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Abstract 

In aortic endovascular repair, the prediction of stented vessel remodeling informs treatment plans and 
risk evaluation; however, there are no highly accurate and efficient methods to quantitatively simulate 
stented vessels. This study developed a fast virtual stenting algorithm to simulate stent-induced aortic 
remodeling to assist in real-time thoracic endovascular aortic repair planning. 
Methods: The virtual stenting algorithm was established based on simplex deformable mesh and 
mechanical contact analysis. The key parameters of the mechanical contact analysis were derived from 
mechanical tests on aortic tissue (n=40) and commonly used stent-grafts (n=6). Genetic algorithm was 
applied to select weighting parameters. Testing and validation of the algorithm were performed using pre- 
and post-treatment computed tomography angiography datasets of type-B aortic dissection cases (n=66).  
Results: The algorithm was efficient in simulating stent-induced aortic deformation (mean computing 
time on a single processor: 13.78±2.80s) and accurate at the morphological (curvature difference: 
1.57±0.57%; cross-sectional area difference: 4.11±0.85%) and hemodynamic (similarity of wall shear 
stress-derived parameters: 90.16-90.94%) levels. Stent-induced wall deformation was higher (p<0.05) in 
distal stent-induced new entry cases than in successfully treated cases, and this deformation did not differ 
significantly among the different stent groups. Additionally, the high stent-induced wall deformation 
regions and the new-entry sites overlapped, indicating the usefulness of wall deformation to evaluate the 
risks of device-induced complications.  
Conclusion: The novel algorithm provided fast real-time and accurate predictions of stent-graft 
deployment with luminal deformation tracking, thereby potentially informing individualized stenting 
planning and improving endovascular aortic repair outcomes. Large, multicenter studies are warranted to 
extend the algorithm validation and determine stress-induced wall deformation cutoff values for the risk 
stratification of particular complications. 

Key words: Virtual stenting, Simplex deformable mesh, Mechanical analysis, Thoracic endovascular aortic repair, 
Virtual angiography 

Introduction 
Successful thoracic endovascular aortic repair 

(TEVAR) of type-B aortic dissection (TBAD) requires 
the appropriate selection and precise positioning of a 
stent-graft to seal the primary tear and reconstitute 
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the elastic aorta [1, 2]. The primary tear is often 
located distal to the left subclavian artery and the 
dissection can significantly squeeze the true lumen. 
The high curvature and large tapering of the stenting 
region poses a challenge (Figure 1). Inadequate 
contact between the stent-graft and the fragile aortic 
wall and intimal flap may lead to device-related 
post-TEVAR complications, such as type I endoleak, 
stent-induced new entry (SINE), and retrograde 
type-A dissection (RTAD), which can be more 
dangerous than the dissection itself; in fact, SINE and 
RTAD have reported mortality rates of 26.1% and 
37.5%, respectively [3-6]. 

Retrospective studies have shown that careful 
stent-graft selection (appropriate oversizing, for 
example) and implantation planning reduce the risk 
of TEVAR-related complications [4, 7, 8]. However, 
guidance on stent-graft selection in TBAD remains 
unclear, with reported oversizing ratio ranging from 0 
to 32% [4]. Comprehensive and accurate real-time 3-D 
simulations of stent-graft deployment and aortic 
remodeling might help overcome the current 
inadequacies of individualized stent-graft fitting and 
improve treatment outcomes as well as future device 
design [9].  

Considerable effort has been invested in the 
numerical simulations of stenting, and these 
simulations have focused on the interaction between 
the stent and the vessel wall as well as post-stenting 
flow prediction. Most of the structural studies use the 
finite element method [10-12], and the flow 
computations usually use computational fluid 
dynamics [13, 14]. Both methods solve complicated 
mechanical equations based on volume mesh and are 
thus time-consuming. Although these studies have 
greatly contributed to stent treatment planning and 
device optimization [12, 15, 16], they may not be able 
to provide real-time guidance in clinical practice. 
Advanced numerical methods that can precisely 
simulate the stent-induced morphological changes in 
the vessel in real time are needed. 

Virtual stenting algorithms (VSAs) that aim to 
provide time-efficient simulations for treatment plans 
are one of the solutions [17]. Pioneered by Larrabide 
and colleagues, constrained simplex deformable 
models have been proposed; these models embed the 
detailed stent geometry into the mesh and achieve 
favorable execution time [18, 19]. Spranger and 
Ventikos developed a fast simulation algorithm based 
on a spring-like dynamic mesh; the linear spring 
analogy method was proposed to be suitable for 
modeling stent expansion [20-23]. Zhao and 
colleagues applied a simplex mesh with a 
ball-sweeping model, accelerating the computation by 
removing collision detection and iteratively radial 

