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a  b  s  t  r  a  c  t

In  some  cases  of  aortic  valve  leaflet  disease,  the  implant  of a stentless  biological  prosthesis  represents  an
excellent option  for  aortic  valve  replacement  (AVR).  In  particular,  if compared  to  more  classical  surgical
approaches,  it provides  a  more  physiological  hemodynamic  performance  and  a minor  trombogeneticity
avoiding  the  use  of  anticoagulants.  The  clinical  outcomes  of  AVR  are  strongly  dependent  on  an  appro-
priate  choice  of  both  prosthesis  size  and  replacement  technique,  which  are, at  present,  strictly  related
to  surgeon’s  experience  and  skill.  Therefore,  also  this  treatment,  like  most  reconstructive  procedures  in
cardiac surgery,  remains  “more  art  than  science”  [1].  Nowadays  computational  methodologies  represent
a useful  tool  both  to investigate  the  aortic  valve  behavior,  in  physiologic  and pathologic  conditions  and

to  reproduce  virtual  post-operative  scenarios.  The  present  study  aims  at supporting  the  AVR procedure
planning  through  a  patient-specific  Finite  Element  Analysis  (FEA)  of  stentless  valve  implantation.  Firstly,
we perform  FEA  to simulate  the  prosthesis  placement  inside  the  patient-specific  aortic  root;  then,  we
reproduce,  again  by means  of  FEA,  the  diastolic  closure  of  the valve  to  evaluate  both  the  coaptation  and  the
stress/strain  state.  The  simulation  results  prove  that  both  the  valve  size  and  the  anatomical  asymmetry
of  the  Valsalva  sinuses  affect  the  prosthesis  placement  procedure.
. Introduction

Valvular heart pathologies represent a remarkable contribution
o cardiovascular diseases (CVD) which are the major cause of death
n the Western countries [2].

With respect to aortic valve, there are two  main conditions
hich impair the native valve functionality: insufficiency and

tenosis. In the first case, the valve is not able to close completely
uring diastole, causing blood regurgitation from the aorta to the

eft ventricle. In the second case, large calcium deposits on the valve
ontribute to the narrowing of its opening, thus reducing blood flow
jection.

Different surgical treatments are adopted to restore valve
unctionality. In the literature many techniques for aortic root
econstruction are described, either sparing the valve leaflets [3,4],
r involving the use of mechanical [5],  stented [6,7] or stentless
Please cite this article in press as: Auricchio F, et al. A computational tool
Med  Eng Phys (2011), doi:10.1016/j.medengphy.2011.05.006

iological [8] prostheses as well as homograft and allograft valves
9,10].
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If the aortic root wall does not show any remarkable patholog-
ical dilation so that the valvular leaflets can be considered as the
principal cause of disease, the aortic valve is replaced by means
of mechanical or biological valves: many comparative studies are
reported in the literature [11–13].

On the one hand, mechanical prostheses assure a long-term
solution due to an excellent durability [14], on the other hand, they
are associated with a greater incidence of hemorrhage than bio-
prostheses which avoid the use of anticoagulants and determine a
more physiological hemodynamics as well as a minor tromboge-
neticity [15]; accordingly, especially for elderly patients, biological
valves assure greater performances than mechanical ones and, in
particular, stentless valves are preferable than stented ones, repre-
senting an “excellent option for aortic valve replacement” [16].

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 [17]. At the same
time, the hemodynamics is closer to physiologic behavior; finally,
the use of a continuous suture technique reduces the crossclamp
 to support pre-operative planning of stentless aortic valve implant.

times and cardiopulmonary bypass.
The surgical treatment of the stentless valve implant can be

summarized by three main steps as described in Fig. 1 adapted from
Glauber et al. [8]:

d.
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Fig. 1. The three main steps of the stentless valve placement procedure: (a) excision
of the diseased valve, (b) sizing of the aortic root and (c) placement of the prosthesis
i

1

2

3

o

Fig. 2. Flow chart representing the logical process of the present work: a CAD model
of  the stentless prosthesis under consideration is properly created and coupled with
nside the aortic root.

