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Abstract

Biomaterials applied to the epicardium have been studied intensively in recent years
for different therapeutic purposes. Their mechanical influence on the heart, however,
has not been clearly identified. Most biomaterials for epicardial applications are
manufactured as membranes or cardiac patches that have isotropic geometry, which
is not well suited to myocardial wall motion. Myocardial wall motion during systole and
diastole produces a complex force in different directions. Membrane or cardiac patches
that cannot adapt to these specific directions will exert an inappropriate force on the
heart, at the risk of overly restricting or dilating it. Accurately characterizing the
mechanical properties of the myocardial wall is thus essential, through analysis of
muscle orientation and elasticity. In this study, we investigated the Hertz contact theory
for characterizing cardiac tissue, using nanoindentation measurements to distinguish
different patterns in the local myocardium. We then evaluated the predictive accuracy
of this model using Finite Element Analysis (FEA) to mimic the diastolic phase of the
heart. Our results, extracted from instrumented nanoindentation experiments in a liquid
environment using five pig hearts, revealed variations in elasticity according to the local
orientation of the myocardial tissue. In addition, applying the Finite Element Method
(FEM) in our model based on transverse isotropy and local tissue orientation proved
able to accurately simulate the passive filling of a left ventricle (LV) in a representative

3D geometry. Our model enables improved understanding of the underlying



mechanical properties of the LV wall and can serve as a guide for designing and

manufacturing biomedical material better adapted to the local epicardial tissue.

Keywords: cardiac tissue, muscular fibers, transverse isotropic behavior,

biomechanical modeling, finite element method.

1. Introduction

Biomedical materials for epicardial application have been extensively investigated over
the past decades, with several different types of these materials having become
clinically available (Gaetani et al., 2015; Pattar et al., 2019). Epicardial biomedical
materials are usually designed as thin membranes containing diverse biological or
mechanical properties and applied directly onto the target epicardial region. In general,
these epicardial biomaterials can be used as hemostatic patches, creating an interface
to prevent severe tissue adhesion following cardiac surgery, or as cardiac patches
delivering cell therapy following myocardial infarction. However, research in this field
has focused primarily on the biological or therapeutic behavior of these biomaterials,

largely ignoring analysis of how they interact mechanically with the heart.

Once the biomedical material is adhered to the epicardium, however, it sustains the
same cyclic strain and shear stress caused by the heart beating as the epicardium.
The muscle fiber structure also differs from one area to another, thus exerting
mechanical force in different directions during heart circulation, as well as at different
locations (Bayer et al., 2012; Lombaert et al., 2012). However, only a few biomaterials
are designed considering the myofiber orientation and structural specificity of cardiac
tissue (Cui et al., 2020). Most epicardial biomaterials are manufactured as isotropic
membranes, which cannot adapt to the specific muscle fiber structure of the heart, thus
potentially applying inappropriate force to the epicardium, which could eventually

cause a restriction or dilation effect on the heart.

Characterizing the mechanical properties of the heart wall, and particularly of the left
ventricle, is thus of major importance for epicardial biomaterial design (Weinberger et
al., 2017). The fibrous nature of the heart has long been known, and the spatial
variation within the heart’s fibers has already been described, with computational
models established accordingly. It is also well known that the muscle fascicles of the
myocardium are arranged in three main directions, forming three muscle layers within
the ventricular wall from the epicardium to the endocardium (Sanchez-Quintana et al.,

1994). The combined effect of these differently-oriented fibers on the ventricular wall



can generate an average direction, and this direction varies from the apex to the aortic

root (Freeman et al., 1985).

An ideal epicardial biomaterial should, instead, expand in the same way as the local
epicardium. Due to the complex wall motion in play here, epicardial biomaterials should
closely match the target zone of the heart, which means offering a similar elasticity and
fiber structure. Thus, understanding the mechanical performance of the diastolic
ventricle can guide advances in the design and manufacturing of epicardial
biomaterials. For this purpose, a heart model with mechanical characterization during

diastole could serve as an invaluable tool.

