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Abstract

Myocardial stiffness is a critical determinant of cardiac function and disease, influencing ventricular
filling, contractility, mechanotransduction, and the progression of conditions such as hypertrophic
cardiomyopathy, myocardial infarction, and heart failure with preserved ejection fraction. Over the
past two decades, research in cardiac biomechanics has advanced from conventional ex vivo tissue
characterization to multiscale experimental investigation, sophisticated constitutive modelling, and
patient-specific computational inference based on imaging modalities such as magnetic resonance
imaging and echocardiography. Despite these advances, the field remains fragmented across
experimental biomechanics, computational modelling, and clinical imaging. Experimental studies
commonly focus on isolated tissue characterization using biaxial testing, indentation, and rheological
methods, whereas computational studies increasingly employ inverse finite element frameworks to
estimate myocardial stiffness in vivo. At the same time, growing evidence indicates that myocardial
viscoelasticity and other time-dependent mechanical behaviours play an important role in cardiac
function, although these features are still insufficiently incorporated into many constitutive models.
This review synthesises current knowledge on passive and viscoelastic myocardial stiffness across
scales by integrating experimental methods, constitutive modelling strategies, and image-informed
computational approaches. It examines the influence of myocardial microstructure, fibre architecture,
extracellular matrix remodelling, and fibrosis on tissue stiffness, and reviews emerging techniques
for non-invasive estimation of myocardial mechanical properties. The review also considers the
potential of patient-specific cardiac digital twins for clinical decision support. Finally, it identifies key
methodological challenges, unresolved questions, and future opportunities for advancing
standardised mechanical characterisation and the clinical translation of cardiac biomechanics.

Keywords: cardiac biomechanics; myocardial stiffness; viscoelasticity; soft tissue mechanics;
computational cardiology; finite element modelling; cardiac digital twin

1. Introduction: Mechanical Stiffness as a Central Parameter in Cardiac Function

Mechanical stiffness of the myocardium is a fundamental determinant of cardiac performance
and plays a central role in both physiological ventricular function and the development of
cardiovascular disease. The heart functions as a dynamic biomechanical pump in which myocardial
tissue undergoes cyclic deformation during each cardiac cycle. This deformation arises from the
interaction between active contraction of cardiomyocytes and passive mechanical resistance
generated by intracellular structures and the extracellular matrix. Passive myocardial stiffness
therefore governs the mechanical relationship between ventricular pressure and volume during
diastole and strongly influences the efficiency of cardiac filling and ejection. Consequently,
myocardial mechanical properties have emerged as key determinants of cardiac health and disease
progression.
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In the healthy heart, passive stiffness contributes to ventricular compliance, allowing efficient
diastolic filling while maintaining structural stability of the ventricular wall. This mechanical
behaviour arises from the hierarchical structure of myocardial tissue, which consists of
cardiomyocytes embedded in a collagen-rich extracellular matrix. At low levels of strain, myocardial
tissue exhibits relatively low stiffness, enabling ventricular expansion during diastole. However, as
strain increases, collagen fibers within the extracellular matrix progressively align and become
mechanically engaged, resulting in nonlinear stiffening of the tissue [1-3]. This nonlinear mechanical
response ensures that the ventricle can accommodate changes in preload while preventing excessive
deformation that could compromise mechanical integrity.

At the cellular level, myocardial stiffness is strongly influenced by the giant sarcomeric protein
titin, which acts as a molecular spring within cardiomyocytes. Titin generates passive tension during
sarcomere stretch and plays a crucial role in regulating myocardial elasticity. Alterations in titin
isoform expression, phosphorylation state, and molecular structure have been shown to significantly
modify cardiomyocyte stiffness and contribute to cardiac dysfunction [4,5]. In addition to titin-based
elasticity, the extracellular matrix contributes substantially to passive myocardial stiffness through
networks of collagen fibers and associated structural proteins. Remodeling of this extracellular matrix
is a hallmark of many cardiovascular diseases and is a major driver of pathological myocardial
stiffening [6-8].

Mechanical stiffness also influences mechano-electrical feedback mechanisms within the heart.
Mechanical deformation of myocardial tissue affects ion channel activity, intracellular calcium
handling, and electrophysiological conduction pathways. This phenomenon, commonly referred to
as mechanotransduction, enables the heart to adapt to changes in mechanical loading conditions but
can also contribute to arrhythmogenesis under pathological circumstances [9,10]. Understanding
how myocardial stiffness modulates these mechanobiological interactions is therefore essential for
developing a comprehensive understanding of cardiac physiology.

One of the most clinically important contexts in which myocardial stiffness plays a central role
is heart failure with preserved ejection fraction (HFpEF). HFpEF is characterized by impaired
ventricular filling despite relatively normal systolic function. The underlying pathology involves
increased passive myocardial stiffness, which reduces ventricular compliance and limits diastolic
filling capacity. Elevated stiffness in HFpEF arises from both intracellular mechanisms, such as
altered titin phosphorylation, and extracellular mechanisms including collagen deposition and
fibrosis [11-13]. Increased myocardial stiffness in HFpEF has been strongly associated with diastolic
dysfunction and reduced exercise tolerance, highlighting the importance of passive mechanics in the
pathophysiology of this disease [13-15].

Myocardial stiffness is also critically involved in the structural remodeling that occurs following
myocardial infarction. When cardiac tissue undergoes ischemic injury, necrotic myocardium is
gradually replaced by fibrotic scar tissue. This scar region is significantly stiffer than surrounding
healthy myocardium due to increased collagen deposition and loss of contractile cardiomyocytes. As
a result, the mechanical heterogeneity of the ventricular wall increases, leading to altered stress
distributions and progressive ventricular remodeling [5,16,17]. The mechanical properties of the
infarct and border-zone regions strongly influence the progression of post-infarction remodeling and
are therefore key targets for therapeutic interventions aimed at preventing heart failure.

Hypertrophic cardiomyopathy represents another condition in which myocardial stiffness plays
a central role. This disease is characterized by abnormal thickening of the ventricular wall, often
associated with genetic mutations affecting sarcomeric proteins. These mutations can alter the
mechanical properties of cardiomyocytes and increase passive stiffness at the cellular level. In
addition, hypertrophic cardiomyopathy is frequently accompanied by interstitial fibrosis, which
further contributes to increased myocardial stiffness and impaired ventricular relaxation [10,18,19].
The combined effects of cellular and extracellular remodeling lead to diastolic dysfunction and
increased susceptibility to arrhythmias.
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Dilated cardiomyopathy provides a contrasting example in which ventricular stiffness may
initially decrease due to structural weakening of the myocardium. In this condition, ventricular
chambers become enlarged and contractile function is reduced. Over time, however, progressive
remodeling of the extracellular matrix can lead to secondary increases in myocardial stiffness, further
impairing ventricular mechanics and contributing to the progression of heart failure [20-26].

Given the central role of myocardial stiffness in cardiac function and disease, accurate
quantification of myocardial mechanical properties has become an important objective in
cardiovascular research. Traditional approaches to studying myocardial mechanics relied primarily
on experimental measurements obtained from excised tissue samples using uniaxial or biaxial
mechanical testing [27-31]. These experiments provided valuable insights into the nonlinear and
anisotropic mechanical behaviour of myocardial tissue, but they were limited by the difficulty of
replicating physiological loading conditions in isolated specimens [32-34].

Recent advances in imaging technologies and computational modeling have significantly
expanded the ability to investigate myocardial mechanics in vivo. Techniques such as tagged
magnetic resonance imaging, echocardiographic strain imaging, and magnetic resonance
elastography allow measurement of myocardial deformation during the cardiac cycle. When
combined with finite element models of the heart, these imaging-derived deformation fields can be
used to estimate patient-specific myocardial stiffness through inverse modeling approaches [35-37].
Such methods have enabled the development of subject-specific computational models of cardiac
mechanics, often referred to as cardiac digital twins.

Computational cardiac biomechanics has therefore emerged as a powerful framework for
integrating structural, mechanical, and physiological information about the heart. Modern
constitutive models of myocardial tissue incorporate anisotropic fiber architecture, nonlinear
elasticity, and viscoelastic behavior to simulate ventricular mechanics under physiological loading
conditions [20,38-40]. These models provide valuable insights into how structural changes at the
cellular and tissue levels influence global cardiac function.

Despite these advances, significant challenges remain in the accurate quantification and
interpretation of myocardial stiffness. Experimental measurements of myocardial mechanical
properties often vary due to differences in specimen preparation, loading protocols, and strain
measurement techniques. Furthermore, computational models used to infer myocardial stiffness
from imaging data frequently involve complex inverse problems in which multiple parameter
combinations may produce similar mechanical responses [28,41,42]. Addressing these challenges
requires improved experimental standardization as well as the development of robust computational
frameworks capable of integrating experimental and clinical data.

In this context, the integration of experimental biomechanics, advanced imaging techniques, and
computational modeling offers a promising pathway toward a comprehensive understanding of
myocardial mechanics. Such interdisciplinary approaches are essential for quantifying myocardial
stiffness across multiple spatial scales, from molecular interactions within cardiomyocytes to organ-
level ventricular function. Ultimately, the development of integrated experimental and
computational frameworks will be critical for translating myocardial biomechanics into clinically
useful diagnostic tools and therapeutic strategies.

2. Structural Basis of Myocardial Mechanical Behaviour

The mechanical behavior of myocardial tissue is fundamentally determined by its hierarchical
structural organization. The ventricular myocardium is a complex composite material composed of
cardiomyocytes, extracellular matrix proteins, vascular networks, and specialized connective tissue
structures that together form a highly organized anisotropic mechanical system. This structural
hierarchy spans multiple spatial scales, ranging from molecular interactions within sarcomeres to the
macroscopic architecture of the ventricular wall. Understanding this multiscale organization is
essential for explaining the nonlinear and anisotropic mechanical behavior observed in myocardial
tissue.
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2.1. Cardiomyocytes and Intracellular Mechanical Elements

At the cellular scale, cardiomyocytes represent the primary contractile elements of the heart.
These elongated muscle cells are arranged in parallel bundles that follow the orientation of
myocardial fibers. Cardiomyocytes contain sarcomeres, which are the fundamental contractile units
responsible for active force generation. Sarcomeres consist of interdigitating actin and myosin
filaments whose sliding motion produces active contraction during systole [43—45].

