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BACKGROUND: The study of mechanical properties of biological tissues is extremely informative and is one of the
most important areas of biomechanics. Knowledge of these aspects of biological objects based on experimental data
can become a source of new medical and technical solutions for the reconstruction of organs and the development of
replacement materials.

AIM: Passive mechanical properties of isolated myocardium are compared with linear, bilinear, exponential and the
most common hyperelastic models (neohookean, Mooney—Rivlin, Ogden, Yeoh, polynomial and Veronda—Westmann).

MATERIALS AND METHODS: Literature data on mechanical tests of autopsy material obtained from mongrel dogs
were used as initial data. To search for the most advanced calculation algorithms the computer algebra system was used,
the Mathcad 15.0 software package and the multifunctional finite element analysis application ANSYS 2022 R2 were
used. Direct comparison of models was made based on mathematical statistics.

RESULTS: Among the first group of models, the results closest to the experimental data were demonstrated by the
exponential model R =0.9958/0.9984 (in the longitudinal/transverse direction with respect to the myocardial fibers),
the lowest accuracy was demonstrated by the linear model R =0.9813/0.9803. Young’s moduli of linear, bilinear and
exponential models and material constants of hyperelastic models are determined. The coefficient of elastic anisotropy of
the myocardium, defined as the ratio of the elastic moduli of the linear model measured along and across the direction
of the fibers, is equal to 2.18, which is very different from the literature data for the myocardium of the human heart.
Deformation along the fibers of the heart muscle is more energy-consuming in the direction along the fibers than in
the transverse direction (3.81 and 2.52 mJ/cm?®). The most accurate hyperelastic models turned out to be the 2nd order
polynomial model R =0.9971 and the 3rd order Yeoh model R =0.997. The largest deviations and the lowest correlation
coefficient between the experimental and model data were demonstrated by the simple neohookean model R = 0.974 with
a single parameter u. The numerical values of the parameters of hyperelastic models obtained by calculation methods
used practically did not differ from each other (<2.16%).

CONCLUSIONS: The study demonstrated the importance of selecting the correct mechanical model for isolated
myocardium. The data obtained can be useful in virtual interventions (simulations) for predicting outcomes and sup-
porting clinical decisions, developing replacement materials and structures made of them for reconstructive operations
on heart structures.
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Ileav — maccuBHBIE MEXaHUYECKUE CBOMCTBA M30JMPOBAHHOTO MUOKapIa COMOCTAaBUTh C JIMHEHHOM, OMIMHEIHOI,
9KCMOHEHLMAIbHON M Haubojiee M3BECTHBIMU TMIEPYNPYTUMU MoAeasiMu (HeorykoBckoit, MyHu — Pusnuna, OrneHa,
Neo, monuHoMuanbHol 1 BepoHma — BecTMaHH).

Mamepuaavt u memodsi. B KauyecTBe MCXOIHBIX MCIOJb30BaHbI JUTEpATypHbIC TaHHBIE MEXaHWYECKUX WCITBITAHUI
ayTOIICUITHOTO MaTrepuaja, MOJyYeHHOTO OT OecropomHbIx cobak. s momcka Hambosiee COBEPUICHHBIX aJlTOPUTMOB
pacyeTa NMIPUMEHSTA CUCTEMY KOMITBIOTEPHOIT anreOphl, makeT mporpamm Mathcad 15.0 1 MHOToGyHKIIMOHATILHOE TTPH-
JIOXXeHUe KOHeYHOo-3jeMeHTHoro aHamm3a ANSYS 2022 R2. Ilpsamoe cpaBHeHUEe Moneseil MPOM3BOAWIM Ha OCHOBE
rokasarejieil MaTeMaTu4eCKOM CTaTUCTUKU.

Pesyabmamur. Cpeny TiepBoil rpynmbel Moneneil Haubosee OMM3KHME K OMBITHBIM ITaHHBIM PE3yJabTaThl MPOAe-
MOHCTpPUpPOBaJIa 3KCIIOHEHIIMAIbHAsE Moeilb ¢ KoadduimeHnroM Koppeasiuu R = 0,9958/0,9984 (B mpomosbHOM/
TOTIePEYHOM HATIPABJIIEHUU TI0 OTHOIIEHUWIO K BOJIOKHAM MUOKAapia), HAMMEHBIIIYI0 TOYHOCTh — JIMHEWHass MOJIeb,
R=10,9813/0,9803. Onpenenenst momynu KOHTra nuHeiHON, OMIWHEHON W SKCIIOHEHIMATHLHOU Momesieil M Mare-
puanbHble KOHCTAHTBI TUIepyrnpyrux mopneneit. KoadbduumeHT ynpyroit aHM30TpPONMU MUOKApIa, OIMpeAeeHHBIH
KaK OTHOIUEHME YIPYTUMX MOAYJel JTUHEHHON Monenu, U3MEPEHHBIX BIOJb U TMOMEepeK HampaBieHUs BOJOKOH, yCTa-
HOBJIEH DaBHBIM 2,18, 4yTO BecbMa CWJIBHO OTJIMYAETCSl OT JIMTEPATypHBIX HaHHBIX UIsI MUOKapAa cepiaua yeloBe-
ka. ledopmanusi BIOJAb BOJOKOH CEPIEYHO MBILILBI OoJiee HEpPro3aTrpaTHa B HaMpaBJICHWU BAOJb BOJOKOH, 4eM
B rnornepeyHoM HampasieHuu (3,81 u 2,52 mIx/cm?). Haubosee TOYHBIMM TMIIEPYIPYTMMU MOIENSMU OKAa3allCh
MO HONMHOMMAIbHAS 2-To mopsinka, R=0,9971, u Meo 3-ro mopsmka, R=0,997. HauGospluye OTKIOHEHUS
U HAaUMEHbIIN KOA()OUIMEHT KOppeNsuuu MeXAy SKCIEepUMEHTAIbHBIMA W MOAEJIbHBIMU JAaHHBIMU TPOAEMOH-
CTpUpoOBajia TpocTas HEOTryKoBcKasi Momaedb, R = 0,974 ¢ eAMHCTBEHHBIM IapaMeTpoM W. YucjaeHHble 3HAYEHUS
MapaMeTpoB TMIEPYNPYTUX MoIeneil, MolydeHHble O0OMMHU DPACYETHBIMU METOAAMU, MPAKTUYECKW HE OTINYaIvCh
npyr oT mpyra (£2,16 %).

