
 

 

Abstract: The main aim of this study was to 
examine biomechanical characteristics of a 
patient-specific bicuspid aortic valve (BAV) model 
using computational analysis based on finite 
element method. Full patient-specific geometry 
was reconstructed based on Computed 
tomography (CT) scan images, in order to obtain 
three-dimensional (3D) finite element mesh. 
Dynamic computational analysis, with applied 
equivalent material characteristics and boundary 
conditions, was performed. The initial results for 
this single case, displacements and Von Mises 
stress distribution were quantified concerning 
anatomical patient’s structures. The regions of 
abnormal stresses on the leaflets and aortic root, 
with asymmetrically open bicuspid valve, were 
present for this patient-specific case. Due to the 
difficulty of obtaining such characteristics in vitro 
or in vivo, the performed computational analysis 
gave better insight into the aortic root 
biomechanics that is needed to achieve 
improvements in surgical repair techniques. 
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1. INTRODUCTION 

ORTIC root is a complex structure from both  
 anatomical and functional point that 

connects the heart to the systemic circulation. It 
consists of the aortic valve leaflets, leaflet 
attachments, sinuses of Valsalva, interleaflet 
triangles, sinotubular junction and the annulus. 
The graphical representation of aortic root with 
marked main substructures (sinotubular junction,  
sinuses of Valsalva and aortic annulus) can be 
seen on Figure 1. Normal tricuspid aortic valve  
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(TAV) is composed of three normal leaflets which 
represent the optimal solution for valve opening 
and functioning. The complexity of the aortic root 
becomes clear in the cases of valve diseases, 
when even small functional deviations may 
decompensate the whole regulatory circuits. 
 

 
 

Figure 1. Graphical representation of aortic root with 
marked main substructures 

 
One of the most common congenital cardiac 

abnormalities is a bicuspid aortic valve (BAV). It 
affects approximately 1-2% of the general 
population [1]. BAV is composed of two abnormal 
leaflets [2] and, depending on valve 
morphological characteristics, there are different 
types of BAV which are classified by Sievers and 
Schmidtke [3]. According to their study, there are 
three characteristics for a systematic 
classification: 1) number of raphes, 2) spatial 
position of cusps or raphes and 3) functional 
status of the valve. 

The most significant characteristic is the 
number of raphes and depending on it there are 
three different types: type 0 (no raphe), type 1 
(one raphe), and type 2 (two raphes). These 
types are followed by two supplementary 
characteristics, spatial position and function. In 
relation to that, BAV causes different types of 
valve dysfunction depending on the aortic root 
configuration, type of BAV, blood flow conditions, 
patient’s health condition etc. Therefore, patients 
with BAV are at increased risk of aortic root or 
ascending aortic dilatation, dissection and 
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rupture. Analysis of these malformations 
represents an important multidisciplinary problem. 

Computational simulations belong to the very 
intensive field of investigation and provide better 
insight in aortic valve biomechanics and 
mechanisms associated with BAV malformations 
and degradation. In the last few years, different 
studies have demonstrated that computational 
modelling and analysis are very useful tools for 
investigating biomechanical characteristics of the 
aortic valve, which are difficult to obtain in vitro or 
in vivo experiments. Numerical models can 
provide information about BAV biomechanics 
regarding various geometries of the valve and 
root that would be unpredictable during surgical 
interventions. The influence of root geometry on 
BAV biomechanics has been analysed in 
numerous numerical studies based on finite 
element method. 

There are various finite element analyses that 
have been performed in order to compute the 
complex motion of the leaflets during a cardiac 
cycle and identify regions of stress concentrations 
in the valvular structure [4, 5]. Similarly, dynamic 
studies by Howard et al. [6] and Sripathi et al. [7] 
simulated the opening phase of the healthy valve 
not including fluid-structure interaction, and with 
idealized geometry. As result, the leaflets of the 
compliant root opened smoothly and 
symmetrically. On the other hand, Conti et al. [8] 
modelled bicuspid aortic valve, type 1 (one raphe) 
and performed a dynamic finite element analysis. 
It was demonstrated that the bicuspid valve 
opened asymmetrically with an elliptic orifice. 

This study includes dynamic computational 
analysis of a male patient, aged 63, with bicuspid 
aortic valve (BAV), type 0, without raphe. The 
aneurysmal dilatation of the aortic root that 
continues to the ascending aorta is also 
considered. The creation of a 3D patient-specific 
model based on CT scans is included in the first 
part of the study, as well as the material 
properties and boundary conditions that are used 
for finite element analysis. The second part 
covers discussion of results (displacements and 
Von Mises stress distribution) for this single 
patient-specific case. Also, study limitations are 
included in this part. In the last part, main 
conclusions are given with plans for further 
improvements of presented analysis. 

