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Abstract Transcatheter aortic valve implantation (TAVI)

enables treatment of aortic stenosis with no need for open

heart surgery. According to current guidelines, only

patients considered at high surgical risk can be treated with

TAVI. In this study, patient-specific analyses were per-

formed to explore the feasibility of TAVI in morphologies,

which are currently borderline cases for a percutaneous

approach. Five patients were recruited: four patients with

failed bioprosthetic aortic valves (stenosis) and one patient

with an incompetent, native aortic valve. Three-dimen-

sional models of the implantation sites were reconstructed

from computed tomography images. Within these realistic

geometries, TAVI with an Edwards Sapien stent was

simulated using finite element (FE) modelling. Engineering

and clinical outcomes were assessed. In all patients, FE

analysis proved that TAVI was morphologically feasible.

After the implantation, stress distribution showed no risks

of immediate device failure and geometric orifice areas

increased with low risk of obstruction of the coronary

arteries. Maximum principal stresses in the arterial walls

were higher in the model with native outflow tract. FE

analyses can both refine patient selection and characterise

device mechanical performance in TAVI, overall impact-

ing on procedural safety in the early introduction of per-

cutaneous heart valve devices in new patient populations.

Keywords Stent finite element analysis � Aortic valve

stenosis � Transcatheter implantation � Patient-specific

1 Introduction

Aortic stenosis (AS) is currently the most common valve

pathology in Europe and USA, where increased life

expectancy is associated with degenerative diseases

affecting cardiac structures [25]. Surgical valve replace-

ment has been considered the gold standard for effectively

treating AS [6]; however, the intrinsic invasive nature of

open heart surgery exposes patients to high risks and slow

recovery. Over the last decade, less invasive techniques

have been introduced to insert cardiac valves using cathe-

ter-based interventions [5]. In 2002, the first intervention

of transcatheter aortic valve implantation (TAVI) was

successfully performed [9]. The possibility to replace

cardiac valves using less invasive procedures has been a

disruptive innovation and has revolutionised the treatment

of patients with severe AS. Almost 10 years after the first

case, two devices are commercially available for TAVI

(Edwards Sapien, Edwards Lifesciences, Irvine, CA, USA;

CoreValve�, Medtronic, Minneapolis, MN, USA) with

over 40,000 cases reported and over 200 studies published,

as recently presented at the 2011 Congress of European

Society of Cardiology. Despite initial significant mortality

and morbidity associated with TAVI, high rates of proce-

dural success (94–97%) and acceptable procedure-related
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complications (5–18%) are now being reported with

favourable outcomes if compared with surgery [11, 30, 36,

43].

Nevertheless, the current guidelines still limit this rela-

tively new technique to those patients who are considered

at high or prohibitive risk for surgery. In contrast to most

other medical procedures, which slowly progress from

lower to higher risk patient populations, the course of

TAVI has taken the opposite path [7, 44, 45].

In light of this, two conditions are considered in this

study in order to potentially enlarge the population which

could benefit from TAVI and, therefore, a less invasive

approach to treatment of aortic valve dysfunction. First,

degenerated surgical bioprostheses; repeated cardiac sur-

gery to replace these valves has been shown to be techni-

cally challenging and associated with significant morbidity

and operative mortality [16]. In this context, TAVI might

be used as a second valve seated within the failed bio-

prosthetic valve [3, 27, 40, 41, 46]. To date, only a limited

number of such valve-in-valve procedures have been

reported in the literature. These procedures, for both ste-

nosis and regurgitation, have mainly been performed with

Edwards Sapien device [4]. However, despite proven fea-

sibility, data are still preliminary and no precise guidelines

have been recommended [44]. Second, patients with con-

genital heart disease and low surgical risk, who are

excluded under the current TAVI guidelines [36]; in this

group of patients, TAVI might be introduced [13] to reduce

the number of open heart surgeries that they have to

undergo over their life.

In order to explore the feasibility of this intervention in

the above-mentioned patient populations, preclinical test-

ing and accurate pre-procedural evaluation are crucial.

