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Numerical Parametric Study
of Paravalvular Leak Following
a Transcatheter Aortic Valve
Deployment Into a
Patient-Specific Aortic Root
Paravalvular leak (PVL) is a relatively frequent complication after transcatheter aortic
valve replacement (TAVR) with increased mortality. Currently, there is no effective
method to pre-operatively predict and prevent PVL. In this study, we developed a computational model to predict the severity of PVL after TAVR. Nonlinear finite element
(FE) method was used to simulate a self-expandable CoreValve deployment into a patientspecific aortic root, specified with human material properties of aortic tissues. Subsequently,
computational fluid dynamics (CFD) simulations were performed using the post-TAVR geometries from the FE simulation, and a parametric investigation of the impact of the transcatheter aortic valve (TAV) skirt shape, TAV orientation, and deployment height on PVL was
conducted. The predicted PVL was in good agreement with the echocardiography data. Due
to the scallop shape of CoreValve skirt, the difference of PVL due to TAV orientation can be
as large as 40%. Although the stent thickness is small compared to the aortic annulus size,
we found that inappropriate modeling of it can lead to an underestimation of PVL up to
10 ml/beat. Moreover, the deployment height could significantly alter the extent and the distribution of regurgitant jets, which results in a change of leaking volume up to 70%. Further
investigation in a large cohort of patients is warranted to verify the accuracy of our model.
This study demonstrated that a rigorously developed patient-specific computational model
can provide useful insights into underlying mechanisms causing PVL and potentially assist in
pre-operative planning for TAVR to minimize PVL.
[DOI: 10.1115/1.4040457]
Keywords: paravalvular leak, transcatheter aortic valve replacement, computational
fluid dynamics, finite element simulation

Introduction
Transcatheter aortic valve replacement (TAVR) is a less-invasive
treatment for patients with severe aortic stenosis [1]. It has been
established as a standard of care in aortic stenosis patients with high
risk of surgical mortality or who are not suitable for surgery [2,3].
Recently, this revolutionary therapy has been approved by U.S.
Food and Drug Administration (FDA) to treat intermediate-risk
patients [4], with the advantages of less trauma and shorter recovery
time. Despite the progress made, there remain several potential
TAVR limitations that need to be minimized [5]. Among them, paravalvular leak (PVL) remains a frequent complication of TAVR
associated with increased mortality [6]. The 2-year follow-up of
PARTNER 2 trial demonstrated that TAVR resulted in higher incidence of PVL than surgical aortic valve replacement with >25% of
TAVR patients having at least mild PVL [7]. Moreover, even mild
PVL post-TAVR was associated with 10–15% higher mortality at 2
years than patients with none or trace PVL in earlier PARTNER
analyses [8]. Valve undersizing or under-expansion, valve malalignment (either too high or too low), and severe global and focal
aortic valve calcification with malapposition are the main causes of
PVL [6,9]. However, currently, there is no effective method to preoperatively predict and prevent PVL.
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The severity of PVL after TAVR can be assessed by several
imaging modalities, such as angiography, echocardiography,
cardiac magnetic resonance [10], and multislice computed tomography (MSCT) [11]. Aortic root angiography is an established
tool for qualitative and semiquantitative assessment of PVL. The
downside of this tool is that it relies on the subjective interpretation of unidimensional images [6]. Echocardiography remains
the least costly and most widely available diagnostic method.
However, it is important to realize that quantification of PVL after
TAVR still remains challenging, since several regurgitant jets
often co-exist. The Valve Academic Research Consortium
(VARC) published the VARC-2 criteria for the assessment of aortic regurgitant and/or PVL after TAVR [12]. VARC-2 classifies
PVL severity into three levels: mild, moderate, and severe. The
evidence supporting these criteria for the assessment of PVL is
limited and requires further validation [13,14].
Computational models [15–19] have greatly improved our
understanding of the structural mechanics of the transcatheter aortic valve (TAV) deployment; however, there is still a lack of studies on the post-TAVR hemodynamics with the consideration of
device-tissue interaction. Only a few studies investigated the PVL
after TAVR. De Jaegere et al. [20,21] validated a computational
model of PVL prediction in 60 patients who underwent CoreValve
(Medtronic, Minneapolis, MN) deployment. The predicted PVL
from the model was compared with the observed data from angiography and echocardiography. The impact of device sizing and
implantation depth on PVL was investigated in a subset of cases.
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Fig. 1 (a) Pre-TAVR aortic root geometry from CT scans used for FE simulations of TAV
deployment and (b) post-TAVR geometry obtained from FE simulation results. TAV skirt and
leaflets were added to accommodate CFD simulations.

However, a fixed 32 mmHg transvalvular pressure during diastole
used in their model seems unphysiological and may underestimate
the severity of PVL. Saeedi [22] investigated the energetic and
hemodynamic characteristics of PVL after TAVR. A 26 mm
Edwards SAPIEN valve was modeled in an idealized aortic root
geometry, and the PVL orifices were numerically created at different locations. Therefore, their findings may not reflect the clinical
practice in real patient anatomies. Bosmans et al. [23] developed a
finite element (FE) model to study the self-expandable TAV stent
implantation in 10 patients. The deformed geometries of the stent
and displacement of calcifications from simulations were compared
to the follow-up MSCT scans for validation. A max-flow algorithm,
which creates a one-dimensional connected graph to represent the
flow network based on the distance between the stent and aortic
root, was used to estimate the severity of PVL. This analysis corresponded well to the clinical data when no regurgitation was
observed but suffered from inaccuracy for PVL patients, which may
be due to the inaccurate estimations of the one-dimensional model.
Clearly, there still lacks accurate preprocedural computational
models for the prediction of post-TAVR PVL. In this study, we
developed computational models to perform a parametric investigation of the impact of various TAVR shape, deployment and
modeling strategies on PVL. Since accurate modeling of TAV
deployment is essential in simulating post-TAVR aortic flow,
nonlinear FE method was used to simulate a self-expandable CoreValve system deployment into a patient-specific aortic root,
modeled with human aortic tissue properties. Subsequently, computational fluid dynamics (CFD) simulations were performed
using the post-TAVR geometries from the FE simulation, and a
parametric investigation of the impact of the factors such as the
TAV skirt shape, TAV orientation, and deployment height on
PVL was conducted.