Furthermore, heart simulation models are also of great importance in medical research
and training. Given the complex composition of the heart on both macroscopic and
microscopic scales, it is hard to establish a model that can perfectly simulate all
aspects of the heart, including the mechanical movement, electric activity, and pump
function. Studies from the literature have so far focused on only one aspect of the heart,

primarily contributing to advances in cardiology (Niederer et al., 2019).

Woods was a pioneer in using models to understand cardiac physiology and
mechanics. In his study, the stress in the heart wall was considered as a thin-walled
spherical shell (Woods, 1892). Modelling has since progressed to simulate in detail the
anatomical and physiological complexities of the heart, and geometric models have

been developed containing multiscale information of the heart (Chabiniok et al., 2016).

It is now well known that cardiac muscle fibers run in parallel and form a 3D network
enabling the heart wall’s complex motion during the cardiac cycle. Thus, for a better
understanding of heart function, the anatomical architecture of these cardiac fibers
should first be described. Three-dimensional models of myocardial architecture have
been built up from detailed histological studies in the 1990s (Guccione et al., 1995;
LeGrice et al., 1995). Since then, the development of invasive and non-invasive
imaging techniques, such as CT and magnetic resonance imaging, has made it
possible to construct patient-specific models of the beating heart to simulate its
dynamics (Gilbert et al., 2012; Plank et al., 2009). However, the lack of detailed tissue
structure information in significant amounts of image data still constitutes a significant

failing in computational models and could influence model results.

Various numerical frameworks of heart architecture have been described in previous
studies, based on different modeling methods(Chabiniok et al., 2016; Niederer et al.,
2019). Benefitting from 3-dimensional cardiac imaging techniques, many authors have

been able to build 3D models of the heart illustrating detailed fiber structures (Wang et



al., 2021). Furthermore, powerful numerical tools now enable the construction and
evaluation of models based on collected data. These numerical models are widely
used in clinical and educational settings. For example, Finite Element Analysis (FEA)
is a popular method for building and evaluating heart models with more detailed
mechanical characterization (Martonova et al., 2021; Morgan et al., 2016). However,
no study has yet presented the physical results of such simulations, such as overall
local elasticity of the spatial arrangement of cardiac fibers. In this study, we evaluated
the average fiber orientation and elasticity of the lateral part of the left ventricular wall
in healthy pig hearts. We then built a numerical 3D model based on the obtained results,
providing a simplified illustration of the complex fiber arrangement. We evaluated the

method’s accuracy by simulating the diastole phase of a left ventricle.

2. Materials and methods:

2.1 Pig cardiac tissue sample preparation:

The samples used in this study were extracted from five healthy pig hearts provided
by the School of Surgery of the University of Lorraine. Ethical approval for the study
was obtained from our university’s ethics committee (committee number:
201922016556026) and then further validated by the French Ministry of Higher
Education. The hearts were explanted during diastole for this study. One pig’s heart
was fully filled with 0.9% sodium chloride and sealed to mimic the end of passive filling
during diastole. We then performed computed tomography (CT) and 3D reconstruction
of the heart. To prevent the cardiac tissue from drying out, the samples were rapidly
immersed in a protective medium (optimal cutting temperature compounds) and frozen

at —80 <. For each heart, the lateral region of the left ventricular wall was selected for

obtaining reproductive data (Figure 1A) and a 0.5-cm wide slice was extracted from
the long axis (Figure 1B). The extracted tissue was then cut into 16 cytological slices,
horizontally from the base to the apex of the heart, in two different thicknesses (100
um and 10 ym, eight slices each) using a cryomicrotome, and stored frozen. The
thicker slices were used later for mechanical characterization while the thinner ones

served for muscle fiber structure observation.
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Figure 1: A. A 0.5-cm wide slice was extracted from the lateral region of the left ventricle of each heart
(green dash). B. Eight 100-um and eight 10-um slices were obtained from the longitudinal axis of the left
ventricle, from the base to the apex. Slices of 100-um thickness were used for indentation testing, 13x6
points were detected on each sample following the above planning and indentation parameters

