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ARTICLE INFO ABSTRACT

Keywords: This study comprehensively analyzes passive mechanical and structural changes of cardiac tissue 6 weeks
Porcine cardiac tissue after myocardial infarction (MI) by biaxial, simple triaxial shear, and confined compression characterization.
Myocardial infarction We considered a porcine model, comparing two MI types: Left Anterior Descending (LAD) artery and Left

Left descendant artery infarction model
Left circumflex artery infarction model
Experimental characterization

In vitro testing

Circumflex (LCX) artery occlusions. LAD model generated apical transmurally infarcted hearts, while the LCX
model generated medial heterogeneous infarctions ranging from mild locally infarcted tissue to transmurally
infarcted tissue. Infarcted tissue exhibited significantly higher stiffness than healthy tissue. When peak
equibiaxial stretch increases up to 20%, the stress increase is 2.19 for medial locally infarcted tissue, 4.49

Biaxial

Simple triaxial shear for medial fully infarcted tissue, and 6.26 for apical fully infarcted tissue. Fully infarcted animals showed
Confined compression significant macroscopic geometrical remodeling, with thickness reductions in the infarcted area of 45%-60%,
Tissue engineering while locally infarcted tissue showed no thinning. The anisotropy of healthy myocardium was also altered

post-MIL: medial infarcts exhibited preferentially circumferential anisotropy, while apical infarctions increased
isotropy. Histological analysis validated these mechanical alterations, revealing a substantial increase in
collagen content in infarcted regions. In LCX infarctions, collagen distribution was uniformly aligned, whereas
in LAD ones, its distribution was spatially heterogeneous. Non-infarcted tissue far from the infarction did not
exhibit changes in mechanical properties or collagen content, suggesting a localized effect at least 6 weeks
post-MIL These findings highlight the importance of considering the extent and location of MI when developing
personalized therapeutic strategies.
Statement of Significance

This work provides a comprehensive mechanical and histological assessment of post-infarct porcine
myocardium using advanced multimodal testing. Unlike previous studies, we compare two infarct types (LAD
and LCX) under identical conditions and examine regional and severity-dependent differences in stiffness,
compressibility, and anisotropy. We show that infarction induces local rather than global changes in tissue
passive mechanics, modulated by infarct geometry and scar distribution. These insights support more accurate
cardiac modeling and may guide personalized therapeutic strategies after myocardial infarction.
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1. Introduction

Myocardial infarction (MI) remains one of the leading causes of
death worldwide. It involves the necrosis of cardiac tissue due to pro-
longed hypoxia, caused by the occlusion of a coronary artery. Myocar-
dial tissue exhibits a complex architecture and mechanical behavior,
typically described through two components: an active response, linked
to autonomous contraction, and a passive response, governed by its
microstructural organization. Focusing on the latter, LeGrice et al. [1]
identified a characteristic three-dimensional arrangement in the left
ventricular (LV) myocardium, the most common site of MI, with three
principal axes: muscle fibers (f), sheet direction (s), and normal to the
cleavage planes (n). This ‘FSN’ structure results in locally orthotropic
mechanics. Several studies have explored the full 3D response of the
myocardium using protocols such as biaxial extension, simple shear,
and pure shear [2-6]. Others have examined myocardial compressibil-
ity [6-10], a feature often neglected in computational models, despite
evidence of its relevance in simulating cardiac mechanics [11,12].

These baseline properties, however, are profoundly altered fol-
lowing MI. Beyond the immediate loss of contractile function within
minutes of ischemia, the infarcted region undergoes a progressive and
drastic remodeling. Holmes et al. [13] described this process in four
phases: acute ischemia, necrosis, fibrosis, and remodeling. These stages
span weeks to months, depending on the species [14]. In large-animal
models, such as the pig, the main remodeling phase lasts around six
weeks [13]. Each phase presents distinct mechanical profiles [13,14]:
(i) during acute ischemia (first hours), passive properties remain near-
physiological; (ii) in the necrotic phase (5-7 days), tissue may soften
due to collagen/titin degradation or stiffen from edema, with edema
typically dominating; (iii) during fibrosis (2-4 weeks), stiffness in-
creases due to a dense collagen deposition; and (iv) in late remodeling
(the remainder of the healing process), collagen cross-linking governs
mechanical behavior.

However, several factors modulate these trends. Infarct size is a
major predictor of dysfunction. Larger infarcts associate with worse
outcomes [15,16], with risk increasing sharply beyond 40%-50% LV in-
volvement, while <35% scarring rarely leads to cardiogenic shock [17].
Total scar volume, rather than infarct number, appears to dictate
prognosis. Additionally, infarct location influences tissue mechanics,
as highlighted in Fomovsky et al. [18], who related collagen align-
ment with different ventricular locations and their respective regional
anisotropy. Lastly, while collagen content, orientation, and cross-
linking are considered key determinants of scar mechanics [18-20],
especially during late remodeling, their precise roles remain under
debate [20,21].

This complex mechanical behavior of infarcted myocardium has
motivated numerous studies to characterize its evolving properties
using both in vitro and in vivo approaches. Early in vitro efforts were
conducted by Gupta et al. [21], who performed equibiaxial testing
on infarcted ovine tissue. MI was induced in the anteroapical region,
and samples were taken near the anteromedial zone. They observed
notable changes in stiffness and anisotropy throughout the healing
process, while remote (non-infarcted) tissue maintained stable mechan-
ical properties. These findings were later validated via simulations by
McGarvey et al. [22]. Fomovsky et al. [20] also performed equibiaxial
tests on apical infarcted murine hearts at various post-MI time points
(1, 2, 3, and 6 weeks). They reported progressive stiffening propor-
tional to collagen accumulation and an overall isotropic mechanical
response in the scar. Zhang et al. [23] extended this approach to
porcine hearts, comparing infarcted samples from anteromedial, an-
teroapical, and posteromedial regions. Their results showed isotropic
behavior in apical infarcts and increased anisotropy in both medial
zones. Similarly, Morita et al. [24] found isotropic behavior in ovine
apical infarcts, in line with Fomovsky’s findings. This methodology was
further expanded by Martonova et al. [25]. Sirry et al. [26,27] extended
the existing protocols by introducing non-equibiaxial and compressive
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tests on medial infarcted murine tissue at 0, 1, 2, and 4 weeks post-MI.
They confirmed the progressive stiffening and anisotropy observed in
earlier studies, and demonstrated increased incompressibility and in-
plane coupling over time. To the best of our knowledge, this remains
the only procedure that has evaluated infarct tissue compressibility
directly. Avazmohammadi et al. [5] also investigated apical infarcted
ovine tissue under biaxial and triaxial loading. While their primary goal
was to validate their testing methodology, the observed mechanical
trends were consistent with those of Morita [24]. Finally, the recent
study by Mendiola et al. [28] introduced a novel in vitro microstruc-
tural analysis that integrates histological data on muscle and collagen
fiber orientation. A summary of the existing experimental protocols is
provided in Table 1.

Regarding in vivo studies, Holmes et al. [19] measured radial, lon-
gitudinal, and circumferential strains in medial infarcted porcine tissue
using gold markers. They found a notable reduction in circumferential
strain, suggesting increased stiffness in that direction, likely due to the
collagen accumulation observed histologically. Fomovsky et al. [18] ex-
panded on this by comparing infarcts of different shapes and locations
(apical vs. medial) in murine hearts. Apical infarcts showed random col-
lagen networks and isotropic behavior, while medial infarcts displayed
circumferential alignment and anisotropic response. They concluded
that the pre-MI strain environment shapes the structural organization
of the scar, a finding supported by previous studies [19-21,24,26] and
earlier suggested by Zimmerman [29], who showed that modifying
tissue mechanics alters its structure and function. Similar patterns
were also reported by Zhang [23]. More recently, in vivo research has
shifted towards computational models that estimate infarct properties
indirectly, either to predict post-MI mechanics [30-32] or to support
therapeutic development [33]. These models often assume infarcted
tissue behaves like healthy myocardium scaled by a stiffening factor.
Despite their simplifications, they have shown adequate accuracy for
their objectives [34,35].

As shown, numerous studies have examined the mechanical evolu-
tion of infarcted myocardium. However, several key questions remain
unanswered. Most in vitro studies, except Zhang’s [23], focus on a
single infarct location or model, without comparing different MI types
under the same controlled conditions, as was done in vivo by Fomovsky
et al. [18]. In addition, most works are limited to equibiaxial testing,
with only a few exceptions such as the studies by Sirry [26] and
Mendiola [28]. This limitation also applies to the characterization
of tissue compressibility, which, as in healthy myocardium, remains
poorly explored post-MI. Although Sirry already reported variations in
compressibility [26], this property has not received sufficient atten-
tion. Recent works have shown that myocardial compressibility may
significantly affect the accuracy of cardiac simulations [11,12]. Finally,
except for the early studies of Gupta et al. [21], most studies focus
exclusively on infarcted regions, while the mechanical response of
adjacent or remote myocardium remains largely undercharacterized.

For all these reasons, this study aims to provide new insights into
the post-MI state by conducting an in vitro multimodal experimental
characterization, including biaxial, triaxial shear, and confined com-
pression tests to evaluate stiffness and anisotropy in infarcted tissue.
These tests were complemented with histological analyses to examine
changes in muscle fiber alignment and collagen distribution. Using a
porcine model, we compared two frequent infarction types induced by
occlusion of the Left Anterior Descending (LAD) and Left Circumflex
(LCx) arteries to explore how infarct location influences remodeling.
Our objectives were: (i) to directly assess the mechanical response of
distinct infarct models, expanding on Fomovsky’s findings [18]; (ii) to
compare infarcted, proximal and remote tissue under multiple loading
conditions, quantifying the spatial extent of MI effects; and (iii) to char-
acterize compressibility in both infarcted and remote regions, following
the limited prior data available from Sirry et al. [26]. Furthermore,
(iv) we examined varying infarction severities, from partial to fully
transmural scars, to understand their impact on tissue mechanics. To
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Table 1
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Comparison of the reported infarcted cardiac tissue elastic characterization protocols. AMFW
stands for left ventricle anteromedial free wall, and AAFW for left ventricle anteroapical free

wall.
Study Subject Sample location Data collection time
Gupta et al. (1994) [21] Sheep AMFW 1-2-6 weeks
Holmes et al. (1997) [19] Pig AMFW 3 weeks
Zimmerman et al. (2000) [29] Pig AMFW 3 weeks
Fomovsky et al. (2010) [20] Rat AAFW 1-2-3-6 weeks
Zhang et al. (2010) [23] Pig AMFW-AAFW 2 days
Morita et al. (2011) [24] Sheep AAFW 8 weeks
Fomovsky et al. (2012) [18] Rat AMFW-AAFW 3 weeks
Mcgarvey et al. (2015) [22] Pig AMFW 1-4-8-12 weeks
Sirry et al. (2016) [26] Rat AMFW 0-1-2-4 weeks
Avazmohammadi et al. (2018) [5] Sheep AMFW 4 weeks
Mendiola et al. (2024) [28] Rat AAFW 0-1-2-3-4 weeks

the best of our knowledge, no previous study has performed such an
extensive mechanical and microstructural evaluation across multiple
infarction models and severities, including both extensive and compres-
sive responses. We expect this more integrative approach will enhance
our understanding of the global mechanical consequences of MI on
cardiac tissue.