expansion of the virtual stents [24]. Recently, Zhong 
and colleagues proposed a simulation based on an 
active contour model applied in aneurysm models 
[25]. Based on different deformable mesh techniques, 
these studies have made important contributions to 
treatment planning. However, the vessel wall is 
considered rigid; in other words, stent-induced vessel 
modifications are not considered. This limits the 
application of these methods in aortic studies, 
especially for TBAD, where the stent-graft is used to 
divert the flow and, more importantly, to reshape the 
collapsed true lumen. To achieve this, an appropriate 
contact model should be established along with the 
deformable mesh [26] to precisely simulate 
stent-induced aortic deformation with rapid 
execution time. We therefore developed and validated 
a new fast virtual stent-graft deployment algorithm 
based on deformable simplex mesh and mechanical 
contact analysis to provide functional predictions for 
main vasculatures post-stenting. 

Methods 
This study was approved by the Institutional 

Review Board of the Chinese PLA General Hospital 
(S201703601). The development of VSA involved 
three main steps: imaging acquisition of the patients 
and stent-grafts to provide geometric models of the 
aorta and device; tissue sample and stent-graft 
collection for mechanical tests to extract parameters 
for the mechanical contact analysis; and integration of 
deformable simplex meshes and contact procedures. 
The VSA was validated with morphological and 
hemodynamic analyses involving computational fluid 
dynamics (CFD). The potential usefulness of the 
algorithm in terms of the potential prediction of 
device-related complications was assessed. 

Patients, Stent-grafts and Tissues 
Patients and Stent-grafts. Sixty-six patients were 

diagnosed with acute TBAD within fourteen days of 
symptom onset. Patients with tissue disorders were 
excluded. All patients underwent TEVAR with the 
implantation of six types of stent-grafts, including 
cTAG (W L Gore & Associates, Inc, US), Valiant 
(Medtronic, Inc, US), Zenith (Cook Group, Inc, US), 
Hercules (MicroPort Scientific Co, Ltd., China), 
Ankura (LifeTech Scientific Co, Ltd., China), Grimed 
(Grikin Advanced Materials Co, Ltd., China). The 
patients were categorized accordingly into six 
stent-graft groups, and their baseline characteristics 
are summarized in Table 1 and S1 in the 
Supplementary Material. Among the six groups, the 
age and sex of the patients as well as the treatment 
and imaging time intervals were similarly distributed.  

Tissue. Intimal flap tissue was obtained from 40 
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hypertensive patients with type-A aortic dissection 
who had undergone aortic replacement via open 
surgery. Patients with tissue disorders were excluded. 
Aortic wall tissue was obtained from 10 patients with 
rheumatic heart disease and/or heart valve-related 
diseases who had undergone ascending aortic 
replacement or the Bentall procedure. The baseline 
characteristics of the patients are listed in Table 1.  

Imaging Acquisition and Geometry 
Reconstruction. CTA datasets were acquired before 
and after stent-graft implantation using a dual-source 
CT scanner (SOMATOM Definition Flash, Siemens, 

Germany). Structural information for the six types of 
stent-grafts was extracted via a micro-CT scanner (GE 
Healthcare Explore Locus, USA). The detailed 
parameters of CTA and micro-CT scans are described 
in S2, Supplementary Materials. Image segmentation 
and surface reconstruction of the aorta and 
stent-grafts were accomplished via Mimics 
(Materialise, Belgium). Typical axial slices of CTA of 
TBAD and micro-CT of stent-grafts for the 3-D 
reconstructed models are displayed in Figure 2A and 
B. 

 

 
Figure 1. 3D reconstruction of aortic dissection based on CTA datasets. (A) shows the collapsed true lumen before stenting; (B) shows the reshaped true lumen 
post-TEVAR; and (C) shows one of the device-induced complications – distal stent-induced new.  

 

Table 1. Baseline characteristics and treatment/imaging timing of the patients* 

Patients who underwent TEVAR 
Baseline characteristics and 
imaging timing 

cTAG 
n=10 

Zenith 
n=10 

Valiant 
n=10 

Ankura 
n=10 

Hercules 
n=10 

Grimed 
n=8 

P SINE 
n=8 

         
Age [years] 50.20 53.80 47.60 56.90 57.60 54.88 0.244 54.86 

(13.53) (9.46) (10.47) (10.79) (8.15) (9.14)  (10.45) 
Men [%] 10  10  7  9  8  8  0.137 7 

[100] [100] [70] [90] [80] [100] [100] 
Time 1 [days] 11.40 12.30 9.20 12.50 10.40 10.60 0.943 11.42 

(7.20) (7.51) (5.27) (10.00) (10.20) (6.70) (8.90) 
Time 2 [days] 5.10 7.50 8.00 7.00 3.90 6.90 0.245 7.43 

(1.29) (5.60) (4.92) (5.29) (2.42) (3.76) (5.30) 
Time 3 [days] 9.70 15.50 7.50 5.90 9.60 10.00 0.322 8.57 

