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Abstract

As the older population increases, age-related diseases such as aortic stenosis is a common heart condition in which there is a
thickening and calcium deposition in the aortic root and aortic valve leaflets. This results in a host of symptoms like angina, embolism,
stroke and sudden death. Current default treatment for severe aortic stenosis is surgical aortic valve replacement. Mechanical and
bioprosthetic heart valves are common choice for surgical replacement of the diseased valves. However, surgical intervention is
extremely risky for a large population of frail patients. Transcatheter Aortic Valve Implantation (TAVI) is being used selectively as a
percutaneous alternative to surgical aortic valve replacement. This is a very complex procedure and involves very coordinated team
work. This procedure involves steps from valve crimping to implantation and monitoring. Computational simulations of the TAVI help
evaluate the valve functioning. In present study, a step-by-step complex numerical simulations of the TAVI procedure including the
stent crimping and balloon inflation are presented. The stent frame is assumed as stainless steel and the outer skirt is assumed as
polyethylene material. The stent frame is modeled with 3D hexagonal finite elements and the skirt is modeled as thin shell elements with
fabric material property. The valve leaflets are modeled as Mooney-Rivlin material. The results of valve crimping and blood flow during
ejection phase are presented. The SPH technique is used in modeling the flow through the aortic valve. The stent deformation and the
stresses induced due to crimping are presented. The normal and calcified leaflets opening are presented.. The LS-DYNA® multi-physics
capabilities of fluid structure interaction is presented..

Introduction

As the older population increases, age-related diseases such as aortic stenosis is a common heart condition in
which there is a thickening and calcium deposition in the aortic root and the valve leaflets. The aortic stenosis
affects 3 to 5% of USA population over 75 years old and thus becoming the most common valvular heart
disease [Ref 1]. The position of aortic valve in the heart, the normal and valve with aortic stenosis are shown in
Figure 1 [2]. Under severe conditions, usually surgical intervention is common treatment in which the diseased
valve is replaced with artificial heart valves. The artificial valves evolved from mechanical to biological or
bioprosthetic aortic valves (BAV) that are used to replace the diseased ones by surgery to transcatheter aortic
stent valve which are implanted (TAVI) without surgery as shown in Figure 2. [3].

The bioprosthetic valves are used extensively from 80’s onwards due to its biocompatibility and better
hemodynamic performance. However, these valves have host of problems like thinning, thickening, calcium
deposit, tissue tear etc. Extensive studies were conducted by both clinical research and computer simulations
[4-9]. Surgical replacement of the diseased valves are sometimes high risk and also expensive. The older
patients may not withstand the ordeal of surgery and new interventional technologies are being developed using
stented valves as shown in Figure 2c and 2d. These valves are being implanted in very frail patients.
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Figure 1. a) Aortic valve in heart b) Normal c) With aortic stenosis [Ref. 2]
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Figure 2. Development of artificial heart valves.

TAVI Procedure: TAVI in position is shown in Figure 3 [10]. Basically, the valve is placed in existing
diseased aortic valve and is sometimes called valve in valve implantation. The valve can be implanted through
multiple access as shown in Figure 4. The following steps are used in the procedure.

Step 1. The valve is crimped to 6 to 8mm diameter using a crimping device shown in Figure 5.

Step 2. The crimped valve is attached to a delivery system with a balloon inflator (Fig 5.)

Step 3. The delivery system is placed in the aortic valve position and inflated (Fig. 3,4).
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Fig. 3 TAV in position Fig 4. A) Transfemoral B) Transapical C) Transaortic Approach.
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Figure 5. TAVI Procedure [Ref. 11]

The purpose of this study is to numerically simulate some of these steps in order to understand this complex
TAVI implantation technique using LSDYNA capabilities.

Model Development

The finite element model developed for this study is shown in Figure 6. The model consists of 1) left ventricle
(LV), 2) natural aortic valve, 3) aortic arch and 4) transcatheter aortic valve (TAV).

FMITE ELEMENT MCDEL
FINITE ELEMENT MODEL
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Figure 5. Finite Model of LV and Aortic Valve
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1. Left Ventricle : The left ventricle is a thick vessel of thickness 8mm in diastole and 12mm in systole. The
ventricular muscle thickens as it contract and the orientation of the fiber generate enough force to propel the
blood through the aortic arch against aortic pressure. LV is approximated as an ellipsoid based on cross section
of the geometry using single plane cineangiocardiogram [12,13]. Modelling the boundary condition for left
ventricle is challenging due to thickness changes during systole and the LV is surrounded by other three
chambers. In this study, it is assumed that apex of the LV is fixed in space. The material property of the LV is
assumed to be isotropic since the focus is aortic valve.

2. Native Aortic Valve: The native aortic valve was developed using the geometry and relative dimensions of
aortic valve region given in Figure 2 of Ref. 14. The finite element model is shown in Figure 5.

3. Stent Model: The stent model developed is shown Figure 6. This particular stent design does not
represent any commercially available stent as shown above in Figure 2. The stent was modeled with 3D
elements. The stent thickness was assumed as 0.2mm.

55555

Fig. 6. Stent FE Model Fig. 7. Valve FE Model

4. Stent Valve Model: The stent valve model is shown in Figure 7. It consists of biocompatible leaflets which
are sutured to skirt cloth. The cloth was attached to the stents by suturing along the solid stent frame.

This finite modeling used tied contact surface keywords of LSDYNA in order to approximate the attachment of
the valve leaflets and skirt to stent frame.

