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Hemodynamics in the treatment
of pseudoaneurysm caused by
extreme constriction of aortic
arch with coated stent
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Yuxi Li3, Jiayou Tang1, Yang Liu1* and Jian Yang1*
1Department of Cardiovascular Surgery, Xijing Hospital, Air Force Medical University, Xi’an, Shaanxi,
China, 2School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi, China,
3Department of Ultrasound Medicine, Xijing Hospital, Air Force Medical University, Xi’an, Shaanxi, China
Objectives: To evaluate the changes in distal vascular morphology and
hemodynamics in patients with extremely severe aortic coarctation (CoA) after
covered palliative (CP) stent dilation with different surgical strategies.
Materials and methods: Perioperative computed tomography angiography and
digital subtraction angiography were utilized to construct three aortic models
with varying stenosis rates and one follow-up model in a patient with
extremely severe CoA. The models included: an idealized non-stenosed model
(A: 0%), a model post initial stent deployment (B: 28%), a model post balloon
expansion (C: 39%), and a model 18 months after post-balloon expansion (D:
39%). Consistent boundary conditions were applied to all models, and
hemodynamic simulation was conducted using the pure fluid method.
Results: The narrowest and distal diameter of the stent increased by 34.71% and
59.29%, respectively, from model B to C. Additionally, the distal diameter of the
stent increased by −13.80% and +43.68% compared to the descending aorta
diameter, respectively. Furthermore, the ellipticity of the maximum cross-
section of the aneurysm region in model A to D continued to increase. The
oscillatory shear index at the stenosis to the region of the aneurysm were
found to be higher in Models A and B, and lower in Models C and D. At the
moment of maximum flow velocity, the blood flow distribution in models A
and B was more uniform in the widest section of the blood vessels at the
distal end of the stenosis, whereas models C and D exhibited disturbed blood
flow with more than 2 eddy currents. The time-averaged wall shear stress
(TAWSS) decreased in the distal and basal aneurysms, while it significantly
increased at the step position. The aneurysmal region exhibited an endothelial
cell activation potential value lower than 0.4 Pa−1.
Conclusion: In patients with extremely severe CoA, it is crucial to ensure that the
expanded diameter at both ends of the CP stent does not exceed the native
vascular diameter during deployment. Our simulation results demonstrate that
overdilation leads to a decrease in the TAWSS above the injured vessel,
creating an abnormal hemodynamic environment that may contribute to the
development and enlargement of false aneurysms in the early postoperative period.

Clinical Trial Registration: ClinicalTrials.gov, (NCT02917980).
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Introduction

Extremely narrowed aortic arch is a rare and severe congenital heart

disease in which patients often present with upper extremity

hypertension, making activities limited, and stenting of the aortic arch

is currently the modality of choice for the treatment of coarctation of

the aorta (CoA) (1–3). When employing Cheatham Platinum (CP)

stents for CoA treatment, the balloon-in-balloon (BIB) catheter is

typically not inflated to the extent that it fully matches the size of the

stenotic region within the vessel, which makes the mid-section of the

stent present a waist sign in the postoperative period, and the stent

has poor morphology and a high rate of shortening after

overexpansion, which can damage the endothelium and cause

iatrogenic pseudoaneurysm in the distant future of the procedure

(4, 5). Therefore, how to find a more appropriate surgical strategy for

patients with extreme narrowing of the aortic arch is a major clinical

problem that needs to be explored and solved under the constraints of

guaranteeing the safety of the procedure, the long-term effectiveness

of the postoperative period, and the feasibility of the surgical program

in line with the actual operation of the clinic (6–9).

It has been observed that diverse hemodynamic conditions can

influence the morphological development of blood vessels. In the

presence of hemodynamic irregularities within the vessel, there is a

risk of aneurysm, aortic dissection, and atherosclerosis (6, 7). When

the vessel undergoes an interventional procedure, the hemodynamic

environment is significantly altered (7, 8). Evaluating the efficacy of

stent implantation in the clinical setting involves assessing changes

in pressure and flow velocity immediately post-implantation. Over

the long term, the adaptation of vessels to these changes and the

potential future complications can be predicted by analyzing

alterations in vascular forces and blood flow patterns (8, 9). These

biomechanical parameters can be determined using Computational

Fluid Dynamics (CFD) numerical simulation techniques.

