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Prosthesis positioning in transcatheter aortic valve implantation procedures represents a crucial aspect
for procedure success as demonstrated by many recent studies on this topic. Possible complications,
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device performance, and, consequently, also long-term durability are highly affected by the adopted
prosthesis placement strategy. In the present work, we develop a computational finite element model
able to predict device-specific and patient-specific replacement procedure outcomes, which may help
medical operators to plan and choose the optimal implantation strategy. We focus in particular on the
effects of prosthesis implantation depth and release angle. We start from a real clinical case undergoing
Corevalve self-expanding device implantation. Our study confirms the crucial role of positioning in
determining valve anchoring, replacement failure due to intra or para-valvular regurgitation, and post-
operative device deformation.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The first transcatheter aortic valve implantation (TAVI) dates back
to Cribier et al. (2002). Since then, many studies have demonstrated
the efficacy of such a minimally invasive approach for the treatment of
severe aortic valve stenosis in critical patients (Smith et al., 2011;
Gilard et al., 2012). For patients who cannot undergo surgery, trials
and registries have shown improved hemodynamics and reduced rate
of death from any cause or repeated hospitalization and cardiac
symptoms (Leon et al., 2010). Although several new devices have been
recently (or are going to be) introduced in the market, the two most
widely implanted valves are the balloon-expandable Edwards SAPIEN
and the self-expandable Medtronic Corevalve, which have shown
similar (good) short- and (poor) long-term outcomes (Iqbal and Ser-
ruys, 2014). Durability, in fact, still represents one of the most critical
aspects of TAVI devices (Vahanian et al., 2008), especially in the future
perspective of extending such a minimally invasive approach to
younger, lower-risk patients who suffer from surgical/technical risk
factors for open chest surgery (Wendler and Dworakowski, 2014).
ganti).
It has been shown that geometric factors can be responsible for
reduced device durability (Schultz et al., 2009). Stent deformation,
in particular, can affect leaflet coaptation and induce higher
asymmetrical stresses on both the prosthetic leaflets and the stent
(Zegdi et al., 2008; Thubrikar et al., 1980). The placement strategy
and the choice of the device landing zone have significant impact
on the post-operative stent configuration and deformation, and,
consequently, on the global valve post-operative performance.

In particular, it has been proven that the valve implantation depth
represents a factor associated with cardiac conduction disorders and
permanent pacemaker implantation (Baan et al., 2010; Roten et al.,
2010). Fraccaro et al. (2011) confirmed what is also expected – the
deeper the prosthetic device is implanted, the greater the risk of
compression of the left bundle branch, leading to an increased
occurrence of cardiac disorders. Not only the placement depth, but
also the angle between the left ventricular outflow tract and the
ascending aorta (which can induce rotation of the guidewire and
implantation catheter and, consequently, of the prosthetic valve before
expansion) has shown to have a significant impact on prosthesis
performance, and in particular on paravalvular regurgitation (Sherif et
al., 2010). Moreover, the presence of calcifications can considerably
affect prosthesis implantation, leading to a non-uniform expansion of
the stent frames at all levels, thus inducing stent deformation and
consequent poor TAVI procedure outcomes (John et al., 2010).
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Table 1
Adopted Nitinol material parameters for modeling the Corevalve stent behavior.

Parameter Description Value

EA Austenite elastic modulus 51,700 MPa

EM Martensite elastic modulus 47,800 MPa

ν Poisson's ratio 0.3
σSL Start of transformation loading 600 MPa

σEL End of transformation loading 670 MPa

σSU Start of transform. unloading 288 MPa

σEU End of transformation unloading 254 MPa

ð∂σ∂TÞL Loading stress-temperature coefficient 2.1 MPa K�1

ð∂σ∂TÞU Unloading stress-temperature coefficient 2.1 MPa K�1

T0 Reference temperature 310 K
εL Maximum transformation strain 6.3%

εLV Maximum volumetric transformation strain 6.3%
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The current understanding of the potential adverse events
associated with the TAVI procedure is still limited (Masson et al.,
2009). It is clear that many complications may arise in the case of
non-optimal choice of prosthetic device and implantation strategy
for a specific pathological situation (Dvir et al., 2013). A better
understanding of the potential complications associated with TAVI
through the prediction of what-if scenarios thus can help
improving the procedure outcomes, allowing a wider and safer
application of this surgical treatment. All these considerations
highlight a strong need of a guided (personalized) selection and
sizing of the prosthetic device and implantation strategy, as also
pointed out by Iqbal and Serruys (2014).

