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Background and objective: Penetrating atherosclerotic ulcer (PAU) is a distinct pathology in acute aortic syndrome
that may progress to aortic dissection or rupture. Conservative management, which primarily focuses on con-
trolling blood pressure and heart rate, is prone to failure. The construction of numerical simulation models to
predict and analyze the PAU progression and rupture risks will aid clinicians in understanding and improving
PAU management and treatment.

Methods: In this study, fluid-structure interaction simulations were employed to investigate the biomechanical
characteristics of PAUs under various conditions, aiming to assess their risks of rupture and progression. Further
correlation analyses were conducted to identify dominant factors influencing ulcer progression. A quantitative
comparison of progression risk was conducted between a single big PAU and two small PAUs with equivalent
total volumes.

Results: The results demonstrate that as the PAU radius increases to 10 mm, the time-averaged wall shear stress
(TAWSS) in the PAU dome region gradually decreases, falling significantly below the physiological range
(1.0-3.0 Pa). Elevated blood pressure and heart rate primarily promote PAU rupture by influencing von Mises
stress and displacement. Additionally, correlation analyses demonstrate that neither reducing blood pressure nor
heart rate is sufficient to restore TAWSS to the physiological range (1.0-3.0 Pa). A single big PAU exhibits lower
TAWSS in the dome region, indicating a higher progression risk compared to two small PAUs.

Conclusion: The evidence quantitatively supports the limitations of conservative management in halting PAU
progression. Notably, a single big PAU carries a higher progression risk compared to two small PAUs, necessi-
tating increased clinical intervention and monitoring.

1. Introduction

Penetrating atherosclerotic ulcer (PAU) is a distinct pathology in
acute aortic syndrome that includes aortic dissection, intramural he-
matoma, and more. PAU is characterized by an ulcerated atherosclerotic
plaque that penetrates through the intima and elastic lamina layers of
the aortic wall, extending into the media [1]. If left untreated, PAU may
progress to severe complications such as aortic pseudoaneurysm, aortic
dissection, or other acute aortic syndromes [2]. Diagnosing PAU based
solely on clinical presentation is challenging, as it often remains
asymptomatic [3]. Notably, a report [4] has documented a rupture rate
of 40 % in PAU with a malignant course, which is higher than that
observed in other acute aortic syndromes. The spatial distribution of
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PAU lesions varies widely along the aorta, with a predominant occur-
rence in the descending aorta [5]. Due to the relatively low incidence of
PAU, there is a lack of dedicated randomized controlled trials (RCTs) to
guide management [4]. However, extensive clinical analyses have led to
the development of several decision-making frameworks for PAU
treatment. Conservative therapy, including radiological surveillance
and antihypertensive therapy, is generally recommended for PAUs
located in the descending aorta, while thoracic endovascular aortic
repair (TEVAR) is preferred for acute cases. Emergency surgery is nor-
mally the preferred treatment option for acute PAUs in the ascending
aorta or aortic arch [6]. In addition, some reports [2] suggest that
conservative therapy is advisable for small asymptomatic PAUs with a
diameter of <20 mm or a depth of <10 mm, as these PAUs are associated

E-mail addresses: doctormaxli@protonmail.com (J. Li), jie.xiao@suda.edu.cn (J. Xiao).

https://doi.org/10.1016/j.cmpb.2025.108973

Received 17 December 2024; Received in revised form 19 February 2025; Accepted 16 July 2025

Available online 18 July 2025

0169-2607/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-6958-1574
https://orcid.org/0000-0002-6958-1574
https://orcid.org/0000-0003-2515-5140
https://orcid.org/0000-0003-2515-5140
https://orcid.org/0000-0001-7842-7862
https://orcid.org/0000-0001-7842-7862
mailto:doctormaxli@protonmail.com
mailto:jie.xiao@suda.edu.cn
www.sciencedirect.com/science/journal/01692607
https://www.sciencedirect.com/journal/computer-methods-and-programs-in-biomedicine
https://www.sciencedirect.com/journal/computer-methods-and-programs-in-biomedicine
https://doi.org/10.1016/j.cmpb.2025.108973
https://doi.org/10.1016/j.cmpb.2025.108973
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmpb.2025.108973&domain=pdf

T. Wu et al.

with lower risks of progression and rupture. It has also been reported
that PAU patients with hypertension, diabetes, and hyperlipidemia
should have more frequent surveillance [2]. Recent reports suggest that
conservative management of PAUs is less effective compared with
endovascular treatment [5,7].

However, the underlying mechanisms of PAU progression and
rupture are complicated and remain unclear, and the appropriate
treatment strategies are not well-explained, relying heavily on clinical
experience. To address these gaps, scholars have made numerous efforts.
It is now widely recognized that the geometric characteristics of a lesion
determine the biomechanical factors within the affected tissue and ab-
normalities in these factors can lead to the development of aortic disease
[8]. The primary biomechanical factors that have been investigated so
far involve wall shear stress (WSS) and tissue stress (von Mises stress).
WSS is the tangential stress due to the friction of the flowing blood on
the endothelial surface of the vascular wall. Endothelial cells in the
vascular wall detect various shear stress signals through mechanical
receptors. Then these receptors convert mechanical signals into cellular
responses, resulting in changes to the structure and function of the vessel
wall [9,10]. Physiological WSS (1.0-3.0 Pa) is essential for maintaining
the normal phenotype of the vascular wall [11]. However, both low WSS
(<1.0 Pa) and high WSS (>3.0 Pa) can promote the progression of
vascular lesions through multiple mechanisms. These mechanisms
include endothelial cell dysfunction, triggering of inflammatory re-
sponses, accumulation and oxidation of low-density lipoprotein (LDL),
proliferation and migration of smooth muscle cells (SMCs), abnormal
platelet activation, and disruption of the endothelial glycocalyx [12].
Tissue stress (von Mises stress) serves as a critical indicator of the stress
condition within the vessel wall. It quantifies the internal structural
stress experienced by the vessel wall due to the action of blood pressure.
When this stress value becomes excessively high, surpassing the yield
stress threshold of the vessel wall material, the vessel wall is at risk of
rupture [13].