(6.77) (10.78) (4.74) (4.07) (9.31) (7.25) (6.50) 
Time 4 [days] 14.80 23.00 15.50 12.90 13.50 16.88 0.870 15.00 

(7.80) (11.03) (7.47) (4.63) (8.13) (7.57) (7.80) 
Patients who underwent open surgery 

Baseline characteristics Aortic dissection (n=40) Normal (n=10) 
Age [years] 51.70 (12.71) 60.00 (5.88) 
Men [%] 33 [82.50] 3 [30.00] 
Hypertension [%] 40 [100] - 
Coronary heart disease [%] 5 [12.50] - 
Cerebrovascular disease [%] 11 [27.50] - 
* – The age and timing data are presented as the mean (standard deviation).  
Time 1 – The period from onset to TEVAR operation. 
Time 2 – The period from the CTA scan at initial presentation to TEVAR treatment.  
Time 3 –The period from TEVAR treatment to second CTA. 
Time 4 –The period from pre- to post-TEVAR CTA. 
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 Fast Virtual Stent-graft Algorithm 
Mesh Pre-processing. Stent-grafts were 

implanted into the true lumen (TL) for all included 
patients. Thus, the TL for each pre-treatment aortic 
model was separated for VSA development. A 
cylindrical structure with a radius much smaller than 
the TL was generated around its centerline to mimic 
the initial folded state of virtual stent-grafts (Figure 
2C). 3-D models for the TL and virtual stent-graft 
were first discretized with triangular mesh and then 
transformed into 2-simplex mesh (Figure 2D). In ℝ3, 
the 2-simplex mesh is the topological dual of a 
triangulation. Each vertex Pi on the simplex mesh is 
the centroid of a triangle facet. After transformation, 
the struts of the real stent-graft were mapped onto the 
virtual stent-graft, dividing the simplex vertices into 
strut and background groups. 

Mechanical Contact-Simplex Model. 
Deformable simplex mesh has been used in object 
reconstruction [27] and constrained deformation [28] 
to describe mesh motion under internal and external 
forces (S3, Supplementary Materials). For stenting 
studies, deformable simplex mesh has been used to 
develop fast contouring simulations for stenting in 
cerebral aneurysms [18, 19]; however, the vessel wall 
was considered rigid. In this study, we developed a 
new VSA that considers stented vessel deformation. 

The algorithm entails two periods: stent-graft 
unfolding without contact with the aortic wall 
(Period-1) and mechanical contact with the wall 
(Period-2).  

During Period-1, expansion of the stent-graft is 
driven by its self-expanding force. As shown in Figure 
2E, the normal component of this force is along the 
local normal of the plane ni that is defined by the three 
neighboring points (PiN1, PiN2, PiN3) of Pi; while the 
tangent component is along the local tangential ei that 
is in the plane of (PiN1, PiN2, PiN3), based on the 
intersecting points between fi and the plane and 
directed towards the center of the circle Ci defined by 
(PiN1, PiN2, PiN3). In TEVAR, the tangential force 
component is neglected because the length variation 
of the stent-graft during deployment is trivial. Thus, 
the internal force constraint can be simplified as in 
Eq.1 by assuming a linear relationship of the 
self-expansion radial force and the displacement. 
Parameters ES and χ are derived based on radial 
compressive tests on the six types of stent-grafts. 
|δPi| is the distance between the vertex Pi and its 
counterpart along the diameter. FRF is the stent-graft 
radial force with 10% oversizing of the aorta (which is 
commonly used in treating TBAD). DS is the diameter 
of stent-grafts at the resting state (averaged along the 
stent-graft length). 

 

 
Figure 2. (A-B) CTA and micro-CT images and corresponding 3-D reconstructed models. (C) Centerline extraction and initial mesh of the virtual stent-graft. (D) 
Mesh transformation from triangular to simplex elements. (E) Geometric relationships of single point movement. 
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Eq.1 

During Period-2, a criterion distance between the 
stent-graft and aortic wall ε (=0.1mm) was introduced 
to determine contact initiation. Contact involves the 
interaction of the outward expansion force of the 
stent-grafts and the inward resistant force of the TL 
[26], the main force component of which is also along 
the radial direction. The outward expanding 
constraint is described as Eq.1, while the inward aortic 
resistant constraint is dependent on aortic elasticity. 
In this study, a modified Mooney-Rivlin strain energy 
density function was used to numerically model the 
elastic behavior of the TL. The external force 
constraint is shown in Eq.2, in which, the mechanical 
constants C1, D1 and D2 were obtained by tensile tests 
of dissected and normal aortic tissue. The Poisson 
ratio ν was assigned a value of 0.45, and the resistant 
stress σV corresponded to that of 10% oversizing of the 
aorta in the proximal landing zone. The stretch ratio λ 
in the circumferential direction can be calculated 
based on the variation of the vessel diameter (= 
|δPi|/DVi).  

