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NOMENCLATURE NOMENCLATURE

Nomenclature
BC Boundary Conditions

CAD Computer-Aided Design

CCH Criss-cross Heart

CHD Congenital Heart Diseases

FE Finite Elements

HREM High Resolution Electron Microscopy

LA Left Atrium

LV Left Ventricle

MLV Morphological Left Ventricle

MRV Morphological Right Ventricle

OFT Outflow Track

RA Right Atrium

RV Right Ventricle

V SD Ventricular Septal Defect
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1 INTRODUCTION

1 Introduction
The heart is the first functional organ in the vertebrate embryos. At around 18 to 19 days
after fertilization, the heart begins to form near the head of the embryo in the cardiogenic area
[1]. The endocardial tubes are formed and migrate together into forming a single primitive
heart tube. Simultaneously, with the rapid elongation of the heart tube, by day 23, its dorsal
mesocardium disappears between its venous and arterial poles and its configuration changes
from that of a straight tube into that of a helically wound loop [2]. This process is called car-
diac looping. As the heart tube continues elongating on the right side and loops, the bilateral
symmetry of the vertebrate embryo is broken by cascades of gene activation that confer specific
properties on the left and right sides of the embryo. This results into a molecular left-right bias
in the mesoderm and a left-right asymmetry. The normal variant in heart loop configuration is
traditionally classified as a dextral-loop (D-loop) and its abnormal mirror-imaged counterpart
is classified as a levo-loop (L-loop) [2].

The left-right asymmetry of visceral organs is fundamental to their function and position
within the body. Therefore, an anormality in the left-right patterning could result into several
forms of congenital cardiac malformations. The normal disposition of the heart is called situs
solitus. Any different disposition is denominated as heterotaxia or situs ambiguous. These
terms include congenital malformations of lateralization defect. The incidence is reported to
be about 1 in 10 000 live births and accounts for approximately 3 % of all congenital heart
diseases (CHD). Moreover, abnormal looping may cause over 20 % of the heart anomalies in
children [3].

Congenital heart defects have been linked to aberrant Nodal signaling, a secretory protein
of the transforming growth factor-beta (TGFβ) superfamily. The Nodal signaling pathway is
critical for early embryonic patterning in all vertebrates as it is important in regional and cel-
lular differentiation. The Nodal pathway is significant for mesoderm specification, patterning
of the nervous system and is also essential for establishing the left-right axis in the developing
embryo. Changes in Nodal expression or dosage can disrupt left-right patterning and result in
a range of congenital defects that affect the development of the heart and several other organs
[4].

Another congenital cardiac anomaly is the criss-cross heart (CCH) which is caused by ab-
normal rotation (clockwise or counterclockwise) of the ventricular mass along the long axis of
the heart during embryonic development [5]. Indeed, in the case of a CCH, the right atrium
is closely associated with the left ventricle in space, and the left atrium is closely associated
with the right ventricle, as it is depicted in figure 1. In the normal heart the courses of the
two ventricular inflows are nearly parallel, and in CCH they are perpendicular in the horizontal
plane. The reported incidence of CCH is approximately 8 per 1 000 000 live births and it
accounts for <0.1 % of all congenital heart defects [6]. Depending on the associated lesions,
CCH can manifest as ventricular septal defect (VSD), simple or congenitally corrected transpo-
sition of the great arteries, right ventricular double outlet, pulmonary branch stenosis, mitral
or tricuspid valve overriding, mitral stenosis, subpulmonary stenosis, aortic stenosis, etc. [7].
The underlying mechanisms of development and causes of the disease remain unclear. To gain
comprehensive understanding, multiple studies and researches endeavors are conducted.
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1.1 State of the art 1 INTRODUCTION

Figure 1: Abnormal ventricular rotation associated with criss-cross heart malformation. At
some point in embryonic development after formation of the ventricular loop and interventricu-
lar septum, the relationship between the ventricles and atria becomes distorted owing either to:
(i) clockwise rotation of the ventricular mass along its long axis in normal positioned ventricles
(a), or (ii) counter-clockwise rotation of the ventricular mass along its long axis in isolated
inverse ventricles (c). This rotation results in a change in the ventricular spatial relationship,
with the interventricular septum orientated in the horizontal plane. The two most common
types of CCH malformations are shown (b, d). (LA, left atrium; LV, left ventricle; MLV,
morphological left ventricle; MRV, morphological right ventricle; RA, right atrium; RV, right
ventricle) [6]