. after transecting the ascending aorta for exposure, the diseased
valve is excised (Fig. 1(a));

. the aortic annulus is sized with a dedicated aortic valve sizer
(Fig. 1(b));

. stay sutures are placed and, subsequently, the valve is lowered:
the prosthesis takes its position supra-annularly (Fig. 1(c)).
Please cite this article in press as: Auricchio F, et al. A computational tool
Med  Eng Phys (2011), doi:10.1016/j.medengphy.2011.05.006

The clinical outcomes of AVR are related to an appropriate choice
f both prosthesis size and replacement technique. At present, the
the geometrical model of the aortic root, obtained directly from medical images.
Once the prosthesis placement has been simulated, the stentless valve performance
is evaluated virtually reproducing its behavior during diastole.

performance of the surgical operation is thus 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 so that, also this treatment,
like most reconstructive procedures in cardiac surgery, remains
“more art than science” [1]. Moving from such considerations, in the
present study we propose a patient-specific approach to optimize
prosthesis sizing to support pre-operative planning of AVR.

Stentless aortic valve replacement has received very limited
attention in computational studies and, in particular, to the author’s
knowledge, the evaluation of the impact of different sizes on coap-
tation and competence has not yet been dealt with. For this purpose,
the technique for implant of a stentless biological aortic valve
is studied through FEA, which nowadays represents a valid and
spread methodology for biomedical investigation.

In particular, we simulate the implant of three different sizes of
the Freedom SOLO (Sorin Biomedica Cardio, Saluggia, Italy) stent-
less valve, starting from a single patient-specific aortic root model.
Image processing procedures lead to a patient-specific computer-
aided design (CAD) model of the aortic root wall which represents
the host structure for the stentless valve. Each prosthesis is placed
along three different supra-annular suture-lines, defining thus
nine different scenarios. We  evaluate, in particular, the coapta-
tion height and area as well as the stress/strain state of the valve
leaflets.

2. Materials and methods

The methodological process adopted in this paper and summa-
rized in Fig. 2 consists of four principal steps:

1. a parametric CAD model of the supra-annular prosthesis is prop-
erly created;

2. the CAD model of the aortic root is obtained performing image
processing procedures;

3. the AVR operation is mimicked by positioning the stentless tissue
 to support pre-operative planning of stentless aortic valve implant.

valve inside the aortic root through a placement simulation;
4. finally, a second simulation considering both aortic root and

valve is performed to evaluate the valve performance during
diastole.

dx.doi.org/10.1016/j.medengphy.2011.05.006
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Fig. 3. Geometric model of the valve by Labrosse et al. [20]: (a) the perspective view shows parameters Da, Dc, H and Lh; (b) the top view highlights Lfm and, again, Dc.

F he leaflet during diastole is represented in terms of nodes position for different mesh
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Table 1
Set of the chosen parameters highlighted in Fig. 3 adopted to model the stentless
prosthesis.

Prosthesis ID Da [mm] Dc [mm] H [mm] Lfm [mm] Lh [mm]

SIZE 25 25 23 17 31 17
ig. 4. Mesh convergence analysis for a single valve leaflet: (a) the behavior of t
imensions; (b) nodes belonging to the line of symmetry of the leaflet are highlight

In the following, we detail each one of the previous steps.

.1. Stentless prosthesis model

As stated by Xiong et al. [18], the prosthetic leaflet geometry
lays a key-role for efficacy and durability in AVR procedures and,
or this reason, it is important to accurately reproduce it in order to
redict the realistic valve behavior. In our study, in the absence of
rosthesis technical data from the manufacturer, we  generate the
odel of the stentless valve assuming that the three leaflets to be

mplanted in the patient’s aortic root have the same geometrical
eatures of a healthy aortic valve [19]. Consequently, the Labrosse
eometrical guidelines are adopted to define the model [20].

The Labrosse model of the aortic valve is completely described
y five parameters as highlighted in Fig. 3 [21]:

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

The subcommissural triangles, i.e., the region included between
he base circle of the annulus and the line of the leaflet attachment
the white area in Fig. 3(a)), are properly removed.