This study involved a retrospective analysis of a patient who had

undergone CoA stenting and subsequently developed a

pseudoaneurysm. Numerical simulations, utilizing multimodal images

of the patient, were conducted to compare the changes in

hemodynamic parameters between the anticipated ideal state and the

actual intraoperative conditions post-procedure (6–8). The objective is

to predict the risk factors of complications, such as pseudoaneurysm,

after the treatment of extreme CoA using morphological and

biomechanical analysis (9, 10). Additionally, this research

methodology can aid in identifying a more suitable procedure strategy

for patients with extreme aortic arch narrowing, considering both

surgical safety and long-term effectiveness, while ensuring practical

feasibility within clinical practice (11, 12). This will serve as a robust

foundation for the future development and implementation of stent

implantation strategies for aortic arch narrowing.
Materials and methods

Baseline characteristics

A male patient presenting with a narrowed aortic arch and

intractable hypertension (upper extremity blood pressure of
Frontiers in Cardiovascular Medicine 02
210/110 mmHg) was selected for this study. The patient had a

dissected stenosis (dissected length of 6 mm) and preoperative

measurements indicating a left radial artery blood pressure

of 185/110 mmHg, right femoral artery blood pressure of

75/60 mmHg, and an stenosis pressure difference of 110 mmHg.
Procedures

Intraoperatively, DSA-guided transcatheter stenting was

performed using 39-mm-length overlay CP stents, along with a

20 mm Numed BiB balloon dilatation. During the procedure, the

stent underwent initial balloon expansion, and angiography revealed

the presence of stenosis, with the stent being well adhered to the

vessel wall. Monitoring of the blood pressure using a pigtail catheter

positioned at the proximal and distal ends of the stenosis yielded a

maximum systolic pressure difference of 13 mm Hg. Due to the

apparent stenosis and the pressure difference not meeting the

standard range, the surgeon applied high pressure to the balloon for

a second time to expand the stent, resulting in a reduced pressure

difference of 4 mmHg. Consequently, the patient’s hypertension

was alleviated, and the procedure was successfully concluded.
Computed tomography angiography (CTA)
images

The CTA images were acquired using a Siemens dual-source

Flash CT, covering the scanning range from the skull base to the

bilateral groin, with a slice thickness of 1 mm and slice spacing

of 0.8 mm. The scanning direction was head to foot, with a tube

voltage of 100 KV and an automatically adjusted tube current

ranging from 200 mA to 600 mA. A contrast agent triphasic

injection scheme was implemented as follows: I. 350 mgI

70–80 ml at a flow rate of 4–5 ml/s, II. 350 mgI 20 ml at a flow

rate of 1.5 ml/s, III. saline 30–40 ml at a flow rate of 4–5 ml/s.
Geometric modeling

In this study, we acquired computed tomography angiography

(CTA) images of the patient, encompassing preoperative CTA, CTA

at 3 days postoperatively, and CTA at 18 months postoperatively

(Figure 1). The Mimics Innovation Suite 21.0 software was utilized to

interpret the patient’s CTA in DICOM format. First, we developed

model A, aimed at achieving perfect correction, by utilizing

preoperative CTA images to replicate the stenosis location with the

same diameter as the descending aorta, demonstrating a stenosis rate

of 0.0%. Subsequently, model B was constructed for optimal

intervention, which entailed measuring the stent height and

diameters at both ends of the stent based on the digital subtraction

angiography (DSA) images following the initial intraoperative

balloon dilatation and comparing these measurements with those

from the preoperative CTA images. After realizing that the DSA

images were not scaled, the stent shape and size at different angles

following the initial surgical intervention were obtained based on the
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FIGURE 1

Three-dimensional images of the aorta during perioperative CTA in patient. (A) Preoperative image; (B) postoperative-3 days; (C) postoperative-18
months. The white arrow indicates the position of the stenosis. The red arrows indicate the neck of the aneurysm in B and the distance between
the aneurysm dome and the parent artery in C, respectively.
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intraoperative dynamic DSA images. Subsequently, Model B, with a

stenosis rate of 28%, was virtually constructed using the preoperative

CTA images. Subsequently, Model C was developed following the

second intervention, signifying overcorrection and the conclusion of

the procedure after the second balloon dilatation. Model C,

representing a stenosis rate of 39% in the actual state, was

constructed based on the review of CTA images at 3 days

postoperatively. Lastly, a model was constructed for the patient at 18

months after the second dilatation of the stent, and a model of the

patient at 18 months after the second dilatation of the stent was

constructed by using the review CTA images to directly construct

model D, with a stenosis rate of 39%. Model D was utilized to

validate the findings of Model C and to monitor the progression of

aneurysm development. It is noteworthy that the model was

simplified by deleting the distal collateral vessels in the stenosis of the

descending aorta (Figure 2).
Numerical simulation methods

The blood flowwasmodeled as an incompressible Newtonian fluid

with laminar characteristics. Key parameters included a blood density

of 1,150 kg/m3, blood viscosity of 0.0035 Pa·s, and Poisson’s ratio of

0.45. Both the vessel wall and stent position were treated as rigid

walls with no slippage. Pure fluid analysis was conducted using the

CFX module in Ansys 2021 R1 software, with a boundary layer of

8. Additionally, tetrahedral meshers were created in the fluid domain

using Ansys ICEM CFD (10, 11). As depicted in Figure 3, boundary

conditions were established based on postoperative ultrasound and

monitoring, enabling the determination of flow velocity at the center

point of the ascending aorta (AA), brachiocephalic trunk (BCA), left

common carotid artery (LCCA), and left subclavian artery (LSA)

(13). At the same time, a 5F pigtail catheter with a pressure sensor
Frontiers in Cardiovascular Medicine 03
was inserted into the distal end of the descending aorta (DA)

through the femoral artery. The pressure waveform of the outlet DA

and the heart rate (75 beats/min, corresponding to a cardiac cycle of

0.8 s) were recorded using an ECG monitor (14). The transient

simulations demonstrated that the model achieved convergence in

calculating the results for three cardiac cycles. As a result, the

findings of the fourth cycle were extracted for analysis in this study.