2.2 Microscopic observation of muscle fiber orientation

Heart samples cut to 10-um thickness were stained with DAPI (D9542, Sigma-Aldrich),
for the nuclei, and Phalloidin (P5282, Sigma-Aldrich), for the actin, as per
manufacturer’s instructions. Imaging was performed using fluorescent microscopy
(Moticam 3000, Motic).

2.3 Indentation evaluation at different levels of the left ventricle:

The mechanical properties of the specimen were determined using a depth sensing
indentation test. An ultra nanoindenter was used (ANTON-PAAR, Peseux,
Switzerland), affording a penetration range of a few nanometers to 100 ym, using loads
of 10 uN to 100 mN. The depth and load resolution were 0.003 nm and
0.01 pN, respectively. This tool is well suited to testing on biological materials in liquid
medium, incorporating a sample holder adapted for biological tissue slices. This
technique involves indenting the tissue using a spherical indenter of 100-um radius (R).
Just before we commenced mechanical tests to determine the properties of the cardiac

tissues, the specimens were thawed then soaked in physiological serum to avoid any



dryness or premature destruction. To ensure that the tissue remained properly
hydrated, the sample was kept in physiological serum during the entire depth-sensing
procedure. The experiments were carried out at room temperature (21°C). A 13x6
matrix of indentations was systematically performed on each specimen (78 measures).
Each indented site was identified and microscopically analyzed. The contact surface
disc generated by indentations did not exceed a radius of 30 um. The load and unload
speeds were intentionally kept low so as to guarantee the elasticity behavior of the
cardiac tissue. Our previous experimental protocol showed that indentation speed
inferior or equal to 0.5mN/min allow a measurement of elasticity behavior other than
viscoelasticity behavior. Furthermore, a 500-um distance was maintained between

each indentation to avoid any interference from neighboring indentations (Figure 1B).

2.4 Measurement of Young’s modulus and sample fiber orientation

For the heart samples cut to 100-um thickness, Young's modulus was calculated
based on the Hertz theory formula outlined below. We designed a strategy enabling
us to define the range of values on commencing the load for which the Hertz theory
can be applied. As a brief reminder, this theory establishes the relationship between
the force applied (F), the relative approach distance of the two elements (h), and the
radius of the disc contact area (a) (1). These formulae also involve the radius of the
indenter’s curve (R.) and the mechanical characteristics of the sample and indenter,
i.e. their Young’s moduli and Poisson ratios, using the reduced elasticity modulus,
defined by Formula (3).

_ 9-F2 3
h= (16-RC-E*2) (1)

with the bend radius R, defined as: Ri = % + Ri (2)

and the reduced Young’s modulus E* given by:

)

In these equations, E,v, R, E;,v;, and R; are the Young’s moduli, the Poisson ratios,

and the bend radius of the sample and the indenter, respectively.

Given that all samples had a defined thickness, the variation in Young’s modulus was
caused by variations in the fiber orientation. According to the mechanism of cardiac

muscle contraction, the Young’s modulus is minimal when the fibers are orientated



vertically and maximal when horizontally. Thus, the fiber orientation is calculated

according to the measured Young’s modulus.

With a spherical indenter radius Ri<<Rs (plane sample), the equation (2) became
Rc=Ri. Moreover, the diamond indenter’s Young’s modulus was higher than that of the

sample (Ei>>E). Thus, equation (3) became E* = E/(1 — v?).