2. Materials and methods
2.1. Animals

A porcine animal model was selected due to its close resemblance
to the human heart. Left ventricular transmural biopsy specimens were
obtained from 12 white pigs (Sus scrofa domesticus) aged 18-22 weeks,
with a mean weight of 72.46 + 7.63 kg, divided into two groups.
Another extra 13 animals were used as uninfarcted controls (C), which
correspond to another recent study presented by the authors [6]. In 7 of
the new animals, an antero-apical infarction was induced by occluding
the Left Anterior Descending coronary artery (LAD). Two of these
animals died before extraction, resulting in 5 animals in this group.
Lastly, in the other 5 animals, an anteromedial infarction was induced
by occluding the Left Circumflex coronary artery (LCX). All hearts were
obtained from the Experimental Surgery Service of the Aragon Health
Sciences Institute.

Healthy animals were directly euthanized under deep anesthesia
using propofol (intravenous administration, up to 6 mg/kg) and inhaled
sevoflurane (1.9%), followed by cardioplegic arrest. For additional
details, refer to [6].

Infarcted animals were previously medicated. Namely, two weeks
before the intervention, pigs received 400 mg/day of amiodarone
(Sanofi) for 1 week and 200 mg/day for an additional week and 1 day
before 300 mg aspirin (Bayer) and 300 mg clopidogrel (Sanofi). Pigs
were then sedated with Tiletamina-Zolazepam (Virbac), and anesthesia
was introduced with intravenous propofol (3 mg/kg, Teva), followed
by 10-20 mg/kg/h continuous infusion and Remifentanil (18 pg/kg/h,
Normon). Mechanical ventilation with a mixture of air and oxygen (1:1)
at a tidal volume of 8-10 ml/kg was adjusted to maintain normocap-
nia and normoxia. BP and SpO2 were continuously monitored using
the intensive cardiac monitor system (DASH 500 General Electric).
After anticoagulation (heparin 10000 IU) and antiplatelet treatment
(acetylsalicylic acid 450 mg), artery occlusion was performed. In 5
infarcted animals, LCX, the proximal left circumflex coronary artery
was occluded by 90 min balloon inflation followed by reperfusion.
In the other 5 infarcted animals, LAD, the left anterior descending
coronary artery, was occluded equally. LCX infarctions were generated
in the University of Navarra (Navarra, Spain), and LAD infarctions were
generated in Jestis Usén Minimally Invasive Surgery Centre (Caceres,
Spain). The animals were then transferred to Zaragoza for lairage until
heart extraction. Infarctions were produced in two veterinary facili-
ties for logistical reasons related to animal transport and scheduling.

However, all surgical procedures were performed by the same cardiac
surgery team following a unified protocol.

After extraction, all hearts were preserved in cold cardioplegia
during transport to the laboratory, which took less than 2 h. All animal
experiments adhered to the regulations of the local animal welfare com-
mittee for the care and use of experimental animals and were approved
by local authorities (Ethics Committee on Animal Experimentation,
CEAEA, of the Aragon region, reference code PI36/20).

In the LAD model, all animals (n = 5) exhibited a large transmural
infarct extending to both the interventricular septum (IVS) and the
Antero-Apical area of the left ventricle Free Wall, AAFW, affecting at
least 30%—40% of the ventricular wall in all cases.

Conversely, the LCX model produced more heterogeneous infarc-
tions among the five animals studied. In one of them (LCX-1), a small
infarct (<1 cm?) was observed in the most posterior part of the AMFW
region. Two other animals (LCX-2 and LCX-5) had a series of localized
infarctions close together in the AMFW, creating a sufficiently large
area of partially infarcted tissue for biaxial testing (an infarcted area of
at least 30 x 30 mm). The remaining two animals (LCX-3 and LCX-4)
presented a transmural infarction in the AMFW area, similar to those
in the LAD group. Although these infarctions also occupied the entire
LV transmural thickness, the affected area was smaller than in the LAD
model, impacting only about 10%-30% of the ventricular volume. Fig.
1 summarizes all the infarct types obtained in this study.

2.2. Biaxial testing

Specimens classification. As mentioned, the LCX and LAD infarctions
affect the AMFW and AAFW zones of the LV, respectively. Conse-
quently, we obtained samples for biaxial tests from both areas. Due
to the heterogeneity observed in LCX model infarctions, where the
proportion of infarcted tissue and its distribution along the thickness
varied, we categorized the samples based on the infarction proportion
and their location, rather than the animal of origin or the type of
infarct. This resulted in eight distinct groups of samples. First, in the
uninfarcted control animals, biaxial samples were taken from both the
apical (i) and medial (ii) zones, A-C and M-C, respectively [6]. In both
LCX and LAD animals, samples were also collected from areas remote
from the infarct to analyze the influence of post-infarction remodeling
in these regions. Thus, in LAD animals, besides the apical infarcted
tissue, remote samples were collected from the medial zone (iii) and
considered Non-Infarcted Tissue, M-NIT. Similarly, in LCX animals,
samples were collected from the apical remote zone (iv), A-NIT.

In the case of LAD infarction, all animals exhibited transmural
infarctions, so we only obtained samples of Fully Infarcted Tissue (v),
A-FIT. For LCX infarcted animals, the infarctions were heterogeneous,
leading to samples with varying distributions of infarcted tissue in
the medial zone. These were divided into three groups: (vi) samples
adjacent to the infarction but not containing any infarcted tissue,
categorized as Transition Tissue, M-TT; (vii) samples containing both
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b) LCx-1
M-TT
U
A-NIT
d) LCx-3 & LCx-4
A-NIT

Fig. 1. Considered groups of infarcted hearts and biaxial samples. (a) LAD infarcted hearts: we obtained transmural apical fully infarcted samples (A-FIT), as well
as remote thin slices at the medial region (M-NIT). (b) LCX single-infarction heart: thin non-infarcted proximal-to-infarction slices were obtained in the medial
area (M-TT), and remote samples were also collected in the apical region (A-NIT). (c¢) LCX locally-infarcted hearts: thin slices of proximal non-infarcted (M-TT)
or locally infarcted (M-LIT) tissue were obtained; remote samples were also collected at the apical region (A-NIT). (d) LCX fully infarcted hearts: transmural fully
infarcted samples globally aligned (M-FIT) were cut similar to that of the LAD animals; remote samples were also collected at the apical region (A-NIT). FIT
samples were globally oriented (along longitudinal-circumferential directions), while the rest of the samples were prepared MFD/CFD-aligned.

infarcted and healthy tissue, categorized as Locally Infarcted Tissue,
M-LIT; and (viii) samples consisting solely of Fully Infarcted Tissue,
similar to those from LAD animals, M-FIT.

In Table 2, a summary of all the biaxial tests classified by sample
position is given, and in Table 3, we show a more in-depth classification
for the infarcted tissue samples regarding the sample groups consid-
ered. Fig. 2 also shows some images of representative samples for all the
considered groups. As shown in Figs. 2.b-c, not all the M-LIT samples
present the same amount of infarcted tissue inside them. We consider as
M-LIT all samples that presented any degree of infarcted tissue within
them, even if it was a minor portion. We analyzed whether there were
any differences between the M-LIT samples depending on their infarct
content, and we did not see any significant variation (not shown).

Specimens preparation. For control, Non-Infarcted, Transition, and
Locally-Infarcted samples, 35 x 35 mm transmural tissue blocks aligned
with the global LV circumferential and longitudinal directions were cut
using a single-edge razor blade, just as explained in [6]. Briefly, the
tissue blocks were directly glued onto a vibratome cutting stage with
the epicardium side down to ensure maximum longitudinal alignment
of muscle fibers with the slicing plane [36-38], minimizing the number

of transected fibers during sectioning [1,39,40]. Slices, 1 mm thick,
were cut in freshly prepared ice-cold pre-oxygenated Tyrode’s solution,
advancing at a speed of 0.04 mm/s with an amplitude of 2 mm and a
vibration frequency of 80 Hz. Calibration was performed before cutting
each slice. Endocardial trabecular layers and areas of gross chordae
tendineae from papillary muscles were trimmed, resulting in samples
ranging from sub-endocardium to sub-epicardium. After slicing, sec-
tions were maintained in a cold cardioplegic solution and used for
mechanical testing within the following 72 h. No mechanical differ-
ences were observed in the results within this timeframe. From these
slices, 25 x 25 mm square specimens 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), corresponding to the FF
and NN directions in the LeGrice FSN coordinate system, respectively.
Nine dot markers were applied to the specimens to later obtain the real
sample stretches. Table 2 provides a summary of the tests performed.
For the fully infarcted tissue samples, A-FIT and M-FIT, the vi-
bratome could not slice the tissue due to significant changes in structure
and stiffness. Therefore, a single transmural sample was obtained,
ranging from subendocardium to subepicardium. The thickness of these
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Fig. 2. Infarcted tissue samples examples. (a) LCX medial transitional tissue sample, M-TT, with no infarcted tissue contained. (b—c) LCX medial locally infarcted
tissue samples, M-LIT. We show two examples, one in which the infarcted area (in whitish tones) is (b) relatively small and the other where (c) is bigger. (d—e)
LCX medial fully infarcted tissue sample, M-FIT. Black lines indicate MFD in all samples except for FIT tissue, where they indicate the LV global circumferential

direction.

transmural samples can be consulted in Table 4. In both infarction
models, the amount of fully infarcted tissue available for obtaining
biaxial samples was very limited, allowing for only one square sample
per animal, approximately 20-25 mm on each side. Since orienting
the slices according to local main and cross-fiber directions was not
possible, the samples were aligned with the global circumferential and
longitudinal directions of the LV. Hence, special caution should be
paid when comparing these results with those from other samples. The
sample preparation protocol was the same as the other.

