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Abstract: Heart myocardia are critical to the facilitation of heart pumping and blood circulating
around the body. The biaxial mechanical testing of the left ventricle (LV) has been extensively utilised
to build the computational model of the whole heart with little importance given to the unique
mechanical properties of the right ventricle (RV) and cardiac septum (SPW). Most of those studies
focussed on the LV of the heart and then applied the obtained characteristics with a few modifications
to the right side of the heart. However, the assumption that the LV characteristics applies to the RV
has been contested over time with the realisation that the right side of the heart possesses its own
unique mechanical properties that are widely distinct from that of the left side of the heart. This
paper evaluates the passive mechanical property differences in the three main walls of the rat heart
based on biaxial tensile test data. Fifteen mature Wistar rats weighing 225 ± 25 g were euthanised by
inhalation of 5% halothane. The hearts were excised after which all the top chambers comprising the
two atria, pulmonary and vena cava trunks, aorta, and valves were all dissected out. Then, 5 × 5 mm
sections from the middle of each wall were carefully dissected with a surgical knife to avoid overly
pre-straining the specimens. The specimens were subjected to tensile testing. The elastic moduli, peak
stresses in the toe region and stresses at 40% strain, anisotropy indices, as well as the stored strain
energy in the toe and linear region of up to 40% strain were used for statistical significance tests. The
main findings of this study are: (1) LV and SPW tissues have relatively shorter toe regions of 10–15%
strain as compared to RV tissue, whose toe region extends up to twice as much as that; (2) LV tissues
have a higher strain energy storage in the linear region despite being lower in stiffness than the RV;
and (3) the SPW has the highest strain energy storage along both directions, which might be directly
related to its high level of anisotropy. These findings, though for a specific animal species at similar
age and around the same body mass, emphasise the importance of the application of wall-specific
material parameters to obtain accurate ventricular hyperelastic models. The findings further enhance
our understanding of the desired mechanical behaviour of the different ventricle walls.

Keywords: myocardium tissue; left ventricle mechanics; right ventricle mechanics; cardiac septum
mechanics; anisotropy index
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1. Introduction

Experimental testing remains the most common modality of obtaining the material
properties of biological tissues [1–6] and other soft materials [7]; however, biaxial testing
enables a more comprehensive understanding of these materials’ mechanical behaviour,
which is also necessitated by the fact that heart muscle is spatially heterogenous. Li et al. [8]
stated that the myocardium possesses a hierarchical structure that results in complex three-
dimensional (3D) mechanical behaviour, forming a critical aspect of the function of the
ventricle tissue. The physiological functioning of myocardial muscles involves a complex
force pattern in which biaxial tensile and compressive forces during diastole and systole
phases are combined with forces in the third dimension [8,9]. Therefore, it is important that
the study of myocardial muscle behaviour be carried out along more than a single dimen-
sion. Some researchers [8,10] recommended the use of multiaxial analysis of cardiac tissue
due to the intrinsic anisotropy and variation of myocyte fiber orientation and mechanical
properties of myocardial tissues. It is stated that biaxial cardiac in vitro models can precisely
represent the mechanobiological behaviour of cardiac tissue [11]. Besides, other studies [12]
further recommended that, for cardiac tissue, constitutive modelling, more uniaxial or
biaxial tensile tests, the identification of viscoelastic properties in various time scales, and
the use of pressure–volume curves be carried out, and that there is need for correlating the
passive biomechanical cardiac tissue properties with microstructural observations.