                    
Eq.2 

The external and internal force constraints were 
integrated into the motion equation and discretized 
(Eq.3), where μ and ξ are weighting parameters to 
balance the two constraints, ranging from 0.5 to 1.5 

and 0 to 1, respectively. Selecting these parameters for 
each stent-graft was achieved by applying genetic 
algorithm to 20% of patient cases in each group with 
sixty generations with the optimization goal of 
minimum cross-sectional and curvature difference 
between the post-TEVAR CTA-reconstructed model 
and the VSA-simulated model. The resulting values of 
μ for the cTag, Valiant, Zenith, Ankura, Hercules, and 
Grimed groups were 1.34, 0.92, 0.81, 1.26, 0.76, and 
0.71, respectively, and those for ξ were 0.58, 0.51, 0.54, 
0.56, 0.43, and 0.42, respectively. The damping factor 
assigned was γ = 0.9. 

           
Eq.3 

Mechanical Tests 
Radial Compressive Tests on the Stent-grafts. 

Radial compressive tests were performed on a circular 
fixture radial compression platform (Large 
Twin-Cam™ Compression Station) (diameter 
resolution: 0.95μm; radial force resolution: 0.005N; 
diameter range: 0-60mm; and depth: 124mm). Along 
each stent-graft (n=6), radial compressive tests were 
conducted regionally on the proximal and distal strut 
rings and three rings with repeating patterns in the 
main body (Figure 3A), and these tests were repeated 
five times. The measuring depth ranged from 11mm 
to 33mm, while the radial deformation varied 
between 4.25mm and 7.38mm, which was 
approximately 16.7% of the original diameter of the 
stent-grafts. The details of the measurements are 
described in S4, Supplementary Material. 

 

 
Figure 3. (A) Radial compressive test of the stent-grafts. (B) Tissue samples and image records of the tensile tests. 
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Uniaxial Tensile Test on Aortic Tissue. Tissue 
samples (n=40) were thawed in physiological saline 
solution at 37°C. Each sample was cut into several 
strips along the circumferential direction identified 
during acquisition, resulting in a total of 63 and 11 
strips for dissection and normal groups, respectively. 
Tensile tests were performed using a traction machine 
(TechDouble-Aorta) (load cell accuracy: 0.0002N; 
stepper motor resolution: 2μm; CCD camera image: 
1366x768pixels; viewing field: 48x27mm2; and 
recording frequency: 10 frame/s). Several markers 
were put on top of the tissue to trace and compute the 
stretching λ in the central region (Figure 3B). By 
assuming incompressible material, the Cauchy stress 
σ could be calculated. An energy-based average 
model [29] was used to compute representative data 
for the stress-stretch relationship and thus to obtain 
the material constants C1, D1 and D2 for Eq.2.  

Hemodynamic Analysis and CFD 
Hemodynamics analyses were conducted based 

on post-TEVAR CTA-reconstructed models and the 
corresponding VSA-simulated model. The same 
pulsatile velocity and pressure boundary conditions 
were assigned for each patient case 
(CTA-reconstructed model and VSA-simulated 
model) at the inlet and outlets. The inlet velocity 
boundary at the ascending aorta and the outlet 
velocity at the three aortic branches for each patient 
were obtained by ultrasound velocimetry as described 
in our previous study [30], and the outlet pressure 
boundaries at the abdominal branches and common 
iliac arteries for each patient were assigned according 
to [31]. The vessel walls of both the 
CTA-reconstructed and VSA-simulated models were 
assumed to be rigid. The detailed assignments and 
waveforms of the velocity and pressure boundary 
conditions are described in S5, Supplementary 
Material. 

In this study, the blood was considered 
Newtonian and incompressible (density: 1044kg/m3; 
dynamic viscosity: 0.00365kg∙m−1∙s−1). A test of the 
fluid property, Newtonian or non-Newtonian, has 

been conducted on some of the studied models (S6, 
Supplementary Material) to confirm the rationality to 
apply the Newtonian model in the current aortic 
study. A finite volume solver, CFD-ACE+ (ESI Group, 
France), was employed with second-order accurate 
discretization and SIMPLEC-type pressure correction. 
Computation was conducted for five cardiac cycles. 
Velocity, pressure, wall shear stress and time-derived 
parameters were extracted during the last cycle.  

In each computational model, the flow domain 
was discretized with tetrahedral elements in the core 
region and prismatic cells (10 layers) in the boundary 
layer near the aortic wall. Due to the size of the 
studied vascular domain, the grid resolution of the 
base models varies between 1,712,416 to 3,698,745 
cells. The base time-step numbers per cardiac cycle for 
all of the models are assigned to 50. Temporal and 
spatial sensitivity studies were conducted to confirm 
the rationality of the base grids and base temporal 
resolution. The details of the sensitivity analyses are 
described in S7, Supplementary Material. 