In this context, finite element analysis (FEA) represents a con-
solidated mathematical tool to provide reliable predictions of the
post-implant device configuration, thus leading to the pre-operative
selection of the optimal prosthesis (in terms of both type and size)
tailored for the specific patient. Due to its capability of handling also
very complex problems (involving large deformations, contact, geo-
metrical and material non-linearities), FEA has been already con-
sidered as a valuable numerical technique to virtually reproduce TAVI.
Very recently, FEA has been used to simulate percutaneous valve
implantation of balloon-expandable devices in real clinical cases
(Morganti et al., 2014; Auricchio et al., 2014), while self-expandable
devices, and, in particular, the Medtronic Corevalve prosthesis has
been investigated by Hopf et al. (2012) with the aim of reconstructing
the forces induced by the stent on the aortic valve complex, and by
Gessat et al. (2014) who proposed an image-based system to evaluate
the interface forces between the Nitinol stent and the surrounding
tissues. The radial forces of the Corevalve have been also evaluated by
Tzamtzis et al. (2013) who addressed a comparison with the Edwards
SAPIEN device.

In this work, following the explicit needs of medical operators
performing the TAVI procedure, we aim at using FEA to investigate
the effects of different placement choices on the final configura-
tion of the implanted stent. To this end, we herein focus on a single
real clinical case of Corevalve implantation. The native aortic valve
and the calcifications are reconstructed from CT images and
included in our finite element model, while the prosthetic device
is generated from a micro-CT scan, thus allowing very realistic
simulation outcomes. Our ultimate goal is to understand and
quantitatively evaluate the effects of the stent implantation angle
and depth in terms of post-implant asymmetries, stress/strain
patterns, paravalvular leakage, and valve coaptation.
Fig. 1. Sketch of the simulation workflow. (a) Native aortic valve model reconstructed
opening; (c) corevalve stent configuration after crimping; (d) corevalve stent expansion
2. Materials and methods

2.1. Simulation framework

To set-up the stent expansion analysis we follow the framework introduced in
Morganti et al. (2014). Accordingly, ITK-Snap v.2.4 is used to extract the STL
representation of the aortic root and calcific deposits (Yushkevich et al., 2006) from
CT images of a 75 year-old male patient. An in-house code is used to process the
STL file and generate the finite element mesh of the aortic root (modeled with
tetrahedral elements) including the native leaflets (modeled with shell elements
under the assumption of a uniform thickness of 0.5 mm, Auricchio et al., 2014). The
lines of leaflet attachment and the leaflet free-margin lengths are obtained from
the CT 3D reconstruction and from short-axis ultrasound images, respectively. The
smaller calcific spots and especially those extracted at the ascending aorta level are
removed: only larger blocks of calcium at the aortic root level are thus considered.
The STL file of calcifications is then processed using VMTK (Vascular Modeling
ToolKit, http://www.vmtk.org) to extract a regular tetrahedral mesh (Antiga et al.,
2008). Given the comparative nature of the present study focused on the pros-
thethic device post-operative configuration and performance, simplified St.
Venant-Kirchhoff properties are adopted to model the aortic tissue, the native
leaflets, and the calcifications. In particular, for the aortic root Young's modulus
E¼ 2 MPa, a Poisson's ratio ν¼ 0:45, and a density ρ¼ 2000 kg m�3 is used (Xiong
et al., 2010); for the native leaflets E¼ 8 MPa, ν¼ 0:45, and ρ¼ 1100 kg m�3 are
considered, while for calcifications E¼ 10 MPa, ν¼ 0:35, and ρ¼ 2000 kg m�3 are
used (Morganti et al., 2014). Young's modulus used for the native leaflets also
comes from Xiong et al. (2010) who used such a value to model bovine pericardium
aortic leaflets. However, the same value of 8 MPa could be used to approximate the
stiffer (i.e., circumferential) non-linear behavior of human aortic valves (Stradins et
al., 2004). Considering the stiffer curve is reasonable since stenotic valves of older
patients have stiffer tissues than the average.

