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Abstract

Availability of biaxial mechanical data for heart myocardia remains high in demand for the
development of accurate and detailed computational models. The aim of this study is to study
the regional difference of wall mechanics using rat heart in the left ventricle (LV), septal wall
(STW) and right ventricle (RV). This was achieved by conducting a biaxial test on three rat
heart myocardia (i.e LV, RV and STW). Fung, Choi-Vito, Polynomial (Anistropic), Four-Fiber
family, Holzapfel (2000) and Holzapfel (2005) hyperelastic models were selected and fitted on
the bixial data of the LV, RV and STW. The best hyperelastic model was the selected based
on evaluation index (El) determined from the coefficient of determination (R?). All the six
models were then compared in all three rat heart myocardia. The results show that the
Polynomial (Anisotropic) model outperforms the other five models in all myocardial tissues
with EI's above 90 % goodness of fit. The Four-fiber-family and the two Holzapfel models
perform equally in the LV and STW myocardial tissue between 50 and 70 % goodness of fit.
The Fung and Choi-Vito models yielded poor goodness of fit in the LV and STW myocardial
tissues. Parameter fitting is useful method in advancing reliable data to be used in the

development of accurate computational models.
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1. Introduction

Studying of cardiac wall mechanics is vital in understanding heart failure and also for
the development of reliable and accurate heart computational models for predicting
cardiac wall performances. Computational models are vital in the understanding of
regional and global function of the heart after medical intervention. Cardiovascular
diseases are regarded to be the leading cause of death globally. Heart failure that
normally leads to cardia arrest may be due to heart disease such as myocardial
infarction and myocardial ischemia. The important function of the heart that have ben
placed on LV has resulted in over concentration of LV mechanics. For example, for
some time, it was reported that mechanisms and importance of RV only started to
happen in the late 1950s [1]. Over concentration on LV mechanics has resulted in the
over-reliance of LV mechanics data in the development of computational models. This
problem has to a certain extend compromised the accuracy of heart computational
model because it is now begun to be understood that the cardiac mechanics of left
ventricle, septal wall and right ventricle may be different. Therefore, an in-depth study
of the mechanics of all heart walls including left ventricle, septal wall and right ventricle

is vital to improve the accuracy of heart models during development.

Generally, study of mechanical behaviour of soft tissues has sparked interest as this
has the ability to provide insight on how diseases progresses [2-5]. Previous pig heart
was used to study the various of mechanical properties across regions [4, 5]. Given
the large deformation of heart cardiac wall, most researchers are using computational
models like Finite Element Models to study mechanisms of various heart diseases
including myocardial infarction and myocardial ischemia. Hence, understanding the

mechanical properties of heart myocardia is critical for both basic and clinical



researchers. Numeral analysis has been previous utilised in understanding the global
and regional functioning of the heart [6-14]. Previously, Finite Element analysis was
utilised to study the effect of myocardial infarction using the 3D subject specific model

of the rat heart [12-14].

Computational models of heart have shown progress towards understanding of how
diseases progress. However, the assumption that LV exhibits the same mechanical
properties as RV and STW may be inaccurate. Most developed computational models
have assumed that the mechanical properties of the whole 3D heart models [15] were
the same. Even though the biomechanical analysis of the LV has provided some light
in the area of computational analysis of the heart [16], there is a need to ascertain the

mechanical differences between LV, STW and RV.

Algorithms have been globally utilised to determine the material properties of various
biological tissues. Material parameters of healthy myocardium have been determined
from mainly one region, that is, the left ventricle (LV). The work presented here shows
the biaxial data in three main regions of the rat heart, namely, LV, RV and STW. The
mechanical properties of LV, RV and STW regions were mechanically characterised
using the biaxial test. Most studies focus on the mechanical characterisation of LV
subjected to various conditions. Therefore, there is a need to determine the passive
mechanical material parameters of an anisotropic constitutive model for myocardial
infarcts in rats. In this study, the mean biaxial stress-strain data in three regions in the
rat heart (i.e RV, LV and STW) was utilised in determining the material properties of
the Fung [17], Choi-Vito model [18], Holzapfel (2000) [19], Holzapfel (2005)[20], Four-

fiber family model[21, 22], and the Polynomial (Anisotropy) model[23]. The passive



material parameters of the various regions in the rat heart were obtained by utilising

the algorithm was error between the experimental and predicted data is minimised.