1.1 State of the art

CCH was first described by Lev and Rowlatt in 1961. In their review, they presented thirteen
cases of atrial or ventricular inversion [8]. However, the term ‘criss-cross heart’ (CCH) was
first introduced in the literature in two manuscripts published in 1974 [9, 10]. Since then,
multiple cases of CHH were observed and described by pathologists and cardiologists. To date,
the majority of the published cases of CHH are from diagnoses made in neonates and children
ranging in age from 1 month to 25 years [6]. However, the CCH malformation was studied
for older people as well. In 2008, P. Hoffman et al. described a case series of 7 adult patients
aged 18 to 53 years with criss-cross hearts, followed up for 5 to 22 years at the Institute of
Cardiology Warsaw [11]. Five of the seven patients underwent surgical procedures according
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to the individual morphology and hemodynamics. It was stated that the clinical outcome de-
pends predominantly on the underlying hemodynamic abnormalities and the results of surgical
management rather than on criss-cross anatomy. As a result, successful surgery allowed accept-
able functional status in adulthood. The prognosis is unfavorable without surgical treatment.
However, after correction of the main defect, normal physical, psychomotorand cardiovascular
development may be achieved. Although, the developmental mechanisms and causes of CCH
are still elusive. Therefore, researchers are conducting comparative medicine studies based on
chicken, fish and mice hearts in order to investigate and subsequently, understand the CCH
malformation. The comparative medicine is built on the ability to use information from one
species to understand the same processes in other species. Indeed, animal models are helpful
in understanding the effect of interventions on the disease process, which in turn helps in de-
velopment of better therapeutic approach.

Mouse model and 3D reconstructions of the mouse heart

Laboratory mice provide optimal animal models for biomedical research and comparative
medicine studies because they have many similarities to humans in terms of anatomy and
physiology. Likewise, rats, mice, and humans each have approximately 30,000 genes of which
approximately 95% are shared by all three species [12]. Mice and humans have 4-chambered
hearts, vascular systems, and similar structure and function of visceral organs. Therefore, ro-
dents can be used to study the transition process occurring in heart failure, survival under some
pre-clinical conditions, development of the malformation, etc. In addition, mice have short ges-
tation times, relatively large numbers of offspring, and fairly rapid development to adulthood.
They can reach sexual maturity by five to six weeks of age, allowing large numbers of mice to
be generated for studies fairly quickly. The comparative medicine and the use of mice provide
a powerful tool for advancing the understanding of both normal and disease processes across
specie, the underlying mechanisms, and the development of successful treatments.

Along with the experimental observation of the mice heart development, predictive com-
puter models of the heart are used as well. The computer models allow to reproduce the shape
changes observed in the mouse embryo and predict the abnormal shape of embryos with a ge-
netic defect. This is done by studying how the heart shape changes depending on the type of
mechanical constraint.

1.2 Background

The model used in previous studies is a simplified solid heart of a mouse embryo developed by
the professor Jose Javier Muñoz Romero with the help of Igancio Pérez Meroño and Oriane
Auradi [13, 14]. Together they have defined an analysis of the asymmetric right-left pattern
in the morphogenesis of the mouse heart, based on quantitative datasets, captured by high
resolution electron microscopy (HREM). The datasets for the heart geometry are provided by
Sigolène Meilhac, from Image Institute - Institut Pasteur. In addition, her research in the heart
morphogenesis is published in the eLife journal [15, 16].
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1.3 Project objectives

The purpose of this study is to apply finite element techniques to simulate and test heart
growth patterns and boundary conditions in order to observe the development of the heart in
embryogenesis. The main objective is to understand how the CCH forms during embryogenesis
and how the different mechanical constraints affect it. Here, the isotropic and the helical growth
are analysed along with the rotation and the translation of the outflow tract (OFT). In order
to analyse the CCH malformation, this study is focused on:

• Numerical modelling of heart growth during early morphogenesis

• Characterisation of the boundary conditions and the material properties of the heart

• Test of mechanical constraints that may cause CCH malformation

This project combines the use of GiD, Matlab and Paraview. The GiD software is used for
the pre processing of the data, Matlab for the data processing and Paraview for the visualisation
of the results. Further, the use of the software is going to be described in more detail in section
3.1.

2 Theoretical basis
In order to understand the influence of the different mechanical constrains on the heart de-
velopment in embryogenesis, the isotropic and the helical growth are studied along with the
rotation and the translation of the OFT. Therefore, it is important to define the equations that
are applied in this study. First, the general formulation of the elastic energy density function is
going to be presented. Further, the formulation in the case of a Neo-Hookean model is presented
in part 2.2. As, for the adding of the growth, it could be found in part 2.3.

