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Abstract Aortic root rupture is one of the most severe
complications of transcatheter aortic valve implantation
(TAVI). The mechanism of this adverse event remains mostly
unknown. The purpose of this study was to obtain a better
understanding of the biomechanical interaction between the
tissue and stent for patients with a high risk of aortic rupture.
We simulated the stent deployment process of three TAVI
patients with high aortic rupture risk using finite element
method. The first case was a retrospective analysis of an aor-
tic rupture case, while the other two cases were prospective
studies, which ended with one canceled procedure and one
successful TAVI. Simulation results were evaluated for the
risk of aortic root rupture, as well as coronary artery occlu-
sion, and paravalvular leak. For Case 1, the simulated aortic
rupture location was the same as clinical observations. From
the simulation results, it can be seen that the large calci-
fied spot on the interior of the left coronary sinus between
coronary ostium and the aortic annulus was pushed by the
stent, causing the aortic rupture. For Case 2 and Case 3,
predicated results from the simulations were presented to
the clinicians at multidisciplinary pre-procedure meetings;
and they were in agreement with clinician’s observations and
decisions. Our results indicated that the engineering analy-
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sis could provide additional information to help clinicians
evaluate complicated, high-risk aortic rupture cases. Since a
systematic study of a large patient cohort of aortic rupture
is currently not available (due to the low occurrence rate)
to clearly understand underlying rupture mechanisms, case-
by-case engineering analysis is recommended for evaluating
patient-specific aortic rupture risk.

Keywords Patient-specific · Finite element · Aortic
stenosis · Transcatheter aortic valve

1 Introduction

Since the first-in-man transcatheter aortic valve implantation
(TAVI) was performed to treat aortic stenosis (AS) in 2002
(Cribier et al. 2002), more than 50,000 patients worldwide
(Cribier 2012) have benefited from this revolutionary pro-
cedure. The results of the randomized PARTNER study in
the USA recently confirmed the importance of TAVI in non-
operable (Leon et al. 2010) and high-risk (Smith et al. 2011)
patients. Recent studies also showed the promise of perform-
ing TAVI on lower-risk patients (Lange et al. 2011a).

Despite the clinical success, there are still many compli-
cations associated with TAVI. One of the most severe com-
plications of TAVI is aortic root rupture (Eker et al. 2012;
Hayashida et al. 2012; Lee et al. 2012; Pasic et al. 2012;
Rezq et al. 2012; Barbanti et al. 2013), which could lead
to cardiac tamponade and subsequent fatal outcomes. Since
aortic root rupture happens rarely [a reported risk of less than
2 % (Lange et al. 2011b; Messika-Zeitoun et al. 2010; Bar-
banti et al. 2013)], it is difficult to identify its predictors. As
a result, the mechanism of this adverse event remains largely
unknown; and a better understanding of the biomechanical
interaction between the aortic root and prosthesis is essen-
tial to prevent aortic root rupture in TAVI. The purpose of
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this study was to perform an engineering finite element (FE)
analysis of TAVI clinical cases, in order to obtain a better
understanding of the biomechanical interaction between the
tissue and stent for patients with a high risk of aortic rupture.

Computational analysis has been carried out to evaluate
the aortic root—transcatheter aortic valve (TAV) interaction
from an engineering perspective (Capelli et al. 2012; Wang
et al. 2012; Auricchio et al. 2013; Gessat et al. 2014; Russ
et al. 2013). However, the validity of the simulation results
was limited by the assumptions of material properties and
boundary conditions. For example, no material failure cri-
teria were incorporated in the previous models. Hence, the
injury to aortic root tissue, such as aortic root rupture, was not
investigated. Moreover, the balloon expansion process was
simplified by either forcing uniform TAV stent expansion in
the radial direction or applying constant pressure to the bal-
loon interior. The mechanics between balloon and TAV stent
could not be accurately characterized.