Fig. 1 shows a sketch of the adopted workflow. The model of the aortic valve
with calcifications is reconstructed from images recorded in the diastolic phase
(Fig. 1(a)). A pre-simulation of leaflet opening is thus performed before stent
implantation (Fig. 1(b)). The Abaqus Explicit solver (3DS, Dassault Systéms, Paris,
France) is used for all the simulations presented in our study. A kinematic
in the diastolic phase from CT images and ultrasound measures; (b) native valve
; (e) prosthetic leaflets mapping inside the stent and valve closure.

http://www.vmtk.org


Fig. 2. Summary of the simulated device configurations within the patient's aortic valve model; we name each configuration as follows: T0, the device is implanted with its
lower end 1 mm below the annulus level; T1, the device is implanted with its lower end 4 mm below the annulus level; T2, the device is implanted with its lower end 8 mm
below the annulus level; T1_R�10, the axis of the crimped device forms an angle of �10 1 with the axis of the aortic root; T1_Rþ10, the axis of the crimped device forms an
angle of þ10° with the axis of the aortic root.

Fig. 3. The finite element model is superimposed to the intraoperative angiography
of the specific case under investigation in the case of Φ¼ 0: the represented plane
is the rotation plane considered for modelling different implantation angle.
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constraint is defined to couple the motion of the calcific deposits on the leaflets and
the leaflets themselves. The CoreValve model size 29 is generated from a micro-CT
scan of the actual device that allows a very accurate geometrical reconstruction.
The Abaqus built-in constitutive model able to reproduce the super-elastic effect is
used, with material properties assigned to the hexahedral elements of the struc-
tured stent mesh according to Auricchio et al. (2010) and listed in Table 1.

The simulation of prosthesis implantation is performed in two steps: first, as
sketched in Fig. 1(c), the stress-free open configuration of the device is crimped
within a rigid cylinder modeled with surface elements to a diameter of 6 mm (18F),
then the rigid catheter is gradually removed with a sliding upwards movement to
let the stent expand exploiting the Nitinol super-elastic effect (Fig. 1(d)). In the first
step, frictionless contact is enabled only between the catheter and the stent, while,
in the second step, contact is defined also between the stent and the aortic valve
and calcifications. Finally, following Auricchio et al. (2010), the prosthetic valve is
mapped inside the implanted stent and a physiologic pressure is applied to the
leaflets to reproduce the diastolic behavior (Fig. 1(e)).

The simulation strategy described above has been implemented and repeatedly
used to evaluate the impact of different positioning choices on prosthesis post-
operative configuration and performance. In particular, three different implantation
depths and angles are analyzed, as summarized in Fig. 2. The implantation depth d
is defined as the distance between the lower end of the prosthesis metallic frame
and the aortic annulus level (corresponding to the plane passing through the three
nadir of the sinuses). The implantation angleΦ is defined as the angle between the
tangent of the aortic root centerline at the annulus level and the axis of the crimped
device (i.e., before expansion).

The device is supposed to rotate in a plane corresponding to the one whose
projection is shown by the intraoperative angiography (reported in Fig. 3) sup-
porting medical operators in the device positioning during the implantation
procedure.

2.2. Simulation post-processing

Each simulated configuration has been post-processed to extract quantitative
measures of: (i) prosthetic stent deformation, (ii) grade of device apposition, and
(iii) prosthetic valve performance. In particular, stent deformation is evaluated by
measuring the eccentricity of the device cross-section. In Fig. 4 an example of
eccentricity measurement is reported for the configuration named T2 (see Fig. 2):
on the left, three representative cross-sections (at the bottom, middle, and top of
the stent) are shown. The nodes of the stent corresponding to the specific cross-
section are extracted (red dots in Fig. 4a) and used to fit an ellipse (blue line) from
which the minor (a) and major (b) axes are highlighted. The eccentricity is eval-
uated as the ratio between the two axes: e¼ b=a. As an example, the curve
representing the eccentricity along the device height is shown in Fig. 4b.