Three different valve models characterized by different sizes
Please cite this article in press as: Auricchio F, et al. A computational tool
Med  Eng Phys (2011), doi:10.1016/j.medengphy.2011.05.006

re created based on product specifications of the Freedom SOLO
rosthesis by Sorin Biomedica Cardio (Saluggia, Italy).

Two main dimensions are reported in the product technical
heet (see Appendix A): the maximum diameter (corresponding
SIZE 27 27 25 18 33 18
SIZE 29 29 27 19 36 19

to Da in our model) and the prosthesis height (Hp as reported
in Appendix A). On the basis of these data, the whole set of the
Labrosse parameters is obtained, as reported in Table 1.

In particular, given the diameter of the annulus, Da, and
extracted the valve height, H, we  can properly determine the
diameter at the commissures, Dc, which is, in agreement with
dimensions measured in normal human valves [22], 5–10% smaller
than Da. The leaflet free margin length, Lfm, is chosen to be approx-
imately 25–30% greater than Da, according again to the same set
of healthy valve data listed in Thubrikar et al. [22]. Finally, in the
literature it is highlighted that Lfm should be “less than twice” than
Lh [20] and also this condition is respected by the values reported
in Table 1.

The leaflets are meshed within Abaqus v6.10 (Simulia, Dassáult
Systems, Providence, RI, USA) using 4200 four node membrane ele-
ments M3D4R with 0.5 mm  uniform thickness. A mesh convergence
analysis has been performed on a single leaflet to identify the min-
imum number of elements required to predict the correct behavior
 to support pre-operative planning of stentless aortic valve implant.

during diastole. In Fig. 4(a) the position of the nodes belonging to
the line of symmetry (see Fig. 4(b)) of the leaflet is reported as
convergence analysis result.

dx.doi.org/10.1016/j.medengphy.2011.05.006
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Fig. 5. DICOM image processing: (a) a starting snake is initialized as a circular bubble and placed inside the ROI defined by the contrast die; (b) the bubble evolves to take
the  shape of the aortic bulb; (c) the STL patient-specific model of the aortic bulb is obtained.
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ig. 6. CAD model and mesh generation of the aortic root: (a) splines are extracted b
ithin Abaqus; (c) a quadrilateral shell element mesh is defined.

.2. Materials

The stentless valve is made of two bovine pericardial sheets
ithout any fabric reinforcement. Even if fresh pericardial tissue

s anisotropic, the simplifying assumption of isotropic material
s acceptable since the prosthetic valve after the fixation process
ehaves more as an homogeneous isotropic material [23,24].

Consequently, to represent the material behavior of the stentless
alve leaflets we adopt an incompressible isotropic hyperelas-
ic Mooney–Rivlin model, defined by the following strain energy
otential [25]:

 = C10(Ī1 − 3) + C01(Ī2 − 3) (1)

here C10 and C01 are material parameters; Ī1 and Ī2 are the first
nd second deviatoric strain invariants defined as:

2 = �̄2
1 + �̄2

2 + �̄2
3 (2)

2 = �̄−2
1 + �̄−2

2 + �̄−2
3 (3)

here the deviatoric stretches are �̄i defined as �̄i = J−1/3�i, with
 the Jacobian of the deformation gradient F, and �i the principal
tretches.
Please cite this article in press as: Auricchio F, et al. A computational tool
Med  Eng Phys (2011), doi:10.1016/j.medengphy.2011.05.006

In particular, following the approach proposed by Ranga et al.
26], which is based on a simplified model of the aortic valve,
e adopt the following parameter values: C10 = 0.5516 MPa  and

01 = 0.1379 MPa. The density is set to 1000 kg/m3.
essing the STL file; (b) the CAD model is obtained by performing a lofting procedure

Such a material simplification is also acceptable since we  are
mainly focusing on the global structural response and, in particular,
we are looking at the performance of the prosthetic valve in terms
of coaptation values and diastolic behavior.