Methods
Patient-Specific Aortic Root Model and Transcatheter Aortic Valve Geometry. In this study, a clinical case that a 26 mm
CoreValve was implanted in a 91-year-old female patient was studied. The patient-specific three-dimensional (3D) geometry of the
aortic root including the calcified native leaflets was reconstructed
from de-identified pre-operative MSCT images, collected from
101007-2 / Vol. 140, OCTOBER 2018

Columbia University Medical Center, using Avizo software (VSG,
Burlington, MA). Institutional Review Broad approval to review
patient images was obtained for the study. HyperMesh software
(Altair Engineering, Troy, MI) was used to generate a high-quality
FE mesh of the 3D aortic root model (Fig. 1(a)), which included
aortic root, native leaflets, calcification, mitral-aortic intervalvular
fibrosa, fibrous trigones, and left ventricular outflow tract (LVOT).
It can be seen (Fig. 1) that for this patient, each native aortic leaflet
has one large chunk of calcification attached to the aortic side.
There is an additional small piece of calcification on the right coronary leaflet and left coronary leaflet (LCL). A large chunk of calcification also appears just above the noncoronary leaflet (NCL).
Calcification was modeled such that the volume of 3D elements in
HyperMesh was similar to that was quantified using the material
statistics tool with a density greater than 850 Hounsfield units in
Avizo. The CoreValve stent geometry used in this study was created using the illustrations in the literature [24].

Finite Element Modeling of CoreValve Deployment. Threedimensional solid elements were used to model the TAV stent and
the aortic root in ABAQUS explicit 6.13 (SIMULIA, Providence,
RI) FE software. The modified anisotropic hyperelastic HolzapfelGasser-Ogden (MHGO) material model [25] was adopted to characterize mechanical behaviors of the human tissues, including
native leaflets, aortic sinus, and ascending aorta. The tissues were
assumed to be composed of a matrix material with two families of
embedded fibers, each consisting of a preferred direction. The
strain energy function W can be expressed as


W ¼ c1 exp ½c2 ðI 1  3Þ  1
n
o
i
2 h
k1 X
2
exp k2 ½jI 1 þ ð1  3jÞI 4i  1  1
þ
2k2 i¼1
þ

1
ð J  1Þ2 ;
D

i ¼ 1; 2

(1)

where the strain invariant I 1 is used to describe the matrix material and the strain invariant, I 4i is used to describe the properties
of the fiber families. c1 , c2 and k1 , k2 are the matrix and fiber
parameters, respectively, D is a material constant to enforce
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Table 1 Material parameters of noncalcified human aortic sinus, ascending aorta, leaflet, myocardium, anterior mitral leaflet, and
mitral-aortic intervalvular fibrosa

Sinus
Ascending aorta
Leaflet
Myocardium
Mitral leaflet
Ogden model
Fibrosa

c1 (kPa)

c2

k1 (kPa)

k2

j

D (kPa1)

h (deg)

1.7553
4.1755
0.9627
0.0374
0.1245
l1 (kPa)
2069.4

13.7077
3.4649
6.3928
15.3875
13.6655
a1
12.5

10.5507
3.7711
12.7250
6.0798
11.0069
l2 (kPa)
94.8

80.3790
15.9276
48.6769
98.3666
84.8478
a2
12.5

0.0006
0.0864
0.0711
0.1440
0.0800
l3 (kPa)
3182.6

0.0005
0.0005
0.0005
0.0005
0.0005
a3
12.5

20.06
70.95
28.04
6.78
13.09

incompressibility, and J is the determinant of the deformation gradient. In Ðaddition, if qðHÞ is the orientation density function, then
p
j ¼ 1=4 0 qðHÞsin3 HdH, ranging from 0 to 1/3, determines the
level of dispersion in the fiber directions [26]. Local coordinate
systems were defined for each leaflet and sinus to include fiber
orientations for each region. The mean fiber directions are
assumed symmetric with respect to the circumferential axis of the
local coordinate system. The parameter h defines the angle
between one of the mean local fiber direction and the circumferential axis of the local coordinate system. The anisotropic material
model was implemented into ABAQUS with a user subroutine
VUANISOHYPER [27–29].
The isotropic hyperelastic Ogden model [30] was used to characterize the mechanical properties of the human mitral-aortic
intervalvular fibrosa and fibrous trigones obtained from uniaxial
testing. Calcification was assumed to be homogeneous and to
have a Young’s modulus of 12.6 MPa [31] and a Poisson’s ratio of
0.3. Details of the determination of material parameters for aged
human tissues from biaxial mechanical tests were described in
previous publications [32,33] and the material parameters used in
this study are listed in Table 1.
Eight-node hexahedral elements (C3D8I) were used to model
the TAV stent. Initially, the stent was positioned coaxially with
the aortic root. The stent was modeled using the properties of nitinol with austenite elasticity of 50 GPa, austenite Poisson’s ratio of
0.3, martensite elasticity of 25 GPa, and martensite Poisson’s ratio
of 0.3 [34]. The TAV leaflets were not included in the deployment
FE model because the effects of TAV leaflets on the biomechanical interaction between the stent and native tissue during the stent
expansion were negligible. The crimped geometry of the selfexpanding CoreValve stent was obtained by applying a displacement field in the radial direction to a cylindrical sheath outside the
stent, and the deployment of the stent was simulated by applying a
displacement field in the axial direction to the sheath away from
the aortic root. The top of the ascending aorta was constrained to
allow only rotational degrees-of-freedom. The friction coefficient
between the stent and aortic root was assumed to be 0.1 [35].
Computational Fluid Dynamics Modeling of Aortic Flow.
The deformed aortic root and stent geometries after deployment
were extracted from the FE simulation and used to create CFD
models. The inner surface of the aortic root was used to extract
fluid domain. A skirt was added to the TAV stent in the CFD
model to mimic the impermeable porcine pericardium skirt seal of
the CoreValve. The TAV leaflets were created by virtually reproducing the closed shape of CoreValve leaflets and attached to the
stent [36] for CFD simulations. It was demonstrated later that
the detailed closing shape of the leaflets has a negligible effect on
the PVL. The geometries of the aortic root, calcification, TAV
stent, leaflets, and skirt in the deployed configuration are depicted
in Fig. 1(b). The post-TAVR hemodynamics was simulated in
Star-CCMþ (CD-adapco, Melville, NY) CFD software. The
physics model employed an incompressible Newtonian fluid with
a reference density q ¼ 1056 kg=m3 and dynamic viscosity l ¼
0:0035 Pa  s for blood properties. The largest leakage gap size is
Journal of Biomechanical Engineering

