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Abstract Valvular heart disorders represent a remarkable contribution to
cardiovascular diseases; in fact, more than 300,000 heart valve surgical operations
were performed in 2006 worldwide. Such a huge social and economical problem
calls for a dedicated multidisciplinary research, integrating different scientific
fields, from medicine to engineering, along the various clinical steps, from diagnosis to treatment strategy. In particular, new manufacturing technologies and
advanced materials are contributing to innovative devices for the replacement of
aortic valves through minimally-invasive procedures, emerging as a valid alternative to classical open-chest surgery. Design, development and performance
assessment of such devices are the natural field of application of computational
biomechanics, which investigates the mechanical behaviour of biological systems
and their interaction with artificial implants through the principle of mechanics.
Moving from such considerations, we discuss from a biomechanical perspective
the biological prostheses replacing the native aortic valve and implanted either
through open-surgery or percutaneous procedures. Consequently, we focus on the
use of patient-specific finite element analysis (FEA) to assess the structural performance of (i) a stentless biological prosthesis used for aortic valve replacement
(AVR) and (ii) a transcatheter aortic valve implant (TAVI), where a biological
valve sewn inside a stent, is crimped and properly placed in the patient’s heart by
means of an endovascular procedure. From a more general point of view, our
contribution underlines the potential role of computational biomechanics and
realistic computer-based simulations in the surgical procedure planning, moving
through a new paradigm in medicine which aims at reinforcing ‘‘diagnosis’’ with
‘‘prediction’’.
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1 Introduction
Cardiovascular diseases (CVDs) is the generic name given to dysfunctions of the
cardiovascular system such as hypertension, coronary heart disease, heart failure
or stroke. CVDs are the leading cause of death in Western countries; a recent
report of American Heart Association [93] states that an estimated 82,600,000
American adults ([1 in 3) have 1 or more types of CVDs. This well explains the
high incidence of such pathologies, which lead to high social and economical
costs; for example, the estimated direct and indirect cost of CVDs for 2007 was
$286.6 billions [111].
Even though often underestimated, valvular heart disorders represent a
remarkable contribution to CVDs: nearly 30 % of all adults over 65 have a
sclerotic aortic valve (AV), 10 % of which having accompanying stenosis [81].
More than 300,000 heart valve surgical operations were performed in 2006
worldwide [83]. Such a huge social and economical problem calls for a dedicated
multidisciplinary research integrating different scientific fields, from medicine to
engineering, along the various clinical steps, from the diagnosis to treatment
strategy. This observation is particularly meaningful if we consider the influence
of emerging technologies in both diagnosis and treatment of CVDs; modern
techniques for generation and analysis of medical images allows accurate 3D
reconstruction of several organs, the use of innovative materials to design miniaturized devices increases the number of interventional options adding new
minimally-invasive procedures to classical open-heart surgery. Design, development and performance assessment of the devices used in these procedures are
natural fields of application of computational biomechanics. The evolution of
computational science has enabled the study of biomedical problems and structures, which are characterized by complex geometries, heterogeneous materials
and whose functionality is determined by multiple concomitant factors. All these
aspects may contribute to progressive advances in medicine enabling a change in
its paradigm.
In fact, although surgeon’s experience is still the key factor for disease classification and treatment planning, statistics is the principal way to establish
whether a specific medical remedy is appropriate or not for a given case; the high
inter-variability requires specific surgical procedures and prosthetic devices tailored to each specific patient, especially in pathologic situations where physiological and morphological alterations are severe. For example, Tyrone-David, one
of the most well-known expert of AV surgery and father of the AV sparing
technique, stated that like most reconstructive procedures in cardiac surgery, the
actual performance of the operation remains ‘‘more art than science’’ [30]. In this
context, surgeon skills could be supported by predictive information and data
derived by dedicated computational analyses. This concept can be referred to as
predictive medicine in which realistic computer-based simulations are performed
both to evaluate the efficacy of different possible treatments and to tailor surgical
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solutions based on patient-specific data, leading to a new paradigm in medicine
which aims at reinforcing diagnosis with prediction.
Obviously, in order to achieve such a challenging goal, a multidisciplinary
approach, derived from a close collaboration between engineers and physicians, is
necessary.
In this chapter we expand on the previous considerations through the biomechanical analysis of the biological prostheses used for the replacement of native
AV either through open-surgery or percutaneous procedures. In particular, we
focus on the use of patient-specific finite element analysis (FEA) to assess the
structural performance of (i) stentless biological prosthesis used for aortic valve
replacement (AVR) and (ii) transcatheter aortic valve implant (TAVI).
Before discussing these specific applications, we briefly review the biomechanical features of the aortic root, proposing also an overview of the past finite element
studies addressing the AV structural mechanics from different points of view.

2 Aortic Valve Mechanics
Realistic computer-based simulations require an understanding of the AV structure. In fact, it is well-recognized that AV function depends on complex relationship of AV and root, as demonstrated by Kunzelman et al. [67], who examined
the AV structure in cryo-preserved normal adult human specimens. For this reason, the study of both valve histology, from a micro-structural point of view, and
anatomy, from a macro-structural point of view, as well as the study of valve
physiology and pathology, are basic requirements for a computational investigation of AV functions.

2.1 Structure
From a macro-functional point of view, heart and large blood arteries can be over
simplified into two serial elements, the pulmonary circulatory system and the
systemic circulatory system, driven respectively by the right ventricle and the left
ventricle acting as pumps. Hidden behind such an apparent simplicity, the microfunctionality of each component is extremely sophisticated. In particular, the aortic
root is a complex body region where anatomical structures and physiology are
related. In terms of basic functional elements [97], the aortic root is composed by:
•
•
•
•
•

sinotubular junction (STJ);
Valsalva sinuses;
interleaflet triangles;
ventriculoaortic junction (VAJ);
leaflets and commissures.
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Fig. 1 Two different view of the 3D anatomy of the aortic root reconstructed from CTA and
highlighting its main functional elements (adapted from [97])

In the following, we discuss each functional element highlighting its biomechanical role within the aortic root functionality.

2.1.1 Sinotubular Junction
The sinotubular junction (STJ) is a circular ring which separates the tubular
portion of the ascending aorta from the aortic root (see Fig. 1). It lies at the level of
the commissural apices and provides most of the support for the valve cusps and
commissures. For this reason, its integrity is essential for the proper function of the
valve as demonstrated by Thubrikar et al. [114].
STJ is a circular structure of primarily elastic composition, but with important
collagenous supports for the valvar leaflets [110]. It has been demonstrated that
STJ has a key-role in normal aortic valve behavior and that its pathological
dilation significantly compromise aortic valve performance [114].