2.3. Patient-specific model of the aortic root

Although it is known that transesophageal echocardiography
(TEE) is a standard procedure prior AVR surgical intervention, we
base the aortic root model on DICOM images of a cardiac CT-A
since it allows for an exact modeling of the complex asymmet-
ric patient’s aortic root geometry, thus leading to a more realistic
computer-based prediction of the AVR outcomes. The CT-A scan
was performed at IRCCS Policlinico San Matteo, Pavia, Italy, using a
SOMATOM Sensation Dual Energy scanner (Siemens Medical Solu-
tions, Forchheim, Germany) and a iodinated contrast die on a 46
years old male patient who provided a written informed consent
prior to undergoing CT-A. 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
[27] in order to firstly enhance the contrast die, then extract a con-
fined region of interest (ROI) from the whole reconstructed body
 to support pre-operative planning of stentless aortic valve implant.

and, finally, apply an automatic segmentation procedure based on
the snake evolution methodology [28] to obtain a stereolithographic
(STL) description of the anatomical region of interest. In Fig. 5(a) and
(b) the evolution of the snake is shown from two different views,

dx.doi.org/10.1016/j.medengphy.2011.05.006


ARTICLE ING Model

JJBE-1889; No. of Pages 10

F. Auricchio et al. / Medical Engineerin

Fig. 7. Simulation strategy for the prosthesis placement: the black arrows represent
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Different values of �s (0.5 mm,  2 mm and 5 mm)  associated with
three different labels we refer in Section 3 (suture-line 1, 2 and 3,

F
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he  displacements to be computed and applied to the nodes of the prosthesis line
f  attachment.

xial and longitudinal, together with the rendering of the resulting
TL aortic bulb model (Fig. 5(c)).

The STL file is processed within Matlab (Natick, MA,  USA) to
efine a set of splines identifying the cross sectional contours of
he aortic bulb volume (see Fig. 6(a)).

The CAD model (Fig. 6(b)) is then obtained by means of a lofting
rocedure from the spline curves imported in Abaqus.
Please cite this article in press as: Auricchio F, et al. A computational tool
Med  Eng Phys (2011), doi:10.1016/j.medengphy.2011.05.006

Finally, the model is meshed with 43,260 linear quadrilateral
hell elements S4R (Fig. 6(b)).

ig. 8. Definition of the suture lines: (a) the plane � containing the native line of attachm
ranslating � vertically; the line of attachment of the prosthesis leaflet is defined by the in
ines  where the nodes of the prosthesis are tied with the nodes of the sinuses. (For interp

eb  version of the article.)
 PRESS
g & Physics xxx (2011) xxx– xxx 5

Since both the displacements and the stress state experienced
by the aortic sinuses are less significant than the ones experienced
by the leaflets, we  use also for the aortic bulb the same simpli-
fied material properties adopted for the prosthetic tissue valve in
agreement with Ranga et al. [26].

2.4. Prosthesis placement

As highlighted in Fig. 7, the prosthesis implant is simulated by
constraining the attachment lines of the leaflet (red lines in Fig. 7) to
overlap the so-called “suture-lines”, defined on the patient-specific
aortic root model (blue lines in Fig. 7). (For interpretation of the
references to color in this sentence, the reader is referred to the
web version of the article.)

To define the suture-line of each leaflet we  proceed in three
steps:

• definition of the plane � passing through the reference points A,
B, C and containing the line of the native leaflet attachment (see
Fig. 8(a));

• definition of the plane �, obtained with a �s  vertical translation
of the plane � (see Fig. 8(b));

• definition of the supra-annular suture-line from the intersection
of � with the patient-specific CAD model of the Valsalva sinuses.

This sequence of geometrical operations is repeated for every
Valsalva sinus to obtain the whole set of suture-lines (blue lines in
Fig. 8(b)).

