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ABSTRACT

This work provides a comprehensive characterization of porcine myocardial tissue, combining true biax-
ial (TBx), simple triaxial shear (STS) and confined compression (CC) tests to analyze its elastic behavior
under cyclic loads. We expanded this study to different zones of the ventricular free wall, providing in-
sights into the local behavior along the longitudinal and radial coordinates. The aging impact was also
assessed by comparing two age groups (4 and 8 months). Resulting data showed that the myocardium
exhibits a highly nonlinear hyperelastic and incompressible behavior. We observed an anisotropy ratio
of 2-2.4 between averaged peak stresses in TBx tests and 1-0.59-0.40 orthotropy ratios for normalised
fiber-sheet-normal peak stresses in STS tests. We obtained a highly incompressible response, reaching
volumetric pressures of 2-7 MPa for perfused tissue in CC tests, with notable differences when fluid
drainage was allowed, suggesting a high permeability. Regional analysis showed reduced stiffness and
anisotropy (20-25%) at the apical region compared to the medial, which we attributed to differences
in the fiber field dispersion. Compressibility also increased towards the epicardium and apical regions.
Regarding age-related variations, 8-month animals showed stiffer response (at least 25% increase), par-
ticularly in directions where the mechanical stress is absorbed by collagenous fibers (more than 90%),
as supported by a histological analysis. Although compressibility of perfused tissue remained unchanged,
permeability significantly reduced in 8-month-old animals. Our findings offer new insights into myocar-
dial properties, emphasizing on local variations, which can help to get a more realistic understanding of
cardiac mechanics in this common animal model.

Statement of significance

In this work, we conducted a comprehensive analysis of the passive mechanical behavior of porcine my-
ocardial tissue through biaxial, triaxial shear, and confined compression tests. Unlike previous research,
we investigated the variation in mechanical response across the left ventricular free wall, conventionally
assumed homogeneous, revealing differences in terms of stiffness and compressibility. Additionally, we
evaluated age-related effects on mechanical properties by comparing two age groups, observing signif-
icant variations in stiffness and permeability. To date, there has been no such in-depth exploration of
myocardial elastic response and compressibility considering regional variations along the wall and may
contribute to a better understanding of the cardiac tissue’s passive mechanical response.
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1. Introduction

Cardiac mechanics is usually delineated into active and pas-
sive response, with passive mechanics, especially that related to
the left ventricle (LV), being determinant for the overall cardiac
function [1,2]. Besides, it also has a significant influence on various
cardiac pathologies, including diastolic heart failure [3,4] and my-
ocardial infarction (MI) [5,6]. Focusing on MI, it has been shown
that the mechanical properties of the infarcted myocardium are
closely related to the preceding physiological ones [5,6]. Research
by Fomovsky et al. indicated high variability in post-MI properties
based on the selected animal model [6] and the infarction loca-
tion [7]. Their study concluded that local deformations at the in-
farction site strongly influence its subsequent structure and proper-
ties, highlighting the need to analyze, not only the overall mechan-
ical behavior of the myocardium, but the local variations through-
out the entire ventricle. Moreover, tissue-engineered cardiac grafts
have emerged as a promising therapeutic strategy post-MI [8-10],
being the differentiation of stem cells to cardiomyocytes heavily
influenced by their mechanical environment [11-14]. Hence, there
is a pressure to replicate the mechanical characteristics of the orig-
inal tissue to facilitate the best coupling between the native and
the newly-developed tissue [14,15]. Therefore, a thorough compre-
hension of the passive mechanical properties of myocardial tissue
is imperative to advance towards efficient models and enhanced
therapeutic approaches.

Diverse experimental studies have been conducted to eluci-
date the elastic mechanical response of cardiac tissue. A preva-
lent approach is in vitro testing of biopsied cardiac tissue sam-
ples in pure deformation modes. Apart from early uniaxial stud-
ies [16], planar equibiaxial extension tests (EBx) were performed
on parallel-to-the-epicardium sheets of myocardial tissue of the
left ventricular free wall (LVFW) of canine hearts [17,18]. Later,
EBx characterization was extended to true biaxial characterization
(TBx) to assess the direction-dependent and cross-coupling effects
in canine [19,20], ovine [21,22] and murine [23] LV and RV my-
ocardium. The derived results suggested a transversely isotropic re-
sponse for the cardiac tissue. However, as LeGrice demonstrated
[24], the myocardium exhibits a well-structured three-dimensional
distribution, with three mechanical principal constitutive direc-
tions: the muscle fibers (f), the sheet in-plane direction (s), and
the normal to the cleavage planes (n). This FSN configuration im-
plies a local orthotropic behavior, suggesting that biaxial testing
alone is insufficient for a complete three-dimensional characteri-
zation [25]. Besides, the relative sliding of myocardial layers plays
a crucial role during several stages of cardiac cycle [24,26]. Thus,
simple triaxial shear tests (STS) were introduced in porcine hearts
[27] and later in human hearts, combined with TBx tests [28],
confirming the orthotropic response of myocardial tissue. Recent
studies characterised the mechanical response variation among the
LVFW, RVFW, and intraventricular septum (IVS) in porcine [29] and
murine [30] hearts through TBx tests, as well as in ovine hearts
through tensile and shear testing [31|. Ahmad et al. aimed to
assess the response at different stages of organ development in
porcine hearts [32]. More recently, a novel numerical-experimental
approach, focused on the optimality of a complete 3D characteriza-
tion, was proposed by Avazmohammadi and colleagues, combining
STS and pure shear tests (PTS) in ovine cardiac tissue [33].

Despite this extensive elastic characterization of myocardium,
it is normally described in averaged terms, without emphasizing
on the important local variations that do exist within the tissue.
As stated, there are some studies which did attempt to account
for local heterogeneities between tissue from RVFW, LVFW and
IVS [20,22,28-31]. However, the variation in mechanical response
within the LV cavity has been limitedly explored. Specifically, De-
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mer et al. [17] reported differences between the apical and me-
dial LVFW, albeit providing only a qualitative comparison. Ghaemi
et al. [22] tested medial and apical samples without observing sig-
nificant differences, as did not Sommer et al. [28] between the
basal and medial zones. The variation along the radial axis (from
endocardium to epicardium) has also been explored, with no ob-
vious differences recorded [20,28,34]. Notably, a clear distinct be-
havior between epicardial and endocardial membranes versus the
myocardium has been demonstrated [35,36]. Therefore, while ex-
isting results suggest a homogeneous behavior across the LVFW,
these studies have been limited to a qualitative evaluation of the
local response. None of them has undertaken a more comprehen-
sive characterization of the mechanical response throughout the
LVFW.

In addition to these complex elastic properties, tissue com-
pressibility, often overlooked in computational studies, has gained
attention in recent research [37-39]. Traditionally, the myocardium
is assumed to be incompressible due to its high fluid content
[25,33,40,41]. However, it is widely accepted that the myocardium
exhibits a ‘dynamic’ in vivo volumetric variations of up to 20% oc-
curring throughout the cardiac cycle [42-48]. This phenomenon is
normally attributed to the coronary blood flow, known to vary in
volume by 20-40% during the cycle [49,50]. Furthermore, the study
by Avazmohammadi et al. demonstrated that this compressibility
is not spatially homogeneous, showing heterogeneities along both
radial and longitudinal directions [48]. The recent study conducted
by Liu et al. [39] highlighted the significance of incorporating com-
pressive behavior in computational models, reaching up to 40% dif-
ferences in peak stress values along the cardiac wall, as well as a
superior fit of wall thickness variation over the cardiac cycle. While
this ‘dynamic’ compressibility has been well explored, questions
regarding its ability to fully explain myocardium volumetric vari-
ation in vivo remain to be answered [42]. In contrast, the intrin-
sic compressibility of myocardial tissue has not been as extensively
analyzed. McEvoy et al. [37] is the only study attempting to quan-
tify it, and only for the myocardium as a whole. Notably, the ex-
perimental quantification of the extensive and shear response and
the compressive properties has been traditionally treated indepen-
dently, and, to the best of our knowledge, no attempt has been
made to integrate both studies under the same testing methodol-
ogy.

In this study, we conducted a comprehensive experimental
characterization of the passive response of porcine cardiac tissue
using TBx and STS tests, complemented by an evaluation of tis-
sue compressibility through confined compression tests (Fig. 1).
To thoroughly examine local variations in mechanical properties,
we selected samples from distinct positions within the LVFW,
with specific attention to differences between the antero-apical
and antero-medial areas, which are associated with two preva-
lent infarction models (left descendant and left circumflex coro-
nary artery infarction models, respectively). Additionally, we con-
sidered animals of two different ages to investigate how the me-
chanical response evolves over time. To our knowledge, this re-
search represents the first attempt to integrate the study all me-
chanical tests and constitutive properties in vitro for the same ani-
mal model and under identical test conditions. Moreover, our study
provides an exhaustive analysis of the variation in the mechani-
cal response along the LVFW, which is normally explored globally.
This expanded characterization of local heterogeneities across the
LV volume holds particular significance to analyze the impact of di-
verse infarct models, given the substantial influence of the position
on the mechanical properties of the infarcted tissue. We hope that
our findings will contribute to a deeper understanding of the ven-
tricular passive response, ultimately facilitating more precise de-
scriptions of the myocardial tissue.
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Fig. 1. (a) Biaxial extension testing procedure: (i) sample microstructure and alignment; (ii) first transmural cut performed, not yet parallel to MFD and CFD; (iii) vibratome
cutter experimental set-up; (iv) 25 x 25 x 1 mm biaxial sample after preparation; (v) experimental set-up of the biaxial tests (black line indicates MFD direction); (vi) biaxial
sample during mechanical testing. (b) Triaxial shear testing procedure: (i) different shear configurations regarding load orientation and the orthotropy directions; (ii) 4 x 4 x 4
mm shear specimen after processing (black line indicates F direction, and the other in-plane direction corresponds to N); (iii) experimental set-up of the triaxial shear tests;
(iv) triaxial shear sample during mechanical testing. (c) Confined compression testing procedure: (i) sample microstructure and alignment; (ii) Confined Compression (CC)
and Fluid-Drainage Confined Compression (FDCC) testing configuration; (iii) compression sample after preparation; (iv) experimental set-up of the compressive tests.