around 2–3 mm in our models, considering a peak regurgitant jet
velocity of 5 m/s, therefore the peak Reynolds number exceeds
3000. This suggests the flow is in the transitional or low-Re turbulent flow regime. Turbulence modeling was performed using
the K-Omega SST model with all yþ wall treatment and low
Reynold number damping modification, since the Reynolds number is not very high through the small leakage channel [37]. The
Navier–Stokes equations for 3D flow were solved by a secondorder segregated iterative method (SIMPLE algorithm). Since the
purpose of this paper was to evaluate PVL when TAV was closed,
only diastolic phase was modeled (simulation time T ¼ 0.516 s).
The transient feature of the flow was modeled using the implicit
unsteady solver with a time-step of 0.5 ms. Convergence criteria
for all the flow parameters were set to 105.
High-density hexahedral core meshes with prism layer meshes
near the wall boundary were generated. Volumetric control was
used to generate dense meshes with the shortest edge length less
than 0.1 mm in the vicinity of the contact region between the stent
and aortic root. Approximately 2.3–2.8 106 cells per model
were found to be sufficient to provide mesh-independent results.
Figure 2 illustrates the mesh configuration in three cross sections.
The LVOT, right (RCA) and left coronary artery (LCA) boundaries were extended to eliminate the boundary effect on the results
of the CFD simulations [38].
Physiological pressure waveforms were applied to the ascending aorta and LVOT as the pressure inlet and outlet boundary
conditions, respectively since the patient-specific pressure waveform is unknown after TAVR (Fig. 2). Lumped parameter model
established previously [39] was implemented at the coronary
arteries to couple the local pressure with the flow rate. This model
has been validated [39] to be able to capture physiological coronary blood flows.
Transcatheter Aortic Valve Models. It is known that valve malalignment is a main cause of PVL [6,9]. To quantify the impact of
valve deployed orientation on PVL, simulations of two different
TAV orientations were performed. Rotation #1 (denoted as r1)
consisted of the TAV leaflet commissures aligned with the native
leaflet commissures (Fig. 3(a)). For Rotation #2 (denoted as r2),
the TAV leaflet commissures were aligned with the center of the
native leaflets. The impact of TAV vertical placement on PVL was
assessed by FE simulations of TAV deployment into three different heights: 5 mm higher than the optimum (denoted as h1), the
optimum (denoted as h2), and 5 mm lower than the optimum
(denoted as h3). The optimal implant position is defined as the
stent nadir is approximately 4 mm–6 mm below the aortic annulus
according to the manufacturer’s guideline of CoreValve System
[40]. Note that in Fig. 3(b), the TAV leaflets were simplified using
planar seals. This simplification has a negligible effect on the PVL
assessment, which will be discussed later. In addition, as shown in
Fig. 3(c), the impact of the skirt shape was modeled by considering
three different shapes: realistic scallop shape of the skirt (denoted
as s1), the modified skirt with 2.5 units of stent cell height (denoted
as s2), and the modified skirt with 2 units of stent cell height
(denoted as s3). The impact of stent thickness on the modeling
accuracy was assessed as well, which was ignored in a previous
OCTOBER 2018, Vol. 140 / 101007-3
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Fig. 2 Computational fluid dynamics mesh and boundary conditions. Physiological pressure waveforms were used at the
LVOT and ascending aorta as the pressure outlet and pressure inlet boundary conditions, respectively. Lumped parameter
model was used at each coronary outlet.

study [23]. Two scenarios were considered: (1) A TAV stent of
0.35 mm in strut thickness with the skirt mounted on the inner surface of the stent is denoted as a brick stent; and (2) a shell stent, as
shown in Fig. 3(d), with zero strut thickness, modeled as a surface,
and the skirt on the stent outer surface.

Results
Flow Rate and Pressure Waveforms. The representative coronary artery flow rate and pressure waveforms from one simulation are shown in Fig. 4(a). It can be seen that the flow rate of
LCA is approximately twice that of RCA, which is consistent
with physiological observations [41,42]. We found that coronary
flow rates do not change among different TAV models since the
pressure in the domain is almost unchanged. For the pressure
waveforms, it can be seen that the coronary pressure has the same
trend as the aortic pressure and the LCA pressure is slightly higher
than the RCA pressure. Figure 4(b) shows the PVL flow rate
waveform from the TAV model with an optimal deployment
height and aligned orientation. Since the PVL is driven by the
pressure difference between the ascending aorta and LVOT, as
expected, the leaking flow rate is proportional to the pressure drop
(shown as the dotted line).
The Effect of Stent Thickness and Skirt Shape. To simplify
the model, the TAV leaflets at the closed configuration were modeled as a planar seal (as shown in Fig. 3(b)). It was found that this
simplification has a negligible effect on the evaluation of PVL,
i.e., less than 4% difference in leaking volume compared to the
fully closed realistic TAV leaflet configuration. Therefore, the planar seal was used in the following TAV models to save time and
effort in the model setup. This may be critical to streamline the
process as a tool for surgical planning in the future. First, we
evaluated the impact of the skirt shape (Fig. 3(c)) on PVL. Their
corresponding PVL flow rates are depicted in Fig. 5(a). It can be
seen that the model with a shorter skirt height (the s3 model)
101007-4 / Vol. 140, OCTOBER 2018

caused the largest leakage, while the other two models have the
similar leaking flow rates. The leaking flow velocity profiles are
shown in Fig. 5(b). We found that a strong regurgitant jet
streamed through the gap right below the LCL. In the s1 and s2
models, the leakage pathway has a smaller cross-sectional area
compared to the case of s3, marked by the dash line circles in Fig.
5(b). This caused smaller PVL volumes in the s1 and s2 models.
Since the thickness of the stent is only 0.35 mm, one may consider modeling the stent as a zero thickness baffle to simplify volume mesh generation. However, this simplification may cause a
significant error in evaluation of PVL. The regurgitant velocity
vectors through a vertical cross section from the brick stent and
shell stent models (Fig. 3(d)) are illustrated In Fig. 6. Note that
dense meshes were generated in the vicinity of the leakage zone
to ensure at least 10 cells across the gap. Due to the inclusion of
the brick stent, the velocity vectors were disturbed and appeared
more irregular than that in the shell stent model. Another notable
observation is that the cross section area of the leakage is larger in
the brick stent model with the skirt mounted on the inner surface
of the stent. The averaged regurgitant flow rates are 24.6 ml/s and
42.4 ml/s (corresponding regurgitant volumes are 12.7 ml/beat and
21.9 ml/beat) for the shell stent and brick stent models, respectively (see Fig. 8(d)). This large difference in the regurgitant flow
rate demonstrates the importance of incorporating stent thickness
in the model in order to accurately assess the severity of PVL.
The Effect of Transcatheter Aortic Valve Orientation. The
CoreValve device has a longer skirt in the region between
the leaflet commissures and a shorter skirt around the nadir of
the leaflet attachment, thus the orientation of TAV may affect
PVL. Volume-rendering velocity fields from two models with different orientations (Fig. 3(a)) are depicted in Fig. 7. It can be seen
that the TAV model with aligned orientation had a larger leakage
than the one with misaligned orientation. Marked by the black
circle in the figure, there was a strong leaking jet through the gap
just below the LCL (see Fig. 7(a)), while a smaller and weaker jet
Transactions of the ASME
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Fig. 3 TAV models with (a) two different orientations: r1 and r2, (b) three different deployment heights: h1, h2, and h3, (c)
three skirt shapes: s1, s2, and s3, and (d) brick stent and shell stent

was observed (see Fig. 7(b)). As expected, the longer skirt located
adjacent to the leaking pathway increased flow resistance, thus led
to a smaller jet in the model of r2. The averaged regurgitant flow
rates for the aligned and misaligned models are 60.4 ml/s and
42.4 ml/s (corresponding regurgitant volumes are 31.2 ml/beat and
21.9 ml/beat), respectively (see Fig. 8(d)). This indicates that the

TAV orientation could significantly affect PVL for CoreValve
patients under certain situations.