In addition to their active contractile role, cardiomyocytes contribute significantly to the passive
mechanical properties of the myocardium. Passive elasticity at the cellular level is primarily governed
by the giant cytoskeletal protein titin, which spans the sarcomere from the Z-disk to the M-line. Titin
functions as a molecular spring that generates passive tension when cardiomyocytes are stretched
during ventricular filling [46—48]. The stiffness of titin can vary depending on isoform expression and
phosphorylation state, allowing cardiomyocytes to adjust their passive mechanical response under
different physiological and pathological conditions.

Recent studies have demonstrated that alterations in titin stiffness contribute significantly to the
mechanical abnormalities observed in several cardiac diseases. For example, reduced titin
compliance has been linked to increased myocardial stiffness in heart failure with preserved ejection
fraction, whereas alterations in titin isoform expression are associated with dilated cardiomyopathy
[49-51]. These findings highlight the importance of intracellular mechanical elements in determining
myocardial mechanical properties.

Cardiomyocytes are mechanically connected through specialized junctions known as
intercalated discs. These structures contain desmosomes and adherens junctions that transmit
mechanical forces between neighboring cells while maintaining electrical continuity. The integrity of
these cell—cell junctions is essential for coordinated myocardial contraction and mechanical stability
of the ventricular wall [52].

2.2. Collagen Fibers and the Extracellular Matrix

Surrounding the cardiomyocytes is a highly organized extracellular matrix (ECM) that plays a
crucial role in determining the passive stiffness of myocardial tissue. The ECM consists primarily of
collagen fibers, elastin, proteoglycans, and glycoproteins that together form a structural scaffold
supporting the cellular components of the myocardium [53-55].

Collagen fibers are the dominant structural component of the ECM and are responsible for much
of the passive stiffness of myocardial tissue. Two types of collagen, type I and type III, account for
the majority of collagen content in the heart. These fibers form a complex network that surrounds
individual cardiomyocytes and bundles of muscle fibers, providing mechanical reinforcement and
facilitating force transmission throughout the myocardium [56].

At low levels of strain, collagen fibers within the ECM are relatively undulated and contribute
minimally to tissue stiffness. As the tissue is stretched during ventricular filling, these fibers gradually
straighten and align with the direction of loading. This progressive recruitment of collagen fibers
produces the characteristic nonlinear stress—strain relationship observed in myocardial tissue, in
which stiffness increases rapidly at higher strains [57-61].

The ECM also contributes to the viscoelastic behavior of myocardial tissue. Collagen fibers can
slide relative to each other, and interstitial fluid within the ECM can redistribute during deformation.
These mechanisms result in time-dependent mechanical phenomena such as stress relaxation and
creep, which are commonly observed in myocardial mechanical experiments [39,61,62].

In pathological conditions, remodeling of the extracellular matrix can significantly alter
myocardial stiffness. Increased collagen deposition, commonly referred to as fibrosis, is a hallmark
of many cardiac diseases including myocardial infarction, hypertrophic cardiomyopathy, and heart
failure. Fibrotic remodeling increases tissue stiffness and disrupts the normal mechanical behavior of
the myocardium [63-65].

The myocardium exhibits a highly organized hierarchical structure that spans multiple spatial
scales, ranging from molecular contractile elements to the geometry of the entire ventricle. At the
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smallest scale, sarcomeres within cardiomyocytes generate contractile forces through interactions
between actin and myosin filaments, while titin contributes to passive elastic stiffness. These
cardiomyocytes are arranged into aligned fiber bundles embedded within an extracellular matrix
network composed primarily of collagen and elastin. At a larger structural level, cardiomyocytes
form laminar sheet structures that can slide relative to each other during ventricular deformation.
Finally, the ventricular wall exhibits a characteristic helical fiber architecture in which fiber
orientation gradually rotates across the myocardial wall thickness. This hierarchical structural
organization plays a central role in determining myocardial mechanical behavior and underlies the
anisotropic stress—strain responses observed in experimental testing. The multiscale organization of
myocardial tissue and its mechanical implications are illustrated schematically in Figure 1.
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Figure 1. Multiscale architecture of myocardial tissue and its mechanical implications. The figure illustrates the
hierarchical organization of myocardial tissue across multiple spatial scales, ranging from the molecular
contractile apparatus to the whole ventricle. At the microscale, sarcomeres composed of actin, myosin, and titin
form the fundamental contractile units of cardiomyocytes. At the cellular scale, cardiomyocytes organize into
aligned myofiber bundles embedded within a collagen-rich extracellular matrix that contributes to passive
mechanical stiffness. At the tissue scale, cardiomyocytes are arranged into laminar sheet structures that facilitate
shear deformation and ventricular wall thickening during contraction. At the organ level, myocardial fibers
follow a helical arrangement across the ventricular wall, transitioning from right-handed helices in the
endocardium to circumferential orientation in the midwall and left-handed helices in the epicardium. This
multiscale architecture underlies the nonlinear, anisotropic, and spatially heterogeneous mechanical behavior of

the myocardium.

2.3. Myocardial Sheets and Laminar Structure

Beyond the cellular and extracellular matrix scales, the myocardium exhibits a laminar sheet
architecture that plays an important role in ventricular mechanics. Cardiomyocytes are arranged into
sheet-like layers, often referred to as myocardial sheets or laminae, which are separated by cleavage
planes containing connective tissue and extracellular matrix components [66—69].

These laminar sheets allow groups of cardiomyocytes to move relative to each other during
cardiac contraction and relaxation. Sliding between sheets contributes to ventricular wall thickening
during systole and facilitates complex three-dimensional deformation of the ventricular wall.
Experimental studies have shown that shear deformation between myocardial sheets is a major
contributor to ventricular wall thickening during contraction [18,70,71].
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The sheet structure of the myocardium also influences the mechanical anisotropy of cardiac
tissue. Because the sheets are oriented along specific directions relative to myocardial fibers, the
mechanical response of the myocardium depends not only on fiber orientation but also on the
orientation of the sheet planes. This complex structural organization leads to orthotropic mechanical
behavior in which material properties differ along multiple structural axes [72].

Understanding fiber—-sheet mechanics is therefore essential for accurate modeling of ventricular
deformation. Modern computational models of cardiac mechanics incorporate both fiber and sheet
orientations in order to capture the anisotropic behavior of myocardial tissue [73].

2.4. Fiber Orientation Gradients Across the Ventricular Wall

One of the most distinctive features of myocardial architecture is the gradual rotation of fiber
orientation across the ventricular wall. In the left ventricle, myocardial fibers are arranged in a helical
pattern that rotates smoothly from the epicardium to the endocardium. Fiber orientation typically
changes from approximately —60 degrees relative to the circumferential direction at the epicardium
to approximately +60 degrees at the endocardium [74-76].

This transmural gradient in fiber orientation plays a crucial role in ventricular mechanics. The
helical arrangement of myocardial fibers enables the heart to undergo torsional deformation during
contraction. During systole, the apex and base of the heart rotate in opposite directions, producing a
twisting motion that enhances the efficiency of ventricular ejection. During diastole, the release of
this torsional deformation contributes to rapid ventricular relaxation and filling [77].

The transmural rotation of fiber orientation also contributes to mechanical heterogeneity across
the ventricular wall. Because fibers at different depths within the myocardium are oriented in
different directions, the local mechanical response of the tissue varies with depth. This structural
heterogeneity influences stress distribution within the ventricular wall and plays an important role
in determining overall cardiac mechanics [78,79].

Advances in imaging technologies have made it possible to study myocardial fiber architecture
in unprecedented detail. Diffusion tensor magnetic resonance imaging (DT-MRI) allows three-
dimensional mapping of myocardial fiber orientation and has revealed the complex structural
organization of the ventricular myocardium [80-82]. These imaging data have been incorporated into
computational models of cardiac mechanics to improve the accuracy of ventricular simulations.

2.5. Structural Anisotropy and Nonlinear Mechanical Behaviour

The hierarchical structure of the myocardium gives rise to strongly anisotropic mechanical
behavior. Because cardiomyocytes and collagen fibers are preferentially aligned along specific
directions, myocardial stiffness varies depending on the direction of applied loading. Experimental
studies have consistently shown that myocardial tissue is significantly stiffer along the fiber direction
than across fibers [83-87].

In addition to anisotropy, myocardial tissue exhibits pronounced nonlinear mechanical
behavior. The nonlinear stress—strain relationship observed in myocardial tissue arises primarily
from the progressive recruitment of collagen fibers in the extracellular matrix as the tissue is
stretched. At low strains, the mechanical response is dominated by the relatively compliant
intracellular structures of cardiomyocytes. As strain increases, collagen fibers become increasingly
engaged and contribute more significantly to tissue stiffness [40,57,67,68,87,88].

This nonlinear mechanical behavior is essential for normal cardiac function. It allows the
ventricle to accommodate changes in preload while maintaining structural stability under high
pressures. However, pathological alterations in myocardial structure can disrupt this delicate
mechanical balance, leading to impaired ventricular function.

Taken together, the multiscale structural organization of the myocardium, encompassing
cardiomyocytes, extracellular matrix networks, laminar sheet structures, and transmural fiber
orientation gradients, provides the structural foundation for the complex mechanical behavior of
cardiac tissue. These structural features give rise to the nonlinear, anisotropic, and heterogeneous

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0474.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2026 d0i:10.20944/preprints202604.0474.v1

7 of 42

mechanical properties that characterize myocardial tissue and underpin the mechanical function of
the heart.