2. Materials and methods man heart. Porcine left ventricular transmural biopsy specimens
(Fig. 1) were obtained from 13 white pigs (Sus scrofa domesti-
2.1. Animals cus) of 18-22 weeks of age (about 4 months old, 4MA) with a

mean weight of 61.62 + 5.65 kg. 5 extra animals were also used
We used porcine animal model as it is one of the most used in with different age, 36-42 weeks (about 8 months old, 8MA) with a
cardiovascular mechanics due to its close resemblance to the hu- mean weight of 121.36 + 28.21 kg. All hearts were obtained at the
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Table 1

Summary of mechanical tests for all the specimens. AMFW stands for antero-medial
LV free wall, AAFW stands for antero-apical LV free wall, PMFW stands for postero-
medial LV free wall. 4MA stands for 4 months old animals and 8MA stands for 8
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months old animals.

Animal Animal weight  Biaxial
[kg] (AMFW)

4MA-1 62.8 3
4MA-2 54.5 3
4MA-3 54.9 2
4MA-4 53.4 2
4MA-5 64.1 2
4MA-6 64.0 2
4MA-7 59.5 2
4MA-8 62.0 1
4MA-9 61.6 2
4MA-10 61.0 1
4MA-11 70.0 1
4MA-12 60.2 -
4MA-13 73.0 3
Total 4AMA - 24
8MA-1 94.0 -
8MA-2 96.0 -
8MA-3 124.7 -
8MA-4 129.3 -
8MA-5 162.8 -
Total SMA - -

Biaxial Shear Compression
(AAFW)  (PMFW)

- 6 -

- 6 -

- 7 -

- 6 -

_ 7 _

- 6 -

. 7 -

4 - 13
4 - 18
5 28
4 - 25
5 - 14
2 - 14
24 45 112
3 8 22
2 11 21
3 11 22
4 7 16
5 8 20
17 45 101

Experimental Surgery Service of the Aragon Health Sciences Insti-
tute. Animals were cardioplegically arrested under deep anaesthe-
sia with propofol (intravenous administration, up to 6 mg/kg) and
inhaled sevofurane (1.9%) and sacrificed. Hearts were maintained
in cold cardioplegia from extraction during transport to the labo-
ratory (less than 2 h). All animal experiments complied with the
regulations of the local animal welfare committee for the care and
use of experimental animals and were approved by local authori-
ties (Ethics Committee on Animal Experimentation, CEAEA, of the
Aragon region, reference code PI36/20). All animal procedures fol-
lowed the guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific pur-
poses. Two different solutions were used during the sample obten-
tion procedure: Tyrode’s solution: composition in mM, NaCl 140,
KCl 6, CaCl2 0.9, MgCI2 (.6H20) 1, glucose 10, HEPES 10, supple-
mented with 30 mM 2, 3-butanedione monoxide (BDM) to in-
hibit contractile activity, pH adjusted to 7.4, all chemicals from
Sigma Aldrich. Cardioplegic solution: 5.5 mM glucose, 0.5 mM
MgS04.7H20, 24 mM KCl, 20 mM NaHCO03, 109 mM Nacl, 0.9 mM
NaH2PO4 and 1.8 mM CaCl2, pH 74, all chemicals from Sigma
Aldrich.

2.2. Biaxial testing

Specimen preparations. Left ventricular transmural tissue
blocks (surface area 38 x 38 mm, 1.a) were cut with a single
edge razor blade. To compare different regions of the LVFW,
biaxial samples were obtained at two distinct locations. As will be
detailed later, triaxial shear tests and confined compression tests
were performed simultaneously with the biaxial tests. To ensure
that myocardium was maintained in near physiological conditions,
only two types of simultaneous tests were feasible per animal. In 7
animals, samples were obtained at the Anterior-Medial part of the
LV Free Wall (AMFW) while at the remaining 6 animals, samples
were obtained both at the Anterior-Apical area of the LV Free Wall
(AAFW) and the AMFW region. A total of 24 samples were tested
both at the AMFW and the AAFW (Table 1). The medial area
was approximately one-third of the total ventricle length below
the base, situated roughly 10-20 millimeters lower. The apical
zone was chosen as close as possible to the ventricular apex to

analyze the area where the fiber orientation is more dispersed
(1). Tissue blocks were directly glued onto the vibratome cutting
stage, mounting them epicardium-side down to ensure maximum
longitudinal alignment of muscle fibers with the slicing plane
(Fig. 1a) [51-53] and to minimize the number of fibers transected
during sectioning, as myocardial fascicles primarily orient parallel
to the epicardium [24,54,55]. 1 mm-thick slices were cut in freshly
prepared ice-cold pre-oxygenated Tyrode’s solution employing a
high precision vibratome, advancing at a low speed of 0.04 mm/s
and oscillating at an amplitude of 2 mm and a vibration frequency
of 80 Hz. Calibration was performed before slicing each tissue
block to ensure less than than 0.5 pm out-of-plane blade devia-
tion. Every endocardial trabecular layer and area of gross chordae
tendineae from papillary muscles was trimmed. Hence, samples
ranged from sub-endocardium to sub-epicardium. After slicing,
sections were maintained in cold cardioplegic solution until used
for mechanical testing within the following 72 h. In all tests,
we analyzed whether there was any impact on the mechanical
response over this time due to the loss of physiological condi-
tions. No significant difference was observed within the 72-hour
timeframe. From these slices, squared specimens (25 x 25 mm)
were prepared using a square cutter, with one side aligned with
the mean-fiber direction, MFD, and the other with the cross-fiber
direction, CFD, which corresponds to FF and NN following LeGrice
FSN coordinate system, respectively (Fig. 1a). Nine dot markers
were painted onto the specimens for later obtention of the real
samples stretches (Fig. 1a). In Table 1, a summary of the tests
performed is shown.

Biaxial extension protocol. Tests were performed using a true
biaxial testing equipment (Instron Planar Biaxial Soft Tissue Test
System, Fig. 1a) with a 10 N loading cell following the pro-
tocol presented by Sommer et al. in 2015 [28]. Four different
stretch levels were consecutively applied (5-20% in 5% increments),
with 4 preconditioning cycles and 1 measuring cycle at each
stretch to get a steady response. The literature suggests a total
of 5 to 10 cycles to achieve a steady response [18,20,21,23], but
Sommer et al. asserted that 5 levels are sufficient [28]. Several
loading ratios between MFD and CFD were considered at each
stretch level (1(MFD):1(CFD), 1:0.75, 1:0.5, 0.75:1, 0.5:1) to cap-
ture the direction-dependent material response. A 2 mN equibi-
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axial preloading was applied in all tests under quasi-static condi-
tions (v=2 mm/min). To prevent cell contraction, samples were im-
mersed in cardioplegia solution at body temperature (37° C). The
Cauchy stress (o) was obtained for the evaluation of the mechani-
cal response. For an imcompressible material such as myocardium,
Cauchy stress can be determined as:

Uii:)hipii:)hi% (1)
j
where A; = x;/X; represents tissue stretch in each direction (MFD
and CFD), based on the dimensions of the loaded (x;) and un-
loaded (X;) configuration; P; refers to the first Piola-Kirchhoff stress
in each direction; F; corresponds to the normal forces in each di-
rection (ii does not stand for summation); t is the specimen thick-
ness in the unloaded reference configuration (1 mm) and L; are
the transverse-to-the-force lengths of the sample sides in the un-
deformed state (which were about 20 mm in every specimen). To
monitor the real sample deformations and consider potential shear
strains, nine dots were marked at the central part of the biaxial
sample using waterproof marker. Images were captured at a fre-
quency of 2 Hz, and shear strains and stresses were computed as
described in [56].

2.3. Triaxial shear testing

Specimen preparations. Due to the laminar architecture of the
myocardium [24], a right-handed orthogonal set of axes was es-
tablished regarding the fiber spatial distribution along the ventri-
cle wall: the myofiber direction or fiber axis (F), which correspond
to MFD at biaxial testing; the direction transverse to the fiber axis
within the layer or sheet axis (S); and transversal direction to both
of them (N), which corresponds to CFD. These directions lead to
six different shear configurations (Fig. 1b). To guarantee a homo-
geneous fiber orientation within the sample, the cubic specimen
should be as small as possible. 4 mm cubic samples aligned to lo-
cal axes (FSN) were manually cut with a vibratome blade (Fig. 1b).
For easier structural identification, Evans blue dye was used to
highlight the laminar structure. As the AMFW region was entirely
dedicated to biaxial and compressive testing, shear samples were
obtained at the Posterior-Medial area of the LV Free Wall (PMFW),
as close as possible to the biaxial cut (Fig. 1b). We did not ob-
served structural differences between AMFW and PMFW samples.
The specimen was then glued to both the bottom and upper spec-
imen holders of the testing device, using sandpaper to improve
holders’ attachment. In Table 1 we show a summary of the pre-
formed experiments.

