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Abstract

Background and Objective: Transcatheter aortic valve implantation (TAVI) has become the standard treatment
for a wide range of patients with aortic stenosis. Although some of the TAVI post-operative complications are
addressed in newer designs, other complications and lack of long-term and durability data on the performance of
these prostheses are limiting this procedure from becoming the standard for heart valve replacements. The design
optimization of these devices with the finite element and optimization techniques can help increase their
performance quality and reduce the risk of malfunctioning. Most performance metrics of these prostheses are
morphology-dependent, and the design and the selection of the device before implantation should be planned for
each individual patient.

Methods: In this study, a patient-specific aortic root geometry was utilized for the crimping and implantation
simulation of 50 stent samples. The results of simulations were then evaluated and used for developing regression
models. The strut width and thickness, the number of cells and patterns, the size of stent cells, and the diameter
profile of the stent were optimized with two sets of optimization processes. The objective functions included the
maximum crimping strain, radial strength, anchorage area, and the eccentricity of the stent.

Results: The optimization process was successful in finding optimal models with up to 40% decrease in the
maximum crimping strain, 261% increase in the radial strength, 67% reduction in the eccentricity, and about an
eightfold increase in the anchorage area compared to the reference device.

Conclusions: The stents with larger distal diameters perform better in the selected objective functions. They
provide better anchorage in the aortic root resulting in a smaller gap between the device and the surrounding
tissue and smaller contact pressure. This framework can be used in designing patient-specific stents and

improving the performance of these devices and the outcome of the implantation process.
Keywords: Transcatheter aortic valve; Stent; Finite element method; Multi-objective optimization; Gaussian

process regression models
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1 Introduction

Transcatheter aortic valve implantation (TAVI) is a well-established procedure for the treatment of high and
intermediate-risk patients with aortic valve stenosis [ 1]. This procedure has been evaluated for lower-risk patients

with severe aortic stenosis and proven non-inferior compared to the standard surgical aortic valve replacement
[2]. These devices have been associated with some complications, and new models are developed to overcome
the limitations of their use [3—5]. The main complications of these devices are post-implantation paravalvular
leakage [6] and conduction abnormalities leading to permanent pacemaker implantation [7]. Clinical trials show
that improving prosthetic valve design reduces the post-intervention risk of complications [8].

The results of in-silico studies demonstrate the reliability of finite element simulations in predicting the outcome
of TAVIin patients. The simulation studies of the TAVI procedure can be divided in four groups: i) finite element
structural simulations, ii) computational fluid dynamics simulations, iii) fluid-structure interaction simulations,
and iv) optimization studies. The structural simulations explore the mechanical performance of the device in
crimping and releasing, implantation position and depth [9], device anchorage [10], interaction with the arterial
wall [11], and the gaps associated with the paravalvular leakage [12,13]. The computational fluid dynamic
simulations are utilized for evaluating the device's hemodynamic performance and the degree of paravalvular
leakage [10,14]. The fluid-structure interaction simulations are used to evaluate the device's performance when
considering the heart cycle [15,16] and the prosthetic valve hemodynamics [17]. The optimization studies aim at
improving the current designs for better performance and reducing post-intervention complications [18-21]. In a
recent study, Carbonaro et al. [20] proposed a multi-objective optimization framework for the strut cross-section
and the overall shape of the stent. In their work, three objective functions, the pullout force, maximum contact
pressure, and the maximum stress exerted on the aortic wall, were optimized in idealized aortic root geometries
for healthy and diseased scenarios.

In our previous study [21], we proposed a cost-effective optimization framework for structural optimization of
stents regarding six design parameters; strut width and thickness, number of cells and patterns, and the height of

the first and second stent cells. The framework can be applied to any stent shape and material properties to design
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structurally optimized devices. However, the comprehensive optimization of TAVI stents should include both
structural and functional optimization of the device since the majority of functional metrics of the TAVI stents
are morphology-dependent [9,22-24]. This necessitates the patient-specific optimization of these devices for
better-individualized applicability of them.

In this study, a multi-scale optimization framework exploiting patient-specific data was applied to the stent for
TAVI, aiming to improve its performance. The TAVI stents are structurally optimized with the Genetic Algorithm
(GA) optimization framework presented in our previous study [21]. A multi-objective optimization problem is
used to account for different performance metrics. Some optimal designs from the Pareto surface are then chosen
and implanted in the patient-specific geometry. The performance of the optimized devices is compared against
those obtained with a reference device implanted in the same patient-specific geometry. The ultimate goal of this
study is to provide a framework to help the interventional cardiologists choosing, among available devices, the
best option for patients undergoing TAVI and minimize the post-procedural complications. Moreover, the
proposed methodology, applied to a large number of patient-specific cases, can be used by the manufacturing

companies to investigate the necessity of modifying the characteristics of a particular device design.