2.1 General formulation

It is defined an elastic energy density function ω(E) that depends on the Green-Lagrange strain
tensor E = 1

2
(FTF − I), with F = ∂x

∂X
the deformation gradient. The total elastic energy in a

reference domain Ωe is then given by:

W (E) =

∫
Ωe

ω(E)dV (1)

The elastic virtual work follows as,

δW (E) =

∫
Ωe

∂ω(E)

∂F
: δFdV (2)

In the absence of external work, the imposition of δW for all virtual displacements δx is equiv-
alent, after integration by parts, to Cauchy’s equation:

∇x · σ = 0 (3)

with appropriate Neumann boundary condition on σn.
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2.2 Neo-Hookean model 2 THEORETICAL BASIS

By using a finite element (FE) discretisation, it is obtained that x = xaNa(X), with Na(X)
and xa respectively the shape function and position of node a, and the summation on all the
elemental nodes (a = 1, . . . , 4 in the case of a tetrahedral element as in Figure 2). It then
follows that,

δF = δxa ⊗∇Na (4)

δE =
1

2
(FT δF + (δF)TF) =

1

2
(FT δxa ⊗∇Na +∇Na ⊗ δxaF) (5)

δtr(E) = F∇Na · δxa (6)

δJ = Jδxa · F−T∇Na (7)

δ∇xN
a = δF−T∇Na = −F−T δFTF−T∇Na = −(δ∇xN

b ⊗ δ∇xN
a)δxb (8)

It should be noted that ∇x denotes derivatives with respect to the spatial coordinates x, while
here and henceforth the operator ∇ denotes derivatives with respect to material coordinates X,
and therefore, ∇xN

a = F−T∇Na and ∇xδx = (∇δx)F−1. After using the relations in (5)-(8),
δΩ(E) in (2) can be rewritten as:

δW (E) = δxa · ga (9)

with summation on all the nodes a = 1, . . . , n, and the nodal residual given by

ga =

∫
Ωe

∂ω(E)

∂F
∇NadV (10)

Figure 2: Tetrahedral finite element

2.2 Neo-Hookean model

In the case of large deformations, it is more suitable to resort to the compressible Neo-Hookean
material model. The model can be used for predicting the nonlinear stress-strain behavior of
materials undergoing large deformations and the elastic energy density function is given by:

ω(E) =
λ

2
(ln(J))2 + µ(tr(E)− ln(J)) (11)

The nodal residual and Jacobian are in this case derived as:

ga =

∫
Ωe

(µF + (λ ln(J)− µ)F−T )∇NadV (12)
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Kab =

∫
Ωe

µ(∇Na · ∇N b)IdV +

∫
Ωe

λ∇xN
a ⊗∇xN

bdV −
∫
Ωe

(λ ln(J)− µ)(∇xN
b ⊗∇xN

a)dV

(13)

2.3 Adding growth

2.3.1 General growth

In order to add growth to the model, a multiplicative decomposition of the deformation gradient
is used as defined in Figure 3 and equation (14):

F = Fe · Fg (14)

where Fe represents the elastic component and the Fg is the growth component. The stress
is only due to the elastic component Fe = F · Fg−1. By taking into account equation (3), the
stress tensor could be calculated by the following equation:

σ = Fe · Se · Fe−1 · Je (15)

Figure 3: Representation of the multiplicative decomposition of the deformation gradient given
by equation 14, [17]

2.3.2 Isotropic versus helical growth

The isotropic growth is characterised by growth rates that are the same in all directions. The
isotropic growth can be defined by the following equation:

Fg = γI (16)

where γ defines the factor of the growth.

As for the helical growth, it occurs when cells or organs expand, resulting in helical shaped
cells or organs and typically including the breakage of symmetry [18]. The helical growth is
defined in equation (17) and a representation of its application in this study is shown in figure
4.

Fg = γt⊗ t+ er ⊗ er + eθ ⊗ eθ (17)
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Figure 4: Representation of the application of the helical growth in the heart model, as defined
in equation (17)

3 Solid model of the heart

3.1 Computer model of the solid heart

The model that represents the real form of the mouse heart is hollow inside as in figure 5. In
order to represent the real shape of the heart, a very fine mesh is required, with up to 459 147
nodes and 918 314 elements1. This results in an significant computation time and memory.
Therefore, a first study is conducted where the model is simplified and as it can be seen in
figure 7, the heart is solid. Further, it is going to be discussed if this simplification influences
the results of the simulations and if the use of the real hollow heart is necessary.

Figure 5: Hollow heart model

The first study utilises the simple model of the heart for which the size of the used mesh is
bigger and the model is no longer hollow. Previous work has allowed the definition of the model,
containing information about the mesh, the boundary conditions (BC) and the materials of the
different structures [13, 14].

The following part will describe more closely the definition of the computer model of the
solid mouse heart as shown in figure 6. It will be presented how the model was defined in the
software GiD, followed by an explanation of the data processing in Matlab and the visualisation
of the results in Paraview.