Biaxial Extension Protocol. Biaxial tests (Bx) were conducted using
biaxial testing equipment (Instron Planar Biaxial Soft Tissue Test Sys-
tem) with a 10 N load cell, following the protocol established by [3].
Four different stretch levels (5%-20% in 5% increments) were applied
consecutively, each with 4 preconditioning cycles and 1 measuring
cycle to ensure a stable response, which has been proven to be sufficient
preconditioning for myocardium [3]. Various loading ratios between
MFD and CFD were applied at each stretch level (1(MFD):1 (CFD),
1:0.75, 1:0.5, 0.75:1, 0.5:1) to capture the direction-dependent material
response. All tests were performed with a 2 mN equibiaxial preload
under quasi-static conditions (v = 2 mm/min). Samples were kept
in cardioplegia solution at 37 °C to prevent cellular contraction. The
mechanical response was evaluated using the Cauchy stress vs stretch
as indicated in [6]. To monitor the real sample deformations, nine dots
were marked at the center of the biaxial sample using a waterproof
marker. Shear strains and stresses were computed as described in [41].

We also evaluated the variation of cross-coupling effects across
the different sample groups. In-plane coupling occurs when the stress
measured in a given testing direction depends on the loading ratio
applied in the transversal direction. Conversely, in the absence of cross-
coupling, the mechanical response in each direction would remain
independent of the transversal load. To quantify this effect, we com-
puted the Cross-Coupling Ratio (CCR) for each testing direction. CCR
was defined as the relative reduction in peak stress at a non-equibiaxial
loading ratio with respect to the peak stress obtained under the 1:1
equibiaxial condition. For instance, for the MFD direction at a 1:0.75

loading ratio, CCR is given by
O.max

CCR=1- 1875 )}
%11

2.3. Simple triaxial shear testing

Specimen preparations. To ensure uniform fiber orientation within
each specimen, we used cubic samples as small as feasible. We man-
ually cut 4 mm cubic samples aligned to the local LeGrice FSN axes [1]
using a vibratome blade, and Evans blue dye for easier structural iden-
tification. Specimens were harvested from the Posterior-Medial area of
the LV Free Wall (PMFW) in all groups, chosen as a non-infarcted region
in infarcted animals (Fig. 3.b).

Triaxial Shear Protocol. Simple triaxial shear tests (STS) were per-
formed using a CellScale MicroTester G2, following the protocol out-
lined by [2]. Briefly, five incremental stretch levels (10%-50% in 10%
steps) were applied sequentially, with two preconditioning cycles and
one measurement cycle at each level. Both for Bx and STS tests, we
corroborated that the myocardial tissue can reach a steady state after
the selected preconditioning cycles. Each sample was tested in only one
shear mode. At least one test was performed in each of the six shear
modes for each animal (Table 2). All shear tests were also conducted
under quasi-static conditions (v = 2 mm/min) and maintained in
cardioplegia solution at body temperature (37 °C) to prevent cellular
contraction. All tests were completed within 72 h of heart extraction.
The shear engineering strain (y) and shear stresses (z) were evaluated
(see [6]).

2.4. Confined compression testing

Specimen Preparation. As shown in Fig. 3.c, compression samples
were processed from the AMFW region, distant from the infarcted tis-
sue. Due to spatial constraints, obtaining compression samples directly
from the infarcted tissue was generally not feasible, except in specimen
(LCX-4), where we managed to assess the compressibility of a few
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b) Simple triaxial shear testing

c¢) Confined compression testing
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Fig. 3. Considered mechanical tests summary. All tests followed the same protocols and conditions as explained for healthy tissue characterization. Testing groups’
classification by tissue condition will be detailed below. (a) Biaxial testing; (b) Triaxial shear testing; (c) Confined compression testing.

infarcted samples (n = 4). Similar to the biaxial tests, samples were
extracted from the initial 35 x 35 mm slices, but this time, slices were
cut with a thickness of approximately 2 mm. Then, cylindrical samples
with a diameter of 6 mm were prepared, ensuring that the circular
section aligned with the FN plane. Consequently, the compression load
was applied along the S direction (Fig. 3.c).

Confined compression protocol. Confined compression tests (CC) were
conducted following the protocol outlined by [9]. A total of 82 CC tests
were performed (Table 2). Specimens were placed in a rigid chamber
matching their transverse dimensions. Compression was applied using
a uniaxial machine (Instron MicroTester 15848 with a 500 N load
cell) under quasi-static conditions (v = 2 mm/min). The specimens
were compressed until reaching a volumetric strain of 10%. Due to
the confined nature of the test, the axial strain equaled the volumetric
strain. All tests were completed within 72 h post-heart extraction.
Volumetric strain (J) and hydrostatic stress (P) were calculated as
indicated in [6].

2.5. Histological analysis

Histological analysis was the same as in [6]. Briefly, sample pro-
cessing was carried out at the Central Anatomical Pathology Unit of
the Aragon Health Sciences Institute. Formaldehyde-fixed samples were
processed in cassettes using an automated tissue processor (Tissue-Tek
Xpress x50). Tissue blocks were created using a Leica EG1150 unit and
solidified on a cold plate. Paraffin-embedded samples were sectioned
into 3 pm thick slices with a Leica RM2255 rotary microtome and kept
in a tempered bath. The sections were then collected onto Superfrost
Plus slides (Bio-optica Labolan Ref. [50559]). Slides were placed on
vertical racks to dry overnight at 37 °C, followed by a deparaffinization
and hydration process. The sections were subsequently stained using
Picrosirius Red (PR) under polarized light, Masson’s Trichrome (M3),
and Hematoxylin—Eosin (HE) to visualize the distribution of muscular
and collagenous fibers. After staining, the sections were dehydrated by
immersing them in ascending alcohol solutions (70%, 96%, and 100%)

for 15 s each. Lastly, all sections were cleared with xylene for 15 s and
mounted on the Leica CV5030 automatic mounter using Epredia glass
coverslips.

2.6. Quantitative histological analysis of collagen organization

Collagen content was quantified in Sirius Red-stained histological
sections (n = 18 per animal) at 10x magnification. Bright-field im-
ages were analyzed in MATLAB using color thresholding to isolate
the red-stained collagen areas. Collagen percentage was calculated as
the ratio of collagen-positive pixels to the total tissue area, excluding
background regions. Subsequently, the same Sirius Red-stained sections
were examined under polarized light microscopy to differentiate colla-
gen types I and III based on their birefringence properties. Collagen
type I was identified by its strong orange-red tone, whereas type III
appeared greenish. The relative proportion of each collagen type was
then quantified using the same image analysis procedure.

Collagen fiber orientation in myocardial tissue was assessed using
the OrientationJ plugin in ImageJ [42]. Polarized light microscopy
images were analyzed to obtain orientation distribution histograms and
color-coded vector maps, from which the dominant fiber direction and
angular dispersion were computed relative to the circumferential axis.
Orientation histograms from all analyzed fields were then averaged to
generate a single representative distribution per scar.

2.7. Statistical analysis

The Shapiro-Wilk test was applied to assess the normality of each
subgroup’s results. Then, p-values were calculated using Student’s t-
test for normally distributed samples and the Mann-Whitney U test for
non-normally distributed samples, with p < 0.05 considered significant.
Statistical analyses were conducted using a custom MATLAB R2024a
program. All data values are reported as mean + standard deviation
(SD).
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Table 2
Mechanical tests by sample location and test type. AMFW: Antero-Medial Free
Wall; AAFW: Antero-Apical Free Wall; PMFW: Postero-Medial Free Wall.

Animal Biaxial Biaxial Shear Compression
(AMFW) (AAFW) (PMFW) (AMFW)
C-1 3 - 6 -
C-2 3 - 6 -
C-3 2 - 7 -
C-4 2 - 6 -
C-5 2 - 7 -
C-6 2 - 6 -
C-7 2 - 7 -
c-8 1 4 - 3
Cc-9 2 4 - 8
C-10 1 5 - 2
C-11 1 4 -
C-12 - 5 - -
C-13 3 2 - 7
Total C 24 24 45 20
LCX-1 6 1 6 5
LCX-2 5 - 6 4
LCX-3 5 - 11 15
LCX-4 4 1 8 14
LCX-5 3 1 6 6
Total LCX 23 3 37 44
LAD-1 2 1 6 3
LAD-2 2 1 6 3
LAD-3 3 1 6 3
LAD-4 2 1 8 3
LAD-5 3 1 13 6
Total LAD 12 5 39 18
Table 3

Classification of the infarcted tissue biaxial tests by tissue conditions. A-NIT:
LCx apical non-infarcted tissue; M-NIT: LAD medial non-infarcted tissue; M-
TT: LCx medial adjacent transition tissue; M-LIT: LCx medial locally infarcted
tissue; M-FIT: LCx medial fully infarcted tissue; A-FIT: LAD apical fully
infarcted tissue.

Animal A-NIT M-NIT M-TT

LIT M-FIT A-FIT

M-

LCX-1 1 - 5 1 - -
LCX-2 - - - 5
LCX-3 -
3
3

|
|

LCX-4 1
LCX-5 1 - -
3

Total LCX

LAD-1 - 2
LAD-2 - 2
LAD-3 - 3 - - -
LAD-4 - 2
LAD-5 - 3

e

Total LAD - 12 - - -

wu

3. Results
3.1. Infarcted tissue morphology

Apart from the differences in the mechanical properties of the tissue,
the geometric characteristics and the subsequent remodeling process
varied significantly for each type of infarction. First, as mentioned
above, the LCX model generated highly heterogeneous infarctions. In
the LCX-1 animal, a single small focal infarction (<1 cm?) was observed,
which was not even transmural. This was located in the most posterior-
basal area of the AMFW region, with no indications of any other
infarcted tissue in the entire ventricular wall. Despite the heart being
collected six weeks post-infarction, we did not observe any transmural
remodeling, maintaining a wall thickness similar to control hearts
(around 10-15 mm).

Secondly, the LCX-2 and LCX-5 hearts presented several local infarc-
tions close to each other, creating an infarcted area that occupied most
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of the AMFW region (approximately a 25-30 mm-sided square cross-
sectional area). In this case, infarctions were observed throughout the
entire ventricular thickness, although not homogeneously. However, no
transmural thinning was observed in these cases either, suggesting that,
when a significant transmural infarction is not achieved, the geometry
of the ventricle remains fairly stable compared to the physiological
state, at least up to six weeks after the cardiac event.