Statistical Analysis 
Statistical Package for Social Science (SPSS, 

v20.0) was employed for all statistical analyses. 
ANOVAs were used to investigate between-group 
differences. ANOVAs with post hoc tests and 
Bonferroni corrections for multiple comparisons at 
p<0.05 were used to confirm group differences. Partial 
eta-squared was calculated to adjust for the effects of 
other independent variables and interactions. 

Implementation of VSA 
As shown in Figure 4, the VSA inputs included 

personal 3-D aorta masks reconstructed by CTA, 
inherent parameters of the selected stent-graft, and 
common mechanical parameters of the vessels and 
stent-grafts. The VSA output was stent-induced vessel 
wall deformation and its derived wall stress and 
hemodynamics. Post-TEVAR complications, such as 
endoleak and device-related vessel damage, can be 
estimated and predicted to potentially inform 
treatment plans and improve safety.  

 

 
Figure 4. Workflow for the VSA-based stent planning system for TEVAR. 



 Theranostics 2018, Vol. 8, Issue 20 
 

 
http://www.thno.org 

5764 

Results 
The proposed VSA is designed based on 

deformable simplex mesh and mechanical contact 
analyses. The algorithm has been tested on sixty-six 
TBAD cases and validated by their corresponding 
post-TEVAR CTA datasets. In this section, common 
mechanical parameters of the stent-grafts and aortic 
wall, which are involved in the proposed VSA and 
were obtained by mechanical tests, are first described. 
Then, results of stent-graft deployment simulation by 
VSA are presented, together with validations of 
morphology and hemodynamics. Finally, analyses of 
the quantified stent-induced vessel wall deformations 
are described and its difference between successful 
group and distal SINE group is clarified. 

Parameter Determination 
Stent-grafts (ES, χ, and FRF). Figure 5A shows the 

displacement-force relationships when the 
stent-grafts are compressed to 16.7% of their diameter. 
All six stent-grafts showed a similar pattern: for small 
displacement, the curves were flat with trivial radial 
force variation, while for larger displacement beyond 
the inflection point, the radial force increased roughly 
linearly with increased displacement. In the latter 

section, the curves showed a hysteresis pattern, with 
the upper curves corresponding to the compression 
process and the lower ones corresponding to the 
deployment process. The mechanical input 
parameters of the stent-graft in the VSA could 
therefore be calculated by the normalized inflection 
position multiplied by 16.7% of each stent-graft (χ); 
the slope of the linear-fitted deployment curve 
divided by 16.7% (ES); and the radial force 
experienced with 10% oversizing (FRF). The 
mechanical parameters for the stent-grafts are listed in 
Table 2. 

Aorta (C1, D1, D2 and σV). Figure 5B shows the 
stress-stretch relationships for the dissected and 
normal aortic tissues, with averaged data at each 
energy interval (square signs) and corresponding 
fitting curves (in black). Fitted material constants (C1, 
D1, and D2) were calculated using the modified 
Mooney-Rivlin strain energy density function and are 
listed in Table 2. The resistant stress of the aorta (σV) 
with 10% oversizing of the stent-graft was estimated 
by the stress with a circumferential stretch ratio of 1.1; 
its mean value was 0.0164MPa for the intimal flap and 
0.0147MPa for a normal aorta. 

 

 
Figure 5. (A) Displacement-force relationships of the stent-grafts. (B) Stress-stretch relationships of the aortic tissues. 
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Table 2. Parameter values calculated based on mechanical tests 

Internal Constraints 
Parameter Unit cTAG Valiant Zenith Ankura Hercules Grimed 
χ - 0.0601 0.0568 0.0384 0.0618 0.0835 0.0701 
ES  [N] 297.25 286.35 145.21 229.28 224.01 178.50 
(R-square) - (0.9901) (0.9929) (0.9947) (0.9968) (0.9809) (0.9864) 
FRF [N] 8.9680 11.01 9.50 8.73 3.88 5.86 

External Constraints 
Parameter Unit Intimal Flap Normal Aorta 
C1 [kPa] 0.01046 0.04568 
D1 [kPa] 7.5699 6.9056 
D2 - 1.0930 1.1296 

 

 
Figure 6. (A) and (B) Simulation process of two representative cases. (C) and (D) Comparison to post-TEVAR CTA data. Luminal contours of the CTA data (red) 
and simulation results (green) were extracted. (E) Statistical results for the computing time (mean value and standard deviation). 