Engineering approaches may be used to improve proce-

dural safety [1, 26, 29]. By combining high-resolution

imaging techniques [42] and finite element (FE) analyses

[35], virtual implantation of such devices is possible in

order to understand the interaction of the device with the

complex anatomical environment for individual patients.

So-called patient-specific models of medical devices can

play an important role in improving cardiovascular inter-

ventions. Simulations which consider the morphological

human variability between subjects can provide invaluable

projections on the in vivo performance and overcome the

limitations of idealised experimental settings [38].

Patient-specific simulations have already been used to

predict the outcome of percutaneous valve implantations

and effectively help develop a new pulmonary procedure

[33, 34]; however, to the best of our knowledge, these

methodologies have not been applied to the aortic valve.

In this study, FE analyses were performed to explore the

feasibility of TAVI in specific patient morphologies which

are currently borderline cases for a percutaneous approach.

This method can help in both refining patient selection and

characterising device mechanical performance, overall

impacting on procedural safety and success in the early

introduction of TAVI devices in new patient populations

[21].

2 Methods

Finite element analyses were implemented by modelling

the following components: implantation site of five specific

patients, four different bioprosthetic aortic valves, a bal-

loon-expandable TAVI stent, and an angioplasty balloon.

2.1 Patient-specific implantation sites

Five patients, who were referred for surgical replacement

of the aortic valve, were recruited for this study: four

patients with four different, stenotic bioprosthetic valves

(patients A, B, C, D) and one patient with incompetent,

native aortic valve (patient E).

The study was approved by the local ethics committee,

and all patients gave informed consent to be included in the

study and for use of their anonymised data.

Patient A was previously diagnosed with severe AS and

underwent surgical aortic valve replacement with a 23 mm

Carpentier-Edwards Perimount Magna valve (Edwards

Lifesciences). Two years later, the bioprosthetic aortic

valve had undergone calcific restenosis.

Patient B was diagnosed with moderate to severe AS.

The patient underwent surgical aortic valve replacement

with a 23 mm SopranoTM valve (Sorin Biomedica Cardio,

Saluggia, Italy). During the third year of follow-up, evi-

dence of restenosis was diagnosed.

Patient C had critical AS. Surgery was performed to

replace his aortic valve with a 25 mm Carpentier-Edwards

Perimount valve (Edwards Lifesciences). At the 5-year

follow-up, AS had recurred.

Patient D was diagnosed with moderate to severe AS.

During the surgical intervention, a bicuspid calcified aortic

valve was replaced with a 25 mm EpicTM valve (St Jude

Medical, St Paul, MN, USA). At 1-year follow-up, AS was

noticed.

Patient E was diagnosed with congenital tricuspid aortic

valve stenosis with mild–moderate obstruction at birth,

which was treated with aortic balloon valvuloplasty. At

21 years of age, the patient was referred to surgery because

of severe aortic regurgitation.

Image data of left ventricular outflow tract (LVOT),

aortic root, coronary arteries, aortic valve leaflets and

bioprostheses (patients A–D) were acquired for each

patient using Dual-source, 64-slice computed tomography

(CT-SOMATOM Definition, Siemens Medical Solutions,
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Forchheim, Germany). Retrospective CT scanning with

dose modulation was performed to acquire ten three-

dimensional (3D) images throughout the cardiac cycle [31].

Images corresponding to mid-systole (i.e. open aortic valve

leaflets) were identified in each patient and were imported

into the image post-processing software Mimics (Materi-

alise, Materialise Inc., Leuven, Belgium). 3D models of

each implantation site (Fig. 1) were obtained according to

previously described methodologies [32].

Aortic wall and native valve leaflets were assumed to be,

respectively, 2 and 0.5 mm thick [8, 28] with a density

equal to 1,120 kg/m3 for all models. To describe the

mechanical behaviour of the aortic root in the FE model, a

Mooney–Rivlin hyperelastic constitutive law was adopted

incorporating experimental stress–strain data from the

ascending aorta [24]. Residual stresses (400 kPa) were

included in the model to take into account the pre-

stretching of the aortic root [18]. The aortic roots were

meshed with 3D triangular shell general-purpose elements.