A quasi-static FEA of the prosthesis placement is performed
using Abaqus Explicit solver; pre-computed displacements are
imposed to the nodes of the prosthesis attachment line. Inertia
forces do not dominate the analysis since the ratio of kinetic energy
to internal energy remains less than 5%. For quasi-static simula-
tions involving rate-independent material behavior, the natural
time scale is in general not important. For this reason, a mass scal-
ing strategy, i.e., an artificial increase of the mass of the model, is
used to reduce computational costs.
 to support pre-operative planning of stentless aortic valve implant.

respectively) are taken into consideration to evaluate the behavior
of the valve implanted in different positions.

ent and passing through the points A, B and C is created; (b) the plane � is obtained
tersection of � with the sinus. The blue lines represent the whole set of attachment
retation of the references to color in this figure legend, the reader is referred to the

dx.doi.org/10.1016/j.medengphy.2011.05.006
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Fig. 9. Simulation of prosthesis closure: (a) sketch of the applied boundary condi-
tions; (b) the pressure on the leaflets adopted to reproduce the diastolic phase is
r
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Fig. 11. The von Mises stress contour plot, outcome of the simulation of the SIZE
25  prosthesis implant on the suture-line 1 (�s = 0.5 mm),  is represented. The Non
Coronary (NC), the Left Coronary (LC) and the Right Coronary (RC) sinuses are high-
lighted.
epresented as a function of time.

.5. Prosthesis closure

To evaluate the performance of each valve replacement solution,
.e., each combination of prosthesis size and suture-line position,

e simulate the diastolic phase of the cardiac cycle.
The CT-A data adopted to generate the geometrical model of

he aortic root wall have been obtained at the end-diastole; for this
eason, a uniform pressure of 80 mmHg, is applied on the leaflets
hile the pressure acting on the internal wall of the sinuses is taken

qual to zero. The nodes belonging both to the top and to the bottom
f the aortic root model are confined to the plane of their original
onfiguration.

In Fig. 9a representative sketch of the boundary conditions
pplied to simulate valve closure is depicted.

The numerical analysis of the prosthesis closure is a non-linear
roblem involving large deformation and contact. For this reason,
baqus Explicit solver is used to perform large deformation analy-
es; in particular, quasi-static procedures are used again assuming
hat inertia forces do not change the solution. Kinetic energy is

onitored to ensure that the ratio of kinetic energy to internal
nergy remains less than 10%. Also in this case, a mass scaling
trategy is adopted to reduce computational costs.
Please cite this article in press as: Auricchio F, et al. A computational tool to support pre-operative planning of stentless aortic valve implant.
Med  Eng Phys (2011), doi:10.1016/j.medengphy.2011.05.006

ig. 10. Section view of the prosthesis at the end of diastole: the coaptation area,
C, highlighted in grey and the coaptation height, HC, are shown.

Fig. 12. Stress distribution over the leaflets: (a) as a function of the prosthesis size
with fixed suture-line position (suture-line 1), (b) as a function of the suture-line
position with fixed prosthesis size (SIZE 25).

dx.doi.org/10.1016/j.medengphy.2011.05.006
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Table  2
Stress distribution in terms of �M (kPa) on the leaflets after the simulation of surgical prosthesis placement. The effect of the suture site and of the prosthesis size is highlighted
for  each leaflet (Left-Coronary, LC, Non-Coronary, NC and Right Coronary, RC).

SIZE 25 SIZE 27 SIZE 29

LC NC RC LC NC RC LC NC RC

Sut.-line 1(�s  = 0.5 mm)  509 137 390 259 47 175 100 42 63
Sut.-line 2(�s  = 2 mm) 698 212 520 195 11 107 417 77 286
Sut.-line 3(�s  = 5 mm)  945 364 728 632 161 459 370 41 245

Table 3
The values of �M (kPa) are reported at the end of diastole for each investigated
configuration.

Prosthesis ID Sut.-line 1
(�s  = 0.5 mm)

Sut.-line 2
(�s  = 2 mm)

Sut.-line 3
(�s  = 5 mm)

SIZE 25 215 211 212
SIZE  27 228 218 210
SIZE  29 239 234 228

Table 4
Set of the Freedom SOLO dimensions from the manufacturer.