3. Experimental Biomechanics of Cardiac Tissue

Experimental biomechanics provides the empirical foundation for understanding the
mechanical behavior of myocardial tissue [16,89,90]. Because myocardial mechanical properties arise
from complex interactions between cardiomyocytes, extracellular matrix networks, and ventricular
geometry, experimental characterization is essential for quantifying the constitutive behavior of
cardiac tissue [90]. Over the past several decades, numerous experimental techniques have been
developed to measure myocardial mechanical properties under controlled conditions. These
approaches range from classical tensile testing of excised myocardial specimens to advanced
techniques capable of mapping spatial variations in tissue stiffness. Together, these methods provide
critical insights into the nonlinear, anisotropic, and viscoelastic behavior of myocardial tissue.

A major objective of experimental cardiac biomechanics is to determine the stress—strain
relationships governing myocardial deformation. These relationships are essential for developing
constitutive models used in computational simulations of ventricular mechanics. Experimental
measurements are therefore frequently combined with theoretical modeling frameworks to establish
parameterized descriptions of myocardial material behavior.

3.1. Uniaxial Mechanical Testing

Uniaxial tensile testing represents one of the earliest experimental techniques used to
characterize myocardial mechanical properties. In uniaxial tests, strips of myocardial tissue are
subjected to tensile loading along a single direction while the resulting stress—strain response is
recorded. Historically, this approach provided the first quantitative estimates of myocardial stiffness
and revealed the highly nonlinear mechanical behavior of cardiac tissue [87,91-95]-

Uniaxial testing has been particularly useful for studying directional mechanical properties of
myocardial tissue. By aligning the specimen along the fiber direction or the cross-fiber direction,
researchers can estimate stiffness along different structural axes of the myocardium. Early studies
demonstrated that myocardial stiffness is significantly greater along the fiber direction than across
fibers, reflecting the anisotropic organization of cardiomyocytes and collagen fibers within the
ventricular wall [83,84,86,96-98]-

Despite its historical importance, uniaxial testing has important limitations. Because myocardial
tissue is a three-dimensional anisotropic material, deformation in one direction inevitably influences
mechanical responses in other directions. Uniaxial tests constrain deformation in the transverse
directions, thereby altering the natural deformation state of the tissue. As a result, uniaxial testing
cannot fully capture the complex anisotropic mechanical behavior of myocardial tissue [72,99].

Nevertheless, uniaxial experiments remain valuable for investigating fundamental aspects of
myocardial mechanics, particularly when combined with optical strain measurement techniques
such as digital image correlation. These methods allow detailed analysis of strain distributions within
myocardial specimens and improve the accuracy of mechanical property estimation [19].

3.2. Biaxial Mechanical Testing

To address the limitations of uniaxial experiments, biaxial mechanical testing has become widely
recognized as the gold standard for characterizing anisotropic myocardial mechanics [30,100,101] and
soft tissue in general [27,102-105]. In biaxial experiments, square or rectangular myocardial
specimens are simultaneously stretched along two orthogonal directions while the resulting stresses
and strains are measured. These directions typically correspond to the myocardial fiber direction and
the cross-fiber direction [58,60,68,69].

Biaxial testing allows researchers to investigate the coupled mechanical behavior of myocardial
tissue under physiologically relevant loading conditions [27,102,103]. Because myocardial
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deformation in vivo involves simultaneous stretching along multiple directions, biaxial testing more
closely approximates the mechanical environment experienced by cardiac tissue within the
ventricular wall.

Biaxial experiments have revealed several important features of myocardial mechanical
behavior. First, myocardial tissue exhibits strong anisotropy, with significantly greater stiffness along
the fiber direction than across fibers. Second, the stress—strain relationship of myocardial tissue is
highly nonlinear, with stiffness increasing rapidly at larger strains due to collagen fiber recruitment
[8,32,73,106-110].

In addition to characterizing anisotropy, biaxial testing provides the data necessary for
calibrating constitutive models of myocardial tissue. Modern constitutive formulations, such as fiber-
reinforced hyperelastic models, rely heavily on biaxial experimental data to determine material
parameters [72,111,112].

Recent advances in biaxial testing techniques include the use of optical strain mapping systems
that measure full-field deformation of myocardial specimens. These technologies enable precise
quantification of local strain distributions and improve the reliability of mechanical property
measurements.

Experimental characterisation of myocardial mechanical behaviour relies on a variety of
mechanical testing techniques designed to quantify the anisotropic and nonlinear properties of
cardiac tissue. Among these methods, biaxial mechanical testing has emerged as the gold standard
for evaluating myocardial mechanics because it allows simultaneous loading along fiber and cross-
fiber directions, thereby capturing the anisotropic stress—strain response associated with myocardial
fiber architecture. Indentation and micro-indentation techniques provide complementary
information by enabling localized measurements of tissue stiffness, which are particularly useful for
mapping spatial heterogeneity in diseased myocardium such as infarct scars or fibrotic regions. Shear
testing methods are also important for understanding myocardial sheet mechanics and the role of
laminar structures in ventricular deformation. Representative experimental setups used to
characterise myocardial mechanical properties are illustrated in Figure 2, highlighting how different
testing modalities probe distinct aspects of myocardial mechanical behaviour.

Biaxial Mechanical Testing Indentation Testing Shear Testing

Cross-fiber
direction

Cross-fiber

direction = ™
Stress Force Shear Stress
Fiber
Cross-Fiber /
Strain Indentation Deptﬂ Shear Strain

Figure 2. Experimental methods for measuring myocardial mechanical properties. This figure illustrates
commonly used experimental setups for characterizing the mechanical behavior of myocardial tissue. Panel A
shows a biaxial mechanical testing system, in which myocardial specimens are mounted using sutures or hooks
and stretched independently along two orthogonal directions to quantify anisotropic stress—strain behavior
associated with myocardial fiber architecture. Panel B depicts indentation testing, where a rigid indenter applies
controlled displacement to the tissue surface while a force transducer measures resistance, enabling estimation

of local tissue stiffness and spatial heterogeneity. Panel C shows shear testing, in which controlled tangential
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displacement is applied to myocardial samples to characterize shear deformation associated with myocardial
sheet mechanics. These experimental approaches provide complementary insights into the nonlinear,

anisotropic, and spatially heterogeneous mechanical properties of cardiac tissue.

3.3. Shear and Torsion Testing

Although tensile testing methods provide valuable information about myocardial stiffness, they
do not fully capture the complex deformation modes experienced by myocardial tissue during the
cardiac cycle. In particular, ventricular contraction involves significant shear deformation associated
with the sliding of myocardial sheets and laminar structures.

Shear testing experiments are therefore used to investigate the mechanical behaviour of
myocardial tissue under tangential loading conditions. In these experiments, tissue specimens are
subjected to controlled shear deformation while the resulting shear stress response is measured.
Shear testing provides insights into the mechanical interactions between myocardial fibres and sheet
structures and helps characterise the orthotropic mechanical behaviour of cardiac tissue [18,70,113—
116].

Torsion testing represents another experimental approach used to study myocardial mechanics.
During torsion experiments, cylindrical or ring-shaped myocardial specimens are subjected to
torsional deformation while torque and angular displacement are measured. These experiments are
particularly useful for understanding the mechanical consequences of the helical fiber architecture of
the ventricular wall [117,118].

Studies using torsional loading have demonstrated that myocardial tissue exhibits complex
shear coupling effects due to the orientation of myocardial fibers and sheets. These effects play an
important role in ventricular torsion during cardiac contraction and contribute to the mechanical
efficiency of the heart [119-121].

A wide range of experimental techniques has been developed to characterize the mechanical
behavior of myocardial tissue across multiple spatial scales. These methods differ in their loading
configurations, measurable mechanical parameters, and ability to capture anisotropic or time-
dependent behavior. Early investigations frequently relied on uniaxial tensile testing to estimate
myocardial stiffness along specific anatomical directions, although this approach cannot fully capture
the multidirectional coupling inherent in anisotropic cardiac tissue. Biaxial mechanical testing has
subsequently become the preferred experimental approach for quantifying myocardial mechanics
because it allows simultaneous loading along fiber and cross-fiber directions, thereby enabling
accurate identification of constitutive model parameters. Additional methods such as shear testing,
indentation-based approaches, and rheological measurements provide complementary insights into
myocardial sheet mechanics, regional stiffness heterogeneity, and viscoelastic behavior. A summary
of the most commonly used experimental techniques and their associated advantages and limitations
is presented in Table 1.

Table 1. Summary of experimental methods used for myocardial mechanical characterization. The table
summarizes the principal experimental techniques used to investigate the mechanical behavior of myocardial
tissue. These methods differ in their loading configurations, measurable mechanical parameters, and their ability
to capture the nonlinear, anisotropic, and viscoelastic properties of cardiac tissue. Classical approaches such as
uniaxial and biaxial tensile testing are commonly used to quantify stress—strain relationships and identify
constitutive model parameters, while complementary techniques including shear testing, indentation, and
rheological measurements provide insights into laminar mechanics, spatial stiffness heterogeneity, and time-
dependent viscoelastic responses. Each method offers distinct advantages and limitations, and together they
provide a comprehensive experimental framework for understanding myocardial mechanical behavior across

multiple spatial scales.

Experimental Mechanical Typical
P Loading Mode| Properties | Advantages | Limitations ypica
Method Applications

Measured
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3.4. Indentation and Micro-Indentation Techniques

Indentation methods have become increasingly important for measuring spatial variations in
myocardial stiffness. In indentation experiments, a probe is pressed into the surface of the tissue
while measuring the force required to produce a given displacement. The resulting force—
displacement data can be used to estimate local mechanical properties of the tissue [122-125].

Micro-indentation techniques allow high-resolution mapping of myocardial stiffness across the
ventricular wall. These methods are particularly useful for studying mechanical heterogeneity in
diseased hearts. For example, indentation experiments have been widely used to measure stiffness
gradients between infarcted scar tissue and surrounding healthy myocardium [5,17,36,126-132].

Following myocardial infarction, damaged myocardial tissue is replaced by fibrotic scar tissue
composed primarily of collagen fibers. This scar region is typically significantly stiffer than adjacent
healthy myocardium, leading to altered stress distributions within the ventricular wall. Indentation
mapping allows researchers to quantify these stiffness gradients and investigate their role in
ventricular remodeling [63,133-138].