Triaxial shear protocol. Triaxial shear tests were conducted us-
ing a multiaxial testing device (CellScale MicroTester G2, Fig. 1b)
following the protocol presented by Dokos et al. in 2002 [27]. Five
different stretch levels (10-50% in 10% increments) were applied
consecutively, with two preconditioning cycles and one measuring
cycle for each level. Only one shear mode was evaluated for each
sample. A total of 45 samples were tested, and all six shear modes
were performed for all animals (Table 1). Equally to biaxial testing,
all tests were performed at quasi-static conditions (v=2 mm/min)
and immersed in cardioplegia solution at body temperature (37°C)
to prevent cell contraction. Once again, all tests were performed
within 72h after heart extraction. The amount of shear (y;;) and
shear stresses (7;;) for each shear configuration (referred as ‘ij’) was
obtained to quantify the shear response of the tissue as:

AL F;
Vij = I T = i (2)
where AL denotes the shear displacement and L;, L; and L, are
the dimensions (along F, S and N, respectively) of the cubic sample
as described at Fig. 1b (which were about 4 mm in all the speci-
mens); F; refers to the recorded shear force.
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2.4. Compression testing

Specimen preparations. As illustrated in Fig. 1, compression
samples were also obtained from parallel-to-the-epicardium slices,
simultaneously to biaxial samples. Samples were obtained both
from the AMFW and the AAFW regions. In this case, 2 mm thick
38 x 38 mm slices were obtained with the vibratome cutter, main-
taining the cutting procedure of the biaxial specimens. Samples
also ranged from sub-endocardium to sub-epicardium to address
variations in compressibility across the transmural thickness of the
LVFW. Three discrete thickness levels where distinguished, sub-
epicardium (SEpi), up to 3 mm below the epicardial surface; sub-
endocardium (SEnd), up to 3 mm over the endocardial surface
and myocardium (MIO), which corresponds to the rest of the wall.
From these slices, cylindrical samples of 6 and 8 mm of diameter
were prepared so that the circular section coincides with the FN
plane and the transverse plane. Thus, the compression load takes
place along the S direction (Fig. 1c).

Confined compression protocol. Two different confined com-
pression tests were conducted. In the first one, the tooling had a
small exit orifice which acted as a fluid drainage (Fluid Drainage
Confined Compression, FDCC). In the second one, no drainage was
considered so the sample was fully confined (Confined Compres-
sion, CC). Both tests followed the protocol presented by McEvoy
et al. [37]. A total of 112 confined tests were performed, in which
52 were CC tests and 60 FDCC tests (Table 1). Briefly, specimens
were placed into a rigid die with its same transversal dimensions.
Compression was imposed using a uniaxial machine (Instron Mi-
croTester 15848 with a 500 N loading cell, Fig. 1c) under quasi-
static conditions (v=2 mm/min). In both CC and FDCC tests, two
loading stages were applied. First, a volumetric compression stage
was applied until the specimen was deformed to a volumetric
strain of 10%. As the compression is confined, axial strain is equal
to volumetric strain. Then, a fluid drainage stage was applied in
which the indenter is maintained during a certain time (15 min)
to allow the fluid to exit the sample. Of course, fluid was only able
to come out in the FDCC tests. All tests were performed within
72h after heart extraction. The volumetric strain (J) and hydrostatic
stress (P) were obtained as:

AV F
J_ Vo ’ P= Tr2 (3)

where AV is the volumetric variation associated with compression,
Vp the original volume, and r the radius of the sample, which was
4 mm for CC and 3 mm for FDCC. Table 1 provides a summary of
the tests performed.

2.5. Histological analysis

In order to analyze the tissue microstructure at the different
sample locations and age groups, a histological analysis was carried
out. We aimed to analyze the spatial distribution of the main mi-
crostructural components from a mechanical standpoint, and to re-
late its distribution with the observed mechanical response. Sam-
ple processing was performed at the Central Anatomical Pathology
Unit of the Aragon Health Sciences Institute. Formaldehyde-fixed
samples were processed in cassettes using an automatic tissue pro-
cessor (Tissue-Tek Xpress x50). Then, the tissue blocks were made
with Leica EG1150 unit, after which they were solidified on a cold
plate. Paraffin-embedded samples were cut into 3 pm thick sec-
tions (Leica RM2255 rotary microtome) and kept in a tempered
bath. Then, they were collected with superfrost plus slides (Bio-
optica. Labolan Ref. 50559). Slides were placed on vertical racks
and left to dry overnight at 37°C, then a deparaffinization and hy-
dration process was carried out. Subsequently, the sections were
stained with Picrosirius Red staining (PR), Masson’s Trichrome
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staining (MT) and Hematoxylin-Eosin staining (HE) to capture mus-
cular and collagenous fibers distribution. After staining, the sec-
tions were dehydrated by immersion in ascending alcohol solu-
tions (70%, 96% and 100%) for 15s each. Finally, all sections were
cleaned with xylene for 15s and mounted on the Leica CV5030 au-
tomatic mounter using Epredia glass coverslips.

2.6. Influence of samples location on the mechanical response

As mentioned earlier, in addition to characterizing the overall
myocardium response, two additional studies were conducted: in
the first one, the variation of the mechanical properties was inves-
tigated as a function of the sample’s position, and in the second
one, the influence of age on the mechanical response was exam-
ined. Within the location analysis, various comparisons were made,
all performed on animals of the same age group (4MA). First, we
examined the properties along the longitudinal direction of the
LVFW. Two different regions along that direction, AAFW (n = 44)
and AMFW (n = 68) were studied. All samples were collected from
the central part of the myocardium thickness. No location analy-
sis was conducted for the triaxial shear tests, as all samples were
obtained from the same zone (PMFW). A second analysis was con-
ducted to assess the variation of the tissue response along the
transmural thickness of the wall, ranging from sub-endocardium to
sub-epicardium. In this second analysis all samples were collected
at the AMFW region and at least 17 samples were considered in
each region.

2.7. Influence of animal age on the mechanical response

As mentioned, to evaluate the influence of age on tissue re-
sponse, experiments were conducted on an additional set of 5 an-
imals at 8 months of age (8MA), where the weight of the animals
was approximately double that of the 4MA animals. The weights
per animal for each individual tested are listed in Table 1. The
same mechanical tests mentioned above (biaxial, triaxial shear, and
CC/FDCC compression tests) were conducted for this second group,
as described in Table 1.

2.8. Statistical analysis

Statistical analyses were conducted to assess correlations be-
tween different data groups. Pearson’s correlation coefficient was
used for continuous samples, such as the evolution of peak stresses
concerning animal weights. Additionally, statistical differences in
mechanical properties between regions or age groups were also ex-
amined. The Shapiro-Wilk test was employed to assess the normal-
ity of results within each subgroup. Depending on the normality
of each data group, p-values were determined using Student’s t-
distribution for normal samples and Mann-Whitney U-distribution
for non-normal samples, considering p < 0.05 as significant. Statis-
tical analyses were performed using a custom Matlab R2024a pro-
gram. All data values are presented as mean =+ standard deviation
(SD).

3. Results
3.1. Biaxial extension tests

In Fig. 2, we present a summary of the results from the true
biaxial characterization. All plots show Cauchy stress vs. stretch re-
sults. We have considered the results from AMFW region in 4MA
animals as reference, and we have kept the results for AAFW and
8MA animals for the specific analyses described later. Although a
relevant viscoelastic behavior is noticeable, this study will focus
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Table 2

Average peak equibiaxial stress both in MFD (which corresponds to FF) and CFD
(which corresponds to NN), and anisotropy ratio at every imposed stretch level.

5% of strain 10% of strain 15% of strain 20% of strain

MFD (kPa) 4.64 £ 086  8.35+ 143 1124 £ 189  13.23 + 2.55
CFD (kPa) 203 +£1.69 395+ 1.69 6.07 + 1.43 7.92 £+ 1.60
MFD/CFD (-)  2.14 2.40 1.99 1.96

solely on the elastic part of the response. Myocardial tissue ex-
hibits a highly non-linear and anisotropic response, with higher
stiffness in the MFD (FF) direction than in the CFD (NN) one, as
expected. Fig. 2a, illustrates the characteristic preconditioning be-
havior (specimen 4MA-2-2) under equibiaxial loading at 10 and
15% of stretch, which was reproducible across other animals and
stress levels. The results suggest that the imposed precondition-
ing is sufficient to reach a steady state, as the response stabilizes
from the second or third cycle. It was observed that in practically
all samples the shear stresses were negligible (less than 5%), but
even so they were accounted to obtain the actual normal stress. In
the few samples where relevant shear stresses were obtained due
to suboptimal sample placement, the experiments were discarded,
and they have not been included in the study nor in the summary
shown in Table 1.