2. MATERIALS AND METHODS 

2.1 Geometrical Model 

Aortic valve has a complex anatomy. A 
geometrical representation of the aortic valve is 
based on two main methodologies: partially 
patient-specific and fully patient-specific. In the 

first case, the valve geometry is obtained by 
measuring a few characteristic dimensions that 
represent the input data of predefined 
geometrical operations. In the second case, the 
geometry of the valve is completely reconstructed 
by processing medical images. However, process 
of obtaining an appropriate geometrical model 
includes several phases. In this study, a fully 
patient-specific geometrical model was created 
and it will be described. 

The first phase in the model creation was to 
perform segmentation and generation of the 
aortic root geometry from CT scans. CT scanner 
was used to obtain a set of DICOM images which 
were imported in the segmentation software 
Mimics [9]. This software is useful for medical 
image processing and gives, as a result obtained 
from imaging data, a highly accurate 3D model of 
the patient’s anatomy. The resolution of CT scan 
images that were composed was 512 × 512 
pixels with slice increment of 0.625 mm. Figure 2 
shows one cross-section of modelled BAV in 
three planes (A-coronal, B-sagittal and C-
transversal plane) where the dilated aortic root 
can be seen. Manipulation in three different 
planes enabled creation of more accurate 3D 
model of the patient’s anatomy. The creation of 
the 3D model from 2D data was achieved by 
segmentation which was applied for each image. 

In the second phase, the obtained 3D 
description of the aortic roots was exported from 
Mimics as a surface triangulation in STL format, 
which mainly consists of a triangular mesh not 
suitable for analysis due to overlapping and 
distorted elements. For this reason, the STL had 
to be processed to further optimization of the 
surface mesh that was performed in Geomagic 
[10]. 
 

 

Figure 2. Cross-sections of modelled BAV in three 
planes (A- coronal, B- sagittal and C- transversal) 

 
After modelling in Geomagic, the final 3D 

surface finite element mesh of BAV model is 
presented in Figure 3. The outlet and isometric 
view are given. It can be seen that the patient has 
dilated aortic root which continues to the 



 

ascending aortic aneurysm that is a common 
BAV consequence [11]. Due to that fact, 
sinotubular junction is not visible. The presented 
BAV has a type 0, without raphe, according to 
classification by Sievers and Schmidtke [3]. Non-
coronary sinus is under-developed, while right 
and left coronary sinuses are over-developed. 
Also, it can be seen that the aortic root 
dimensions are larger comparing to the normal 
aortic root [12]. In the area of aneurysmal 
dilatation its maximal diameter was approximately 
80 mm. 
 

 

Figure 3. Finite element mesh of BAV model (outlet 
and isometric view, respectively)  

Legend: A- anterior; P- posterior, R- right; L- left 

 

2.2 Numerical Simulation 

The surface BAV model was exported from 
Geomagic in STL format into Femap software 
[13]. This software is useful for generation of a 
tetrahedral mesh for any 3D polyhedron. The 
volumetric model based on the finite element 
mesh was generated using Femap in conjunction 
with our own software tools for the conversion of 
tetrahedral elements to eight-node brick 
elements. The analyzed model, created from 
eight-node brick elements, was imported into the 
in-house software package for further 
computational simulation. 

In order to perform computational simulation of 
a complicated biological structure such as aortic 
valve, simplifications and assumptions must be 
imposed on the geometrical and material 
properties. As we did not have available 
experimental data from either animal or excised 
human tissue, the existing values of material 
properties were adopted from Gnyaneshwar et al. 
[4]. The constitutive material models employed in 
this study were of linear type with Young’s 
modulus of 2 MPa and 1 MPa for the aortic root 
and leaflets, respectively. The density of the 
aortic root and leaflets was taken to be 2.0 g/mL 
and 1.1 g/mL, respectively. Poisson ratio was 
taken to be 0.3 for both. Similar simplifications of 
material characteristics were performed by 

Nicosia et al. [14]. 

Even though it is possible to obtain the 
information on the thickness of the leaflets and 
the aortic root, we could not determine the 
patient-specific wall thickness from available CT 
scans. Therefore, it is a common practice to 
assume a constant thickness for aortic root, as 
well as for leaflets. The average thickness of the 
aortic substructures was adopted from literature. 
We assumed a uniform thickness of 2 mm for the 
aortic root substructures, while leaflets were 
thinner [15]. 