Previous studies have been conducted to understand the tissue mechanics of healthy
myocardia [13] to assist in the advancement of heart-specific computational models [1,3,14–18]
and development of new materials for use in diagnosing and treatment of coronary illnesses.
This study is aimed at investigating cross-direction and cross-wall variations in infarcted
rat myocardia. Despite many studies that show that the myocardium tissue is complex,
nonlinear, anisotropic, and heterogeneous, not enough study has been conducted on the
nature of these complexities across the heart’s three main walls, namely, the left ventricle
(LV), cardiac septum (SPW), and the right ventricle (RV) [19]. In order to accurately
bioengineer the heart muscle, it is essential that the passive mechanical behaviour of the
real tissue of the entire heart be correctly understood and profiled. In addition, it is hard
to accurately model the heart’s mechanical response without sufficiently understanding
its walls’ mechanical properties, but those studies have been rare largely due to a lack of
sufficient research on the right ventricle and soft tissues on the right side of the heart [20–22].
Kakaletsis [23] and Valdez-Jasso [24] reported that studies of the biomechanics of the
right ventricle had been neglected despite having its own distinct mechanical anisotropy.
Valdez-Jasso [24] further observed that the apex-to-outflow tract direction was consistent
and exhibited increased mechanical stiffness. Besides, the myofiber and collagen fiber
orientation were remarkably uniform throughout the entire thickness of the myocardium.
The more muscular left ventricle has dominated most of the research on the heart due to
its role in supplying blood to the entire body rather than that of the right ventricle, which
merely supplies blood to the lungs. In the following, we highlight a few studies that have
attempted to address different regions of the heart.

The mechanical properties data of the right ventricle free wall and its constitutive
relationship were reported for the first time in the published literature in 1993 [25]. They
studied regional differences by excising tissue specimens from the conus and sinus regions
of mongrel dogs’ hearts. They found that the myocardium was more anisotropic in the
conus direction with greater stiffness along the fiber direction. They further found that both
anisotropy and fiber direction stiffness were greater in the RV than in the LV. Much later,
Golob et al. [26] found that different regions of the heart exhibited differences in material
properties due to different sarcomere lengths. They also added that the RV is embryonically,
structurally, and functionally different from the LV, and further recommended that heart
muscle research should, among other areas, focus on studies of tissues from different wall
layers and ventricles in order to better understand its behaviour. Other works [27] observed
the differences in material behaviour among all six regions of the heart valves with the
central region exhibiting more anisotropy and being more extensible toward the annulus
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than the edge regions. The authors further pointed out that it is difficult to model the heart
valves correctly with models that assume material homogeneity over different regions
when it is known that they are spatially heterogeneous. At a functionally macroscopic scale,
another study [23] has noted that the differences between the RV and LV myocardia are
in terms of their stiffness in the fiber direction as well as the orientation and distribution
of their fibers. Hill et al. [28] and Avazmohammadi et al. [29] found that pulmonary
arterial hypertension exerts substantial pressure overload on the right ventricle free wall,
which leads to myofiber hypertrophy and remodeling of its collagen fiber architecture.
Hill et al. [28] further noted that the increased degree of anisotropy along the longitudinal
direction resulted in increased longitudinal stiffness compared to circumferential stiffness.

This paper is a sequel to an earlier study on an investigation of regional dependencies
on porcine myocardium [30], where it was reported that the material parameters obtained
from fitting the Fung and Choi-Vito models to the myocardial biaxial tensile test data
showed some regional dependencies. Therefore, in this study, we focus on examining the
nature of these differences by conducting a single-factor analysis of variance on tissue
elastic moduli (stiffness), precondition stress, and stress at 40% strain. These significance
tests are specifically applied in cross-direction and cross-wall sense in order to detect both
directional-dependent and regional-dependent variances.