 

VSA Simulation of Stent-graft Deployment 
Efficiency of VSA. Computations for all of the 

patient cases were conducted in Visual Studio C++ on 
one Inter(R) Core(TM) i7-6700k CPU @ 4.00GHz 
processor with 16GB of RAM. Computation of the 
VSA involves two periods: deployment-to-contact 
(Period-1) and contact-to-mechanical balance 
(Period-2). Figure 6A and B show the simulation 
process for two representative cases. On a single CPU, 
it takes seconds to compute the two stages. Upon 
mapping the post-TEVAR CTA-extracted stent-graft 

structure onto VSA-simulated vessels (Figure 6C and 
D), the rapid simulation showed good consistency 
with the imaging data. By extracting the contours of 
the simulated results (green curve) and of the imaging 
data (red curve), overlapping was found. Figure 6E 
shows the statistical analysis of computing time for 
the two stages. For the fifty-eight successfully treated 
cases, the computing times for each stage were 
8.83±2.05s and 2.09±0.73s, and the overall simulation 
time was 13.78±2.84s; there were no significant 
differences (p=0.85) among the stent-graft groups.  

Accuracy of the VSA. The accuracy of the 



 Theranostics 2018, Vol. 8, Issue 20 
 

 
http://www.thno.org 

5766 

simulated stenting results (VSA model) was evaluated 
at the morphological and hemodynamic levels by 
comparisons to the actual post-TEVAR 
CTA-reconstructed models (CTA model). In the 
morphological analysis, the cross-sectional area and 
curvature along the luminal centerline were 
compared between the VSA and CTA models (Figure 
6A). In the stenting region, slices perpendicular to the 
centerline with equal intervals were extracted (Figure 
7A). Areas (An, n=1-N) (due to the various lengths of 
the stented region, N was in the range of 26-55) were 
compared between the simulation (AnS) and 
CTA-reconstructed (AnCT) results, as DA=|(AnCT- 
AnS)/AnCT|. In addition, curvature of the nth node 
along the centerline (Cn, n=1-N) was quantified by 
calculating DC=|(CnCT- CnS)/CnCT|. The maximum 
area difference between the VSA and CTA models 
was less than 6% with mean difference  of 4.11±0.85%; 
the maximum curvature difference was less than 3% 
with mean difference of 1.57±0.57% (Figure 7B). The 
area difference was due mainly to the uneven surface 
induced by the strut structures. Both morphological 
parameters confirmed the accuracy of this fast VSA 
algorithm. 

In hemodynamic analyses, CFD analyses were 
used on the VSA and CTA models. Similar patterns 
and magnitudes of velocity were observed between 
the two models for each case (S8, Supplementary 
Material). Because the main morphological difference 
arose from the uneven surface of the stented region, 
hemodynamic parameters that are related mainly to 
vessel walls were further studied, including the 
time-averaged wall shear stress (TAWSS), oscillatory 
shear index (OSI), and relative residence time (RRT) 
(Figure 7C). In general, the distribution patterns of 
these hemodynamic parameters were similar between 
the two models for each patient case (the results of 
some other cases are shown in S8, Supplementary 
Material). To further quantify the similarities, an array 
of points (20x15) was extracted from the surface of the 
CTA (blue points) and VSA (red points) models to 
establish data matrices (Figure 7D). The consistency 
between the models was evaluated by pattern 
analysis via the average Hash algorithm (S8, 
Supplementary Material). The averaged consistency 
of TAWSS, OSI and RRT between the VSA and CTA 
models was 90.94%, 90.16%, and 90.23% (Figure 7E), 
respectively, confirming the accuracy of the proposed 
rapid VSA at the hemodynamic level.  

 

 
Figure 7. Morphological and hemodynamic comparisons between the CTA and VSA models. (A) and (B) Comparisons of cross-sectional areas and curvatures. (C) 
Comparison of WSS-derived parameters. (D) and (E) Data extraction and data array for the quantitative similarity study of WSS-derived parameters, respectively. 
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Figure 8. (A) Deformation distribution in the stented region of one representative case in each stent-graft group. (B) Division of the stented region. (C) High SWD 
distribution. 

 

Stent-induced Vessel Wall Deformation 
TL Deformation. The novel VSA allows the 

tracking of TL reshaping during stenting and the 
quantification of the balanced stent-induced vessel 
wall deformation (SWD). Figure 8A shows the 
representative SWD results for one patient from each 
stent-graft group (the results of other cases are 
presented in S9, Supplementary Material). Various 
patterns of SWD were apparent among the studied 
cases, and the maximum deformation varied between 
7mm and 12mm. Although all fifty-eight cases 
underwent TEVAR successfully, there were regional 
high deformations. To further investigate the 
distribution pattern of high SWD, regions with 
deformation greater than 80% of the highest 
deformation in each case were identified. By dividing 
the stenting region into six parts (in Figure 8B, the 
stenting region was divided evenly into three 
segments along the longitudinal direction and each 
segment was divided into convex and concave parts), 
high SWD regions located in each part were counted, 
and their occurrence percentage relative to the overall 
high deformation distributions was calculated. Figure 
8C displays the results of the high deformation 
distribution of the six parts. There was no significant 
difference among the stent-graft groups for the three 
segments (Segment-1: p=0.365, Segment-2: p=0.685, 
Segment-3: p=0.183). 