Lastly, LCX-3 and LCX-4 hearts presented a complete transmural
infarction, occupying a 20-25 mm sided area of the AMFW region.
We observed a significant macroscopic geometrical remodeling, with
a thickness reduction of about 45%-60% in the infarcted area. The rest
of the ventricle maintained a similar thickness to that of the control
hearts. Physiological thickness was recovered in less than 1 cm from
the infarcted area. Table 4 summarizes some of the most representative
infarction dimensions for each heart. We have considered the minimum
thickness reached at the infarcted area (IT-Th); the length of the LV free
wall infarcted area (IT-L), assuming a rounded-like shape; and the wall
thickness far from the infarction (HT-Th).

Regarding the LAD animals, all exhibited a complete transmural
infarction, similar in many aspects to LCX-3 and LCX-4. In this case,
the infarctions were also completely transmural, with significant wall
thickness reductions in the infarcted area as well (Table 4). The LAD
infarctions had a greater extent than the LCX ones since, in addition to
the infarcted part of the AAFW (about 20-30 mm side), a large area
of infarcted tissue was also observed in the IVS, occupying much of
its apical part. We focused on the characterization of the LV free wall,
so IVS was not considered. A summary of the remodeled geometries is
given in Fig. 4.

3.2. Histological analysis

3.2.1. Hematoxylin—Eosin staining

Here we show representative histological results under HE, M3, and
PR staining. Again, all samples correspond to planes parallel to the
epicardium, and all conclusions regarding fiber orientation refer to the
local orientations within these slices. First, HE staining for all groups
of samples is shown in Fig. 5. HE exclusively enables the analysis of
muscle fiber distribution, coloring them in reddish or pinkish tones.
Therefore, HE results will be used to analyze the organization and
directionality of the muscle fibers in each case. We present results from
the control groups, both medial (M-C, Fig. 5.a) and apical (A-C, Fig.
5.j); tissue remote to the LCX (A-NIT, Fig. 5.k) and the LAD infarctions
(M-NIT, Fig. 5.b); the LCX transition tissue (M-TT, Fig. 5.c); the LCX
locally infarcted tissue (M-LIT, Figs. 5.d,e,g,h,i); the LCX fully infarcted
tissue (M-FIT, Fig. 5.f); and the LAD completely infarcted tissue (A-FIT,
Fig. 5.1).

The control images, M-C and A-C (Figs. 5.a and j, respectively),
correspond to AMFW and AAFW regions of the 4MA animals described
in [6], respectively. Very briefly, in M-C, the fibers show a strong
alignment around MFD, with a very ordered structure. On the other
hand, in A-C, there is still a certain alignment around MFD but lower,
presenting a greater fiber dispersion that becomes almost random in
some regions.

Continuing with the tissue remote to the infarction (Figs. 5.b,k),
both A-NIT and M-NIT samples presented a very similar structure to
the physiological state, almost identical to that of the control samples.
Thus, neither LAD nor LCX infarctions seem to influence cardiomyocyte
orientation in remote areas.

Fig. 5.c shows the structure of M-TT samples, which correspond to
adjacent tissue to the LCX infarcted region but do not contain infarcted
tissue itself, to assess the MI’s immediate repercussions on its vicinity.
HE staining also revealed a structure identical to the physiological
state, with no variations in muscle alignment compared to M-C or M-
NIT samples. Although this will be revisited with the other contrasted
stainings, there appears to be no evident effect on muscle alignment in
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a) M-C

b) M-LIT ¢)M-FIT d)A-FIT

Thickness reduction

Fig. 4. Infarcted hearts thinning summary. (a) Control non-infarcted hearts, no wall thickness reduction observed. (b) Locally infarcted hearts, no wall thickness
reduction observed. (c¢) Medial and (d) apical transmurally infarcted hearts, significant thickness reduction was observed in the infarcted area.

Table 4

Infarcted tissue representative dimensions. IT-Th: Infarcted area minimum thickness; IT-L: Infarcted area
estimated length; HT-Th: Healthy tissue control thickness.

Sample LAD-1 LAD-2 LAD-3 LAD-4 LAD-5 Mean + SD
IT-Th (mm) 4.8 4.1 5.1 6.2 5.4 5.1+0.7
IT-L (mm) 29 26 24 21 27 254 +3.1
HT-Th (mm) 12 13 10 15 10 12.0+2.0
Sample LCx-1 LCx-2 LCx-3 LCx-4 LCx-5 Mean + SD
IT-Th (mm) - - 5.0 6.1 - 5.55+0.6
IT-L (mm) 8 27 21 26 23 21.0+82
HT-Th (mm) 12 14 13 12 11 124+ 1.1

the M-TT tissue, suggesting a highly localized effect of both LAD and
LCX infarctions, confined to the scarred area.

In Figs. 5.d,e,g,h,i, several sections of locally infarcted tissue (M-
LIT) are presented. All these samples originate from the AMFW zone;
therefore, a defined cardiomyocyte orientation around the MFD di-
rection is expected in all of them. Non-infarcted tissue appears with
a more intense pinkish tone, whereas infarcted areas show a whitish
tone. Within the infarcted regions, blue-violet cell nuclei are still
identifiable, suggesting that the scar comprises not only newly de-
posited components such as collagen but also necrotic myocytes. The
structure of the scar will be revisited when discussing the M3 and PR
stains and examined in greater detail in the collagen quantification
section. First, at interfaces where healthy tissue abuts infarcted tissue,
multiple patterns were observed. In some of them, muscle fibers main-
tained a preferential local orientation similar to the physiological state
(Fig. 5.d). In others, this orientation was fully or partially disrupted
(Figs. 5.e,h), presenting patterns more akin to those of the AAFW
zone. We also identified extensive regions of infarcted tissue (Fig. 5.i)
and of preserved healthy tissue (Fig. 5.g). All these findings indicate
substantial heterogeneity within partial infarcts, which will probably
result in mechanical properties distinct from those of physiological
myocardium

Lastly, fully infarcted tissue exhibited a high collagen content,
with almost no visible muscle (Figs. 5.f,1), as reflected by the whitish
appearance. Accordingly, scar tissue will be analyzed in the following
sections.

3.2.2. Masson’s Trichrome staining

Secondly, M3 staining results are shown in Fig. 6. M3 highlights
muscle tissue in reddish—-purplish tones and collagen I in bluish tones.
Thus, we use M3 staining to describe collagen distribution. Specifically,
collagen distribution is analyzed qualitatively here, as it will be exam-
ined in greater detail in Section 3.2.4. Again, we present results for all

contrasted groups (M-C, A-C, M-NIT, A-NIT, M-TT, M-LIT, M-FIT, and
A-FIT).

Again, remote areas (Figs. 6.b,k) exhibit an almost identical re-
sponse to physiological tissue (Figs. 6.a,j). All four images show a very
weak collagen network, nearly imperceptible under M3. This trend is
also consistent in the near-infarction area, M-TT, where no evident
microstructural changes are observed either (Fig. 6.c).

The M-LIT samples show different collagen distributions, similar to
those seen with HE staining. This tissue exhibits both large bundles
of collagen fibers aligned with the physiological preferential direction
of the muscle fibers (Fig. 6.d), and more dispersed collagen structures
lacking clear directionality (Fig. 6.e). In both patterns, collagen is now
clearly visible within the infarcted tissue, becoming its predominant
component. The collagen fibers form a more reticulated and wavy
network, contrasting with the straighter muscle fibers (Fig. 6.d). Ad-
ditionally, changes were observed in the collagen composition of the
non-infarcted regions within M-LIT samples, with a notable increase
in perimysial collagen along cleavage planes (Fig. 6.g), indicating that
partially infarcted tissue undergoes microstructural remodeling not
only in scarred but also in adjacent, apparently unaffected, areas. This
suggests that, in the infarct vicinity, in addition to the replacement
of healthy tissue by collagen, interstitial fibrosis may also occur, al-
though it was only observed immediately adjacent to infarcted zones.
This interstitial fibrosis resembles what we previously reported in our
study on remodeling associated with aging and hypertrophy in older
animals, which led to marked changes in the mechanical response of
the tissue [6].

In the fully infarcted samples from the medial zone (M-FIT), an
intense collagen structure with clear directionality was observed (Fig.
6.f). Here, collagen forms long fibers strongly oriented within the
sample plane (parallel to the epicardium), as the observed chains are
not sectioned. The wavy nature of the collagen fibers is prominent, with
no other muscular components visible across large sections. In some
localized regions, slightly more irregular collagen patterns appear (Fig.
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Fig. 5. Results of the histological analysis under Hematoxylin—Eosin (HE) staining. Contrasted samples at the AMFW region: (a) control samples, M-C; (b) remote
non-infarcted tissue (LAD hearts), M-NIT; (c) transitional tissue (LCx hearts), M-TT; (d—e-g-h-i) locally infarcted tissue (LCx hearts), M-LIT; (f) fully infarcted
tissue (LCx hearts), M-FIT. Contrasted samples at the AAFW region: (j) control samples, A-C; (k) remote non-infarcted tissue (LCx hearts), A-NIT; (1) fully infarcted
tissue (LAD hearts), A-FIT. Global Main and Cross Fiber Directions are indicated as MFD and CFD for each image.

6.h), although a preferential orientation is still identifiable. Overall,
this preferential collagen alignment follows the original direction of
the muscle fibers, which in the AMFW is predominantly circumferential
(Fig. 6.i), suggesting that the collagen network develops along the
native orthotropic directions of the healthy myocardium. This will be
analyzed in greater detail in Section 3.2.4.

In the apical zone, A-FIT, extensive collagen networks were also ob-
served (Fig. 6.1). However, in this region, the collagen fibers exhibited
a much more random and chaotic orientation. Here, the wavy pattern
of the collagen fibers is even more evident. This is well related to the

physiological structure of the tissue in this area, which is naturally more
dispersed.

3.2.3. Picrosirius Red staining

Lastly, PR staining results are shown in Fig. 7. PR staining facilitates
collagen fiber visualization, with collagen-I appearing in yellowish and
reddish tones under polarized light, and collagen-III in greenish tones.
Thus, we will use the PR results as well to gain more insights into the
collagen distribution for all the above groups.
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Fig. 6. Results of the histological analysis under Masson’s Trichrome (M3) staining. Contrasted samples at the AMFW region: (a) control samples, M-C; (b) remote
non-infarcted tissue (LAD hearts), M-NIT; (c) transitional tissue (LCx hearts), M-TT; (d—e-g) locally infarcted tissue (LCx hearts), M-LIT; (f-h-i) fully infarcted
tissue (LCx hearts), M-FIT. Contrasted samples at the AAFW region: (j) control samples, A-C; (k) remote non-infarcted tissue (LCx hearts), A-NIT; (1) fully infarcted
tissue (LAD hearts), A-FIT. Global Main and Cross Fiber Directions are indicated as MFD and CFD for each image.