The objective of this study was to investigate the regional difference of cardiac
mechanics in healthy rat heart by fitting six hyperelastic models. Most studies have
been focusing on studying the mechanical properties of single heart chamber,
especially the left ventricle free wall. In some instances, there has been attempted to
study the biomechanical properties of right ventricle free wall [24-28] but to our
knowledge limited studies have focussed on the septal wall. The hypothesis is that
heart walls (i.e left ventricle, septal wall, and right ventricle) may not exhibit the same
mechanical properties. To verify this hypothesis, the experimental data was obtained
by subjecting heart myocardium to biaxial testing. The force and displacement data
were then converted into stress and strain for curve fitting of different hyperelastic
models. The difference between wall mechanics in various region of the rat heart was
shown and studied to show how cardiac wall mechanics may differ significantly across

rat heart regions.

2. Anisotropic hyperelastic modeling

There are typically two different approaches that have been used for representation of
anisotropy in soft tissues: first one is based on the use of Green-Lagrange components
[17, 18, 19] and the second one is based on the use of strain invariants. The Green-
Lagrange components based approaches involve expressing the strain energy density
functions W as summations of different contributions of the Green-Lagrange strain

tensor E;;. Ateshian and Costa [29][20] state that this formulation allows the

uncoupling of the strain energy function into dilatational and distortional parts which



facilitates the computational implementation of incompressibility. However, it is
reported by Chagnon et al [30] that these constitutive models have many material
properties which may make cause convergence issues as well as numerical
instabilities. The other difficulty with these models is that they have no physical
significance, hence makes them very hard to fit.

The strain invariant-based approach expresses the strain energy density function W
based on combinations of different isotropic and anisotropic functions. The isotropic
and anisotropic functions are given as strain invariants, I,. There are three different
implementations of this in the literature comprising polynomial, power and exponential
implementations, with the latter being the most popular because it includes the strain
hardening effect in soft tissue. There are other forms of the strain invariant-based
methods in the literature that implement logarithmic or tangent functions. However,
these forms are specifically suitable for the modelling of moderate deformation
especially before soft tissue activation.

In this paper, six anisotropic hyperelastic models are used to study the variances in
the three walls of the rat heart. The six models are: the Fung [17] , Choi-Vito model
[18], Holzapfel (2000) [19], Holzapfel (2005) [20], Four-fiber family model [21, 22], and
the polynomial anisotropy model [23]. To understand the different performances of
these models it is important to highlight their strain energy density function
representations. The strain energy density functions for the models are presented in

Table.

In Table 1, the Fung and Choi-Vito material models are both based on the Green-
Lagrange component method with different implementations. The other four material

models are based on strain invariants with the two Holzapfel models being strongly



exponential in form. The four-fiber family material model is a hybrid of polynomial
and exponential form of implementation. A significant characteristic of the strain
invariant approaches is the inclusion of the anisotropic function of strain invariants I,

and/or I, in their strain energy density functions.