Fig. 2 b shows the measuring cycle of the equibiaxial results at
each stretch level (1.05 to 1.20, in 0.05 increments) for a represen-
tative sample (specimen 4MA-2-2). These graphs show evidence of
softening effects in the myocardial tissue, with a progressive re-
duction in stiffness as the maximum strain is imposed and main-
tained over time. Fig. 2c presents the representative response for
all loading ratios applied at 10% stretch. The different loading ra-
tios remain consistent with the Poisson effect, as we observed in
both directions a progressive increase in stiffness, consistent with
the state of deformation in the transverse direction. We also ob-
serve some cross-coupling effect as the stiffness in both directions
varies depending of the load in the transverse direction.

Although the selected specimen is representative of the global
response, assessing average results to understand inter-patient
variability is also convenient. In Fig. 2d, averaged equibiaxial curves
(n = 24) are organised by stretch level, while Fig. 2e shows all the
averaged loading ratios curves at 10% of stretch. We did not include
the deviation in Fig. 2e, for the sake of clarity, but it was compara-
ble to the one shown in Fig. 2d. Although some variability does
exist between different animals, as represented by the standard
deviation, the overall trend is evident and aligns with the expla-
nations in the previous plots. Table 2 also collects the peak Cauchy
stress for both MFD and CFD. Once again, higher peak stress is ob-
served in MFD, resulting in an anisotropy ratio (I;Qé’%) around 2 for
all cases (1.96-2.40), which is in good agreement with values re-
ported in the literature (between 1.5 and 3) [18,20,22,28].

3.2. Triaxial shear extension tests

In Fig. 3, the results obtained from the triaxial shear charac-
terization are presented. All plots depict Cauchy stress vs. amount
of shear. Again, triaxial shear results exhibit a highly non-linear
response, with a significant viscoelastic component. Besides, soft-
ening is also visible in these plots. Fig. 3b shows a global com-
parison of the six different shear configurations at y = 0.5, while
Fig. 3a,c,e display the results for all the applied shear levels (0.1 to
0.5) separated by shearing planes (F-S-N) for clearer understand-
ing. All these plots present the results for a representative spec-
imen (4MA-4). The myocardium presents an evident orthotropic
response, which can be differentiated into three different groups.
First, tests where the shear stress is mainly absorbed by the F
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Fig. 2. Biaxial results for a representative specimen (specimen 4M-2-2) and biaxial average results. In all plots, solid line refers to MFD and dashed line to CFD. (a) Typical
preconditioning behavior at two strain levels (10 and 15%). (b) Representative equibiaxial results at the measuring cycle for all imposed strain levels (5, 10, 15 and 20%). (c)
Representative results for all the imposed loading ratios at 10% of stretch. (d) Equibiaxial average results (n = 24) for all imposed strain levels; the standard deviation of each
curve is shown as a shaded area. (e) Averaged results (n = 24) for all the imposed loading ratios at 10% of stretch; the deviation is not shown here for the sake of clarity

due to the high number of curves in the same plot.

direction (FN-FS) show the stiffest response at all strain levels
(around 8 kPa for y = 0.5). Then, those where the shear stress is
mainly in the S direction (SF-SN) show intermediate stress values
(around 5 kPa for y = 0.5). Finally, those in which the shear stress
falls mainly on the N direction (NF-NS) present the most compliant
response (around 3 kPa for y = 0.5). This is consistent with several
results in literature [27,28,31,33].

In Fig. 3d, the characteristic preconditioning behavior is illus-
trated (specimen 4MA-4) at 40% and 50% of shear stretch. As de-
scribed in [27,28], only 2 instead of 4 preconditioning cycles are
needed in shear tests. We corroborated that the myocardial tissue
is able to reach a steady state even after a single preconditioning
cycle.

Fig. 3 f presents the average peak stresses in all shear configu-
rations for y=0.5 (a total of 45 samples were tested, and at least
n > 8 in each shear modes). Again, the average response shows an
orthotropic behavior, with a progressively increasing stiffness along
the N-S-F directions, respectively. There are small differences be-
tween the values obtained in y and -y, which may be associated
with small heterogeneities in the shape of the samples that give
rise to asymmetries. Although still reasonable, they were particu-
larly evident in FS. In both directions, the orthotropy of the tis-
sue is evident. The deviation obtained is in an acceptable range,
although FS test shows a slightly higher value. Inter-specimen
variation is usually attributed to differences in tissue architec-
ture, collagen density and fiber dispersion along the FSN direc-
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Fig. 3. Results for a representative specimen (specimen 4M-4) and average re-
sults for the tangential tests. (a)-(c)-(e) Representative results of the last cycle at
each shear stretch level for FS(solid)-FN(dotted), SF(solid)-SN(dotted) and NF(solid)-
NS(dotted), respectively. (b) Representative results of the last cycle at 50% shear
stretch for all strain modes. (d) Representative preconditioning response at two dif-
ferent stretch levels (40 and 50%) (f) Averaged peak stress values (n = 45) for all
strain modes at 50 and -50% shear stretch.

tions [27,28], but the general trends were similar for the different
animals.

3.3. Compression tests

The results of FDCC and CC tests are shown in Fig. 4. The CC
tests primarily characterize the inherent incompressibility of the
tissue, while FDCC tests provide insights into the tissue’s perme-
ability and its resistance to fluid movement, such as blood flow
during ventricular perfusion. Despite both tests were conducted
with the the same protocol (see Section 2.4), distinct results were
obtained. Fig. 4a shows the global response for the CC tests (black
line). A detailed discussion on local results is performed below. Al-
though the tissue was perfused and completely confined, it exhib-
ited some degree of compressibility, with volumetric variations up
to 10% for stress values of 3-4 MPa, which is significantly higher
than the typical stiffness recorded in other mechanical tests. This
compressibility can be attributed to the cutting and handling dur-
ing sample extraction, allowing some fluid to leave the tissue be-
fore the start of the test. In FDCC tests (Fig. 4b), the global re-
sponse present significant lower stresses due to fluid drainage,
with a 2-orders of magnitude reduction compared to the FDCC
(approximately 30-40 kPa). The response stabilizes at around 300-
400 s, well before the test’s conclusion (t = 900 s), suggesting that
the steady state situation was achieved. At the end of the second
phase, a zero-stress state is not reached, but the remaining stress
values are almost negligible (3-4 kPa).

3.4. Histological analysis

Fig. 5 shows the results of the histological analysis employing
three distinct stains to analyze the distribution of both muscular
and collagenous fibers. PR staining facilitates collagen fiber visual-
ization, with collagen-I appearing in yellowish and reddish tones
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under polarized light, and collagen-III in greenish tones. TM stain-
ing accentuates muscle tissue in reddish tones and collagen-I in
bluish tones. Meanwhile, HE staining exclusively enables the analy-
sis of muscle fiber distribution, coloring them in reddish or pinkish
tones, with cell nuclei visible in blue-violet. All staining procedures
were conducted on biaxial samples post mechanical testing. Since
the area shown is very small (around 650 x 500 pm), we carefully
checked that it was representative of the tissue in each of the re-
gions. All images correspond to the central depth of the myocardial
wall. We also analyzed the differences between the central area
with respect to the samples closer to the sub-endocardium and
sub-epicardium, but no significant differences in tissue structure
were found, so they have not been included.

The four groups of images represent both areas considered
(AMFW and AAFW) across the two age groups analyzed (4MA
and 8MA). Focusing first on the AMFW zone of the 4MA animals
(Fig. 5a), both MT and HE staining demonstrate a well-defined
preferential alignment of muscle fibers (indicated in Fig. 5 as
MED), which are organized into parallel layers separated by cleav-
age planes, as described by LeGrice [24]. In these cleavage planes,
collagen-I fibers appear in blue in TM staining and much more
clearly in red and yellow stripes in PR staining. However, a large
distribution of collagen fibers is not observed, since in PR only thin
stripes appear between the muscle fiber layers and are almost im-
perceptible under TM.

In the AAFW zone of the same animals (Fig. 5b), the tissue
structure is quite similar to the AMFW zone. Here, too, a mod-
est distribution of collagen fibers is observed, mainly in PR stain-
ing. Notably, a disparity in fiber alignment becomes apparent, with
muscle fibers exhibiting a less homogeneous orientation compared
to the AMFW, as observed through HE and TM staining. This trend
is also maintained in the 8MA animals.

Similar trends persist in 8MA, wherein AMFW (Fig. 5c) also
exhibits greater alignment compared to AAFW (Fig. 5d). When
comparing 8MA to 4MA, substantial changes in tissue structure
emerge. At 8MA we observe a greater density of muscle tis-
sue, with a greater number of fibers between cleavage planes
and greater packing between them (TM and HE). In addition, the
amount of collagen fibers also increases, with a higher density of
collagen-I at 8MA through PR staining that is now even visible
with TM. These structural modifications correspond to discernible
mechanical disparities observed in 8MA animals, as will be elabo-
rated subsequently.