Currently, the application of computational fluid dynamics (CFD)
technology in the clinic enables more accurate acquisition of hemody-
namics at the lesion site [14,15]. Consequently, hemodynamic param-
eters, including WSS, are increasingly recognized as important
indicators of the risk of aortic disease progression and rupture [14,16].
Fluid-structure interaction (FSI) simulates the interaction between fluid
and solid domains by integrating fluid dynamics, solid mechanics, and
fluid-solid interface coupling. This approach can be employed to
investigate the impact of biomechanical parameters on aortic diseases.
Compared to CFD, FSI not only provides the hemodynamic character-
istics of the blood flow field including WSS, but also provides crucial
biomechanical metrics of the vessel wall, such as tissue stress (von Mises
stress) and displacement. Currently, FSI has been extensively employed
in the simulation and modeling of diseases such as aortic dissection and
aneurysms. Philip et al. [17] revealed that variations in the morpho-
logical characteristics of cerebral aneurysms result in distinct hemody-
namic and biomechanical behaviors. Valencia et al. [18] showed that
dynamic factors, such as hypertension and pressure gradients, can in-
fluence wall stress and WSS, thereby affecting the risk of aneurysm
rupture. Valeti et al. [19] further demonstrated through FSI simulations
that regions with thinner walls in patient-specific cerebral aneurysms
are more susceptible to rupture. Additionally, a related study [13]
investigated the effect of aspect ratio on aneurysm rupture risk,
revealing that aneurysms with larger aspect ratios and thinner walls
exhibit lower WSS and higher effective wall stress, potentially increasing
rupture risk. Furthermore, studies have shown that higher
time-averaged wall shear stress (TAWSS) and lower oscillatory shear
index (OSI) during motion are associated with a reduced risk of
atherosclerosis and thrombus formation within aneurysms [20]. In the
context of aortic dissection, one study [21] reported that increased
stiffness of the dissection wall is associated with a higher risk of disease
progression. Another study [22] demonstrated that stress state, WSS,
and flow characteristics are the primary parameters influencing the
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progression of aortic dissection. Jia et al. [23] investigated the rela-
tionship between hemodynamics and the pathogenesis of superior
mesenteric artery dissection. Moreover, recent studies [22,24] have
incorporated the fiber-reinforcement effect of the vessel wall, employing
more realistic fiber-reinforced hyperelastic vessel wall models to further
explore the relationship between hemodynamics and disease progres-
sion in aortic dissection.

However, PAU, characterized by a mechanical response to the
interaction between blood flow and the damaged vascular wall, exhibits
a distinct progression and rupture process compared to other acute
aortic syndromes (such as aortic aneurysm and aortic dissection), owing
to its particular geometry and characteristics [25]. In a study [26]
employing FSI analysis, researchers evaluated hemodynamic parame-
ters before and after thoracic endovascular aortic repair (TEVAR). They
found that the PAU region experiences blood stagnation, resulting in
elevated intraluminal pressure and reduced WSS, which ultimately
contribute to PAU progression. Despite these insights, the influence of
biological factors—such as ulcer size, location, blood pressure, and heart
rate—on PAU progression and rupture remains poorly understood.
Elucidating these factors is critical, as it would enable quantitative
predictions of PAU progression and rupture risks, thereby informing and
optimizing clinical decision-making for PAU treatment.

The aim of this study is to quantitatively evaluate the effects of
biological factors, such as ulcer size and location, as well as blood
pressure and heart rate, on the progression and rupture risks of PAU
using FSI analysis. Specifically, biomechanical parameters including
WSS and von Mises stress in the PAU region were calculated. These
parameters were subsequently employed as quantitative metrics to
assess the progression and rupture risks of PAU. Furthermore, a corre-
lation analysis was conducted to elucidate the effects of the aforemen-
tioned biological factors on the biomechanical parameters within the
PAU region, thereby revealing the underlying mechanisms through
which these factors influence the progression and rupture risks of PAU.
Additionally, the question of whether a single big PAU or two small
PAUs carries a greater risk of progression was explored, a scenario
commonly encountered by clinicians.

2. Modelling and simulation methods
2.1. Geometric configuration

A 3-dimensional idealized model of the thoracic aorta with a PAU
was constructed based on a related study [27]. It has similar geometry
and characteristics to the real thoracic aorta that includes the ascending
aorta (AA), aortic arch and its three branches: the brachiocephalic artery
(BA), left common carotid artery (LCA), and left subclavian artery (LSA),
as well as the descending aorta (DA). The non-planarity of the aorta and
the spatial variation in aortic diameter were considered. A schematic
representation of the aortic model is provided in Fig. 1.

Based on clinical CT images, anatomical data, and schematic draw-
ings [1,2], it has been observed that a PAU typically appears geomet-
rically as a spheroidal cavity on the aortic wall. In the search of PAU
cases, it was found that the average growth rate of PAU depth was ~0.5
mm/year, and the average growth rate of neck width was ~1.1 mm/year
[4]. For our analysis, the PAU depth was approximated as the radius,
and the neck width was approximated as the diameter, with the latter
being twice the former. Therefore, the PAU geometry was simplified to a
truncated spherical cavity, as shown in Fig. 1.

2.2. Governing equations

2.2.1. Fluid flow model

The Eulerian and Lagrangian methods are commonly utilized to
simulate fluid flow and solid deformation, respectively. The equations of
mass and momentum conservation for fluid flow are presented as fol-
lows:
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Fig. 1. Schematic diagrams of the model geometry (AA: ascending aorta; BA: brachiocephalic artery; LCA: left common carotid artery; LSA: left subclavian artery;
DA: descending aorta). The red part is the vascular wall, and the yellow part is the PAU.

PV (ur) =0 2.1)

d
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where py is the fluid density (kg/m); uy is the velocity vector (m/s); p is
fluid pressure (Pa); p is the dynamic viscosity (Pa-s); up, is the coordinate
velocity (m/s).