Given the liquid medium used and the uncertainties associated with measurement
using very low loads, we developed a strategy for exploring the initial moments of
indentation. It enabled us to define the range of validity of (4) (contact point and end
point of the applied Hertz Theory) while simultaneously determining the reduced
Young’s modulus E*. For each test, data pairs (F, h) were first generated then equation
(4) was used to identify the material’s characteristics. This equation is a Hertz
logarithmic formulation that enables identification of the parameters of a linear function
(Figure 2).
In(F) = 2in(h) +31In (). 4)

16.R.E*?

In(F)
- '0.,,
3

- ———
0 2010° 4x10° 6x10° 8x10° 1x10° 1x10° 1x10° 2010° 2x10° 2x10° 16 -is -4 13 -2 Rl 2010° 4x10° 6x10° 8x10° 1x10° 1x10° 1x10° 2¢10° 2x10° 2¢10°
hm] In(h) h{m)

Figure 2. Example of optimization of indentation on one detected point. (A) Charging indentation curve
obtained from detection. The initial point was determined once an elasticity behavior was detected. (B)
Transformation of the experimental data of (A) into logarithmic curve (black), with a linear regression (red)
obtained by applying Formula (4). (C) Reversal of the logarithmic curve issued from (B, red) into classical

curved and crossmatch with experimental curve (black) to determine the optimized parameters

The indenter output a continuous value of elasticity within the indentation depth, the
initial point was determined once an elasticity behavior was detected. As too deep
detection was influenced by the underlying glass support (F increased sharply while H
was beyond 15um), the indentation had to be optimized. In order to obtain the optimal
detection parameter, the experimental indentation curve of every point of detection
was crossmatched with the theoretical curve (applying Hertz theory) to determine the
individual hmax (8 um as indicated by the cross point, in the case of Figure 2). A regular

limit of the deformation (h/R)"? under 30% was observed.



2.5 Finite Element Analysis of left ventricle model

The 3D-reconstructed image of the heart from CT was transferred to Abaqus software.
In brief, the 3D image was decomposed into 8 stratums with a cylindrical landmark on
each stratum. A local rotation landmark, the mean orientation angle of fiber
arrangement were also input into each stratum in the radial axis. The isotropic matrix
was thus output for each point of mesh, in which the axis z correspond to the mean
direction of fiber orientation, axis x for radial direction of left ventricle, axis y for
longitudinal direction of left ventricle. Based on the measured Young’s modulus and
average fiber orientation, FEA was applied to obtain the left ventricle (LV) model for
the diastole simulation (LV passive phase). A tetrahedral quadratic mesh with 122170

nodes, of global size 4, and 83949 linear elements, was applied.

In order to test the feasibility of this numerical model’s mechanical evaluation, a
simplified model was also constructed according to the CT measurement: the left
ventricle was represented by a hollow cylinder with internal and external radii equal to
20 mm and 40 mm, respectively. The tubular height was 110 mm. A tetrahedral
quadratic mesh with 94433 nodes, of global size 4, and 66492 linear elements, was

applied.
2.6 Mechanical evaluation of a transverse isotrope model by FEM

The volume in the left ventricle increases during diastole phase and is correlated with
the internal pressure. This heart cycle is known as the pressure-volume loop. Using
the two numerical left-ventricle models, we progressively increased the internal
pressure until a level equivalent to the end of passive diastole filling in order to evaluate
the change in volume. The diastolic movement of the left-ventricle wall was also

recorded.

3. Results

3.1 Young’s modulus and fiber orientation of left-ventricle lateral region

The Young’s modulus detected in the samples revealed the minimum value was 1x10*
Pa, and maximum value 2.5.x10° Pa. The fiber orientation was thus defined as vertical
(90°) at the point of 1x10* Pa and horizontal (0°) at the point of 2.5x10° Pa.