Distal SINE. The novel fast VSA provides SWD 
measurements. Although the successfully treated 
cases showed various high SWD distribution patterns, 
the highest deformation was small. To further 
evaluate the risks of high SWD, eight patient cases 
with distal SINE were studied (the baseline 
characteristics are shown in Table 1 and described in 
S1, Supplementary Material). Previous studies have 
suggested a possible relationship between the distal 
oversizing of stent-grafts and the risk of SINE [3]. 
Deformation analysis provided by VSA may provide 
a quantitative assessment of this issue thereby 
informing stent-graft choice for particular patients.  

Figure 9A shows a representative case of distal 
SINE. By comparing the CTA and VSA models, 
stent-induced tears and the highest SWD could be 
found at the distal end of the stent-graft; their 
locations were consistent. In general, SWD in the 
distal SINE group was greater than that in 
successfully treated cases. The mean deformation on 
the three segments defined in Figure 8B was 
calculated. Along the convex and concave curves of 
the stenting region, points at 5mm-intervals were 
extracted and their mean deformation was calculated. 
Furthermore, based on the position of primary entry 
at the initial presentation of each case, SWD on these 
convex/concave points was averaged along the tear 
side and the opposite tear side. The mean values were 
compared between the successful TEVAR and distal 
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SINE cases. As shown in Figure 9E, there were no 
significant differences for these values among the 
stent-graft groups for successfully treated cases 
(p=0.183-0.903 and partial η2=0.041-0.144 in the 
various regions; detailed statistical data are described 
in S10, Supplementary Material); however, when 
comparing to the distal SINE group, SWD was 
significantly different in Segment-3 (SINE: 
6.70±1.28mm vs. others: 3.31±0.66mm, p<0.01 and 
partial η2=0.224). The proposed VSA accurately 
predicted the reshaped vessel. By providing the 
quantitative parameter SWD, it may also assist in 
predicting distal SINE occurrence. 

Discussion  
In the present study, a novel VSA was developed 

based on deformable simplex mesh and mechanical 
contact analysis. In the fifty-eight patient-specific 
cases tested, simulations of stent-graft deployment 
and aortic reshaping using this algorithm required 
only 13.782±2.804s on a single processor. 
Comparisons to other methods (to the best of the 
authors’ knowledge, Table 3 summarizes the 
computational time reported by other studies of 
stented vessels) underscore the efficiency of the 
proposed algorithm. Evaluation of the accuracy of the 
novel algorithm indicated that the rapid VSA 
achieved good consistency with actual stenting results 
at both the morphological and hemodynamic levels. 

Most of the trivial morphological differences came 
from the uneven surface of the stenting region; 
however, an evaluation of the influence of the uneven 
region on hemodynamic parameters, namely, 
TAWSS, OSI and RRT, which are sensitive to surface 
morphology, showed that they were approximately 
90% similar between the CTA and VSA models 
according to the averaged Hash method.  Notably, the 
hemodynamic analyses in this study were established 
based on the assumption of Newtonian flow. Due to 
the high shear rates and low particle effect in aortic 
flow, the Newtonian model is widely applied in CFD 
studies that aim to reveal the flow patterns of aortic 
dissection [32-34], while studies focusing on 
thrombosis formation employ non-Newtonian model 
[35, 36]. Previous studies comparing these two models 
confirmed the general similarity of the basic flow 
characteristics between them, while a slightly lower 
peak WSS was found near the vessel wall in the 
non-Newtonian flow model [37]. In the current study, 
hemodynamic analyses were used to evaluate the 
difference between the CTA-reconstructed and 
VSA-simulated models for each patient case rather 
than revealing the true WSS. Therefore, in 
consideration of the computational expense and 
rationality of flow simulation in the aorta, the 
Newtonian flow model was applied for this cohort 
study.   

 

 
Figure 9. (A)-(D) A  representative case of distal SINE comparing the CTA and VSA models. (E) Statistical analysis of the mean deformation in various regions 
between the successfully treated cases and those with distal SINE. 
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Table 3. Computation efficiency for stent deployment 

Method Running time Computational platform Application Source Vessel wall 
Finite element about 100h 2 Intel Xeon Processors 5150 processors Intracranial aneurysms [17] Rigid 
Finite element 9.25-22.10h + 

39.20-70.25h 
12 CPUs, 2.66GHz, 24GB RAM Abdominal aortic aneurysms [16] Hyperelastic 

Finite element 4.5h 4 Intel Xeon X5690 with 2 processors of 3.46 GHz, 24GB of RAM Abdominal aortic dissection [20] Rigid 
Active contour model about 3h 2 Intel Xeon Processors, 2.39GHz and 2.40GHz, 24GB RAM Intracranial aneurysms [19] Rigid 
Simplex mesh, 
ball-sweeping model 