3akarouenue. ViccienoBaHue MoKas3ajao BaKHOCTh BBIOOpA TPABWIBHOUW MEXaHWMUYECKOW MOJETH ISl U30JMPOBaHHO-
ro muokapna. [lomydeHHBIe MaHHBIE MOTYT OBITH TOJIE3HBI MPU BUPTYaTbHBIX BMEIIATEIHCTBAX (MOAETMPOBAHUM) IS
MPOTHO3VMPOBAHUST UCXOMOB M MONNEPXKKU KIMHUYECKUX PEIIeHUH, MPU pa3pabdoTKe 3aMellaloluX MaTepruaioB U KOH-
CTPYKUUI U3 HUX IUIST PEKOHCTPYKTUBHBIX OINepaluit Ha CTPYKTypax cepiua.

KimoueBbie cioBa: Myokapi; 6MOMeXaHUYECKUEe MOIENN; YIPYroCTh;, TMIEePYIPYTroCTh; YIpyrash aHU30TPOMUsT; OUO-

MHKCHEPUA.

Background

Heart failure remains one of the most common
causes of death worldwide, particularly among in-
dividuals aged >60 years. The biomechanical pa-
rameters and deformation properties of tissues from
different heart sections should be studied for de-
veloping and selecting appropriate materials for re-
constructive cardiac surgeries. The study of passive
mechanical properties of hard and soft biological
tissues is extremely informative and a crucial area
of biomechanics. Moreover, the study of passive
myocardial properties has a critical applied aspect.
Knowledge derived from experimental data on the
physical and mechanical aspects of biological ob-
jects is beneficial for the development of new medi-
cal and technical solutions for the reconstruction of
biological tissue properties and substitute materials.
Furthermore, mathematical models of biotissues do
not require samples and provide researchers with
opportunities to study various physiological states
in silico (defined as computer modeling and simula-
tion of an experiment, more often biological) with-
out the risk to the health and life of the modeled
objects [1].

Professor V.Y. Izakov, the founder of the distinc-
tive Soviet school of myocardial biophysics, and his
students recognized the significance of mathemati-
cal modeling of cardiac tissues. Their studies were
based on the understanding that active elements of

cardiac tissue are immersed in a specific rheologi-
cal environment, including the foundational mono-
graph [2] on experimental and computer models in
cardiovascular physiology and cardiology. Regarding
its mechanical properties, the myocardium is simi-
lar to polymeric materials, which are the subject of
rheology. The mechanical function of the cardiac
muscle and pumping function of the heart are in-
fluenced by the rheological medium. Therefore, the
study of the role of this medium in the functioning
of the heart in both normal and pathological condi-
tions is crucial. Consequently, the authors analyzed
the passive myocardium as a biological medium to
which the experimental and theoretical apparatus of
classical mechanics of deformable media, primarily
rheology, i.e., from the positions of elasticity, viscos-
ity, and plasticity, is applicable and did not consider
large hyperelastic deformations characteristic to car-
diac tissues.

Soft biological tissues are complex, heteroge-
neous (heterophase), anisotropic, physically non-
linear, and virtually incompressible (Poisson’s ra-
tio u=0.5) and physiologically active structures.
Sarvazyan, head of the laboratory of the Institute
of Theoretical and Experimental Biophysics of the
Russian Academy of Sciences, investigated the dif-
ficulty of finding the Young’s modulus of soft tissues
of the body. Nevertheless, recent studies have noted
that solving problems of elasticity theory is benefi-
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cial for overcoming the problems of diagnostics of
pathologies of soft biological tissues of human body
organs. Moreover, it is critical to have knowledge
of deformation and strength properties of heart tis-
sues to predict possible complications during surgical
reconstructive interventions performed in prosthet-
ics [4—6].

Methodological aspects of studying elastic
properties of myocardial structures

Our understanding of the constitutive (estab-
lishing, determining, forming the basis) relations
concerning the mechanical properties of the heart
wall is limited. It is based on the results of uniaxial
studies of samples obtained by dissection of tissues
from different parts of the heart such as the ven-
tricular trabeculae [7]. Although one-dimensional
studies contribute to the understanding of the fun-
damentals of cardiac mechanics, their quantitative
or qualitative extrapolation to intact cardiac tissue
is not fully justified. For example, what is isometric
in the one-dimensional case is not so in three-di-
mensional measurements, since the lateral edges of
the specimens are not fixed during the test and can
deform freely [8]. Given that the majority of the
heart wall is subjected to multiaxial loads, extrapo-
lations based on uniaxial data may not accurately
reflect the true tissue stresses or strains. Moreover,
Izakov et al. [2] observed that the drug behaves
stiffer under biaxial tension than under uniaxial
strains. Consequently, uniaxial tests provide under-
estimated values of tangential moduli. Moreover,
theoretically, uniaxial data cannot be generalized to
establish relationships for a three-dimensional mod-
el. To obtain the fundamental results to understand
three-dimensional myocardial mechanics, acquir-
ing knowledge of the myocardial properties under
multiaxial loading is crucial [9—12]. Only if one
assumes that the tissue is incompressible can the
two-dimensional test data be generalized to obtain
complete three-dimensional constitutive relations
[13, 14]. Consequently, research should focus on
measuring multiaxial forces and strains in isolated
tissue, from which constitutive relations for the gen-
der myocardium will then be derived. Nevertheless,
uniaxial tests of biotissues remain popular among
researchers because of the relative simplicity of ex-
perimental techniques and theoretical calculations.
Thus, the aim of the study [7] was to determine
the relationship between one- and two-dimensional
stresses and strains of isolated canine myocardial
tissues and study the following aspects: the degree
of viscoelasticity under biaxial loading, presence and
degree of anisotropy between fibers in the longitu-
dinal and cross direction, regional heterogeneity of
material properties, and specificity of the difference
between the results of uniaxial and biaxial tests of
the same specimen.