2.1.2 Valsalva Sinuses
Blood is supplied to the heart by its own vascular system, called coronary circulation; the right and left coronary arteries originate from two of the three Valsalva
sinuses, which are dilations just above the AV. They are named, as the leaflets,
according to the coronary arteries: left coronary, right coronary and noncoronary.
In fact, the inlets to the coronary artery system can be found within the sinuses of
Valsalva, superior to the leaflet attachments and inferior to the STJ. The two
openings in the aortic sinus that mark the origin of the (left and right) coronary
arteries are named ostia.
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The Valsalva sinuses play a key role in the local hemodynamic forces that exert
their effects on both leaflet motion and coronary flow; they generate a cavity
behind the open leaflets preventing occlusion of the coronary orifices. Such a
cavity favours the generation of ‘‘eddy currents’’, described first by Leonardo da
Vinci and additionally supported by Henderson and Johnson [58]. The sinuses are
also important in transmitting the stress from the leaflets to the aortic wall [112].
The histological composition of Valsalva sinuses resembles the structure of
large arteries: the intima is made up of the endothelium attached to a basement
membrane and a thin layer of connective tissue; the media is formed by layers of
smooth muscle cells scattered with elastic lamellae; the adventitia consists mainly
of loose connective tissue with some smooth muscle cells.
The biomechanical properties of Valsalva sinuses remain largely unknown,
especially due to the fact that measuring their behavior is more challenging due to
the non-planar nature of the tissue. Only recently, Martin et al. (2011) tested
human aortic sinuses and compared their behavior with the one exhibited by
porcine specimens [78]. As the AV leaflets, the Valsalva sinuses show a nonlinear
stress-strain behavior in the circumferential and longitudinal directions.

2.1.3 Interleaflet Triangles
Beneath the apices formed by the lines of attachment of the leaflets to the aortic
wall, the fibrous components of the aortic root exist. Although these areas are
unequivocally a part of the aortic root, they are triangular extensions of the left
ventricle outflow tract. Such areas, bounded by the semilunar attachments of the
leaflets, are named interleaflet triangles, which have different characteristics from a
microscopic point of view [97]:
• the triangle between the left and right coronary cusps is partially constituted of
myocardial tissue;
• the triangle between the right coronary and noncoronary cusps is composed of a
fibrous tissue and contains the atrioventricular bundle of the conduction axis;
• the triangle between the noncoronary and left cusps is only made of fibrous
tissue.

2.1.4 Ventriculoaortic Junction
Ventriculoaortic junction (VAJ) is composed of the cusp bases and the interleaflet
triangles; the planar line passing through the inferior point of the attachment line
of each leaflet and through the basis of each interleaflet triangle represents the
ideal ring that is considered the so-called aortic annulus, routinely measured by
imaging techniques. All structures that are distal (with reference to the heart) to the
aorto-ventricular junction are subjected to arterial pressures, whereas those that are
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Fig. 2 Aortic leaflets: a The aortic root cut between the noncoronary sinus (nc) and the left
coronary sinus (l). Blue arrows indicate the Arantius nodulus; green arrow indicates how the
sinotubular ridge appears on the internal face of the root. b View of the aortic root from
the ascending aorta. The picture highlights the coaptation between of leaflets avoiding the
regurgitation during the diastolic phase; arrows indicate commissures. Both pictures are adapted
from [97]

proximal are subjected to ventricular loads. Regarding the histology of the VAJ,
collagen is dense at the hinge point that constitutes the semilunar contour of the
leaflet attachment.

2.1.5 Leaflets and Commissures
Normal aortic valves have three semilunar leaflets (or cusps) (see Fig. 2a), which
are the most mobile parts of the valve since they open and close during the cardiac
cycle. They are very thin and flexible so that they may come together to seal the
valve orifice during diastole and avoid retrograde blood flow from the aorta to the
ventricle. During the diastolic phase, each leaflet coapts against the other two
leaflets; the area of the cusps in contact is called coaptation area which should not
be considered redundant since it does bear a load. The only free boundary of the
leaflet, which is also the distal boundary of the coaptation surface, is called free
margin or free edge of the leaflet, clearly visible in Fig. 2b.
The free margin of each cusp shows a central corpus called nodule of Arantius.
The aortic leaflets are named in relation to the coronary arteries: left coronary,
right coronary and noncoronary. The latter is usually larger than the other two
cusps.
The aortic leaflets are composed of three layers, the ventricularis and the fibrosa separated by a gelatinous spongiosa (see Fig. 3a). The ventricularis faces the
left ventricular chamber and it is composed of radially aligned elastin fibers and
collagen fibers randomly distributed. The spongiosa mainly consists of glicosaminoglycans, proteoglycans and mucopolysaccharides that give it a soft consistency together with loosely arranged collagen fibers. Finally, the fibrosa consists of
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Fig. 3 Aortic leaflets: a a cutaway view of the three layers (adapted from [120]); b mechanical
behavior of aortic leaflets: the stress-strain curve obtained by testing human specimens in
circumferential (C) and radial (R) direction is represented (adapted from [106])

collagen fibers embedded in an elastin matrix and highly oriented in the circumferential direction, i.e., parallel to the annulus. Such a structural arrangement
makes the fibrosa considerably stiffer in the circumferential direction giving to the
leaflet the ability to withstand high cyclic mechanical loads [33]. The fibrosa and
ventricularis are preloaded by virtue of their attachment to each other; the fibrosa
under compression and the ventricularis under tension [120]. In general, the valve
cusps contain about 50 % collagen and only 13 % elastin by dry weight [11]. Even
though this would suggest that, with respect to collagen, the contribution of elastin
to valve leaflet mechanics is minimal, during diastolic loading, there is considerable realignment of collagen fibers as the cusps extend beyond 50 % strain and
recoil elastically. Since collagen on its own is not highly elastic, it has been
hypothesized that AV elastin is responsible for their elastic recoil. This implies
that collagen extends passively through most of its elongation phase.
Most of biomechanical measurements of the heart valve leaflets have been
performed by means of uniaxial tests. However, biaxial tests are preferable since
the effects of multiaxial collagen fiber distributions remain intact and testable.
Generally, AV cusps show non-linear behavior, different in circumferential and
radial directions. In Fig. 3b, the mechanical behavior of human aortic leaflet tissue
is represented in terms of stress-strain relationship [106]. At the beginning of the
loading of samples at low stress, the tissue extends very compliantly. During
loading the wavy structure of the tissue becomes straight, more fibers are recruited
and, with increasing stress, the strain of the tissue decreases drastically. The high
compliance at low strains and the high stiffness at high strains enables the tissue to
be optimally flexible during systole and rigid during diastole [17].
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Leaflet commissures are formed by the mural regions where two leaflets insert
side by side along parallel lines [112] (see Fig. 2). Hence, the commissures are the
zones of apposition between the leaflets of the AV [110].

2.2 Dynamics
The complex structure of the aortic root is always in motion due to the pumping
action of the heart. The AV opens during systole, when the ventricle is contracting
and, then, closes during diastole, as the ventricle relaxes. During such motion, the
leaflets are not the only actors but all the surrounding structures and valvular
components interact in a complex but functionally efficient manner.
AV dynamics has been studied using different techniques: either injecting a
radiopaque dye and visualizing the movement under X-ray [104] or by means of
two-dimensional echocardiography [49] or using marker-fluoroscopy technique
[113]. Moreover, valve motion has been also studied in vitro using pulse-duplicator systems [79]. AV opens rapidly at the beginning of systole and closes rapidly
at the end of systole. The consecutive phases of AV motion during a cardiac cycle
can be summarized as follows: a sudden opening of the valve, just a little
movement while the valve remains open, a sudden closure of the valve and almost
no movement while the valve remains closed (see Fig. 4).
Although the leaflets are the most flexible and dynamic parts, the motions of the
other components of the AV are also important. Thubrikar et al. (1986) studied the
movement of the commissures in dogs by placing radiopaque markers at appropriate positions of the aortic root and recording their movement under X-ray [113].
The commissures move outward during systole and inward during diastole. As
depicted in Fig. 5, the commissure motion follows the aortic pressure curve closely. They measured the perimeter of a triangle formed by the commissural
markers, recording an increase from diastole to systole of about 12 %. During the
cardiac cycle, the AV annulus expands and contracts, too; both echocardiographic
and angiographic images show that the base of the aortic valve changes diameter
and dimensions during the cardiac cycle. It is maximally dilated during valve
opening and maximally contracted at the time of valve closure; the percentage of
change in base perimeter is approximately 20 %.