In continuation of our previous research (Wang et al.
2012), we simulated the stent deployment process of three
TAVI clinical patients with high aortic rupture risk. The first
clinical case (Case 1) was a retrospective analysis of an actual
TAVI aortic rupture case, while the other two cases were
prospective studies of two high-risk cases, which, eventu-
ally, ended with one canceled procedure (Case 2) and one
successful TAVI (Case 3). Dynamic structural FE models
were created using patient-specific geometries segmented
and reconstructed from patient preoperative CT scans, which
incorporated aged human aortic material properties with
material failure criteria obtained from mechanical tests. A
surface-based fluid cavity method was utilized to simulate
the fluid-filled TAVI balloon expansion process for the TAV
stent deployment into patient-specific calcified aortic roots.
Size 23 Edwards SAPIENT TAV stent, which is the cur-
rently approved device in the USA, was implanted in the
three patients. Simulation results were evaluated for the risk
of aortic root rupture, as well as coronary artery occlusion,
and paravalvular leak.

2 Materials and methods

MSCT image acquisition Full phase cardiac MSCT scans
(Fig. 1) were collected from patients at Columbia Univer-
sity Medical Center (New York, NY) and Hartford Hospi-
tal (Hartford, CT). Institutional Review Broad approval to
review patient images was obtained for the study. The MSCT
examination was performed on a Toshiba 320-channel vol-
ume computed tomography scanner and a GE LightSpeed
64-channel volume computed tomography scanner.

Patient-specific aortic root model MSCT images in dias-
tole were imported into Avizo 8.0 software (VSG, Burling-
ton, MA) for three-dimensional (3D) reconstruction and eval-

uated using a window width of 950 and −50 Hounsfield
units. Aortic root was identified and separated from the rest of
the chest images to create a 3D representation (Wang et al.
2011). HyperMesh software (Altair Engineering, Inc., MI)
was used to generate FE mesh of the 3D aortic root model
(Fig. 2), which included aortic root, aortic leaflets, calci-
fication, mitral–aortic intervalvular fibrosa, anterior mitral
leaflet, fibrous trigones, and left ventricle. Three-dimensional
solid elements (eight-node hexahedral C3D8I, six-node pen-
tahedral C3D6, and four-node tetrahedral C3D4 elements)
were used to simulate the TAVI cases in ABAQUS explicit
6.13 (SIMULIA, Providence, RI) FE software. Calcification
(Fig. 2) was modeled such that the volume of 3D elements
in HyperMesh was similar to that was quantified using the
material statistics tool in Avizo. Calcification was quantified
with density greater than 130 Hounsfield units.

Material models of heart tissues The anisotropic hyper-
elastic Holzapfel–Gasser–Ogden material model (Gasser et
al. 2006) was adopted to characterize mechanical behaviors
of the human heart tissues (i.e., aortic leaflets, aortic sinus,
ascending aorta, mitral leaflet tissues, and myocardium).
Briefly, the heart tissues are assumed to be composed of a
matrix material with two families of embedded fibers, each
of which has a preferred direction. The fiber directions (theta)
can be mathematically described using two unit vectors. The
strain invariant Ī1 is used to describe the matrix material; and
the strain invariant Ī4i is used to describe the properties of
the fiber families. Ī4i is equal to the squares of the stretches
in the fiber directions. The strain energy function W can be
expressed as

W = C10
{
exp

[
C01(Ī1 − 3)

] − 1
}

+ k1

2k2

2∑

i=1

[
exp

{
k2[κ Ī1 + (1 − 3κ)Ī4i − 1]2

}
− 1

]

+ 1

D
(J − 1)2, i = 1, 2 (1)

where, C10, C01, k1, k2 and D are material constants. C10

and C01are used to describe the matrix material. D is the
material constant that introduces the near incompressibility,
while k1 is a positive material constant with the dimensions
of stress and k2 is a dimensionless parameter. In addition, a
dispersion parameter κ was used to describe the distribution
of fiber orientation. When κ = 0, the fibers are perfectly
aligned (no dispersion). When κ = 0.33, the fibers are ran-
domly distributed and the material becomes isotropic. Local
coordinate systems were defined for each leaflet and sinus to
include fiber orientations for each region.

The isotropic hyperelastic Ogden material model (Ogden
1972) was used to characterize the mechanical properties
of the human mitral–aortic intervalvular fibrosa and fibrous
trigones obtained from uniaxial testing. Aortic valve calcifi-
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Fig. 1 MSCT images of the three stenotic aortic valves in long-axis and short-axis views and reconstructed aortic root models in ABAQUS

cation of the patients in this study had distinct and regional
calcified tissue formations that can be observed from the
MSCT images. Calcified tissues were assumed to be homoge-
neous and to have a Young’s modulus of 12.6 MPa (Holzapfel
et al. 2004) and a Poisson ratio of 0.3. To simulate the injury
to the aortic root, material failure criterion was defined in
the ABAQUS explicit user subroutine VUANISOHYPER by
specifying a maximum principal stress limit of 2.5 MPa for
the aortic sinuses. An element would be deleted from the
FE model of the aortic root to simulate the rupture response,
when the maximum principal stress was reached in all of the
material points of the element. Details of the determination
of material parameters for aged human heart tissues were
described in previous publications (Martin et al. 2011; Mar-

tin and Sun 2012; Wang et al. 2012); and material parameters
are listed in Table 1.