2. Materials and Methods
2.1. Tissue Acquisition and Preparation

Fifteen (N = 15) Wistar rats (200–250 g) aged between 8 and 10 weeks [30] were
euthanised by inhalation of 5% halothane. This is in accordance with animal welfare
regulations in South Africa concerning animal sacrifice [31]. Once breathing and heartbeat
had stopped, the heart was dissected out. The atria, pulmonary and vena cava trunks, the
valves, and all soft tissues above the short axis of the heart were dissected away. The fresh
rat hearts were then packaged in a temperature-controlled box maintained at between 0 ◦C
to 6 ◦C and delivered for testing in less than 3 h. The outflow direction was marked as
the longitudinal direction (0◦), while that aligned with the heart wall’s shorter diameter
was denoted as the circumferential direction. Full cross-sections measuring approximately
5 × 5 mm were dissected from three different walls of the heart, namely, the LV, SPW, and
RV. Sharp and sterilised surgical knives were used during the dissection to avoid overly
pre-straining the specimens [32,33]. The mechanical tests were then conducted immediately
after receipt of the samples.

2.2. Biaxial Mechanical Testing

CellScale Biaxial testing system was used to measure the tensile response of all tissue
samples. All prepared tissue samples were mounted in the custom biaxial tensile material
testing apparatus (BioTester 5000 CellScalle, Wateroo, ON, Canada®) specifically designed
for soft tissue mechanical testing. The BioTester 5000 biaxial system is installed with a
unique system that uses rakes for piercing the tissue. In this test, the four rakes (see Figure 1)
are utilised to clamp the tissue sample for biaxial tensile testing. A total of 15 samples were
harvested from the LV, SPW, and RV and subjected to equi-biaxial tensile testing. The major
dimensions such as length, width, and the thickness of each sample were measured using a
Vernier caliper. To ensure the accuracy of the measurement, each dimension was measured
four times, and average dimensions were then utilised for further processing. Before
collecting data, the precondition was conducted by applying a 10% strain on the sample at
a strain rate of 0.001/s. A preload of 5 mN was applied for 0.53 s. To maintain hydration
and mimic the body temperature, saline 0.91% w/v of NaCl was placed in the bath, heated
to 37 ◦C, and maintained for the duration of testing. Each sample was subjected to 40%
biaxial strain in the fiber and cross-fiber direction simultaneously at a strain rate of 40%
strain/5 s. The 40% strain was selected to be the physiological magnitude of rat heart.
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Figure 1. Experimental set-up of biaxial testing of rat heart passive myocardium: (a) shows the
5 × 5 mm LV myocardium sample and rake assembly for clamping, and (b) shows the BioTester
system used for biaxial testing of rat LV myocardium including the water bath for mimicking the
body temperature of 37 ◦C.

2.3. Tissue Stress–Strain Analysis

In this study the stresses were calculated using the first Piola–Kirchoff stress Tij then
converted into the Cauchy stress σij via the relationship [25,34]

σij = λiTij (1)

where i and j denote tensorial indices (refer to Figure 2), which for practical purposes in
this case may be interpreted as the two different directions; λ denotes the stretch ratio, λi
denotes the stretch ratio in the circumferential and longitudinal direction, and Tij = Fij/Aij
where F is the normal force and A is the undeformed cross-sectional area. The finite strains
in the two directions were determined as functions of the stretch ratio between deformed
and undeformed lengths, which in this case are defined as the Lagrangian strain tensor:

E =
1
2
(C − I) (2)

where C =

[
λ2

i 0
0 λ2

j

]
denotes the Green–Cauchy deformation tensor, and I is the iden-

tity matrix.
It was assumed that there are no shear stresses on the outer edges of the specimen;

therefore, only normal stresses are considered in this paper. The calculated stress results are
cut-off at 40% strain (refer to Figure 2). These stress results, however, are noisy; therefore,
they were further filtered with an 8-point moving average filter. The data were resampled
and further smoothened using a quadratic filter.
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Figure 2. Illustration of deformed specimen under uniform stretching showing 10% strain during
preload and 40% strain during actual testing. L and C denote the longitudinal and circumferential
directions, respectively.