Blood is a non-Newtonian fluid whose viscosity is influenced by
factors like hematocrit levels and plasma composition, but in large ar-
teries with high shear rates (> 50 s'l), it behaves more like a Newtonian
fluid due to red blood cell deformability [28]. Consequently, in this
work, blood is modeled as an isotropic and incompressible Newtonian
fluid with a density of 1060 kg/m> and a viscosity of 0.0035 Pa-s [29].
The flow pattern is assessed based on calculations of the peak Reynolds
number (Re,), Womersley number (), and the critical Reynolds number
(Re. = 250a [30]) for transition to turbulence reported by Kousera et al.
[31]. Given that the peak Reynolds number (Re, = 4882) is less than the
critical Reynolds number (Re, = 2500 = 5976), the flow can be modeled
as laminar flow.

2.2.2. Solid mechanics model
Based on Newton’s Second Law, the momentum equation that de-
scribes the transient deformation of the vascular wall is as follows:

u,
pxa—;l — V.(FS)" +F, 2.3)
F=1+Vd; (2.4)

where p; is the vascular wall density (kg/m%); u, is the displacement
vector (m); ds is the displacement vector (m); F is the deformation
gradient; S is the second Piola-Kirchhoff stress (N/mz); F, is the volume
force vector (N/mg); I is the identity matrix.

Due to the lack of in vivo data for the mechanical properties of PAU
tissue materials, and given that Schussnig et al. [32] have demonstrated
similar magnitudes of shear stress distributions predicted by various

vessel wall models, the arterial wall and PAU are modeled by assuming
isotropic linear elasticity, having the same density, i.e., 1120 kg/m>
[33]. Young’s modulus and Poisson’s ratio of the arterial wall are 1.08
MPa and 0.49, respectively [33]. As PAU is usually accompanied by
atherosclerosis, based on the comparison of Young’s modulus of
atherosclerotic and normal vascular walls provided by a related study
[34], Young’s modulus of PAU is set to 3.00 MPa in this work. The
Poisson’s ratio of the PAU is 0.49. The above material properties are
listed in Fig. 2.

2.2.3. Fluid-structure interaction

The Arbitrary-Lagrangian-Eulerian formulation (ALE), as a hybrid
technique, integrates the advantages of both Eulerian and Lagrangian
methods. ALE is particularly effective in handling problems involving
fluid-solid interfaces, offering robust solutions for such complex in-
teractions [35]. At the fluid-solid interface, the surface of the vascular
wall is subjected to forces exerted by the blood, as described:

Fr = —n-(—pl+u(Vus + (Viy)") 2.5

where n is the normal vector of the boundary; Fris the total force exerted
on the vascular wall by the fluid (N); I is the identity matrix. In addition,
at this interface, the following coupling conditions need to be satisfied:

d = d; (2.6)
Os'Ng = 05Ny (27)

where o, n and d are the stress tensor, normal vector, and displacement
vectors at the fluid-structure interface, respectively, with the subscripts s
and f denoting the solid and fluid domains. We also have n; = —nyat this
fluid-solid interface. A no-slip boundary condition is set at the fluid-solid
interface.
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Fig. 2. Boundary and initial conditions (Red arrows indicate the direction of blood flow).

2.3. Boundary and initial conditions

2.3.1. Fluid domain

To simulate the pulsatile blood flow in the aorta, a physiological
pulsating flow profile [33] is set at the inlet boundary (see Fig. 2). The
pulsating flow includes phases of acceleration, deceleration, reverse
flow, and zero flow, representing realistic cardiac cycle dynamics.

At the downstream end of the artery, the arterial branches are con-

nected to a network of capillaries. To capture the impedance properties
and vascular compliance of the aorta’s downstream regions, Windkessel
models are implemented at the outlet boundaries (see Fig. 2). The
Windkessel model analogizes the cardiovascular system to an electrical
circuit, where arterial compliance (the elasticity and distensibility of
large arteries) is represented as a capacitor C; peripheral resistance (the
resistance to blood flow through the arterial system) is represented as a
resistor R; blood flow is represented as current Q; blood pressure in the
aorta is represented as a time-varying potential p [36]. In this study, the
impedance of the proximal vascular region is regarded as a resistor Ry,
the impedance of the distal vascular region as a resistor Ry, and the
compliance of the downstream blood vessel as a capacitor C. The
mathematical description of the Windkessel model is as follows:
Pi = (Ri) +Ra2))Qi — Ragy Ci% + CiRl(i)Rz(i)dd% (2.8)
where p; is the pressure at outlet i and Q; is the flow at outlet i. Accurately
determining the parameter values for the Windkessel model is a chal-
lenging task, as it typically requires clinical measurements of transient
blood flow and pressure from patients. However, since this work adopts
an idealized model, a non-invasive method [37] is utilized to estimate
these parameter values. The derived parameter values are summarized
in Table 1. The detailed steps to get these parameter values are provided
in the Supplementary Material S1.

Table 1
The Windkessel model parameters. The values of capacitance C are taken from
[38].

Outlet i 1 (BA) 2 (LCA) 3 (LSA) 4 (DA)
Ry(kg-m™.s1)  4.08 x 10° 1.63 x 10° 1.33 x 10° 1.20 x 108
Cc(m*-s%- kg™ 347 x1077  1.64x10° 212x107° 1.59 x 1078
Ry(kg-m™*.s71) 260 x 107 1.04 x 10® 8.47 x 107 7.69 x 10°

2.3.2. Solid domain

The terminal ends of the simulated aortic vessel are constrained to be
immobile (see Fig. 2). In addition, considering the support of the peri-
aortic tissue, Rayleigh damping [29] is applied to both the PAU and the
vascular wall as follows (see Fig. 2):

o°u, aug T J(FS)"
where ogy is the mass damping parameter (s, ogy = 50 s Bax is the
stiffness damping parameter (s), fgx = 0.1 s.