1The number of the nodes and the elements of the mesh for the model in figure 5
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3.1 Computer model of the solid heart 3 SOLID MODEL OF THE HEART

Figure 6: Representation of the workflow for the definition of the solid heart model

3.1.1 Definition of the model in GiD

GiD is a computer-aided design (CAD) software used both as a pre and post processor for
numerical simulations in science and engineering. This environment is used for the creation of
volumes and surfaces, the generation of the mesh as shown in figure 7b, the definition of the
boundary conditions and the materials of the different structures of the heart. The model of
the heart consists of 5 different areas as depicted in figure 7a, where the geometry of the model
is introduced to the software by a *.stl file.

(a) Representation of the model with the
five regions

(b) Representation of the mesh of the
model

Figure 7: 3D representation of the model in GiD with the five regions (7a) and the meshed
model (7b), where RV: Right Ventricle; LV: Left Ventricle; RA, right atrium, OFT: Outflow
Tract; AVC: Atrioventricular Canal.

As mentioned previously, the GiD software is also used for the definition of the BC on the
structure of the heart:
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3.1 Computer model of the solid heart 3 SOLID MODEL OF THE HEART

• RA and the bottom of AVC: ux=0

• Point 2113 on the AVC region: uy=0

• Contact between RA and RV

• OFT surface: ux=0 and uy=0

These BC are used in order to represent the behaviour of the real-life development of the
heart. Indeed, the movement of the heart is limited by the organs that surround it and this
should be represented in the computer model as well.

Once the model is defined, it is possible to calculate the solution which generates a *.dat
file. It is a data file that contains specific information about the nodes, the elements and their
ID2, as well as the material assigned to each element.

3.1.2 Data processing through Matlab

Once the model is meshed and the materials and the boundary conditions are defined, the
processing of the model is carried out in Matlab. The data collected by GiD is used as input
for the algorithms defined in Matlab. It is important to delete the *.mat file generated by GiD,
otherwise it could be confused with a *.mat file created with Matlab.

The *.dat file mentioned earlier is needed for the data processing in Matlab. It is the main
source of data and it is imported in the InputMesh8_36Geo4.m file in Matlab. In this file, it
is possible to define the isotropic and the helical growth, as well as the stiffness of AVC, RA or
OFT. The run of this file generates a *.mat file which is used in the MainViscoGrowth.m file for
the start of the computer simulation. Multiple functions for the definition of the geometry, the
contact between the RA and the RV and more are created and used in the MainViscoGrowth.m
file as well. The links to the functions can be found in appendix A.3. The computation time of
the MainViscoGrowth.m file depends on the number of iterations needed for the convergence
of the result, the type of growth patterns that are applied on the model as well as the capacity
of the computer. Once the run is done, a set of *.vtk3 files containing the nodal coordinates
and the elemental connectivity is created for every time step.

3.1.3 Visualisation of the results in ParaView

The software used for the visualisation of the results is Paraview. Paraview is an open-source,
multi-platform data analysis and visualization application. It can be used to build visualiza-
tions to analyze data using qualitative and quantitative techniques. The data exploration can
be done interactively in 3D or programmatically using ParaView’s batch processing capabilities
[22]. The visualisation of the results could be observed in Paraview by importing the group of
*.vtk files previously generated in Matlab.

2It is the number by which each node is identified
3Binary file format that can be used for the visualisation of the results
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3.2 Research methodology

This part includes a detailed explanation of the tools allowing to study the isotropic and the
helical growth of the heart as well as the rotation and the translation of the OFT. The objective
is to evaluate the influence of these parameters on the heart development and to study how
the LV and the RV develop during the simulation. This could be done by calculating the angle
between the initial position of RV and LV and the position at each time step.

3.2.1 Measurement of the rotational angle of RV and LV

During the heart development, the helical growth causes a rotation of the RV and the LV. In
order to ananyse if this affects the malformation of the criss-cross heart, the rotation of the RV
and the LV is studied in detail. Therefore, two nodes with close or identical Z coordinates in
RV and LV are chosen as in figure 8. The idea is to create a Matlab function that allows to
calculate the angle α between the initial position of the nodes and the position at each time
step. The calculation of the angle is done for the application of all the parameters and a curve
of the angle depending on the time step is plotted. Initially, the parameters that are considered
are the isotropic and the helical growth along with the rotation of OFT and the translation of
OFT on the Y axis. Further, the stiffness of the OFT is considered as well. This part explains
the steps to follow for the generation of results.