/‘\
2
A brief review of studies of elastic properties
and hyperelastic models of the myocardium

The mechanical properties of the myocardium
are a subject of intense experimental investigation.
As stated by [15], if we exclude the results on ex-
perimental objects with elastic moduli above 150 kPa
(which are atypical, e.g., 400 kPa for the “systolic
modulus” of dogs [16]) from the analysis, we ob-
tain that the Young’s modulus of human and me-
chanical properties of animal heart tissues exhibit
a considerable range, spanning from 29.25 + 9.42 to
65.10 £ 12.74 kPa (M £ m). This variation is attrib-
uted to various factors, including the magnitude of
deformation, measurement methods, and other vari-
ables. Importantly, there is no consensus regarding
the type of elastic anisotropy observed in cardiac
tissue. This is evidenced by the observed differences
in the elastic moduli of myocardial sections, which
depend on the direction of deformation in these sec-
tions.

Recently, alongside the conventional mechani-
cal and ultrasound tests, other physical methods
for measuring the deformation parameters of tissues
have gained increasing popularity. In a study, myo-
cardial elastography, a method based on radiofre-
quency (RF) correlation, was developed to assess the
local distribution of strain in the heart in vivo [17].
A three-dimensional approach was employed to
accurately measure inhomogeneities such as lesions
after RF ablation or infarction. The study demon-
strated that three-dimensional myocardial elastogra-
phy is a valuable approach for assessing the regional
distribution of deformations in three dimensions in
cardiac patients and that the assessment of tissue
deformations is significant in clinical cardiology,
as it enables the quantitative assessment of cardiac
function.

As observed in that myocardial stiffness plays
a crucial role in cardiac function [18]. Currently, it
can be invasively and indirectly assessed by catheter
angiography. The aim of this study was to demon-
strate the feasibility of quantifying right ventricular
stiffness noninvasively by cardiac magnetic reso-
nance elastography in dogs with severe congenital
pulmonary valve stenosis causing right ventricular
hypertrophy and to compare it with remote left
ventricular myocardium. Furthermore, correlations
between stiffness and selected pathophysiological
parameters obtained by transthoracic echocardiog-
raphy and cardiac magnetic resonance imaging were
investigated.

Despite the existence of several studies on myo-
cardial biomechanical properties, information on
systematic studies of the parameters of hyperelastic
properties of cardiac tissues is lacking. In a study
by [15, 19], myocardial hyperelastic properties were
described using the two-parameter Mooney—Rivlin
model, and numerical values of the C,, and C,, co-
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efficients of the model were obtained. The authors
conducted an investigation into the hyperelastic
properties of myocardium, using curves sourced
from [4] and derived from the results of mechanical
tensile tests. The study examined 80 hearts obtained
from corpses of adult individuals (men and women)
aged 31—70 years. The epicardium, ventricular myo-
cardium, and endocardium samples were stretched
in two directions. The authors of [20] characterized
the passive mechanical properties of late fetal and
neonatal pig hearts using biaxial mechanical testing
as a surrogate for the mechanical properties of the
human fetal heart. Samples from both right and left
ventricles at late gestation from 85 days to delivery
were used. Subsequently, constitutive modeling was
performed using a transversal-isotropic model of
the Fang and Humphrey type that factors in fiber
orientation. No significant difference in mechanical
stiffness was found in all age groups and between
the right and left ventricular samples. The rationale
for this work was to characterize the variability of
myocardial stiffness during deformation.

A comprehensive examination of the application
of biomechanical models to investigate the passive
properties of myocardium under finite strain was pre-
sented by Avazmohammadi et al. [21]. The authors
provided the constitutive equations of the models
and classified them according to symmetry groups
(isotropic, transversally isotropic, and orthotropic)
and by the parameters on which they were based
(equality of invariants of the strain tensor W= W (/)
or strain components W= W (E); the authors’ des-
ignations are preserved). However, a review of the
literature revealed that majority of models are rela-
tively uncommon and have not been widely used in
the field of large deformation mechanics. An excep-
tion to this is the Holzapfel-Ogden model, which
has been presented in the literature as the Holzapfel
model [1] or the Ogden model [22]. Furthermore,
the review did not include a comparative analysis of
the accuracy of approximation of passive myocardial
properties by different models.

In investigated the mechanical response of passive
sheep myocardium obtained from three different re-
gions of the heart [1]. Tissue samples from the central
regions of the left and right ventricles and from the
interventricular septum were obtained. The results
demonstrated that the Choi—Vito and Fang models
exhibited the greatest fit to the left ventricle, whereas
the Holzapfel, polynomial (anisotropic), and four-
fiber family models demonstrated the greatest fit to
the right ventricle. The authors observed that two of
the six models applied were associated with the use
of the Green—Lagrange tensor and four with the use
of I strain invariants. For more than 30 years, the
Fang model has been widely used to characterize the
nonlinearity of soft biological tissues. However, there
has been no systematic discussion on the statistical

parameters of either elastic or hyperelastic models
of myocardial structures.

The present study aimed to identify the mechani-
cal properties of passive myocardial tissues by ana-
lyzing the most well-known elastic and hyperelastic
models.

Materials and methods

In this study, computer models were compared
with experimental data obtained by scientists from
the Johns Hopkins Medical Institute (1983) [7].
The study material was obtained from 49 non-
breed dogs weighing approximately 20 kg that
had previously received anesthesia. Sodium hepa-
rin (2000 units) was administered intravenously to
suppress thrombus formation in myocardial vessels
before heart extraction from the animal. Following
extraction, the heart was immediately rinsed and
immersed in ice-cold oxygenated saline for sev-
eral minutes before sectioning. The anterior and
posterior free walls of the left ventricle and basal
and apical halves (above and below the equator),
were examined. Strains in the central part of the
specimen were measured to minimize edge artifacts.
Differences in thickness within each specimen were
minimized by sampling. Flat slices of the free wall
of the left ventricular heart were studied under me-
chanical biaxial and uniaxial tests. Epicardial and
endocardial specimens were not used owing to the
presence of substantial coronary vessels and tra-
beculations, respectively.