2.3 Pathologies
As previously mentioned, AV function has been shown to depend on the complex
anatomic and dynamic relationship of aortic valve and root. As a consequence,
any morphological, structural and histological alterations of valve components
may lead to valve dysfunction. Even though there are several diseases which
can cause malfunctioning of aortic valves, we distinguish two main families of
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Fig. 4 Sequence of
snapshots of a human aortic
valve displacements at
selected instants in the
cardiac cycle (adapted from
[20])
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Fig. 5 Aortic valve dynamics: plot of the leaflet motion, commissural perimeter and pressure in
the ascending aorta (adapted from [112])

AV pathologies: (i) stenosis, i.e., restricted opening, producing pressure overloading and (ii) regurgitation, i.e., inadequate valve closure inducing volume
overloading.

2.3.1 Aortic Valve Stenosis
Aortic stenosis refers to an obstruction of flow at the level of the AV; in particular,
there are mainly three causes of stenosis: (i) calcifications related to atherosclerosis, which can be roughly defined as an inflammatory disease impairing valve
patency; (ii) endocarditis, that is an infection caused by the presence of bacteria in
the bloodstream and bacterial vegetations on valve leaflets; (iii) congenital diseases and, in particular, bicuspid aortic valve, which consists in the fusion of two
leaflets.
Congenital bicuspid aortic valve and calcific aortic occlusion account for the
majority of aortic stenosis cases [63, 111]. Bicuspid valves are characterized by the
fusion of two of the three leaflets, most commonly the left and right, and they
present raphe, leaflet doming and eccentric closure under echocardiography; its
incidence varies from about 0.4 to 2.25 % [59]. According to the work by Stewart
et al. (1997), calcific aortic stenosis, usually referred to as ‘‘degenerative’’
pathology, affects, approximately 25 % of the population older than 65. For these
patients, echocardiography showed leaflet thickening or calcification, or both, and
the prevalence increased with advancing age [105].
In this case, aortic valve replacement through open-surgery represents the most
common surgical remedy; either biological valves or mechanical valves may
be used to replace the stenotic native valve; for elderly patients, innovative
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transcatheter aortic valves, which do not require open-heart surgery and cardiopulmonary bypass, may be implanted.

2.3.2 Aortic Valve Regurgitation
Aortic regurgitation is defined by AV incompetence, in which a retrograde blood
flow from the aorta to the left ventricle originates during diastole. Infective
endocarditis involving the aortic valve as well as rheumatic fever associated with
chronic inflammatory aortic valve disease may result in aortic regurgitation
because of loss of coaptation, leaflet retraction, or perforation. Even though aortic
stenosis is only related to diseased valve leaflets, aortic regurgitation may depend
either on valve leaflets or on other components of the aortic root. In particular,
pathologic dilations of the aortic annulus or of the Valsalva sinuses, or both, as
well as an abnormal enlargement of the STJ (see Sect. 2.1) may cause aortic
regurgitation.
All of these morphological alterations of the aortic root may be related either to
atherosclerotic and/or hypertensive damage of the aortic wall or to heritable
connective tissue disease (like Marfan syndrome or Loeys-Dietz syndrome).
In presence of aortic insufficiency, a volume overloading of the left ventricle
occurs which may increase slowly and may be well tolerated for long periods. The
consequences of aortic insufficiency include left ventricular dilation and hypertrophy, with remodeling of the left ventricle [76].
Severe aortic regurgitation generally requires surgical treatments. In particular,
if the native aortic leaflets are healthy, aortic valve sparing techniques (which are
cardiac surgical procedures involving replacement of the aortic root without
replacement of the aortic leaflets) may be adopted [31, 61]. Otherwise, the whole
aortic root can be substituted with biological or mechanical valves sewn into
appropriate grafts [14].

2.4 Surgical Treatments
The classification of aortic valve surgery procedures is not trivial, given the wide
range of available treatment options; in the following, we decided to split them
with respect to the related interventional strategy, i.e., traditional open heart surgery or minimally-invasive.

2.4.1 Open Heart Surgery
Different surgical treatments are adopted to restore valve functionality. In the
literature many techniques for aortic root reconstruction are described, either
sparing the valve leaflets [41, 98] or involving the use of mechanical [92], stented
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[86, 115] or stentless biological prostheses [45] as well as homograft and allograft
valves [43, 125] which means that the tissue graft is obtained from an organism of
the same species as the recipient; they can be either stented or stentless.
If the aortic root wall does not show any remarkable pathological dilation so
that the valvular leaflets can be considered as the principal cause of disease, AV is
replaced by means of mechanical or biological valves as discussed in many
comparative studies, reported in the literature [1, 101, 103].
On the one hand, mechanical prostheses assure a long-term solution due to an
excellent durability [66], on the other hand, they are associated with a greater
incidence of hemorrhage than bioprostheses since they do not avoid the use of
anticoagulants. Moreover, bioprostheses are associated with more physiological
hemodynamics as well as a minor trombogeneticity [88]; accordingly, especially
for elderly patients, biological valves assure greater performances than mechanical
ones and, in particular, stentless valves are preferable than stented ones, representing an ‘‘excellent option for aortic valve replacement’’ [84].
The use of stentless valves, in fact, appears to potentially increase the long-term
survival when compared to stented ones due to improved ventricular reverse
remodeling [13]. At the same time, the hemodynamics is closer to physiologic
behavior; additionally, the use of a continuous suture technique reduces the crossclamp times and cardiopulmonary bypass.
However, open heart surgery with cardiopulmonary bypass is not always recommended: in presence of coexisting conditions such as advanced age, congestive
heart failure, coronary artery disease, lung disease and renal insufficiency, the
surgical risk becomes very high and, in some cases, unsustainable [28, 80].

2.4.2 Minimally-Invasive Surgery
In 1986 Cribier et al. [28] introduced percutaneous transluminal valvuloplasty to
reduce the aortic valvular gradient and improve left ventricular ejection; unfortunately, such a treatment provided very poor mid and long-term outcomes [74]
and the associated risks and follow-up events have been subject of concern
because the incidence of restenosis has been found approximately 50 % at
6–12 months [60].
New developments in cardiothoracic surgery have led to innovative minimallyinvasive devices for the treatment of aortic stenosis in patients associated with
potential high surgical risk. In 2002, Cribier performed the first clinical implant of
a percutaneous balloon-expandable aortic valve at the level of the native valve [29]
while, in 2004, Grube implanted for the first time a self-expandable transcatheter
valve [55].
In the last decade, different devices have been designed and submitted to
clinical evaluation confirming that, on one hand, such an innovative technique
represents a promising solution for aortic stenosis even though, on the other hand,
at present, it is still an immature procedure due to limited follow-up data and
durability evaluation. The two transcatheter devices, which are currently available,
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Fig. 6 Transcatheter aortic valve prostheses currently used in clinical practice: the Medtronic
CoreValve (left) and the Edwards SAPIEN XT (right)