The first step is to choose the nodes in LV and RV that are going to be used. Here, the IDs
of the 2 nodes are: 6110 in LV and 6747 in RV. During the data processing in Matlab, the IDs
of the nodes are changed. Their coordinates can be found in appendix A.1.

Figure 8: Representation of the location of the 2 nodes. LV: Node 6110, RV: Node 6747

3.3 Results of the solid model

3.3.1 Isotropic and Helical growth, Rotation of OFT and translation of OFT on
the Y axis

In the first place, the value of the rotational angle of RV and LV is studied for the parameters
presented in table 1. In this first study, the value of the stiffness of OFT is considered equal to
0.1 at all times. For each parameter in table 1, 2 possible values are considered, resulting in 16
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3.3 Results of the solid model 3 SOLID MODEL OF THE HEART

cases for the generation of the rotational angle. As for the results of the simulations, figure 9
represents the curve of the angle depending on the time step for the most remarkable cases.

Parameters Values
Isotropic Growth 0 0.8
Helical Growth 0 1
Rotation of OFT True (T) False (F)
Translation of OFT on Y axis True (T) False (F)

Table 1: Parameters and values for the fist study (OFT stiffness of 0.1)

Figure 9: Representation of the results of the first study with the parameters as defined in
table 1; γOFT : Isotropic growth, γH: Helical growth, OFTrot: rotation of the OFT, OFTy:
translation of OFT in the Y axis; Values 1 and 2 of the OFTrot and OFTy: presented in
appendix A.2

From the graph in figure 9, the following observations are present, when there is no rotation
and no translation on the Y axis of the OFT: The value of 1 for the helical growth generates
higher values for the rotational angle than a value of 0. Further, a value of 1 for the helical
growth increases the values of the rotational angle independently of the value of the isotropic
growth.

As it can be seen, not all of the previously mentioned 16 cases are presented in figure 9.
Indeed, some of the values of the translation on the Y axis and the rotation of the OFT generated
extremely close values for the rotational angle (difference in the order of 10-13). Therefore, they
are grouped and only one of the curves is represented for each group. The formation of the
groups is presented in appendix A.2. When the values for the translation in the Y axis and the
rotation of the OFT aren’t both equal to False, the values of the angle are slightly lower for
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3.3 Results of the solid model 3 SOLID MODEL OF THE HEART

the same values of the isotropic and the helical growth. More precisely, the values are lowered
by 0.0105° for the cases when the isotropic growth is equal to 0.8 and the helical growth to 1.
When the isotropic growth is 0 and the helical growth is 1, the values of the rotational angle
are decreased by 0.0112°. Finally, the decrease is by 0.0116°, for an isotropic growth of 0.8 and
helical growth of 0.

Although, it is not the case for the ’*’ curve and the ’x’ curve, as it can be seen, they have
identical values of the angle even though the values of the isotropic and the helical growth
aren’t the same. The ’*’ curve corresponds to the cases of group C1, when the isotropic growth
is equal to 0 and the helical growth to 1. As for the ’x’ curve, it corresponds to the cases of
group C2, when the isotropic growth is equal to 0.8 and the helical growth to 0.

Further, it is visible that the highest values of the rotational angle are obtained when the
isotropic growth is equal to 0.8, the helical growth to 0, translation in the Y axis and no rotation
of the OFT, represented by the ’- - -’ curve.

3.3.2 Influence of the stiffness of the OFT

The previous study allowed to analyse the evaluation of the rotational angle’s values considering
the stiffness of the OFT equal to 0.1 at all times. As a result, for certain values of the isotropic
and the helical growth, the value of the rotational angle was the same independently of the
translation on the Y axis and the rotation of the OFT. Therefore, this part is focused on the
influence of a softer OFT on the values of the rotational angle. To analyse results with a softer
OFT, the values of the parameters µ and λ from equation (11) are considered as well.

Cases Parameters
γOFT γH OFTrot OFTy µ λ

1 0 1 F F 0.05 0.1
2 0 1 F F 0.1 0.05
3 0 1 F F 0.05 0.05
4 0 1 T F 0.05 0.05
5 0 1 F T 0.05 0.05
6 0 1 T T 0.05 0.05

Table 2: Parameters and values for the second study ( softer OFT); γOFT: Isotropic growth,
γH: Helical growth, OFTrot: rotation of the OFT, OFTy: translation of OFT in the Y axis, µ
and λ: stiffness of the OFT

As it can be seen in Figure 10, the value of the rotational angle is higher with a softer
OFT than the angle obtained for a stiffer OFT from part 3.3.1. It can be as well seen that the
increase of the value of µ, as in case 2, results in a lower rotational angle. Therefore, it can be
concluded that the stiffness of the OFT have an influence on the value of the rotational angle
between the RV and the LV.