2.4. Analysis of Variance

The statistical analysis involved the evaluation of the significance tests using one-way
single factor variance in Excel on the tissues based on the variations of elastic moduli, toe-
region upper limit stress (preconditioning stress), and the stresses at 40% strain between
the two directions for each wall, with their cross-wall variations along a particular direction.
The rationale behind the first set of significance testing is to establish any statistical signifi-
cance in the variances between tissue behaviour in the two directions for each myocardial
tissue while the second set of significance test were aimed at investigating any differences
from one wall to another for the same direction.

In the analysis of variance, the significance of the differences between any two given
sets of data containing elastic modulus values was evaluated. The statistic called the p-value
is used to indicate levels of significance in the variances. In this study, the null hypothesis
is such that the variance in the given two sets of data is statistically significant if the p-value
is less than or equal to 0.05 [35].

The elastic moduli were determined from the elastic region for each heart wall being
between 13 and 37% strain for the LV and SPW and between 24 and 37% strain for the RV;
toe region peak stresses were picked at 12% strain for the LV and SPW and 24% strain for
the RV. These investigations were conducted between the two different directions for all
the three walls and between one wall and another for each of the two directions.

3. Experimental Results
3.1. Stress–Strain Relationship

The stress–strain curves in Figures 3–5 are overlayed with the standard deviation
bounds to show how well the measured results lay within one-standard deviation bounds.
Furthermore, average curves have been plotted over the same axes and for all the walls
in both directions, and these curves lie mid-way. The stresses are plotted up to 40% strain
in the longitudinal and circumferential directions for all three walls of the heart. There is
a total of fifteen tests for each wall (Test I–XV). Though some of the stress–strain curves
exhibit diminished toe regions probably due to differences in the preconditioning, the
results show that the toe regions extend up to 12% strain for LV and SPW tissues and
almost double as much for the RV. The plotted results show that the stress–strain curves
divert away from the average curve upwards with increased strain within the linear region.



Processes 2022, 10, 629 6 of 17

Therefore, although almost all curves lie within the one-standard deviation margins, and
about 30% lie outside those bounds in the upper ends of the linear region. Theoretically, it
is expected that for normally distributed test data, 68% should be within the one-standard
deviation bounds, which is in line with these test results [35]. This demonstrates the
normality and quality of the test procedure in this study. There were not major differences
in the test procedure from one test to another, and any differences might have arisen from
unavoidable disturbances such as clamping conditions, temperature fluctuations during
testing, differences in test times from the time of animal sacrifice, and different pre-strain
histories [33,36].
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To examine the exact trend of the stress–strain curves relative to the average curves,
a standard error of the mean (SEM) was calculated and plotted in Figure 6. The SEM
results also show that the errors from the average curve increase with increased strain in
the linear region for both longitudinal and circumferential directions in all the three walls.
Among the three walls, the largest SEM occurs in the RV wall. The circumferential direction
consistently yields larger SEM than the longitudinal direction in all the three walls.



Processes 2022, 10, 629 9 of 17

Processes 2022, 10, x FOR PEER REVIEW 9 of 19 
 

Figure 5. Stress–strain graphs for RV myocardium in the (A) longitudinal and (B) circumferential 
directions overlayed with one-standard deviation regions as well as an average curve. 

To examine the exact trend of the stress–strain curves relative to the average curves, 
a standard error of the mean (SEM) was calculated and plotted in Figure 6. The SEM re-
sults also show that the errors from the average curve increase with increased strain in the 
linear region for both longitudinal and circumferential directions in all the three walls. 
Among the three walls, the largest SEM occurs in the RV wall. The circumferential direc-
tion consistently yields larger SEM than the longitudinal direction in all the three walls. 

 

1 
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3.2. Cross-Directional Variation

Figure 7 shows the average stress–strain curves along the longitudinal and circumfer-
ential directions plotted on the same axes for each wall. For the LV and SPW, the tissues
exhibit qualitatively similar trends between the longitudinal and circumferential directions.
The tissues are on average more compliant along the longitudinal than the circumferential
direction in the toe region. In the linear elastic phase, however, the tissues are stiffer along
the longitudinal than the circumferential direction. The RV tissues do not show much
difference in stiffness in the linear elastic phase. The toe region is much more elongated
along the longitudinal than the circumferential direction in the RV tissue.