(The measurement data for all models, including boundary, stenosis

position, aneurysm diameter, stenosis rate, ellipticity, etc., are

presented in Table 1. The corresponding measurement positions for

each parameter are illustrated in Figure 3.)
The post-processing data extraction

The post-processing software CFD-Post 2021 R1 was utilized to

calculate essential parameters such as Time-Averaged Wall Shear

Stress (TAWSS), Oscillatory Shear Index (OSI), Endothelial Cell

Activation Potential (ECAP) (12), velocity, and others. These

parameters were displayed using contours, vector diagrams, and

various other visualization methods. The pertinent mechanical

parameter are provided in Equations (1), (2), and (3), respectively:

TAWSS ¼ 1
T
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FIGURE 2

Three-dimensional digital models were constructed based on CTA and DSA images. Model A represents the idealized expansion of the stent to match
the vessel diameter; model B signifies the initial partial expansion of the stent; model C portrays the subsequent over-expansion of the stent; and
model D showcases the vessel model 18 months after the second over-expansion of the stent. Specifically, model C corresponds to a 3-day
postoperative model depicted in Figure 1B, while model D corresponds to the 3D CTA images shown in Figure 1C.

FIGURE 3

Boundary conditions of models and schematic representation of the plane of correlation analysis.

Li et al. 10.3389/fcvm.2024.1363230
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TABLE 1 The diameters of aortic at baseline and follow-up.

Model A (control) B (1st-expansion) C (2nd-expansion) D (Postoperative-18 months)
D_AA(mm) 27.94 27.73 28.41 30.81

D_BCA(mm) 19.51 19.46 16.39 15.47

D_LCCA(mm) 10.02 10.03 8.39 7.37

D_LSA(mm) 13.37 13.48 11.82 10.28

D_DA(mm) 14.77 14.85 14.19 16.36

DS_min(mm) 18.32 9.22 12.42 11.94

DS(mm) 18.32 12.80 20.39 19.67

Percentage of stent stenosis 0% 28% 39% 39%

DV_max(mm) 18.45 18.78 23.73 34.43

DV_min(mm) 18.30 18.30 18.53 22.76

Ellipticity 1.01 1.03 1.28 1.51

Li et al. 10.3389/fcvm.2024.1363230
Wall Shear Stress (WSS) refers to the tangential force exerted on a

vessel due to pulsatile blood flow. In formulas (1) and (2), WSS

represents the instantaneous WSS vector, and T denotes the

integration period, specifically referring to a cardiac cycle. TAWSS

denotes the average integral value of WSS during a cardiac cycle.

Inadequately low WSS can lead to intimal inflammation and platelet

deposition, while excessively high WSS can damage the blood vessel

wall. OSI is utilized to assess WSS volatility, primarily measuring the

degree of WSS direction change during the cardiac cycle. The value

ranges from 0 to 0.5, where 0 indicates stable WSS direction

throughout the cardiac cycle, and 0.5 indicates significant changes in

WSS direction, representing purely oscillatory flow. ECAP serves to

characterize the potential for local mural thrombosis in aneurysms.

A higher ECAP suggests a greater likelihood of thrombosis, and a

value of 1.4 Pa-1 is generally considered critical (15). Therefore,

these hemodynamic parameters can be employed to analyze the

development of vascular aneurysms and associated complications (16).
Results

Morphological feature

Initially, anatomical measurements indicated a progressive

decrease in the diameters of the three branch vessels of the aortic

arch post-surgery. Notably, at the 18-month mark, the BCA,

LCCA, and LSA exhibited reductions of 20.71%, 26.45%, and

23.11%, respectively, compared to their preoperative

measurements. In contrast, the diameters of the aortic AA and

descending aortic DA increased by 10.27% and 10.77%,

respectively, during the same period.

From model B to model C during the two intraoperative

interventions, it can be seen that the diameter of the narrowest

stenosis position of CoA patients increased from 9.22 mm to

12.42 mm, that is, the diameter of the stenosis position of the

stent increased by 34.71% after expansion. The diameter of the

distal stent at the stenosis site expanded from 12.80 mm to

20.39 mm, an increase of 59.29%. However, for CP stents, the

stenosis rate at the CoA lesion site increased from 28% to 39%.