REF. ART 23 SG ART 25 SG ART 27 SG

Ordering code ICV0902 ICV0903 ICV0904
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Fig. 13. The von Mises stress contour plot is represented at the end of diastole for
the SIZE 25 prosthesis implanted on the suture-line 1: a central gap is observable
A  [mm]  25 27 29
Hp [mm]  21 22 23

.6. Post-processing

The prosthesis placement has been analysed mainly focusing
n the tensional state of the leaflets. In particular, we  introduce the
on Mises average stress, �M, properly defined. We  neglect peak
alues of the stress due to local concentration since they can be
ffected by numerical aspects and, consequently, they may  alter
he comparison between the different replacement configurations
nvestigated in our work. For this reason, we consider only the 99
ercentile with respect to the original leaflet area (i.e., only 1% of the
rea has stress above this value, �99). After excluding the elements
ith the highest stress values, we compute the average stress, �M,

s:

M =
∑N

i=1�iAi
∑N

i=1Ai

(4)

here �i is the stress evaluated at the centre of each element, Ai
s the element area and N is the number of elements whose stress
alue is below �99.

In addition to �M, other two basic parameters are measured to
valuate the prosthesis physiology: the coaptation area, AC, defined
s the total area of the elements in contact, and the coaptation
eight, HC, defined as the distance between the plane containing
he annulus and the point where the coaptation occurs (see Fig. 10).

. Results

.1. Prosthesis placement

We  evaluate the positioning of three different sizes of stentless
issue valves in one aortic root model. Each prosthesis is placed
long three different supra-annular suture-lines, defining thus nine
ifferent scenarios.

The FEA of the stentless valve implantation into the patient-
Please cite this article in press as: Auricchio F, et al. A computational tool
Med  Eng Phys (2011), doi:10.1016/j.medengphy.2011.05.006

pecific aortic bulb provides the tensional state of each leaflet. As
epicted in Fig. 11,  the results of the prosthesis placement in one
articular case are reported in terms of von Mises stress pattern.
proving that the prosthesis size under consideration is not able to completely close
and  will allow a retrograde blood flow during diastole.

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 for each leaflet the von
Mises average stress, �M, previously defined.

In Table 2 all the values of �M (kPa) obtained from the analysis of
the prosthesis placement on different suture-lines are summarized.

In Fig. 12(a) and (b) �M is evaluated in the three leaflets
(Non/Left/Right Coronary) and represented as a function of the
prosthesis size and suture-line position, respectively.

3.2. Prosthesis closure

Once the prosthesis is implanted and sutured inside the aor-
tic root, a uniform pressure is applied on the leaflets to evaluate
the performance of the surgical solution under consideration. In
Fig. 13,  the SIZE 25 valve placed along suture-line 1 is represented
at the end of the diastolic phase; the von Mises stress distribution
is highlighted.

The bar graphs depicted in Fig. 14(a) and (b) show the impact of
both the prosthesis size and the suture-line position on the coap-
tation measurements. In particular, Fig. 14(a) highlights 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, �M (defined in Eq. (4)), increase with the prosthesis size
 to support pre-operative planning of stentless aortic valve implant.

while the suture-line site has a minor impact on such values (see
Fig. 14(b) and (c)). In Table 3 the values of �M (kPa) are reported for
each investigated configuration.

dx.doi.org/10.1016/j.medengphy.2011.05.006
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Fig. 14. Trend of the coaptation measures and of the tensile state: (a) the coaptation
h
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tions.
eight, HC, (b) the coaptation area, AC and (c) the average von Mises stress, �M, are
valuated as a function of the prosthesis size and the suture-line position.

The valve closure results show that the coaptation of the
hree leaflets is not perfectly symmetric due to the physiological
Please cite this article in press as: Auricchio F, et al. A computational tool
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symmetry of the aortic sinuses. For this reason, during the dias-
olic phase, a central gap is observable (see Fig. 15,  front view)
hich implies insufficiency of the virtually implanted valve. Con-
 PRESS
g & Physics xxx (2011) xxx– xxx

sequently, we can speculate that the replacement solution under
investigation could fail.