 

2 

 

Figure 7. Cont.
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Figure 7. Longitudinal vs circumferential stress–strain curves for each heart wall’s myocardium.
(a) Average stress–strain curves of LV, (b) Average stress–strain curves of Septum and (c) Average
stress–strain curves of RV.

These differences are further qualitatively evaluated in this study by use of the single-
factor analysis of variance. Table 1 summarises the results in terms of the cross-directional
variation of elastic modulus, peak stress at toe region limit, and stress at 40% strain for each
wall. The elastic modulus was determined from the linear elastic region for each heart wall
specifically, from 12% to 37% strain for LV and SPW and between 24% and 37% strain for
RV. The toe region peak stresses were those corresponding to 12% strain for LV and SPW
and those corresponding to 24% strain for RV. The stresses at 40% strain were obtained
from the closest strain level. It is assumed that for a displacement-controlled test such
as the one used in this study, it makes more sense to monitor the differences in the peak
stresses than in the strains. The peak stresses are therefore used to reveal some nuances in
the differences in the material behaviour during the straining process.

Table 1. Statistical significance test results for axis-to-axis variations in biaxial mechanical parameters.
All statistically significant results in bold type.

p-Values: Cross-Directional Variation in a Wall

LV SPW RV

Elastic Modulus 0.0601 0.0001 0.1128
Peak stress at toe region limit 0.0042 0.2791 0.0000

Peak stress at 40% strain 0.9537 0.0342 0.0005

The results show that the SPW of rat myocardium exhibits statistically significant
variation in the elastic modulus between the longitudinal and circumferential directions.
For the LV and RV, the variation is moderate, but the analyses of variance in the stresses
yield significant variances in tissue responses at the toe region limit for the LV, and both at
the toe region limit and at 40% strain for the RV.

Figure 8 shows indices of anisotropy, which are calculated by relating tissue elastic
moduli in the longitudinal and circumferential directions for each test. The results show
that the SPW has the highest anisotropy, averaged at around an index of 1.5. The LV and
RV have average anisotropy indices of 1.3 and 0.9, respectively.
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3.3. Cross-Wall Variation

The tissue behaviour in the linear region was different for all the three wall tissues.
The elastic moduli for the three walls in the longitudinal and circumferential directions
were 69 kPa and 58 kPa, respectively, for LV; 109 kPa and 77 kPa, respectively, for SPW; and
103 kPa and 129 kPa, respectively, for RV. In terms of stress values at 40% strain, the three
tissue walls exhibited the following average values: 25 ± 7.5 kPa in longitudinal direction
and 20 ± 5 kPa in circumferential direction for LV; 32 ± 7.5 kPa in longitudinal direction and
25 ± 5 kPa in circumferential direction for SPW; and 20 ± 7 kPa in longitudinal direction
and 32 ± 10 kPa in circumferential direction for RV. These results show that the RV and
SPW myocardial tissues in this study are stiffer than LV myocardial walls in both directions.
The RV myocardial tissue is stiffest in the linear region in the circumferential direction.
However, it is important to note that this is not the case in the toe region where the LV
myocardial tissues are, on average, the stiffest in both directions.

Table 2 summarises the significance tests for cross-wall variations of elastic moduli,
toe region peak stresses, and stress at 40% strain for each direction. For elastic moduli,
the results show that the only non-significant differences occur between the SPW and RV
along the longitudinal direction. All the other cross-wall relationships yield significant
differences for the elastic moduli. The peak stress at the toe region does not yield any
significant difference between the LV and RV along the longitudinal direction. The results
in the table show that from one wall to another, the most significant differences occur
along the circumferential direction. This shows that each wall of the rat heart has distinct
mechanical properties since there is at least one parameter that is different from wall to wall.