Meanwhile, relative to the diameter of the descending aorta, the

diameter of the distal end of the stent decreased by 13.80% in

model B and increased by 43.68% in model C (Table 1).
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Figures 1, 2 show that following the second intervention, an

asymmetrical “step” pattern emerged on the inner curvature of the

aorta, located 10.41 mm from the distal end of the stent. The angle

formed at this position became increasingly sharper over the 18

months after surgery. The DSA image reveals a deepening of the

angiographic development at the top of the “step”. According to the

two follow-up examinations, the vascular wall in this region

continues to locally expand, leading to the formation of aneurysms.

The maximum aneurysm diameter (DV_max), measured as the

distance between the aneurysm dome and the parent artery,

gradually increases from Model A to Model D, with growth rates of

1.79%, 26.36%, and 45.09%, respectively. The narrowest diameter

(DV_min) grew more slowly, with growth rates of 0%, 1.26%, and

22.83%. Concurrently, the ellipticity of the blood vessels at this cross-

section increased by 1.98%, 24.27%, and 17.97% across the models.
Hemodynamic characteristics

TAWSS: As depicted in Figure 4, the TAWSS of the vascular wall

in the aneurysm region inmodels C andD, reviewed after surgery, was

higher compared to the ideal Model A and Model B, which exhibited

insufficient stent expansion during the initial intervention. In model

C, the TAWSS on both sides of the short axis of the aneurysm fell

within the range of normal vascular stress, while the local TAWSS

at this position in Model D was in the 5∼6 Pa range, slightly higher
than the normal value. At 18 months post-surgery, the TAWSS at

the distal end of the long axis of the aneurysm and at the lowest

end of the aneurysm in Model C was lower than 1 Pa, whereas in

Model D, it was within the normal range of 1∼4 Pa. With the

growth of the aneurysm, the TAWSS at the “step” position in

Model D increased significantly, with an area of more than 5 Pa

expanding. Furthermore, in Model C, characterized by excessive

stent expansion during the second intervention, a step-type

aneurysm structure emerged in the blood vessels at the distal end of

the stent, leading to an overall increase in TAWSS at this position,

particularly at the step-type location.

OSI and Velocity: In Figure 5, following the initial intervention

(Model B), the OSI value at the distal stent closely approximates

that of an idealized normal individual (Model A), ranging from

0.30 to 0.45. However, at 3 days (Model C) and 18 months (Model

D) after overdilation, the blood vessels downstream of the stent
frontiersin.org
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FIGURE 4

Depicts time-averaged wall shear stress (TAWSS) contour of models A to D indicated in different follow-up.
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continue to dilate. Consequently, the OSI at the aneurysm gradually

decreased. in model C, the OSI is primarily concentrated at 0.06–

0.12, and in model D, it ranges from 0.00 to 0.09. The maximum

inlet flow velocity occurs at t = 0.096 s during one cardiac cycle.

The velocity distribution appears more uniform in model A and B,

model C shows mild blood flow disturbance, and in model D, up

to three instances of rotational flow are observed in this cross-section.

ECAP, which represents the ratio of two parameters, OSI and

TAWSS, serves as an indicator for assessing the susceptibility to

thrombosis in aneurysms (12). As depicted in Figure 6, the

distribution of ECAP in the distal aneurysm region of the stent

varies across the four models. Results from two postoperative

follow-up visits reveal a gradual decrease in vascular wall ECAP

in this area over time, with values lower than those observed

during the initial intraoperative intervention and in the ideal

stenosis-free model. Moreover, the ECAP value in all models is

consistently below 1.4 Pa-1. Specifically, in the ideal model A, the

ECAP is primarily concentrated in the range of 0.42 to

0.75 Pa−1, while in model B, it ranges from 0.20 to 0.80 Pa−1.

Additionally, model C exhibits a focus on 0.05–0.35 Pa−1, and

model D is concentrated in the range of 0.00–0.15 Pa−1.
Discussion

Coarctation of the aorta (CoA) is a prevalent congenital heart

condition that prompts the development of robust collateral

circulation in the descending aorta to ensure adequate blood

supply to the lower limbs. Unlike typical patients with

constricted arches, the distal end of the stenosis did not exhibit
Frontiers in Cardiovascular Medicine 06
dilation due to the collateral blood supply. Consequently, the CP

stent and BIB were chosen based on the diameter at the distal

end of the stenosis to address this unique characteristic.

In large arterial vessels, the normal WSS typically falls within

the range of 1–5 Pa (7). When this range is exceeded, the vessel’s

anti-inflammatory and anti-thrombotic responses can be altered.

Particularly in cases of arterial stenosis, the vessels downstream

of the stenosis may facilitate aneurysm dilation due to the

elevated WSS (17, 18). A comprehensive evaluation of the risk of

associated complications under various CoA stent implantation

strategies necessitates careful consideration of hemodynamic

alterations. Given that aneurysm dilation, rupture, and

thrombosis are attributed to the collective hemodynamic effects

occurring throughout the cardiac cycle, it is essential to

concurrently assess multiple parameters such as TAWSS, OSI,

and ECAP for comprehensive risk evaluation (19–22).