The Effect of Deployment Height. Three FE simulations of
TAV deployment were conducted in order to accurately capture

Fig. 4 (a) The representative coronary artery flow rate and pressure waveforms from the simulation. (b) PVL flow rate curve
calculated from the simulation of brick-s1-r1-h2 model. The dotted line represents the pressure drop between the ascending
aorta and LVOT.
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Fig. 5 (a) Paravalvular leak flow rate curves from three TAV models with different skirt shapes as shown in Fig. 3(c) and (b)
velocity vector profiles in a vertical cross section illustrate the leaking flow through the gaps between the aortic root and TAV
stent

Fig. 6 Regurgitant velocity vectors of a vertical cross section from (a) the brick stent (brick-s1-r2-h3) model and (b) shell stent
(shell-s1-r2-h3) model

the tissue-device interaction due to the different deployment
heights. Volume rendering velocity fields from the models with
three deployment heights and the misaligned TAV orientation (r2)
(Fig. 3(b)) are shown in Fig. 8. The model with higher than the
optimal deployment exhibited overwhelmingly strong regurgitant
jets downstream the TAV as shown in Fig. 8(a). The majority of
PVL occurred through the commissure regions between the LCL
and NCL, and the NCL and RCL. The optimal and lower deployments resulted in a similar regurgitant flow field, with the majority
of the leakage through the midregion of the LCL and NCL, as
shown in Figs. 8(b) and 8(c). The corresponding averaged regurgitant flow rates for these three models are 64.5 ml/s, 38.4 ml/s, and
42.4 ml/s (corresponding regurgitant volumes are 33.3 ml/beat,
19.8 ml/beat, and 21.9 ml/beat), respectively (see Fig. 8(d)).
Comparison of Paravalvular Leak from the Simulation and
Clinical Data. Doppler echocardiography is usually used clinically for the assessment of PVL. PVL severity is defined based on
the VARC-2 classification [12]. It is noted that the resultant
101007-6 / Vol. 140, OCTOBER 2018

classification may not be consistent using different criteria, such
as regurgitant volume, regurgitant fraction, and effective regurgitant orifice area (EROA). Here, the PVL grade was classified
based on EROA. Clinically, EROA of this patient is calculated by
the proximal isovelocity surface area method based on echo measurements [43]. In the simulations, EROA was calculated according to the formula EROA ¼ ðRV=VTIÞ [44], where RV is the
regurgitant volume and VTI is the velocity time integral of regurgitant jets. Regurgitant volume was calculated by integrating the
volumetric flow rate over time. The quantitative comparison of
PVL calculated from the models and clinical data is summarized
in Table 2. It can be seen that the shell stent models underestimate
the severity of PVL, whereas in general, the brick stent models
are in good agreement with the clinical data.

Discussion
In this study, the influences of skirt shape, TAV orientation,
stent and skirt modeling, and deployment height of CoreValve on
Transactions of the ASME
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Fig. 7 Volume rendering of velocity fields from the models of (a) aligned orientation r1 (brick-s1-r1-h3 model), and (b) misaligned orientation r2 (brick-s1-r2-h3 model)

Fig. 8 Volume rendering of velocity fields from the models with different deployment heights (a) higher than the optimum, h1
(brick-s1-r2-h1 model), (b) around the optimum, h2 (brick-s1-r2-h2 model), (c) lower than the optimum, h3 (brick-s1-r2-h3
model), and (d) corresponding PVL flow rate curves from five TAV models in Figs. 6–8
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Table 2 Comparison of PVL metrics calculated from the simulations with clinical data

Case

EROA
(cm2)

PVL
grade

Regurgitant
volume (ml/beat)

Clinical data
Shell-s1-r1-h3
Shell-s1-r2-h3
Shell-s2-h3
Shell-s3-h3
Brick-s1-r1-h3
Brick-s1-r2-h3
Brick-s1-r1-h1
Brick-s1-r2-h1
Brick-s1-r1-h2
Brick-s1-r2-h2

0.12
0.088
0.052
0.048
0.067
0.127
0.089
0.135
0.136
0.080
0.081

Mild-moderate
Mild
Mild
Mild
Mild
Mild-moderate
Mild
Mild-moderate
Mild-moderate
Mild
Mild

N/A
21.5
12.7
11.8
16.4
31.2
21.9
32.9
33.3
19.6
19.8

PVL were investigated using computational models. These factors
are related to the valve design and the device-host interaction.
Calcification amount and distribution play a key role in PVL
outcome after TAVR. Calcification may cause incomplete or nonuniform expansion of the stent. However, whether the extent or
the distribution of calcification is a predictor of the grade of PVL
is still debatable. Some studies have shown a significant correlation [45–47], while other studies did not [11,48]. From an engineering analysis perspective, heavy focal calcification could cause

elliptical, asymmetric deformed shape of TAV, which may lead to
central and paravalvular leakage [49]. However, the severity of
the leakage is heavily dependent on the nature of the complex
interaction between the stent and the host tissue, i.e., native leaflets, calcification and aortic annulus, and factors such as TAV
type, deployment height, and device/annulus sizing ratio. Thus, a
strong correlation between calcium burden and PVL may not be
established by a statistical regression analysis. As shown in this
study, the patient has a large chunk of calcification in each leaflet,
accompanied with a bulky calcification attached to the ascending
aorta above the NCL. The resultant PVL jets were not distributed
equally among the leaflets. Conversely, PVL depends on the
deployment height and TAV orientation. Therefore, a computational model based on pre-TAVR imaging scans may serve as a
patient-specific pre-operative planning tool to predict the clinically relevant outcome and guide the physicians to select the
proper deployment strategy during the procedure that best fits the
individual patient. In the future, by applying this computational
model to a large cohort of PVL patients, we expect that a correlation between the optimal TAV deployment position and the calcification distribution and anatomic characteristics of the patient
could be established.
The computational model developed in this study may also
assist the design of next-generation TAVs. For instance, the
impact of skirt length and shape on PVL could be studied. The
longer skirt could reduce the grade of PVL; however, it may cause
coronary obstruction in certain situations. Therefore, a proper

Fig. 9 (a) Pressure distribution on the skirt with a regurgitant flow velocity profile to show
the distribution of regurgitant jets from the brick-s1-r1-h3 model. (b) A corresponding FE simulation to show the skirt bending under a pressure load of 10 mmHg.