Atomic force microscopy has also been used to measure mechanical properties at the microscale
level, enabling characterization of cardiomyocyte stiffness and extracellular matrix properties with
extremely high spatial resolution [122,139,140]-

3.5. Rheology and Viscoelastic Testing

In addition to elastic stiffness, myocardial tissue exhibits significant viscoelastic behavior.
Viscoelasticity refers to the time-dependent mechanical response of materials subjected to
deformation. In myocardial tissue, viscoelastic behavior arises from interactions between
intracellular structures, extracellular matrix components, and interstitial fluid movement [62,141-
146].

Rheological testing methods are commonly used to characterize viscoelastic behavior. In stress
relaxation experiments, myocardial tissue is rapidly stretched to a specified strain and held at
constant deformation while measuring the decay of stress over time. Conversely, creep experiments
involve applying a constant load and measuring the resulting increase in strain over time.

These experiments reveal that myocardial tissue exhibits substantial stress relaxation and creep
behavior, indicating that its mechanical properties are strongly time dependent. Cyclic loading
experiments have also demonstrated hysteresis in the stress—strain response of myocardial tissue,
reflecting energy dissipation during deformation [147-152].

Viscoelastic testing provides important information for developing constitutive models capable
of describing the time-dependent mechanical behavior of cardiac tissue. Such models are essential
for accurately simulating diastolic relaxation and ventricular filling in computational cardiac models
[153-157].

3.6. Methodological Considerations in Myocardial Mechanical Testing

Although experimental methods provide valuable insights into myocardial mechanics, the
measured mechanical properties of cardiac tissue can be strongly influenced by methodological
factors. Several experimental variables must therefore be carefully controlled in order to obtain
reliable measurements.

One critical factor is the orientation of the tissue specimen relative to myocardial fiber direction.
Because myocardial tissue is strongly anisotropic, mechanical properties measured along different
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structural axes can differ significantly. Accurate characterization of myocardial mechanics therefore
requires careful alignment of specimens with respect to fiber orientation [158-161].

Preconditioning protocols also play an important role in myocardial mechanical experiments.
Soft biological tissues typically exhibit transient mechanical behavior during the first few loading
cycles due to structural rearrangements within the tissue. Repeated loading cycles are therefore
applied prior to measurement in order to achieve a stable mechanical response. This process, known
as preconditioning, is essential for obtaining reproducible mechanical data [96,162-164].

Strain rate represents another important experimental variable. Myocardial tissue exhibits
strain-rate-dependent mechanical behavior, meaning that measured stiffness may vary depending
on the rate at which deformation is applied. Experimental protocols must therefore specify strain rate
in order to ensure comparability between studies [165].

Finally, species differences can significantly influence measured myocardial mechanical
properties. Many experimental studies use animal models such as rats, pigs, or sheep due to the
limited availability of human myocardial tissue. However, differences in myocardial structure and
composition between species can lead to variations in mechanical behavior. Care must therefore be
taken when extrapolating results from animal experiments to human cardiac mechanics [166,167].

Taken together, experimental biomechanics provides essential insights into the mechanical
behavior of myocardial tissue. Techniques such as biaxial testing, shear testing, indentation mapping,
and viscoelastic experiments have revealed the complex anisotropic and nonlinear mechanical
properties of cardiac tissue. These experimental measurements form the basis for constitutive models
and computational simulations that aim to reproduce the mechanical behavior of the heart under
physiological and pathological conditions.

Taken together, the experimental literature makes clear that no single testing modality can be
regarded as a complete descriptor of myocardial mechanics. Uniaxial tests remain useful for
directional screening and historical comparison, but they are intrinsically limited for parameter
identification in a tissue whose response is multiaxial, anisotropic, and structurally coupled. Biaxial
testing remains the most informative platform for calibrating passive constitutive laws because it
captures fiber—cross-fiber coupling under controlled conditions, yet even biaxial data alone may
underrepresent through-thickness heterogeneity, inter-sheet shear, and time-dependent dissipation.
Indentation and AFM provide valuable access to regional and microscale stiffness gradients,
especially in infarcted and fibrotic tissue, but their interpretation depends strongly on contact
assumptions, local boundary effects, and sampling depth. Similarly, rheological and relaxation-based
measurements are indispensable for demonstrating viscoelasticity, yet they are often acquired under
simplified loading states that are difficult to map directly onto ventricular mechanics in vivo. The
most important conclusion is therefore not that one method should replace the others, but that robust
myocardial characterization increasingly requires multimodal mechanical datasets acquired with
explicit control of specimen orientation, strain rate, preconditioning history, and species context.
Without that experimental discipline, apparent differences in myocardial stiffness across studies may
reflect protocol variability as much as genuine biology.

4. Viscoelastic and Constitutive Modelling of Passive Myocardial Mechanics

The passive myocardium is a nonlinear, anisotropic, nearly incompressible, and structurally
heterogeneous material whose response depends not only on the magnitude and direction of
deformation but also on loading history and timescale. Early constitutive descriptions of myocardial
tissue relied primarily on hyperelastic formulations, which were highly effective for representing
quasi-static pressure-volume behavior and experimentally measured stress—strain relations. These
formulations established the importance of fiber architecture and anisotropy in passive stiffness and
remain central to computational cardiac mechanics. However, experimental evidence accumulated
over the last several decades has shown that the myocardium also exhibits marked time-dependent
behaviour, including stress relaxation, hysteresis during cyclic loading, and strain-rate sensitivity.
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For this reason, a modern constitutive description of passive myocardium must integrate both elastic
and viscoelastic features rather than treating them as separate modeling problems [40,84,88,93,157].

4.1. Experimental Basis for time-Dependent Myocardial Behaviour

Experimental studies in uniaxial loading, biaxial extension, and simple shear consistently
demonstrate that passive myocardial tissue does not behave as a purely instantaneous elastic solid.
Biaxial tests on ventricular myocardium showed strong anisotropy linked to preferred fiber direction,
while shear experiments further demonstrated direction-dependent softening and clear viscoelastic
effects. Human ventricular data have reinforced this picture by showing that passive myocardium
exhibits nonlinear, orthotropic, history-dependent behavior under multiaxial loading, with
measurable dependence on loading mode and structural orientation. These observations imply that
constitutive laws based only on equilibrium elasticity capture only part of the passive response and
may miss important features relevant to filling dynamics, regional deformation, and organ-level
simulations [83,84,86,157,168].

4.2. Structural Origins of Passive Stiffness and Viscoelasticity

The time-dependent response of the myocardium arises from interacting mechanisms across
multiple scales. At the intracellular scale, titin contributes substantially to passive tension and
functions as a tunable molecular spring whose stiffness can be modified by isoform expression and
phosphorylation state. At the extracellular scale, collagen architecture, recruitment, sliding, and
cross-linking strongly influence nonlinear stiffening and mechanical dissipation. These matrix
contributions are not passive background effects; rather, they interact with cardiomyocyte mechanics
and tissue architecture to produce the observed anisotropic and rate-dependent behavior of the
ventricular wall. Accordingly, myocardial viscoelasticity should not be attributed to a single
mechanism, but to coupled contributions from titin, extracellular matrix remodeling, laminar
architecture, and fluid-associated effects within the tissue microenvironment [58,169-171].

4.3. Hyperelastic Foundations and Structurally Based Constitutive Models

Despite the need to incorporate time dependence, hyperelastic constitutive laws remain the
foundation of passive myocardial modeling. Phenomenological formulations derived from the soft-
tissue biomechanics tradition, including Fung-type exponential laws, provided an early and
mathematically efficient way to reproduce nonlinear stiffening. Later transversely isotropic and
orthotropic formulations, including the Guccione model, enabled explicit representation of fiber-
direction dependence and became important in finite-element simulations of the ventricle.
Structurally based constitutive models, especially the Holzapfel-Ogden framework, advanced the
field by linking material response more directly to myocardial microstructure through separate
contributions of matrix, fibers, and sheet-related directions. These models are especially valuable
because they preserve computational tractability while offering stronger physiological
interpretability than purely phenomenological laws [40,84,88,93].

The central issue in myocardial constitutive modelling is no longer whether sufficiently
sophisticated formulations exist, but whether the available data justify their complexity.
Phenomenological hyperelastic models remain useful when the objective is efficient ventricular
simulation or broad inverse fitting from limited data, but they often sacrifice mechanistic
interpretability and can obscure which microstructural processes are actually driving stiffness
changes. Structure-based models provide a more physiologically meaningful framework by linking
stress response to fiber, sheet, and matrix architecture, and they are therefore preferable when the
aim is to interpret anisotropy or regional remodeling in structural terms. However, their additional
parameters increase the burden of parameter identification and make them vulnerable to non-
uniqueness when experimental constraints are weak. Viscoelastic extensions become essential when
relaxation, cyclic dissipation, or strain-rate effects are part of the scientific question, yet they should

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0474.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2026

d0i:10.20944/preprints202604.0474.v1

14 of 42

not be added automatically, because every extra viscous branch or fractional parameter introduces

further identifiability demands. Multiscale formulations offer the strongest mechanistic explanatory

power, especially for disease processes involving titin, fibrosis, and matrix remodeling, but they are

presently most convincing when used to test hypotheses rather than to claim uniquely identifiable

patient-specific parameters. In practice, the best constitutive model is therefore not the most elaborate

one, but the simplest one that remains faithful to the loading mode, time scale, and biological

mechanism under investigation.