The grade of device apposition and, consequently, a correspondent measure of
device anchoring can be evaluated by measuring the area of the contact surface
between the stent and the aortic root (called stent-root interaction area). In parti-
cular, we consider only the elements of the aortic root whose contact pressure after
stent expansion simulation is greater than zero and, then, we sum the areas of all
the considered element faces belonging to the internal surface of the root. Such a
“contact” measure can be improved and completed by a measure of the stress
induced in the aortic root due to stent contact after expansion. In particular, fol-
lowing Auricchio et al. (2011), we compute the von Mises average stress σav as
follows: we first neglect peak values of the stress due to (possible) local con-
centration since they may alter the comparison between the different implant
configurations investigated in our work. We consider only the 99th percentile with
respect to the original root volume (i.e., only 1% of the volume has von Mises stress
above this value, called σ99). After excluding the elements with the highest stress
values, we compute the average stress, σav, as

σav ¼
PN

i ¼ 1 σiV i
PN

i ¼ 1 Vi

ð1Þ

where σi is the von Mises stress evaluated at the unique integration point of each
tetrahedral element, Vi is the element volume, and N is the number of elements
whose stress value is less than or equal to σ99.

The risk of paravalvular leakage can be associated to the mismatch (i.e., missed
adhesion) between the implanted Corevalve stent, on one side, and the aortic valve
structure (including calcifications), on the other side. Following the strategy pro-
posed in Morganti et al. (2014), the index of potential paravalvular leakage is
related to the total area of such mismatch generating paravalvular orifices (high-
lighted by a red line in Fig. 5) measured taking a cross-section of the whole model
in the plane (Ω in Fig. 5(b) and (c)) through the three end-points of the prosthetic
leaflet commissures (C1, C2, and C3 in Fig. 5(a)).

Finally, the coaptation area, measured as the total area of the leaflet elements in
contact with each other is computed to evaluate prosthetic leaflet performance.
3. Results

The aim of the present work is to evaluate the impact of
positioning on the post-operative configuration and performance
of the prosthetic device used for percutaneous aortic valve repla-
cement. FEA is used to achieve this goal starting from medical
images of a real case. In this section, the obtained results are
presented in terms of:

� Prosthetic stent deformation: In particular, measurements of the
elliptic shape of the implanted device are used to evaluate stent
deformation. In Fig. 6(a) the eccentricity (measured as described
in Section 2.2) is plotted versus the stent height for configura-
tions T0, T1, and T2 highlighting the impact of the positioning
depth d, and in Fig. 6(b) for configurations T1, T1_R�10, and
T1_Rþ10, highlighting the impact of the positioning angle Φ.
The maximum distorsion (e¼ 1:32) is obtained for the T1_R�10
configuration, while the most regular post-implant geometry is
observed in the T1_Rþ10 configuration.

� The measure of the stent-root contact area as well as the
measure of the average and maximum root stress may repre-
sent an indication of the grade of stent apposition and device



Fig. 4. Post-processing of simulation outcomes: measure of post-implant stent eccentricity. (a) Three representative cross sections of the implanted device are shown;
(b) the obtained eccentricity is plotted for 21 equally spaced stent sections. (For interpretation of the references to color in this figure caption, the reader is referred to the
web version of this paper.)

Fig. 5. Measure of the risk of paravalvular leakage: (a) top-view of the prosthetic device; the three end-points of the prosthetic leaflet commissures (C1, C2, and C3) are
highlighted; (b) the plane Ω passes through the points C1, C2, and C3; (c) the cross-section of the valve at the level of the plane Ω is taken into account to identify eventual
paravalvular orifices and compute their area. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 6. Measure of stent cross-section eccentricity for each simulated configuration.
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anchoring; they are thus measured for each simulated config-
uration and reported in Table 2.