2.4. Numerical details

To facilitate convergence in this FSI calculation, fully coupled and
direct solvers were employed. The computational domain was dis-
cretized using a hybrid mesh consisting of 157,736 elements including
109,880 tetrahedral elements and 47,856 prismatic boundary layer el-
ements. More mesh details and mesh independence studies are provided
in the Supplementary Material S2. The direct method (i.e., NUMPS) was
adopted for the linear solution within the fully coupled solver. Auto-
matic (Newton) was adopted for the nonlinear method in the fully
coupled solver. Considering the balance between computational cost
and solution accuracy, the maximum iterative times was set to 20. The
time stepping was performed using a second-order backward difference
formula with a fixed time step of 0.01 s, which was determined through
a time-step independence study described in the Supplementary Mate-
rial S2. To ensure stability in model cycle variation, the initial pressure
was set to 70 mmHg, and a simulation spanning 8 cardiac cycles was
conducted. Simulation results indicated that by the 6th cycle, the dif-
ference was below 2 %, indicating reach stability. Therefore, the 6th
cycle was designated as the first cycle for analysis. The simulation was
extended for two additional cycles, concluding at the end of the 8th
cycle. The results from the 2nd cardiac cycle of this set of three cycles are
presented and analyzed in the following sections. More details regarding
the initialization process are provided in the Supplementary Material S3.
In addition, to validate the rationality of the simulation results, a
qualitative comparison between the simulation outcomes and clinical
findings is presented in the Supplementary Material S4.

3. Results & discussion

In this section, we first analyze a base case system involving a PAU
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located laterally to the greater curvature of the aortic isthmus, which is
the junction between the aortic arch and the descending aorta (see
Fig. 2). For this base case, the interactions between the deformation of
PAU-embedded blood vessels and blood flow dynamics are systemati-
cally and quantitatively analyzed. Subsequently, the effects of PAU size,
blood pressure, and heart rate on the hemodynamics of PAUs at different
locations are explored. These effects are quantified to assess how
lowering blood pressure or heart rate can mitigate the risk of PAU
progression and rupture. Finally, the hemodynamics of a single big PAU
and two small PAUs are compared to determine which scenario presents
a higher progression risk.

3.1. Base case analysis
The boundary conditions and other parameters for the base case are

shown in Fig. 2. The initial blood pressure and heart rate in the base case

t=0.80s t=094s

Upper neck region

t=1.00s

414941

Dome region
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are set to 85 mmHg and 75 BPM, respectively. The calculated pressure
range at the inlet is 80/135 mmHg, which is recognized as hypertension
according to the hypertension criterion (> 80/130 mmHg). Fig. 3(a)
shows a cross-sectional view of the evolution of the velocity distribution
during the 2nd cardiac cycle (0.8-1.6 s). Pulsatile flow in the aorta is
clearly observed, with the flow rate reaching its peak at t = 1.00 s during
systole. Flow stagnation, attributed to secondary flow, is evident in the
region of the PAU throughout the complete cycle. During systole, spe-
cifically at t =1.00 s, a vortex can be clearly observed where blood flows
from the lower neck region into the dome region of the PAU and then
merges with the main aortic flow through the upper neck region (Fig. 3
(b)). The simulated flow pattern in the PAU aligns with clinical obser-
vations [39]. The slower blood flow in the PAU region may contribute to
the PAU progression [26]. To quantitatively analyze the hemodynamics,
biomechanical parameters such as WSS, von Mises stress, and
displacement will be further evaluated.

t=1.20s t = 1.43 s Velocity (m/s)

0.2
0.4
0.6
0.8

TAWSS (Pa)
4

35
3
25
2
1.5
1
0.5
0

Upper neck
¢ region

Dome
region

Lower neck region

i —FSI
4 R = =CFD

—FSI
= =CFD|

—FSI n
==CFD \

1.2
t(s)
(© t=1.00s

1.2

t(s)

Von Mises stress
(MPa)
P 0.1

1.4 1.6

®

Displacement (mm)

5
0.8

4.5
0.7 4
0.6 3.5
0.5 3
0.4 2.5
03 fs
0.2 1

0.5
0 0

Fig. 3. FSI analysis for the base case. (a) cross-sectional velocity field during one cardiac cycle; (b) velocity field in the PAU region at t = 1.00 s; (c) the TAWSS
distribution and in the segmented PAU region; (d) the comparison of WSS evolution over one cardiac cycle between FSI simulation and CFD simulation; (e) the von
Mises stress distribution at t = 1.00 s; (f) the displacement distribution at t = 1.00 s.
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Wall shear stress (WSS) is the tangential stress exerted by blood flow
on the endothelial surface of the arterial wall. Endothelial cells in the
vascular wall can detect changes in WSS, and deviations from the
physiological WSS range (approximately 1.0-3.0 Pa [11]) can induce
vascular wall remodeling [9,10]. The magnitude of WSS (t,,) is deter-
mined by the velocity gradient of blood flow near the vascular wall and
blood viscosity, as expressed by Newton’s law of viscosity:

ou
Ty :,u# 3.1)

where 3”7: is the shear rate or velocity gradient at the vascular wall. Time-
averaged wall shear stress (TAWSS) represents a key hemodynamic
metric for assessing the progression and rupture risks of PAUs, which is
defined as:

1 t+T
TAWSS = / Ildt (3.2)
t

where T denotes the duration of a cardiac cycle. The physiological WSS
range of 1.0-3.0 Pa was adopted as the reference standard in this study.
Fig. 3(c) illustrates the distribution of TAWSS for the base case by FSI
analysis during the 2nd cardiac cycle, which can be further area-
averaged to estimate the regional TAWSS. As shown in Fig. 3(b) and
(c), the presence of a vortex in the PAU region resulted in low TAWSS in
the PAU dome (0.54 Pa), contrasting with the high TAWSS observed in
the upper neck (1.02 Pa) and lower neck (2.13 Pa) regions. Notably, the
TAWSS in the dome region fell below the physiological range, indicating
potential risks of PAU progression and rupture. In the PAU neck region,
which is typically characterized by the presence of atheromatous
calcified plaques [40,41], high TAWSS may contribute to the destabili-
zation of atherosclerotic plaques. Although the TAWSS in the neck re-
gion for the base case remained within the physiological range, other
varying conditions may lead to deviations beyond the physiological
range, as observed in our parametric study. Therefore, it is essential to
quantify localized WSS at different regions of PAU, i.e., the dome, upper
neck and lower neck regions.