134-451s - Intracranial aneurysms [18] Rigid 

Simplex mesh, stent 
geometric constraints 

66.88 ± 25.37s 1 Intel Duo CPU T7300,  2.00GHz, 2GB RAM Intracranial aneurysms [12,13] Rigid 

Spring analogy 19.44s 1 Intel Core 2 Duo processor, 2.66 GHz, 4GB RAM Abdominal aortic dissection [20] Rigid 
Simplex mesh, mechanical 
contact model 

13.78 ± 2.80s 1 Intel Core i7-6700K processor, 4.00GHz, 16GB RAM Type-B aortic dissection Our study Hyperelastic 

 
 
Previous 3-D computational studies targeting 

stent-induced aortic reshaping were based mainly on 
structural analysis using a finite element method 
which is not viable for clinical use because of its high 
computation requirement [38, 39]. Although the fast 
VSA based on deformable simplex mesh [19, 24], the 
active contour model [25] and the spring analogy [21] 
have been introduced for cerebral aneurysm stenting, 
developing a similar VSA for aortic endovascular 
repair such as TEVAR is harder; the mechanical 
contact and equilibrium process between the 
stent-graft and the aortic wall cannot be neglected and 
the stent-induced TL reshaping is significant (for 
example, in the present study, the aortic diameter 
measurements at the diaphragm level showed up to 
355% stent-induced TL expansion in successfully 
treated cases). A VSA like the one developed in this 
study that is able to mimic the considerable 
stent-induced deformation of the vessel wall was 
therefore needed to address these challenges. 
Compared to other stenting algorithms, the VSA 
developed here may have a few advantages in 
simulating the deformed vessel. Simplex deformable 
mesh supplies a fast smoothing way to mimic stent 
and vessel deformation, and their deformation is 
controlled by internal (stent) and external (vessel) 
constraints. The internal constraint in this study not 
only included the geometrical characteristics of struts 
but also embedded the diameter-related radial force, 
which provides the algorithm with more accurate 
internal constraint assignments. The external 
constraint is the vessel resistance. Most of the 
previous VSAs neglected vessel deformation. In this 
study, the external constraint was constructed based 
on the measured hyperelastic property of the aorta. 
Although this is not patient-specific (measured 
samples come from patients with open surgery rather 
than TEVAR), this measurement offers common 
properties of the wall tissue for this disease, thereby 
providing a baseline for modeling the external 
constraint. The final key factor influencing the 
accuracy of our VSA is the weighting parameter 

between the internal and external constraints. For this, 
two cases in each stent-graft group were selected 
randomly to be tested with various weighting 
parameters. By setting the minimum difference in the 
curvature and cross-sectional area between the VSA 
and CTA models as the optimization goal, the 
weighting parameters were determined by genetic 
algorithm and then used in studies on other cases. The 
weighting parameters were specific to each stent-graft 
brand. Based on the understanding of the mechanical 
features of the stent-grafts and vessels as well as the 
numerical optimization of weighting parameters, the 
proposed VSA achieved satisfactory and timely 
results.  

In aortic stenting treatment, endoleak, SINE, and 
RTAD, which all are induced by inappropriate 
stent-vessel wall contact, might be the most 
dangerous complications. The proposed VSA predicts 
reshaped vessels rapidly and accurately; thus, 
insufficient contact of stent-grafts to the vessel wall 
can be directly observed, and vessel wall deformation 
can be quantified. Indeed, in endovascular repair, the 
vessel wall is always deformed by stent expansion. 
Although a gentle and smooth deformation of the 
wall is acceptable, regionally high deformation may 
tear the vessel wall. Simulation studies based on 
expanding stents and deforming vessel walls can help 
to quantify SWD. However, to the best knowledge of 
the authors, previous fast algorithms do not consider 
the elasticity of the vessel wall, limiting analysis using 
this parameter.  

The proposed VSA considers the hyperelastic 
characteristics of the aortic wall and the radial force of 
stent-grafts. The vessel movement can then be 
captured accurately, and SWD can be evaluated. No 
significant difference in the regional distribution of 
high SWD along the stented region was found among 
the successful TEVAR cases in the six stent-graft 
groups. We also tested a small group with 
TEVAR-related complications of distal SINE. There 
was a significantly higher SWD in the distal aortic 
segment (Segment-3) in the SINE group than in the 
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successful TEVAR group, indicating that wall 
deformation might be a useful parameter to evaluate 
the risks of device-induced complications. Large 
studies are warranted to determine SWD cutoff values 
for risk stratification for particular complications. 

In conclusion, the present study developed and 
validated a fast planning platform including real-time 
simulation of the reshaped stenting vessel as well as a 
quantitative evaluation of the device-related risks. 
This platform might assist in improving the safety and 
efficacy of TEVAR and other endovascular repairs. 
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