Ratios of cross-wall elastic moduli for all tests are shown in Figure 9. The graphs
clearly show that the heart walls are distinct from each other in either direction. There is no
particular ratio that lies close to unity for all cross-wall relationships shown in the figure.
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Table 2. Statistical significance test results for cross-wall variations in biaxial mechanical parameters.
All statistically significant results in bold type.

p-Values: Cross-Wall Variation in a Particular Direction

LV-SPW LV-RV SPW-RV

L C L C L C

Elastic Modulus 0.0000 0.0043 0.0142 0.0000 0.6552 0.0001
Peak stress at toe region limit 0.0007 0.0111 0.8879 0.0001 0.0084 0.0033

Peak stress at 40% strain 0.0021 0.2117 0.2119 0.0000 0.2864 0.0000
L and C, longitudinal and circumferential.
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3.4. Stored Strain Energy

The passive response of the tissues can be linked to the amount of strain energy that
can potentially be stored under load. In this study, the stored strain energy in the toe and
linear regions along both directions were evaluated and are tabulated in Table 3. The stored
strain energy is numerically calculated using the trapezoidal rule given by

UT =
N−1

∑
n=1

1
2

(
σn+1

ij + σn
ij

)
×
(

εn+1
ij − εn

ij

)
(3)

where n is a sample point, and N is the total length of the measured data.

Table 3. Stored strain energy values calculated within the toe region and linear elastic region for each
heart wall myocardium.

Wall of
Myocardium

Toe Region (Kj) Linear Elastic Region (Kj)

Longitudinal Circumferential Longitudinal Circumferential

Left ventricle 0.0803 0.2210 3.3130 3.4471
Septum 0.1941 0.3359 4.5341 3.7879

Right ventricle 0.0728 0.7697 1.3251 2.8569

The results in Table 3 show that the SPW stores the largest amount of strain energy
along both directions. Despite its higher stiffness and relatively long toe region, the
RV myocardium does have the least amount of stored strain energy except along the
circumferential direction in the toe region. The LV stores much higher strain energy than
the RV in the linear region, which is beneficial when one considers its relatively higher
pumping demands.

4. Discussion

The results show that the stress–strain curves divert much further away from the
average curve for both longitudinal and circumferential directions in all walls of the rat
heart. This trend is typical for many soft tissue test results [37]. It is, however, not clear
what caused other specimens to exhibit trends that lie far away from the shaded regions
in Figures 3–5 or exhibit some earlier tissue softening than other specimens. It might be
presumed that this could have been caused by some pre-treatment factors or tissue damage
at the clamping points, which unfortunately were not immediately identified by the authors.
The plotted SEM values demonstrate this diversion of the results with increased strain in
the linear elastic phase. This is a cause for the difficulty with which myocardium tissue (or
any soft tissue) behaviour can be estimated by any constitutive model. Another dimension
to this problem is the difficulties in standardising stress–strain curves of the myocardial
tissue across two different laboratory testing conditions. It is therefore almost impossible to
apply model parameters obtained from tests conducted in one laboratory to those obtained
in a different laboratory. Even for tests obtained within the same laboratory, it is only
reasonable to correlate different tests by examining how well those different tests fall within
acceptable error bounds as demonstrated in this study, possibly by examining how close the
observed results are from the mean or average stress–strain curve. A similar argument may
be pertinent in the application of constitutive or computational models for the prediction
of stress–strain behaviour of myocardium tissue.

The results show that cross-directional variances in the elastic modulus are statistically
significant in the SPW, moderately significant in the LV, and non-significant in the RV. Since
the tested specimens were dissected from the middle section of each wall (about the sagittal
plane), it might be interesting to investigate the nature of the variances in different regions
of each wall especially towards the SPW. Studies on other soft tissues such as valves have
shown that the anisotropy varies over different regions [27]. However, the p-value of 0.06
for the LV wall in this study may be interpreted differently with a slight adjustment to the
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confidence region. In terms of cross-wall variation in the elastic modulus, only the SPW-RV
does not yield any statistically different results along the longitudinal direction.