2 Methods

The framework presented in this paper regarding the optimization of a TAVI stent consists of the following steps:
1) creation of the FE model of a patient-specific aortic root, including the calcified deposit and native aortic valve;
2) parametrization of the stent geometry and selection of the design parameters, following a sensitivity analysis
to identify the most important ones; 3) definition of the optimization problem regarding the performance metrics
of the TAVI stent; 4) solution of the optimization problem to determine the optimal designs, and 5) comparing
the optimal design with a reference stent based on the defined performance metrics. Each of these steps is

described in the following sections.
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2.1 Model set-up

2.1.1 Aortic root geometry and material

A patient-specific aortic root geometry reconstructed as described in [15] was used to implant the stent and
evaluate the functional aspects of the TAVI. The geometry corresponded to the end-diastolic phase of the cardiac
cycle and comprised the aortic root, a portion of ascending aorta, the native aortic valves, and calcification
deposits. The aortic annulus diameter was 23mm, which is in the range of candidates for the Evolut R device of
size 26 [25]. In the patient-specific model, the calcified deposits were similar to a general aortic valve calcification
pattern (coaptation pattern) [17,26].

An isotropic hyperelastic material with a Yeoh constitutive formulation was employed to describe the mechanical
behavior of the aortic root wall [27]:

W =Cpo(l; 3)+Cyp(l; 3)% (1)
where I; is the first invariant of the isochoric part of the left Cauchy-Green tensor and C;q and C,, are equal to
0.015 MPa and 0.158 MPa, respectively, with density and Poisson ratio of 1100 kg/m* and 0.49. The native valves
were modeled using an incompressible generalized Mooney-Rivlin hyperelastic model with a density of 1100
kg/m?® and a Poisson ratio of 0.49 [28]:

W=Co(ly, 3)+Co(l; 3)+C(; 33U 2), (2)
where C;o =32.823e-3 MPa, Cy; =2.955e-3 MPa and C;; =585.79e-3 MPa. An isotropic linear elastic material
was adopted for the calcified deposit with a density of 2000 kg/m3, elastic modulus of 12.6 MPa, and a Poisson
ratio of 0.45 [15].

A mesh sensitivity analysis was performed regarding maximum principal stress in the patient-specific model
components. The aorta was discretized with 94242 fully integrated hexahedral elements. The native leaflets were
meshed with 1957 quadrilateral shell elements with reduced integration formulation and hourglass control. A
uniform thickness of 0.5 mm was set for the leaflets. The calcification deposits were meshed with 35655 linear
tetrahedral elements. A surface-to-surface tie constraint between native leaflets and the calcific deposits and a

node-to-surface tie constraint was set between the leaflets' external edges and aortic root internal wall [15].
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2.1.2 Stent geometric model and material

To generate the 3D model of TAVI frames, a planar sketch was first created with the computer-aided design
software SolidWorks (Dassault Systemes SolidWorks Corp., Waltham, MA). The planar sketch has been
parametrized in terms of the following geometric parameters (see Fig. 1a-d): 1) the number of cells, c; i1) the
number of patterns, p; iii) the strut width, w; iv) the strut thickness, t; v) the height of the first cell, L;; vi) the
height of the middle cells, L, (assumed equal for all middle cells of the stent); and vii) the height of the stent, H.
A MATLAB (MathWorks, Inc., MA, USA) code was used to wrap the planar sketch using the stent diameter

profile shown in Fig. Ic.
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Fig. 1. a) The geometric parametrization. Parameters p (number of patterns) and ¢ (number of cells) are shown on the planar sketch of
the stent, b) Parameters L; and L, represent the first and middle cell heights, c¢) Diameter profiles. The diameter ratio (Ry) of each profile
is the maximum to proximal diameter ratio of the stent, with the proximal diameter assumed equal to 26 mm for all diameter profiles.
d) The width (w) and thickness () of the struts. e) The final configuration of the stent created with parameters: c=4, p=16, w=0.35 mm,
t=0.3 mm and R;=1.20 (Profile 3).

Five diameter profiles corresponding to a cylinder and four commercially available TAVI stents (see Fig. 1c)
have been considered to study the effect of the diameter profile on the frame's performance metrics. These
diameter profiles can be characterized by the maximum to the proximal diameter ratio, R, of the stent (Fig. 1c¢),

where the proximal diameter has been assumed the same for all the stents and equal to D, =26 mm. The five

considered profiles correspond to: Profile 1 (R; = 1.0), Profile 2 (R; = 1.05), Profile 3 (R; = 1.20), Profile 4
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(R4 = 1.50), and Profile 5 (R; = 1.73). Also, the device's height was considered fixed (H=50mm) for all models.
The upper and lower bounds of the design parameters were chosen based on the data from the literature [18—
20,29] such that it resulted in valid geometries without overlapping struts (Table 1).

Table 1 Geometric parameters, their corresponding lower and upper bounds and levels for the Design of Experiments (DoE)

Parameter Lower Bound Upper Bound
Number of cells, ¢ 3 5

Number of pattern repetitions, p 9 15

Strut thickness, ¢ (mm) 0.3 0.5

Strut width, w (mm) 0.2 0.5

The performance of the optimized device was compared against a reference device with characteristics given in
Table 2.

Table 2 Geometric parameters of the implanted stent

Parameter Value
Number of cells, ¢ 5
Number of pattern repetitions, p 15
Strut thickness, ¢ (mm) 0.2
Strut width, w (mm) 0.3
Proximal diameter (mm) 26
R4 1.2

All frames were self-expandable stents made of Ni-Ti alloy, with the superelastic constitutive model proposed
by Auricchio and Taylor (1997) used to simulate the mechanical behavior of the stents. Table 3 provides the
mechanical properties of the Ni-Ti alloy used in the simulation of the models [30].