Table 2. Comparison of commonly used myocardial constitutive models. The table summarizes major

constitutive modeling frameworks used to describe the passive mechanical behavior of myocardial tissue in

computational cardiac biomechanics. These models range from phenomenological formulations that reproduce

nonlinear stress—strain responses to structure-based and multiscale approaches that incorporate myocardial fiber

architecture, extracellular matrix mechanics, and cellular processes. Each modeling framework differs in its

complexity, physiological interpretability, and computational requirements. The choice of constitutive model

depends on the objectives of the study, the availability of experimental data for parameter identification, and the

level of structural detail required for accurate simulation of ventricular mechanics.
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4.4. Viscoelastic Extensions of Myocardial Constitutive Laws

The principal limitation of purely hyperelastic models is that they represent the stress response
as instantaneous and path-independent once expressed through a strain-energy function. This is
insufficient when the goal is to capture relaxation, cyclic dissipation, or loading-rate effects. One
strategy has been to extend hyperelastic formulations using quasi-linear viscoelastic ideas long
established in soft-tissue mechanics. Another has been to add generalized Maxwell-type overstress
branches to anisotropic constitutive laws. Myocardium-specific implementations of these ideas now
exist, including orthotropic viscoelastic formulations in which separate viscous mechanisms are
associated with matrix, fiber, and sheet-related responses. More recently, fractional viscoelastic
approaches have emerged as especially attractive because they can represent broad relaxation spectra
and cyclic effects with fewer parameters than large discrete spring—dashpot networks. In human
myocardium, such fractional anisotropic models have been shown to reproduce biaxial stretch,
triaxial shear, and stress-relaxation data more accurately than hyperelastic counterparts alone
[88,93,154,155,172-174].

Computational modeling of myocardial mechanics relies on constitutive formulations that
describe the relationship between tissue deformation and mechanical stress. Early models of cardiac
tissue were largely phenomenological and focused on reproducing the nonlinear stress—strain
behavior observed in experimental testing. Among these, the Fung-type exponential formulation
became widely adopted because it captures the characteristic stiffening response of soft biological
tissues under increasing strain. More recent approaches incorporate structural information about
myocardial architecture, particularly the orientation of collagen fibers and myocardial sheets, leading
to structurally motivated constitutive models such as the Holzapfel-Ogden formulation. These
models represent the myocardium as a fiber-reinforced composite in which mechanical stiffness
arises from interactions between extracellular matrix components and aligned myocardial fibers. In
parallel, multiscale modeling frameworks have been developed to bridge cellular and tissue scales
by incorporating sarcomere mechanics and intracellular structural elements into tissue-level
constitutive behavior. The conceptual differences between these constitutive modeling approaches
are illustrated in Figure 3, highlighting how phenomenological, structure-based, and multiscale
formulations capture different aspects of myocardial mechanical behavior.
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Figure 3. Constitutive models of myocardial mechanics. The figure illustrates three major constitutive modeling
approaches used to describe passive myocardial mechanical behavior. Panel A represents the Fung-type
exponential model, a phenomenological formulation widely used to describe nonlinear stress—strain behavior of
soft tissues. Panel B shows the Holzapfel-Ogden model, which incorporates myocardial fiber architecture by
representing the tissue as a fiber-reinforced composite with distinct contributions from collagen fibers and
extracellular matrix. Panel C illustrates multiscale constitutive frameworks that link cellular-level mechanics,
such as sarcomere contraction and titin elasticity, to tissue-scale deformation via micro-macro coupling. The
accompanying stress—strain curves demonstrate the nonlinear and anisotropic mechanical responses captured
by these models. These constitutive formulations form the basis of many finite element simulations of ventricular

mechanics.

4.5. Disease Remodeling and the Need for Region- and State-Dependent Constitutive Laws

A major reason to merge viscoelasticity with constitutive modeling is that disease changes both
the magnitude and the mechanism of passive stiffness. In failing human myocardium, titin
hypophosphorylation has been shown to increase cardiomyocyte resting tension, and experimental
HFpEF studies indicate that altered titin properties can contribute substantially to elevated passive
stiffness. After myocardial infarction, passive behavior becomes further complicated by scar
formation, collagen reorganization, and time-dependent evolution of infarct mechanics. Scar tissue
does not merely become “stiffer”; its anisotropy, collagen orientation, and maturation state affect
deformation patterns and ventricular function. These findings support the use of constitutive models
whose parameters vary by region, pathology, and time after injury rather than assuming a single
homogeneous passive material law for the entire myocardium [58,128,169-171].

4.6. Implications for Computational Cardiac Mechanics

The choice of constitutive framework should be driven by the scientific or clinical question being
asked. For quasi-static end-diastolic fitting or broad inverse parameter estimation, anisotropic
hyperelastic models may remain adequate. For simulations concerned with filling dynamics, cyclic
loading, relaxation, or time-resolved ventricular deformation, viscoelastic extensions become more
appropriate. For mechanistic studies of disease, multiscale formulations that connect titin,
extracellular matrix remodeling, tissue architecture, and organ-level mechanics may provide the
greatest explanatory power, albeit at higher computational cost. In this sense, myocardial constitutive
modeling is best viewed as a hierarchy: phenomenological hyperelastic laws for efficient baseline
simulation, structurally based anisotropic laws for physiologically grounded tissue description, and
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viscoelastic or multiscale laws when rate dependence, disease remodeling, or digital-twin fidelity is
central. This hierarchy is increasingly important in patient-specific modeling and broader
computational cardiology, where constitutive choices directly influence predicted stress fields, filling
behaviour, and translational usefulness [40,73,88,154,172].

A recurring weakness in the literature is the tendency to equate improved fit with improved
understanding. In myocardial mechanics, a more flexible constitutive law can almost always reduce
residual error, but that does not necessarily mean that the added parameters are biologically
identifiable or clinically useful. For many applications, especially inverse estimation from sparse
imaging data, the limiting factor is not constitutive richness but information content in the
measurements. This suggests a practical hierarchy for the field: use anisotropic hyperelastic laws
when the goal is stable baseline simulation, move to viscoelastic formulations when time dependence
is experimentally demonstrated and functionally relevant, and reserve multiscale models for
questions that explicitly concern mechanism across scales. The real challenge is therefore not simply
developing more complex constitutive equations, but matching model structure to data quality,
validation strategy, and intended use. That principle is likely to determine whether cardiac
biomechanics advances as a predictive science rather than an exercise in increasingly elaborate curve
fitting.

5. Image-Based and Patient-Specific Estimation of Myocardial Stiffness

Quantifying myocardial stiffness in vivo represents one of the most important challenges in
modern cardiac biomechanics. While classical mechanical experiments provide detailed information
about myocardial mechanical behaviour, they rely on excised tissue samples and therefore cannot
capture patient-specific mechanical properties under physiological conditions. Over the past two
decades, advances in cardiac imaging and computational modeling have enabled the estimation of
myocardial stiffness directly from clinical data. These methods combine imaging-derived
measurements of cardiac geometry and deformation with computational models of ventricular
mechanics, thereby enabling non-invasive estimation of myocardial material parameters.

Image-based approaches have become increasingly important in cardiovascular research
because they allow the integration of anatomical, mechanical, and functional information into
personalized computational models of the heart. These models can simulate ventricular deformation,
estimate myocardial stress distributions, and evaluate mechanical alterations associated with
cardiovascular disease. The ability to estimate myocardial stiffness non-invasively has therefore
opened new opportunities for both research and clinical applications.

5.1. MRI-Based Finite Element Inversion

Magnetic resonance imaging (MRI) has become one of the most powerful tools for studying
cardiac mechanics. MRI provides high-resolution images of ventricular geometry and enables
measurement of myocardial deformation throughout the cardiac cycle using techniques such as
tagged MR, displacement encoding with stimulated echoes (DENSE), and feature-tracking methods.
These imaging techniques produce spatially resolved strain fields that describe how myocardial
tissue deforms during contraction and relaxation [175-177].

Finite element (FE) modeling frameworks can incorporate these strain measurements to estimate
myocardial material parameters through inverse modeling techniques. In MRI-based FE inversion, a
computational model of the ventricle is constructed from patient-specific anatomical data. The model
includes realistic ventricular geometry, myocardial fiber orientation, and boundary conditions
representing physiological loading. Constitutive parameters governing myocardial stiffness are then
iteratively adjusted until simulated deformation patterns match those observed in imaging data
[73,178,179].

This inverse modeling process allows estimation of patient-specific myocardial stiffness without
direct mechanical testing. Because ventricular deformation patterns depend strongly on the
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underlying material properties of the myocardium, matching simulated and measured strains
provides a powerful approach for identifying constitutive parameters.

MRI-based inversion methods have been widely applied in studies of heart failure, myocardial
infarction, and cardiomyopathies. These studies have demonstrated that patient-specific myocardial
stiffness can vary significantly between individuals and between different regions of the ventricular
wall. For example, infarcted regions of the myocardium exhibit significantly higher stiffness than
healthy myocardium due to fibrotic remodeling of the extracellular matrix [8,17,107,145,180].

Despite their potential, MRI-based inversion methods face several challenges. Parameter
identifiability remains a major concern because multiple combinations of constitutive parameters
may produce similar deformation patterns. In addition, uncertainties in boundary conditions and
loading conditions can influence the accuracy of parameter estimation. Addressing these challenges
requires advanced optimization techniques and uncertainty quantification frameworks [27,101,181].

5.2. Magnetic Resonance Elastography

Magnetic resonance elastography (MRE) provides a more direct approach for estimating tissue
stiffness in vivo. MRE is an imaging technique that measures the propagation of mechanical shear
waves through biological tissues. By analyzing the speed and attenuation of these waves, it is possible
to estimate the mechanical stiffness of the tissue [182-184].

In cardiac MRE, mechanical vibrations are introduced into the chest wall, generating shear
waves that propagate through the myocardium. MRI is then used to visualize the resulting wave
motion and calculate tissue stiffness from wave propagation patterns. Because shear wave speed is
directly related to tissue stiffness, MRE can provide quantitative maps of myocardial mechanical
properties [185].

Cardiac MRE has been applied in both experimental and clinical studies to investigate
myocardial stiffness in conditions such as myocardial infarction and heart failure. These studies have
demonstrated that myocardial stiffness measured using MRE correlates with histological markers of
fibrosis and extracellular matrix remodeling [186].

One advantage of MRE is that it provides spatial maps of myocardial stiffness across the
ventricular wall. This capability allows detection of regional mechanical heterogeneity that may not
be apparent using global measures of cardiac function. However, cardiac MRE remains technically
challenging due to cardiac motion and the relatively small amplitude of shear waves within the
myocardium. Ongoing developments in imaging sequences and signal processing techniques
continue to improve the feasibility of cardiac MRE for clinical applications [187].