3.5. Influence of sample location on the mechanical response

3.5.1. Differences between the AAFW and the AMFW regions

Equibiaxial tests. Fig. 6a-c show the equibiaxial results for the
4MA animals at AMFW (black) and AAFW (blue), as well as the
anisotropy ratio. Looking at the mean values, the AAFW zone (n =
24) shows a slightly less stiff response, reaching peak stresses of
6.31 and 3.36 kPa (MFD and CFD) with respect to the values of
8.36 and 3.97 in the AMFW zone (n = 24). This results in a reduc-
tion of 24.58% and 14.21% in each direction, respectively. In terms
of the anisotropy, the anisotropy ratio is reduced from 2.40 to 2.12.
According to the statistical analysis, we can consider a significant
variation at the MFD direction (p = 0.016) but not in CFD nor the
anisotropy ratio (p > 0.05). This suggest that the behavior of the
tissue may not be homogeneous from the AMFW to the AAFW, at
least along the MFD. These minor variations may be related to dif-
ferences in the architecture of muscle fibers in these two regions.
As shown in Fig. 5, in AMFW, the alignment of FSN directions is
fairly homogeneous, albeit with some dispersion. However, in the
AAFW region, the degree of fiber alignment is significantly lower
due to the ventricle’s geometry. Consequently, a more isotropic and
slightly less rigid response is observed for the AAFW area.
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Fig. 4. Compression test results for 4M animals both globally and locally. (a) CC test results divided between global (n = 52), medial (n =18) and apical (n = 34). (b)
FDCC test results divided between global (n = 60), medial (n = 26) and apical (n = 34). (c) CC test results divided between global, sub-endocardium, myocardium and sub-
epicardium. (d) FDCC test results divided between global, sub-endocardium, myocardium and sub-epicardium. Solid line stands for mean results and shaded area shows the

standard deviation.

()

Fig. 5. Results of the histological analysis. (a) 4MA animals at AMFW region; (b)
4MA animals at AAFW region; (c) 8MA animals at AMFW region; (d) 8MA animals
at AAFW region. For all plots, we show Picrosirius Red staining under polarized light
(PR, left), Masson’s Trichrome staining (MT, center) and Hematoxylin-Eosin staining
(HE, right). Global Main and Cross Fiber Directions are indicated as MFD and CFD
for each image.

Compression tests. The variation between the AMFW and the
AAFW zones is shown in Fig. 4a,b. Notably, in CC tests, a signif-
icant disparity is visible between both zones, evidencing consid-
erably higher incompressibility in the AAFW zone (n = 34) com-
pared to the AMFW zone (n = 18). Despite dispersion is elevated
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Fig. 6. Influence of age on the mechanical response. Variation of the equibiaxial re-
sponse in (a) MFD, (b) CFD and (c) the anisotropy ratio. (d) Variation of the triaxial
shear response in all the strain modes. (e) Variation of the compressibility of the
tissue in CC tests. (f) Variation of the compressibility of the tissue in FDCC tests.
In ¢ and d, solid line stands for mean results and shaded area shows the standard
deviation.

in both groups, the responses are distinctly separated (p = 2.12e-
7), and the deviation ranges between the two groups do not over-
lap. In the FDCC tests, a much more uniform response is obtained
between the two zones, with highly comparable results (n = 34 for
AAFW and n =26 for AMFW). Upon closer inspection, minor lo-
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Table 3

Variation of the 8MA peak stresses respect the 4MA animals in all the considered loading paths.
FF (MFD) NN (CFD) FS FN SF SN NF NS
45.56% 216.63% 25.07% 53.78% 45.89% 111.47% 150.45% 91.33%

Table 4

Pearson correlation coefficients (R) and p-values (p) be-
tween the peak stresses along MFD, CFD and anisotropy
ratio (AR) and the two considered variables (normalised
radial coordinate, 7, and animal weight, w).

Parameter [ oy AR

Ry 0.109 0.169 0.023
pr 0.678 0.517 0.932
Rw 0.354 0.729 —-0.573
Pw 0.106 5.09e-9 4.36e-5

cal differences appear in the maximum values reached at the end
of volumetric compression, as well as in the final stress value af-
ter the fluid drainage phase. However, although these small dif-
ferences do exist, there is no statistical significance (p > 0.05 in
all cases).

3.5.2. Differences along the transmural thickness

Equibiaxial tests. In addition to the differences between AMFW
and AAFW, we have also analyzed the mechanical response along
the transmural thickness. We have examined its correlation with
the peak stress along both MFD and CFD, as well as the anisotropy
ratio of all the recorded samples as presented in Table 4. We used
Pearson’s linear correlation coefficient, although we also tested
non-linear coefficients such as Kendall’s or Spearman’s, obtaining
the same results. Our results demonstrate that there is no ap-
preciable dependence between the considered variables, indicat-
ing that the mechanical properties can be considered homoge-
neous throughout the ventricular thickness (p > 0.05 in all combi-
nations). This finding aligns with previous observations [20,28,34].

Compression tests. Regarding the compression tests, as men-
tioned earlier, samples were not obtained along the entire thick-
ness of the myocardium. Instead, samples were grouped into three
discrete groups of thickness levels (SEnd, n = 61; MIO, n = 17; and
SEpi, n = 34). Once again, CC tests (Fig. 4c) revealed significant dif-
ferences between the three zones (p < 0.014 in all combinations),
with incompressibility gradually decreasing as we approach the
endocardial surface (SEnd < MIO < SEpi). The results of FDCC tests
(Fig. 4d) are again very similar to each other, with only minor dif-
ferences in the maximum values at the end of the two differenti-
ated phases and no statistical significance (p > 0.05 in all cases).
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3.6. Influence of animal age on the mechanical response

Equibiaxial and triaxial shear tests. Fig. 6a-d show the results
of the equibiaxial and triaxial shear tests for the 4MA and 8MA
animals. Except for FS in STS (p = 0.12), in all tests a substantial
stiffening is visible (p < 0.028 in all cases), as the maximum stress
level reached in all deformation modes increases. Table 3 shows
the percentage increase in the maximum stress for each deforma-
tion mode of the 8MA animals with respect to those of the 4MA
animals. In all modes, an increase of at least 25.07% is observed,
with a significantly higher increase in SN, NF, NS, and NN (CFD)
compared to the others. This phenomenon may be related to mi-
crostructural changes as will be discussed below. Similar to the
transmural thickness, we also determined the correlation between
the weight of the animal and its more representative mechanical
results by means of Pearson’s coefficient (Table 4). The results indi-
cate a weak, statistically insignificant dependence of the peak MFD
stress (p = 0.1059), and a more pronounced ascending dependence
for CFD (p = 5.09e-9). Consequently, there is a strong decreasing
correlation for the anisotropy ratio (p = 4.36e-5), suggesting that
samples from heavier animals exhibit a more isotropic behavior.

Compression tests. Fig. 6e-f depicts the comparison between
the 4MA and 8MA results for both CC and FDCC in the AMFW and
AAFW zones. As mentioned, CC results show a strong dependence
with the location of the sample. However, when examining the
same zone at both ages, the results for the 4MA and 8MA are sim-
ilar, indicating that the CC response varies only with the sample’s
location, not with animal age (p > 0.68 in both areas). Regarding
the FDCC tests, a strong dependence on the age of the animals is
observed, with significant differences between the 4MA and 8MA
animal groups (p < 6.36e — 7 in all cases). Nevertheless, the results
between the two locations analyzed were practically identical for
a given age. The FDCC results of the 8MA groups showed lower
stress values at the end of volumetric compression, but the recov-
ery after the fluid drainage phase was also much lower. All these
findings indicate that the evaluated age gap does not affect tissue
incompressibility but have a significant impact on tissue perme-
ability and its resistance to fluid movement.

To gain further insight into the fluid evacuation capability, we
also investigated the temporal variation of the hydrostatic pres-
sure (P = dP/dt) and the duration from peak compressive load to
90% depressurization (T90). Fig. 7 illustrates the maximum values
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Fig. 7. (a) Peak hydrostatic pressure relaxation rate recorded in the FDCC tests, classified by radial coordinate and (b) by longitudinal coordinate as well as age group. (c)
Transcurred time for a 90% depressurization (T90), classified by radial coordinate and (d) by longitudinal coordinate as well as age group.
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of each parameter for all the analyzed groups. For 4MA, there was
no significant variance radially (p > 0.06 in all cases), whereas lon-
gitudinally, the AAFW region displayed higher pressure variation
(p = 3.37e-6) and faster T90 (p = 0.0014) compared to AMFW. This
indicates a greater fluid evacuation potential in the apical region,
possibly due to variances in vasculature between the two regions.
Conversely, a notable decrease in P is evident in 8MA (p < 6.57e-10
in both areas), as well as an important increase in its depressuriza-
tion time (p < 6.36e-7 in both areas), surpassing the variations ob-
served in different areas of 4MA animals. This confirms that older
animals tend to reduce its capacity to evacuate the stored fluid,
likely attributable to microstructural tissue changes.

4. Discussion
4.1. True biaxial experiments

Myocardium exhibits a highly non-linear hyperelastic behavior,
clearly anisotropic, being stiffer along the MFD (where myocytes
predominate) than in the CFD. Additionally, a noticeable viscoelas-
tic component was present, although this study focuses only on
the elastic response. This non-linear hyperelastic behavior is com-
monly observed in soft tissues [57-61]. The average biaxial re-
sponse shows a certain dispersion, typical of the inherent hetero-
geneity of biological tissues. Nevertheless, the observed trends at
the individual level were consistently maintained from the sample
standpoint. This not only confirms the generalizability of the con-
clusions drawn from these tests but also indicates the reproducibil-
ity of our methodology. We would like to point out that meticulous
attention must be paid to the sample cutting, as we did observe
a large variability in results when samples were not carefully ob-
tained along the orthotropic directions of the tissue.