Table 1 summarises the number of elements used for each

model.

2.2 Bioprosthetic aortic valves

The metal frames of the four bioprosthetic valves were

reconstructed from the CT images to identify their position

inside the patients’ outflow tracts. Bioprosthetic valve

geometries were then re-drawn with CAD software

(Rhinoceros 4.0, Robert McNeel, Seattle, WA, USA) to

recreate a complete model of the corresponding commer-

cial device used in the patients, and placed in the same

position as that identified from CT images. Each design

included different sewing rings and valve leaflets:

• The Carpentier-Edwards Perimount Magna valve had a

lower ring of 2 mm in height with a rectangular, 0.5

mm thick section. The upper support had a circular

section with a diameter of 0.5 mm. The total height of

the valve was 14.5 mm and the diameter 23 mm

(Fig. 2).

• The SopranoTM valve had a lower ring of 2.5 mm in

height, a rectangular, 0.5 mm thick section. The support

was totally filled, and the upper section was semi-

circular with a radius of 0.25 mm. The total height of

the valve was 14.5 mm and the diameter 23 mm.

• The Carpentier-Edwards Perimount valve had a lower

ring of 2.15 mm in height with a rectangular, 0.54 mm

thick section. The upper support had a circular section

with a diameter of 0.54 mm. The total height of the

valve was 15.7 mm and the diameter 25 mm.

• The EpicTM valve had a lower ring of 2.72 mm in

height with a rectangular, 0.54 mm thick section. The

upper support had a circular section with a diameter of

0.54 mm. The total height of the valve was 15.7 mm

and the diameter 25 mm.

Material properties were determined from available

manufacturers’ data. The metallic frames of both Peri-

mount devices were modelled using an elasto-plastic con-

stitutive law (density 8,300 kg/m3, Young’s modulus

189,600 MPa, yield stress 760 MPa, ultimate stress

1,160 MPa). The polymeric frames of SopranoTM and

EpicTM valves were described by elasto-plastic parameters

(density 9,120 kg/m3, Young’s modulus 2,840 MPa, yield

stress 65.4 MPa, ultimate stress 358 MPa).

The three aortic valve leaflets were included in each FE

model of the prosthetic valve. Leaflets of bovine pericar-

dium origin are mounted on the SopranoTM and Perimount

valves, while porcine leaflets are used in the EpicTM valve.

Both bovine and porcine leaflets were simplified with a

linear, elastic model (bovine: density 1,120 kg/m3, Young’s

modulus 6 MPa; porcine: density 1,120 kg/m3, Young’s

modulus 7.5 MPa) by elaborating the results of experi-

mental studies [19, 47]. Calcification of the leaflets was

created by increasing Young’s modulus and thickness,

respectively, to 10 MPa and 1.4 mm in the region of

the commissures [22], where a weld constraint was also

applied; 16 connector elements per commissure were

added. An axial, rigid behaviour was assigned to the con-

nectors, allowing them to maintain a fixed distance between

Fig. 1 From left to right, 3D volumetric reconstructions of the five selected patients’ aortic roots
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the two nodes until a threshold force was reached—equal to

0.92 N [22] along the direction joining the 2 nodes—and

then fail after this threshold value was reached mimicking

calcification failure. The thickening and welding of the

failing valve leaflets produced aortic valve geometric orifice

areas equal to those measured in the selected patients

(1.2 cm2 for A and B, and 1.4 cm2 for C and D). The rigid

supports of the valves were meshed using 8-node linear

hexahedral elements with reduced integration with a num-

ber of elements varying from 28,667 to 29,021 according to

the model (Table 1). The valve leaflets were meshed with

4-node, quadrilateral, shell elements with reduced integra-

tion and large-strain formulation (Fig. 2).