101007-8 / Vol. 140, OCTOBER 2018
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length of the skirt considering these two competitive factors
should be used in practice. This conjecture was reflected in the
newer Medtronic CoreValve Evolut R, which has an extended
skirt of the inflow tract to provide better seal [50]. The significant
smaller leakage in the shell stent model compared to its brick stent
counterpart may suggest that a skirt wrapping along the outer surface of the stent could lessen PVL. This was reflected in the new
generation of Edwards SAPIEN 3 TAV and CoreValve Evolut
Pro devices, which have an outer skirt to the exterior of the stent
at the inflow tract to minimize PVL [51,52]. By examining the
PVL results from different deployment heights in Fig. 8, we found
that lower deployment seems to help reduce PVL and the majority
of regurgitant jets originated right below the native leaflets.
Under-expanded stent at the inflow tract due to leaflet calcifications and dilated LVOT created large gaps for the leaking. It is
conjectured that a flared inflow shape of the stent may alleviate
the likelihood of PVL from this region.
The effect of skirt shape and stent thickness on PVL may be
estimated by analyzing the laminar flow through an annular pipe.
The flow rate through an annular pipe [53] can be calculated as
"
#
p DP 4
ðr22  r12 Þ2
4
r  r1 
Q¼
8l DL 2
lnðr2 =r1 Þ

(2)

where r2 and r1 are the outer and inner radii of the annulus,
respectively, DP is the pressure drop and DL is the pipe length. It
can be seen from Eq. (2) that the flow rate is inversely proportional to the length of an annulus, which is largely determined by
the skirt length in the PVL case. Assume that the leakage channel
has an inner diameter of 22 mm, which is similar to the deformed
diameter of the implanted TAV in this study, a gap thickness
(r2  r1 Þ of 0.3 mm, and a channel length of 15 mm, we calculated
that the flow rate is 32 ml/s with a 80 mmHg pressure drop. If the
thickness of the stent strut is considered, then the gap thickness
should increase to 0.65 mm, which would result in a flow rate of
321 ml/s. This estimation may explain why the brick stent model
has a substantial increase in PVL compared to the shell stent
model. Note that the stent strut may partially block the leakage
channel; thus, the gap is not uniform as shown in Fig. 6(a); therefore, Eq. (2) only serves as a rough estimation. In clinical practice,
the leakage channels are irregular; thus, a CFD simulation is warranted to accurately calculate the leaking volume after TAVR.
Since the sealing skirt was treated as rigid in our CFD simulations, the validity of this assumption needs to be justified. It is
known that the skirt is made from the porcine pericardium for the
CoreValve. In Fig. 9(a), we could see that the pressure on the
upper skirt spreads in a wide range from 75 to 75 mmHg
depending on its location. Here, the positive value means the pressure pointing to the root center (expanding the leakage channel),
while the negative value means the pressure force pointing outward (shrinking the leakage channel). By extracting the pressure
load on the skirt from CFD simulations, we conducted FE simulations to check the bending deflection of the skirt as a clamped
plate. Here, Tissue FE models were developed with four layers of
C3D8I elements through the thickness of 0.15 mm, which is a typical value for a thin porcine pericardium (Fig. 9(b)). The MHGO
hyperelastic material model was used with the optimized material
parameters for flexural deformation from our previous paper [54].
We found that the maximum skirt deflection is small (0.14 mm)
compared to the largest leakage gap size (2.1 mm) due to the
low pressure (5 mmHg) exerted on the skirt in the vicinity of
strong leaking jets. However, the skirt deflection can be larger
(0.51 mm) in certain regions of small leakage channel size
(0.5 mm) due to the high pressure (75 mmHg) exerted on the
skirt. Even for the worst-case scenario, the altered leakage gap
size is still smaller than half of the largest gap size. It indicates
that the skirt deflection would not significantly change the distribution of leaking jets, since the original largest leakage gap
Journal of Biomechanical Engineering

remains the largest. Although the accurate estimation of regurgitant
volume due to skirt bending can only be determined by
fluid–structure interaction simulations, considering the low pressure
load on the majority of skirts, based on the formula (2), we estimated that the variation of regurgitant volume can be less than
20%. Note that the skirt bending is negligible for Edwards SAPIEN
valves due to the stiffer polyethylene terephthalate material used.
The interpretation of the results from this study should consider
the following limitations. First, our computational model was constructed and validated with one patient data. It remains to be seen
whether similar results can be obtained for a larger number of
patients undergoing TAVR. However, the conclusions drawn
based side-by-side comparisons from the parametric study are still
valid. Also, the current simulation was performed with a CoreValve device, additional TAVR valve devices and sizes, such as
Edwards SAPIEN 3 valves, may need to be incorporated into our
model. Moreover, it is commonly accepted that when considering
blood flow through large blood vessels, one can treat blood as an
incompressible Newtonian fluid [55]. However, when the blood
flows through smaller vessels or gaps, the blood flow may no longer be considered Newtonian, and its cellular nature needs to be
taken into account. Leakage gaps in this study can have a size as
low as 0.1 mm, but are still at least one order of magnitude larger
than blood cells. Besides, due to the high shear rate and strong
leakage jets, the shear-thinning behavior of blood should reach a
plateau with a constant apparent viscosity of 0.0035 Pas [56];
thus, the blood may be treated as a Newtonian fluid. Since the
TAV leaflets were fully sealed in the model, central leakage was
not considered in this study.

Conclusions
In conclusion, we have developed a computational framework
utilizing FE and CFD to investigate the severity of PVL in a CoreValve patient. The simulation results are quantitatively close to
the clinical measurement. The analysis of the effects of skirt
shape, TAV orientation and deployment height on PVL provided
useful insights into the deployment strategies for individual
patient and may facilitate next-generation TAV designs. Because
of the scallop shape of the skirt, the difference of PVL due to
TAV orientation can be as large as 40%. Although the stent thickness is small compared to the aortic annulus size, we found that
inappropriate modeling of it can lead to an underestimation of
PVL up to 10 ml/beat. Further investigation in a large cohort of
patients is needed to verify the accuracy of our model. This study
also demonstrated that a rigorously developed patient-specific
computational model could potentially serve as a tool to assist in
pre-operative planning for TAVR deployment strategies to minimize PVL.