TAV stent geometry and material The stent model had a
height of 14.3 mm and a thickness of 0.5 mm, which was gen-
erated using the depictions in the literature to closely resem-
ble the Edwards Sapien stent geometry (Fig. 3). The stent
was modeled with the properties of 316 stainless steel with a
Young’s modulus of 193 GPa, a Poisson ratio of 0.3, and ini-
tial yield stress of 340 MPa (Tzamtzis et al. 2013). The TAV
leaflets were not included in the model because the effects of
the TAV leaflets on biomechanical interaction between the
TAV stent and aortic tissues during the stent expansion were
assumed to be negligible. This assumption was based on the
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Fig. 2 The development of the aortic root model of Case 3: a initial
image segmentation in Avizo, b reconstructed models of aortic leaflets
and calcification. For illustration purposes, the yellow geometry in our

finite element models represents the aortic root, the green geometry
represents non-calcified aortic leaflets, and the red geometry represents
calcification

Table 1 Material parameters of non-calcified human aortic sinus, ascending aorta, leaflet, myocardium, anterior mitral leaflet, and mitral–aortic
intervalvular fibrosa

C10 C01 K1 K2 κ D Theta(◦)

Sinus 1.7553 13.7077 10.5507 80.3790 0.0006 0.0005 20.06

Ascending aorta 4.1755 3.4649 3.7711 15.9276 0.0864 0.0005 70.95

Leaflet 0.9627 6.3928 12.7250 48.6769 0.0711 0.0005 28.04

Myocardium 0.0374 15.3875 6.0798 98.3666 0.1440 0.0005 6.78

Mitral leaflet 0.1245 13.6655 11.0069 84.8478 0.0800 0.0005 13.09

μ1 α1 μ2 α2 μ3 α3

Fibrosa 2069.4 12.5 94.8 12.5 3182.6 12.5

fact that TAV leaflets do not have direct contact with the native
aortic tissue. Also, material properties of the TAV leaflets are
significantly more compliant than those of the stainless steel
stent. The pre-deployment geometry of the stent (Fig. 3a) was
obtained by applying a displacement field outside in the radial
direction to crimp the stent to an outside diameter of 7.3 mm.

Modeling of balloon deployment The mechanical respo-
nse of a fluid-filled balloon expansion was modeled by
a surface-based fluid cavity method in ABAQUS explicit,
which was capable of simulating the coupling between the

deformation of the balloon and the fluid inside with uniform
properties and state. Three-dimensional membrane elements
(M3D4) were used to model a fully enclosed balloon, which
resembled the Edwards RetroFlex three balloon geometry.
The outer diameter, thickness, and total length of the bal-
loon were 22, 0.06, and 63 mm, respectively. The balloon
had a Young’s modulus of 600 MPa and a Poisson ratio of
0.4 (Tzamtzis et al. 2013). The crimped balloon geometry
(Fig. 3b) was obtained by applying a displacement field in
the radial direction to a cylindrical crimper outside the bal-
loon, to the extent that the balloon could fit inside the stent
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Fig. 3 a Transcather aortic
valve stent and b a realistic
balloon used to simulate c fluid
controlled balloon deployment

model. A total of 16 ml of water was used as the fluid to
expand the balloon.

Simulation setup The dynamic balloon expansion process
was simulated to complete in 1 s, which resulted in a constant
flux rate of 16 ml/s. The top of the ascending aorta was con-
strained permitting only rotational degrees of freedom. Fric-
tion coefficient between TAV stents and stenotic aortic roots
was assumed to be 0.1 based on the studies by (Mummert et
al. 2013) and (Vad et al. 2010). Contact force between the
stent and aortic root was output from ABAQUS and was cal-
culated by summing the normal contact forces of the node set
that represented the outside surface of the stent. Deformed
geometry of the aortic root was used to examine the possible
complications, such as aortic root rupture, coronary artery
occlusion, and paravalvular leak.