3. Experimental methods

3.1 Heart dissection and testing sample preparation

The methodology presented in this study was first reported in our previous articles [31,
32]. Rats (Wistar) of the weight between 200 and 250 grams were sacrificed humanely
inhaling 5 % of halothane at the University of Cape Town, Cape Town. The heart was
taken out of the animal only after the heartbeat and breathing had completely stopped.
After this process, the rat hearts were delivered to the Unisa Biomechanics Lab
University of South Africa, Johannesburg for further processing and testing. The
samples were put in a temperature regulated box to ensure maintenance of
temperature between 0 °C to 6 °C. To be consistent in performing the biaxial testing,
the outflow (OT) direction was targeted as the main direction and 900 to the OT was
measured and regarded the circumferential direction. The 9xX9 mm samples were
dissected from the LV, RV and STW. Within 2 hours of arrival, the mechanical testing
was performed on the prepared samples. The animal study ethics was approved by
the Faculty of Health Sciences Animal Ethics Committee of the University of Cape

Town on 6 May 2019 under reference number FHS AEC REF 019-019 [31].

3.2 Biaxial tensile test



The mechanical properties of the rat myocardia in the LV, RV and STW regions was
performed by utilising the customed biaxial tensile material apparatus (BioTester 5000
CellScale, Waterloo, Canada) [33, 34]. The clamps of BioRake design was used for
piercing the tissue samples, see Figure 1. A 5x5 mm of the sample size was clamped
on the biaxial BioRake allowing the overlap of approximately 2.5 mm as shown in
Figure 2, the rat myocardia were clamped and subjected to eqi-biaxial testing. Vernier
calliper weas utilised in measuring the thickness of the samples. This measurement
was done carefully in trying to minimise the error to poor or inaccurate thickness
measurement. To reduce these errors, four to five measurement were taken from each
sample and the average thickness was then used for further process of the results.
The precondition was performed before testing and collecting dtat by subjecting each
sample to a 10 % strain at a rate of 0.08 per seconds. During testing 0.005 N of force
was applied for 0.53 seconds as a preload. Also, all samples were preconditioned by
applying 40 N/m of eqi-biaxial tension as previously described [16]. The body
temperature was mimicked by immersing all harvested samples in the saline 0.91 %
w/v of NaCl solution and heated and maintained at 37 °C. in collecting the biaxial
testing data, in each sample, 40 % of strain was applied in both the longitudinal and
circumferential direction at the strain rate of 0.08 per seconds. Most studies have
reported between 25 % [16], 35 % [35] and 60 % [36] of strain in the rat heart however

this study 40 % strain was then selected.
3.3 Numerical analysis

A Powell method implemented as 3™ Party library algorithm in HYPERFIT software
(v8.1.0.604) was used to fit the Fung, Choi-Vito, Polynomial (anisotropic), Holzapfel (2000),
Holzapfel (2005) and Four-Fibre-Family strain energy functions to the biaxial experimental

data, as shown in Table 1. All curves were then averaged to obtained the material parameters



of each hyperelastic model from the average strees vs strain curves [37]. Therefore, to obtain
average curves of each specimen, engineering stresses and strains data was obtained using

the same frequency and stresses and strains were calculated using Egs. (1) and (3).

The recorded force and displacement from both longitudinal and circumferential directions

were converted to the engineering stress and strain, respectively.
Fep
O, =—= 1
cl Ac ( )

Where A, is the cross-sectional area in the circumferential and longitudinal direction and

calculated as follows:

Ac,l = lc,lxbc,l (2)

The engineering strain is calculated as follows:

£, =2 (3)

In Figure 3, the areas between the loading and unloading curves show the amount of energy
that is dissipated due to internal material friction in both directions. This is attributed to the
viscoelastic property of the cardiac tissue. However, the amount of dissipated energy in the
cardiac tissue seems to be much higher that exhibited by other connective soft tissue such as
tendons. This implies that cardiac tissue does not really return all the absorbed tension energy
on contraction. The amount of dissipated energy is greater for the left ventricle and mid-wall
myocardial tissues than it is for the right ventricle tissues. Furthermore, the dissipated energy

is greater in the longitudinal direction than in the circumferential direction.