2.3 TAVI device

Model of TAVI stent was drawn resembling the Edwards

Sapien device; the presence of the valve was excluded from

this study. This stent is characterised by 12 units, each

formed by 4 zigzag elements (Fig. 3). A vertical bar

divides each unit and a perforated bar is positioned every 4

units. The TAVI device was chosen to have a nominal

external diameter (=26 mm) [ the internal diameter of the

failing bioprosthetic valves; the height and thickness of the

expanded stent were 16 and 0.3 mm, respectively.

Mechanical behaviour of the stent material was based on

a homogeneous, isotropic, elasto-plastic austenitic stainless

steel. The adopted constitutive law was a Von Mises

plasticity model (density 8,000 kg/m3, Young’s modulus

193,000 MPa, yield stress 205 MPa, ultimate stress

515 MPa) with an initial linear elastic response followed

by a plastic isotropic hardening behaviour obtained from

experimental data [2]. The stent was meshed with 192,920

hexahedral elements, following mesh sensitivity analysis.

2.4 Balloon

The geometry of the balloon was drawn in the expanded

configuration to resemble the geometry of the commercial

balloon (Z MED IITM, NuMed Inc., Hopkinton, NY, USA)

used in clinical practice [17]. The nominal length of the

expanded balloon was 50 mm; the cylindrical body that is

in contact with the stent had a nominal diameter of

21.85 mm and length of 30 mm. The geometry of the

deflated balloon was obtained according to previously

published work [13].

A homogeneous, isotropic, linear elastic Nylon11 was

adopted as per manufacturer’s data (density 1,256 kg/m3,

Young’s modulus 450 MPa). The balloon was meshed with

0.03 mm thick membrane elements with an average size of

Table 1 Mesh number of elements of the parts involved in the FE

simulations

Part Elements

Patient-specific model

A 6,875

B 8,675

C 11,325

D 8,347

E 18,890

Bioprostheses (stent ? leaflet)

Perimount Magna 44,048 ? 29,021

SopranoTM 51,372 ? 28,667

Perimount 44,048 ? 29,021

EpicTM 51,372 ? 28,667

TAVI device

Sapien stent 192,920

Balloon 8,160

Fig. 2 Carpentier-Edwards Perimount Magna bioprosthetic valve FE

model and dimensions (mm): lower (purple) and upper (blue) support

rings; valve leaflets (grey) and connector elements (yellow) to

simulate the calcification (colour figure online)

Fig. 3 CAD model and dimensions of the recreated Edwards Sapien

stent (mm)
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1 mm in the longitudinal direction and 0.5 mm in the cir-

cumferential direction.

2.5 Analyses

Large deformation analyses of TAVI were performed using

Abaqus/Explicit 6.9 (Simulia, Providence, RI, USA).

In models A–D, the device was positioned coaxially

within the outflow portion, overlapping the sewing ring of

the surgically implanted prosthesis according to clinical

indications [46]. In these patients, connector elements were

used to link the re-drawn bioprosthetic valves with the

aortic vessels to mimic the suture between the ring and the

aortic root.

In model E, the stent was placed in three different

positions within the LVOT/aortic root to test the influence

of the landing zone into safe anchoring, the interaction with

other cardiac structures and potential occlusion of the

coronary arteries. First, the central section of the stent was

placed aligned to the leaflet commissures (EM; Fig. 4), then

it was moved 4.2 mm proximally towards the left ventricle

(EP; Fig. 4), and 4.2 mm distally towards the aortic arch

(ED; Fig. 4).

The Sapien stent was designed in its expanded config-

uration and crimped onto the balloon to the size of the

catheter (8 mm diameter) using a coaxial cylindrical sur-

face. The stent deployment was divided into two different

steps: balloon pressurisation (0.342 MPa) with resulting

stent expansion in the LVOT, and balloon deflation with

subsequent stent recoil. In all patients, the LVOT/aortic

root extremities (upper and lower aortic sections and cor-

onary terminal sections) were constrained in all directions

(circumferential, radial and longitudinal) in order to mimic

the connection with biological structures. Boundary con-

ditions on the balloon were placed to mimic the bond with

the catheter.