consist of either a stainless steel (or cobalt chromium, since the very last prosthetic
devices, named SAPIEN XT, are made of an innovative cobalt chromium alloy)
balloon-expandable (Edwards Sapien) or nitinol self-expandable stent (Medtronic
CoreValve), see Fig. 6.
In both cases, a tri-foliate bovine/porcine pericardium heart valve is attached
inside the cylindrical metallic frame. Prosthesis placement can be achieved by
either a trans-femoral or trans-apical access. In the first case, the prosthetic device
is inserted through the femoral artery and passes retrogradely through the aorta
until the aortic root is reached [122] while, in the second case, it is placed directly
through the apex of the heart [73]. Once the valve has been positioned, in case of
balloon-expandable devices, a balloon inflation leads to the valved stent expansion
which excludes and compresses the native diseased leaflets.
Self-expandable valve placement procedure is very similar to the supra-mentioned procedure except that self-expandable prostheses automatically open
through a step-wise deployment when gradually extracted from the delivery
catheter: they do not need the help provided by a balloon expansion due to the
peculiar properties of their constitutive material.
Particular attention must be devoted to positioning, which is crucial since it
affects post-operative performance: on one hand, the implanted valve must guarantee regular flow through the coronaries while, on the other hand, the prosthesis
should not overlap and crush the left bundle branch [89] to avoid is a cardiac
conduction abnormality.
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3 Structural Modeling of Aortic Valve: A Brief Review
Before discussing the simulation of two specific surgical strategies to treat aortic
valve stenosis, we would like to provide a brief overview about the use of
structural FEA to investigate either aortic valve biomechanics in both healthy and
diseased conditions or to design and evaluate prosthetic devices.
The first engineering and mathematical studies on the aortic valve date back to
the 1970s with the pioneering works by a group of the Washington University that
first characterized the mechanics of human aortic valve by computing the stress/
strain distribution throughout the leaflet structure [23, 24, 47] and by creating
specific mathematical models of the valve leaflets [21, 48].
During the 1980s a great contribution to the investigation of AV mechanics has
been given by several authors. In 1983, Sauren developed a theoretical model to
gain insights into the factors which govern the mechanical behavior of the natural
aortic valve during diastole [99], while other researchers focused on the modeling
of bioprostheses by a geometrical and constitutive point of view. Christie and
Medland (1982) performed non-linear finite element stress analyses of bioprosthetic heart valves [22] while Sabbah et al. (1985, 1986) employed a finite element
model of a porcine trileaflet bioprosthesis, paying particular attention to stress
localization and its correlation with calcifications [95, 96]. Rousseau et al. [94]
included viscoelastic material properties into their closed bioprosthetic model.
In 1990, Thubrikar published a book [112], which is a milestone for the analysis
of aortic valve, in which the author proposed a geometrical model of the valve and
also deepened other different aspects such as valve physiology, dynamics and
pathology. Attention to valve design has been payed also by Clift et al. (1996) who
focused on synthetic leaflets [25] while Knierbein et al. used finite element models
to improve the design of polyurethane valves [64].
From 2000, the interest in aortic valve is further increased; many other
experimental and numerical studies addressing several aspects of the aortic valve
modeling, ranging from its geometrical description to the constitutive modeling,
have appeared.
On the material modeling side, since Billiar and Sacks [15], who have highlighted the highly non-linear and anisotropic behavior of aortic leaflets through
specialized biaxial testing techniques, many biomechanical studies have addressed
this issue. Driessen et al. [34–36] proposed a numerical representation of
mechanically-induced collagen fiber architectures in aortic leaflet tissue while
Freed et al. [42] developed a transverse isotropic non-linear constitutive model
which takes into account the experimentally-observed dispersion of collagen
fibers. The effects of anisotropy have been also studied to evaluate leaflet stress
distribution in polymer composite prostheses [75], while, Mohammadi et al. [82]
developed a new high-order element using p-type finite element formulation to
implement anisotropic material properties similar to those of the heart valve leaflet
tissue in only one single element. In 2010, Koch et al. performed static FEA of the
whole aortic root in diastolic configuration to investigate the influence of non-
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linear and anisotropic material properties [65]. Moreover, dedicated FEA-based
investigations have shown that orthotropy has to be considered during the manufacturing process of bioprosthetic devices since it can negatively affect both the
displacements of the leaflets and their stress distribution [3]. More recently a
simplified version of Fung’s elastic constitutive model for skin, developed by Sun
and Sacks [107], was implemented using FEA and applied to the modelling of
bovine and kangaroo pericardium to evaluate the design of percutaneous aortic
valve as function of different leaflet material, fiber orientation and abnormal valve
dilation on the valve [102].
In dealing with the geometrical modeling of the human trileaflet aortic valve,
Labrosse et al. (2006) proposed a new approach to accommodate the wide
dimensional variety observed in normal human aortic valves based on fully 3D
analyses [68]; according to this study, a finite element model of the native aortic
valve is developed implementing anisotropic hyperelastic material properties for
the leaflets and aortic tissues, starting from the unpressurized geometry [69]. More
recently, Haj-Ali and colleagues [56] proposed a general mathematical description
for the complex 3D geometry of the native tricuspid aortic valve including the
cusps, commissures and sinuses; the needed parameters to construct the curves
defining the 3D model are obtained from echocardiographic measurements. In this
context, it is worth mentioning that dedicated algorithms to elaborate novel
medical imaging, such as 4D CTA, allows to quantify morphological and functional aspects of the so-called aortic valve complex [54, 62].
Computer-based simulations have been also adopted to study pathologies of the
aortic valve. In particular, we quote the works by Grande-Allen et al. [51, 52] who
used MRI-derived models to associate aortic root dilation with valve incompetence, stating that dilation leads to higher values of stress and strain in the leaflets.
They also investigated the effects of normal aging by increasing both the thickness
and the stiffness of the aortic structure, showing that it may result in valvular
regurgitation [50]. Conti et al. [26] demonstrated by means of a finite element
model that bicuspid geometry per-se entails abnormal leaflet stress which may play
a role in tissue degeneration, while Auricchio et al. [5] developed a computerbased procedure to reproduce the aortic root pathologic dilation on the basis of
experimentally measured parameters.
The dynamical behavior of the aortic valve throughout the cardiac cycle has
been investigated using numerical models by Gnyaneshwar (2002) who simulated
the whole cardiac cycle to analyze the interaction between the aortic root and the
leaflets [46]. Dynamic finite element analysis has been performed by Conti et al.
(2010) who obtained leaflet stretches, leaflet coaptation lengths and commissure
motions, as well as the timings of aortic leaflet closure and opening, all matching
with the experimental findings reported in the literature [27].
Finally, FEA has been adopted to predict the outcomes of aortic valve surgery.
In particular, the aortic valve sparing technique has received a lot of attentions:
Grande-Allen et al. (2001) discussed the influence of graft shape and stiffness on
post-operative valve performance concluding that the optimization of both graft
shape and material design may result in improved longevity of the spared valve
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[53]. Ranga et al. (2006) evaluated aortic reconstruction following valve-sparing
operation and validated the simulation results with MRI in-vivo data [90]. In
Soncini et al. (2009), the aortic root performance after valve sparing procedure is
estimated by means of a comparative finite element analysis, while more recently,
Totaro et al. evaluated the potential of a preoperative prediction of the optimal graft
size, using FEA, proving that the virtual simulation of the AVS procedure could be
useful in predicting the post-operative physiology of the aortic root [116, 117].
Labrosse et al. [70] created a finite element model with the ability to simulate
physiologic function in normal valves, and aortic insufficiency due to leaflet
prolapse in asymmetric, diseased or sub-optimally repaired valves. More recently,
Votta et al. have extended in-vitro investigation of the neo-chordae technique via
finite element models to systematically assess the acute effects of changing neochordae features, i.e., length, opening angle, asymmetry and insertion on the aorta.
Furthermore, Xiong et al. highlighted the importance of leaflet geometry for
stentless pericardial aortic valves [124]. Moreover, Hammer et al. [57] used a
structural finite element model to explore how a pericardial leaflet graft of various
sizes interacts with two native leaflets when the valve is closed and loaded.
In the following section we discuss two applicative examples of using realistic
simulations to investigate two different AVR procedures: (i) open-surgery implant
of stentless biological prosthesis; (ii) transcatheter implant of stented valves.