4. Discussion

In the literature, several finite element studies of the aortic valve
are reported [18,29–31] but, to our knowledge, the behavior of
stentless valve prostheses with particular attention to the evalua-
tion of the impact of different sizes on coaptation and competence
has not yet been dealt with.

In this work, we simulate by FEA the aortic valve replacement
procedure with a stentless tissue valve. Different prosthesis sizes
have been placed on different suture-line positions defined for
one patient-specific aortic root model, directly obtained from CT-A
images.

The discussion of results of the present study may  focus on the
following issues.

The first one is the uneven distribution of stresses on the three
leaflets (see Fig. 12(a) and (b)) due to anatomical asymmetry of the
native aortic bulb in spite of uniformity of the prosthetic valve. Con-
sistently, although the top view of the implanted valve of Fig. 15
would suggest the absence of central leakage, we  highlight that
the simulation of valve closure displays a non-uniform coaptation
of the leaflets (as highlighted in the front view of Fig. 15)  during
the diastolic phase, which means a potential incompetence of the
substituted valve, i.e., the failure of the applied surgery. Moreover,
we may  state that our geometrical solution due to asymmetry is
in agreement with the results presented in Fig. 4 by Sun et al.
[32] who studied the implications of an asymmetric trans-catheter
aortic valve deployment.

In dealing with this result we want to highlight that an impor-
tant role is played by the geometry of the stentless valve and, in
particular, by the choice of its dimensions that, as previously said,
are not coming directly from the manufacturer.

The second issue is the relevance of prosthesis size as to both
the coaptation area, i.e., the performance of the prosthetic valve
(see Fig. 14(b)), and the stress distribution over the leaflets, i.e., the
durability of the prosthesis (see Fig. 14(c)), whereas no significant
impact has been shown by the suture-line site. This observation
highlights 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 [8],  does not affect significantly
the procedure outcome.

The computational reproduction of the patient aortic root from
imaging records (namely CT-A) as well as the reproduction of the
candidate prosthetic valve by the same means allows a matching
of both, which implies potential surgery choices better tailored to
the specific patient.

With regard to limitations of the study, the first observation is
that the computational model of the aortic root has to be repli-
cated on a number of cases. Confirmatory value has to be searched
in postoperative measured parameters compared to the numerical
results.

Even though the geometrical modeling of the tissue prostheses
featured as healthy valves is accepted [19], the creation of pros-
thetic geometries completely based on technical data of valves
released on the market would improve the computational out-
comes and contributions to support the surgical planning. In this
direction, also the consideration of more accurate material models
would represent a step forward heading to more realistic simula-
 to support pre-operative planning of stentless aortic valve implant.

Finally, a numerical study of the fluid-structure interaction
between the prosthesis leaflets and blood could give additional
information about the surgical procedure planning and, in particu-
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Fig. 15. SIZE 29 prosthesis placed on suture-line 2 at the end of diastole: due to the as
implanted symmetric valve closes below the other two  leaflets. Even if the top view of th
the  front view which means that the replacement solution fails.

Fig. 16. Freedom SOLO model: (a) The geometrical model of the prosthesis as
reported in the technical sheet is showed; (b) the two  basic dimensions of our closed
v
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alve model with reference to the technical sheet data are highlighted.

ar, it could make possible to evaluate the impact of different AVR
olutions on the hemodynamics.

In future works, we are planning to further improve the model
ncluding all these aspects.

. Conclusions

Conclusively, the computational tools may  provide a deeper
nsight in physiology of heart valves in terms, for example, of
tress/strain patterns and adequacy of coaptation, easily moving
rom native to prosthetic models. Practically speaking, they may
elp the surgeon improve his technique choosing the optimal
evices and they may  anticipate the surgery outcome as well. So
hey are worth moving forward in the direction warranted by the
resent study.
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Appendix A

In Table 4 the dimensions of the Freedom SOLO valve reported
on the prosthesis technical sheet are presented.

Fig. 16 highlights how such dimensions refer to the prosthesis
geometry.
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