The results for the M-C, A-C, M-NIT, and A-NIT groups are consis-
tent with the M3 staining, so they will not be discussed again (Figs.
7.a,b,j,k). Similarly, the M-TT tissue shows a response very similar to
the physiological one, with collagen present only in the cleavage planes
(Fig. 7.c). In all these cases, only collagen-I is identified, as indicated
by the reddish tones.

The partially infarcted tissue, M-LIT, exhibits areas with structured
collagen (Fig. 7.d) and others with a random distribution (Fig. 7.e).
As will be further explored in next section, in Fig. 7.i fibers with
visible yellowish shades are slightly observed, which may suggest the
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presence of collagen-III [43]. Furthermore, besides the fibers following
the MFD direction, a wavy pattern is seen in the transverse direction,
indicating that the collagen network is not only structured around the
muscle fibers but also extends transversely, forming an intricate in-
plane structure. The unaffected areas also show a collagen increase
within the cleavage planes (Figs. 7.g,h).

For the fully infarcted samples, both A-FIT and M-FIT, the results
are very similar to those obtained with M3 staining. The medial tissue
again shows a highly directional distribution, with an intense collagen
network (Fig. 7.f). In the apical zone (Fig. 7.1), a very dense collagen
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Fig. 7. Results of the histological analysis under Picrosirius Red (PR) staining. Contrasted samples at the AMFW region: (a) control samples, M-C; (b) remote
non-infarcted tissue (LAD hearts), M-NIT; (c) transitional tissue (LCx hearts), M-TT; (d—e-g-h-i) locally infarcted tissue (LCx hearts), M-LIT; (f) fully infarcted
tissue (LCx hearts), M-FIT. Contrasted samples at the AAFW region: (j) control samples, A-C; (k) remote non-infarcted tissue (LCx hearts), A-NIT; (1) fully infarcted
tissue (LAD hearts), A-FIT. Global Main and Cross Fiber Directions are indicated as MFD and CFD for each image.

network is also observed. Here, collagen-III is especially evident. How-
ever, as presented in the following section, collagen-III was detected
in both M-FIT and A-FIT. In A-FIT, collagen fibers do not form long,
highly reticulated structures, and fiber alignment in this area remains
low.

3.2.4. Quantitative histological analysis of collagen organization

Fig. 8 summarizes the structural collagen analysis for the infarcted
samples. First, the total collagen content of each infarcted tissue group
is shown (Fig. 8.a). A clear increase in collagen is observed with

the degree of infarction, as expected, with M-FIT and A-FIT samples
showing the highest percentages. Among them, the apical samples (A-
FIT) exhibit the greatest collagen density per area, with this difference
being statistically significant (p < 0.01). Next are the partially infarcted
samples (M-LIT), which, although not reaching the levels of the fully
infarcted groups (p < 0.05 vs. both M-FIT and A-FIT), still present
significantly higher collagen content than M-TT samples (p < 0.01).
In this case, variability is the highest among all groups, consistent with

the previously discussed heterogeneity in structure and organization for
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Fig. 8. Collagen quantification results. (a) Total collagen content in infarcted tissue groups (A-FIT, M-FIT, M-LIT, and M-TT). (b) Relative quantification of
collagen-I and collagen-III in partially and fully infarcted samples (M-LIT, M-FIT, and A-FIT). Mean histograms of collagen fiber orientation for M-FIT samples
(c), and for A-FIT samples (d). In (a), statistical significance is indicated as p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

these samples. Finally, the M-TT samples show the lowest collagen con-
tent, with relatively high dispersion as well. These values are very close
to those of physiological or remote tissue (not shown), as described in
the previous sections.

Following the total collagen quantification, Fig. 8.b shows the analy-
sis of the relative amounts of collagen-I and collagen-III for each sample
type. In this case, M-TT samples are not included, since only collagen-
I was consistently observed as described in Section 3.2.3. Across all
groups, collagen-I is the predominant component (>90% in all cases),
consistent with the visual assessment discussed earlier. No statistically
significant differences were found between groups for either collagen-
I or collagen-III. Although visually A-FIT samples appeared to have
more collagen-III, the structural analysis confirmed that this difference
was not statistically significant (p > 0.05). Therefore, all groups are
characterized by a predominance of collagen-I and less than 10%
collagen-III, with no significant differences between them.

Finally, Figs. 8.c-d compare the spatial distribution of collagen
fibers within the cutting planes (parallel to the epicardium) for the fully
infarcted medial and apical samples (M-FIT and A-FIT, respectively).
This comparison is particularly relevant because these two groups
showed the highest overall collagen content but differed markedly
in organization. In medial infarcts, collagen fibers are preferentially
aligned around the global circumferential direction (0°), whereas in
apical infarcts, no clear orientation is observed, resulting in a nearly
isotropic distribution. These findings are consistent with previous re-
ports [18,20].
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3.3. Mechanical response of healthy myocardium

In Fig. 9.a, we present a summary of the averaged biaxial results for
all the loading ratios at 20% stretch for the control animals, both for
M-C and A-C. All plots show Cauchy stress vs. stretch results. We focus
solely on the elastic part of the response, neglecting the viscoelastic
behavior. Myocardial tissue exhibits a highly non-linear and anisotropic
response, with higher stiffness in the MFD (FF) direction than in the
CFD (NN) one, as expected. A-C results (n = 24) show a slightly less
stiff and more isotropic response than M-C (n = 24), with a significant
reduction (p < 0.02) in peak stress values of 24.6% and 14.2% in each
MFD and CFD, respectively. As shown in the histological analysis, these
minor variations may be related to differences in the architecture of
muscle fibers in these two regions.

Fig. 9.e shows the averaged results from the STS characterization
for all 6 configurations (at least n > 8 in each shear mode). Again,
STS exhibits a highly non-linear response, with an evident orthotropic
behavior, which can be differentiated into three groups. First, tests,
where the shear stress is mainly absorbed by the F direction (FN-FS),
show the stiffest response, then those where the shear stress is mainly
in the S direction, and last, those in which the shear stress falls mainly
on the N direction (NF-NS). This is consistent with several results in the
literature [2-5].

Lastly, control animals’ CC results are shown in Fig. 9.f (plotted in
red). They show a virtually incompressible response, reaching stress
values around 3-4 MPa for a 10% volumetric compression. Upon closer
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inspection, we observe that for the physiological hydrostatic pressure
range, the volumetric variation is less than 1% (about 0.5% for 30 kPa)
for all the contrasted groups. Therefore, we can reasonably assume that
the myocardium exhibits an incompressible response.

3.4. Mechanical response post-infarction: Remote regions

Figs. 9.c—f shows the comparison of control animals with non-
infarcted remote tissue from LAD and LCX (M-NIT and A-NIT, respec-
tively). The equibiaxial ratio of the Bx results, EBx, show a similar
response between the remote tissue, both in LAD and LCX, and the
tissue in the physiological state (Figs. 9.c—d). All show similar peak
stress values (between 5 and 15 kPa). At the AMFW area (M-C and
M-NIT), no significant differences were observed between control and
NIT tissue (p > 0.27), suggesting that infarction has a local impact on
cardiac tissue. We did observe changes between the two contrasting
zones (M-C and A-C). As mentioned in [6], we attributed these local
differences to changes in fiber orientation in both zones and to the
nature of the biaxial test itself. Lastly, there are some visible differences
between A-C and A-NIT, being the A-NIT response closer to the M-C
results than to A-C. However, the number of samples in A-NIT was
very small (n = 3), so differences may be due to A-NIT not being a
representative sample rather than to changes in tissue physiology in
that case. This is in good agreement with the histological results, which
highlighted very similar structures between the control groups and the
remote non-infarcted tissue.

The STS results show an orthotropic response in all cases. For the 6
individual shear configurations, no differences were observed between
control and LCX animals. Regarding LAD results, we observed a similar
behavior at FS, SF, and NS, but some differences appear at FN, SN, and
SF, being only statistically significant in NF and FN (p < 0.024 in both
cases). There is no clear justification for that, as we did not observe any
irregularity in the NF-FN samples in terms of tissue physiology. Given
the complete set of mechanical and histological results, we assume
that the differences are not linked to remodeling or changes in tissue
structure in the remote zones.

Finally, CC results show highly incompressible behavior in all three
groups (control, LAD, and LCX). Minor differences were observed in the
compressibility of the three groups, although not significant (p > 0.24),
suggesting that the tissue also maintains its compressive properties in
remote areas to the infarction.

3.5. Mechanical response post-infarction: Infarcted tissue

Fig. 10 compares the EBx Cauchy stress of all the considered groups,
including FIT. Focusing on the AAFW results (Fig. 10.a), the A-FIT
response shows evident stiffening when compared to the physiological
state, obtaining a much more exponential-like and isotropic response.
These results correspond to the LAD model, in which severe transmural
infarctions were obtained with an important remodeling process in all
hearts. As seen in the histological analysis, infarcted tissue exhibited
a collagen-dominated structure, which is well related to the observed
stiffened response. This collagen arrangement also showed a random
fiber orientation in the AAFW region, which explains the isotropic
behavior observed under EBx conditions. Lastly, the aforementioned
reticulated nature of the collagen fibers is also well related to the
increased exponential behavior of the infarcted tissue.

On the other hand, due to the heterogeneous LCX infarctions, sam-
ples were divided into transitional tissue, M-TT, locally infarcted tissue,
M-LIT, and fully infarcted tissue, M-FIT. The results show progressive
stiffening with the degree of infarction associated (Fig. 10.b). First,
the M-TT samples showed a comparable response to that of the phys-
iological state, without any visible stiffening when compared to M-C
(p > 0.52). We did observe significant differences between M-C and M-
LIT, especially in CFD (p = 0.048 in MFD and p = 1.3e-5 in CFD). Peak
stresses were compared for the statistical analyses. Lastly, similar to the
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AAFW zone, the M-FIT samples showed an evident severe stiffening.
However, M-FIT and A-FIT presented very different responses in terms
of anisotropy. A-FIT presented low values of anisotropy, especially in
low strain values, where it presented almost an isotropic response.
Conversely, M-FIT presented a highly anisotropic response starting at
early levels of strain. Furthermore, M-FIT exhibited higher stiffness
in the circumferential direction, contrary to A-FIT, where, although
more isotropic, the longitudinal direction was the stiffest. This is again
related to the microstructural differences observed between both areas,
as M-FIT presented a much more preferentially oriented collagen net-
work, which translates into a more anisotropic response. Furthermore,
as shown in Fig. 8, the collagen network at M-FIT seemed to follow
the circumferential direction. All these results clearly show that the
infarction produces a stiffening of the myocardial tissue and that this
is proportional to the degree of infarction reached. Moreover, MI has
proved to present a very local effect. Lastly, although there is a common
trend between LAD and LCX results, differences have been observed
between the two in terms of anisotropy.