Table 3 Ni-Ti Alloy material properties

Parameter Value
Austenite Elasticity (MPa) 45000
Austenite Poisson's Ratio 0.3
Martensite Elasticity (MPa) 22500
Martensite Poisson's Ratio 0.3
Transformation Strain 0.0426
Start of Transformation Loading (MPa) 310
End of Transformation Loading (MPa) 335
Reference Temperature (°C) 37
Start of Transformation Unloading (MPa) 100
End of Transformation Unloading (MPa) 75

Stents were meshed with quadratic beam elements. A mesh sensitivity analysis was performed in terms of the
maximum crimping strain, resulting in an average element size of 0.5 mm. The mesh characteristics were kept

the same for all models. Choosing the appropriate mesh was guided by maintaining a balance between
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computational cost and accuracy of simulations. Depending on the stent design parameters, the number of beam

elements in the stent varied between 2300 to 4021 (Fig. 2c).
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Fig. 2. Discretization of the model components. a) Aortic root, b) Native leaflets and calcification deposits, c) TAVI stent, the inset
shows a rendering of the quadratic beam elements showing the 25 Gauss points used to integrate the element cross-section.

The prosthetic leaflets were neglected in the simulations because the effect of the leaflets on the stent's structural
performance is negligible [31].

2.1.3 Finite Element simulations

Implantation of the TAVI in the patient-specific aortic root was simulated in two steps: 1) Crimping step, where
the stent is crimped and inserted into the catheter, and 2) Release step, where the stent is released from the catheter
and left to expand in the implantation site.

Crimping step. The crimping process of the stent was performed by applying a radial displacement to 12 parallel
planes until a final diameter of 8mm (Fig. 3b). Frictionless self-contact between the stent struts and a hard contact
between the stent and the rigid planes were defined. Symmetry boundary conditions were applied on the nodes

at the proximal end of the stent, whereas the distal end was left free to allow for stent elongation.
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(@)

Fig. 3. TAVI simulation steps; a) stent initial configuration, b) end of crimping step, c¢) aligning the crimped stent in the aortic root, d)
stent expansion from the proximal end, e) final implanted configuration of the stent in the aortic root

Release step. The patient-specific model of the aortic root was prepared for implantation by radial expansion
with a rigid catheter up to a diameter of 10 mm [15]. To perform the stent deployment simulation, the stent was
positioned in the midway implantation depth (about 4 millimeters below the annulus) [16,32] and aligned with
the aortic valve (Fig. 3c). An axial displacement was applied on the reference points of the parallel planes towards
the ascending aorta, releasing the stent from the proximal end toward the distal end to allow the stent to expand
in the aortic root (Fig. 3d-e). A friction coefficient of 0.1 [33] between the stent and the aorta, the leaflets, and
the calcification deposits were considered in this step. The proximal and distal ends of the aortic root were
constrained to move only in the radial direction of their respective planes. A resting phase followed the release
step to ensure the complete expansion and anchoring of the device in the implantation site.

The simulations were performed using the Abaqus explicit solver (Dassault Systémes Simulia Corp., Providence,
RI, USA) on a system featuring 32 CPUs (Intel Xeon64) and 250 GB of RAM. The mass scaling was set to target
a minimum time increment of 10s to minimize the dynamic effects. Besides a mass proportional Rayleigh
damping of @ = 100 s! for the stent, aortic root and calcification deposits and @ = 1000 s™! for native leaflets
were set. For this combination of parameters, the kinetic energy was less than 5% of the internal energy during

the entire simulation, respecting the quasi-static deformation assumption.
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2.2 Performance of TAVI stent

The optimization of the TAVI stent frame involves structural and functional performance aspects. The quality of
structural performance of the stent during crimping and expansion can be evaluated by the maximum crimping
strain and the radial strength of the stent. Regarding functional performance, the risk of migration is measured by
the contact area between the stent and the aortic root. In addition, the maximum contact pressure exerted by the
stent on the aortic root is an indicator of possible tissue damage resulting from the implantation. Conduction
abnormalities have been proven to be related to the maximum contact pressure in the left ventricular outflow tract
( LVOT) under the area between non-coronary cusp (NCC) and right coronary cusp (RCC) [19]. Other metrics,
such as eccentricity and the gap area between the stent and the aortic root are also associated with paravalvular
leakage and can be calculated for evaluating valve performance [34]. In this study, a total of four metrics have
been used to assess the performance of the TA VI stent. The structural performance of the stent has been evaluated
by the maximum crimping strain and radial strength in crimping. On the contrary, the quality of the functional
performance has been evaluated through the anchorage area and the eccentricity post-implantation. Each of these
performance metrics is defined in the following.
Maximum Crimping Strain (MCS). The fatigue life of the Ni-Ti alloy stents depends mainly on the maximum
strain reached during their application [35]. Hence, the maximum strain occurring during the crimping of the
stent into the catheter was minimized. Further, to avoid the stent material exceeding the material yielding strain
[36], the maximum acceptable strain was set to be strictly less than 0.1.