4 Patient-Specific Simulation of Aortic Valve
Replacement: Applicative Examples
As stated in the Introduction, the clinical outcomes of AVR are related to an
appropriate choice of both prosthesis size and replacement technique. At present,
the performance of the surgical operation is strictly dependent on surgeon’s
expertise, especially in consideration of the fact that the technique is non-trivial.
Hence, all these aspects make AVR a strongly surgeon-dependent procedure.
Moving from such considerations, in this section we propose a patient-specific
approach to optimize prosthesis placement and sizing during the pre-operative
planning considering both an open-surgery intervention and a minimally-invasive
procedural option.

4.1 Open-Surgery Implant of Stentless Biological Prosthesis
4.1.1 Clinical Procedure and Simulation Strategy
The surgical approach to stentless valve implant can be summarized in three main
operative steps [45]:
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1. after transecting the ascending aorta for exposure, the diseased valve is excised;
2. the aortic annulus is sized with a dedicated aortic valve sizer;
3. stay sutures are placed and, subsequently, the valve is lowered: the prosthesis
takes its position supra-annularly.
On the basis of the operative steps of the real procedure, we adopted a simulation strategy which can be described in four principal steps:
1. a parametric CAD model of the supra-annular prosthesis is properly created;
2. the CAD model of the aortic root is obtained from DICOM images of contrastenhanced computed tomography-angiography (CT-A) through dedicated image
processing;
3. the AVR operation is mimicked by positioning the stentless tissue valve inside
the aortic root through a placement simulation;
4. finally, a second simulation considering both aortic root and valve is performed
to evaluate valve competence during diastole.
In particular, we simulate the implant of three different sizes of the Freedom
Solo (Sorin Biomedica Cardio, Saluggia, Italy) stentless valve, starting from a
single patient-specific aortic root model. In the following, we discuss each of listed
operative steps, while more details are reported in [6].

4.1.2 Stentless Prosthesis Model
As stated by Xiong et al. (2010), the prosthetic leaflet geometry plays a key-role for
efficacy and durability in AVR procedures and, for this reason, it is important to
accurately reproduce it in order to predict the realistic valve behavior. In our case,
given the lack of specific technical data from the manufacturer, we generate the
model of the stentless valve assuming that the three leaflets to be implanted in the
patient’s aortic root have the same geometrical features as a healthy native AV [9].
Even though modeling the stentless prosthesis simply respecting the geometrical
properties of healthy valves does not allow very accurate reconstructions of the
prosthetic device, we believe that this simplifying assumption does not affect the
methodological approach we would like to discuss herein. Indeed, at the same time,
we think that future developments to achieve more precise geometrical models of
the prosthesis have to be addressed to obtain simulation results closer to reality.
Herein, for the sake of simplicity, the Labrosse’s geometrical guidelines are
adopted to define the model [68] hence our model of the prosthetic leaflets is
completely described by the following five parameters [5] (see Fig. 7):
•
•
•
•
•

diameter of the annulus, Da;
diameter of the top of the commissure, Dc ;
valve height, H;
leaflet free margin length, Lfm ;
leaflet height, Lh .

148

F. Auricchio et al.

Fig. 7 Geometric model of the valve by Labrosse et al. [68]: a the perspective view shows
parameters Da, Dc, H and Lh; b the top view highlights Lfm and, again, Dc

Table 1 Set of the chosen parameters highlighted in Fig. 7 adopted to model the stentless
prostheses
Dc (mm)
H (mm)
Lfm (mm)
Lh (mm)
Prosthesis ID
Da (mm)
SIZE 25
SIZE 27
SIZE 29

25
27
29

23
25
27

17
18
19

31
33
36

17
18
19

The subcommissural triangles are properly removed and three different model
variants characterized by different sizes are created based on product specifications
of the Freedom Solo prosthesis [6]. In particular, the dimensions reported in
Table 1 have been considered.
The leaflets are meshed within Abaqus v6.10 (Simulia, Dassáult Systems,
Providence, RI, USA) using 4,200 four node membrane elements M3D4R with
0.5 mm uniform thickness [12].

4.1.3 Materials
The stentless valve is made of two bovine pericardial sheets without any fabric
reinforcement.
In the last decades, there has been a quite long diatribe about whether the
prosthetic valve after the fixation process behaves more as an homogeneous isotropic material [72, 118] or as an anisotropic material [3, 71]. Even though some
recent studies confirm an anisotropic response of treated pericardium [16], for the
sake of simplicity, we take into account the simplifying assumption of isotropic
material.
Consequently, an incompressible isotropic hyperelastic Mooney-Rivlin model
is adopted for the stentless valve leaflets [39, 91]. However, it is worth noting that
material modeling of fixed pericardium is still a matter of debate as detailed in
Sect. 4.1.
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Fig. 8 Creation of aortic root model: a an STL file is extracted from medical images by
appropriate processing; b a series of splines identifying the aortic root wall are obtained
elaborating the STL file; c a CAD model of the aortic root is obtained through lofting; d a
structured mesh is derived from the CAD model

4.1.4 Patient-Specific Model of the Aortic Root
CT-A examination allows accurate 3D reconstructions of anatomical regions and,
even though it is not used for all patients due to its high cost in terms of X-ray
doses, it is frequently adopted for imaging diagnosis of aortic valve pathologies.
For this reason, we base the aortic root model on DICOM images of a cardiac
CT-A performed using a iodinate contrast die on a 46 year-old male patient performed at IRCCS Policlinico San Matteo, Pavia, Italy, using a SOMATOM
Sensation Dual Energy scanner (Siemens Medical Solutions, Forchheim, Germany). The scan data are characterized by the following features: slice thickness:
0.6 mm; slice width  height: 512  512; pixel spacing: 0.56 mm.
We process the resulting DICOM images using ITK-SNAP v2.0.0 [126] in
order to firstly enhance the contrast die, then extract a confined region of interest
from the whole reconstructed body and, finally, apply an automatic segmentation
procedure based on the snake evolution methodology to obtain a stereolithographic
(STL)—(see Fig. 8a)—description of the anatomical region of interest. The STL
file is processed within Matlab (Natick, Massachusetts, U.S.A.) to define a set of
splines identifying the cross sectional contours of the aortic bulb volume (Fig. 8b).
The CAD model is then obtained by means of a lofting procedure from the spline
curves imported in Abaqus CAE (Fig. 8c). Finally, the model is meshed with
43,260 linear quadrilateral shell elements S4R (Fig. 8d).
For the sake of simplicity, the same material properties already adopted for the
prosthetic tissue valve are used also for the aortic root wall [91]. It is worth stating
that such an assumption has been recently removed by considering a fiber-reinforced material model [7].
4.1.5 Prosthesis Placement
The prosthesis implant is simulated by constraining the attachment lines of
prosthesis leaflets to overlap the so-called ‘‘suture-lines’’, defined on our patientspecific aortic root model trough the following three steps:
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Fig. 9 Definition of the suture lines: a the plane a containing the native line of attachment and
passing through the points A, B and C is created; b the plane b is obtained translating a vertically;
the line of attachment of the prosthesis leaflet is defined by the intersection of a with the sinus.
The blue lines represent the whole set of attachment lines where the nodes of the prosthesis are
tied with the nodes of the sinuses; c simulation strategy for the prosthesis placement: the black
arrows represent the displacements to be computed and applied to the nodes of the prosthesis line
of attachment