The deformation properties of myocardial tissues
were investigated using the computer algebra system
Mathcad 15.0 and the application program pack-
age ANSYS 2022 R2. The linfit and genfit func-
tions were employed to determine the parameters of
linear and exponential functions, respectively, and
the correlation coefficients, which were calculated
using the corr Mathcad 15.0 function. The fit of
the model data to the experimental data in the
ANSYS 2022 R2 package was evaluated using the
Error Norm for Fit function in the absolute error
position.

In the construction of adequate phenomenologi-
cal numerical deformation models of biological tis-
sues, the function o = o (¢) is selected, where o is the
applied mechanical stress and ¢ is the relative strain.
This function is preferred because it minimizes the
discrepancies between calculated and experimental
data. The linear model, also called Hooke’s law, is
a common choice owing to its relative simplicity and
the uniqueness of the parameter, Young’s modulus
E=0/e. Moreover, a multiphase model, such as
a two-phase bilinear model with two Young’s moduli,
E| and E,, is commonly used. This model reflects the
bimodular nature of deformation properties observed
in biological tissues. Indeed, soft biotissues are com-
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posite materials composed of components with differ-
ent mechanical properties. Therefore, it is not surpris-
ing that such a material exhibits complex mechanical
behavior. As evidenced by the literature data, at the
initial stage of tissue deformation, the elastin matrix
with elasticity modulus E| is responsible for elasticity,
acting as a bearing element. Collagen fibers are in-
cluded in the deformation process later, only ate = ¢_,.
They are significantly stiffer and initiate the increase
of the total Young’s modulus of the tissue up to E,.
In the historical context, other functions ¢ = o(¢)
are defined by the following formulas: €*> = ao? + bo
(Wertheim, 1847) [24], € = ac" (Morgan, 1960) [25],
o0 = ke? and 0 = B[e”® — 1] (Kenedi, 1964) [26], and
e=C+ ko’ and e=x+ylgo (Ridge and Wright,
1964) [27]. These formulas were proposed, but
were not widely recognized. The authors of pro-
posed the regression functions Stress = ae’¢"" + ¢
to approximate the experimental o—e curves of the
left ventricular myocardium of Sprague—Dawley
rats during mitral regurgitation [28]. They used the
three-parameter dependence stress = A [exp B (stretch
ratio) — 1] + C[7]. The exponential approximation is
recommended by biomechanists because of the high
degree of correlation observed between experimental
and calculated data [29, 30]. Furthermore, the effi-
cacy of the e-approximation is supported by consid-
erable evidence indicating the exponential nature of

)

the J-dependence of stress—strain o = ¢ (¢) observed
in the majority of soft biological tissues [31, 32].
Additionally, the exponential function is the most
popular because it describes the hardening effect of
soft tissue deformation.

In our study of myocardial deformation proper-
ties, the experimental o—e curves [7] were approxi-
mated by various functions (Table 1).

Table 2 shows the formulas used to determine
the values of elastic moduli in the bilinear and ex-
ponential model.

Furthermore, the present study examined the
differences in myocardial tissue isolated from the
left ventricular wall by comparing six hyperelastic
models: the neohookean, Mooney—Rivlin, Ogden,
Yeoh, polynomial, and Veronda—Westmann mod-
els. Table 3 summarizes the constitutive equations
of these models.

Electron microscopic study was performed using
a Hitachi 12A microscope.

Results and discussion

Elastic modules

In the longitudinal direction, the experimental
graph of o—¢ tensile tests of specimens and calculated
curves plotted using linear, bilinear, and exponential
functions are presented in Fig. 1. The experimental

Table 1/ Tabamua 1

Elastic models used in the study
Ynpyrue MOAEAU, UCNOAb3OBAHHBIE B UCCA@AOBOHUU

Model Mathematical formulation
Linear o= Fe
Bilinear o=Ee+ E,(¢—¢,)0(—¢,)
Exponential o=a(e”®—1)

Note: £, Young’s modulus in the linear model; E, = E

min»

EZ = Emax’

Young’s moduli in the bilinear model; 6, a step

function of Heaviside, equal to zero for negative values of the argument and one for positive values; parameters a and b
correspond to the greatest accuracy of approximation of the exponential model; e = 2.72, the base of natural logarithms.

Table 2 / Tabamua 2

Elastic modulus of linear, bilinear, and exponential models
MoAyAM ynpyroct AMHEMHON, GUAMHENHOW U SKCMOHEHLIMAABHON MOAEAEN

Model Mathematical formulation
Linear )
Bilinear E =F_ =ab,
E,=E,,, = abe’n=
Exponential E(e) = E,,, = abe’,

max

€max €max

1 a
Epp= j E(g)ds = — j abe®ds = — j (ePmax — 1)
max - 0 0 max 0 Smax 0
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List of hyperelastic models used in the study
Cnu1cok runepynpyrmx MoAeAem, UCNOAb3OBAHHbIX B UCCAEAOBAHUM

Table 3 / Tabamya 3

Model Mathematical formulation Source
1
Neohookean o= 2;{#— XJ [33, 34]
1 1
Mooney—Rivlin c =2C), (7» - ?j +2Cy, (1 - Fj [33]
n 1,
Ogden c=>u, (7»% -2 pj [22]
p=1
1, i-1
Yeoh c=2|A- = D> iC(1,-3) [35]
i=1
Polynomial, 0=2(A—AD)[Cpy + Cyh~' + 2C, (A2 + 24" — 3) + (36]
five-parameter + 2A71CHL A+ A2 =3) +3C;,; (A — 1 = A1+ A72)]
Veronda—Westmann o =2CC, Q202 P -12) +2C,(1-273) [37]

N ote: o, conditional stresses; A = € + 1, coefficients (multiplicities) of deformation; the rest, material constants of hy-

perelastic models.

graph of o—e and regression curves for the transverse
direction exhibit a similar appearance.

Table 4 presents the parameters of the defor-
mation and strength properties of the three elastic
models used.