A comparative analysis was conducted between CFD simulations,
which assume rigid wall conditions, and FSI simulations. The FSI sim-
ulations account for the displacement and expansion of the aortic wall
induced by blood pressure, resulting in lower WSS values across all three
regions of the PAU compared to CFD predictions (Fig. 3(d)). Lower WSS
increases intercellular permeability, thereby enhancing vascular wall
fragility, potentially contributing to PAU progression and rupture [26].
Thus, overestimation of WSS by neglecting blood vessel wall deforma-
tion (an intrinsic limitation of CFD simulations alone) may lead to
erroneous conclusions regarding PAU progression and rupture risks.
Moreover, elevated blood pressure can induce excessive tissue stress
(von Mises stress) in the vascular wall, which may directly contribute to
PAU rupture [42]. The FSI method allows for the calculation of von
Mises stress and displacement of the solid domain, specifically the
vascular wall and PAU, which are critical biomechanical parameters
that cannot be captured through CFD simulations alone.

Fig. 3(e) illustrates the distribution of von Mises stress at t = 1.00 s
during systole for the base case. The von Mises stress, also known as wall
effective stress [13], is a widely utilized metric for evaluating material
failure. It is given as:

O = \/%Zﬁ- j) {(Gii _O'J'j)2 +60’ﬂ (lv J) € {(X, y)v (X, Z), (.y7 Z)}

(3.3)

where oy is the Cauchy stress component in the solid material (i.e., the
vascular wall or PAU). Some studies have employed von Mises stress as a
metric for evaluating the rupture risk of aortic diseases [13,22,29].
Results in Fig. 3(e) show that the von Mises stress in the neck region is
relatively higher than in the dome region. However, it is important to
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note that this observation alone does not conclusively indicate a higher
rupture propensity in the neck region compared to the dome. This is
because the dome region exhibits lower TAWSS than the neck region,
making the dome region more fragile. Consequently, a comprehensive
evaluation of PAU rupture risk necessitates the integration of both
TAWSS and von Mises stress analyses to account for the complex
interplay between hemodynamic and structural factors.

Fig. 3(f) illustrates the distribution of displacement at t = 1.00 s
during systole for the base case. It shows that the centrifugal forces
generated by the curvature of the aortic arch result in greater defor-
mation on the greater curvature of the aorta, leading to significant
deformation of the PAU in the base case.

3.2. The effects of PAU location, PAU size, blood pressure, and heart rate

3.2.1. The effect of PAU location

PAUs can occur at various locations along the thoracic aorta, with
their locations potentially influencing the selection of clinical treatment
strategies. Therefore, assessing the effect of PAU location on disease
risks is of great importance. In this work, there are five locations of PAUs
considered as illustrated in Fig. 4(a):

Location I: Located in the aortic arch.

Location II: Located lateral to the lesser curvature of the aortic
isthmus.

Location III: Located lateral to the greater curvature of the aortic
isthmus.

Location IV: Located lateral to the lesser curvature of the descending
aorta.

Location V: Located lateral to the greater curvature of the descending
aorta.

Fig. 4(a) illustrates the distribution of TAWSS for different locations
of PAUs. It shows that, in the dome region, the TAWSS values of PAUs at
Location II (0.84 Pa), Location III (0.54 Pa), Location IV (0.87 Pa), and
Location V (0.87 Pa) are significantly lower compared to Location I
(1.39 Pa). Notably, for the former four, the TAWSS in the dome region is
below the physiological range, which implies a high susceptibility to
PAU progression. This result provides a hemodynamic explanation for
the clinical predominance of PAU occurrence in the descending aorta.

In addition, our results show that the TAWSS in the neck region of
PAU at Location I is notably higher than the other four locations (Fig. 4
(a)). Specifically, the TAWSS in the lower neck of PAU at Location I is
3.67 Pa, exceeding the physiological range, whereas the TAWSS values
at the other four locations are significantly lower: 2.88 Pa (Location II),
2.13 Pa (Location III), 3.13 Pa (Location IV), and 3.30 Pa (Location V)
(Fig. 4(a)). This suggests an increased vulnerability to plaque rupture for
PAUs at Location I, which is particularly concerning given their
anatomical proximity to cerebral vasculature. The potential clinical
implications are severe, as plaque rupture in this region could precipi-
tate catastrophic cerebrovascular events, including cortical or subcor-
tical infarction [43]. Such events pose significant risks of
life-threatening brain tissue damage. Therefore, prompt therapeutic
intervention, such as emergency surgery, is especially important for
PAUSs located at the aortic arch. Also, as shown in Fig. 5(b), PAUs at
Location I exhibit higher von Mises stress compared to other locations. It
indicates that PAUs in the aortic arch are at heightened risk of acute
rupture, further underscoring the critical importance of prompt thera-
peutic intervention.

3.2.2. The effect of PAU size

To investigate the effect of PAU size on its progression and rupture
risks, we conducted a parametric analysis by scaling the PAU size from
the base case. In addition to the base case (r = 8 mm, referred to as
‘middle’), PAU sizes of r = 6 mm (referred to as ‘small’) and r = 10 mm
(referred to as ‘big’) were considered, respectively (Fig. 4(b)).
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Additionally, larger PAUs generally have a larger aspect ratio (AR) [2],
which is defined as the ratio of PAU depth to its neck width. The AR
values for different-sized PAUs (r = 6 mm, r = 8 mm, and r = 10 mm) are
0.50, 0.86, and 1.50, respectively, as depicted in Fig. 4(b).