It can also be observed that for the same values of µ and λ, the values of the angle are
similar, as for cases 3-6. Indeed, the rotation and the translation along the Y axis of the OFT
doesn’t influence the values of the angle in these cases. However, it is necessary to conduct
further studies with different values of the isotropic and the helical growth before to conclude
on the influence of the rotation and the translation along the Y axis of the OFT.
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Figure 10: Representation of the results of the second study with the parameters as defined
in table 2; γOFT: Isotropic growth, γH: Helical growth, OFTrot: rotation of the OFT, OFTy:
translation of OFT in the Y axis, µ and λ: stiffness of the OFT

3.3.3 Influence of the stiffness of the AVC and the RA

The previous studies analysed the rotational angle between the RV and the LV in the case
where the OFT has a constant stiffness of 0.1 and a case where the stiffness is varied. In this
part, the influence of the stiffness of the AVC and the RA are studied. As in part 3.3.2, the
value of µ and λ from equation (11) are changed. The value for the different cases are presented
in table 3.

Cases Parameters
γOFT γH OFTrot OFTy µ λ

1 0 1 F F 10 1
2 0 1 F F 1 10
3 0 1 F F 10 10
4 0 1 T F 10 10
5 0 1 F T 10 10
6 0 1 T T 10 10

Table 3: Parameters and values for the thirt study ( softer OFT); γOFT: Isotropic growth, γH:
Helical growth, OFTrot: rotation of the OFT, OFTy: translation of OFT in the Y axis, µ and
λ: stiffness of the OFT

Figure 11 represents the results of the analysis on the influence of the stiffness of te AVC
and the RA on the rotational angle between the RV and the LV. Contrary to the results from
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the study in part 3.3.2, it is visible that the lowest values of the rotation angle are obtained for
the lowest and not the highest value of µ, as for case 2.

Moreover, it can also be seen that in this study, the angle is not identical for the same
stiffness if there is no rotation and no translation along the Y axis of the OFT as in case 1.
However, if cases 4-6 are analysed, it can be noticed that the results for the angle are the same
when there is both rotation and translation along the Y axis (case 6) or if one of them is present
(case 4 and 5).

In addition, it should be noted that the rotational angle has even higher values when the
AVC and the RA are softer then when the OFT is softer as in part 3.3.2.

Figure 11: Representation of the results of the third study with the parameters as defined in
table 3; γOFT : Isotropic growth, γH: Helical growth, OFTrot: rotation of the OFT, OFTy:
translation of OFT in the Y axis, µ and λ: stiffness of the AVC and the LA;

3.4 Conclusions on the solid model

The simulations conducted with the solid model of the heart allowed to analyse the rotational
angle between the RV and the LV. It was possible to study the influence of the isotropic and
the helical growth, the stiffness of the OFT, the AVC and the RA along with the rotation and
the translation along the Y axis of the OFT.

The studies showed that indeed the stiffness of the different parts of the model influence the
values of the rotational angle. More precisely, the highest values are observed for a softer AVC
and a softer RA. As for the case of a softer OFT, the angle is lower but still higher then the
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one for a stiff OFT. It can be as well marked that a lower value of µ for the stiffness of the AVC
and the RA generated a higher angle. Respectively, a lower µ in the case of OFT increased the
values of the angle.

The first study allowed to observe that for a constant stiffness of the OFT of 0.1, the highest
values of the rotational angle are obtained when the isotropic growth is equal to 0.8, the helical
growth to 0, translation in the Y axis and no rotation of the OFT.

However, it is difficult to conclude on the influence of the rotation and the translation along
the Y axis of the OFT. Indeed, the results vary between the different studies and it is hard to
find a pattern.

The difficult interpretation of the results could be due to the fact that the solid model of
the heart is a simplification of the real model. Therefore, it could be necessary to conduct
simulations with the hollow model of the heart in order to obtain more precise and accurate
results.

4 Hollow model of the heart
As mentioned previously in part 3, the computer model of the hollow heart consists of very
fine mesh where the number of the nodes is 459 147 and the elements are 918 314. In order to
decrease the computation time that would be necessary with the use of this complicated model,
a simpler solid model was defined. However, after analysing the results obtained with the solid
model it has been concluded that this simplification influences the results of the simulations.
Therefore it is not possible to study the real development of the heart in embryogenesis and
how the different mechanical constraints affect it. By consequent, the use of the real hollow
heart is necessary.

4.1 Definition of the computer model on GiD

In order to be able to run simulations with the hollow heart model, it is first necessary to define
the model in GiD. Therefore, the model should be meshed and the boundary conditions and
the materials applied. However, as mentioned earlier, the computer model of the hollow heart
consists of a huge number of elements and what aggrieves the problem even more is the fact
that some of the elements are hanging or overlapping.