4 Results



Though studies have shown that RV and LV are embryologically [38] structurally [39, 40] and
functionally [41] distinct, there are a number of technical aspects related to the underlying
structural differences that remain unclear. In this study, the coefficients of determination or
correlation coefficients (R?) for each of the six constitutive models are plotted in Figure 4 on
fourteen test samples. The metric R? measures how much variability in the dependent variable

can be explained by the model. It is calculated by

2 _ 1 Zii-9)*
Re=1 Yiyi—)2 (1)

Where the index i represents a particular data point, y is the real value, ¥ is the predicted value
and y is the mean of the real values. This is a good measure of how well the model fits the
dependent variable. However, it should be noted that the R? does not consider the overfitting

problem.

The three R? plots in Figure 3 present results from (a) the left ventricle — LV (b) the mid-wall —
STW and (c) the right ventricle — RV walls. The polynomial model yields consistently higher
correlation coefficients over all myocardial tissues and on almost every test at above 90%. On
the other hand, the Fung model yields lowest correlation coefficients at around 70%. Among
the three tissues, the models predict myocardial tissue behaviour of LV and STW much better
than that of the RV tissue. The correlation coefficients for the best performing models are
around above 95% for LV and STW while that for the RV tissue are around 90%. The
performances of the polynomial, four-fiber-family, and the Holzapfel (both 2000 and 2005
versions) models closely match each other for the LV and STW tissues. This is not exactly the
case for the RV myocardial tissue which is a further confirmation of how the LV differs from
the RV myocardium. Some studies have attributed these differences to the differences in the
arrangement and distribution of the sarcomere lengths within the two ventricles [21]. The
differences seem to be adapted to their different functionalities in that the LV serve the
systematic circulation of blood to the entire body while the RV serve the pulmonary circulation

which exhibits low resistance and high compliance in order to maintain mean and pulse



pressure which is typically lower than the systematic circulation [42]. Sacks and Chuong [43]
have further reported that the longitudinal direction stiffness were greater in the RV than in
the LV and that the degree of anisotropy was greater in the RV than in the LV. These findings
were also supported in our previous experimental investigations in which cross-directional and
cross-wall differences were studied [20]. These differences require more investigation into the
structure and composition of the RV myocardial tissue. The results reported here are a further
demonstration of how the RV myocardial tissue seems to possess its own mechanical

characteristics that are distinct from those of the LV and STW tissue.

The coefficients of determination or correlation coefficients (R?) for each of the six constitutive
models are plotted in Figure 4 on fourteen test samples. The three plots represent results from
(a) the left ventricle — LV (b) the mid-wall — STW and (c) the right ventricle walls. The
polynomial model yields consistently higher correlation coefficients over all myocardial tissues
and on almost every test at above 90 %. On the other hand, the Fung model yields lowest
correlation coefficients at around 70 %. Among the three tissues, the models predict
myocardial tissue behaviour of LV and STW much better than that of the RV tissue. The
correlation coefficients for the best performing models are around above 95 % for LV and STW
while that for the RV tissue are around 90 %. The performances of the polynomial, four-fiber-
family, and the Holzapfel (both 2000 and 2005 versions) models closely match each other for
the LV and STW tissues. This is not exactly the case for the RV myocardial tissue. These
differences require more investigation into the structure and composition of the RV myocardial
tissue. These results are a further demonstration of how the RV myocardial tissue seems to
possess its own mechanical characteristics that are distinct from those of the LV and STW

tissue.

Similar trends as the correlation coefficients were observed in the Evaluation Indices (EI's)
plotted in Figure 4. Notice that the El's are exactly similar for LV and STW tissues while the
RV tissues yield different El's. In Figure 7, only the Fung and Choi-Vito models show huge

10



variations in the fitting performances for the on the LV and STW myocardial tissues. For the

RV myocardial tissue, all models show substantial amounts of variations across.