� Measure of paravalvular leakage: In particular, the grade of
mismatch (in terms of paravalvular orifice area) between the
expanded stent and the internal aortic root surface is measured
in the plane passing through the three commissural points of
the prosthetic valve. The obtained values are reported for each
configuration in Table 2.

� Measure of coaptation area: the area of the elements of the three
prosthetic leaflets in contact each other after valve closure
simulation is measured and reported in Table 2.
4. Discussion

The impact of prosthesis positioning on the post-operative
transcatheter aortic valve performance represents an important
issue, as demonstrated by the several medical papers recently
published on this topic (Iqbal and Serruys, 2014; Schultz et al.,
2009; Baan et al., 2010; Roten et al., 2010; Fraccaro et al., 2011;
Sherif et al., 2010; John et al., 2010; Détaint et al., 2009; Piazza et
al., 2008). Accordingly, the aim of the present work is to quanti-
tatively measure the effects of different positioning strategies (in
terms of placement depth and implantation angle) on several,



Table 2
Main quantitative results of prosthesis performance summarized for each simulated configuration.

Configuration Stent-root interaction area ðmm2Þ

T0 131.1

T1 222.8

T2 130.9

T1_Rþ10 168.1

T1_R�10 166.1

Configuration σav=σmax (kPa/kPa)

T0 33.9/173

T1 44.1/168

T2 38.4/151

T1_Rþ10 40.0/165

T1_R�10 46.2/169

Configuration Paravalvular orifice area ðmm2Þ

T0 6.8

T1 12.9

T2 18.6

T1_Rþ10 5.3

T1_R�10 8.7

Configuration Coaptation area ðmm2Þ

T0 91.6

T1 91.5

T2 54.8

T1_Rþ10 89.8

T1_R�10 60.3
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clinically relevant, parameters. We start from images of a real
clinical case treated with a Corevalve prosthesis using the CT
reconstruction of the patient's calcified valve to virtually simulate
different implantation procedures varying the device implantation
depth and angle.

The first important result highlighted by the performed com-
putational analyses concerns prosthetic device deformation. In
fact, it is well known that the performance of the implanted valve
is strongly affected by device deformation (Schultz et al., 2009;
Zegdi et al., 2008), and results show that the device implantation
strategy (i.e., the combination of implantation depth and angle)
significantly affect stent distortion. In particular, Fig. 6(a) shows
that the lower the valve is implanted, the worse is the situation in
terms of post-operative stent regularity and symmetry, even if
only one configuration (i.e., T2) leads to very poor results with an
eccentricity higher than 10%, highlighting an incomplete expan-
sion of the metallic frame at almost all levels. The implantation
angle also affects device deformation inducing, in one case (i.e.,
T1_Rþ10), a significant improvement in terms of regularity and, in
the other case (i.e., T1_R�10), a relevant worsening (see Fig. 6(b)).
It is interesting to observe that such a measure of post-implant
stent distortion is related to the measure of valve coaptation:
configurations T2 and T1_R�10, which show a higher stent dis-
tortion (as reported in Fig. 6), are characterized by lower values of
coaptation area (54.8 and 60.3 mm2) while the other three con-
figurations, which show similar distortion level, are associated to
similar values of coaptation area. This result confirms that the
deformation of the metallic frame of the prosthetic device affects
the configuration of the leaflets, as already demonstrated by Zegdi
et al. (2008).
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As reported by Iqbal and Serruys (2014), the performance of the
percutaneous procedure and, in particular, the occurrence of aortic
regurgitation, are affected not only by stent deformation but are
also related to the size of the patient's annulus and the degree of
native valve calcifications. The model presented in this work
includes both these ingredients which are accurately recon-
structed from patient-specific images, thus allowing a quantitative
evaluation of the lack of congruence between the native calcified
valve and the device. Such a prosthesis-host mismatch, which can
be due to inappropriate sizing or non-uniform expansion related
to extensive calcifications, is measured in terms of paravalvular
orifices. As summarized in Table 2, the lower-implanted device
(T2) leads to the worst scenario with an associated mismatch area
of 18.6 mm2. It is worth noting that the obtained values could be
reduced by device adjustment (which may occur some days after
treatment) or by post-valve implant re-ballooning, which are both
complex phenomena not included in our simulations. However,
the simulation result itself can be considered by medical operators
as a prediction of the potential need of re-ballooning.