This part is going to present the approach for the generation of a mesh with fewer number
of elements by resolving the problems of the hanging and overlapping elements. Moreover, it
is going to be presented how the boundary conditions and the materials are applied to the five
regions of the heart. Figure 12 represents the steps to follow for the definition of the computer
model.

In order to decrease the number of entities in the model, the collapse function could be
used. First, it is necessary to create a geometry from the mesh. This could be done in the GiD
simulation software by an import tolerance of 6.895 so that the number of surfaces is decreased
to 32 315 corresponding to the first version of the model.

The next step in the definition of the model is the generation of a preliminary mesh. As
mentioned previously, some of the elements from the starting model are hanging or overlapping.
The same is observed with the surfaces in the first version of the model. Therefore, these
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Figure 12: Definition of the computer model of the hollow heart

problems were manually repaired by the delete of the problematic surfaces. Once, the model
repaired, a volume could be created from the surfaces and then meshed. This allowed to
generate a mesh with 284 658 tetrahedral elements (version 2). However, this number being
still very high, a new collapse of the geometry is necessary. After collapsing the geometry with
a import tolerance of 1.5 and generating a mesh, the new model contains 107 847 elements
(version 3).

In the starting computer model of the heart, the RA is glued to the RV and the OFT
to the AVC and the LV. In the physical model of the heart, they are only in contact. In
order to represent the real problem, in version 4, the contacts between RA/RV, AVC/OFT and
LV/OFT were removed. This is done by removing the surfaces that create the glue between
the regions. Once the surfaces removed, a new mesh is generated and the final number of
tetrahedral elements is 107 143.

In version 5, the boundary conditions and the materials are applied to the five regions of the
heart. The boundary conditions can be applied both to the mesh and the geometry. However,
it is preferable to apply them on the geometry so that they are not lost with the change of
the mesh. Therefore, in this case the boundary conditions are applied to the geometry and the
mesh is regenerated again. By doing so, the following boundary conditions are applied both to
the geometry and the mesh:

• RA and the bottom of AVC: ux=0

• Point 93 on the AVC region: uy=0

• OFT surface: ux=0 and uy=0

As this is a first approach for the definition of the hollow model, the study is simplified and
therefore the contact between the RA and the RV is not considered. Although, the contact and
its integration on the structure should be the object of a future work on the model.
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Once the boundary conditions applied and the mesh being regenerated, the five regions of
the heart are defined by dividing the elements in different layers with the corresponding regions.
Following, the materials are applied to the five regions and the model is calculated. Afterwards,
a *.dat file that can be used for the data processing in Matlab is created.

4.2 Data processing through Matlab

As in the case of the solid heart, the goal of the study is to analyse the influence of the isotropic
and the helical growth of the heart along with the rotation and the translation along the Y axis
of the OFT. The values of the isotropic and the helical growth can be defined in the Matlab
script, therefore its use is necessary.

The same scripts as the ones used for the simulation with the solid heart model could be
used with the integration of the *.dat file created by GiD. However, as the model is different,
the numeration of the nodes and the elements is different. Therefore, the lines of the script
concerning specific nodes or elements should be modified. By the use of the Set.BCNodeEqual
function, 2 nodes of the OFT are defined so that they have the same displacement along Z. In
this case, the chosen nodes are the nodes 5918 and 8897 before remuneration and this should
be changed in the script.

A first simulation is run in order to analyse potential mistakes and points of improvement
of the model and the script. The isotropic growth applied to the model is of 0 and the helical
growth is 1, as defined in the InputMesh8_36Geo4.m file found in Appendix A.4. In accord
with the boundary conditions in part 4.1, it is considered that there is no rotation and no
translation along the Y axis of the OFT. After the definition of the parameters, the simulation
can be run in the MainViscoGrowth.m file. The run of the file is generating a *.mat output file
containing the results of the simulation and a set of *.vtk visualization files for every time step.

4.3 Results of the hollow model

It is possible to visualize the results of the simulation by opening the set of *.vtk files in the
Paraview software. Figure 13a represents the growth of the hollow heart for the first and the
last 51 time step. As it can be seen, the boundary conditions of the OFT have been respected.
Indeed, there is no rotation in the X or the Y axis. It is also visible that there is no growth of
the OFT which can be explained by the fact that the isotropic growth γOFT is considered 0
for this simulation.

The results from the simulation with the hollow heart (13a) can be visually compared to
the results obtained for the solid heart (13b) when the same parameters where applied. It can
be seen that for the two of the models, the RA is the region with the highest growth in the
range of 2.1 (in red). It can also be observed that the rotational angle between the RV and the
LV is higher in the case of the solid heart model.