Recent advances in cardiac imaging and computational biomechanics have enabled the
estimation of myocardial mechanical properties directly from patient-specific data. In many studies,
ventricular geometry and myocardial deformation are first obtained from cardiac magnetic resonance
imaging or echocardiographic strain measurements. These data are then incorporated into
computational models of ventricular mechanics to infer myocardial material parameters through
inverse finite element analysis. In this approach, constitutive model parameters governing
myocardial stiffness are iteratively adjusted until simulated ventricular deformation matches
experimentally measured strain fields. This image-based parameter estimation framework provides
a powerful tool for investigating regional variations in myocardial stiffness and for constructing
personalized computational models of cardiac function. The general workflow for patient-specific
estimation of myocardial stiffness is illustrated in Figure 4, highlighting the integration of medical
imaging, computational modeling, and optimization algorithms.
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Figure 4. Pipeline for patient-specific estimation of myocardial stiffness. The figure illustrates the computational
workflow commonly used to estimate patient-specific myocardial mechanical properties from clinical imaging
data. Cardiac magnetic resonance imaging (MRI) is first used to acquire high-resolution anatomical images of
the ventricle. From these images, ventricular geometry and myocardial deformation fields are extracted using
image segmentation and strain analysis techniques. The reconstructed geometry is then used to generate a finite
element representation of the ventricular wall, incorporating myocardial fiber orientation and appropriate
boundary conditions. Finally, inverse finite element methods or optimization algorithms are employed to
identify constitutive model parameters that best reproduce the measured deformation patterns. This pipeline
enables non-invasive estimation of myocardial stiffness and forms a key component of emerging patient-specific

cardiac digital twin frameworks.

5.3. Echocardiography-Derived Strain Analysis

Echocardiography represents the most widely used imaging modality in clinical cardiology due
to its accessibility, portability, and real-time imaging capabilities. While traditional
echocardiographic measurements primarily assess ventricular dimensions and global function,
modern speckle-tracking echocardiography allows detailed analysis of myocardial deformation.

Speckle-tracking methods track natural acoustic markers within ultrasound images to measure
myocardial strain throughout the cardiac cycle. By quantifying deformation in longitudinal,
circumferential, and radial directions, speckle-tracking echocardiography provides important
insights into regional myocardial mechanics [120,188-191].

Although echocardiography does not measure stiffness directly, strain measurements obtained
from speckle-tracking analysis can be combined with computational models to infer myocardial
mechanical properties. For example, regional strain patterns can be used to identify areas of reduced
contractility or increased stiffness associated with myocardial fibrosis or ischemia.

Speckle-tracking echocardiography has been widely applied in studies of cardiomyopathies and
heart failure. Reduced myocardial strain often indicates increased myocardial stiffness or impaired
contractility, making strain analysis a valuable diagnostic tool for early detection of cardiac
dysfunction [192-195].

However, echocardiographic strain measurements may be influenced by image quality, acoustic
window limitations, and operator variability. Despite these limitations, echocardiography remains
an important tool for assessing myocardial mechanics in clinical practice.

5.4. Bayesian and Machine Learning Inference Methods

Recent advances in computational methods have introduced new approaches for estimating
myocardial mechanical properties from imaging data. Bayesian inference frameworks provide a
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probabilistic approach for identifying constitutive parameters while accounting for uncertainties in
measurements and model assumptions. In Bayesian parameter estimation, prior knowledge about
material properties is combined with observed imaging data to produce posterior probability
distributions of model parameters [196].

This probabilistic approach provides several advantages over deterministic parameter
estimation methods. In particular, Bayesian frameworks allow quantification of uncertainty in
estimated parameters and help address issues related to parameter identifiability. These methods
have been successfully applied to inverse problems in cardiac biomechanics and have demonstrated
improved robustness compared with traditional optimization techniques [197-200].

Machine learning methods have also emerged as powerful tools for parameter estimation in
cardiac mechanics. Neural networks and other data-driven algorithms can learn complex
relationships between imaging features and underlying mechanical properties. Once trained, these
models can rapidly estimate myocardial stiffness from imaging data without requiring
computationally expensive finite element simulations [201-206].

Machine learning approaches have been applied to several aspects of cardiac biomechanics,
including ventricular segmentation, strain estimation, and constitutive parameter identification.
Hybrid modeling frameworks that combine physics-based models with machine learning algorithms
are currently being explored as a promising direction for improving patient-specific cardiac
modelling [207].

5.5. Toward the Cardiac Digital Twin

The integration of imaging data, computational modeling, and advanced parameter estimation
techniques has given rise to the concept of the cardiac digital twin. A cardiac digital twin is a
personalized computational model of the heart that replicates the structural, mechanical, and
functional characteristics of an individual patient. These models integrate anatomical information
from medical imaging with physiological data and biomechanical simulations to reproduce patient-
specific cardiac behaviour [62].

Digital twin frameworks aim to simulate cardiac function under both normal and pathological
conditions. By incorporating patient-specific myocardial stiffness and other mechanical parameters,
these models can predict how the heart will respond to disease progression or therapeutic
interventions.

The potential applications of cardiac digital twins include personalized diagnosis, treatment
planning, and prediction of surgical outcomes. For example, patient-specific models may help guide
surgical interventions for congenital heart defects or optimize therapies for heart failure [141,208-
210].

Although the development of fully functional cardiac digital twins remains an ongoing
challenge, rapid advances in imaging technology, computational power, and machine learning
methods are bringing this vision closer to reality. Accurate estimation of myocardial stiffness remains
a key component of this effort, as mechanical properties strongly influence ventricular function and
disease progression.

In summary, image-based estimation of myocardial stiffness represents a rapidly evolving area
of cardiac biomechanics. Techniques such as MRI-based inverse modeling, magnetic resonance
elastography, echocardiographic strain analysis, and machine learning inference methods are
transforming the ability to characterize myocardial mechanical properties in vivo. These advances
are enabling the development of patient-specific computational models that may ultimately support
personalized cardiovascular medicine.

The major advance of image-based biomechanics is not that myocardial stiffness can now be
measured directly in a clinical sense, but that it can be inferred within increasingly constrained
physiological models. That distinction matters. MRI-based finite-element inversion remains the most
mechanistically grounded approach because it links deformation data to constitutive structure and
ventricular loading, but it is also the most exposed to non-uniqueness arising from uncertain
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boundary conditions, fiber architecture, and parameter coupling. MRE offers a more direct route to
regional stiffness mapping and is therefore attractive for clinical translation, yet it interrogates wave-
propagation behaviour rather than constitutive response in the full multiaxial sense, and its
interpretation remains sensitive to motion, resolution, and inversion assumptions.
Echocardiographic strain imaging is highly scalable and clinically accessible, but it provides the most
indirect path to stiffness and must therefore be interpreted with caution when contractility, loading,
and passive material behaviour are changing simultaneously. Bayesian frameworks are especially
valuable because they make uncertainty explicit rather than hiding it behind a single best-fit estimate,
whereas machine-learning methods are most convincing when used as accelerators or surrogate
models within a physics-informed pipeline rather than as stand-alone replacements for
biomechanical reasoning. The field should therefore resist overstating precision: the most credible
future lies in hybrid frameworks that combine rich imaging, physics-based modelling, and explicit
uncertainty quantification, with digital twins judged not by visual realism but by prospective
predictive validity.

Recent advances in cardiac imaging have enabled non-invasive quantification of myocardial
deformation and stiffness through a range of imaging modalities. These techniques differ in their
measurement principles, spatial resolution, and clinical applicability. A summary of the most widely
used imaging approaches for estimating myocardial mechanical properties is presented in Table 3.

Table 3. Imaging modalities for non-invasive estimation of myocardial mechanical properties. The table
summarizes commonly used imaging techniques that enable non-invasive characterization of myocardial
mechanical behavior. These modalities provide measurements of myocardial deformation, strain, stiffness, or
structural architecture that can be used to infer tissue mechanical properties. Techniques such as tagged MRI
and DENSE MRI provide high-resolution measurements of myocardial strain, while magnetic resonance
elastography and ultrasound elastography enable direct estimation of tissue stiffness. Echocardiographic speckle
tracking offers a widely accessible clinical method for assessing myocardial deformation, whereas diffusion
tensor MRI provides detailed information about myocardial fiber architecture for computational modeling.
These imaging approaches form the foundation of modern patient-specific cardiac biomechanics and are

increasingly integrated with computational models for estimation of myocardial material properties.
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6. Disease-Related Remodeling and Clinical Relevance of Myocardial Stiffness

Altered myocardial stiffness is a defining biomechanical feature of several forms of heart disease

and provides an important link between microstructural remodeling and impaired ventricular

performance. From a clinical perspective, the most relevant disease contexts are those in which

passive stiffness changes regional load transfer, ventricular compliance, and diastolic mechanics.

Rather than surveying all cardiac pathologies, this section focuses on three representative disease

settings in which passive myocardial stiffness has particularly clear mechanistic and translational

significance: post-myocardial infarction remodeling, diffuse fibrosis in heart failure with preserved

ejection fraction (HFpEF), and hypertrophic cardiomyopathy. This narrower focus avoids repetition

of general pathophysiology discussed earlier while preserving the main clinical implications of
myocardial stiffening [5,47,58,128,170,171,211-217].

6.1. Post-Myocardial Infarction Remodelling
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Myocardial infarction provides one of the clearest examples of mechanically heterogeneous
remodeling in the heart. Following ischemic injury, necrotic myocardium is progressively replaced
by collagen-rich scar tissue. During the early phase after infarction, degradation of extracellular
matrix and loss of viable cardiomyocytes weaken the infarct region and increase local compliance.
As healing progresses, fibroblast activation and collagen deposition transform the infarct into a
fibrotic scar that is substantially stiffer than healthy myocardium. This transition from early
mechanical weakening to late scar stiffening has major consequences for ventricular mechanics
because it alters regional stress transfer, promotes border-zone loading abnormalities, and
contributes to long-term ventricular remodeling. Experimental and modeling studies have shown
that infarct mechanics are not merely local material properties, but determinants of global function
that influence ventricular dilation, wall stress distribution, and diastolic filling [16,58,128,211].