In the specific case under consideration, as observed in the

DSA image, the second balloon expansion resulted in the stent

becoming shorter and wider, during the shortening process, it is

prone to causing damage to the intima. The results presented in

Table 1 and Figure 4 illustrate the evolving regional morphology

and local TAWSS of the aneurysms over time. The aneurysm

exhibited slight dilation in the short axis direction and significant

growth in the long axis direction. This phenomenon can be

attributed to the low TAWSS of the vessel wall in the long axis

direction of the aneurysm at 3 days post-surgery (Model C),

while the TAWSS at this location in Model D returned to the

normal range at 18 months post-surgery. This discrepancy led to

rapid expansion of the aneurysm in the long axis direction in the

early stage, potentially resulting in relative stability in the long
frontiersin.org
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FIGURE 5

Aortic Oscillatory Shear Index (OSI) contour and cross-sectional velocity vectors at the site of aneurysm generation of maximum flow rate at different
follow-up time (t = 0.096s).

FIGURE 6

Endothelial cell activation potential (ECAP) contour models A to D indicated different follow-up time.

Li et al. 10.3389/fcvm.2024.1363230
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term. In contrast, the TAWSS of the artery wall in the short axis

direction of the aneurysm only marginally increased at 18

months post-surgery, contributing to the gradual expansion of

the aneurysm in the short axis direction (23–25).

Several studies have indicated a correlation between localized

aneurysm dilation and the rapid growth of intraluminal

thrombus within the aneurysm (26). As depicted in Figure 5,

aneurysms developed in the narrow distal blood vessels following

overexpansion of the CP stent, with the OSI in this area

significantly lower than that of model B, which underwent

incomplete initial dilation. Multiple eddy currents were observed

in the aneurysm region, potentially contributing to the low OSI.

Subsequent imaging revealed no thrombosis in the patient’s

aneurysm region. However, while numerous studies suggest a

noteworthy negative correlation between intravascular OSI and

thrombus aggregation in aneurysms, indicating that low OSI

regions may promote thrombosis (27, 28), other studies argue

that the relationship between intra-aneurysm OSI and thrombus

deposition cannot be solely determined based on OSI (29).

Consequently, it is challenging to employ OSI and eddy currents

conjointly to evaluate aneurysm thrombosis in this case.

Considering the prevailing viewpoint that TAWSS and OSI

collectively contribute to thrombosis formation, we introduce the

related parameter ECAP for analysis. Generally, an ECAP value

exceeding 1.4Pa-1 is indicative of a high probability of

thrombosis. Simulation results for this patient indicate that the

ECAP value in the distal vascular region of these stent models

remains below this critical threshold, irrespective of the initial

incomplete stent dilation or subsequent excessive dilation.

Consequently, we posit that the risk of thrombosis in aneurysms

is low. The factors contributing to rapid aneurysm dilation

demonstrate limited correlation with thrombus formation.
Study limitations

The present study utilized a simplified shell unit model and

conducted a pure fluid analysis without considering the vessel

wall thickness and its elastic structure beyond the point of coated

stent implantation. Notably, the vessel wall typically comprises

three layers - endothelium, midthelium, and ectothelium - each

with unique properties. Furthermore, the patient’s endothelium

experienced minor rupturing during surgery, giving rise to a

medically originated pseudoaneurysm with distinct vascular

properties compared to other segments of the vessel wall. There

is potential for predicting the growth rate and morphology of

pseudoaneurysms through fluid-solid coupling (30, 31).

Additionally, we implemented standardized boundary conditions

to alleviate the impact of these variables, allowing for a more

focused comparison of hemodynamic differences within the

lesion area. However, this approach may introduce some bias in

interpreting the results. Specifically, despite the thick side branch

of the descending aorta distal to the stenosis of the aortic arch,

which contributes to lower limb blood flow. Upon removal of

these collateral vessels, blood flow and WSS in the abdominal

aorta at and below this location will decrease, leading to a
Frontiers in Cardiovascular Medicine 08
reduction in intracranial eddy currents to some extent. However,

given the focus of this paper, the alteration in the hemodynamic

environment of the thoracic aorta will not be addressed. For

patients with extremely severe CoA, the blood supply to the

descending aorta will no longer primarily rely on collateral

vessels post-stenting. Consequently, based on the postoperative

reexamination images of the patients, the collateral vessels also

adaptively diminish in size, thereby reducing their original blood

supply function. Hence, it is reasonable to disregard the

influence of collateral vessels on the hemodynamic environment

of aneurysms in the simplified model presented in this paper.
Conclusions

Our model demonstrated that after the initial moderate stent

expansion, the hemodynamic parameters of Model B were very

close to those of the idealized normal Model A, suggesting a low

risk of serious complications following the procedure. In

contrast, when the diameter of both ends of the CP stent

significantly exceeded that of the descending aorta due to

overexpansion, the resulting asymmetric aneurysm exhibited low

TAWSS and ECAP in the distal vascular wall. This scenario

would likely promote the rapid expansion and growth of

pseudoaneurysms in the early stage. Notably, the distribution

range of TAWSS along the vascular wall provides important

guidance for predicting the potential for aneurysm expansion.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving humans were approved by Xijing