3 Results

Case presentation Case 1 A 94-year-old female patient with
a tricuspid aortic valve and an annulus size of 19.6 mm
was referred for TAVI procedure. Echocardiography revealed
severe AS in the non-coronary leaflet as well as the interior of
the aortic root; only the left coronary leaflet could open dur-
ing cardiac cycles. The pre-procedural MSCT scans (Fig. 1)
showed heavy calcification on the non-coronary leaflet, and
one large calcified spot on the interior of the left coronary

sinus at the level between the ostium of the left main stem
and the aortic annulus entering the myocardium. A size 23
Edward SAPIEN TAV was implanted. During TAVI proce-
dure, aortic root tearing happened and visualized below the
left main coronary artery. Case 2 Small and narrow left sinus
of Valsalva was observed in a 65-year-old female patient
with a tricuspid aortic valve and an annulus size of 23.7 mm
(Fig. 1). Extensive aortic calcification was also present in
the patient. The calcification on ascending aortic wall was
extended into the sinuses and was joined with the calcification
spots on aortic leaflets. Based on initial screening, the patient
was considered as a borderline candidate to TAVI. FE analy-
sis was performed before the scheduled TAVI operation; and
the simulation results were presented to the clinicians and
discussed at the pre-procedural meeting. Our simulation sug-
gested a possibility of the left coronary artery occlusion and
aortic root rupture. The patient was prepared and catheter-
ized in the hybrid operating room and was further evaluated
using echocardiography and angiography. On-site imaging
assessments suggested high risk for the complication of both
coronary artery occlusion and annulus rupture, which were
generally in agreement with FE simulation results. The TAVI
procedure was subsequently canceled. Case 3 Severe calci-
fication was observed in aortic leaflets, ascending aorta, and
left ventricular outflow tract (LVOT) of an 80-year-old female
patient with a tricuspid aortic valve and an annulus size of
19.7 mm (Fig. 1). The patient was referred for TAVI proce-
dure. FE analysis was performed before the scheduled TAVI.
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Fig. 4 a Pre- and b post-deployment geometries of the aortic root of Case 1. c Full and d local views of the deformed the aortic root and balloon
deployment indicates annulus tearing under the left coronary ostium due to dislodgement of calcification into the vulnerable part of the aortic sinus

(a) (b)

Rupture 
Location 

LCS

Fig. 5 Side a and top views b of the deformed native valve leaflets of Case 1 after the maximum stent deployment showed high stress at location
of tearing. Stress (in kPa) contour plot was created for the aortic sinuses. LCS left coronary sinus

The simulation results indicated the possibility of a small
paravalvular leak, but no complication of aortic rupture and
coronary occlusion. Following the procedure a small par-
avalvular leak was observed in the patient; otherwise, TAVI
procedure was successfully performed.

Simulation results The deformed aortic roots after the
maximum stent deployment are shown in Figs. 4, 5 and 6.

Case 1 The simulation of the TAVI procedure revealed
that asymmetric distribution of the aortic calcification lead
to asymmetric expansion of the TAV stent with respect to
the center of the aortic root. The TAV stent in the non-
coronary sinus region was partially expanded, compared to
fully expanded stent in the less calcified left coronary sinus
region. The calcified spot on the interior of the left coro-
nary sinus was displaced by the TAV stent (Fig. 4), causing
stress concentration at the bottom of the left coronary sinus
(Fig. 5) and consequently the aortic rupture. High stress and

strain were generally observed at the aortic tissue where it
contacted the calcification and stent struts. Contact radial
force between the TAV stent and aortic root reached 137.5 N,
when the stent was fully deployed. Rupture of the aortic root
at the bottom of the left coronary sinus occurred at roughly
82 % of the balloon volume. The balloon pressure at full
deployment was 3.5 atm. Rupture location in the simulation
was the same as that in the clinical case.