Fig. 5(a) illustrates the distribution of TAWSS for different-sized
PAUs at different locations. It shows that with an increase in PAU size,
the TAWSS in the dome region decreases (see the red solid line in Fig. 6)
regardless of the PAU location. Specifically, with the increase of PAU
size, at Location I, the TAWSS in the dome region decreases from 1.42 Pa
to 1.39 Pa and subsequently to 0.99 Pa (Fig. 6(a)Fig. 5. Stress distribu-
tions for PAUs at different locations and under different conditions. (a)
the TAWSS distribution for different-sized PAUs located at different
locations; (b) the von Mises stress distribution in the PAU regions under
different blood pressures; (c) the TAWSS distribution in the PAU regions
under different heart rates.). Similarly, at Location III, the TAWSS in the
dome region decreases from 0.74 Pa to 0.54 Pa and then to 0.38 Pa
(Fig. 6(c)), and at Location V, from 1.13 Pa to 0.87 Pa and further to 0.50
Pa (Fig. 6(e)). This reduction in TAWSS can be attributed to the
increased volume of the PAU dome, which creates more extensive flow
stagnation zones. Notably, as PAU size increases from 6 to 10 mm, the
magnitude of TAWSS in the dome region progressively deviates from the
physiological range (1.0-3.0 Pa). TAWSS values falling below the
physiological range are associated with a higher risk of PAU progression
[8,26]. Therefore, larger PAUs are associated with higher risks of PAU

progression and rupture.

3.2.3. The effect of blood pressure

Clinically, hypertension represents a prevalent comorbidity in PAU
patients and serves as a significant predisposing factor for PAU rupture.
Consequently, conservative treatment focuses on blood pressure man-
agement, with p-blockers emerging as the primary pharmacological
intervention [44]. Building on this clinical foundation, our study in-
corporates a comprehensive hemodynamic analysis to investigate the
effect of different blood pressure levels on PAU progression and rupture
risks. Alongside the base case (p = 80/135 mmHg, referred to as ‘mid-
dle’), two additional conditions are considered: hypertension (p =
100/155 mmHg, referred to as ‘big’) and lower blood pressure (p =
60/115 mmHg, referred to as ‘small’), as illustrated in Fig. 4(c).

The hemodynamic analysis reveals that elevated blood pressure in-
duces vascular wall and PAU dilatation, consequently reducing the ve-
locity gradient proximal to the vascular surface. This can result in a
slight decrease in TAWSS, though the magnitude of this decrease is not
significant (see the purple dashed line in Fig. 6). For instance, for the
PAU at Location III, the TAWSS in the dome region decreases from 0.56
Pa to 0.54 Pa and subsequently to 0.52 Pa with increasing pressure, and
in the upper neck region, it decreases from 1.05 Pa to 1.02 Pa and then to
1.00 Pa (Fig. 6(c)). However, for PAUs at Locations I and II, the TAWSS
in the dome shows a slight decrease when blood pressure increases from
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60/115 mmHg to 80/135 mmHg, but then increases slightly when
pressure increases from 80,/135 mmHg to 100/155 mmHg (Fig. 6(a) and
(b)). This phenomenon can be attributed to the competing hemody-
namic effects of elevated pressure: while increased vascular displace-
ment tends to reduce the velocity gradient, the concomitant
enhancement of vortex flow within the PAU cavity can partially coun-
teract this effect. When the vortex-induced flow acceleration surpasses
the displacement effect, a net increase in velocity gradient occurs.
Overall, blood pressure fluctuations within the investigated range exert
minimal impact on TAWSS magnitude across all PAU locations.

Fig. 5(b) demonstrates the von Mises stress distribution under
different pressure conditions for PAUs at different locations. The results

reveal a significant positive correlation between blood pressure eleva-
tion and von Mises stress elevation, particularly in the neck region. For
instance, for the PAU at Location I, the von Mises stress in the upper neck
region increases from 0.30 MPa under the lower blood pressure condi-
tion (p = 60/115 mmHg) to 0.40 MPa under the hypertension condition
(p = 100/155 mmHg) (Fig. 7(a)). Similarly, for the PAU at Location IV,
the von Mises stress in the lower neck region rises from 0.17 MPa (p =
60/115 mmHg) to 0.22 MPa (p = 80/135 mmHg) and further to 0.26
MPa (p = 100/155 mmHg) (Fig. 7(d)). Please refer to the purple dashed
line in Fig. 7 for more data. Therefore, these observations show that
elevated blood pressure significantly increases the von Mises stress on
PAU walls, thereby increasing the rupture risk.
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In addition, the purple dashed lines in Fig. 8 clearly demonstrate that
increasing pressure levels significantly amplify the displacements of
PAUEs. For example, for the PAU at Location II, as pressure increases, the
displacement in the dome region increases from 0.89 mm to 1.27 mm
and then to 1.69 mm. Similarly, the displacement in the upper neck
region from 1.06 mm to 1.40 mm and further to 1.76 mm, and in the
lower neck region from 1.23 mm to 1.63 mm and ultimately to 2.08 mm
(Fig. 8(b)). This result demonstrates that hypertension induces elevated
mechanical deformation in PAU structures, thereby increasing the risk
of PAU rupture.

3.2.4. The effect of heart rate

Clinically, an elevated heart rate is a significant risk factor for car-
diovascular disease. Specifically, for PAU patients, heart rates exceeding
90 BPM have been demonstrated to increase the disease risks [45]. Fig. 4

(d) demonstrates three different heart rate conditions: 60 BPM (referred
to as ‘small’), 75 BPM (referred to as ‘middle’), and 100 BPM (referred to
as ‘big’), with 75 BPM serving as the base case setting. The net amount of
blood supplied by the heart per cycle remains the same [46] for all heart
rate cases.

Fig. 5(c) shows that the TAWSS in the neck region increases with
higher heart rates for all PAUs at different locations. For example, for the
PAU at Location I, the TAWSS in the upper neck region is 1.95 Pa at a
heart rate of 60 BPM, and rises to 3.58 Pa when the heart rate increases
to 100 BPM (Fig. 6(a)); for the PAU at Location V, at heart rates of 60,
75, and 100 BPM, respectively, the TAWSSs in the lower neck region are
2.35Pa, 3.30 Pa, and 5.14 Pa (Fig. 6(e)). For additional data, please refer
to the blue dotted line in Fig. 6. This trend indicates that as the heart rate
increases, the TAWSS in the lower neck region may gradually exceed the
physiological range (1.0-3.0 Pa), with the implication of a greater risk of
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ulcerated plaque rupture. In addition, it is found that as the heart rate
increases to 100 BPM, the TAWSS in the PAU dome region increases to
within the physiological range (1.0-3.0 Pa) (Fig. 6), which implies that
proper exercise (which can elevate heart rate) could potentially help
mitigate the PAU progression to some extent.