Fiber variations caused variation in Young’'s modulus between E; , E; and E; (E, stands
for longitudinal Young’'s modulus where fibers orientate parallelly to indenter, Er
stands for transversal Young's modulus where fibers orientate perpendicularly to
indenter and E; is the measured Young’s modulus which is related to the fibers
orientation angle to be calculated). Where an ellipse can be considered representative

of this evolution, Relation (5) can be determined and the local fiber orientation, 6;,

s JE-m
[ez-

The Young’s modulus in the same sample was dependent of the location (Figure 3a).

estimated as follows:

tan6; =

(5)

These variations were the result of mixed muscle fiber orientation and were calculated
according to the measurement of the local Young’'s modulus and based on the

equation (5) (Figure 3b, c).
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Figure 3. (A) Young’s modulus detected on eight heart samples cut into 100 um; the value varied at
different detection points. (B) Variation in fiber orientation between samples, according to Young’s
modulus. (C) Representative figure of fiber orientation on different levels of left-ventricle lateral region,
result issued from one pig heart out of five, the color-scale represent the fibers orientation angle.



To confirm the accuracy of the calculated fiber orientation, fluorescent microscopic
images were taken of the same level. At the basal level of the heart, the general value
of Young’s modulus was lower than the apex one. Accordingly, the calculated fiber
orientation was more vertical at the basal (Figure 4A) than that found at the apex
(Figure 4B). This calculated orientation was in accordance with the microscopic
fluorescent observation. From the two-dimensional microscopic image, at the basal
level, cell arrangement was predominantly in the “Y” direction, which was vertical to
the indenter (Figure 4C). At the apex level, cell arrangement was in the “Z” direction,

which was parallel to the indenter (Figure 4D).
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Figure 4. Confirmation of calculated fiber orientation by microscopic fluorescent observation.
Representative image of Young’s modulus and individual fiber orientation at the basal (A) and apex (B)
levels of the heart. Fluorescent microscopic images taken of the basal (C) and apex (D) levels
demonstrated a vertical (C) and horizontal (D) arrangement of muscle fiber arrangement. Muscle cells
were stained with DAPI for nuclei and with Phalloidin for actin visualization. Scale bar: 100 um

3.2 Construction of whole left-ventricle model using Finite Element Method

In order to construct the whole left-ventricle model, we assumed that the entire
ventricular wall expanded in the same manner as the lateral region. Consequently, the
transverse isotropic matrix (5) and average fiber orientation detected (Figure 5A) on
eight different levels were introduced as parameters into an FEA. Thus, we constructed

a simplified cylindrical model (Figure 5B) and a CT-based model (Figure 5C).



Figure 5. Construction of 3D transverse isotropic model of left ventricle. (A) Average fiber orientation
calculated from eight different levels of detected cardiac tissue. (B) Simplified cylindrical model based on
average fiber orientation and tissue elasticity. (C) CT-based model constructed with average fiber
orientation, tissue elasticity, and 3D abaqus data transferred from CT imaging of the same heart

We defined the transversely isotropic matrix using five independent coefficients: the
longitudinal and transverse Young’s moduli, noted E; and E;, respectively; the
Poisson ratio in the isotropic plane, vy, and transverse plane, v,r; a longitudinal-

transverse shear modulus, G, (6).

. Jlmo _ur 0 0
Er Er Ey

_vrr 1 _vr 0 0
ET ET EL
VTL VTL 1
0 0 0 Atwn o

Ep

0 0 0 0 Gyt 0
0 0 0 0 0 Gy

The symmetry of the stress tensors of the medium implies:

_vir_ _vr
) = (7)

The transverse strain could not be measured using nanoindentation. In this work, we
assume v;r = v = 0.49 to the deformability of the fibers. The shear modulus, G, r,

is determined by the following empirical expression, taken from Lekhnitskii (1981):

_ ELET
EL(1+2vyr)+ET

Gy (8)

This formula was established for transversely isotropic rocks, also developed by Van
Loocke for skeletal muscles (Van Loocke et al., 2006), and is applied here as a first

approximation. All things considered equal, the elasticity matrix of the LV wall was



defined as follows in Table 1:

Ci111 Cnz C222 Ciia3 C2233 Ca333 Ci212 Ciz13 C2323

value 0.35 0176  0.35 0.00137 0.00137 0.00138 0.0874 0.00226 0.00226

Table 1: transversely isotropic stiffness tensor

3.3 Mechanical evaluation of the numerical model of the left ventricle

To evaluate the diastole phase of the numerical model, progressively increasing
pressure was applied to the ventricular cavity. The simulated ventricular pressure was
increased from 5.5 mmHg to 11 mmHg, while the ventricular volume was accordingly
increased to 112 mL in the CT-based model and 113 mL in the cylindrical model. This
pressure-volume change was compared to a known Pressure-Volume loop issued
from a healthy pig heart (Raake et al., 2019). The simulation demonstrated a linear
change regression between pressure and volume, which was compatible with the
detected P-V loop (Figure 7). This result indicated that the numerical model was

capable of simulating the passive filling process of the left ventricle.
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Figure 6: In a detected Pressure-Volume loop (black curve), the left-ventricle volume increased
progressively with the ventricular pressure caused by passive filling of blood from the left atrium. The

simulated curve (red dot) demonstrated a similar Pressure-Volume relationship, which was a linear trend



During the increase in ventricular pressure, the wall motion was also recorded. In the
cylindrical model, displacement was most significant in the basal and apex regions of
the heart (3.5 mm). In the CT-based model, the most significant displacement was
observed in the apex (4.9 mm), lateral free wall (5.11 mm), and septum (3.5 mm) of
the heart. Due to the differently-arranged fibers from the base to the apex, the heart

rotation could also be observed during the passive-filling phase, mimicking a real heart
(Figure 8 and online video).
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Figure 7. Left-ventricle wall motion during diastole simulation. Wall motion of cylindrical model (A-C) and

CT-based model (D-F) during diastole revealed differing wall displacement. U1 represents wall motion in
the X axis, U2 for the Y axis, and U3 for the Z axis

Figure 8. Ventricular rotation during passive filling phase. A, at the beginning of simulation. B, at the end



of simulation. Ventricular rotation can be observed with ventricular cavity filling. Color-scale represent fiber

displacement, unite in millimeter. Online video is available for this rotation process.
4 Discussion

In the study presented herein, we characterized the elasticity and fiber orientation of
the lateral region of a healthy pig left ventricle. Based on this data and the scanning

image of this heart, we constructed a model using FEM.

Cardiac muscle contraction was induced by sarcomeres, adapted according to this
anatomic structure, with the indentation test demonstrating that the tissue was less stiff
when the indentation tip was parallel to the fibers, meaning the muscle fiber was
oriented vertically, at 90°. Since the cardiac muscle fibers are oriented differently from
endocardium to epicardium, as well as from the base to the apex of the heart, it is
difficult to obtain a complete map of the heart. Our results on eight different levels
revealed the change in overall fiber orientation. They were aligned more toward the LV
longitudinal axis at the base and apex of the heart than in the middle. This fiber
arrangement was further confirmed by microscopy, and corresponded to findings in
other studies (Holzapfel and Ogden, 2009; Lombaert et al., 2012; Sanchez-Quintana
et al., 1994). As a result, the formula that we proposed can adequately explain the
relationship between fiber elasticity and overall fiber orientation. To the best of our
knowledge, this is the first study to describe the relationship between fiber orientation

and resulting elasticity.

While the fiber elasticity and orientation varies depending on measurement location,
the wall motion direction is the result of average fiber orientation and the fibers’
elasticity response to ventricular pressure (Wong and Kuhl, 2014). Our results revealed
similar average fiber orientation to that shown by Lombaert et al. (Lombaert et al.,
2012). By using an average fiber orientation value, we were able to simplify the data
input for the model construction and functional simulation. In this study, the
measurements were taken on eight slices. Despite these measurements not
containing all layers of cardiac tissue, the continuous fiber orientation change they
revealed enabled our prediction of mechanical properties on locations between those
histological cuts. Nevertheless, more slices would be needed if one sought to enrich

the mechanical information in the model.