Table 4 illustrates that myocardial tissues exhibit
greater stiffness in the longitudinal direction than
in the transverse direction, as evidenced by defor-

mation and strength parameters (E,,, 145.92 and
10 I I
sl o(e) e
‘:: 6 Gl'\n(g) ; |
=
~ 4/ \ .
§ 4= .- 250 / _— -
(=) L’ = }
2 Lt > — Opiint (e)
.9 /N i ()
> == - | / | |

0 0.02 0.04

€

0.06

Fig. 1. Longitudinal direction. Stress-strain graphs of myo-
cardial models: linear oy, bilinear o, (with 2 elastic mod-
ules £, and E,) and exponential o(¢). The points o, represent
experimental data, € is the relative deformation

Puc. 1. Hampasnenue BHONb BOJOKOH. ['padmku Harps-
XeHue — nedopmanusl Moieaeil MuoKapna: JMHEHHOU oy,
OuIMHeHOM Oy, (¢ aByMsI MoayisiMu ynpyroctu E, u E,)
U 3KCIOHEHLMaIbHOI O (€). TOUKM O, — OMNBITHBIE NAHHBIE,
€ — OTHoOcuUTeNbHad nedgopManus

70.174 kPa). In the longitudinal direction, the myo-
cardial tissues show increased stiftness (o, 9.557
and 7.358 kPa), whereas in the transverse direction,
they display elevated plasticity (g, 0.101 and 0.067),
which is consistent with the experimental data [7].

The differential Young’s modulus of the myo-
cardium in the exponential model is incremen-
tal; that is, it increases with strain. The calculated
modulus in the longitudinal/transverse direction
exhibited a minimum at baseline (68.33/23.93 kPa),
a maximum at € = ¢, (267.43/155.03 kPa), and an
E ./E., ratio (an index of nonlinearity of elastic
properties) of 3.91/6.48. These results slightly differ
from those obtained for biaxial testing of the pig fetal
heart (15.20 + 6.28/7.21 = 4.80 and 83.89 = 51.80/
34.81 £ 31.78 kPa, E_,/E., =5.52/4.82) and sig-
nificantly differ from the known data for other biotis-
sues, for example, for the oral mucosa (£, =0.15,
E,=16.5 MPa [38]) and periodontal ligament
(E,=0.05, E,=10 MPa, ¢, =0.075 [39]). The pa-
rameters of the relationship o = a (eb® — 1) were calcu-
lated with @ = 3.359/1.307 kPa and b = 20.343/18.317
(determined using the genfit Mathcad 15.0 function).

The myocardial elastic anisotropy coefficient, de-
fined as the ratio of elastic moduli of the linear mod-
el measured along and across the fibers, was found
to be 119.627/55.016 kPa = 2.18. This value coin-
cides with the literature data (1.2—2.6) [40], which
also demonstrated that in rat myocardium, the right
ventricular tissue shows more pronounced aniso-
tropic behavior than the left ventricular tissue and
interventricular septum. The authors employed the
ratio of maximum tangent modulus values along and
across myocardial fibers as an index of anisotropy.
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Table 4 / Tabamua 4

Parameters of linear, bilinear, and exponential models of deformation and strength properties of myocardial tissues.
Mathcad 15.0

MapameTpbl AMHENHbIX, GBUAUHENHBIX N 9KCMOHEHLMAAbHbIX MOAeAen AeDOPMALMOHHBIX U MPOYHOCTHbIX CBOMCTB
TKaHen muokapAd. Mathcad 15.0

Deformation properties of the model Strength properties
Direﬁgc;ir:);erlsaiive exponential linear bilinear (experience)
a, kPa b E.g kPa E;., kPa E,, kPa E,, kPa € €max Omaxs KPO
Longitudinal 3.359 20.343 145.92 119.627 68.33 | 267.43 0.041 0.067 9.557
Transverse 1.307 18.317 | 70.174 55.016 23.93 155.03 0.066 0.101 7.358
Note: g, deformation corresponding in the bilinear model to the point where 0,y;,; = O, (Fig. 1), at which the elastin

mechanism of deformation of soft biological tissues is replaced by the collagen mechanism.

Table 5 / Tabamua 5
Statistical indicators of exponential models of myocardial tissues, Mathcad 15.0
Cratmctnyeckune noKasareAn 3KCNOHEHUMAAbHBIX MOAEAEN TKaOHen Muokapaa, Mathcad 15.0

Standard Maximum . .
L . . s Maximum Correlation
Direction relative to fibers deviation SD, absolute error, relative error 5, % coefficient R
kPa kPa
Longitudinal 0.048 0.078 5.517 0.9958*
Transverse 0.018 0.028 3.47 0.9984*

*The correlation coefficient of the linear and bilinear models was 0.9812/0.9787.

In an isotropic material, the mechanical prop-
erties are consistent in all directions of deforma-
tion. In contrast, an anisotropic material exhib-
its mechanical properties that vary depending on
the direction of deformation. Orthotropic mate-
rial represents a special case of anisotropy, where
changes occur in three mutually orthogonal di-
rections. This phenomenon is further observed in
the myocardium [41]. While a healthy myocar-
dium can be considered orthotropic, a significant
degree of anisotropy, although not orthotropy, is
observed in scar tissue. This was established by
a study evaluating the mechanical properties of
rat myocardium in response to myocardial in-
farction. The equiaxial stretching test revealed
a continuous increase in elastic modulus within
28 days after myocardial infarction when the tissue
was stretched perpendicular to the fibers, whereas
no differences were found when stretching parallel
to the fibers [42].

The specific strain work of the specimens, geo-
metrically equal to the area under the curve o(¢),
was calculated as a definite integral:

€max

—
0

g —0

max

W:

Along the fibers, it was 3.81, whereas across, it was
2.52 mJ/cm3. Thus, deformation along the fibers
of cardiac muscle is more energy-consuming in
the direction along the fibers than across, further

indicating the presence of elastic anisotropy in the
myocardium.

Table 5 presents statistical parameters that dem-
onstrate the efficacy of the exponential model in the
analysis of deformation properties of myocardial tis-
sues. The mean squared error of the e-approximation
was 0.048/0.018 (in the longitudinal/transverse di-
rection relative to fibers), maximum absolute error
was 0.078/0.028, and maximum relative error was
0.055/0.034. The correlation coefficient between ex-
perimental and model data was 0.9958/0.9984, in-
dicating that the exponential model (o = a (eb* — 1))
is sufficiently acceptable.