Funding Data
 National Institutes of Health (NIH) (HL104080 and
HL127570).
 American Heart Association Post-doctoral Fellowship
(15POST25910002).

References
[1] Webb, J. G., Chandavimol, M., Thompson, C. R., Ricci, D. R., Carere, R. G.,
Munt, B. I., Buller, C. E., Pasupati, S., and Lichtenstein, S., 2006,
“Percutaneous Aortic Valve Implantation Retrograde From the Femoral
Artery,” Circulation, 113(6), pp. 842–850.
[2] Leon, M. B., Smith, C. R., Mack, M., Miller, D. C., Moses, J. W., Svensson,
L. G., Tuzcu, E. M., Webb, J. G., Fontana, G. P., Makkar, R. R., Brown, D. L.,
Block, P. C., Guyton, R. A., Pichard, A. D., Bavaria, J. E., Herrmann, H. C.,
Douglas, P. S., Petersen, J. L., Akin, J. J., Anderson, W. N., Wang, D., Pocock,
S., and Investigators, P. T., 2010, “Transcatheter Aortic-Valve Implantation for
Aortic Stenosis in Patients Who Cannot Undergo Surgery,” N. Engl. J. Med.,
363(17), pp. 1597–1607.
[3] Smith, C. R., Leon, M. B., Mack, M. J., Miller, D. C., Moses, J. W., Svensson,
L. G., Tuzcu, E. M., Webb, J. G., Fontana, G. P., Makkar, R. R., Williams, M.,

OCTOBER 2018, Vol. 140 / 101007-9

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org/ on 09/17/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Dewey, T., Kapadia, S., Babaliaros, V., Thourani, V. H., Corso, P., Pichard, A.
D., Bavaria, J. E., Herrmann, H. C., Akin, J. J., Anderson, W. N., Wang, D.,
and Pocock, S. J., 2011, “Transcatheter Versus Surgical Aortic-Valve Replacement in High-Risk Patients,” N. Engl. J. Med., 364(23), pp. 2187–2198.
Cribier, A., 2017, “The Development of Transcatheter Aortic Valve Replacement (TAVR),” Global Cardiol. Sci. Pract., 2016(4), p. e201632.
Thyregod, H. G. H., Steinbr€
uchel, D. A., Ihlemann, N., Nissen, H., Kjeldsen,
B. J., Petursson, P., Chang, Y., Franzen, O. W., Engstrøm, T., and Clemmensen,
P., 2015, “Transcatheter Versus Surgical Aortic Valve Replacement in Patients
With Severe Aortic Valve Stenosis: 1-Year Results From the All-Comers
NOTION Randomized Clinical Trial,” J. Am. Coll. Cardiol., 65(20), pp.
2184–2194.
Genereux, P., Head, S. J., Hahn, R., Daneault, B., Kodali, S., Williams, M. R.,
van Mieghem, N. M., Alu, M. C., Serruys, P. W., Kappetein, A. P., and Leon,
M. B., 2013, “Paravalvular Leak After Transcatheter Aortic Valve Replacement: The New Achilles’ Heel? A Comprehensive Review Literature,” J. Am.
Coll. Cardiol., 61(11), pp. 1125–1136.
Leon, M. B., Smith, C. R., Mack, M. J., Makkar, R. R., Svensson, L. G., Kodali,
S. K., Thourani, V. H., Tuzcu, E. M., Miller, D. C., Herrmann, H. C., Doshi, D.,
Cohen, D. J., Pichard, A. D., Kapadia, S., Dewey, T., Babaliaros, V., Szeto,
W. Y., Williams, M. R., Kereiakes, D., Zajarias, A., Greason, K. L., Whisenant,
B. K., Hodson, R. W., Moses, J. W., Trento, A., Brown, D. L., Fearon, W. F.,
Pibarot, P., Hahn, R. T., Jaber, W. A., Anderson, W. N., Alu, M. C., Webb, J. G.,
and Investigators, P., 2016, “Transcatheter or Surgical Aortic-Valve Replacement
in Intermediate-Risk Patients,” N. Engl. J. Med., 374(17), pp. 1609–1620.
Kodali, S. K., Williams, M. R., Smith, C. R., Svensson, L. G., Webb, J. G.,
Makkar, R. R., Fontana, G. P., Dewey, T. M., Thourani, V. H., Pichard, A. D.,
Fischbein, M., Szeto, W. Y., Lim, S., Greason, K. L., Teirstein, P. S., Malaisrie,
S. C., Douglas, P. S., Hahn, R. T., Whisenant, B., Zajarias, A., Wang, D., Akin,
J. J., Anderson, W. N., and Leon, M. B., 2012, “Two-Year Outcomes After
Transcatheter or Surgical Aortic-Valve Replacement,” N. Engl. J. Med.,
366(18), pp. 1686–1695.
Leon, M. B., Gada, H., and Fontana, G. P., 2014, “Challenges and Future
Opportunities for Transcatheter Aortic Valve Therapy,” Prog. Cardiovasc. Dis.,
56(6), pp. 635–645.
Salaun, E., Jacquier, A., Theron, A., Giorgi, R., Lambert, M., Jaussaud, N.,
Hubert, S., Collart, F., Bonnet, J., and Habib, G., 2015, “Value of CMR in
Quantification of Paravalvular Aortic Regurgitation After TAVI,” Eur. Heart J.
Cardiovasc. Imaging, 17(1), pp. 41–50.
Sakrana, A., Nasr, M., Ashamallah, G., Abuelatta, R., Naeim, H., and Tahlawi,
M., 2016, “Paravalvular Leak After Transcatheter Aortic Valve Implantation: Is
It Anatomically Predictable or Procedurally Determined? MDCT Study,” Clin.
Radiol., 71(11), pp. 1095–1103.
Kappetein, A. P., Head, S. J., Genereux, P., Piazza, N., Van Mieghem, N. M.,
Blackstone, E. H., Brott, T. G., Cohen, D. J., Cutlip, D. E., and van Es, G.-A.,
2012, “Updated Standardized Endpoint Definitions for Transcatheter Aortic
Valve Implantation: The Valve Academic Research Consortium-2 Consensus
Document,” J. Am. Coll. Cardiol., 60(15), pp. 1438–1454.
Geleijnse, M. L., Di Martino, L. F., Vletter, W. B., Ren, B., Galema, T. W.,
Van Mieghem, N. M., de Jaegere, P. P., and Soliman, O. I., 2016, “Limitations
and Difficulties of Echocardiographic Short-Axis Assessment of Paravalvular
Leakage After Corevalve Transcatheter Aortic Valve Implantation,” Cardiovasc. Ultrasound, 14(1), p. 37.
Pibarot, P., Hahn, R. T., Weissman, N. J., and Monaghan, M. J.,
2015, “Assessment of Paravalvular Regurgitation Following TAVR: A
Proposal of Unifying Grading Scheme,” JACC: Cardiovasc. Imaging, 8(3), pp.
340–360.
Auricchio, F., Conti, M., Morganti, S., and Reali, A., 2013, “Simulation of
Transcatheter Aortic Valve Implantation: A Patient-Specific Finite Element
Approach,” Comput. Methods Biomech. Biomed. Eng., 17(12), pp. 1347–1357.
Capelli, C., Bosi, G. M., Cerri, E., Nordmeyer, J., Odenwald, T., Bonhoeffer,
P., Migliavacca, F., Taylor, A. M., and Schievano, S., 2012, “Patient-Specific
Simulations of Transcatheter Aortic Valve Stent Implantation,” Med. Biol. Eng.
Comput., 50(2), pp. 183–192.
Gunning, P. S., Vaughan, T. J., and McNamara, L. M., 2014, “Simulation of
Self Expanding Transcatheter Aortic Valve in a Realistic Aortic Root: Implications of Deployment Geometry on Leaflet Deformation,” Ann. Biomed. Eng.,
42(9), pp. 1989–2001.
Russ, C., Hopf, R., Hirsch, S., Sundermann, S., Falk, V., Szekely, G., and
Gessat, M., 2013, “Simulation of Transcatheter Aortic Valve Implantation
Under Consideration of Leaflet Calcification,” 35th Annual International Conference of the Engineering in Medicine and Biology Society (EMBC), Osaka,
Japan, July 3–7, pp. 711–714.
Wang, Q., Sirois, E., and Sun, W., 2012, “Patient-Specific Modeling of Biomechanical Interaction in Transcatheter Aortic Valve Deployment,” J. Biomech.,
45(11), pp. 1965–1971.
de Jaegere, P., De Santis, G., Rodriguez-Olivares, R., Bosmans, J., Bruining,
N., Dezutter, T., Rahhab, Z., El Faquir, N., Collas, V., and Bosmans, B., 2016,
“Patient-Specific Computer Modeling to Predict Aortic Regurgitation After
Transcatheter Aortic Valve Replacement,” JACC: Cardiovasc. Interventions,
9(5), pp. 508–512.
El Faquir, N., Ren, B., Van Mieghem, N., Bosmans, J., and de Jaegere, P.,
2017, “Patient-Specific Computer Modelling–Its Role in the Planning of Transcatheter Aortic Valve Implantation,” Netherlands Heart J., 25(2), pp. 100–105.
Saeedi, A., 2015, “Energetic and Hemodynamic Characteristics of Paravalvular
Leak Following Transcatheter Aortic Valve Replacement,” Masters thesis, Concordia University, Montreal, QC, Canada.