Post-infarction remodelling is characterised by the replacement of damaged myocardium with
fibrotic scar, leading to increased passive stiffness and heterogeneous ventricular mechanics. These
structural and material changes alter regional stress transfer, impair deformation, and contribute to
adverse remodeling. Figure 5 schematically summarises these biomechanical differences between
healthy and post-infarction myocardium.
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Figure 5. Mechanical remodeling of myocardium after myocardial infarction. The figure illustrates the transition
from healthy myocardium to post-infarction remodeled tissue. Healthy myocardium shows organized
cardiomyocyte structure, a relatively uniform extracellular matrix, and compliant passive mechanics, whereas
infarcted myocardium demonstrates fibrotic scar formation, increased collagen deposition, disrupted tissue
architecture, border-zone heterogeneity, and increased passive stiffness. These regional structural changes alter
stress transfer and deformation patterns within the ventricular wall, thereby contributing to adverse ventricular

remodeling and impaired cardiac function.

6.2. Fibrosis and HFpEF

Diffuse myocardial fibrosis is a major route to pathological stiffening, particularly in HFpEF. In
contrast to replacement fibrosis after infarction, HFpEF is commonly associated with interstitial and
perivascular collagen accumulation distributed throughout the ventricular wall. This extracellular
matrix expansion increases passive resistance to deformation and reduces ventricular compliance.
Importantly, HFpEF stiffness is not solely an extracellular matrix problem; it also reflects
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cardiomyocyte-level changes, especially altered titin phosphorylation and other intracellular
determinants of passive tension. Clinical and experimental studies have shown that abnormal passive
stiffness, impaired relaxation, and elevated diastolic pressures are central features of this syndrome.
From a biomechanical standpoint, HFpEF is therefore one of the clearest examples of multiscale
stiffening, in which cellular and extracellular remodeling converge to impair diastolic mechanics
[170,171,212,214,215].

6.3. Hypertrophic Cardiomyopathy as a Representative Cardiomyopathy

Among cardiomyopathies, hypertrophic cardiomyopathy is a suitable representative example
because it links sarcomeric abnormalities, fibrosis, and impaired ventricular relaxation within a single
disease framework. Hypertrophic cardiomyopathy is characterized by abnormal ventricular wall
thickening, often caused by mutations in sarcomeric proteins, together with variable degrees of
interstitial fibrosis and disordered myocardial architecture. These changes increase passive stiffness
at both the cellular and tissue scales and contribute to diastolic dysfunction, abnormal deformation
patterns, and increased susceptibility to arrhythmias. In the context of this review, hypertrophic
cardiomyopathy is particularly useful because it illustrates that elevated myocardial stiffness is not
only a consequence of collagen deposition but may also arise from altered intrinsic cardiomyocyte
mechanics and genetically mediated remodeling [216,217].

6.4. Translational Implication

Across these disease settings, the common biomechanical theme is that altered passive stiffness
alters ventricular compliance, redistributes wall stress, and modifies deformation in clinically
meaningful ways. Post-myocardial infarction remodeling highlights the importance of regional
stiffness heterogeneity, HFpEF emphasizes diffuse multiscale stiffening and diastolic dysfunction,
and hypertrophic cardiomyopathy demonstrates how cellular and extracellular changes interact in a
genetically mediated disease. Together, these examples justify the growing interest in stiffness-
informed imaging, constitutive modeling, and patient-specific computational inference as tools for
disease characterization and therapeutic planning [5,47,58,128,170,171,211-217].

7. Toward Standardization in Cardiac Tissue Mechanics

The rapid expansion of research in cardiac biomechanics over the past three decades has
produced an extensive body of experimental and computational studies investigating myocardial
mechanical behavior. These studies have significantly advanced understanding of ventricular
mechanics, myocardial remodeling, and disease-related alterations in tissue stiffness. However,
despite these advances, the field continues to face challenges related to reproducibility and cross-
study comparability. Differences in specimen preparation, anatomical definitions, mechanical testing
protocols, and constitutive modeling approaches often make it difficult to directly compare results
obtained across laboratories.

In many cases, experimental measurements of myocardial stiffness vary substantially between
studies due to differences in testing methodologies or reporting practices. Similarly, computational
models of myocardial mechanics often employ different parameterization strategies and
assumptions, which complicates the interpretation of model predictions. As cardiac biomechanics
increasingly informs clinical research and patient-specific computational modeling, the need for
standardized experimental and reporting practices has become increasingly apparent.

Standardization in cardiac tissue mechanics would improve the reproducibility of experimental
findings, enhance the reliability of computational models, and facilitate integration of data across
studies. Establishing clear guidelines for specimen characterization, mechanical testing protocols,
and parameter reporting would therefore represent an important step toward advancing the field.

7.1. Anatomical Definition of Myocardial Specimens
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One of the most fundamental challenges in cardiac biomechanics research concerns the
anatomical definition of myocardial specimens used in experimental studies. The myocardium
exhibits substantial structural heterogeneity across the ventricular wall, including variations in fiber
orientation, extracellular matrix composition, and cellular architecture. Mechanical properties
therefore vary significantly between anatomical regions of the heart.

Experimental studies often describe specimens using general anatomical terms such as “left
ventricular free wall” or “septal myocardium.” However, these descriptions may lack sufficient
precision to ensure reproducibility across studies. Mechanical properties measured in one region of
the ventricle may differ substantially from those measured in another region due to variations in fiber
architecture and local loading conditions [87,88,218-220].

To improve comparability between studies, detailed reporting of specimen location is essential.
Investigators should specify the anatomical region from which tissue samples are obtained, including
ventricular wall location, transmural depth, and orientation relative to anatomical landmarks.
Whenever possible, spatial coordinates or standardized anatomical maps should be used to
document specimen origin.

Precise anatomical definition becomes particularly important when studying diseased
myocardium. In conditions such as myocardial infarction or hypertrophic cardiomyopathy,
mechanical properties may vary dramatically between infarct regions, border zones, and remote
myocardium. Accurate reporting of specimen location is therefore critical for interpreting mechanical
measurements in pathological tissues [17].

7.2. Reporting of Myocardial Fiber Orientation

Myocardial fiber orientation represents another critical factor influencing mechanical behavior
of cardiac tissue. Cardiomyocytes are arranged in a highly organized helical pattern within the
ventricular wall, with fiber orientation gradually rotating from epicardium to endocardium. This
structural organization gives rise to pronounced anisotropy in myocardial mechanical properties
[113,115,221,222].

Several experimental techniques are available for determining myocardial fiber orientation,
including histological analysis, polarized light imaging, and diffusion tensor magnetic resonance
imaging. These methods allow quantification of fiber orientation within myocardial specimens and
can provide valuable structural context for mechanical measurements [80,223-225].

7.3. Standardization of Mechanical Testing Protocols

Variability in mechanical testing protocols represents another major source of inconsistency in
cardiac biomechanics research. Mechanical properties of myocardial tissue are highly sensitive to
experimental conditions such as strain rate, preconditioning procedures, temperature, and specimen
hydration.

For example, myocardial stress—strain responses may differ significantly depending on whether
tissue samples are tested under uniaxial, biaxial, or shear loading conditions. Even within the same
testing modality, differences in strain rates or loading sequences can produce variations in measured
stiffness values [226-228].

Preconditioning protocols also play a critical role in determining measured mechanical
responses. Biological soft tissues often exhibit stress softening during initial loading cycles due to
microstructural rearrangements within the extracellular matrix. Without appropriate
preconditioning, mechanical measurements may reflect transient tissue behavior rather than steady-
state mechanical properties [94,95].

To improve reproducibility, standardized mechanical testing protocols should specify key
experimental parameters, including strain rates, loading modes, preconditioning cycles, and
environmental conditions. Reporting these parameters in sufficient detail would allow other
researchers to replicate experimental conditions and compare results more effectively.
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In addition, standardized specimen preparation procedures should be established to minimize
variability introduced during tissue harvesting and handling. Factors such as storage conditions, time
elapsed between tissue extraction and testing, and sample geometry can all influence measured
mechanical properties.

7.4. Parameter Identifiability in Constitutive Models

Standardisation challenges extend beyond experimental testing to the computational modelling
of myocardial mechanics. Constitutive models used in cardiac biomechanics often contain numerous
parameters representing material stiffness, anisotropy, and viscoelastic behavior. Estimating these
parameters from experimental data can be challenging, particularly when multiple parameter
combinations produce similar mechanical responses.

This problem, commonly referred to as parameter identifiability, arises when experimental data
are insufficient to uniquely determine model parameters. In such cases, different parameter sets may
fit the same experimental dataset equally well, leading to uncertainty in model predictions [181].

Parameter identifiability issues are particularly common in inverse modeling approaches used
to estimate myocardial stiffness from imaging data. Addressing these challenges requires careful
experimental design and rigorous statistical analysis. Techniques such as sensitivity analysis,
Bayesian inference, and uncertainty quantification can help identify which parameters are reliably
constrained by available data [196,229-231].

7.5. Toward Consensus Guidelines in Cardiac Biomechanics

Given the growing importance of cardiac biomechanics in both research and clinical
applications, developing consensus guidelines for experimental and computational studies would
provide significant benefits to the field. Similar standardization initiatives have been successfully
implemented in other areas of biomedical research, including imaging protocols and molecular
biology reporting standards.

Establishing standardised reporting frameworks for cardiac tissue mechanics could facilitate
data sharing, improve reproducibility, and accelerate the development of patient-specific
computational models. Such frameworks could define minimum reporting requirements for
specimen characterisation, mechanical testing protocols, and constitutive model parameterisation.

Standardization would also support the development of shared databases containing
experimentally measured myocardial mechanical properties. These databases could serve as valuable
resources for validating computational models and for identifying patterns in myocardial mechanical
behaviour across species and disease conditions.

Ultimately, improved standardisation in cardiac biomechanics research would strengthen the
reliability of experimental findings and enhance the translational impact of computational modelling
efforts. As the field moves toward personalized cardiac simulations and digital twin technologies,
consistent reporting and reproducible experimental methodologies will become increasingly
essential.