5. Flow Model : The blood is modeled using SPH particles. The particle size is 1mm and it filled the system as
shown in Figure 5 above.

Analysis and Results

1. Crimping of the Valve: The crimping device was represented by strips of cylinders which were allowed to
radially move in order to induce radial compression. The model set up is shown in Figure 8.

VALVE_CRIMP  Adv. Comp. Syst. VALVE_CRIMP  Adv. Comp. Syst.
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Figure 8. Crimping Device Approximation and radial movement of the strips.
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The valve material was assumed as stainless steel with Young’s modulus of 200GPa, yield stress (sigy) equal to
250MPa and its failure plastic strain of 47%. *MAT_PIECEWISE_LINEAR_PLASTICITY model was used
for the stent. The leaflet were assumed as nearly incompressible material and was modelled using hyperelastic
material model *MAT_MOONEY_RIVLIN. The constants used were A=5.50E-04 and B=1.38E-04 GPa, the
Poisson’s ratio was 0.498 and the density of the tissue as 1200 Kg/m**3. The thickness of the leaflets is
assumed as 0.2mm constant throughout even though the leaflet thickness varies. The skirt cloth was assumed as
fabric material. *"MAT_FABRIC model was used. The thickness was assumed to be very small since the fabric
tends to resist the free movement of the stent along longitudinal direction while radial compression was applied.
This resulted in buckling of stents and very low thickness was assumed to circumvent this numerical instability.

The crimped valve is shown in Figure 9. The stresses and plastic strain induced in the stent are shown in Figure
10 and 11.
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Fig 9. Crimped Shape Fig. 10. Equivalent Stresses in the Stent.

Fig. 11 Plastic Strain Distribution.

The leaflet thickness change and percentage leaflet thickness changes are shown in Figure 12. The leaflet
thickness varied from 0.14 mm to 0.28 mm. The percentage reduction was -40.7% to 27.3%.

fe
Figure 12. Leaflet Thickness Variation and % shell thickness reduction.
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2. Natural and Calcified Valve Opening During Systole: The Fluid Solid Interaction(FSI) during ejection
was simulated to understand the normal valve opening using SPH method. The model of the LV and aortic arch
filled with blood using SPH particles is shown in Figure 5 above. The blood was modelled as fluid with density
and viscosity of 1060 Kg/m**3.and 0.004 Pa.s. The material model *MAT_ELASTIC_FLUID was used where
the equation of state (EOS) built in. This representation showed initial pressure as zero. To introduce average
aortic pressure of 80mm Hg, the material model *MAT_NULL with *EOS_GRUNEISEN was used to
represent the initial pressure.

*EOS_GRUNEISEN_TITLE
blood_initial_pressure

$# eosid c sl s2 s3 gamao a e0

3 14830 1794 00 0.0 0.4934 0.02.16300E-5
$# VO

0.0

*MAT_NULL _TITLE

blood_approximat

$# mid ro pc mu terod cerod ym pr
61.06000E-6  0.04.00000E-9 0.0 00 00 0.0

The blood was injected from LV by using * BOUNDARY_SPH_FLOW. The value of the velocity was used
from the published results given in Ref. 15.

Both normal and randomly calcified aortic leaflets were used to simulate the valve opening. The results are
shown in Figures 13 and 14. The LV ejection is shown in Figure 15.
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Fig. 13 a) Normal Leaflets Fig. 13 b) Calcified Leaflets.
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Fig. 14. a) Normal Leaflets Opening Fig. 14 b) Calcified Leaflets Opening.
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Figure 15. LV ejection.

3. Balloon Inflation of Crimped Valve: The balloon inflation is the last step once the device is placed in the
aortic valve position. In this study, the balloon is shown in Figure 16. The stresses and plastic strain are induced
in the valve due to crimping. Even though some time is allowed for recoiling after crimping, the valve is not
stress relieved. In balloon inflation simulation the initial stress and plastic strain induced due to crimping is
taken into account by introducing *INITIAL_STRAIN_SOLID and *INITIAL_STRESS_SOLID. The
thickness variation in the leaflet was also taken into account in the input. The balloon was assumed as Mooney-
Rivlin material. The limited result available is shown in Figure 16. The stent is expanding more in the upper
portion compared to lower portion. This may be due to unequal stiffness of the bottom portion due to presence
of skirt cloth.

stent_crimp  Adv. Comp. Syst. stent_crimp  Adv, Comp. Syst.
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Figure 16. Balloon Inflation of Crimped Valve.

Discussion and Concluding Remarks

The crimping simulation showed plastic strain induced in the stent material due to crimping forces. Also, the
valve thickness distribution is changed. The valve leaflet may be damaged due to crimping. The effects of
crimping on valve leaflets are discussed in detail in Ref. 16-19.

Calcification of the leaflets is common in older generations. As the valve gets thicker and calcified, the opening
of the valve leaflets may not provide enough flow orifice area to pump the blood. Also, insufficient closure of
the valve leaflets might lead to backflow to ventricle during diastole which might create further complications.

Application of SPH method provide easier way of flow modeling and analysis, However, dealing with boundary
conditions for complex structures such as heart is challenging task. The SPH solution seems to be the future in
biomechanics applications [Ref. 20].
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In modeling of biological structures, many assumptions are made. Some of these assumptions may be
justifiable while others are tenuous. For example, the left ventricle is not exactly ellipsoid, but these
assumptions were made by many researchers. However, numerical simulations provide insight to the problem.

Disclaimer

This work was not intended to evaluate any product in the market. The sole purpose of this work is to show the application of
numerical techniques in biomechanics.
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