MCS, 0 < 0.1 (3)
Radial Strength (RS). According to ASTM-F3067-14, the maximum radial force is equivalent to the radial
strength of the stent [37,38]. The radial force-diameter curve and the radial strength were evaluated for each
model. Higher radial strength contributes to the better ability of the stent for opening highly calcified aortic valves
and better anchorage. On the contrary, excessive amounts of radial force can cause tissue damage and increase
the probability of conduction abnormalities [11,12].

RS;0x = Max (Radial Force) (4)
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Anchorage Area (AA). To evaluate the quality of stent anchorage in the aortic root, the contact area between the
stent and the aortic root was measured [16]. A higher contact area represents better anchorage and reduces the
probability of stent migration [39]. The contact area measured in this regard is the area of the stent elements that

are in contact with the aortic root (Fig. 4).

Fig. 4. The contact regions on a portion of the aortic root and the stent at the end of implantation simulation for two cases with diameter
ratios of 1.20 (a) and 1.73 (b). The light gray regions on the aortic root and the stent mark the elements with contact pressure higher
than zero. The traces of the stent struts on the aortic wall are visible, especially in the proximal and distal regions of the aortic root. The
contact regions in the middle part of the aorta (between the annulus and sino-tubular junction) include both the stent and native leaflets'
contact traces.

Eccentricity (E). Post-deployment stent deformation was evaluated by measuring the stent eccentricity, which
quantifies the elliptic shape of the stent frame at the annulus level. Studies show that higher eccentricity might

lead to malfunction of the valve [9,34]; hence, this objective was set to be minimized in the optimization process.

mn
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2.3 Optimization

The optimization follows the flowchart in Fig. 5. First, we define a three-level full factorial experiment for the
four design variables c, p, t, and w (see Table 2) for each diameter profile (treated as a categorical variable),
defining a total of 405 samples. For each sample, the value of L;and L, were optimized using a surrogate model
for the stent crimping defined in [21] such that the maximum strain in the stent during crimping is minimum. In

a second step, with the optimized L;and L,, for each combination of design variables c, p, t, w, and R, 50
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combinations out of the 405 possible were randomly selected, and 3D TAVI stent models were generated and
implanted in the patient-specific aorta, from where the four metrics of performance were calculated. Results from
these simulations were used to build a Gaussian process regression model for each performance metric as a
function of the five design variables c, p, t, w, and R;. The accuracy of the models was evaluated by the leave-
one-out technique and calculating the R?yes and RSME. Then, the TAVI stent optimization is posed as a multi-

objective optimization problem formulated as:

Minimize MCS(w.,t,c, p,R,),
Maximize RS(w,t,c, p,R,),
Maximize AA(w,t,c, p,R,),
Minimize E(w,t,c, p,R,)
S.t.
02<w<0.5
02<<05 6)
c={3.4,5)
p={9,12,15}
R, =1{1,1.03,1.2,1.5,1.73}

A non-dominated sorting genetic algorithm (NSGA-II) was utilized to find the Pareto front of best models for
this problem. We used a population size of 50 and 2000 generations. A uniform crossover was applied to 80%,
and a one-bit mutation was applied to 20% of the population. The stop criterion was the maximum number of
generations.

Five optimal designs were selected from the 50 non-dominated optimal solutions (Pareto front) to evaluate the
optimization framework's results and compare them with the reference implanted device in the patient-specific
geometry. One design was chosen from the center of the Pareto front. Two designs were selected from the Pareto
front that were not dominated by the reference device in any of the objective functions. For selecting the other
two optimal designs, a margin of safety was defined for each metric, and two designs associated with the largest

margin of safety were considered as the optimal designs. The margin of safety of a model is defined by:

MCS (x)

MSycs(x) =1 o1 (7)
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RS (x)

MSps(x) = 75 8)

MSpa(x) = 552 ©)

MSg(x) =1 Enf") (10)

MS(x) = min (MSycs(x), MSgs(x), MS4(x), MSg (x)) (11)
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Fig. 5. The flowchart explaining the process of optimization framework in this study

2.4 The optimum versus reference device

To have a more comprehensive evaluation of the performance of the optimized devices in this specific aortic root
configuration, three additional aspects associated with the device performance were evaluated and compared with
the reference model: 1) para-valvular leakage, 11) maximum contact pressure, and iii) maximum stress on the aortic
wall. Different approaches have been proposed for evaluating the post-TAVI para-valvular leakage (PVL) in the
literature [12,13,18,40]. In this study, we created a MATLAB code for assessing the gap area between the stent
and the arterial wall in evenly-spaced cross-sections parallel to the annulus. Based on the approach presented by
Tanaka et al. [40], the minimal gap area can be associated with the amount and the level of the post-TAVI PVL.

Fig. 6¢c-e shows the results of this process for one of the cases of this study.
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Fig. 6. a) The implanted configuration of all sample cases was evaluated by evenly-spaced cross-sections. b) Eccentricity of the stent
after implantation is measured at the annulus plane. Samples of eccentricity measurements and the corresponding minimum and
maximum diameter in the annulus area are depicted. The worst and best cases of Eccentricity in the annulus area for sample cases are
0.22 and 0.02, respectively. ¢) The cross-section of the aortic root after implantation is evaluated by a Matlab code, and the gap area
between the device and the aortic root is measured at each level (gap area depicted in cyan). d) The side view of the gap areas. Each red
line is associated with one of the layers in section c. ) The gap area for all levels of cross-sections is used to construct a 3D representation
of the gap between the device and aortic root in the region between the proximal base and the sino-tubular junction.