Blue dotted lines in Figs. 7 and 8 show that an increase in heart rate is
associated with higher von Mises stress and displacement for PAUs at all
locations. This can be attributed to the elevated peak velocity during the
cardiac cycle resulting from an increased heart rate, which leads to a
greater impact of blood flow on the vessel wall. Therefore, A higher
heart rate is associated with a higher rupture risk of PAU.

3.2.5. Correlation analysis of PAU size, pressure, and heart rate on
hemodynamic parameters

To quantify the effects of PAU size, blood pressure, and heart rate on
each hemodynamic parameter, a regression analysis is conducted. Spe-
cifically, least squares regression is employed to estimate the slopes (k)
of all lines in Figs. 6-8 according to the following equation:

k=30 (a—X) J_/)/Z:[l (x —X%)°

3.9

where y; represents the values of TAWSS, von Mises stress, and
displacement under a specific condition, x; represents the normalized
values of these biological factors (PAU size, blood pressure, and heart
rate), and k represents the influence magnitude of x on y. The symbols y
and X denote the averages of y; and x;, respectively. To enable compar-
ative analysis of the effects of biological factors on different biome-
chanical parameters, all variables were normalized using the following
equation:

Xi = (ai - amin)/(amax - amin) (35)
where a; represents the value of each biological factor, with diastolic
pressure specifically employed for blood pressure quantification. The
normalization ranges were established based on physiological extremes:
for PAU size, tnax and omin are set to 20 mm and 0 mm respectively; for
blood pressure, g, and o, are set to 240 mmHg and 0 mmHg
respectively; for heart rate, oqy and apmin are set to 220 BPM and 0 BPM
respectively.

To quantitatively compare these effects, we further normalized the
slopes (k) of TAWSS, von Mises stress, and displacement, by introducing
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a dimensionless correlation factor (R):

R = k/max|k| (3.6)

Fig. 9 illustrates the correlation factors (R) for all PAUs at five lo-
cations in this work. It is understandable that R > 0 indicates a positive
correlation, while R < 0 indicates a negative correlation. Additionally,
the absolute value of R reflects the strength of the association. We
specify that R > 0.2 indicates a significant positive influence and R <
—0.1 indicates a significant negative influence in this work. For
example, for the PAU at Location I, the correlation factor (R) of PAU size
on TAWSS in the dome region is -0.13 (see the first row and the second
column in Fig. 9), which indicates a significant reduction in TAWSS with
increasing PAU size; and for the PAU at Location III, the R of pressure on
von Mises stress in the upper neck region is 0.54 (see the eighth row and
the fourth column in Fig. 9), which indicates that the von Mises stress
experiences a significant increase with the increase of pressure.

In Fig. 9, it can be observed that rows 1-5 in column 2 all have R-
values below —0.1, which demonstrates that an increase in PAU size
primarily contributes to a reduction in TAWSS in the dome region.
Moreover, it can be observed that rows 6-15 in columns 4-9 almost all
have R-values exceeding 0.2, which demonstrates that increasing blood
pressure significantly increases von Mises stress and displacement.
Additionally, it can be observed that rows 1-5 in columns 7 and 9 have
R-values exceeding 0.2, which indicates that an increased heart rate
predominantly affects the increase in TAWSS in the neck regions. In
conclusion, Fig. 9 elucidates the effects of various factors on different
biomechanical metrics, thereby enabling us to evaluate how the regu-
lation of these factors can influence the progression and rupture risks of
PAU.

Clinically adopted conservative therapy, which focuses on reducing
blood pressure and heart rate, should be a strategy for managing PAU.
We found that reducing blood pressure and heart rate can lead to a
significant decrease in von Mises stress and displacements which may
mitigate the risk of PAU rupture. However, our findings also suggest that
reducing blood pressure and heart rate does not significantly increase
the TAWSS in the dome region of PAU, which is necessary to mitigate the
risk of PAU progression. In Fig. 9, it can be observed that rows 1-5 in
columns 4-6 have — 0.1 < R < 0, which demonstrates that reducing
blood pressure only leads to a very slight increase of the TAWSS in the
PAU region. This limitation may contribute to the unfavorable outcomes
commonly observed in the natural prognosis of clinically PAUs.
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3.3. Risk comparison between a single big PAU and two small PAUs

In the previous sections, we analyzed the hemodynamics of a single
PAU and systematically investigated the effects of PAU location, size,
blood pressure, and heart rate on PAU progression and rupture risks.
However, clinical presentations often involve more complex scenarios,
particularly multiple PAUSs. This raises a crucial clinical question: Which
scenario poses a higher risk—multiple small PAUs or a single big PAU?
In this study, we controlled the total volume of PAUs to be the same and
examined two scenarios: one case with a single big PAU (r = 8.00 mm)
and the other case with two small PAUs (r = 5.65 mm) (Fig. 10). These
configurations were compared to evaluate their relative progression
risks.

Fig. 10 shows the distributions of TAWSS for two small PAUSs versus a
single big PAU at various locations. Both scenarios exhibit low TAWSS in
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influence of PAU size, blood pressure, and heart rate on hemodynamic parameters for PAUs at different locations by correla-

the dome region and high TAWSS in the neck region. Fig. 11 provides a
quantitative comparison of the TAWSS values in different regions for a
single big PAU and two small PAUs. Notably, at all five locations, the
TAWSS of two small PAUs is closer to the physiological range than that
of a single big PAU (Fig. 11). Focusing on TAWSS values outside the
physiological range, at Location I, the single big PAU has significantly
higher TAWSS in the lower neck region compared to the two small PAUs,
suggesting a higher risk of ulcer plaque rupture. Furthermore, at Loca-
tions II, III, IV, and V, in the dome region, the single big PAU exhibits
significantly lower TAWSS than the two small PAUs, indicating a higher
risk of progression (Fig. 11).