Hospital (approval number: KY-20192138-C-1). The studies were

conducted in accordance with the local legislation and

institutional requirements. Written informed consent for

participation was not required from the participants or the

participants’ legal guardians/next of kin in accordance with the

national legislation and institutional requirements. Written

informed consent was obtained from the individual(s) for the

publication of any potentially identifiable images or data

included in this article.
Author contributions

LL: Conceptualization, Methodology, Writing – original draft.

YW: Conceptualization, Data curation, Investigation, Writing –

review & editing. PJ: Conceptualization, Data curation,

Supervision, Writing – review & editing. TY: Data curation,
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1363230
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1363230
Formal Analysis, Resources, Writing – review & editing. GZ:

Conceptualization, Data curation, Investigation, Software,

Supervision, Writing – review & editing. YuL: Data curation,

Formal Analysis, Methodology, Supervision, Writing – review &

editing. JT: Investigation, Supervision, Visualization, Writing –

review & editing. YaL: Data curation, Funding acquisition,

Investigation, Validation, Visualization, Writing – review &

editing. JY: Conceptualization, Funding acquisition, Supervision,

Validation, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This work was supported by the Development and

Transformation of New Technology and Construction of

Precision Diagnosis and Treatment System for Transcatheter

Interventional Diagnosis and Treatment of Structural Heart

Diseases (2022YFC2503400); Research on Key Techniques of

Minimally Invasive Treatment for Valvular Heart Diseases (2023-
Frontiers in Cardiovascular Medicine 09
YBSF-105); National Key Research and Development Programs

(2022YFC2503402); National Natural Science Foundation of

China (82370375, 82270526)
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. O’Brien P, Marshall AC. Coarctation of the aorta. Circulation. (2015) 131
(9):363–5. doi: 10.1161/CIRCULATIONAHA.114.008821

2. Sadeghipour P, Mohebbi B, Firouzi A, Khajali Z, Saedi S, Shafe O, et al. Balloon-
Expandable cheatham-platinum stents versus self-expandable nitinol stents in
coarctation of aorta: a randomized controlled trial. JACC Cardiovasc Interv. (2022)
15(3):308–17. doi: 10.1016/j.jcin.2021.11.025

3. Stout KK, Daniels CJ, Aboulhosn JA, Bozkurt B, Broberg CS, Colman JM, et al.
2018 AHA/ACC guideline for the management of adults with congenital heart disease:
a report of the American College of Cardiology/American Heart Association Task
Force on clinical practice guidelines. J Am Coll Cardiol. (2019) 73(12):e81–e192.
doi: 10.1016/j.jacc.2018.08.1029

4. Alvarez-Fuente M, Ayala A, Garrido-Lestache E, Bermudez-Cañete R, Garcia-
De Vicente A, Toledano M, et al. Long-term complications after aortic coarctation
stenting. J Am Coll Cardiol. (2021) 77(19):2448–50. doi: 10.1016/j.jacc.2021.
03.303

5. Brown ML, Burkhart HM, Connolly HM, Dearani JA, Hagler DJ, Schaff HV. Late
outcomes of reintervention on the descending aorta after repair of aortic coarctation.
Circulation. (2010) 122(11 Suppl):S81–S4. doi: 10.1161/CIRCULATIONAHA.109.
925172

6. Staarmann B, Smith M, Prestigiacomo CJ. Shear stress and aneurysms: a review.
Neurosurg Focus. (2019) 47(1):E2. doi: 10.3171/2019.4.FOCUS19225

7. Ene-Iordache B, Remuzzi A. Disturbed flow in radial-cephalic arteriovenous
fistulae for haemodialysis: low and oscillating shear stress locates the sites of
stenosis. Nephrol Dial Transpl. (2012) 27(1):358–68. doi: 10.1093/ndt/gfr342

8. Rezaeitaleshmahalleh M, Lyu Z, Mu N, Zhang X, Rasmussen TE, McBane RD,
et al. Characterization of small abdominal aortic aneurysms’ growth status using
spatial pattern analysis of aneurismal hemodynamics. Sci Rep. (2023) 13(1):13832.
doi: 10.1038/s41598-023-40139-z

9. Qiao Y, Mao L, Wang Y, Luan J, Chen Y, Zhu T, et al. Hemodynamic effects of
stent-graft introducer sheath during thoracic endovascular aortic repair. Biomech
Model Mechanobiol. (2022) 21(2):419–31. doi: 10.1007/s10237-021-01542-5