In this study, the differences were investigated by observing the differences in the six different
models and their prediction capabilities. This was carried out by examining what model
parameters make the polynomial model outperform the other five models; what are the
common features between the LV and STW myocardial tissues that make the polynomial,
four-fiber-family, and the two Holzapfel models approximate their behaviour better than the
other models; and what unique parameters are there in the polynomial model that enables it

to model RV tissue behaviour the best.

A closer examination of the parameters of the six models shows that the polynomial, four-
fiber-family and two Holzapfel models share one feature in that they all account for fiber
orientations. It would therefore imply that to some extent this common feature contributes
towards their superiority when modelling LV and STW tissue behaviour. The Fung and Choi-
Vitto models do not seem to have this in their architecture. This may be the cause of their
huge variability in the modelling of the LV and STW as compared to the other models in Figure

7.

In addition to the above observation, the polynomial and four-fiber-family model incorporate
effects of anisotropy. It is observed that these two models have cross-directional material
parameters in their architectures. The implementations of the anisotropy in the two models are
different. Though the differences do not yield much significantly different results for the LV and
STW myocardia, the differences are significant for the RV myocardial tissues. It is also
important to note that the polynomial model has four more material parameters than the four-
fiber-family model. This might imply that the degree of anisotropy in the RV might be much
more complex than that in the LV and STW tissues. Hence the prediction of its mechanical
behaviour can be best achieved by models that sufficiently incorporate anisotropy besides

Fiber orientation.

11



However, it is equally important to discuss the computational efficiencies of the models under
investigation. In this study it is remarkable how a five-parameter Holzapfel (2005) model
closely matched an eight-parameter Four-Fiber-family and a twelve-parameter polynomial
models in predicting the behaviour of the LV and STW tissues. In terms of computational
efficiency, this model clearly outperforms the other two big-sized models with much fewer
iterations and function evaluations to convergence. It might be interesting to investigate ways

of enhancing this simpler model by adding material parameters that account for anisotropy.

The differences in the tissue behaviour across the three walls were further investigated by
examining the variabilities in the c-values of the Fung and Choi-Vitto models in Figure 8. The
three walls show that the variabilities for both models increase in the order LV, STW, and RV.

The results in this paper were also observed by the authors in a previous experimental study.

Tables 2 — 7 show the material constants in different heart rat regions (i.e LV, RV and STW)
for Fung (Table 2), Choi-Vito (Table 3), Polynomial (Anisotropic) (Table 4), Holzapfel (2000)
(Table 5), and Holzapfel (2005) (Table 6) hyperelastic models. The average material constants
of each hyperelatic models are shown as average and standard deviation across all three
heart walls. Appendix A section shows the coefficient materials Fung, Choi-Vito, Polynomial
(anisotropic), Holzapfel (2000), Holzapfel (2005) and Four-Fibre-Family hyperelastic models
in the left ventricle (LV), septal wall (STW) and right ventricle (RV) for all the samples that are

tested in this study.

While the R? is a relative measure of how well the model fits dependent variable, a metric
called the evaluation index (El) is any metric that measures the goodness of fit. One such
measure may be a metric such as the mean square error (MSE) or its inverse. In this study,

its inverse has been used and was calculated by

To magnify the difference between coefficient of determination (R?) values, the
evaluation index (El) that can assess which models are better than the others was
defined [13].

12



Evaluation Index (EI) = [ T minimum ] (2)

Tmaximum ~Tminimum

Where r = abs[log,,(1 — R?)]

El gives an absolute measure of how much the predicted value is close to the actual value. It
gives one a real number to compare against other model results and help one to select the
best regression model. In Figure 5, similar trends as the correlation coefficients were
observed in the El's plotted. Notice that the EI's are exactly similar for LV and STW tissues

while the RV tissues yield different El’s.