Contact properties were defined to describe the inter-

actions encountered in these multi-part analyses. Friction

between Nylon and stainless steel was included in the

model with coefficient equal to 0.25 [10]. Interactions

included contact between surfaces belonging to balloon

and stent, balloon and bioprosthetic aortic valve leaflets,

stent and bioprosthetic aortic valve, bioprosthetic aortic

valve and aortic wall.

The following quantities of interests were measured in

order to evaluate the mechanical performance of the stent

and the overall impact of the TAVI device into the selected

patient-specific models:

• stent configuration at the end of balloon inflation and

deflation, and interaction with other cardiac structures,

• stent recoil, measured as a percentage of diameter

change before and after balloon deflation,

• stent Von Mises stress distribution at the end of the

simulated implant,

• post-TAVI geometric orifice area, measured as the

cross-sectional area of the stent at the smaller section,

• obstruction of the coronary arteries, evaluated accord-

ing to the minimum distance of the Sapien device/aortic

valve leaflets from the coronary ostia,

• comparison of maximum principal stress distribution in

the arterial walls.

3 Results

At the end of all simulations, the TAVI stent was virtually

implanted in the five patient-specific aortic root models.

Inside the four models with bioprosthetic valves (A–D), the

stent deployed symmetrically against the sewing rings and

valve leaflets, with no contact with the native aortic wall

and/or other cardiac structure (Fig. 5). In model E, the

Fig. 4 Balloon and TAVI stent

in the three analysed positions

inside the native aortic valve:

the central section of the stent

placed in correspondence of the

leaflet commissures (EM);

moved 4.2 mm proximally

towards the left ventricle (EP);

and, 4.2 mm distally towards

the aortic arch (ED)
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device assumed an asymmetrical configuration for the three

tested positions, more open distally than proximally (EM in

Fig. 5). In all three cases, the interaction between the TAVI

device and the native implantation site was well confined

within the LVOT and aortic root portion of the patient’s

morphology, thus reducing the potential risk of heart block

and mitral valve leaflet entrapment.

Stent radial recoil was recorded after balloon deflation.

In all the models including bioprosthetic valves the maxi-

mum recoil was measured in the distal sections towards the

aortic arch (model A = 17.0%, model B = 13.2%, model

C = 11.7%, model D = 10.8%). Recoil was absent or low

proximally, at the level of the bioprosthetic valves’ annulus

(model A = 0.0%, model B = 1.7%, model C = 1.7%,

model D = 0.0%). In the model with the native valve, the

maximum recoil was measured proximally, in the portions

of stent mostly interacting with the LVOTs (model

EM = 14.9%; model EP = 20.2%; model ED = 11.4%).

The highest Von Mises stresses occurred at the strut

junctions for all the models. The maximum reached values

were included between 414 MPa (model ED) and 477 MPa

(model EP, in Fig. 6). Stress values throughout the length of

the stent zigzags and vertical bars were lower than 250 MPa.

Material plasticisation occurred at the points of maximum

stresses, i.e. at the junctions between zigzag and vertical

bars, thus guaranteeing a final open configuration of the stent.

In models A–D, the axial connector elements repre-

senting the welding constraint caused by the calcification at

the leaflet commissure levels were broken during the

inflation of the stent–balloon system. Geometric orifice

area increased from 1.2 cm2 to 3.4 and 3.6 cm2 in models

A and B, respectively, and from 1.4 to 3.7 cm2 in models

C and D. The final geometric orifice areas in the three

positions EM, EP and ED were, respectively, 4.7, 3.7 and

5.3 cm2 compared to an initial orifice of 3.7 cm2.

The minimum distances between the closest stent strut/

bioprosthetic valve leaflet and coronary ostia are reported

in Table 2. In none of the models, direct obstruction of the

coronaries occurred; neither the TAVI stent nor the bio-

prosthetic valve leaflets occluded the ostia. The stent

positioned in model D was the closest (5.5 mm) to the

coronaries amongst those with bioprosthetic valves. The

distal position of the stent implanted in model ED was

the closest to the right coronary artery (3.1 mm) amongst

the three positions tested.