Once again, it should be noted that, due to the impossibility of
cutting laminae in the FIT, its testing directions are not coincident with
those of the other groups. In this case, the samples were aligned with
the global longitudinal and circumferential directions of the ventricle
(shown as LONG and CIRC in different colors in Fig. 10.c, respectively).
Therefore, to ensure a more objective comparison between all groups,
we chose to obtain the averaged peak stresses between both testing
directions for all groups (Fig. 10.d). The averaged results show the same
trend as in the previous graphs, confirming the progressive stiffening
proportional to the degree of tissue infarction in the M-LIT and M-FIT
samples (p«le-5 for M-FIT when compared to M-C). If we quantify
this stiffening, we observe that the peak average stress reached in M-
LIT is 2.19 times the value of the physiological state (M-C), while in
the case of M-FIT, this value reaches 4.49 times the original value. In
the apical zone, the values reached in A-FIT are 6.26 times higher than
the control group (p<le-5).

We also examined the variation of cross-coupling effects among the
different sample groups (Figs. 11.a-d) using the Cross-Coupling Ratio
(CCR). Fig. 11.e summarizes the mean CCR values for each group, and
Table 5 provides the corresponding numerical results. No significant
variations in CCR were found in non-infarcted tissue samples (p > 0.05
in all cases), whether proximal or distal to the infarct (M-NIT, M-TT,
and A-NIT), so they were not included. Similar CCR values were also
obtained between the two physiological control regions, M-C and A-C
(Table 5).

In contrast, infarcted tissues exhibited a markedly amplified CCR,
indicating a stronger dependence of the mechanical response on the
transversal loading state (Figs. 11.b and d). Once again, although
FIT samples do not share the same orientation reference as the re-
maining groups, the magnitude of the differences observed in CCR is
large enough to draw meaningful macroscopic conclusions. Overall,
statistical analysis revealed the following: (i) there are no significant
differences in CCR between the different zones studied in the physi-
ological state, M-C and A-C (p > 0.15 in all ratios). (ii) A-FIT shows
significantly larger CCR values than A-C (p < 0.029 in all ratios). (iii)
Significant variations are observed in both directions for both M-LIT
and M-FIT, across all loading ratios (p < 0.037 for M-LIT and p < 0.012
for M-FIT).

These findings confirm that cross-coupling effects are more pro-
nounced in infarcted tissue samples, indicating a greater interrelation-
ship between testing directions. This correlates well with the collagen
fiber distribution observed in the histological study, where collagen
fibers are not oriented independently around MFD/CFD but exhibit a
three-dimensional distribution that enhances in-plane coupling.

Lastly, we also analyzed the variation in compressive response in
LCX compared to the control and remote tissue (Fig. 9.f). Due to the
small size of the infarcted area, we could not obtain a large number
of compressive samples (n = 4). Nevertheless, significant differences
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Table 5

Cross-coupling ratio for infarcted tissue biaxial testing.
Group CFD-1:0.75 CFD-1:0.5 MFD-1:0.75 MFD-1:0.5
M-C 17 + 8% 25 + 17% 14 + 4% 23 + 5%
A-C 20 + 4% 31 + 6% 14 + 4% 21 + 7%
M-LIT 27 + 8% 42 + 12% 18 + 4% 31 + 6%
M-FIT 35 + 4% 54 + 8% 22 + 5% 33 + 7%
A-FIT 31 + 9% 46 + 13% 46 + 4% 65 + 5%

are evident compared to all control and remote tissue groups (at least
p < 0.0019 in all cases). The infarcted tissue exhibits notably higher
compressive pressure values, even being unable to reach the maximum
imposed volumetric variation of 10%. Therefore, the changes occurring
in the tissue due to the infarction not only alter its extensive elastic
properties but also its compressive ones.

4. Discussion
4.1. Infarcted tissue physiology

We have shown that infarcted hearts differ in morphology and
microstructure from control animals. The geometric remodeling process
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is well known to vary through the infarction healing process, and its
process has been extensively reported [14,21,22,26,44]. In our study,
we focus on already remodeled tissue, as samples were obtained 6
weeks after the infarction, which is normally considered as so [14].
For LCX hearts, infarctions ranged from mild locally infarcted tissue
to transmurally infarcted tissue, the latter affecting up to 20% of the
LV wall. For LAD animals, all hearts presented transmurally infarcted
tissue, affecting up to 40% of the LV wall. Therefore, LAD infarctions
exhibited a greater extent and homogeneity. In the LCX model, it is
challenging to generate infarcts as prominent as those in LAD, since
its location (AMFW) may compromise the animal’s survival until the
extraction time (6 weeks later). However, we lack a clear justification
for the heterogeneity observed in LCX infarcts, as the same protocol was
used in LAD. The authors suggest that this variability may be linked to
inter-patient differences in the branching of the LCX artery.

Partially infarcted LCX animals (LCX-1, LCX-3 & LCX-5) did not
present any transmural remodeling, maintaining a homogeneous wall
thickness similar to control hearts (around 10-15 mm). In contrast,
fully infarcted animals, both from LAD and LCX, presented a significant
remodeling, with a thickness reduction of about 45%-60% in the
infarcted area. This reduction only affected the infarcted area, as the
rest of the ventricle maintained a similar thickness to that of the control
hearts (Fig. 1 and Table 4).
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This aligns with the ranges reported by Richardson et al. [14],
who highlighted variations between 20%-60% across different ani-
mal models, measurement methods, and times between infarction and
results collection [24,26,45-49], although this remodeling process is
well-known to be conditioned by tissue reperfusion [50,51]. Gupta
et al. [21] examined in vitro samples from adult ovine hearts, identify-
ing local remodeling as well, with a 33% reduction in thickness in the
infarcted area 6 weeks post-infarction, while physiological thickness
was maintained in remote areas. Similarly, McGarvey et al. [22] ob-
served in vivo reductions of 30%-55% in porcine hearts between 4 and
8 weeks post-infarction. Although they report slightly lower thickness
reductions compared to our findings, they are still comparable. We
believe these differences are related to variations in the animal models,
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as their studies involved younger animals with smaller hearts, which
could influence the results.

Regarding the histological microstructure, we have demonstrated
distinct patterns in each of the groups analyzed, depending on the
degree of infarction of the tissue concerned. Control animals showed
a very ordered structure in the M-C samples, alongside a much more
random distribution in A-C samples (Fig. 5). Both regions exhibited
a very weak collagen network, barely visible under M3 (Fig. 6), but
more clearly represented under PR (Fig. 7). Both remote areas, M-
NIT and A-NIT as well as M-TT near-infarction area, maintained the
physiological structure, as no obvious microstructural changes were
observed when compared to M-C or A-C. This suggests once again
that the contrasted infarctions have a highly localized effect, confined
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to the scarred area. This highly localized effect of infarction is well-
documented in the literature, both in experimental [22,43,52] and
computational studies, where tissue remote from the infarct is typically
considered healthy [25,33,44,53]. Whittaker et al. [43] observed no
differences between physiological and infarcted hearts outside the in-
farction zone, except in a few specimens where tissue variations did not
extend more than 1 cm from the infarct. In our study, neither observed
significant variations in tissue microstructure even in the adjacent M-TT
zone.

Partially infarcted tissue, M-LIT, showed heterogeneous muscle dis-
tributions ranging from physiologically-like oriented regions to areas
where this orientation was completely or partially disrupted (Fig. 5).
This tendency is repeated in the collagenous network (Fig. 6). The
scarred tissue clearly showed a great abundance of collagen (Fig. 8.a)
as well as necrotic cells. Additionally, we observed alterations in the
collagen composition of the non-infarcted regions of the M-LIT samples,
with a notable increase in collagen within the cleavage planes (6).
M-LIT samples exhibited not only collagen-I fibers but also a minor
collagen-III network (<10% of the total collagen) within the infarcted
tissue (Fig. 8.b), and the collagen network was organized not only along
the muscle fiber direction but also extended transversely, forming a bi-
dimensional structure (Fig. 7). The scar composition has been described
as primarily consisting of collagen-I, although several studies have also
reported the presence of collagen-IIl, often associated with regions
undergoing healing [43,54,55], and even collagen-V [56]. However,
collagen-I remains the predominant component of infarcted tissue, be-
ing much more abundant than collagen-III, with a reported ratio of 7:1
in mature rats [57]. Whittaker et al. [43] noted that near the edge of the
scar, collagen-III fibers form a mesh-like pattern that serves as a scaffold
for collagen-I deposition, becoming ‘woven’ into it. They also observed
that in the central part of the scar, this collagen-III structure was less
evident, with collagen-I being the primary component. In our case, in
both partial and full infarctions, collagen-I was the main component,
with a ratio greater than 9:1 in every sample (Fig. 8.a). This may relate
to Whittaker’s observations, as collagen-III has been associated with
tissue still undergoing healing [43], whereas in our case, at six weeks
post-MI, the scar may already be sufficiently remodeled.

Lastly, the fully infarcted samples exhibited an intense collagen-I
network. Medial samples, M-FIT, presented a clear directionality (Fig.
8.c), forming long collagen chains with a strong circumferential ori-
entation. Collagen fibers showed a prominent reticulated wavy nature.
This preferential direction of collagen is aligned with the muscle fibers’
direction in the region, suggesting that the collagen network forms
following the orthotropic directions of the tissue. In the apical zone,
A-FIT, an extensive collagen network was also observed, but here the
collagen fibers exhibited a much more random orientation (Fig. 8.d),
similar to what we observed about the muscular fibers. Although a
greater macroscopic concentration of collagen-III was visually observed
in the A-FIT samples, quantitative analysis showed no significant trend,
and all infarcts contained less than 10% collagen-III, including the
partially infarcted M-LIT samples. It would be of interest to analyze the
evolution of both collagen types throughout the scar healing process.
The observed collagen fiber distributions in AMFW and AAFW are well
related to previous studies of the literature, which agree that fibers are
preferentially circumferential in the medial region of the LV and almost
randomly distributed in the apical part [18,20,43].