Conduction abnormalities may occur after TAVI implantation in some cases, which may require the implantation
of a permanent pacemaker. The maximum contact pressure under the area between NCC and RCC has been
correlated to the probability of this complication to occur [11]. Additionally, vessel injuries happen due to the
excessive stress exerted on the arterial wall [41]. Hence, the maximum stress on the aortic wall after stent

deployment was calculated and reported. These three additional metrics were monitored especially for designs

with high radial force to minimize the risk of tissue damage.
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2.5 Statistical analysis

Statistical analyses were performed in Origin (OriginLab Corporation, Northampton, MA, USA). The effect of

diameter profiles on the performance metrics was evaluated for each objective function. The statistical

significance of the difference between these profiles was tested with a Mann-Whitney analysis in which a p-value

of less than 0.05 determined significance.

3 Results

3.1 Performance Measures

The surrogate models were used for calculating the objective functions in the NSGA-II optimization. Fig.7 depicts

the relationship between the calculated and the predicted response functions showing an excellent fit of the model.
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Fig. 7. Surrogate model validation for the objective functions; leave-one-out plots of the DOE sample cases.

These surrogates were also used to perform a sensitivity analysis of each design parameter on the performance

metrics. Fig. 8 shows the result of the sensitivity analysis.
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The maximum strain in the stent during crimping, MCS, increased with the strut width and the number of cells
while decreasing slightly with the number of patterns and being insensitive to changes in strut thickness. These
results are in agreement with our previous study [21]. Different diameter profiles also affect the value of MCS.
Profiles with higher maximum to proximal diameter ratios resulted in higher crimping strains. The statistical
analysis shows a significant difference between two groups of diameter profiles, with diameter ratios smaller and
bigger than 1.2 (p-value < 0.05). However, the difference inside these two groups was not significant (p-value >
0.05). Showing that the changes in the diameter profile don't change the maximum crimping strain up to a certain
diameter ratio (profiles 1,2, and 3), but when this ratio is exceeded, the crimping strain increases to another level
(profiles 4 and 5).

Regarding the radial strength of the stent, RS, the number of cells, and strut width have the most significant
impact on this performance metric, with strut thickness modulating RS only at large values of strut width. In this
regard, increasing strut width, strut thickness, or the number of cells increases the radial strength of the stent,
consistent with previous studies [42]. On the contrary, the number of patterns and diameter profile has no effect
on the radial strength for R; values associated with commercially available stents. The statistical analysis showed
that only the radial strength associated with diameter profiles 1 (a cylindrical stent) and 5 were significantly
different. The radial strength for the different diameter profiles was found to be in the range reported in literature
for the corresponding commercial TAVI stents [23]. Despite the diameter profile not affecting the radial strength,
it affects how the radial force varies with stent diameter. The shape of the radial force-diameter curve is mainly
affected by the number of cells and the diameter profile of the stent. For cases with a smaller number of cells, the
curve is more linear than in cases with a higher number of cells where the struts work more in bending when the
stent is crimped to smaller diameters (results not shown). In general, the shape of radial force-diameter curves
was consistent with previous studies [21,42].

The most important design parameter affecting the anchorage area, AA, is the diameter profile of the stent. The
Mann-Whitney test showed significant differences in the anchorage area results associated with all pairs of

diameter profiles, except for profiles 1 and 2, which have similar diameter ratios. Stents with a wider distal
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diameter may have up to a five-fold increase in the anchorage area with respect to stents with a cylindrical form
of the same size, with AA rapidly increasing for R; > 1.2 (Fig. 8). The dependence of AA in other design
variables is found to be rather nonlinear. In this regard, increasing strut thickness while reducing the strut width
increases AA. Similarly, increasing the number of patterns and reducing the number of cells increases AA. These
results are in agreement with the results of Rocatello et al., who also reported that the stents with larger diameters
and large cells, i.e., lower number of cells, have better anchorage in the aortic root [19].

The eccentricity is an important factor for predicting the device performance and coaptation quality [24]. Stents
with smaller strut width and thickness, a smaller number of cells, and a larger number of patterns had a more
elliptic shape after implantation. The statistical analysis shows a significant difference between the effects of

diameter profiles on the stent eccentricity in the annulus.

3.2 Optimal designs

In a multi-objective optimization problem, choosing an optimal solution is not straightforward and usually results
in a trade-off evaluation of the different objective functions involved in the problem. To have a better
understanding of the necessity of performing a trade-off between the four metrics of performance, five models
were chosen from the Pareto front to compare against the reference device, namely: two solutions, PS1 and PS2,
with the largest margin of safety as computed from Eq. 11; two solutions, PS3 and PS4, that outperformed the
reference device in all performance markers; and one solution, PS5, from the middle of the Pareto front. Table 4
gives the value of the design variables and diameter profile for the selected optimal designs (the reference stent

is reported for completeness)
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Table 4. Value of design variables for the reference stent and the five optimal solutions

Design c p t (mm) w (mm) L1 (mm) L; (mm) R

Reference 5 15 0.20 0.30 8.58 7.38 1.20
PS1 3 15 0.50 0.47 15.0 15.0 1.73
PS2 3 15 0.50 0.50 16.7 14.2 1.20
PS3 4 15 0.50 0.46 12.5 11.7 1.20
PS4 3 9 0.50 0.50 15.2 15.2 1.73
PS5 5 15 0.40 0.35 10.0 10.0 1

Fig. 9 shows the trade-off graphs of the objective functions for the different Pareto solutions, the selected optimal

models, and the reference device.