We did observe softening effects in our tests, obtaining lower
stiffness for the same stretch levels as the loading peak stretch was
surpassed. This phenomenon has been extensively reported in the
literature when characterizing soft tissues [62-64], and its origin
is not entirely clear. Various factors have been suggested, including
the disruption of perimysial collagen due to excessive shearing be-
tween muscle layers [65,66], stretch-dependent damage on the en-
domysial collagen [67], changes in the collagen matrix where the
myocytes are embedded [68], or disruption of intracellular struc-
tures such as myofilaments or cytoskeletal proteins [69-72]. Our
results showed slightly greater softening effects than those pre-
sented by Sommer et al. [28]. Although the testing and sample
treatment protocols were the same in both studies, we hypothe-
size that this difference may be related to variations in patient age
between the two studies.

Our equibiaxial results have proven to be consistent to those
in the literature. In terms of tissue anisotropy, we obtained a ra-
tio of 2-2.4 between MFD and CFD, which aligns well with ratios
reported in other equibiaxial studies for LV myocardium in canine
specimens (1.5-3) [18,19], ovine myocardium (about 1.6) [22], hu-
man myocardium (about 2) [28], and murine myocardium (1-2.5)
[30]. Focusing on equibiaxial Cauchy peak stresses in MFD-CFD at
10% stretch, great variability is observed in the literature. Values
range from 0.8-0.6 kPa [18] and 1.2-0.8 kPa for canine myocardium
[20], 2.0-1.3 kPa for ovine myocardium [22], 8.3-5.0 kPa for hu-
man myocardium [28], 4.0-2.0 kPa for murine myocardium [30],
and 22.0-14.0 kPa for porcine myocardium [32]. We believe that
these variations may be attributed to differences in the testing pro-
tocols and animal models used in each of them. Notably, some of
these studies [18,20,30] do not differentiate between MFD and CFD
but assume that these directions coincide with circumferential and
longitudinal directions, respectively. Moreover, some of these stud-
ies [18,20] lack clear preconditioning criteria and do not provide
averaged results. However, our results closely align with those pre-
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sented by Sommer [28], while the differences with those in Ah-
mad [32] are small. Our study uses porcine myocardium, while
these studies use human and porcine myocardium, respectively.
Additionally, our protocol coincides with that used in their biaxial
studies. This suggests that comparable protocols and animal mod-
els can yield reproducible results.

4.2. Triaxial simple shear experiments

As mentioned above, due to the orthotropic nature of my-
ocardium [24,25], we conducted triaxial shear testing to com-
plement biaxial information. We imposed different stretch lev-
els (y =0.1-0.5), which fairly cover the range of shear defor-
mations reported for the beating heart [27]. Our tests confirmed
the highly non-linear orthotropic hyperelastic behavior of the my-
ocardium (Fig. 3), which is well justified by the tridimensional
fiber field described by LeGrice [24]. As detailed in Holzapfel &
Ogden [25], the myocardial structure defines three principal di-
rections: F, characterized by tightly packed groups of well-aligned
cardiac myocytes; S, corresponding to the fiber sheets plane pri-
marily composed of endomysial collagen fibers and thick coiled
perimysial collagen fibers (which will be now referred just as 'en-
domysial’ collagen) and N, which is normal to the FS plane and is
mainly constituted by long perimysial collagen fibers that connect
the muscle layers across cleavage planes (which will be now ref-
ereed just as 'perimysial’ collagen). This structure is clearly trans-
lated to the triaxial shear response. FN-FS configurations exhibit
the stiffest behavior as shear stress is predominantly absorbed by
the myocytes (F). SF-SN tests reach the second-highest stress lev-
els, with shear stress primarily absorbed by ‘endomysial’ collagen
(S). Lastly, NF-NS configurations display the least rigid behavior,
with shear stress predominantly absorbed by ‘perimysial’ collagen
(N). This effect is shown in Fig. 1, where the directions that absorb
the majority of the shear stress are highlighted for each configura-
tion. This orthotropic response has been well-documented in vitro
[27,28,31,33] and in vivo [73,74].

As in the biaxial tests, passive ventricular myocardium also ex-
hibits strain softening under shear conditions. This phenomenon
occurred across all the imposed deformation levels and could not
be attributed to viscoelastic effects, as it remained stable over time.
The softening effect was evident both for positive and negative
shear stretch. Softening in shear testing has also been reported in
multiple in vitro [27,28] and ex vivo [65,66] studies. As discussed in
the biaxial experiments, softening is attributed to various mech-
anisms. Dokos et al. [27] observed softening at very low shear
stretch values (y =0.025 — 0.05) and then discarded that it may
be related to the disruption of connective structures due to exces-
sive shear, such as endomysial or perimysial collagen fibers. Som-
mer et al. [28] also observed early softening effects and added that
it may be due to a rearrangement of the extracellular connective
tissue associated with altered mechanical loading. Our results are
consistent with these latter statements as we also observed soft-
ening effects at low shear stretch values.

For a 40% shear stretch, the study by Dokos et al. [27] reported
mean values of approximately 16 — 7.5 — 5 kPa for porcine LV in
the F-S-N directions, respectively, averaging across configurations
within each group (e.g., FS and FN for F). Sommer et al. [28] ob-
tained values of 4.25 —2.75—2.25 kPa for human myocardium.
Kakaletsis et al. [31] reported 7.5 —2 — 3.5 kPa for ovine LV, al-
though they show large asymmetries between positive and nega-
tive shear stretch and it is not entirely clear whether their proto-
col is the same as in Dokos’, Sommer’s or ours. We obtained val-
ues of 6.17 — 3.66 — 2.50 kPa, which are comparable to the afore-
mentioned studies. We did not include the study by Avazmoham-
madi et al. [33] due to their use of a different sample orienta-
tion which can not be directly compared with the others. When
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normalizing shear stress values to assess orthotropy ratios (di-
viding by the maximum peak stress value, corresponding to F),
we obtained ratios of 1—0.47 —0.31 for Dokos, 1—0.65—0.53
for Sommer, 1 —0.27 — 0.47 for Kakaletsis, and 1 — 0.59 — 0.40 for
our data. Once again, our results exhibited comparable orthotropy,
showing very similar values to the Dokos study, which utilized
the same animal model (pig). All studies demonstrate distinct or-
thotropy, with tissue stiffness being highest in the direction of
muscle fibers (F>S>N). Notably, in Kakaletsis’ study, stiffness be-
tween S and N is inverted, as we have only looked at the positive-
shear half of the test and, as mentioned, their study presented sig-
nificant asymmetries. However, the trend aligns with others in the
negative-shear part of their test. Across studies, a reduction of 35-
50% in stiffness from the myocytes direction to the intermediate
one, and a reduction of 50-70% with respect to the most compli-
ant direction was consistently observed, which is well aligned with
our results (41% and 60%, respectively).

4.3. Confined compression experiments

We have analyzed myocardium compressive properties using
two types of confined compression tests. In one of them (CC), no
fluid was allowed to escape out of the sample, while in the other
(FDCC), a small drainage allowed fluid to flow out. CC tests have
demonstrated a highly incompressible behavior, reaching volumet-
ric variations up to 10%, but for an average global hydrostatic pres-
sure of about 3.5 MPa (neglecting local differences). These values
are much higher than the expected physiological stresses values
in any of the tested modes, which are around 10-30 kPa, both
in our tests and in the literature [27,28,31,41] (the most extreme
case being about 30 kPa recorded by Dokos [27] in the FS-FN con-
figurations of the STS tests). Upon closer inspection, we observe
that for the range of hydrostatic pressure relevant to physiologi-
cal conditions, the volumetric variation is less than 1% (about 0.5%
for 30 kPa). Therefore, we can reasonably assume that the my-
ocardium exhibits an incompressible response in the physiologi-
cal, perfused state, which is consistent with other studies such as
[39,42,48]. These results provide direct information on the com-
pressibility of the tissue. To our knowledge, only the study by
McEvoy et al. [37] is comparable to ours in the literature. Surpris-
ingly, the results from their study and ours show very pronounced
differences. In their case, the maximum recorded pressure values
for CC tests are around 50 kPa, similar to those we obtained in the
FDCC tests. There are differences in our protocols that difficult the
direct comparison between our results: (i) our experiments were
performed with fresh tissue in the days following heart extraction,
while their hearts were frozen and subsequently thawed; (ii) Our
hearts were perfused with cardioplegic solution before extraction,
while in their case no perfusion before or after extraction is men-
tioned; (iii) we imposed the compressive load into the tangential-
to-the-epicardium plane, while they exerted the compression on
the radial plane (FN and FS planes according to LeGrice coordi-
nates, respectively). Therefore, we propose three potential causes
for the recorded differences: (i) differences may be solely due to
characterizing fresh versus thawed tissue; (ii) more likely, differ-
ences may be attributed to perfusion of the excised heart, as per-
fused myocardium should behave similarly to end-of-diastole (ED),
when myocardium is full of blood, whereas non-perfused tissue
will behave similarly to end-of-systole (ES). According to Avaz-
mohammadi et al. [48], ED myocardium can be considered as in-
compressible (J = 1 reported), while ES myocardium is much more
compressible (J = 0.7 approx. for the medial zone); (iii) differences
may be related to the different testing planes, as physiological per-
fusion occurs epicardium-to-endocardium, making compressibility
of the vasculature more influential when compressing on the radial
plane than on the tangential plane. This is in line with McEvoy’s
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simulations [37], which state that 40% of the volumetric reduc-
tion obtained is due to vascular tissue. We hypothesise that these
differences may be attributed to the perfusion state of the tissue,
although further research is needed to thoroughly address these
questions.