4.2. Healthy cardiac tissue’s mechanical response

Healthy myocardium response was extensively analyzed in [6]. Very
briefly, the myocardium exhibits a highly non-linear hyperelastic be-
havior, clearly anisotropic under biaxial conditions and orthotropic un-
der triaxial loading. We obtained a biaxial anisotropy ratio of 2-2.4 and
a triaxial orthotropy ratio of 1-0.59-0.41, which aligns well with the
literature [2,3,3,4,58-60]. Regarding myocardium compressive prop-
erties, a highly incompressible behavior in the perfused state has
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been demonstrated, which is consistent with the results reported by
Avazmohammadi et al. [10] for end-diastole, where the myocardium
is also saturated due to coronary perfusion. However, the protocols
used in that study and in ours represent two fundamentally different
approaches: their work analyzed in vivo volumetric changes during
the cardiac cycle due to blood perfusion and at much larger scales,
whereas our study involved confined samples tested through in vitro
methods. Therefore, this correlation should be interpreted with caution.
Still, we believe it is reasonable to conclude that myocardium can be
safely considered incompressible under physiological conditions, but
only when saturated.

4.3. Remote non-infarcted tissue’s mechanical response
D

We observed similar biaxial responses between control tissue and
tissue remote to infarction, both in LAD and LCX (Figs. 9.c—d). We did
not observe significant statistical differences between medial control
and NIT tissue (p > 0.27). There were some visible differences between
A-C and A-NIT, but they were attributed to the very reduced number
of samples in A-NIT (n = 3). This is in good agreement with the
histological results, which highlighted very similar structures between
the control groups and the remote non-infarcted tissue. The study by
Gupta et al. [21] validates our hypothesis, as they also analyzed the
response in a remote region of anteroapically infarcted ovine hearts
and observed that the equibiaxial properties of the remote tissue had
mostly recovered to control levels by a time point comparable to
ours (6 weeks). Although numerically, this was also later validated in
McGarvey’s [22].

The simple triaxial shear results show an orthotropic response in all
cases. For LAD animals, we observed relevant differences in peak shear
stresses for FN and NF modes when compared to the control. Similar
to the control animals (see [6]), we calculated the orthotropy ratios for
LAD and LCX, obtaining 1-0.68-0.5 and 1-0.52-0.36, respectively. This
translates into a stiffness reduction of 32 and 48% in stiffness from the
myocyte direction to the intermediate one, and a reduction of 50 and
64% for the most compliant direction, respectively. This is similar to
the contrasted STS studies in healthy tissue (35%-50% and 50%-70%,
respectively) [2-4,6]. Therefore, as LAD and LCX results are still around
the literature range for physiological STS response and considering the
complete set of mechanical and histological results, the authors assume
that the observed isolated differences in those STS configurations are
not linked to a remodeling process or changes in tissue structure in the
remote zones.

Lastly, CC results show highly incompressible behavior in the three
groups studied (control, LAD and LCX), with minor non-significant
differences between the three groups (p > 0.24). This suggests that the
tissue also maintains its physiological compressive properties in remote
areas. To the best of our knowledge, the compressibility in remote
areas from the infarct has not been experimentally characterized to
date; thus, there is limited literature available on this topic. The closest
study addressing this issue is by Avazmohammadi et al. [10], where
they analyzed volumetric variations throughout the cardiac cycle in
apically infarcted ovine hearts, specifically recording these variations
in remote zones as well (medial and basal). They observed that while
the infarcted apical tissue exhibited minimal volumetric changes over
the cycle, no such effect was evident in remote zones, maintaining
values relatively close to the physiological case. However, this study
only focuses on a timeframe of up to 12 h post-infarction, which, as
previously mentioned, may not represent the remodeled state typically
observed at 6 weeks post-infarction [14,21,22,26,44]. Nevertheless,
they also suggest that tissue compressibility in remote infarcted areas
may resemble the physiological state.
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4.4. Infarcted tissue’s mechanical response

4.4.1. Infarcted tissue stiffening

Numerous studies have shown drastic changes in the mechanical
properties of post-infarction myocardial tissue. In the early study by
Holmes et al. [19], they demonstrated a significant reduction in in
vivo circumferential systolic deformations for infarcted tissue, suggest-
ing increased stiffness in that direction related to the formation of
a prominent collagen network. This has been subsequently validated
experimentally [18,20,26] and numerically [25,44].

Focusing on our results, the close-to-infarction tissue, M-TT, pre-
sented very similar behavior to that of physiological tissue, confirming
that the adjacent tissue maintains its mechanical response, at least
from a passive standpoint. This aligns with the conventional approach
used in computational studies, which typically considers physiological
passive properties in the entire non-infarcted ventricular wall [25,44].
There are indeed studies that considered variations in areas near the
MI in terms of active mechanical response [33,53], but that is beyond
the scope of our study.

Infarcted tissue showed progressive stiffening depending on the
degree of infarction. For M-LIT samples, the increase in the averaged
peak stresses compared to the control samples went up to 2.19 times.
Similarly, it reached values of 4.49 for M-FIT and 6.26 for A-FIT.
Histological analysis revealed that these changes were due to the
collagen deposition in the infarcted tissue. We attribute the greater
stiffening observed in A-FIT to the larger extent of LAD infarcts, as well
as the higher collagen deposition values obtained (Fig. 8.a). In other in
vitro characterization studies in the literature, such as those by Gupta
et al. [21], increases of up to 5.95 times in the circumferential direction
compared to the physiological state were observed. In the study by
Zhuan et al. [44], although through simulation, circumferential stress
increases of about 3.5 times (from 4.3 to 15.1 kPa) were recorded,
while longitudinal stresses remained relatively stable.

The study by Gupta et al. [21] reported, for 10% equibiaxial de-
formation in infarcted samples obtained from the medial region of
ovine hearts, mean peak Cauchy stresses of 1.18-0.39 kPa in the
circumferential-longitudinal directions. Studies by Morita et al. [24]
and Avazmohammadi [5], also on ovine hearts but closer to the apical
region, showed values of 10.44-11.11 and 0.64-0.59 kPa, respectively.
McGarvey et al. [22] presented simulated values for the medial region
of porcine hearts of 7.3-5.2 kPa in the MFD-CFD directions. Zhang
et al. [23] presented values of around 8 kPa in the CFD direction in
medial samples of porcine hearts. Finally, Sirry et al. [26,27] reported
values of up to 20 kPa in both directions for medial samples of murine
hearts. All these results correspond to studies of completely infarcted
tissue, except for [26], where partially infarcted samples containing
about 10 to 70% infarction were obtained. However, that study did
not focus on contrasting the impact of partial infarctions vs. total
infarctions. In our case, for 10% deformation, we recorded values
of 7.99-3.76 and 6.01-6.15 kPa in the circumferential-longitudinal
directions of the M-FIT and A-FIT sets, respectively, falling within the
literature range.

Therefore, there is a high variability in stresses across all these stud-
ies, so special care must be taken when making quantitative compar-
isons. This significant dispersion, in addition to the inherent variability
of biological tissues and differences in testing protocols and animal
models, is due to the high complexity of infarct generation methodolo-
gies. Inducing infarcts of comparable extent, with precise location and
reproducible methodology, is highly complicated. Any subtle change
in animal experiences can result in pronounced differences in both
the mechanical response and the morphological characteristics of the
infarcted tissue [25,26], as seen in our case with M-LIT and M-FIT,
despite maintaining the same protocol.

Additionally, all the contrasted studies consider different times
between infarct occurrence and data collection, and it has been widely
reported that the mechanical response of scarred tissue varies over
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the first few weeks or even months post-infarction [10,21,22,44]. The
available studies present very different conditions, so caution must
be exercised when comparing them. Nevertheless, a clear trend of
myocardial tissue stiffening at the latter stages post-MI, dependent on
the extent of infarction and the microstructural composition of the scar,
is observed across all studies, which aligns with our results.

4.4.2. Infarcted tissue anisotropy

In addition to becoming stiffer, it is well known that the mechanical
response of infarcted tissue is highly influenced by its location and the
deformation state to which it is subjected. The study by Zimmerman
et al. [29] was the first to report that local changes in the strain
conditions influenced the microstructure of the scar. This was later
corroborated by Fomovsky et al. [20], who found that apical infarcts
exhibited more isotropic properties compared to medial ones. In a
subsequent study [18], they contrasted infarcts of different geometries
and locations, comparing the medial and apical regions. They found
that only infarct location affected its mechanical response: medial
infarctions stretched primarily in the circumferential direction and
developed anisotropic scars containing circumferentially aligned colla-
gen fibers, while the apical ones stretched in both the circumferential
and longitudinal directions, developing structurally isotropic scars.
These mechanical responses are justified by tissue microstructure as
the collagen network was coincident with those descriptions. All this
suggests that the mechanical conditions surrounding the infarct dom-
inate the scar development process and determine its final properties.
This mechano-dependent nature of collagen deposition aligns with the
results of other experimental studies [5,21,23,24,26] and has also been
validated numerically [44]. Additionally, this trend has been reported
in studies on other tissues as well [61-63].

In our results, transmural medial infarcts (M-FIT) exhibited an
anisotropic response with significantly greater stiffness in the circum-
ferential direction, consistent with previous studies [18,23,25,26]. This
was corroborated by histological analysis, which revealed a dense
network of collagen fibers aligned in this direction. On the other hand,
A-FIT samples showed a much more isotropic response, especially up
to deformations of approximately 15%. Once again, the microstructure
supported this response, displaying more dispersed fiber patterns than
in the medial region, which aligns well with the distributions presented
by Fomovsky et al. (see Figure 3 of [18]).

Lastly, partial medial infarcts, M-LIT, exhibited increased stiffness
compared to the physiological state, but we did not find differences
in terms of anisotropy. The histological study revealed various mi-
crostructural patterns, finding infarcted areas where the fibers were
parallel to the muscle structure and others where the orientation was
more dispersed. We also noted an increase in ‘perimysial’ collagen in
the cleavage planes in non-infarcted areas. This suggests that these
heterogeneous distributions do not generate a uniform effect on tissue
anisotropy and depend greatly on inter-patient variability and the
specific conditions of each infarct.

Considering the computational application of the experimental data
collected, especially since we observed significant differences in the me-
chanical responses of M-FIT and M-LIT, it is important to move towards
patient-specific models that can incorporate specific information about
the type and extent of the infarct, as this may have major implications
on the simulated results. In the recent study by Martonova et al. [25],
a modified material model was proposed that allows the inclusion of
the degree of infarction in its formulation, opening the door to the
consideration of experimental data, as the one we propose. We believe
that such approaches can benefit from the data presented and facilitate
moving towards increasingly realistic patient-specific models that can
improve the development of new personalized therapies.



N. Laita et al.

4.4.3. Infarcted tissue biaxial in-plane coupling

All sample groups presented different levels of cross-coupling effects
at the non-equibiaxial testing. We observe no significant differences
in CCR between the different zones (p > 0.05) where the tissue was
considered to remain in the physiological state (M-C, A-C, M-NIT,
A-NIT, M-TT).