• definition of the plane a passing through the reference points A, B, C and
containing the line of the native leaflet attachment (see Fig. 9a);
• definition of the plane b, obtained with a Ds vertical translation of the plane a;
• definition of the supra-annular suture-line from the intersection of b with the
patient-specific CAD model of the Valsalva sinuses (see Fig. 9b).
This sequence of geometrical operations is repeated for each Valsalva sinus to
obtain the whole set of suture-lines. Subsequently, a quasi-static FEA of the
prosthesis placement is performed using Abaqus Explicit solver; precomputed
displacements are imposed to the nodes of the prosthesis attachment line (see
Fig. 9c). Inertial forces do not dominate the analysis since the ratio of kinetic
energy to internal energy remains less than 5 %. For quasi-static simulations
involving rate-independent material behavior, the natural time scale is in general
not important. For this reason, a mass scaling strategy, i.e., an artificial increase of
the mass of the model, is used to reduce computational costs.
To evaluate the behavior of the valve implanted in different positions, different
values of Ds (0.5, 2 and 5 mm) associated with three different labels, i.e., sutureline 1, 2 and 3, respectively, are taken into consideration.

4.1.6 Prosthesis Closure
To evaluate the performance of prosthetic valve after the replacement procedure as
a function of each combination of prosthesis size and suture-line position, we
simulate the diastolic phase of the cardiac cycle. Because CT-A data adopted
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Fig. 10 Simulation results: a the von Mises stress contour plot, outcome of the simulation of
prosthesis implant on a given the suture-line is represented—Non Coronary (NC), Left Coronary
(LC) and Right Coronary (RC) sinuses; b prosthesis placed on a given suture-line at the end of
diastole: due to the asymmetry of the patient-specific sinuses, the non-coronary leaflet of the
virtually implanted symmetric valve closes below the other two leaflets. A central gap is
highlighted from the front view which means that the replacement solution fails

to generate the geometrical model of the aortic root wall have been obtained at enddiastole, a uniform pressure, p ¼ 80 mmHg, is gradually applied on the leaflets,
while the pressure acting on the internal wall of the sinuses is for simplicity
assumed equal to zero. The nodes belonging both to the top and to the bottom of the
aortic root model are confined to the plane of their original configuration.
The numerical analysis of the prosthesis closure is a non-linear problem
involving large deformation and contact. For this reason, Abaqus Explicit solver is
used to perform large deformation analyses; also in this case a quasi-static simulation is performed.
4.1.7 Results of Prosthesis Placement
We evaluate the positioning of three different sizes of stentless tissue valves in one
aortic root model. Each prosthesis is placed along three different supra-annular
suture-lines, defining thus nine different scenarios.
The FEA of the stentless valve implantation into the patient-specific aortic bulb
provides the tensional state of each leaflet. As depicted in Fig. 10a, the results of
the prosthesis placement in one particular case are reported in terms of von Mises
stress pattern. It is possible to note that the stress distribution is not the same for
each leaflet; this is due to the asymmetric morphology of the host aortic bulb,
while the stentless valve has a symmetric shape. To highlight this aspect we
compute the von Mises stress averaged over the leaflets domain, rav , defined to
neglect peak values of the stress due to local concentration.
4.1.8 Results of Prosthesis Closure
Once the prosthesis is implanted and sutured inside the aortic root, a uniform
pressure is applied on the leaflets to evaluate the performance of the surgical
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Fig. 11 Trend of the coaptation measures and of the tensile state: a the coaptation height, HC,
b the coaptation area, AC and c the average von Mises stress, rav, are evaluated as a function of
the prosthesis size and the suture-line position

solution under consideration. In Fig. 10b, the SIZE 25 valve placed along sutureline 1 is represented at the end of the diastolic phase; the von Mises stress distribution is highlighted. Two basic parameters are measured to evaluate the
prosthesis physiology: the coaptation area, AC , defined as the total area of the
elements in contact, and the coaptation height, HC , defined as the distance between
the plane containing the annulus and the point where the coaptation occurs. The
bar graphs depicted in Fig. 11a, b show the impact of both prosthesis size and
suture-line position on the coaptation measurements. In particular, Fig. 11a suggests that the increase of prosthesis size leads to the decrease of HC , while the
suture-line position does not affect significantly the coaptation height.
On the contrary, both the coaptation area, AC , and the average stress, rav ,
increase with the prosthesis size while the suture-line site has a minor impact on
such values (see Fig. 11b, c). Moreover, the valve closure results show that the
coaptation of the three leaflets is not perfectly symmetric due to the physiological
asymmetry of the aortic sinuses. For this reason, during the diastolic phase, a
central gap is observable (see Fig. 10b, front view) which implies insufficiency of
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the virtually implanted valve. Consequently, we can speculate that the replacement
solution under investigation could fail.
In conclusion, the results indicate an uneven distribution of stresses on the three
leaflets underlying the impact of the anatomical asymmetry of the native aortic
bulb where the prosthesis is placed. Consistently, the simulation of valve closure
displays a non-uniform coaptation of the leaflets during the diastolic phase, which
means a potential incompetence of the substituted valve. It is also worth underlining that such considerations are consistent with the results presented by Sun
et al. [108] who studied the implications of an asymmetric trans-catheter aortic
valve deployment. Moreover, our findings highlight the relevance of prosthesis
size as to both the coaptation area, i.e., the performance of the prosthetic valve,
and the stress distribution over the leaflets, i.e., the durability of the prosthesis,
whereas no significant impact has been shown by the suture-line site. This
observation underlines importance of the choice of prosthesis size while it seems
that suturing the valve in a position slightly more distal or more proximal with
respect to conventional suture sites (i.e., at 2–3 mm from the host annulus of each
sinus [45]) does not affect significantly the procedure outcome.