Finally, the device anchoring and, from the opposite point of
view, the risk of device migration can be quantitatively evaluated
both from the average stress σav induced by the prosthesis
expansion in the aortic root (also associated to the radial forces of
the metallic frame which tends to recover its expanded config-
uration once extracted from the catheter) and from the stent-root
interaction area. As expected, the two measures are related: in
fact, higher values of σav are associated to higher values of contact
area between the frame and the native aortic structure (see con-
figurations T1, T1_Rþ10, and T1_R�10), which could highlight a
superior anchoring of the prosthesis. On the contrary, lower values
of σav are associated to lower values of interaction area (config-
urations T0 and T2), which could reveal a higher risk of device
migration. Our results thus show that the stent-root interaction
can be largely affected by implantation depth.

All these information and data can be conveniently shared and
discussed to the surgeon, and used to optimally plan the inter-
vention or at least to predict (and avoid) possible complications.

4.1. Limitations

While, on one side, realistic material properties of the Nitinol
stent are used (allowing a realistic simulation of the superelastic
crimping/expansion phenomenon), on the other side, only sim-
plified isotropic elastic properties are considered for the native
valve and for calcifications using parameters taken from the lit-
erature. However, despite the adoption of more complex material
models for the valve tissues would produce different stress/strain
patterns, we think that the comparative nature of the present
work and the special focus on the interaction between the metallic
frame and the biological tissues (which is mainly governed by the
dimension of the host structure and by the position and dimension
of the calcifications) make the adopted simplified assumption
acceptable. The native leaflets in fact are much more flexible than
the modeled calcium blocks and, consequently, do not have a
significant impact on device post-implant configuration. For the
same reason, also leaflet prestress is neglected. Aortic wall pres-
tress was also neglected due to the lack of accurate patient-specific
aortic pressure and tissue data; this assumption may lead to
increased deformations (Hsu and Bazilevs, 2011).

Moreover, a validation of the obtained results with post-
operative images and measurements (using, for example, ultra-
sounds or CT) could further improve the present work. However,
also in this case, the main aim is to compare different implantation
configurations and evaluate the impact of the implantation strat-
egy on several clinically relevant parameters. A validation study
starting from intra-operative measurements to set-up the
simulations and considering post-operative data and images is
already planned for the near future. At the same time, innovative
computational technologies will be investigated and used to study
such complex biomechanical problems with the aim of achieving
superior performance in terms of accuracy and computational
time, as already shown in Morganti et al. (2015).

We also remark that in the present work only one case has
been investigated and the obtained results are thus confined to the
specific patient analyzed in this study. However, our main aim was
to show that finite element analysis is indeed a powerful pre-
dictive technology also in this field and, in the future, we plan to
extend the presented framework to a large cohort of individuals
undergoing TAVI with different anatomic features.

Finally, in the present work, the interaction between the
implanted prosthetic device and the blood is not considered.
Fluid–structure interaction analysis could allow investigation of
the hemodynamic performance of the implanted device (Hsu
et al., 2014, 2015), leading to a quantitative evaluation of impor-
tant parameters as the grade of regurgitation, leakage, and post-
operative ejection fraction.
5. Conclusions

Following a strong need directly coming from medical opera-
tors, in the present work we have numerically studied by means of
finite element analysis different transcatheter aortic valve
implantation strategies starting from an accurate model of both
the prosthetic device and the native pathological valve coming
from a real case. We conclude that the patient's aortic geometry
(and in particular calcifications), the placement depth, and the
positioning angle may have non-negligible effects on post-
operative outcomes and such effects can be predicted and quan-
titatively measured by the presented computational model.
Therefore, we believe that computational analysis in the near
future may actually play a crucial role during surgical operation
planning due to its ability in predicting possible adverse events.
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