Figure 5 shows the average El’s taken over all the fourteen tests for each of the models
under study. The results show that the Polynomial (Anisotropic) model outperforms the other
five models in all myocardial tissues with El's above 90 % goodness of fit. The four-fiber-
family and the two Holzapfel models perform equally in the LV and STW myocardial tissue
between 50 and 70 % goodness of fit. The Fung and Choi-Vito models yielded very poor
goodness of fit in the LV and STW myocardial tissues. In the RV tissues, the Holzapfel
models yielded the poorest results, and the Choi-Vito showed better performance than the

Four-Fiber-family model.

Figure 6 shows the distribution of the model predicted values for the fourteen tests in the
form of the box and whisker plots. Only the Fung and Choi-Vito models show huge spread in
the predicted values for the LV and STW myocardial tissues. The other models show
remarkably narrow and uniform distribution for these myocardial tissues with lower and
upper quartiles lying within 5% range. The predicted value distributions for the Fung and
Choi-Vito are wide and rather skewed with lower and upper quartiles covering over 10 %
ranges. For the RV myocardial tissue, all models show substantial amounts of skewness in
distribution and wider ranges between the lower and upper quartiles. The skewness and

13



wider spreads in the predicted data for the RV myocardium indicates the relative difficult with
which the behaviour of the tissue may be predicted. Additionally, Figure 7 shows the
Comparison of ¢ vale for Fung hyperplastic model across three rat myocardia. For Fung
model, the distribution of c values across three different wall regions (i.e LV, RV and STW) is
stable. Furthermore, c value for Choi-Vito model for septal wall (STW) was shown to be
higher that the ¢ value for LV and RV (See Figure 8). This observation is similar to the

observation made in the Fung model as shown in Figure 7.

In this paper, the differences in the rat heart myocardium across different walls are
investigated by observing the differences in the six different models and their
prediction capabilities. This was carried out by examining what model parameters
make the Polynomial (Anisotropy) model outperform the other five models; what are
the common features between the LV and STW myocardial tissues that make the
Polynomial model, Four-Fiber-family, and the two Holzapfel models approximate their
behaviour better than the other models; and what unique parameters are there in the

Polynomial model that enables it to model RV tissue behaviour the best.

A closer examination of the parameters of the six models shows that the Polynomial,
Four-fiber-family and two Holzapfel models share one feature in that they based on
the strain invariant approach. As it can be noted from Section 2, this is irrespective of
their formalisms whether they are fully polynomial or exponentially implemented. It
would therefore imply that to some extent this common feature contributes towards
their superiority when modelling LV and STW tissue behaviour. The Fung and Choi-
Vito models used in this study have architectures that are based on the Green-
Lagrange tensor components, which implement anisotropy exclusively as material

orthotropy.
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In addition to the above observation, the Polynomial and Four-fiber-family models
incorporate contributions of both isotropic strain invariants and transversely isotropic
strain invariants. It is observed that these two models have cross-directional material
parameters in their architectures. The implementations of the anisotropy in the two
models are different as can be observed from Table 1 in Section 2 with the Polynomial
model incorporating one more transversely isotropic strain invariant (I;). Though the
differences do not yield much significantly different results for the LV and STW
myocardia, there are significant differences for the RV myocardial tissues. It is also
important to note that the Polynomial model has four more material parameters than
the four-fiber family model. This might imply that the degree of anisotropy in the RV
might be much more complex than that in the LV and STW tissues. Hence the
prediction of its mechanical behaviour can be best achieved by models that sufficiently

represent anisotropy.

However, it is equally important to discuss the computational efficiencies of the models
under investigation. In this study it is remarkable how a three-parameter Holzapfel
(2005) model closely matched an seven-parameter four-fiber-family and a eleven-
parameter polynomial models in predicting the behaviour of the LV and STW tissues.
In terms of computational efficiency, this model clearly outperforms the other two big-
sized models with much fewer iterations and function evaluations to convergence. It
might be interesting to investigate ways of enhancing this simpler model by adding
material parameters that account for sufficient modelling of anisotropy as well as

adding a polynomial isotropic part.