Through a comprehensive quantitative analysis of TAWSS distribu-
tions (Fig. 11), we compared hemodynamic characteristics between a
single big PAU and two small PAUs. This study specifically addresses the
clinical scenario of asymptomatic presentations, where the immediate

Fig. 10. The TAWSS distributions of a single big PAU and two small PAUs at five locations. (a) Location I; (b) Location II; (c) Location III; (d) Location IV; (e)

Location V.



T. Wu et al.

|

Computer Methods and Programs in Biomedicine 270 (2025) 108973

I I11

4 4 4
~3 B S ~3
&£ 53¢ &£ o &£
2 = 2 = 2
»n2 physiological :3:} »n2 o physiological :E: »n 2 physiological
z : Al | = 2
P B P B _ B =
1 B 1 B B B 1
262} %% o2 %0}
%02 %62 0% 20}
o3¢) o39] R [o%s)
o8 o5} o2 o3
539 oo} I o5 % o3} 0 J I E E
upperneck dome  lower neck upperneck dome  lower neck upperneck dome  lower neck
region region region region region region region region region
4 4
~3 -3
& . & smanpav1 S
<§ 2 physiological - big PAU "~ " ‘é’ 2
—_— ~
= == small PAU 2 =
1 1
& =

lower neck
region

dome
region

upper neck
region

lower neck
region

dome

region region
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risk of rupture is minimal but monitoring progression is crucial. The
analysis reveals that the big PAU exhibits a lower TAWSS in the dome
region, suggesting that a single big PAU carries a higher progression risk
compared to two small PAUs. It is crucial to emphasize that our findings
specifically pertain to early-stage asymptomatic PAUs, where the
structural integrity of the vessel wall remains relatively preserved, and
both von Mises stress and displacements remain substantially below
rupture thresholds. Therefore, von Mises stress and displacement were
not quantitatively analyzed. However, in cases approaching rupture,
where the PAU wall is commonly significantly thinner and more fragile,
von Mises stress and displacement become critical determinants of
rupture, warranting investigation in future studies.

4. Conclusions

A 3-dimensional PAU model considering the interaction between
blood vessel wall deformation and blood flow dynamics has been
developed in this work. Our model incorporates the impedance and
compliance of the aorta by employing the Windkessel models at all
outlet boundaries. Our analysis of the base case reveals that a low
TAWSS in the dome region correlates with increased risks of PAU pro-
gression and rupture. Furthermore, high TAWSS in the neck region is
linked to an elevated risk of ulcerated plaque rupture.

We compared model predictions from FSI simulations with those
from CFD simulations. The FSI approach, which accounts for the inter-
action between blood flow and vascular wall deformation, produces
lower WSS than CFD. Additionally, FSI provides valuable biomechanical
parameters, such as von Mises stress and wall displacement. Low WSS
can increase the vulnerability of the PAU wall, potentially leading to
PAU progression or even rupture, while higher von Mises stress may
result in immediate material failure, causing PAU rupture. Thus, FSI
provides superior reliability in assessing PAU progression and rupture
risks.

Moreover, our study conducted a comprehensive evaluation of the
effect of biological factors, including PAU location and size, as well as
blood pressure and heart rate on critical biomechanical metrics. The
analysis yielded several significant findings: PAUs in the descending
aorta exhibited lower TAWSS in the dome region compared to other
locations, indicating an elevated progression risk; a progressive reduc-
tion in TAWSS was observed in the PAU dome region as the PAU radius
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increased to 10 mm, with values falling below the physiological range
(1.0-3.0 Pa), which suggested that the PAU progression and rupture
risks increase with the growth of PAU size; elevated blood pressure and
increased heart rate were both associated with higher von Mises stress
and greater displacement, indicating an elevated risk of PAU rupture.
Furthermore, correlation analysis demonstrated that reduced pressure
and heart rate could decrease the von Mises stress and displacement of
PAUs, thereby mitigating the rupture risk. However, this therapeutic
approach failed to restore TAWSS in the dome region to the physiolog-
ical range to halt PAU progression. Therefore, these findings provide
quantitative biomechanical evidence supporting the limitations of con-
servative treatment strategies for PAUs

Additionally, the progression risk of a single big PAU was compared
with that of two small PAUs with the same total volume, which is a
common concern raised by clinicians. The results indicate that, in
asymptomatic cases, a single large PAU presents a higher progression
risk, thus requiring greater attention.

This work will facilitate clinicians in making well-informed decisions
and increase the success of management for PAU diseases. Moreover,
this study highlights the promising potential of FSI simulations in the
diagnosis and treatment of aortic diseases.

However, several limitations of this study should be acknowledged.
Firstly, the idealized aortic model does not fully capture the anatomical
and structural characteristics of individual patients, potentially
restricting the direct application of the findings in clinical practice.
Secondly, the material properties of the arterial wall and PAU were
assumed to be isotropic linear elastic materials. This assumption de-
viates from the actual biological tissues, which exhibit nonlinear and
anisotropic properties. Consequently, this discrepancy may influence
the accurate assessment of vessel wall stress and deformation. Addi-
tionally, blood was modeled as an incompressible Newtonian fluid,
which may not fully account for the complex hemodynamic features in
detail.

Future work will focus on utilizing patient-specific geometries and
incorporating more realistic models for blood and the arterial wall.
Given these biomechanical metrics influence aortic disease progression
through pathobiological mechanisms, the development of pathologi-
cally relevant models and their integration with FSI simulations is of
significant interest. However, more complex models inevitably demand
higher computational costs. Therefore, we will also focus on model
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optimization and accelerated computational methods to improve
computational efficiency. We anticipate that these advancements will
enable clinicians to tailor treatments more precisely to individual pa-
tients, thereby promoting personalized care.
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