8. Future Directions and Translational Opportunities

The integration of experimental biomechanics, advanced imaging technologies, and
computational modeling has transformed the study of cardiac mechanics over the past two decades.
These developments have provided new insights into myocardial structure—function relationships
and have significantly improved the ability to quantify mechanical properties of the heart under both
physiological and pathological conditions. However, the translational impact of cardiac
biomechanics research is only beginning to be realized. Emerging technologies and computational
frameworks are opening new opportunities for translating biomechanical insights into clinical
applications.
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Recent advances in imaging, experimental biomechanics, and computational inference are
accelerating the transition of cardiac biomechanics toward clinically relevant personalization.
Techniques such as tagged MRI, DENSE, magnetic resonance elastography, and microscale
indentation provide complementary measurements of myocardial deformation and stiffness across
spatial scales, whereas inverse finite-element modelling, Bayesian inference, and machine-learning
frameworks enable estimation of patient-specific material properties from these data. The
convergence of these platforms is laying the foundation for cardiac digital twins capable of
supporting diagnosis, prognosis, and therapy planning. Figure 6 provides an overview of this
emerging translational pipeline.

Tagged MRI / DENSE MR Elastography Microscale Indentation
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Figure 6. Emerging experimental and computational platforms in cardiac biomechanics. This figure summarizes
key platforms that are driving the translation of myocardial biomechanics from measurement to personalized
clinical application. Panel A highlights tagged MRI, DENSE, and related strain-imaging approaches for
quantifying myocardial deformation in vivo. Panel B illustrates magnetic resonance elastography, which
estimates regional mechanical properties from propagating shear waves and reconstructed stiffness maps. Panel
C shows high-resolution indentation and atomic force microscopy approaches for localized or microscale
stiffness mapping. Panel D represents patient-specific inverse finite-element modelling, in which ventricular
geometry and deformation data are integrated with constitutive formulations to estimate myocardial material
parameters. Panel E depicts Bayesian and machine-learning inference frameworks that enable parameter
estimation, uncertainty quantification, and accelerated model personalization. Panel F shows the cardiac digital
twin as an integrative endpoint combining anatomy, mechanics, and predictive simulation for clinical decision
support. Together, these platforms reflect the field’s transition from isolated mechanical characterization toward

patient-specific computational cardiology and translational biomechanical medicine.

Future directions in cardiac biomechanics are likely to focus on personalized computational
modeling, non-invasive biomarkers of myocardial stiffness, biomechanical optimization of cardiac
therapies, and stronger integration between biomechanics research and clinical cardiology. These
developments will require interdisciplinary collaboration between engineers, clinicians, imaging
scientists, and computational modelers. As computational power and data availability continue to
expand, the integration of biomechanical modeling into clinical decision-making may become
increasingly feasible.

8.1. Personalized Cardiac Digital Twins
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One of the most promising developments in computational cardiology is the emergence of the
cardiac digital twin. A cardiac digital twin is a personalized computational representation of an
individual patient’s heart that integrates anatomical, mechanical, electrophysiological, and
hemodynamic data into a unified modeling framework. These models aim to replicate patient-
specific cardiac function and allow simulation of disease progression and therapeutic interventions.

Digital twin technology relies heavily on accurate constitutive models of myocardial mechanics
and reliable estimation of patient-specific material parameters. Advances in medical imaging,
including cardiac magnetic resonance imaging and echocardiography, now provide high-resolution
information about ventricular geometry and myocardial deformation. These data can be incorporated
into computational models to estimate myocardial stiffness and simulate ventricular mechanics
under patient-specific conditions [208].

The potential clinical applications of cardiac digital twins are extensive. Patient-specific
simulations could be used to predict how the heart will respond to surgical procedures, device
implantation, or pharmacological therapies. For example, digital twin models may help optimize
ventricular assist device settings or guide surgical planning for ventricular reconstruction following
myocardial infarction [62,232,233].

In addition, digital twin frameworks may allow simulation of disease progression under
different treatment strategies. Such predictive modeling could support personalized treatment
decisions by evaluating the potential outcomes of alternative therapeutic interventions. Although
significant technical challenges remain, the concept of cardiac digital twins represents a major step
toward personalized computational cardiology.

8.2. Non-Invasive Biomarkers of Myocardial Stiffness

Another important translational opportunity in cardiac biomechanics involves the development
of non-invasive biomarkers for assessing myocardial stiffness. Myocardial stiffness plays a critical
role in many cardiovascular diseases, including heart failure with preserved ejection fraction,
hypertrophic cardiomyopathy, and myocardial fibrosis. However, direct measurement of myocardial
mechanical properties in vivo remains challenging.

Recent advances in cardiac imaging and computational modeling have created new
opportunities for estimating myocardial stiffness non-invasively. Techniques such as magnetic
resonance elastography, MRI-based inverse modeling, and echocardiographic strain analysis allow
researchers to infer myocardial mechanical properties from imaging-derived deformation data
[183,184,186,234-237]-

These methods have the potential to provide clinically useful biomarkers of myocardial stiffness
that could aid in early diagnosis and disease monitoring. For example, elevated myocardial stiffness
may serve as an early indicator of fibrotic remodeling before significant changes in global cardiac
function become apparent. Early detection of such mechanical changes could allow more timely
intervention and improved clinical outcomes [238-244].

In addition, non-invasive stiffness biomarkers may provide valuable tools for evaluating the
effectiveness of therapeutic interventions aimed at reducing myocardial fibrosis or improving
ventricular compliance. Monitoring changes in myocardial stiffness over time could help clinicians
assess treatment responses and adjust therapeutic strategies accordingly.

8.3. Computational Design of Cardiac Patches and Implants

Biomechanical modeling also has important applications in the design and optimization of
cardiac therapies. In recent years, researchers have begun to use computational simulations to guide
the development of cardiac patches, scaffolds, and implantable devices designed to repair damaged
myocardium.

Cardiac patches are biomaterial constructs intended to restore mechanical integrity and support
tissue regeneration following myocardial infarction. The mechanical properties of these patches must
be carefully tuned to match those of the surrounding myocardium. If the patch is too stiff, it may
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restrict ventricular deformation and impair cardiac function. Conversely, if the patch is too
compliant, it may fail to provide adequate structural support.

Computational biomechanics provides a powerful framework for optimizing the design of such
devices. Finite element simulations can predict how different patch materials and geometries
influence ventricular mechanics and stress distributions within the myocardial wall. These
simulations allow researchers to identify designs that restore mechanical function while minimizing
adverse mechanical effects [100,107,108,245-247].

Similar computational approaches are being applied to the design of injectable biomaterials and
tissue-engineered scaffolds intended to treat heart failure. By integrating biomechanical modeling
with tissue engineering strategies, it may be possible to develop therapies that restore both structural
and functional properties of damaged myocardium.

8.4. Integration of Biomechanics with Clinical Cardiology

A major future challenge in cardiac biomechanics is the integration of biomechanical modeling
into routine clinical practice. While computational models have become increasingly sophisticated,
their clinical adoption has been limited by challenges related to data availability, computational cost,
and model validation.

Recent developments in high-performance computing and machine learning are beginning to
address these challenges. Machine learning algorithms can accelerate parameter estimation and
enable rapid generation of patient-specific models from clinical imaging data. These advances may
eventually allow biomechanical simulations to be performed within clinically relevant timeframes
[201,202,207,248-251]-

In addition, improved collaboration between engineers and clinicians will be essential for
translating biomechanical research into clinical applications. Clinicians provide critical insights into
disease mechanisms and clinical needs, while engineers contribute expertise in modeling, imaging
analysis, and computational simulation.

The integration of biomechanics with clinical cardiology also has important implications for
medical education and training. As computational modeling becomes more widely used in
cardiology, clinicians may increasingly rely on biomechanical simulations to understand disease
mechanisms and evaluate treatment strategies.

8.5. Toward Mechanically Informed Cardiovascular Medicine

The long-term vision for cardiac biomechanics is the development of mechanically informed
cardiovascular medicine, in which quantitative analysis of myocardial mechanical properties plays a
central role in diagnosis, treatment planning, and therapeutic development. In such a framework,
biomechanical data derived from imaging and computational modeling would complement
traditional clinical measurements such as ejection fraction and blood pressure.

Achieving this vision will require continued advances in experimental biomechanics, imaging
technologies, and computational modeling. In particular, improved methods for estimating
myocardial stiffness in vivo will be critical for integrating biomechanical information into clinical
decision-making.

Ultimately, the convergence of experimental biomechanics, computational modeling, and
clinical cardiology has the potential to transform the understanding and treatment of cardiovascular
disease. By incorporating mechanical insights into cardiovascular medicine, researchers and
clinicians may be able to develop more effective diagnostic tools, personalized therapies, and
improved strategies for preventing and treating heart disease.

9. Conclusion

Passive and viscoelastic myocardial stiffness has emerged as a unifying biomechanical concept
linking myocardial microstructure, tissue-level constitutive behaviour, ventricular deformation, and
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clinical disease. As this review has shown, meaningful interpretation of myocardial stiffness requires
integration across scales, from titin and extracellular matrix remodeling to anisotropic tissue
mechanics, image-based inference, and organ-level computational simulation. The field has
advanced substantially through improved experimental methods, more physiologically grounded
constitutive models, and growing capacity to estimate myocardial mechanical properties from non-
invasive imaging data. At the same time, important challenges remain in experimental
standardization, parameter identifiability, uncertainty quantification, and the translation of model-
derived stiffness metrics into clinically actionable biomarkers.

Looking forward, the most important opportunity is not simply to generate more detailed
models, but to develop validated multiscale frameworks that connect measurement, inference, and
prediction in ways that are robust enough for clinical use. Progress in this area will depend on closer
integration of biomechanics, imaging science, computational modelling, and cardiology, together
with clearer reporting standards and stronger validation against physiological and clinical outcomes.
If these challenges can be addressed, myocardial stiffness may become a clinically meaningful
descriptor of cardiac function that complements conventional measures and supports earlier
diagnosis, mechanistically informed therapy, and patient-specific cardiovascular medicine.
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