The differences in the tissue behaviour across the three walls were further investigated
by examining the variabilities in the c-values of the Fung and Choi-Vito models in
Figure 9. The three walls show that the variabilities for both models increase in the

15



order LV, STW, and RV. The results in this paper were also observed by the authors

in a previous experimental study.

Limitation of the studies

The rat heart conditions and age of all the animals during this study were not known
and should have influence the conclusion of the study. Also, the fiber direction of the

myocardia was not studies using imaging techniques.

5 Discussion

Six constitutive models were applied to biaxial tensile results obtained from the three
different myocardial walls of the rat heart. Fourteen (14) specimen for each myocardial
wall were tested. The results show that the polynomial model outperforms the other
five models. However, this polynomial model is twelve-parameter model which
incorporates both the fiber-orientation and anisotropy effects. It was found that the
performance of this model was closely matched by the Holzapfel and Four-fiber family
models. It is quite remarkable that the Holzapfel with only five parameters was able to
match the performance of the polynomial model on the LV and STW tissue. Thus, the

Holzapfel has much more computational benefits than the other models.

The RV myocardial tissue behaviour is the hardest to predict apparently due to its
higher degree of anisotropy. Although the polynomial model yields around 90 %
correlation, it was observed that this was relatively lower than its correlation on the LV
and STW tissue behaviour. There was also largest variability in the EI's c-values for
the RV tissues as compared to the LV and STW. At this stage, it therefore seems that
anisotropy is the one of the contributing factors to the difficulties in predicting RV tissue

behaviour. There might be other factors which require further investigation.
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Finally, the poor performance of the Fung and Choi-Vito models is further evidence to
the fact that myocardial tissue behaviour cannot be accurately represented by models
that do not incorporate fiber orientation and anisotropy. Notice that all models that yield
better performance have at least one of the two factors. On the other hand, the Fung
and Choi-Vitto models have neither of these factors. Despite the large number of

material parameters in the Fung model, it still yielded poor results.

6 Conclusion

We successfully employed the biaxial mechanical data to demonstrate the relationship
between the mechanical | behaviour of various regions in the rat heart. The established
anisotropic materials properties could be utilised in the understanding of various
disease mechanisms by using the rat model. Inverse finite element model and genetic
algorithm were employed to identify the parameters of Fung orthotropic hyperelastic
strain energy function in three regions (RV, LV and STW) in the rat heart. The identified
material parameters will provide new platform for FE investigations of mechanical

aspects of various therapies when using rat models.
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Figures

(a) (b)

Figure 1

(@) Sample attached on the (BioTester 5000 CellScale, Waterloo, Canada) showing both longitudinal and
circumferential direction (b) Experimental set up of equi-biaxial mechanical testing of sheep heart looking
at different regions in Left ventricle (LV), septal wall (SPW) and Right ventricle (RV)
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Figure 2

True stress and strain curve of the sample LV of (a) LV, (b) RV and (c) Mid-wall (Septal wall)
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Figure 5

Average Evaluation Index (El) plotted with standard error of fitted Fung, Choi-Vito, Polynomial

(anisotropic), Holzapfel (2000), Holzapfel (2005) and Four-Fibre-Family hyperelastic models in the (a) LV,

(b) STW and (c) RV.
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Figure 6

Boxplot of the Coefficient of Determination (R2) of fitted Fung, Choi-Vito, Polynomial (anisotropic),
Holzapfel (2000), Holzapfel (2005) and Four-Fibre-Family hyperelastic models in the (a) LV, (b) STW and
(c) RV.
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Figure 7

Comparison of c vale for Fung hyperplastic model across three rat myocardia (i.e left ventricular, septal
wall and right ventricle)
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Figure 8

Comparison of c vale for Choi-Vito hyperplastic model across three rat myocardia (i.e left ventricular,
septal wall and right ventricle)
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