4.1.9 Impact of Material Modeling
Event though it is well accepted that bovine pericardium is an anisotropic material,
there is no unique opinion on the glutaraldehyde-treated pericardium. In fact, the
chemical fixation process makes it behave like an isotropic material [72, 118],
while others claim that it maintains its original anisotropic characteristics even
after the fixation procedure [3, 71]. For this reason, we have analysed the differences of considering an isotropic (Fig. 12a) or a fibre-reinforced anisotropic
(Fig. 12b) model for the valve leaflets [7].
First of all, we may observe that the maximum principal stress distribution on
the closed valve leaflets is less uniformly aligned in case of isotropic material
model (see Fig. 12c) with respect to an anisotropic model (see Fig. 12d). We may
conclude that the fibres drive the stress distribution predominantly in the direction
of their alignment (i.e., circumferentially). This aspect also leads to the reduced
stress values obtained adopting an anisotropic material model with respect to an
isotropic model as also highlighted by a previous study [65]. Moreover, the
performed simulations confirm that anisotropic leaflets have a significantly greater
coaptive area exhibiting a smoother closure. It is observed that at the end of
diastole, the isotropic leaflets exhibit many non-physiological foldings and wrinkles, particularly close to the commissures, which are not present in the closed
configuration of the anisotropic leaflets. Furthermore, the coaptation length
increases while the coaptation height decreases when moving from an isotropic to
an anisotropic model. Also this indication is in agreement with previously published studies [65], confirming that the introduction of anisotropy in the leaflet
model leads to both an increased compliance in the radial direction and an
improved coaptation. These findings suggest that the choice of material model
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Fig. 12 von Mises stress pattern at the end of diastole: a isotropic material model; b fibrereinforced model. A cut view is adopted to highlight the coaptation. Vector plot of the maximum
principal stress of the closed leaflets at the end of diastole: c isotropic material model;
d anisotropic Holzapfel material model. The bigger arrows close to the commissures show a
stress concentration in that region

significantly influences the performance of the implanted valve and, therefore, it
represents a crucial issue when performing numerical simulations.

4.2 Transcatheter Aortic Valve Implant
4.2.1 Clinical Procedure and Simulation Strategy
In this section we focus on one of the currently available percutaneous aortic valve
prosthesis, i.e., the balloon expandable Edwards Lifescience Sapien valve which is
basically composed of three flexible biological leaflets sutured on a stainless steel
balloon-expandable stent. Sapien placement can be achieved by either a
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trans-femoral or trans-apical access. In the first case, the prosthetic device is
inserted through the femoral artery and passes retrogradely through the aorta until
the aortic root is reached [122] while, in the second case, it is placed directly
through the apex of the heart [73]. Once the device has been positioned, balloon
inflation leads to the valved stent expansion which excludes and compresses the
native diseased leaflets.
Few studies have already used FEA to develop new concepts for different
percutaneous aortic leaflet geometries [102] or to better understand the mechanics
and hemodynamics of TAVI device [108, 121]. Moreover, Schievano et al. [100]
and Capelli et al. [18] proposed a FEA-based methodology to provide information
and help clinicians during percutaneous pulmonary valve implantation planning,
while a more recent study deals with the deployment of Sapien within several
patient specific aortic root models [19]. Structural analysis has been also used to
assess the impact of design features on the radial force transmitted by the stent to
the aortic root [119].
Within this context, given the TAVI procedural phases, our simulation
approach results in the following steps:
1.
2.
3.
4.

creation of transcatheter prosthesis (stent and prosthetic valve);
simulation of stent crimping;
simulation of balloon inflation and stent expansion;
simulation of valve closure.

Clearly, the simulation of stent apposition accounts for a patient-specific aortic
root model, which is basically created as described in Sect. 4.1. However, if, on
one hand, a very accurate model of the aortic root is considered, on the other hand,
the native calcified leaflets are not taken into account representing a significant
simplifying assumption for the simulation of prosthesis expansion and anchoring.
In the following, each of the previously listed steps is detailed.

4.2.2 Stent Model
In absence of both a device sample and design data from the manufacturer, we
base the creation of the stent geometry on the few data and pictures available on
the official web-site of the Edwards Lifesciences company [38]. For the sake of
simplicity, as previously mentioned in Sect. 4.1 when discussing the model creation of biological stentless valves, assumptions are made about the geometry of
the prosthesis which do not affect the intention of this chapter, i.e., proposing a
methodological approach to reproduce aortic valve diseases and related treatments.
We firstly create the unfolded geometry of the stent using Rhinoceros software
v.4.0 (McNeel & associates, Seattle, WA, USA) observing that it is made of a
primitive geometry, mirrored and replicated. Once the unfolded geometry of the
stent has been created, we mesh it using Abaqus software v6.10 (Simulia, Dassault
Systéms, Providence, RI, USA) obtaining a list of nodes and elements. To such
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nodes we can assign proper polar coordinates easily computed from their original
cartesian coordinates to obtain the folded geometry.

4.2.3 Prosthetic Valve Model
The prosthetic valve model is generated through a lofting procedure starting from
the circular line of the bottom and the peculiar line of the top of the valve extracted
from the real device picture. The two closed lines have to be concentric and, in
particular, the top line has to be inscribed into the circular base whose radius is
equal to the inner radius of the stent.
In dealing with the material, the valve leaflets are made of glutaraldehydetreated bovine pericardium. Therefore, they are modeled following the considerations discussed in Sect. 4.1. In particular, in this case, we chose to adopt an
isotropic relation to model the leaflets mechanical behavior [124].

4.2.4 Stent Crimping
A cylindrical catheter is gradually crimped leading to stent deformation: the initial
diameter of the catheter is 28 mm while the final diameter is 7 mm in agreement
with the work of Capelli et al. [18]. A quasi-static simulation is performed using
Abaqus/Explicit; the kinetic energy is monitored to ensure that inertial effects do
not affect the results. The catheter is meshed using 403 4-node surface elements
with reduced integration (SFM3D4R) and it is modeled as a rigid material; the
stent has been discretized using 90,279 solid elements with reduced integration
(C3D8R). The material used for the balloon-expandable stent is the low carbon
316L stainless steel, whose behavior is described by an elastoplastic model
according to the work of Auricchio et al. [4]. A frictionless general contact is used
to handle the interactions between the catheter and the stent.

4.2.5 Simulation of Balloon Inflation and Stent Expansion
The simulation of stent apposition is performed assembling (i) the crimped stent,
whose tensional state is imported from the crimping simulation and it is assumed
as a predefined field, (ii) the balloon modeled as a cylindrical folded body with two
conical tapered ends and (iii) the patient-specific aortic root.
The balloon model is discretized with 13,680 3-node membrane elements
(M3D3); the Duralyn material properties are assigned [32].
Once the balloon-stent system has been properly placed inside the aortic root
model (excluding, for the sake of simplicity, the native aortic leaflets which can
not be modeled by processing CT images), Abaqus/Explicit solver is again used to
perform the expansion simulation: a uniform pressure of 1 MPa (75 mmHg) is
gradually applied to the inner surface of the balloon while its fixation to the
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Fig. 13 Different frames of balloon expansion and stent apposition: a initial configuration; b the
balloon starts to deploy the stent; c the balloon is fully expanded and the stent is fully deployed;
d final configuration after balloon deflation

catheter is virtually reproduced by constraining the displacements in each direction
of the proximal and distal balloon tips. Since the compliant chart of the Edwards
SAPIEN balloon is not available, a reasonable pressure value which leads to a
smooth stent expansion has been used.
The complex contact problem of the balloon interacting with itself and the stent
is described by a Coulomb friction model with a friction coefficient of 0.2. The
whole assembly and the result of the simulation of balloon inflation and stent
expansion is shown in Fig. 13.
4.2.6 Simulation of Valve Closure
Once the simulation of balloon expansion has been completed and the stent is
placed within the aortic root, we perform a quasi-static simulation to map the valve
onto the implanted stent. In particular, we compute the displacement field of two
different sets of valve nodes: (i) the nodes lying on the line of attachment with the
stent and (ii) the nodes of the circular base of the valve, which are, in the real
device, sewn onto a cylindrical fabric skirt attached to the stent. Finally, the
overlapping nodes of the stent-valve system are tied together.
The last step of the procedure to simulate TAVI consists in the simulation of
valve closure with the aim of evaluating its performance. The diastolic phase
of valve closure has been reproduced by gradually applying a uniform pressure of
0.01 MPa to the leaflets. The nodes of the VAJ and of the STJ belonging to the
patient-specific aortic root model have been constrained; the displacements of the
nodes at the base of the valve are constrained as well.
4.2.7 Results
The described simulation procedure has been performed in two different cases to
evaluate the impact of positioning on the post-implant device behavior: moving
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Fig. 14 Simulation results: a the coaptation area is highlighted; b the leaflet tensional state
(MPa) is reported