On the other hand, the response observed in the CC tests differs
significantly from the FDCC tests, despite maintaining the same
protocol. The only distinction is that fluid is allowed to flow out
of the sample in the FDCC tests. There, the maximum stress value
achieved is reduced by up to two orders of magnitude, down to
a value of about 35 kPa. This severe decrease is caused by the
fluid drainage, which starts to be expelled already in the vol-
umetric compression stage. Moreover, approximately 200 s after
the start of the maintained drainage phase, the recorded pres-
sure reaches its minimum value of about 3 kPa, indicating that
the tissue has already completed evacuating all the fluid it could
displace and has reached a stable condition. Considering the re-
sults of both the CC and FDCC tests, in our perspective, it becomes
even clearer that the differences between our tests and McEvoy’s
are attributed to the drainage of perfused fluid. This implies that
in an irrigated state, as may occur in ED, cardiac tissue is highly
incompressible, whereas in a drained state (as ES myocardium)
still offers compression stiffness, as shown in FDCC, but signifi-
cantly reduced. These conclusions are in line to what has been
reported in the literature [38,39,48], and offer additional insights
into tissue compressibility indicating that myocardial behavior is
inherently incompressible. However, the ‘dynamic’ variation in the
compressible response throughout the cardiac cycle should not be
overlooked.

4.4. Influence of sample location on the mechanical response

True biaxial tests. As mentioned, we also aimed to analyze in
depth the local heterogeneities in both radial and longitudinal di-
rections. First, regarding the true biaxial response, we found no
significant dependence between the stiffness or anisotropy of spec-
imens and their position along the radial coordinate (R < 0.169 in
all cases, with p > 0.517, Table 4), which is in line with the exist-
ing literature [20,28,34]. These results imply a uniform mechanical
response from sub-endocardium to sub-epicardium when follow-
ing orthotropy directions. However, contrary to previous studies
[17,22,28], we did observe a slight variation between the AA and
the AM zone (Fig. 6a-c). The AA zone exhibited slightly lower stiff-
ness (about 25% and 15% in MFD and CFD, respectively) and lower
anisotropy (about 20% less), being the differences in MFD the only
ones we have found statistically significant (p = 0.016).

Although these differences might be subtle and not all of them
have statistical significance, we do believe that they have a phys-
iological justification. We propose that this variation is not be-
cause of different tissue behavior between both areas but rather to
a greater dispersion of fibers in the AA zone, influenced by ven-
tricular geometry. This results in weaker overall fiber alignment
along the MFD and CFD directions. Histological results support this
sentence, confirming much lower alignment in AA than in AM
(Fig. 5). Despite sampling was standardized and closely monitored
in all animals, we observed substantial variations in fiber align-
ment within the AA region among different animals (not shown
herein), with the fiber distribution between animals being much
more heterogeneous in the AA zone than in the AM region. In an-
imals with high fiber dispersion in AA, the response was unequiv-
ocally isotropic, while in the animals with lower dispersion in the
AA zone, the response resembled that of the AM zone.

Therefore, we propose that considering the tissue as homoge-
neous along the LVFW is appropriate. The observed distinctions
between the AM and AA zones are likely attributed to the intrinsic
characteristics of the fiber field and the biaxial test itself. Neverthe-
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less, we believe that quantifying these differences between the AM
and AA zones holds significant value, especially when evaluating
tissue properties in a physiological state versus pathological cases
such as ML The location of the infarction and its pre-MI strain-
stress state strongly influences the subsequent mechanical proper-
ties post-MI [7]. Thus, having a detailed understanding of the phys-
iological local properties can be crucial for quantifying the impact
of such pathologies.

Compression tests. We also examined the variations in com-
pressive response along the radial and longitudinal coordinates of
the LVFW. To our knowledge, there is no study that has assessed
the intrinsic compressibility variation along the LV wall, with the
closest being the work proposed by Avazmohammadi, although fo-
cused on the 'dynamic’ volumetric variations throughout the car-
diac cycle along the wall [48].

With respect to the longitudinal coordinate, we have obtained
significant differences between the AMFW and AAFW zones in the
CC trials (p = 2.12e-7). Although both show highly pronounced in-
compressible behavior and extremely high hydrostatic pressures,
the AAFW zone reached higher-pressure values than the AMFW,
indicating greater incompressibility, coinciding with [48]. Despite
high deviations in both groups, their behaviors were distinctly dif-
ferentiated. Conversely, fluid drainage (FDCC) tests demonstrated
very similar behavior between both zones, practically coinciding.
We did observe some minor differences between the two, such as
the peak pressure value reached after volumetric compression and
the remaining pressure at the end of the sustained drainage, with
no statistical significance (p > 0.05).

The same trend was observed along the radial direction in the
AMFW area, with significant differences between the SEnd, MIO
and SEpi areas in the CC tests (p < 0.014). All of them maintained a
highly pronounced incompressible behavior, with comparable peak
pressure values. In this case, tissue incompressibility increased as
we approached the outer part of the wall (SEpi > MIO > SEnd), co-
inciding again with [48]. Considerable deviations were observed in
all groups, and the results of MIO partially overlapped with the
other two groups. However, general trends were clearly differen-
tiated, and the results of SEpi and SEnd were distant from each
other. Once again, FDCC tests demonstrated very similar behavior
across all areas (p > 0.05).

These findings suggest a certain correlation between the com-
pressive properties of the tissue and its location along the ventric-
ular wall, with significant differences in the CC tests in all ana-
lyzed areas, but not in the FDCC tests. As mentioned above, the
CC tests are strongly influenced by the presence of perfused fluid
in the wall. Although all tested areas exhibited highly incompress-
ible behavior, we hypothesize that variations in incompressibility
in CC tests may be related with different vascular volume in each
area. Numerous studies have already attempted to characterize vol-
umetric variations along the ventricular wall, primarily focusing
on in vivo transmural variations [42,48,75-77]|. They show an ev-
ident transmural gradient, with greater volumetric variation in the
subendocardial region and less toward the subepicardial region.
This could suggest a higher vascular volume toward the endocar-
dial region, contrary to our results. However, these studies calcu-
late volumetric variations based on 'dynamic’ wall deformations,
which may not be solely related to a higher vascular volume in
each region, but rather to a heterogeneous distribution of defor-
mations within the wall. It is also known that endocardial ves-
sels experience greater emptying during systole due to myocardial
wall compression [76,78] (referred to as ’'coronary slosh’), which
also contributes to more pronounced endocardial variations during
the cardiac cycle. Additionally, all these studies rely on implanted
beads tracking for volume variation calculations along the myocar-
dial wall. Cheng et al. [77] noted that these heterogeneous vari-
ations might be associated with the intervention effects, as they
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disappeared when measurements were repeated 8 weeks post-
implantation.

On the other hand, Feigl et al. reported a higher density of
capillaries in the subendocardial region [79], which aligns with
the reconstructions presented by Kaimovitz et al. [80,81], show-
ing a greater number of large vessels toward the epicardium and
a higher density of small vessels and capillaries toward the endo-
cardium. Based on this, we could hypothesize that the variations in
compressibility are more closely related to the differences in vessel
sizes in each region, with the epicardium being more incompress-
ible due to a higher number of larger vessels.

Moreover, in the FDCC tests, which are not influenced by the
fluid contained in the wall, the response appeared uniform, sug-
gesting that beyond the effects of fluid, the tissue is homogeneous
in terms of permeability.

Lastly, both Liu [39] and Avazmohammadi [48] have empha-
sized the importance of considering a sufficiently large volume
(they suggest >1 c¢cm3) in compressive tests to capture the influ-
ence of tissue heterogeneities such as the presence of large vessels.
In our study, we selected a considerably smaller representative vol-
ume, which might not have captured these punctual events, po-
tentially contributing to the high deviation between samples. We
acknowledge this limitation in our study, but we were not able to
test larger volumes in compressive experiments.

4.5. Influence of animal age on the mechanical response

4.5.1. Myocardium elastic response

We conducted an analysis of how myocardial elastic response
evolve over time by comparing two distinct age groups (4MA and
8MA). Our findings indicate a significant variation in the elastic re-
sponse of myocardial tissue between these two age groups. Overall,
there is a noticeable stiffening of the tissue, with higher strains ob-
served in the 8MA group across all deformation modes (p < 0.028
in all cases except FS with p = 0.12). A more detailed examination
reveals that the increase in stiffness is much more pronounced in
CFD-SN-NF-NS (between 91 and 217%) than in MFD-FS-FN-SF (less
than 54%), being particularly evident in FS where no statistical sig-
nificant differences were found between 4MA and 8MA. This dis-
tinction is not arbitrary, as in the former group, mechanical stress
is primarily absorbed by ’'perimysial’ collagen fibers, while in the
latter, stress is mainly absorbed by myocytes. Indeed, this finding
suggests a notable increase in collagen content with the age of the
animal, particularly in the 'perimysial’ collagen in the N direction.
Histological analysis, confirms these results with a significant in-
crease in perimysial collagen content at 8 months of age (Fig. 5).
Thus, the remodeling observed during those 4 months has been
such as to generate significant changes in the elastic properties of
the myocardium. Considering the rapid growth of the pigs, which
doubled their original weight in these 4 months, we do believe
that such pronounced mechanical and microstructural changes are
justifiable. In a related study by Ahmad et al. [32], a comparison of
equibiaxial results in 14-day-old and 7-month-old animals also re-
vealed a stiffening of the equibiaxial response with increasing age,
albeit their age range differs from our study.