5 Conclusion and Future work
The driving objective of this project is to understand how the CCH forms during embryogenesis
and how the different mechanical constraints affect it. As motivated in part 3 and part 4, the
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(a) Representation of the results of the hollow
heart

(b) Representation of the results of the solid
heart

Figure 13: Visualisation of the results from the simulation with the hollow (13a) and the solid
heart model (13b). Isotropic growth = 0, Helical growth = 1, OFTrot = False, OFTy = False

goal is to study the isotropic and the helical growth along with the rotation and the translation
of the OFT. Their influence on the rotational angle of the RV and the LV is further analysed.

This project included analysis on two different models of the heart: a solid model, simplifi-
cation of the real model, and a hollow heart model which represents the real shape of the heart.
For this several simulations were run with the solid heart model. Further, a finite element
model of the hollow heart was developed. However, the hollow heart model still needs to be
worked on before concluding on accurate results for the heart growth.

In the following parts are going to be presented the limitations of the current work as well
as the future work to be done.

5.1 Limitations and future work

The current work is a first approach in the development of the hollow heart model and the
creation of FEM simulations with it. Therefore, some of the solutions and the decisions were
made in specific and often simpler cases.

Improvement of the computer model of the hollow heart

Part 4.1 presents the definition of the hollow heart model and its preparation for finite element
simulations. As this is a first approach for the definition of the model, it should be analysed if
there are parts that could be improved. For instance, a mesh independence analysis 4 could be
conducted. This would allow to study if the number of elements and nodes of the model could
be decreased without influencing the results.

4Process used to find the optimal mesh that has the smallest number of elements without generating a
difference in the numerical results
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Further, the definition of the five regions of the heart could be improved in order to define
the regions more precisely. In figure 14, it can be observed the difference in the definition of
the AVC. Figure 14b shows the definition in the case of the solid heart model. In figure 14a
is visible that the are several surfaces for the case of the hollow model. This influences the
precision in the definition of the regions. Therefore, a future work could consists of the merging
of the surfaces.

Finally, it could be studied if the chosen boundary conditions represent the real physic of
the model accurately. This should include the definition of the contact between the RA and
the RV.

(a) Representation of the results of the hollow
heart

(b) Representation of the results of the solid
heart

Figure 14: Visualisation of the results from the simulation with the hollow (14a) and the solid
heart model (14b). Isotropic growth = 0, Helical growth = 1, OFTrot = False, OFTy = False

Definition of the contact

As explained in part 4.1, the contact between the RA and the RV is not defined on the model
for this study. In order to represent the real physic of the heart, the contact should be defined
in the future work. This would consists of the definition of the condition on the GiD simulation
software. In addition, it should be analysed if the contact is still taken into account after the
data processing in Matlab.

Measurement of the rotational angle of RV and LV with the use of the hollow
heart model

In order to conclude on the influence of the mechanical constraints on the development of the
heart, it is necessary to conduct simulations with the model. Therefore, further studies should
be focused on the analysis of the rotational angle of the RV and LV. This would allow to
determine if the hollow model would generate more precise reuslts. Moreover, it will permit to
determine the parameters that influence the CCH malformation and help understand it.
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A APPENDIX

A Appendix

A.1 Nodes in LV and RV

This appendix contains information about the coordinates of the chosen nodes in LV and RV. In
table 4 can be seen the coordinates of the chosen nodes both before and after the renumbering
in Matlab.

LV node RV node
Before renumbering ID number: 6110 ID number: 6747

Coordinates: Coordinates:
x=766.318, y=92.508, z=269.658 x=739.716, y=350.174, z= 269.444

After renumbering ID number: 4162 ID number: 2646
The coordinates of the nodes depend on the time step and the simulation

Table 4: Id numbers and coordinates of the chosen node in the LV and the RV

A.2 Results of the first study

Definition of C1 and C2 in figure 9

Groups Possible combinations
C1 OFTrot=F and OFTy=T OFTrot=T and OFTy=F OFTrot=T and OFTy=T

C2 OFTrot=T and OFTy=F OFTrot=T and OFTy=T

Table 5: Definition of C1 and C2 in figure 9

A.3 Matlab functions for the solid heart model

Scripts used for the simulation
Available on: https://drive.google.com/drive/folders/1p17tUQGc1X7ni_e1JtCR73Tt_s5WZ2Y4

Functions for the measurement of the rotational angle between RV and LV
Available on: https://drive.google.com/drive/folders/1uGelvucEQwn2ywfnzWygqLVq00kNF_
rq

A.4 Matlab functions for the hollow heart model

Scripts used for the simulation
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