from the same patient-specific aortic root model, we have in fact simulated TAVI
with a distal positioning, i.e., immediately below the coronary ostia and, with a
proximal positioning, i.e, 7 mm below the distal position.
The inclusion within the simulation framework of the biological valve prosthesis, sewn onto the metallic frame (see Fig. 14a), allows to compute the postimplant valve performance, evaluated in terms of coaptation area (see Fig. 14b)
and stress/strain field (see Fig. 14c). The former gives a direct indication of the
efficacy of the non-invasive repair procedure while the latter highlights localized
stresses/strains on the prosthesis, identifying the weakest point of the implanted
device. Consequently, we measure a coaptation area of 340:5 mm2 for the closed
valve placed in the proximal position while the valve positioned distally shows a
reduced coaptation area of 258:2 mm2 . In this case, we register a 24.2 % decrease
from the proximal implant to the distal one. Finally, the stress induced by balloon
inflation both on the stent structure and on the aortic root wall has been analyzed.
The obtained values of rav in the proximal position are equal to 229 kPa while
in the distal position are equal to 260 kPa, which means that moving from a
proximal implant approach to a distal one, a 13.5 % increase of rav can be
observed. The maximum predicted von Mises stress values are equal to 2.32 MPa
(proximal configuration) and 2.16 MPa (distal), both below the ultimate stress of
bovine pericardium [109].
These results suggest that, for the specific considered case, there are not significant differences in placing the valved stent either proximally or distally.
Nevertheless, we can speculate that the proximal implant should be preferable
because it leads to a greater coaptation area, preventing retrograde blood flow, and
a lower stress, indicating thus a minor tensional state which can be correlated to
prosthesis failure. The end-diastolic average stress on valve leaflets results to be in
good agreement with correspondent stress values on bovine pericardium leaflets
presented in other works [5, 6, 102].
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Fig. 15 Simulation results: the von Mises stresses on the aortic root wall and stent struts are
represented: a after the distal positioning; b after the proximal positioning

Clearly, the simulation of TAVI allows to evaluate the impact of the prosthesis
on the aortic root and the related stress distribution along the vessel wall as
depicted in Fig. 15. We can observe that a different positioning procedure leads to
different tensional state on the vessel wall which means different potential injury
induced by the stent on the aortic root tissue. In particular, the distal positioning
leads to reduced stresses on the aortic root wall if compared with the proximal
positioning (-22.4 %). The obtained stress values are slightly higher than values
reported by Capelli et al. [19] and comparable with the results reported by Wang
et al. [121]; obviously, such a difference could be mainly attributable to the different constitutive model assigned to the aortic root.
The analysis of von Mises stress distribution along the prosthesis metallic frame
confirms the results reported by Capelli et al. [19]; the final open configuration of
the stent is guaranteed by material yielding occurring in correspondence to strut
junctions. Moreover, the ultimate stress value for of the low carbon 316L stainless
steel was not reached, confirming the low risk of acute structural failure after the
deployment, although long-term stent failure due to the pulsatile loading conditions during the cardiac cycle cannot be underestimated. Despite the discussed
computational framework already resembles the complexity of the real TAVI
procedure, several steps have to be done to approach the challenge of predicting
the clinical outcomes using computer-based simulations as discussed in the
following.
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Fig. 16 Simulation of the prosthesis apposition in a patient-specific root model including the
calcific leaflets: a lateral view depicting the stent model resembling the real device structure
based on high-resolution micro-CT; b top view of the simulation results where grey regions are
the element sets referred to the calcification

On one hand, a more accurate models of the aortic root could be created; in
particular, the simulation could take into account the native leaflets which will be
crushed and compressed by the valved stent. Moreover, the valve model can
embed the calcifications because most of the candidate patients for TAVI are often
shown highly calcified leaflets with a variability in the bulkiness of the calcific
nodules [85]. Both Wang et al. [121] and Capelli et al. [19] have proposed a
possible modeling for this issue but, certainly, the limit amount of data in literature
regarding aortic valve calcification material limits the modeling reliability.
We also know that the generation of the aortic root model directly from CT-A,
recorded under physiological pressure, requires to take into account the related
pre-tensional state. Despite different approaches have been proposed [2, 19, 44,
121], it is not clear how to account for heterogeneity of the vessel wall tissue due
to presence of calcification. A successful approach could exploit 4D images,
linking thus configuration and loading change during the cardiac cycle [87].
On the other hand, a more accurate model of the Sapien device accounting for all
its structural and geometrical details, can be derived from micro-CT imaging of a
real device. Finally, a dedicated validation of the numerical outcomes with respect to
in-vitro and in-vivo data (i.e., simulation vs. post-operative or follow-up images) will
certainly enhance the reliability of the proposed computer-based tools.
The preliminary results of such modeling improvements are depicted in Fig. 16:
the model of the aortic root includes also the calcified leaflets and the model of
Edwards Sapien is created from high resolution micro-CT scan of the size-23 real
prosthesis.
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It is also worth underlining that structural analysis can be a preliminary step to
further investigations addressing the assessment of post-implant hemodynamics
and associated migration forces as shown in several recent studies [10, 37, 102].
In conclusion, percutaneous devices are now under constant development and
FEA represents a valuable computational technique being not only an integral part
of the design process, but also a predictive tool able to anticipate the area of
localized stress, the post-operative coaptation as well as possible modes of failure,
thus representing, also for this recent application, a support to clinicians during the
decision-making process [40].

5 Conclusions and Further Directions
The main goal of the present chapter is to highlight the potential impact
and importance of computational biomechanics and realistic computer-based
simulations in the surgical procedure planning for aortic valve replacement,
moving through a new paradigm in medicine which aims at reinforcing diagnosis
with prediction. In fact, the constant technological advancement of medical
imaging and computational mechanics and their appropriate combination allows to
overcome past modeling limitations leading to new models which can replicate the
physio-pathological problems in a more accurate manner.
Certainly, the use of computational biomechanics to study the aortic valve is far
from being exhausted. Highly-impact results will certainly come up in the next
future from the numerous research fields addressing the aortic root mechanics.
Dedicated fluid structure interaction analyses including a compliant root and
valve coaptation using physiologically realistic conditions may certainly provide a
better insight into the aortic root dynamics [77].
Moreover, the improvement of dedicated constitutive material models allows
for the inclusion of several complexities of the valve tissue and material models
embedded within commercial finite element software certainly enhance their
applicability [8].
Nevertheless, the development of multiscale models is also enhancing the
capability of computational studies to analyze the impact of mechanical effects on
the cellular or tissue level opening the doors to further understanding of diseased
conditions such as calcified aortic stenosis [123].
Finally, it is clear that all these research directions have to be coordinated and
integrated through a consistent multidisciplinary approach based on a closer
interaction between clinical reality and engineering science.
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