Dynamic finite element analysis during the 
cardiac cycle was employed. As the first 
boundary condition, the time-dependent 
pressures are applied on the leaflet surfaces and 
aortic root substructures based on published 
pressure patterns in the dynamic finite element 
analysis according to Gnyaneshwar et al. [4]. The 
base of the annulus and the top of the dilated 
aortic root were fixed, as the second boundary 
condition. After appropriate boundary conditions 
and material characteristics were applied, the in-
house software for structural analysis was used 
for this computational simulation. This solver is 
based on fundamentals of the finite element 
dynamic analysis of solids, and it uses the 
Newmark method for integration of differential 
equations of motion [16]. 

3. RESULTS AND DISCUSSION 

On the basis of CT scan anatomical data from 
one patient, a 3D finite element model of the 
aortic root affected by BAV malformation was 
created. The employed computational simulation 
allowed the assessment of the BAV 
biomechanical implications for this specific 
patient. Appropriate boundary conditions and 
equivalent material characteristics were 
prescribed. After employing the in-house software 
for structural analysis, the obtained results 
included the wall displacements and Von Mises 
stress distribution.  

The wall displacements (Figure 4) are 
presented during systole, at the moment of fully 
open leaflets. It can be seen that movement 
between leaflets and other aortic root 
substructures is different, which is caused by 
applied pressures and material characteristics. 
The obtained values are in good agreement with 
higher dimensions of dilated aortic root, 
comparing to normal aortic root dimensions. Also, 
it can be seen that right leaflet is more opened 
comparing with fused non-coronary and left 
leaflet. Considering the simplifications and 
assumptions, and possibly unequal leaflets’ 
thickness, due to the complicated generation of 
patient-specific geometrical model, the results 



 

shown here can be applied only to this specific 
case. Nevertheless, the obtained displacements 
show asymmetric and non-circular orifice, which 
is in agreement with previously confirmed and 
published studies [17-19]. 

The results of Von Mises stress distribution at 
the moment of fully open BAV leaflets are 
presented in Figure 5. Morphological anomalies 
associated with BAV, as well as complex interplay 
between the aortic root and the leaflets lead to 
increased stresses in the leaflets and surrounding 
structures. These observations are in agreement 
with previously study by Jermihov et al. [20]. 
Patient-specific geometry results in regions of 
abnormal stresses on the leaflets and the 
attachment area between leaflets and aortic 
annulus. Also, high stress is present next to the 
commissures (attachment edges of right and left 
coronary sinus, as well as of right and non-
coronary sinus).  

 

 
 

Figure 4. Fully open position of the BAV (outlet 
view; units: mm) 

 

The obtained stress distribution corresponds to 
the previous study by Conti et al. [8]. These 
abnormal stresses may be one of the important 
factors resulting in BAV degradation (e.g. 
calcification of the leaflets) as well as in further 
aneurysmal growing. Hence, such studies may 
potentially enable better insight into the risk 
presence of patients who suffer from BAV. In the 
presented study, the shown Von Mises stress 
values (0.61 MPa) can be applied only to this 
case, due to the proposed material model and 
analysis simplification. Nevertheless, stress 
distribution indicates areas which are the most 
critical and may cause further wall and leaflets 
degradation. 

 

   

 

Figure 5. Von Mises stress distribution (outlet and 
isometric view respectively; units: MPa) 

3.1. Study Limitations 

It can be observed that this model involves 
some strong limitations. First, the linear material 
model does not fully describe biological aortic 
tissue, considering that aortic root has highly 
nonlinear and anisotropic properties. Second, 
average material properties and wall thickness 
are adopted from literature due to the lack of the 
information in the reconstructed patient-specific 
geometry. A complicated generation of patient-
specific geometrical model may lead to the 
leaflets’ unequal thickness which may have 
influence on the results. Also, we assumed that 
the base of the annulus and the top of the dilated 
aortic root were fixed, and prescribed average 
pressures on aortic root substructures. Hence, 
these initial results can be applied only for this 
patient-specific case. 

4. CONCLUSION 

The presented results are the first step in 
further investigation and development of more 
advanced and complex models. This study was 
performed in order to enhance our understanding 
of BAV biomechanical characteristics for one 
single patient-specific case, rather than for the 
provision of quantitative data. Computational 
analysis, based on finite element modelling and 
focused purely on biomechanical aspects, would 
complete the already available information by 



 

quantifying the possible abnormal stresses and 
displacements associated with BAV. 

This approach may be a useful tool for 
determination of BAV degradation and may also 
contribute to the advancements in surgical repair 
techniques. With that aim, there is a need for 
modelling and analysis of various and numerous 
BAV types, simulating the different stages of BAV 
disease. 

Nowadays numerous computational methods 
and resources give a motivation for continuous 
improvements in numerical simulations that will 
eliminate current modelling limitations so that new 
models can more closely replicate the 
physiological problem, which is our main goal. 
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