=
=}
e
=
=
=}

= = g
g g g
£ 0.10- E o Z 0,104
50 o} 800 =0 o fo]
= c fee] g o k= ©
£.0.09 e ® Do £.0.09 o 80091 o®
£ o : a ® : ¢ ° @
© .07 4o Coord & % © 0074 ‘oo »
= 0 o " op B Qo
5 = g0 o ap, o 9 %
£ 0.06 £ 006 o p00©0 £ .06 © 00° o
2 N cl o’ R 8 g . % o0 o
= = o0 © =
0.04 1~ T T T l 0.04 T T T T 1 0.04 T T T T 1
0 30 60 90 120 0 13 26 39 52 65 000 005 010 004 019 024
Radial Strength (N) Anchorage Area (mml) Eccemricity
120+ 120
@ 901 8 Z 90
s | B = &
g |g BN
5 ol © 60-
g 90 » o £ %59 Po
wn o g " 7 A0 o
= = o Q
T 301 ODUDO'% 8 o 3 o'o§€gda, 0°
e ™ & @obo o e % 8 % 3
o
ol og® & 0 o™ o 0o
0 13 26 39 52 65 0.00 005 010 014 019 024
Anchorage Area (mm?) Eccentricity
O Pareto Front
65+ 5
® Reference Stent & e © °9%
£ 524
® PSI £ @ ° o
]
v PS2 B 2 S5
o
‘ PS3 gc;DZE" Q C09 o
3 o
¢ PS4 2. o8 o
> O
m PS5 0‘0‘@' Q?

0 T T T 1
0.00 0.05 0.10 0.14 0.19 0.24
Eccentricity

Fig. 9. Trade-off graphs of four objective functions



Published manuscript at https://doi.org/10.1016/.cmpb.2022.106912

The trade-off graphs show that the maximum crimping strain and radial strength have a monotonic relationship.
This means increasing the radial strength happens at the cost of increasing the maximum crimping strain. The
increase in anchorage area is in favor of decreasing the crimping strain. Moreover, the results in Fig. 9 indicate
that increasing radial stiffness reduces the eccentricity at the annulus, also observed in Fig.8 .In general, the pairs
of radial strength-eccentricity and crimping strain-anchorage area objective functions change in favor of each
other and result in an undesirable change in the other pair of objective functions. Hence, choosing the optimal
device should be performed depending on the patient's physiological needs.

All five models were implanted in the patient’s model aorta, and the four performance metrics were calculated.
Further, additional performance metrics: the minimal gap area (MGA), the maximum contact pressure (CP), and
maximum stress in the arterial wall (MAS), were computed. Results for all six models are shown in Fig. 10a in
the form of a radar plot. The value of the performance indices has been normalized to vary in the range from zero
to one, with the larger the value, the better. Hence, models with a larger area in the radar plot indicate better

performance in the implantation.
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Fig. 10. The comparison of performance measures of the implanted reference device and the selected optimal solutions. a) The radar

plots represent the performance of each device. The larger the area of the polygon, the better the performance. b) The stent configuration

of the reference model and the optimal solutions. ¢) MGA: minimal gap area between the stent and the aortic root. d) The "maximum

contact force (MCF) versus time" for the proximal base of the stent and the "maximum contact pressure (MCP) versus time" for the

aortic wall in the LVOT region. It is to be noted that the CP in the radar plots is associated with the maximum contact pressure in the

region under the area between the non-coronary cusp (NCC) and right coronary cusp (RCC). Still, the MCP represents the maximum

contact pressure in all regions of the LVOT.

The radar plot shows the general improvement in objective functions for the different optimal designs.

The

optimal devices show up to a 40% decrease in the maximum crimping strain, 261% increase in the radial strength,

67% reduction in the eccentricity at the annulus, and about an 8-fold rise in the anchorage area compared to the
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reference device. All optimal models have better performance than the reference model in the minimal gap area.
However, the reference model shows a similar performance regarding the contact pressure, CP, and the maximum
stress exerted on the aortic root, MAS. However, these values are very much comparable among all optimized
models except for PS2, which shows a significantly larger contact pressure as compared to the other devices.
Further, comparing the areas in the radar plot suggest that optimal designs favor stents with larger R;. Fig. 10d
shows the maximum contact force at the proximal base of the stent (MCF) and the maximum contact pressure
exerted on the LVOT (MCP) change during the release procedure. In the initial phase of release (20%- 50% of
release progress), the proximal base of the prosthesis is in contact with the LVOT while the distal portion is still
in the catheter. During this phase, the proximal diameter of the stent increases gradually, increasing the MCF and
MCP. At approximately 60% of the release time, the distal portion of the stent is released into the ascending
aorta, leading to a change in the stent configuration and reducing the proximal diameter of the stent. At this point,
the MCP and the MCF reduce to the post-intervention value. The results show that optimal designs PS2 and PS3,
both with the same diameter profile as the reference stent, deliver a larger MCP (1.49 MPa and 1.66 MPa for PS2
and PS3, respectively, versus 0.43 MPa for the reference stent) and MCF (0.34 N and 0.27 N for PS2 and PS3
versus 0.13 N for the reference stent) during the release phase and provide a larger post-intervention MCP (0.48
MPa and 0.65 MPa for PS2 and PS3 versus 0.21 MPa for the reference stent) and MCF (0.10 N and 0.14 N for
PS2 and PS3 versus 0.06 N for the reference stent). On the contrary, design PS1 and PS4 with a different diameter
profile show similar values of MCP and MCF as the reference stent, particularly design PS4 with differences of