10. Al-Rawi M, Al-Jumaily AM, Belkacemi D. Non-invasive diagnostics of blockage
growth in the descending aorta-computational approach. Med Biol Eng Comput.
(2022) 60(11):3265–79. doi: 10.1007/s11517-022-02665-2

11. Aristokleous N, Kontopodis NG, Tzirakis K, Ioannou CV, Papaharilaou Y.
Hemodynamic impact of abdominal aortic aneurysm stent-graft implantation-
induced stenosis. Med Biol Eng Comput. (2016) 54(10):1523–32. doi: 10.1007/
s11517-015-1425-1

12. Di Achille P, Tellides G, Figueroa C, et al. A haemodynamic predictor of
intraluminal thrombus formation in abdominal aortic aneurysms. Proc R Soc A
Math Phys Eng Sci. (2014) 470(2172):20140163. doi: 10.1016/j.clinbiochem.2012.
04.020

13. Dai Y, Qian Y, Zhang M, Li Y, Lv P, Tang X, et al. Associations between local
haemodynamics and carotid intraplaque haemorrhage with different stenosis
severities: a preliminary study based on MRI and CFD. J Clin Neurosci. (2019)
66:220–5. doi: 10.1016/j.jocn.2019.05.041

14. Zhang M, Liu J, Zhang H, Verrelli DI, Wang Q, Hu L, et al. CTA-based non-
invasive estimation of pressure gradients across a CoA: a validation against cardiac
catheterisation. J Cardiovasc Transl. (2021) 14(5):873–82. doi: 10.1007/s12265-020-
10092-7

15. Kelsey LJ, Powell JT, Norman PE, Miller K, Doyle BJ. A comparison of
hemodynamic metrics and intraluminal thrombus burden in a common iliac artery
aneurysm. Int J Numer Meth Bio. (2016) 33(5). doi: 10.1002/cnm.2821

16. Martufi G, Forneris A, Appoo JJ, Di Martino ES. Is there a role for
biomechanical engineering in helping to elucidate the risk profile of the thoracic
aorta? Ann Thorac Surg. (2016) 101(1):390–8. doi: 10.1016/j.athoracsur.2015.07.028

17. Lu Z, Li S, Tang H, Zhu S, Liu P, Lv N, et al. Effect of proximal parent artery
stenosis on the outcomes of posterior communicating artery aneurysms: a
preliminary study based on case-specific hemodynamic analysis. World Neurosurg.
(2022) 164:e349–57. doi: 10.1016/j.wneu.2022.04.101

18. Kono K, Fujimoto T, Terada T. Proximal stenosis may induce initiation of
cerebral aneurysms by increasing wall shear stress and wall shear stress gradient. Int
J Numer Meth Bio. (2014) 30(10):942–50. doi: 10.1002/cnm.2637

19. Mutlu O, Salman HE, Al-Thani H, El-Menyar A, Qidwai UA, Yalcin HC.
How does hemodynamics affect rupture tissue mechanics in abdominal aortic
aneurysm: focus on wall shear stress derived parameters, time-averaged wall shear
stress, oscillatory shear index, endothelial cell activation potential, and relative
residence time. Comput Biol Med. (2023) 154:106609. doi: 10.1016/j.compbiomed.
2023.106609

20. CebullHL, Rayz VL,GoergenCJ. Recent advances in biomechanical characterization
of thoracic aortic aneurysms. Front Cardiovasc Med. (2020) 7:75. doi: 10.3389/fcvm.2020.
00075

21. Gao JP, Guo W. Mechanisms of abdominal aortic aneurysm progression: a
review. Vasc Med. (2022) 27(1):88–96. doi: 10.1177/1358863X211021170

22. Boyd AJ, Kuhn DC, Lozowy RJ, Kulbisky GP. Low wall shear stress
predominates at sites of abdominal aortic aneurysm rupture. J Vasc Surg. (2016) 63
(6):1613–9. doi: 10.1016/j.jvs.2015.01.040

23. Boyd AJ, Kuhn DC, Lozowy RJ, Kulbisky GP. High WSS or low WSS? Complex
interactions of hemodynamics with intracranial aneurysm initiation, growth, and rupture:
toward a unifying hypothesis. AJNR Am J Neuroradiol. (2014) 35(7):1254–62. doi: 10.
3174/ajnr.A3558
frontiersin.org