Case 2 The simulation results showed that the TAV stent
was expanded uniformly inside the aortic valve. During the
balloon deployment, the extensive calcification along the aor-
tic wall at the level of the ascending aortic and sinuses lead
to non-uniform deformation of the aortic sinus tissue in the
circumferential direction. Additionally, although the annu-
lus size of the patient was slightly larger than the TAV stent,
the sinuses of Valsalva of the patient were small and flat,
which implied that the sinuses had very little room for the
displacement of the native calcified leaflets during expan-
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(a) (b)

Potential coronary 
artery occlusion

Potential aortic 
rupture

(c) (d)

Fig. 6 Post-deployment geometries and stress (in kPa) contour plots of
the aortic roots of (a, c) Case 2; and (b, d) Case 3 were utilized to eval-
uate the potential of complications such as aortic root rupture, coronary

artery occlusion, and paravalvular leak. Stress (in kPa) contour plots (c,
d) were created for the aortic sinuses

sion. As a result, rupture was observed at the bottom of each
sinus where it was in contact with calcification spots. Rup-
ture of the aortic root at the bottom of the left coronary sinus
started at approximately 88 % of the planned balloon injec-
tion volume (Fig. 6a). Additionally, the deformed geome-
try showed that the native left coronary leaflet could cause
possible coronary artery occlusion (Fig. 6a). Contact force
between the tissue and device in the normal direction was
41.3 N at the end of the simulation, while the balloon pres-
sure was 3.0 atm.

Case 3 The simulation results indicated that the TAV stent
was expanded fully inside the aortic valve. A small paravalvu-
lar leak was observed at the bottom of the left coronary leaflet
where a LVOT calcification spot was present (Fig. 7). No
other complication was observed from the simulation results.
Contact force between the TAV stent and aortic root in the

normal direction was 113.0 N at full deployment, while the
balloon pressure was 3.8 atm.

4 Discussions

Potential mechanisms of the aortic root rupture The com-
mon practice of oversizing of the TAV stent, which is used to
reduce the risk of the paravalvular leak (Samim et al. 2012;
Berdajs 2013), could lead to the aortic root rupture. In other
studies (Pasic et al. 2012; Barbanti et al. 2013), heavily calci-
fied aortic annulus, LVOT, and leaflets, a narrow or calcified
aortic root, enhanced oval shape of the annulus were also
identified as anatomic factors that could be responsible for
aortic rupture. In the study by (Hayashida et al. 2012), it
was hypothesized that the epicardial fat segment might be a
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Paravalular leak

Fig. 7 Top view of the deformed native valve leaflets of Case 3 after
the maximum stent deployment showed a small paravalvular leak

vulnerable area, since this part of the aortic annulus is not
covered by cardiac structures and is directly adjacent to the
epicardial fat and pericardial cavity. Therefore, it was conjec-
tured that annulus rupture was caused by forceful expansion
of the TAV stent and subsequent dislodgement of calcifica-
tion into the vulnerable part of the sinus which lacked support
of cardiac structure.

For Case 1 in our study, one large calcification was
observed on the interior of the left coronary sinus under the
left coronary ostium, which was similar to the rupture cases
described by (Hayashida et al. 2012). By using FE analysis
to virtually replicate and visualize the TAV stent expansion
process, it can be clearly seen that the large calcified spot
on the interior of the left coronary sinus between coronary
ostium and the aortic annulus was pushed by the stent, caus-
ing the aortic rupture. Thus, the aortic root rupture of Case
1 could be caused by a combination of two factors: (a) the
large calcified spot on the interior of the left coronary sinus
and near the aortic annulus and (b) the asymmetric distrib-
ution of the aortic calcification due to a significantly large
calcification on the non-coronary leaflet.

However, compared to Case 1, Case 2 and Case 3 pre-
sented two different patient anatomy and calcification con-
figurations. For Case 2, our simulation results predicted the
potential aortic rupture due to the flat- and narrow-shaped
sinuses of Valsalva and the heavy calcification on the aortic
wall and valve. For Case 3, even though aortic leaflets were
heavily calcified and isolated calcification was present in the
LVOT, the aortic sinuses were mostly calcification free. Cal-
cified native leaflets were able to be displaced into the curved
sinuses of Valsalva during expansion. Subsequently, TAVI
could be performed successfully without any major compli-
cations. For the analysis of the three cases, it can be seen that
multiply patient factors and/or a combination of them could
be the cause of aortic root rupture. The patient factors could
include the individual patient aortic tissue geometries and
material properties, as well as calcification volume, shape,
location, and orientation.