In all models with bioprosthetic valves, the principal

stress state in the aortic root reached the maximum value of

0.1 MPa, while in model E the maximum principal stress in

the LVOT was higher, showing how the implanted bio-

prostheses act as a scaffold for the TAVI stent. By com-

paring the stress distribution induced by the three stent

positions in patient E, higher stresses were found in the

Fig. 5 TAVI stent final configuration (end of balloon deflation) for models A–D and EM

Fig. 6 Von Mises stress

distribution in the TAVI stent

after balloon deflation in model

EP
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leaflet regions of model ED, especially at the commissure

level (Fig. 7).

4 Discussion

In this study, a detailed FE model of TAVI has been

developed; a balloon-expandable device (Sapien) was

successfully deployed in five patient-specific morphologies

of LVOT/aortic root—four of them included a biopros-

thetic valve previously implanted via conventional surgery

and one had a regurgitant native aortic valve. Using FE

analysis, the effects of the implantation phases on

mechanical performance of the device were investigated

and potential clinical outcomes were derived. To the best

of our knowledge, there are no studies to date that com-

bined FE methods with clinical data to simulate TAVI.

Patient-specific FE analyses might help engineers to

better understand the stresses on the stent when interacting

with a wide variety of potential anatomies and, therefore, to

optimise the device design for a range of potential clinical

applications.

By analysing the stent configuration after the simulated

procedure, stress differences were quantified under different

conditions (i.e. different patient, different bioprostheses).

In all cases, geometrical asymmetries led to a non-uniform

stress distribution on the stent struts. By taking into account

the interaction with artificial and biological structures,

elastic recoil up to 20% was measured after balloon defla-

tion. Distal and proximal recoils were associated with bio-

prosthetic and native valves, respectively. This difference

can be explained with the influence of the interacting

structures in the two analysed situations: metallic or poly-

meric frames which stiffen the proximal portion of the

implantation sites in the first case, and elastic LVOT in the

native implantation site. These results were found to be in

good agreement with available clinical data of TAVI follow-

up [20]. In clinical practice, these results should be taken

into account to prevent obstruction of the LVOT and dis-

lodgement of TAVI device. By examining Von Mises stress

distribution, a final open configuration of the stent was

guaranteed by material plasticisation which occurred in

correspondence to strut junctions. The ultimate stress value

for stainless steel AISI 316L (i.e. 515 MPa) was not reached;

this means that no stent fractures were seen immediately

after deployment. The non-uniform shape of the deployed

configuration and, therefore, the asymmetric stress distri-

bution might still cause long-term stent failure due to the

pulsatile loading conditions during the cardiac cycle [34].

It has been reported that coronary obstruction may occur

as a consequence of transcatheter valve-in-valve implan-

tation [15]. With the presented computational approach, an

assessment of this risk could be quantified. By measuring

the distance between device and coronary ostia, in three

models (i.e. A, B and C) comparable values with physio-

logical distances from native aortic valve leaflets (i.e.

12 mm [39]) have been found. In model D, the device is

closer to the coronaries. The stent implanted in the most

distal position in model ED is the closest (3.1 mm) to the

coronaries. Further fluid dynamic analyses could study in

depth the potential interference of the TAVI device to the

coronary flow [23].

Finally, by analysing stress state on the aortic wall, the

stress peak was found up to ten times higher in patient E

than in patients with bioprosthetic valves. The implanted

prosthesis probably protects the artery from the load

imposed by the TAVI stent expansion, avoiding direct

contact with it. Conversely, in patient E, the stent interacted

Table 2 Distance between the implanted TAVI device and the

coronary arteries (right and left) after balloon deflation in the selected

patient’s models

Model Distance Sapien-right

coronary artery (mm)

Distance Sapien-left

coronary artery (mm)

A 13.6 10.9

B 14.1 11.4

C 14.3 10.5

D 6.2 5.5

EM 4.3 5.6

EP 6.2 7.9

ED 3.1 6.1

Models A–D refer to patients with stenotic bioprosthetic valves.