less than 10%.

4 Discussion

In the optimization studies regarding TAVI stents, the performance measures are often conflicting, and finding
the optimal design is a complex procedure with some necessary trade-offs. The maximum crimping strain and
radial strength are structural metrics and can be evaluated regardless of the aortic root geometry. In contrast, other

performance metrics evaluated in this study are dependent on the specific patient’s geometry. Therefore, using
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patient-specific geometry and including the calcifications are necessary since the shape, position, and size of the
calcifications influence the final configuration of the device and its performance [15]. Therefore, identifying the
optimal device for a given patient requires solving a multi-objective optimization problem on the patient’s
specific geometry.

To reduce the computational cost of the multi-objective optimization, surrogate models were built and used for
the optimization. Also, these models allow for a comprehensive analysis of the effect of each design parameter
on the different performance metrics (Fig. 8). In this regard, it was found that strut width significantly impacts
most of the performance metrics. An increase in the strut width can result in an increase in the maximum crimping
strain and radial strength and reduce stent eccentricity. In contrast, for most performance measures, the strut
thickness has a marginal role. The increase in this parameter leads to a rise in the radial strength while decreasing
the stent eccentricity. The number of cells in a pattern is an important factor in the stent design. Stents with a
larger number of cells reach a higher maximum crimping strain have larger radial strength and smaller
eccentricity. On the contrary, increasing the number of patterns favors in reducing the crimping strain while
slightly increasing the eccentricity of the stent. The diameter profile of the stents affects the maximum crimping
strain, the shape of the radial force-displacement curve, and the anchorage area. Stents with a larger maximum
diameter to proximal diameter ratio have a better anchorage in the aortic root, but they also have slightly larger
crimping strain.

The optimized models outperformed the reference device in most of the performance metrics. Model PS2, which
has the same diameter profile, Profile 3, and the same number of patterns, 15, but a different number of cells
(three instead of the five), has the smallest maximum crimping strain. Reducing the number of cells from 5 to 3
has had a critical role in this change (about a 40% decrease). Model PS3, which has the same diameter profile
and number of patterns as the reference model and the PS2 design, with four cells, has a maximum crimping
strain between that of PS1 and PS2 while having the smallest eccentricity among the models (0.02). Schuhbaeck
et al. [43] evaluated the pre-and post-operative eccentricity of the patients receiving self-expandable (CoreValve)

and balloon-expandable (Edwards Sapien) prostheses and concluded that the eccentricity of aortic annulus for
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patients with self-expandable stents was significantly larger than the balloon-expandable ones (0.15 £ 0.07 vs.
0.06 = 0.05, p < 0.0001). The cut-off value for circularity of the prosthesis in the annulus is set to 0.1, and
eccentricity values larger than 0.1 are associated with incomplete expansion and valve malfunction [9]. All the
optimal samples have eccentricities smaller than the cut-off value. Aside from the design of the stents, the
relatively smaller size of the calcification in this patient's aortic root compared to the mentioned study (553.73
mm? vs.571.6 + 410.9 mm?®) can be an influential factor on the small amounts of the eccentricity. The PS1 and
PS4 models have the same diameter profile, the number of cells, and a slightly different strut cross-section;
however, the anchorage area of the PS1 design with 15 patterns is about 2.7 times larger than that of the PS4
design with nine pattern repetitions.

The contact pressure in PS1 is 83% larger than the contact pressure in the PS4 with a smaller number of patterns.
This is in accordance with the results of Rocatello et al., indicating models with larger first cells exert smaller
amounts of contact pressure on the LVOT [19]. The Pareto front evaluation shows the most repeated
configurations are the ones with three cells, 15 patterns, and the diameter profile 5. This combination has resulted
in models with smaller radial force with respect to other models in the design space. However, for the case of
PS1, the desirable amounts of anchorage area, the minimal gap area and eccentricity show that the device has
been able to open the calcified diseased valve and provide a good apposition to the aortic root. Models PS3 and
PS5 with higher radial forces between the optimal designs have shown smaller eccentricity which is consistent
with the results of Finotello et al. [12], indicating that the models with larger radial strength are more successful
in pushing the calcium blocks outwards. The PS3 design, on the other hand, has exerted the largest amount of
stress on the aortic wall. However, this stress does not exceed the threshold of 2.5MPa indicated by Wang et al.
[41]. Model PS2 has an acceptable performance in maximum crimping strain, eccentricity, minimal gap area, and
the maximum stress exerted on the aorta; however, the contact pressure is relatively high (0.48 MPa). The cut-
off value of the contact pressure for indicating the high risk of conductions abnormalities is different for various

stent models. Rocatello et al. introduced the 0.39 MPa for the CoreValve devices [11] and the 0.36 MPa for Lotus
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devices [44]. Even though the stent designs and the simulation set-up are not the same, these marginal amounts
of contact pressure can hint at the probability of the conduction abnormalities.