The peak stresses in the toe region are extremely important, since it is known that
soft tissues typically operate within this region under physiological conditions. For cross-
direction variation, it is observed that both the LV and RV yield statistically significant
variances. These differences in the toe region behaviour within the LV and RV myocardium
may have some significant influences in the contribution of the passive properties of the
heart muscle towards the heart’s pumping process. Cross-wall variation shows that only
the longitudinal peak stresses between the LV and RV walls are statistically non-significant.

The behaviour of the myocardium tissue in the toe region along the longitudinal
direction allows the heart to build up its volume without a corresponding increase in stress
in the walls during diastole. The tissue in the circumferential direction develops a slightly
higher strain to provide the necessary restitution force for pumping out of the blood during
systole. The results in this study show that the behaviour of the tissue walls in the linear
region makes the heart stiffer and hard to stretch in the longitudinal direction. On the other
hand, the heart tissue is relatively more compliant in the circumferential direction and more
so up to 20% strain. These differences are caused by the different stiffness configurations in
the two directions, as statistically established in this study.

This study would have benefitted a great deal from histology studies of the rat my-
ocardium at different times during the testing period to observe if there were other processes
after tissue dissection that influenced its tensile behaviour. For example, some studies have
reported the formation of fibrosis in the infarcted myocardium that eventually makes it
stiff [37,38].

The tested specimens were dissected roughly from the middle section of each wall;
it might be interesting to investigate the nature of the variance in different regions of
each wall especially towards the SPW where the elasticity cross-direction variation is
statistically significant.

The tissues were tested in a bath that was maintained at 37 ◦C to emulate the physio-
logical conditions. However, it would be interesting to investigate the influence of different
testing temperatures. Some of the test-related factors that were not considered in this
investigation include the effect of the test specimen dimensions, clamping, different buffer
solutions, and stress relaxation.

5. Conclusions

The main aim of the current study was to investigate cross-directional and cross-wall
variations in infarcted rat myocardium’s passive tensile behaviour. These variations were
investigated by examining any differences in the following parameters: anisotropy index,
elastic moduli (stiffness), peak stress in the toe region, stress at 40% strain, and stored strain
energy in the toe and linear regions. Anisotropy indices were only used for investigating
cross-directional variations, as it would not make much practical sense to apply them across
different directions. This study has three important findings: (1) LV and SPW tissues have
relatively shorter toe regions of 10–15% strain as compared to RV tissue, whose toe region
extends up to twice as much as that; (2) LV tissues have higher strain energy storage in
the linear region despite being lower in stiffness than the RV; (3) the SPW has the highest
strain energy storage along both directions, which might be directly related to its high level
of anisotropy.

This paper shows that the myocardium tissue has both cross-directional and cross-wall
variations. This may explain why constitutive models that implement anisotropy tend
to yield a much better fit than their counterparts that assume isotropy. Thus, the appli-
cation of models that implement both dependencies are recommended for the modelling
of myocardium tissue. An equally important finding is that the passive behaviour of my-
ocardium tissue under tensile testing may be hard to reproduce across different laboratory
conditions. Even in a laboratory, it might be prudent to consider validating the repeatability
of test results by examining how close they lie to the average stress–strain curve. Another
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important point is that there is a need to ensure that the specimens are harvested from
hosts with similar age, sex, and physical properties (e.g., body mass) in order to eliminate
the sources of variability in the experimental results.

The absence of histology studies of similar Wistar rat hearts against which these
findings might have been correlated is considered the main limitation of this study. Mi-
crostructural studies would provide more insight into the understanding of the underlying
features such as fiber orientations within different myocardia. This is the current research
direction in our team.
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