.19 s,
the highest WSS values coincide with the maximum velocity and pressure magnitudes at those time instants.

For Patient II, Fig. 27(b) reveals a notable decrease in WSS values compared to Patient I. Furthermore, the distribution and
dispersion of the data are primarily below the median value, indicating that there are few WSS values above the threshold of
vascular shear stress with a protective effect. As a result, the vascular risk increases. The highest median (2.93 Pa) and the highest
WSS values occur when fluid velocity is at its maximum (0.1 s), highlighting that most WSS values at that moment are of small
magnitude. This confirms that the values at other time instants are even smaller, as illustrated in Figs. 27(a) and (b).
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Fig. 27. Box-Plots CS2 - Patients I and II.

The mean TAWSS is calculated over a complete cardiac cycle, with the WSS magnitudes during the systolic phase emphasizing
low values in the diastolic phase for a patient with some or no cardiovascular complications. However, increased shear stress
predominates, as previously mentioned, exerting a protective effect on the vascular endothelium.

In the case of Patient II CS2, the WSS values concentrated in the systolic phase are not large enough to raise the mean vascular
shear rate above the threshold considered to be free of the risk of causing vascular complications. Only at Position 11 and 12, TAWSS
reaches 1.5 Pa and 1.3 Pa, respectively, just exceeding the protective effect threshold of 1.26 Pa, as demonstrated in the work of
Stone et al. in [55].

Finally, local hemodynamic alterations following the implantation of endoprostheses, coupled with low shear stress, as detected in
this study in the proximal region of the endovascular prosthesis, contribute to an increase in neointimal proliferation and, therefore,
favor restenosis. Thus, simulation becomes a highly useful tool in medical practice for making timely and anticipatory decisions in
diagnoses, ultimately benefiting the quality of life and health of the patients.

5. Conclusions

This paper presents a proof-of-concept, demonstrating the utility of simulation techniques for diagnosing issues arising from the
use of endovascular prostheses. Specifically, the study focuses on the hemodynamic effects at the proximal edge of the prosthesis by
processing images obtained from two patients, one of whom has undergone endovascular repair.

The results highlight differences primarily attributed to the geometric structure of the region of interest (ROI). While blood flow
behavior can be influenced by geometric variations in the conduit, these responses will be patient-specific, adhering to the principles
of fluid dynamics, with a somewhat predictable pattern. However, irregularities in the geometry, where some of the measurements
(CS2) were obtained from the patient with an endoprosthesis (Patient II), exhibit modifications in blood flow behavior that require
a specialized study.

In the simulation analysis, particularly in the proximal (CS1) and distal (CS2) sections of the aorta, it is evident that Patient I
exhibits higher velocity values compared to Patient II, with significant variability during the systole phase. The increased variability
in the distal segment of Patient II can be attributed to the irregular geometry of the aorta and the specific measurement locations. This
variability suggests a lack of uniformity in the flow. While it’s not possible to definitively conclude that this occurs at the junction of
the prosthesis with the endothelium, these flow alterations can lead to an imbalance in the forces acting on the prosthesis, resulting
in minor pressure fluctuations. When multiplied by the heart rate, such pressure variations can influence anatomical changes and
potentially lead to prosthesis migration or disruption of prosthesis-endothelium continuity.

In both patients, a noticeable geometric alteration is observed in the aortic canal after the bifurcation (CS2). This alteration is
significantly more pronounced in Patient II due to the presence of an aneurysm and its repair with an endovascular prosthesis. The
distinct geometry in CS2 of Patient II results in a pressure differential of up to 10% of the nominal value (120 mmH g) due to the
presence of vortices with varying speeds within the section, contributing to variations in shearing forces.

These variations in pressure and flow, when compounded by the heart rate, have the potential to generate a pressure differential
that could be transmitted to the ends of the endoprosthesis. These forces may, in turn, induce anatomical deformations that hinder
the secure anchorage of the prosthesis, thereby increasing the risk of unintended displacement or detachment.

It is important to note that these findings cannot be generalized without further study involving a larger patient population.
Nevertheless, this proof of concept highlights a potential risk of endoprosthesis failure, which poses new challenges for the authors
and sponsors of this study.

The results of simulations identifying low shear stresses detected in the proximal area of the endovascular prosthesis contribute
to an increase in neointimal proliferation and, therefore, act as a favoring factor for restenosis.

The use of Computational Fluid Dynamics (CFD) techniques has allowed investigating, through simulations, the impact of complex
anatomical geometries, such as those in TEVAR, on the hemodynamic behavior inside the aorta, becoming a tool for personalized
clinical anomaly prevention and detection. The knowledge and quantification of variables such as velocity, pressure, and WSS in
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specific zones of the aortic conduit provide valuable information for the development of preventive and corrective strategies for the
patient existing pathologies.

The proposed mechanism for synchronizing the CT image acquisition process is suggested as an alternative solution to minimize
artifacts resulting from the inherent movement of the heart. This allows for obtaining images suitable for evaluation with a 3D model
of the aorta. Such images are valuable and reliable for characterizing the blood flow behavior of a specific patient.
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