The final position of the prosthetic valve within the aortic root strongly influences the procedural outcome. While
positioning the valve too high with respect to the annulus may cause paravalvular aortic regurgitation, positioning
the valve too low might increase the risk of post-intervention conduction abnormalities [45]. Hence, from a
procedural viewpoint, the valve needs to remain in the primary position during the implantation to prevent the
valve from diving deeper into the left ventricle, increasing the risk of post-intervention conduction abnormalities.
In this regard, the large contact force delivered by designs PS2 and PS3 during the initial release phase while
providing an adequate contact pressure after full deployment may suffice to reduce the risk of conduction
abnormalities post-intervention.

In general, each patient has specific anatomic and physiologic needs. The optimal designs should be evaluated
and chosen based on these requirements. The framework presented in this study explores the design space and,
while evaluating the effect of each design parameter on different performance metrics, provides a collection of
optimal devices to choose from. As mentioned in the results section, these metrics can change in favor of
improving or at the cost of worsening each other, and what guides the optimization is a combination of these
trade-offs. Increasing the fatigue life of the stent and the conformability of the stent to the aortic root is possible
at the cost of reducing the ability to push calcifications and keeping the annulus circular. The decision-making
on the optimal design depends on deciding the most important factors coupled with the needs and requirements
of each patient.

The result of this study should be perceived considering some limitations. The fluid simulation and the device's
performance in the cardiovascular cycle are not evaluated. The gap area assessed in this study is a purely
geometric estimation of the PVL, which can be less accurate [ 18] than the fluid-structure interaction simulations
in which a more accurate investigation of the PVL is possible [15]. The material properties of the stent frame are
not the same for all manufacturing companies, and these properties can change the optimization results. In this

study, we used the same NiTi properties for all cases. The geometric model of the aorta represents the end-
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diastolic configuration and therefore corresponds to a pressurized configuration. However, the computations
performed on the patient-specific geometry have neglected the pre-stress field. In addition, we used only one
patient-specific geometry for the optimization study. Although the framework can be used for other generic or
patient-specific aortic root geometries, the reported optimal designs are optimal in this specific geometry and
should not be considered generally optimal designs. The different aortic root geometry, size, and position of the
calcified deposits in each individual can change the stent's performance metrics, and selecting the optimal design
will reflect the particular requirements of the patients' condition. This framework can be coupled with pre-
operative imaging to have a more accurate design, fitting each patient's needs and enhancing the device's
performance. Last but not least, the framework has been applied to a single patient geometry, and therefore the
results are optimal for this specific geometry. However, the framework can be adapted to multiple patient-specific
aortic root configurations, leading to a more comprehensive performance evaluation, optimization, and finding
clinically feasible solutions. It is necessary to mention that this optimization framework is based on the
mechanical performance of the TAVI device in terms of radial stiffness, maximum strain, eccentricity, and
anchorage area, among other metrics. This corresponds to the first step toward an improved design of new TAVI
stents. A more comprehensive design optimization strategy should consider evaluating and improving the clinical
outcome of the valve. This could be achieved by considering the simulation of different valve implantation
scenarios from which these specific clinical outcome metrics can be evaluated. However, the multi-objective
characteristic of the proposed optimization framework allows for easy consideration of new metrics, i.e., clinical
outcome, in the design pipeline. Future work will consider the effect of material properties of the aorta, leaflets,
and calcifications to evaluate the robustness of the results in front of the uncertainty in patients' specific tissue
behavior. In addition, Future works will consider the pre-stress associated with the diastolic pressure to replicate

the real end-diastole configurations of patients.

In this study, an optimization framework for the TAVI stent design was proposed. The framework was designed
to optimize the overall shape of the stent, strut cross-section, the number of repeating cells and patterns, and the

size of the cells in consecutive steps. The objective functions include the TAVI stents' structural and functional
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performance measures. The maximum strain during stent crimping, the radial strength, the anchorage area, and
the stent eccentricity at the annulus level were investigated to find patient-specific optimal designs. Regression
surrogate models were utilized to evaluate each design parameter's effect on the objective function and perform
the NSGA-II optimization. The optimal designs were compared with the implanted device more thoroughly and
confirmed the improvement provided by the optimization framework. The results suggest that prostheses with a
maximum to proximal diameter ratio larger than 1.2 outperform those with a more cylindrical shape when
working with calcified valves. Since the stents with a larger distal area provide a larger anchorage area while
reducing contact pressure and minimizing regurgitation. The proposed framework reduces the computational cost
of transcatheter valve stent optimization. It can be used for different patient-specific aortic root geometries to
optimize the design and manufacturing process of the TAVI frames and help the process of decision-making prior

to the TAVL
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