Hyperelastic models

All soft biological materials, including passive
myocardial tissues of humans and animals, are hy-
perelastic [34]. However, the parameters of the hy-
perelastic properties of myocardium have not been
studied in detail. In this study, the parameters of
the main hyperelastic models are considered in the
packages of specialized programs Mathcad 15.0 and
ANSYS 2022 R2. These packages were used simul-
taneously to search for the most optimal calculation
algorithms.

The model myocardial curves are presented
in a summary plot (Fig. 2). The numerical pa-
rameters of the models are provided in Tables 6
(longitudinal direction) and 7 (transverse direc-
tion), and the statistical metrics are presented in
Table 8.
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0,kPa/ o, Kla

Experimental
points (0;) and model curves of 6 hyperelastic models used:
neohookean (NH), Mooney—Rivlin (M—R), Ogden (Ogden),
Yeoh (Yeoh), polynomial (Polynom) and Veronda—West-
mann (V—=W). A — strain coefficient

Fig.2. Cross myocardial fibers direction.

Puc.2. HampasieHnne TomepeyHo BOJOKHAM MHOKapa.
OnbITHBIE TOYKU (0;) U MOZEJIbHbIE KPUBbIE LIECTU MCIIOJIb-
30BaHHBIX TUIIEPYIIPYIUX Momesieil: HeorykoBckoit (NH),
Mynu — Pusnuna (M—R), OrneHa (Ogden), Heo (Yeoh), mo-
nuHoMuaibHoi (Polynom) u Beponna — Bectmann (V—W).
A — koadduIeHT aedopmauu

Notably, the difficulty associated with the appli-
cation of most hyperelastic models is that the pa-
rameters of such models often lack physical mean-
ing. Consequently, such models are challenging to
approximate. This issue can be most effectively ad-
dressed in the NH (u is the shear modulus) and two-
parameter Mooney—Rivlin (2C,, + 2C,, = u, = E,/3)
models. The more accurate the initial shear modu-
lus and approximate equality are, the more incom-
pressible the hyperelastic material is. As is known,
almost all soft biological tissues are incompressible
(Poisson’s ratio: 0.5) or close to it. Nevertheless,
an analysis of Tables 6—8 enables us to draw some
conclusions.

For example, the inequalities 0?W/0A\> > 0, where
W is the strain energy, or do/o\ > 0 (Hill [43] and
Drucker [44] conditions) serve as a criterion for the
mechanical stability of hyperelastic models in uni-
axial tension. These inequalities indicate restrictions
on the model parameters. For the two-parameter
Mooney—Rivlin model, these restrictions are re-
duced to the inequality C,, + C;, > 0. Figure 2 and
Tables 6 and 7 show that these inequalities are satis-
fied, indicating that this model is mechanically stable
and can be applied in the whole range of deforma-
tions. All other elastic and hyperelastic models are
stable (Figs. 1 and 2).

Tables 6 and 7 reveal that the only parameter of
the NH model u differs by a factor of two between
the two program packages. This discrepancy is pos-
sibly due to the different forms of recording the con-

stitutive equation of this model in ANSYS 2022 R2
and Mathcad 15.0 (Table 3). Thus, this issue should
be clarified.

Table 8 illustrates that the polynomial model
exhibited the least discrepancy between the model
and experimental data, with a mean square error of
0.198 kPa, maximum absolute error of 0.447 kPa,
maximum relative error of 4.682 %, correlation co-
efficient between experimental and model data of
0.9971, and residual parameter (ANSYS 2022 R2)
of 1.235. The simple NH model exhibited the great-
est discrepancies (mean square error of 0.821 kPa,
maximum absolute error of 1.191 kPa, maximum
relative error of 16.182 %, correlation coefficient be-
tween experimental and model data of 0.974, and
residual parameter of 26.984). The Yeoh, Veronda—
Westmann, and Ogden models demonstrated a high
correlation between experimental and calculated data
(R=0.997).

Comparison with literature data

In conclusion, we compare the modeling re-
sults presented in this report with those obtained
by [15] from the Mooney—Rivlin model based on
the data of Ostrovsky et al. [4] in the study of
the elastic properties of the myocardium of hearts
taken from adult human cadavers. The -elastic
modules (Ey,, E,, E, n E,,) of human myocar-
dium were found to be 2.77 + 1.22 times smaller
in modulus, and the type of elastic anisotropy was
found to be opposite (less and more than unity:
0.86 and 2.18). It is plausible that this phenom-
enon was initially observed by Izakov et al., who
noted that preparations from the outer layer of
the ventricles exhibited greater stiffness across the
fibers, whereas preparations from the inner layer
demonstrated greater stiffness along the fibers [2].
The coefficients of the two-parameter Mooney—
Rivlin models C,;, and C;, exhibited a significant
discrepancy from those obtained in this study. In
the longitudinal direction, the average difference
was 8.03 times less, whereas in the transverse di-
rection, the average difference was 5.27 times less.
We believe that this discrepancy may be attrib-
uted to several factors, including the methodologi-
cal peculiarities in the preparation of biomaterial
samples for the study, such as sectioning and fixa-
tion, which prevent the destruction and preserva-
tion of tissues prior to measurements. Additionally,
differences in the methods of mechanical testing,
particularly regarding strain rate, and in the cal-
culated formulas of elastic properties may con-
tribute to this discrepancy. It appears that the
tested samples were from different localizations.
Furthermore, the human heart is anatomically dis-
tinct from the dog heart. Additionally, according
to Ref. [45], the directions of myocardial muscle
fibers are not straightforward to determine.
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Table 6 / Tabamua 6

Parameters of hyperelastic myocardial models in the longitudinal direction of the fibers
MapameTpbl FMNepynpyrux MoAeAer MUOKAPAC B HONPABAEHWUN BAOAb BOAOKOH

ondanimode | mathod | WP | a | Tl Tplr | TRl | Cukka | Cykea

Neohookean (u) Mathcad | 20.862 — — — — - —

ANSYS 41.72 — — — — — —
Mooney—Rivlin Mathcad — — 281.004 | —272.88 — — —
(Cio Co) ANSYS | - — | 281.004 | —272.88 - - -
Ogden (u, o) Mathcad 1.74 27.83 — - — — —

ANSYS 1.74 28.66 — — — — —
Yeoh (C,, C,, C) Mathcad — — 12.817 625.399 |—6.60- 103 — —