Our mechanical simulation based on measured fiber elasticity and orientation
confirmed the accuracy of the model. By simulating the P-V loop, our results showed
that the numerical model demonstrated a progressive increase in volume caused by

internal pressure, which was compatible with a measured P-V loop (Raake et al., 2019).



Furthermore, changes in fiber angle distribution are known to alter fiber stress—strain
distribution on the LV wall (Palit et al., 2015), and the simulation approach containing
fiber angle distribution also revealed a rotation process, which is an important dynamic

characteristic of the beating heart (Nakatani, 2011).

All these results together demonstrated that our computational model based on
mechanical measurement and imaging data can represent the passive filling course of
the left ventricle during diastole. By simulating the change in volume and wall
displacement, it also enables detailed information about LV motion to be acquired. This
detailed information is especially useful for the manufacturing of biomedical materials

for epicardial applications.

The principal novelty of this study is that we found a simple method describing
representative fiber orientation calculated within detected Young’s modulus. In fact,
the existing computational models describing fiber orientation are based on imaging
observation (CT, RMI or histology), while the mechanical behavior detection was apart.
These two major characteristics were thus lack of relation. Furthermore, the structural
characteristics of myocardium, such as the local orientation of the myo- and collagen
fibers, are spatially heterogeneous and vary with position throughout the tissue from
base to apex and from endocardium to epicardium. Therefore, the myocardium does
not actually possess structural uniformity, which is essential to define a representative
tissue element for an inhomogeneous specimen(Avazmohammadi et al., 2019).
Appling the overall fiber elasticity and calculated mean fiber orientation on different
location of the specimen, we are thus able to construct a computation model that
contain both the geometric and mechanical properties of myocardium, which were

inherently related.
Study Limitations

First, the data used for this study was acquired from explanted hearts that were
arrested during diastole. Thus, the model described solely the inactive diastole status.
Though the systolic phase was not investigated in this study, systolic wall motion is

not the key factor influencing the mechanical performance of epicardial biomaterial.

Secondly, the cardiac tissue used in this study was from the lateral region of the LV,
and mechanical testing was effectuated in eight slices from different levels. Even
though numerous points were detected on each sample, any information from between
slices was thus missed. More histological cuts are therefore needed to better represent
the smooth variation of fiber orientation. Furthermore, we built the whole LV using the

mechanical information obtained from the lateral region of the LV, and the authors are



aware that the different regions of the LV vary in how they expand. Given this, every

part of the LV should be measured individually to establish a complete numerical model.

Thirdly, an elasticity matrix was defined by instrumented indentation tests using a
spherical tip, yet the Poisson ratio was obtained from the literature. In order to obtain
it, other tests are needed. In this study, we consider a linear elastic model. Moreover,
the fibers of the heart tissue have directional sensitivity and symmetry. We can thus

consider them to be a material with transverse isotropic behavior.

In this study, the orientation of the fibers was defined as constant and an elasticity
matrix was established for each layer of the left ventricle. The first simulation showed
that this configuration seems to be a good candidate for simulating ventricular diastole.
This paves the way for a second study consisting in taking into account the variation

in fiber density, viscoelastic behavior, and large deformations.

4. Conclusion

The mechanical performance of cardiac tissue is related to local fiber structure. The
formula that we propose outlines, for the first time, a way to describe the elasticity of
cardiac tissue and underlying fiber orientation. Building off CT imaging, we created a
computational model that can accurately simulate the diastole phase of the LV. By
modelling LV wall motion during passive diastole filling, our understanding of volume
changes and the local deformation of the epicardium will be vastly improved, which will

guide advances in the manufacturing of biomaterials for epicardial applications.
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