TAV sizing directly affects contact forces between the
stent and the calcified aortic root. TAV sizing has been iden-
tified as one of the key indicators of aortic rupture (Barbanti
et al. 2013; Pasic et al. 2012). From our simulation results,
it can be seen that there was a difference in balloon pres-
sure and contact normal forces between the three patients in
this study, and the pressure and force values were not cor-
related with the aortic rupture results. Indeed, in the study
by (Barbanti et al. 2013), rupture happened even when aortic
valve was under-sized (Patient 18 of the study had a relative
area oversizing of −2.58 %, while Patient 5 and Patient 19
only had roughly 2 % oversizing). Similarly, comparison of
Case 1 and Case 3 of the current study showed that TAVI
clinical results could be very different even if the annulus
size (19.6 vs. 19.7 mm) and selected device (both 23 Sapien
valves) were the same. Clearly, TAV sizing should be evalu-
ated with patient-specific anatomic features and calcification
configurations, which underscored the importance of patient-
specific analysis of complicated, rare clinical TAVI cases of
aortic rupture.

Different methods of modeling of balloon deployment In
this study, balloon expansion process was simulated using
a surface-based fluid cavity method. Previously, the balloon
expansion process was simplified by either forcing uniform
stent expansion in the radial direction or applying constant
pressure to the balloon interior (Beule et al. 2008; Gervaso
et al. 2008; Lim et al. 2008; Pasic et al. 2012; Capelli et
al. 2010). Although using uniform radial displacement could
guarantee the stent to expand precisely to a desired diameter,
the limitation was that the stent would not be able to deform,
which implied that the simulation results could overestimate
the stent force exerted on the tissue as well as the tissue
deformation. Other researchers reported the foreshortening
and dogboning shapes produced by using constant pressure.
However, the challenge of this method was the determination
of the applied pressure that could precisely expand the stent to
a desired diameter, since the compliance/stenotic condition
could vary between patients. In reality, when the TAV balloon
is prepared, the inflation device is filled with a define volume
which will produce either 23 or 26 mm of balloon expansion.
During the TAV implantation procedure, the entire volume
in the inflation device is delivered to the balloon independent
of the pressure. The fluid cavity method used in this study
overcame the assumptions of the previous balloon models
and was able to characterize the real balloon expansion phe-
nomenon.

Limitations of the model There are many assumptions and
limitations in this study. Our simulation results should be
interpreted with the consideration of these assumptions and
limitations. First, only three TAVI clinical cases were inves-
tigated in this paper, and more prospective clinical cases are
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needed to validate our modeling methods. In the model setup,
we assumed that the TAV stent was deployed at the optimal
height and implantation angle. The impact of different stent
deployment heights and implantation angles will be stud-
ied in the future. There is a lack of studies on the material
properties of the aortic valve calcification (Ebenstein et al.
2009; Holzapfel et al. 2004; Jeziorska et al. 1998). There-
fore, a parametric study may be necessary to investigate the
effects of calcification stiffness on biomechanical interaction
during TAVI. Similarly, there is a lack of the data on the mate-
rial properties, including ultimate tensile strength (UTS), of
human aortic sinuses in the literature. Based on our prelim-
inary data from uniaxial tests on aortic tissue, the UTS of
the aortic sinuses was found to be in the range from 2.3 to
3.1 MPa. A maximum principal stress limit of 2.5 MPa was
used as the material failure limit for the aortic sinuses. Since
material properties of human aortic tissues could be differ-
ent even among patients with same age and gender, in order
to provide a confidence interval for the simulation results,
more material tests on human aortic root tissue should be con-
ducted in future studies. Furthermore, experimental tests will
be performed to validate the fluid controlled balloon model.
No blood flow was considered in the current study. Therefore,
paravalvular leak and coronary occlusion were evaluated by
examining the deformed geometries of the stent and tissue.

5 Conclusions

We presented patient-specific FE models of three TAVI
clinical cases, which incorporated human aortic tissue
material properties with material failure criteria, and bal-
loon expansion process using a surface-based fluid cav-
ity method. Simulation results indicated that aortic rup-
ture mechanism was complicated and could be differ-
ent among patients. We demonstrated that the engineering
analysis could provide additional information to help clin-
icians evaluate complicated, high-risk aortic rupture cases.
Since a systematic study of a large patient cohort of aor-
tic rupture is currently not available (due to the low occur-
rence rate) to clearly understand underlying rupture mech-
anisms, case-by-case engineering analysis would be partic-
ularly helpful for evaluating patient-specific aortic rupture
risk.
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