4.5.2. Myocardium compressive response

Regarding myocardial compressive properties, we observed a
strong dependence of tissue permeability with increasing age of
the animal, but little variability in its incompressibility. The CC
tests have demonstrated a very similar response between animals
of different ages when compared in the same area. In contrast, the
FDCC tests showed very different results for the two ages studied,
but little variation depending on the position. This is again due to
the differences in tissue microstructure between 4MA and 8MA.
As mentioned above, histological analysis revealed evident changes
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in the composition of the cardiac tissue, increasing its collagenous
component. Since we have analyzed perfused tissue in the CC tests,
the similarities between 4MA and 8MA may suggest that the com-
pressible response is still dominated by the fluid, and that there
is no substantial change in the tissue’s volumetric storage capacity
with age. However, a significant reduction in tissue permeability
was evident (p < 6.36e — 7), showing a diminished ability to evac-
uate fluid, as is visible in all the evaluated variables for the FDCC
tests.

To gain further insight into the fluid evacuation capability, we
also investigated the temporal variation of the hydrostatic pres-
sure (P = dP/dt) and the duration from peak compressive load to
90% depressurization (T90). Fig. 7 illustrates the maximum values
of each parameter for all the analyzed groups. For 4MA, there was
no significant variance radially (p > 0.06 in all cases), whereas lon-
gitudinally, the AAFW region displayed higher pressure variation
(p = 3.37e-6) and faster T90 (p = 0.0014) compared to AMFW. This
indicates a greater fluid evacuation potential in the apical region,
possibly due to variances in vasculature between the two regions.
Conversely, a notable decrease in P is evident in 8MA (p < 6.57e-10
in both areas), as well as an important increase in its depressuriza-
tion time (p < 6.36e-7 in both areas), surpassing the variations ob-
served in different areas of 4MA animals. This confirms that older
animals tend to reduce its capacity to evacuate the stored fluid,
likely attributable to microstructural tissue changes.

In light of these findings, we postulate that cardiac tissue be-
comes less permeable as the collagen network intensifies. While
the tissue’s intrinsic behavior appears consistent across different
ages, the reduction in permeability may have implications for 'dy-
namic’ volumetric variability throughout the cardiac cycle. Recent
studies have shown the importance of considering these 'dynamic’
effects [39,48], so we believe that these conclusions may be useful
for future research.

4.6. Limitations

There are some limitations in this study that need to be ad-
dressed. Firstly, the in vitro tests may compromise the physiologi-
cal behavior of the tissue due to potential damage during the cut-
ting process, especially near the cutting edges. The release of resid-
ual stresses in the tissue during machining can further influence
the results. All these events may imply that the behavior recorded
in subsequent tests could be unrepresentative of in vivo behavior.
This is well-known, and the applicability of in vivo parameters has
been questioned in several occasions [82,83]. However, we previ-
ously tried to address this issue, and have shown that, although
not directly, it is possible to use in vitro data for in vivo applica-
tions [84].

Additionally, certain simplifications were made in this study. In
all tests, we have assumed a homogeneous sample geometry and
perfectly aligned fiber distribution along testing directions (FSN).
However, this assumption is only true at the micrometric scale
(250-500 pm), and may not be true at the macroscopic level,
where myocardial tissue exhibits dispersion and heterogeneities,
which we have disregarded. In studies proposed by Avazmoham-
madi [33,48], these problems are solved by considering a macro-
scopic sample (around 1 c¢m3) from which the actual geometry
and three-dimensional fiber distribution are analyzed, either by se-
quenced histological analysis [33] or by Diffusion Tensor Imaging
[48]. Then, an inverse analysis is performed to estimate the realis-
tic mechanical response. However, the approach used in this paper
in which the geometry and fiber field are considered as homoge-
neous is the one used by most authors in the field [27,28,32].

In Avazmohammadi’s 2018 [33], they also highlighted the im-
portance of analyzing the optimality of the testing protocol se-
lected. This approach aims to maximize the predictive capacity and
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the robustness of the mechanical parameters derived from the ex-
perimental tests that are needed for the constitutive models in nu-
merical simulations. They claim that this is of particular impor-
tance in the myocardium as it is subjected to several simultane-
ously coupled deformation modes during the cardiac cycle. In their
study they compare the optimality of performing only simple shear
tests and conclude that it is better to combine them with pure
shear tests. However, they do not analyze the optimality of com-
bining biaxial and simple shear tests. In a previous work, we used
our biaxial and shear results for numerical applications, reaching
good results at least in terms of passive ventricular haemodynamic
response [84].

Due to the heterogeneity of test loading conditions and cardiac
tissue structure, finite element modeling would be highly benefi-
cial to validate and corroborate our three-dimensional character-
ization in a realistic and personalized manner at the microstruc-
tural level, but we consider is beyond the scope and objective
of our current study, which is focused on the macroscopic re-
sponse of the myocardium and its heterogeneities considering it
as a continuous homogeneous material. Some recent studies, such
as [31,37,41] include a microstructural modeling component, but
there are also other studies focused solely on the averaged contin-
uous macroscopic aspect, such as [28,32,85]. Nevertheless, due to
these heterogeneities both in tissue structure and in loading con-
ditions, finite element analysis may capture the actual tissue re-
sponse more precisely, so we acknowledge this as a limitation of
the study. A more detailed microstructural study combining in vitro
testing with inverse numerical simulations could be a valuable di-
rection for future work.

Technical challenges were found during the experiments. First,
we would like to emphasize the importance of a precise sample
preparation to ensure reproducibility. Variability between experi-
ments was observed if samples were collected from different areas
in distinct animals or if they were not cut correctly along the FSN
directions, leading to the exclusion of some of such samples. Sec-
ond, the loss of tissue’s physiological state was a clear limitation,
and tests could not be extended more than 72 h after extraction.
We conducted several tests up to 7 days after extraction, but we
saw significant differences from 72-96 h (not shown). During the
first 72 h we saw no differences as long as the tissue was kept re-
frigerated and immersed in cardioplegic solution. Consequently, we
neither were able to perform all types of tests at every location si-
multaneously in all animals nor to characterise the compressive re-
sponse in the F and N directions, only in S. However, other studies
also focused the compressive tests only in one direction (F) [37].
However, in all groups considered we obtained a sufficiently large
number of samples to perform a well-structured statistical analy-
sis.

Finally, the age study was limited to animals aged 4 and 8
months due to resource and ethical constraints. Although ad-
ditional age groups would have provided more comprehensive
insight, significant differences were observed between the two
groups, attributed to rapid growth and increased weight in older
animals. Future research could benefit from expanding the age
range for a more in depth understanding.

5. Conclusions

We have presented an experimental in vitro characterisation
methodology to assess the properties of porcine cardiac tissue. We
have conducted biaxial and triaxial shear tests to analyze the elas-
tic response of the tissue, as well as confined compression tests for
compressibility and fluid flow analysis. Moreover, we explored the
mechanical response variations based on sample position and the
age of the animal, aiming to improve our understanding of cardiac
tissue mechanics.
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The elastic response of myocardial tissue exhibited a highly
non-linear hyperelastic behavior, anisotropic under biaxial testing
and orthotropic under shear testing, which is consistent with ex-
isting works in the literature. Position-based analysis showed a
homogeneous mechanical response under biaxial tests along both
longitudinal and radial coordinates, if microstructural directions
(FSN) are considered. Equibiaxial differences between the AAFW
and AMFW zones were also quantified. Compared to the AMFW
zone, the AAFW exhibited a 25% reduction in maximum stress val-
ues and a 20% decrease in tissue anisotropy. Regarding age-related
variations, a stiffening of cardiac tissue was observed in all an-
alyzed deformation modes. The increase was notably higher in
directions where mechanical stress was absorbed by collagenous
fibers (93-217%) compared to those of muscle fibers (46% maxi-
mum). Histological studies confirmed a significant increase in col-
lagen content in older animals.

Regarding the compressive response, we observed highly in-
compressible behavior with a pronounced dependence on fluid
content in the myocardial wall. Our results indicate high incom-
pressibility in the perfused state, but significant reductions when
fluid exits the myocardial wall, as happens throughout cardiac cy-
cle. We identified highly incompressible and equally permeable be-
havior across the entire wall, although incompressibility increases
towards the outer section of the LV wall and towards the apical
zone. In older animals, tissue incompressibility is maintained, but
its permeability decreases drastically, diminishing its ability to ex-
pel perfused fluid.

To our knowledge, this is the first study to combine a complete
three-dimensional elastic characterisation with an analysis of the
compressive properties of cardiac tissue as well as a comprehen-
sive investigation onto the variation of local elastic and compres-
sive properties along the LV wall. We hope that our findings will
serve for future research aimed at enhancing the understanding of
the physiological behavior of cardiac tissue, thereby advancing to-
wards the development of more realistic models and effective ther-
apeutic strategies.
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