101007-10 / Vol. 140, OCTOBER 2018

[23] Bosmans, B., Famaey, N., Verhoelst, E., Bosmans, J., and Vander Sloten, J.,
2016, “A Validated Methodology for Patient Specific Computational Modeling
of Self-Expandable Transcatheter Aortic Valve Implantation,” J. Biomech.,
49(13), pp. 2824–2830.
[24] Gessat, M., Altwegg, L., Frauenfelder, T., Plass, A., and Falk, V., 2011, “Cubic
Hermite Bezier Spline Based Reconstruction of Implanted Aortic Valve Stents
From CT Images,” Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC), Boston, MA, Aug. 30–Sept. 3, pp.
2667–2670.
[25] Holzapfel, G. A., Gasser, T. C., and Ogden, R. W., 2000, “A New Constitutive
Framework for Arterial Wall Mechanics and a Comparative Study of Material
Models,” J. Elasticity Phys. Sci. Solids, 61(1–3), pp. 1–48.
[26] Gasser, T. C., Ogden, R. W., and Holzapfel, G. A., 2006, “Hyperelastic Modelling of Arterial Layers With Distributed Collagen Fibre Orientations,” J. R.
Soc. Interface, 3(6), pp. 15–35.
[27] Liu, H., and Sun, W., 2017, “Numerical Approximation of Elasticity Tensor
Associated With Green-Naghdi Rate,” ASME J. Biomech. Eng., 139(8), p.
081007.
[28] Liu, H., and Sun, W., 2016, “Computational Efficiency of Numerical Approximations of Tangent Moduli for Finite Element Implementation of a FiberReinforced Hyperelastic Material Model,” Comput. Methods Biomech.
Biomed. Eng., 19(11), pp. 1171–1180.
[29] Sun, W., Chaikof, E. L., and Levenston, M. E., 2008, “Numerical Approximation of Tangent Moduli for Finite Element Implementations of Nonlinear
Hyperelastic Material Models,” ASME J. Biomech. Eng., 130(6), p. 061003.
[30] Ogden, R., 1972, “Large Deformation Isotropic Elasticity-on the Correlation of
Theory and Experiment for Incompressible Rubberlike Solids,” Proc. R. Soc.
London A: Math., Phys. Eng. Sci., R. Soc., 326(1567), pp. 565–584.
[31] Holzapfel, G. A., Sommer, G., and Regitnig, P., 2004, “Anisotropic Mechanical
Properties of Tissue Components in Human Atherosclerotic Plaques,” ASME J.
Biomech. Eng., 126(5), pp. 657–665.
[32] Wang, Q., Kodali, S., Primiano, C., and Sun, W., 2015, “Simulations of
Transcatheter Aortic Valve Implantation: Implications for Aortic Root
Rupture,” Biomech. Modeling Mechanobiol., 14(1), pp. 29–38.
[33] Martin, C., Pham, T., and Sun, W., 2011, “Significant Differences in the Material Properties Between Aged Human and Porcine Aortic Tissues,” Eur. J.
Cardio-Thorac. Surg., 40(1), pp. 28–34.
[34] Tzamtzis, S., Viquerat, J., Yap, J., Mullen, M., and Burriesci, G., 2013,
“Numerical Analysis of the Radial Force Produced by the MedtronicCoreValve and Edwards-SAPIEN after Transcatheter Aortic Valve Implantation (TAVI),” Med. Eng. Phys., 35(1), pp. 125–130.
[35] Mummert, J., Sirois, E., and Sun, W., 2013, “Quantification of Biomechanical
Interaction of Transcatheter Aortic Valve Stent Deployed in Porcine and Ovine
Hearts,” Ann. Biomed. Eng., 41(3), pp. 577–586.
[36] Schultz, C. J., Weustink, A., Piazza, N., Otten, A., Mollet, N., Krestin, G., van
Geuns, R. J., de Feyter, P., Serruys, P. W., and de Jaegere, P., 2009, “Geometry
and Degree of Apposition of the CoreValve ReValving System With Multislice
Computed Tomography After Implantation in Patients With Aortic Stenosis,”
J. Am. Coll. Cardiol., 54(10), pp. 911–918.
[37] CD-Adapco, 2015, “STAR-CCMþ User Guide, Version 10.02,” CD-adapco,
Melville, NY.
[38] Wood, N., 1999, “Aspects of Fluid Dynamics Applied to the Larger Arteries,”
J. Theor. Biol., 199(2), pp. 137–161.
[39] Calderan, J., Mao, W., Sirois, E., and Sun, W., 2016, “Development of an
In Vivo Model to Characterize the Effects of Transcatheter Aortic Valve on
Coronary Artery Flow,” Artif. Organs, 40(6), pp. 612–619.
[40] Grube, E., Laborde, J. C., Gerckens, U., Felderhoff, T., Sauren, B., Buellesfeld,
L., Mueller, R., Menichelli, M., Schmidt, T., and Zickmann, B., 2006,
“Percutaneous Implantation of the CoreValve Self-Expanding Valve Prosthesis
in High-Risk Patients With Aortic Valve Disease,” Circulation, 114(15), pp.
1616–1624.
[41] Geven, M. C., Bohte, V. N., Aarnoudse, W. H., van den Berg, P. M., Rutten,
M. C., Pijls, N. H., and van de Vosse, F. N., 2004, “A Physiologically Representative In Vitro Model of the Coronary Circulation,” Physiol. Meas., 25(4),
p. 891.
[42] Gaillard, E., Garcia, D., Kadem, L., Pibarot, P., and Durand, L.-G., 2010,
“In Vitro Investigation of the Impact of Aortic Valve Stenosis Severity on Left
Coronary Artery Flow,” ASME J. Biomech. Eng., 132(4), p. 044502.
[43] Lancellotti, P., Tribouilloy, C., Hagendorff, A., Moura, L., Popescu, B. A.,
Agricola, E., Monin, J.-L., Pierard, L. A., Badano, L., and Zamorano, J. L.,
2010, “European Association of Echocardiography Recommendations for
the Assessment of Valvular Regurgitation—Part 1: Aortic and Pulmonary
Regurgitation (Native Valve Disease),” Eur. J. Echocardiography, 11(3), pp.
223–244.
[44] Enriquez-Sarano, M., Seward, J. B., Bailey, K. R., and Tajik, A. J., 1994,
“Effective Regurgitant Orifice Area: A Noninvasive Doppler Development of
an Old Hemodynamic Concept,” J. Am. Coll. Cardiol., 23(2), pp. 443–451.
[45] Ewe, S. H., Ng, A. C., Schuijf, J. D., van der Kley, F., Colli, A., Palmen, M., de
Weger, A., Marsan, N. A., Holman, E. R., and de Roos, A., 2011, “Location
and Severity of Aortic Valve Calcium and Implications for Aortic Regurgitation
After Transcatheter Aortic Valve Implantation,” Am. J. Cardiol., 108(10), pp.
1470–1477.
[46] Koos, R., Mahnken, A. H., Dohmen, G., Brehmer, K., G€
unther, R. W.,
Autschbach, R., Marx, N., and Hoffmann, R., 2011, “Association of Aortic
Valve Calcification Severity With the Degree of Aortic Regurgitation
After Transcatheter Aortic Valve Implantation,” Int. J. Cardiol., 150(2), pp.
142–145.