Models EM, EP and ED refer to the patient with the native valve where

the stent was implanted, respectively, in correspondence of the leaflet

commissures, proximally towards the left ventricle and distally

towards the aortic arch

Fig. 7 Maximum principal

stress distribution in the native

aortic valve leaflets and aortic

root after balloon deflation in

models EM, EP and ED
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directly with the vascular wall. The stent placed in the most

distal position (model ED) caused the highest stresses in the

leaflet regions where it might induce damage or stimulate

remodelling.

This study has some clinical implications. The analyses

performed in this work confirmed that TAVI can theoret-

ically be performed safely in patients with failed biopros-

theses. The feasibility of this procedure has already been

demonstrated. However, clinical data about potential

combinations of available surgical and transcatheter valve

types and sizes are still not available. Hence, patient-

specific computational analyses have been used to explore

some of the multiple possibilities of TAVI devices in

bioprosthetic heart valves and concurrently address clini-

cally relevant questions. For example, little is known about

the risk of coronary obstruction with valve-in-valve

implantation and predicting the correct device size to avoid

this adverse event can be extremely challenging [46].

In addition, TAVI feasibility was verified inside the

aortic morphology of a young patient with an incompetent

native aortic valve. The clinical assessment of TAVI in this

particular population is in its infancy [14] and numerical

simulations might support procedural planning, by helping

choose the optimal position for each individual patient, as

shown by our study. Indeed, the results of the presented

simulations proved that the subject might be suitable for this

treatment, but, while the landing zone for patients with

bioprosthetic valve is clearly outlined, the effects of the

positioning in the case of native implantation sites need to

be taken into account to avoid interference with other car-

diac structures and high stress distributions in the device.

Despite the attempt of realistically replicate the complex

environment of a percutaneous procedure, these FE models

still present limitations.

Though our data for the use of computational modelling

in TAVI are encouraging, the limited number of patients

analysed in this study still means that computational sim-

ulations will not be used routinely in clinical practice.

Additional integrated clinical studies have to be planned to

validate the robustness of this methodology and the com-

putational results against the outcomes from treated patient

populations. However, proof of concept has been demon-

strated in this study on cases which differ in morphologies,

type of failed bioprostheses and material properties.

The aortic root reconstructed for this study was patient-

specific in terms of geometry, but not in terms of material

constitutive behaviour. A better characterisation of each

patient implantation site physical properties would allow us

to replicate the individual response of the arterial wall to

TAVI. Analogous considerations can be drawn on the

calcification model; in this study, the presence of stenotic

valve leaflets was simulated by thickening of the leaflets

and by a welding constraint placed symmetrically at the

commissures. To date, there are few specific data in liter-

ature for aortic valve calcification material, mainly because

of its great variability in composition (degree of calcifi-

cation and presence of lipids) and the difficulty to

mechanically characterise this type of tissue. In light of

this, only comparative conclusions could be drawn in terms

of stress distribution in the arterial wall model.

TAVI valve leaflets were excluded from the model of

the device as only the implantation procedure was simu-

lated. Therefore, hemodynamics of the TAVI valve and

consequences of migration forces on the stent [12] could

not be assessed. In addition, effective orifice area, as based

on calculation from flow-jet downstream of the aortic

valve, could not be evaluated. Alternatively, in this study,

the measure of geometric orifice area provided an indica-

tion of the potential clinical success of the procedure.

Bearing this in mind, the next aim will be taking into

account the interaction of fluid and structure in order to

consider the presence of the blood, to integrate the effects

of further recoil force due to the pressure load on the

leaflets, assess potential valvular and para-valvular leakage

[37], and predict the risk of embolisation and long-term

performance.

In conclusion, a further integrated clinical study needs to

be planned to verify the findings of this methodology

against the outcome of treated patient populations and to

support a safer development of TAVI using realistic

numerical simulations.
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