In the infarcted samples, these differences increased gradually (M-
LIT<M-FIT<A-FIT). This is consistent with the findings of [26], where
they also quantified in-plane coupling, recording higher values in sam-
ples with a more prominent scar (28d animals). The exact underlying
mechanism causing this phenomenon is not clear, though some hy-
potheses attribute it to the dynamic change of collagen orientation in
response to unequal biaxial loading [64-66]. In the medial samples,
M-LIT and M-FIT, the increases in CCR were more pronounced in the
CFD-Long directions, which proved to be mechanically weaker in the
mechanical tests. A-FIT samples also showed the highest variations
in the Circ direction, which was also the weakest direction in the
mechanical tests. We do not have a clear justification for this relation-
ship, so further analysis would be needed to draw solid conclusions.
Additionally, the significant increase in CCR for the Circ direction
in A-FIT samples (reaching values of 46% and 65%, respectively) is
noteworthy, marking the most drastic difference among all groups. This
relates to their microstructure observed in the histological analysis,
which revealed a highly irregular fiber distribution and a high presence
of collagen, promoting these elevated cross-coupling effects. In light
of all these results, we believe there is a clear correlation between
the structural changes induced by the infarction and the in-plane
coupling. This implies that the infarcted tissue presents more intricate
structures than the well-organized and directionalized architecture of
physiological cardiac tissue.

4.4.4. Infarcted tissue compressive response

Lastly, higher compressive pressures were obtained in infarcted
tissue than in the remote non-infarcted regions or the control animals.
This again correlates to the results of [10], where they also recorded a
reduction in the in vivo end-systolic volumetric variation at 12 h post-
MI when compared to the physiological state. This was also reported in
Sirry et al. [26,27], where they recorded an increase in the compressive
stiffness of 4 weeks post-MI tissue. However, the considered times
after infarction in these studies do not correspond with ours (6 weeks
post-MI).

4.5. Mechanical implications of the characterized infarcted response

After extensive analysis of myocardial tissue in both physiological
and infarcted stages under two of the most common infarction models,
LCx and LAD, we have confirmed that infarction induces irreversible
structural changes in the tissue that alter its mechanical response.

Our results also demonstrate that infarcted tissue is stiffer than
physiological tissue, showing a strong correlation between the degree of
infarction and the mechanical properties of the myocardium. Infarcted
samples exhibited greater in-plane coupling between anisotropic di-
rections compared to healthy tissue, reflecting a more complex and
crosslinked microstructure. They also displayed increased compressive
resistance. These changes in mechanical response can be explained
by the microstructural alterations observed histologically and were
restricted to the scarred area, as adjacent and remote tissues preserved
physiological characteristics.

Additionally, we observed that LCX and LAD models produce scars
with distinct mechanical behaviors. It is important to emphasize the dif-
ferences between the MI models, which may otherwise appear diluted
due to the heterogeneous degrees of infarction observed in the LCX
model. Despite this variability, our results clearly distinguish the two
models. Fully infarcted medial (LCX) samples exhibited a pronounced
anisotropic response, with collagen fibers predominantly aligned along
the global circumferential direction of the ventricle. Histology revealed
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a marked increase in collagen, distributed relatively homogeneously
along this direction (Fig. 8.c), leading to tissue stiffening. In this case,
average tensile peak stresses reached approximately 4.5 times those
of healthy tissue. The scar was mainly composed of collagen I (Fig.
8.b). Conversely, apical (LAD) infarcts showed a much more isotropic
mechanical response, lacking a clear preferential direction. Histological
analysis again revealed a marked collagen increase, significantly higher
than in LCX infarcts. Here, the newly deposited collagen fibers dis-
played a clearly random distribution (Fig. 8.d). Average tensile stresses
reached values around 6 times greater than physiological levels, consis-
tent with the higher collagen content. The scar was also predominantly
collagen I, with no relevant differences compared to LCX in this aspect.

Overall, both models led to collagen accumulation and consequent
tissue stiffening. However, LAD infarcts exhibited greater collagen
content and extent, resulting in more pronounced stiffening than LCX
infarcts. In addition, the contrasting collagen fiber organization (direc-
tional in LCX versus random in LAD) produced substantial differences
in anisotropy between the two models.

To our knowledge, no other in vitro experimental study has been
as comprehensive as ours, as is the first that jointly: (i) compares two
prevalent MI models (LAD vs LCX) under a standardized protocol; (ii)
contrasts transmural and localized (partial) infarcts; and (iii) integrates
multimodal mechanics (biaxial, simple triaxial shear extension and con-
fined compression) with quantitative histology. Our findings establish
mechanical correlations between collagen architecture and myocardial
mechanics across infarct types, locations, and extents, providing data
directly translatable to computational modeling and therapy design.
Lastly, this study also builds upon our previous, equally extensive
analysis of healthy myocardium [6], providing a coherent and com-
plementary framework to understand the transition from normal to
post-infarction mechanical behavior.

Sirry et al. [26] likely represents the previous most extensive exper-
imental work, analyzing both extensional and compressive properties
of infarcted tissue; however, it does not examine variation across
infarcted, adjacent, and remote regions, nor does it compare different
prevalent MI models. Previously, the only data comparing MI models
came from Fomovsky et al. [18], based on a murine in vivo model that
is less comparable to the human heart.

Beyond quantifying the full three-dimensional mechanical response
for all groups, we show that infarcted tissue behavior varies markedly
with location and, critically, with infarct extent. Focusing on local-
ized versus transmural infarcts, we observed substantial differences
in both mechanical response and remodeling. These findings have
significant implications for cardiac physiology [25]. To enable reliable
computational models and more effective therapies, it is essential to
account for such heterogeneities and to move toward personalized
studies encompassing a wider and more realistic range of cases.

4.6. Limitations

Some limitations in this study need to be highlighted. Firstly, the in
vitro tests may compromise the physiological behavior of the tissue due
to potential damage, resulting in the fact that subsequent results could
be unrepresentative of in vivo behavior [67,68].

Again, the loss of tissue’s physiological state was a clear limitation,
as tests could not be extended more than 72 h after extraction. Conse-
quently, we were unable to perform all types of tests simultaneously at
every location in all animals. This resulted in some groups being limited
to a few samples, such as A-NIT (n = 3). Furthermore, in addition to
these temporal limitations, we also faced significant spatial constraints
in infarcted samples. The infarcted area generated in the ventricular
free wall was about 20-25 mm maximum, which considerably limited
the number of tests that could be performed on the infarcted tissue. For
example, we were unable to evaluate the infarcted tissue under STS.

Obtaining homogeneous and reproducible infarcts in all animals
also posed a considerable challenge. Ensuring an objective comparison,
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both with our results and with those in the literature, requires metic-
ulous control of many factors that can introduce variability [25,26].
Even small changes in the infarction model, the arterial occlusion
protocol, or the time between infarction and data collection can lead to
marked differences in scar microstructure, geometric remodeling, and
mechanical response. For instance, in our study, a 90-minute reperfu-
sion period was applied after MI in both LCX and LAD models, whereas
most tissue characterization studies referenced in Table 1 employed
permanent coronary ligation, except Zhang et al. [23]. This difference
may partly explain the heterogeneity observed in LCX infarcts; how-
ever, the same reperfusion protocol did not cause variability among
LAD infarcts, which remained fully homogeneous. Furthermore, studies
such as Sirry et al. [26] also reported partial infarcts despite using per-
manent ligation. Therefore, we believe reperfusion alone cannot fully
account for the differences observed, particularly between LCX and LAD
infarcts. Future work directly comparing reperfused and non-reperfused
samples could help clarify these findings. Ultimately, comprehensive
studies covering different infarction models and conditions are needed
to better understand the intrinsic heterogeneity of myocardial injury.

Additionally, certain simplifications were made in this study. In all
tests, we have assumed a homogeneous macroscopic fiber distribution
for stress calculations. However, this assumption is only true at the
micrometric scale (250-500 pm) and disregards the tissue dispersion
and heterogeneities. Due to the heterogeneity of test loading conditions
and cardiac tissue structure, finite element modeling would be highly
beneficial to validate and corroborate our three-dimensional character-
ization in a realistic and personalized manner at the microstructural
level. Similar to the healthy tissue, both microstructural [5,10,28] and
macroscopic [21,25,26] approaches have been reported. However, a
more detailed microstructural study based on inverse FEM analysis may
better capture the infarcted tissue response and could be a valuable
direction for future work.

5. Conclusions

We have conducted a comprehensive in vitro experimental charac-
terization of infarcted porcine cardiac tissue. Although our analysis
focused primarily on biaxial testing (Bx), we also incorporated other
relevant deformation modes, including simple triaxial shear tests (STS)
and confined compression tests (CC). Furthermore, we explored how
mechanical behavior varies across two prevalent infarction models
(LAD and LCX) and across different degrees of infarction.

Our results show that non-infarcted tissue, both in areas remote and
adjacent to the infarction (for both LAD and LCX models), does not
differ significantly from control myocardium, suggesting that infarction
induces localized changes in mechanical properties.

In contrast, infarcted tissue exhibited markedly increased stiffness
compared with non-infarcted myocardium, proportional to the infarc-
tion extent. Partially infarcted samples showed a less pronounced stiff-
ening (around 2.2 times physiological values) than fully transmural
infarcts (about 4.5 times for LCX and 6.3 times for LAD). Hearts with
complete transmural infarction experienced a 60% reduction in ventric-
ular wall thickness in the affected area, while localized non-transmural
infarcts did not. Infarcted tissue also presented greater in-plane cou-
pling, indicating a more interconnected and complex fiber architecture,
which was both extent- and direction-dependent. The LAD model pro-
duced more extensive infarcts than LCX, resulting in a stiffer and more
isotropic mechanical response. Histological analysis corroborated these
mechanical findings, revealing distinct remodeling of muscle and col-
lagen structure underlying the observed mechanical differences. Tissue
architecture was predominantly shaped by infarction location and the
associated local strain environment.

To our knowledge, this work provides the most detailed in vitro
mechanical and histological characterization of post-infarction my-
ocardium available to date, capturing key heterogeneities that have not
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been systematically addressed before. In addition, we provide a com-
prehensive experimental dataset covering all tested conditions, which is
rarely available in the current literature and is useful as a reference for
future modeling and experimental work. These contributions advance
the understanding of myocardial remodeling and provide robust data
to refine biomechanical simulations and guide the development of
targeted therapeutic strategies.
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present work is available at: https://doi.org/10.5281/zenodo.1768858
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