ANSYS — — 12.817 625.399 | —6600.9 - -
Polynomial (C,,, C,,, | Mathcad - - 1.36 - 10° | —1.36 - 10° | —1.37 - 10° | —1.56 - 10®| 2.93 - 10°
Coo G C1) ANSYS — — 1.36- 103 | —1.36 - 103 | —1.37 - 10°| —1.57 - 10%| 2.94 - 10°
Veronda—Westmann Mathcad — — 35.562 3.815 —124.57 — —
(€, G, Gy

Parameters of hyperelastic myocardial models in the transverse fiber direction
MapameTpsbl rMnepynpyrux MoOAeAen MUOKAPAQ B HOMPABAEHUM NONepekK BOAOKOH

Table 7 / Tabanua 7

Hyperelastic model C?‘!‘:‘;Hijon , kPa a C}é’l’,g” C‘I’("i,g” Cf?i:ga’ Cyz, kPa C., kPa

Neohookean (u) Mathcad | 9.823 — — - — - —

ANSYS 19.65 - - — - — -
Mooney—Rivlin Mathcad — — 128.252 | —127.59 — - —
(Cio» Co) ANSYS | - — [ 128252 | —127.59 - - -
Ogden (u, a) Mathcad 0.716 24.174 — — — — —

ANSYS 0.739 24.716 — - — - —
Yeoh (C,, C,, Cy) Mathcad - - 3.351 241.665 | —1.9-10° - -

ANSYS - - 3.351 241.664 | —1.9-10° — -
Polynomial Mathcad — — 228.36 —230.35 54-10* | 6.03-10* | —1.1-10°
(Cio Coi> Coo> Coos C0) [ ANsYS | — - 22836 | —230.36 | 5.4-10° | 6.03-10* |—1.1- 10’
Veronda—Westmann Mathcad — — —549.82 | —0.262 —144.08 — —
(€, G, Gy

Statistical parameters of hyperelastic models
Cratuctnyeckue napameTpbl rMnepynpyrux MoAeAen

Table 8 / Tabanua 8

. L . Standard Maximum . .
. Callculation | Direction relative o Maximum Correlation
Hyperelastic model method to fibers dewcls(t;gn SD, quOIIl("',Z eIror, | relative error 8, % | coefficient R
Neohookean Mathcad | Longitudinal 0.804 1.07 11.195 0.98
Transverse 0.821 1.191 16.182 0.974
ANSYS | Longitudinal 18.763*
Transverse 26.984*
ISSN 1608-4101 (Print) Tom Bbinyck MeAVLIMHCKMA QKOAEMNYECKMI XKYPHAA
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End of Table 8 / Okox4yaHmne tabauLibli 8

Mooney—Rivlin Mathcad | Longitudinal 0.226 0.548 5.738 0.997
two-parameter Transverse 0.213 0.404 5.485 0.995
ANSYS | Longitudinal 1.488*
Transverse 1.818*
First-order Ogden Mathcad | Longitudinal 0.22 0.397 4.152 0.9967
Transverse 0.277 0.571 7.759 0.9931
ANSYS | Longitudinal 1.399*
Transverse 3.070*
Second-order Yeoh Mathcad | Longitudinal 0.214 0.475 4.975 0.997
Transverse 0.238 0.495 6.727 0.994
ANSYS | Longitudinal 1.355%
Transverse 2.271*
Second-order Mathcad | Longitudinal 0.206 0.447 4.682 0.9971
polynomial Transverse 0.198 0.495 6.725 0.9961
ANSYS | Longitudinal 1.235%
Transverse 1.571*
Veronda—Westmann Mathcad | Longitudinal 0.214 0.467 4.885 0.9968
Transverse 0.212 0.45 6.117 0.9955

* Residual (ANSYS parameter).

Fig. 3. Myofibril, mitochondria and paravasal connective
tissue. Longitudinal section of a cardiomyocyte fragment.
Transmission electron microscopy, %13,000. Arrow points
to connective tissue next to a blood microvessel, the dotted
line is the cut line in Fig. 4

Puc. 3. Muodubpuiia, MUTOXOHAPUM U IapaBa3ajibHas
COCIMHUTENIbHAsT TKaHb. [IpomosibHBIN cpe3 (parMeHTa
KapIuoMHOLNTa. TpaHCMUCCHOHHAST 3JIeKTPOHHAsT MUKPO-
ckomust, X13000. Crpenka yka3plBaeT Ha COCAMHUTEIBHYIO
TKaHb PSIIOM C KPOBEHOCHBIM MUKDPOCOCYIOM, ITyHKTHPHASI
JIMHUS — JIMHUS cpe3a Ha puc. 4

Figures 3 and 4 present electron microscopic im-
ages of myocardial slices longitudinally and trans-
versely to its fibrous structures. In the myocardium,
fibrillar structures of connective tissue origin, name-
ly, collagen and elastic fibers, are scant. They are
localized mainly in narrow connective tissue layers
between myocardial muscle cells (cardiomyocytes)
and accompanying blood vessels (arrow in Figure 3).
The main volume is occupied by muscle cells, which
belong to the transverse striated muscle tissue with
the characteristic transverse striation. This striation of
myofibrils is based on sequences of regularly repeat-
ing units, called sarcomeres. Each sarcomere is rep-
resented by a set of contractile filaments composed
of actin (thin) and myosin (thick) filaments. These
filaments interact with each other during contrac-
tion. The efficiency of contraction largely depends
on the ordered packing of thick and thin filaments,
which is most clearly demonstrated on cross sections
(Fig. 4). This ordered packing is hexagonal, which
is the most densely packed structure.

The extent to which the collective contractile
structures of cardiomyocytes influence the physi-
comechanical properties of the myocardium, par-
ticularly the parameters under investigation, remains
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uncertain. Hence, an exclusively passive mechanical
response of the tissue cannot be assumed.

Finally, a considerable degree of dispersion was
observed in the data pertaining to the parameters
of elastic and hyperelastic models within a single
series of measurements [1]. Regarding the values of
myocardial elastic modules established in this study,
they were found to be in satisfactory agreement
with the reduced range (without atypical values) of
29—65 kPa, as previously established in Ref. [15]
based on an analysis of literature data.