https://doi.org/10.1161/CIRCULATIONAHA.114.008821
https://doi.org/10.1016/j.jcin.2021.11.025
https://doi.org/10.1016/j.jacc.2018.08.1029
https://doi.org/10.1016/j.jacc.2021.03.�303
https://doi.org/10.1016/j.jacc.2021.03.�303
https://doi.org/10.1161/CIRCULATIONAHA.109.925172
https://doi.org/10.1161/CIRCULATIONAHA.109.925172
https://doi.org/10.3171/2019.4.FOCUS19225
https://doi.org/10.1093/ndt/gfr342
https://doi.org/10.1038/s41598-023-40139-z
https://doi.org/10.1007/s10237-021-01542-5
https://doi.org/10.1007/s11517-022-02665-2
https://doi.org/10.1007/s11517-015-1425-1
https://doi.org/10.1007/s11517-015-1425-1
https://doi.org/10.1016/j.clinbiochem.2012.04.020
https://doi.org/10.1016/j.clinbiochem.2012.04.020
https://doi.org/10.1016/j.jocn.2019.05.041
https://doi.org/10.1007/s12265-020-10092-7
https://doi.org/10.1007/s12265-020-10092-7
https://doi.org/10.1002/cnm.2821
https://doi.org/10.1016/j.athoracsur.2015.07.028
https://doi.org/10.1016/j.wneu.2022.04.101
https://doi.org/10.1002/cnm.2637
https://doi.org/10.1016/j.compbiomed.2023.106609
https://doi.org/10.1016/j.compbiomed.2023.106609
https://doi.org/10.3389/fcvm.2020.00075
https://doi.org/10.3389/fcvm.2020.00075
https://doi.org/10.1177/1358863X211021170
https://doi.org/10.1016/j.jvs.2015.01.040
https://doi.org/10.3174/ajnr.A3558
https://doi.org/10.3174/ajnr.A3558
https://doi.org/10.3389/fcvm.2024.1363230
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1363230
24. Dolan JM, Kolega J, Meng H. High wall shear stress and spatial gradients in
vascular pathology: a review. Ann Biomed Eng. (2013) 41(7):1411–27. doi: 10.1007/
s10439-012-0695-0

25. Zambrano BA, Gharahi H, Lim C, Jaberi FA, Choi J, Lee W, et al. Association of
intraluminal thrombus, hemodynamic forces, and abdominal aortic aneurysm
expansion using longitudinal CT images. Ann Biomed Eng. (2016) 44(5):1502–14.
doi: 10.1007/s10439-015-1461-x

26. Metaxa E, Kontopodis N, Tzirakis K, Ioannou CV, Papaharilaou Y. Effect of
intraluminal thrombus asymmetrical deposition on abdominal aortic aneurysm
growth rate. J Endovasc Ther. (2015) 22(3):406–12. doi: 10.1177/1526602815584018

27. Arzani A, Suh GY, Dalman RL, Shadden SC. A longitudinal comparison of
hemodynamics and intraluminal thrombus deposition in abdominal aortic
aneurysms. Am J Physiol Heart Circ Physiol. (2014) 307(12):H1786–95. doi: 10.
1152/ajpheart.00461.201428
Frontiers in Cardiovascular Medicine 10
28. Qiu Y, Wang Y, Fan Y, Peng L, Liu R, Zhao J, et al. Role of intraluminal
thrombus in abdominal aortic aneurysm ruptures: a hemodynamic point of view.
Med Phys. (2019) 46(9):4263–75. doi: 10.1002/mp.13658

29. Lozowy RJ, Kuhn DC, Ducas AA, Boyd AJ. The relationship between pulsatile
flow impingement and intraluminal thrombus deposition in abdominal aortic
aneurysms. Cardiovasc Eng Technol. (2016) 8(1):57–69. doi: 10.1007/s13239-016-
0287-5

30. Sheidaei A, Hunley SC, Zeinali-Davarani S, Raguin LG, Baek S. Simulation of
abdominal aortic aneurysm growth with updating hemodynamic loads using a realistic
geometry. Med Eng Phys. (2011) 33(1):80–8. doi: 10.1016/j.medengphy.2010.09.012

31. Geng J, Wang Y, Ji Z, Wang W, Yin Y, Yang G, et al. Advantages of 3D
registration technology (3DRT) in clinical application of unruptured intracranial
aneurysm follow-up: a novel method to judge aneurysm growth. J Neuroradiol.
(2023) 50(2):209–16. doi: 10.1016/j.neurad.2022.08.004
frontiersin.org

https://doi.org/10.1007/s10439-012-0695-0
https://doi.org/10.1007/s10439-012-0695-0
https://doi.org/10.1007/s10439-015-1461-x
https://doi.org/10.1177/1526602815584018
https://doi.org/10.1152/ajpheart.00461.201428
https://doi.org/10.1152/ajpheart.00461.201428
https://doi.org/10.1002/mp.13658
https://doi.org/10.1007/s13239-016-0287-5
https://doi.org/10.1007/s13239-016-0287-5
https://doi.org/10.1016/j.medengphy.2010.09.012
https://doi.org/10.1016/j.neurad.2022.08.004
https://doi.org/10.3389/fcvm.2024.1363230
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Hemodynamics in the treatment of pseudoaneurysm caused by extreme constriction of aortic arch with coated stent
	Introduction
	Materials and methods
	Baseline characteristics
	Procedures
	Computed tomography angiography (CTA) images
	Geometric modeling
	Numerical simulation methods
	The post-processing data extraction

	Results
	Morphological feature
	Hemodynamic characteristics

	Discussion
	Study limitations
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