Transactions of the ASME

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org/ on 09/17/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

[47] Mihara, H., Shibayama, K., Berdejo, J., Harada, K., Itabashi, Y., Siegel, R. J.,
Kashif, M., Jilaihawi, H., Makkar, R. R., and Shiota, T., 2015, “Impact of
Device Landing Zone Calcification on Paravalvular Regurgitation After Transcatheter Aortic Valve Replacement: A Real-Time Three-Dimensional Transesophageal Echocardiographic Study,” J. Am. Soc. Echocardiography, 28(4),
pp. 404–414.
[48] Marwan, M., Achenbach, S., Ensminger, S. M., Pflederer, T., Ropers, D.,
Ludwig, J., Weyand, M., Daniel, W. G., and Arnold, M., 2013, “CT Predictors
of Post-Procedural Aortic Regurgitation in Patients Referred for Transcatheter
Aortic Valve Implantation: An Analysis of 105 Patients,” Int. J. Cardiovasc.
Imaging, 29(5), pp. 1191–1198.
[49] Sun, W., Li, K., and Sirois, E., 2010, “Simulated Elliptical Bioprosthetic Valve
Deformation: Implications for Asymmetric Transcatheter Valve Deployment,”
J. Biomech., 43(16), pp. 3085–3090.
[50] Sinning, J.-M., Werner, N., Nickenig, G., and Grube, E., 2013, “Medtronic
CoreValve Evolut R with EnVeo R,” EuroIntervention, 9, pp. S95–S96.
[51] Binder, R. K., Rodes-Cabau, J., Wood, D. A., Mok, M., Leipsic, J.,
De Larochellière, R., Toggweiler, S., Dumont, E., Freeman, M., and Willson,
A. B., 2013, “Transcatheter Aortic Valve Replacement With the SAPIEN 3: A

Journal of Biomechanical Engineering

[52]

[53]
[54]

[55]

[56]

New Balloon-Expandable Transcatheter Heart Valve,” JACC: Cardiovasc.
Interventions, 6(3), pp. 293–300.
Schymik, G., Schr€
ofel, H., Heimeshoff, M., Luik, A., Thoenes, M., and
Mandinov, L., 2015, “How to Adapt the Implantation Technique for the New
SAPIEN 3 Transcatheter Heart Valve Design,” J. Interventional Cardiol., 28(1),
pp. 82–89.
Bird, R. B., Stewart, W. E., and Lightfoot, E. N., 2007, Transport Phenomena,
Wiley, Hoboken, NJ.
Murdock, K., Martin, C., and Sun, W., 2018, “Characterization of Mechanical
Properties of Pericardium Tissue Using Planar Biaxial Tension and
Flexural Deformation,” J. Mechanical Behavior Biomedical Materials, 77, pp.
148–156.
Sotiropoulos, F., Le, T. B., and Gilmanov, A., 2016, “Fluid Mechanics of
Heart Valves and Their Replacements,” Annu. Rev. Fluid Mech., 48, pp.
259–283.
Yilmaz, F., and Gundogdu, M. Y., 2008, “A Critical Review on Blood
Flow in Large Arteries; Relevance to Blood Rheology, Viscosity
Models, and Physiologic Conditions,” Korea-Australia Rheol. J., 20(4), pp.
197–211.

OCTOBER 2018, Vol. 140 / 101007-11

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org/ on 09/17/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