Conclusions

1. The results of modeling the biomechanical
properties of isolated myocardium using elastic
and hyperelastic phenomenological models are
presented. Numerical values of the parameters
of linear, bilinear, and exponential models and
of the main hyperelastic models (neohookean,
Mooney—Rivlin, Ogden, Yeoh, polynomial, and
Veronda—Westmann models) for uniaxial stretch-
ing of specimens along and across fibers were ob-
tained.

2. The myocardium cannot be considered as an
isotropic tissue; its deformation behavior can-
not be represented by models that do not factor
in fiber orientation. The elastic and hyperelas-
tic properties of the myocardium are anisotropic
and depend on the preferential orientation of the
tissue fibers. The coefficient of elastic anisotro-
py, defined as the ratio of the elastic moduli of
a linear model measured along and across the
fiber direction, was 2.18, and deformation along
myocardial fibers is more energy-consuming than
across fibers (3.81 and 2.52 mJ/cm?).

3. The errors of the models have been examined.
Among the elastic models of passive myocardi-
um, the exponential model is the most suitable
to approximate the experimental data; among
the hyperelastic models, the polynomial, Yeoh,
Veronda—Westmann, and Ogden models are the
most suitable to approximate the experimental
data (the correlation coefficient between experi-
mental and calculated data of all the above mod-
els was R> 0.99).

4. All investigated models are mechanically stable
as they satisfy the Hill and Drucker conditions
0*W/oN* > 0, da/oh >0 (W, internal energy of
the material; o, mechanical stress; and A, strain
ratio), and can be applied over the entire strain
range.

5. The present study demonstrates the importance of
selecting an appropriate model for isolated myo-
cardium. The established numerical characteris-
tics can be used for accurate computer model-
ing of myocardial mechanical function in virtual
interventions and in future work on emulation

Fig. 4. Cross section of a myofibril. Transmission electron mi-
croscopy, *x60,000. Mutual hexagonal packing of thick and
thin myofilaments. The cut was made approximately at the
level indicated by the dotted line in Fig. 3

Puc. 4. Monepeunslii cpes MuoduOpuwUIbl. TPaHCMUCCUOH-
Hasl 9JIEKTpOHHass MUKpockomus, X60000. BzanmHas rekca-
TOHAJIbHAsT YITAaKOBKA TOJICTBIX M TOHKUX MUOMWIAMEHTOB.
Cpe3 npoBeneH IpUMepHO Ha ypOBHE, 0003HAYEHHOM ITyH-
KTUPOM Ha puc. 3

of elastic and hyperelastic properties of passive
myocardial tissue. Moreover, the results can be
used for developing replacement materials for
reconstructive surgeries and applied in cardiac
tissue engineering.
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AOonoAHUTEAbHAS UHDOPMALUS

baaromapHocTd. ABTOpbI MpuU3HATEJbHBI 3a-
BeaywlieMy Kadenapoil TMCTOJOTUU, ILIUTOJOTUU
u smbpuonorun ®I'BOY BO «Poccuiickuit yHU-
BEpCUTET MEAULIMHBI» Mpodeccopy, I-py Meld. Hayk,
yn.-kopp. PAH B.B. banuHy 3a KoHcynbTauuu
U TIpeAoCTaBJeHME BJIEKTPOHHO-MUKPOCKOIMUYE-
CKMX CHUMKOB BOJIOKHUCTBIX CTPYKTYp MHOKapja.

Hcrounuk  c¢unancuposanuda. VcciemoBaHue
BeIMTOTHEeHO B pamMkax HUOKTP AAAA-A16-
116102010059-6 ®OTAHY LUTuC «MzyueHue
(pU3UKO-MEeXaHUUECKUX  CBOKMCTB  MaTepuasioB
g MmeauuuHe» u HUP Ne 121072300086-8
«AHanu3 U CUHTE3 IUMHAMUKM YIIPABISIEMbIX CUCTEM
B OKCTPEMAJIbHBIX CUTYaLIUSIX».

KoHdaukT wuHTEpecoB. ABTOpPHI AE€KJIApUPYIOT
OTCYTCTBME SIBHBIX U MOTEHUMATIbHBIX KOH(MINKTOB
WHTEPECOB, CBSI3aHHBIX C MyOJIMKalMell HaCTOSIIIEeH
CTaThU.

OTndyeckunit KomureT. CrielvalibHble OUOMENU-
LIMHCKWE WCCIIeIOBaHUs Yy JIIoIe He TJIaHupoBa-
JINCh U HE MPOBOIUIIKCE.

HNudopmupoBanHoe corjiacue Ha MyOJMKAIMIO.
[TepcoHanbHBIE MEIUMLIMHCKKME AaHHBIE U (oTOrpa-
¢uu B cTaTbe OTCYTCTBYIOT.

Bknan asropoB. Bce aBTOpbBI BHEC/IM CYIIECTBEH-
HBIII BKJIan B pa3pabOTKy KOHLEMUMHU, IMpoBele-
HUE HCCIEeI0BaHUS U TOATOTOBKY CTaTbU, MPOWIN
U ogoOpusin (bMHAJBHYIO BepCcUlo Iepen MmyOauKa-
LUEH.

Haubonbinit BKJIaA pacrpeneieH Cleaylolnum
obpazoM: C.A. Mycioé — KOHLENUUs U AU3AlHH
HUCCeqoBaHMsI, pacueThl B Imakete Ansys 2022 R2,
aHaJu3 W MHTEpIpeTalus JaHHBIX, HAITMCaHUe py-
konucu; FO.A. Baciok — pegakTupoBaHUEe PyKOIMU-
CH, TIpeAOCTaBJIeHUE TEKCTOBOTO U IpachryecKoro

U 00paboTKa MaTepuasoB JUisl BBeAeHUS U 0030p-
HOI1 YacTy cTaThM, KOHCYJIbTALIMU 10 OCHOBHOI Ya-
CTU, BblUMTBIBaHUE pykonucu; E.IO. lllynenuna —
coop u obOpaboTka MarepuagoB sl OO30pHOI
yactu ctatbu; I1.FO. Cyxoueé — pacueTbl B CUCTE-
Me KOMIIbIoTepHOli anredopsl Mathcad 15.0, ananus
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