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Cardiac muscle tissue can be regarded as composite material, with both cellular and matrix structures contributing to its
overall physical properties and, consequently, its mechanical function. Notwithstanding the major importance of the latter
structures on active myocardial mechanics, both clinicians and physiologists became increasingly interested on the mechanisms
through which they may change myocardial passive properties as well. In this setting, the consistent association between
increased myocardial stiffness and diastolic dysfunction has led to intense research in order to unravel the pathophysiological
mechanisms driving the development of abnormal myocardial material properties. The current and still growing knowledge
about the determinants of myocardial passive properties will allow the clinicians to diagnose earlier and to choose the best
therapeutic strategies in order to prevent or even reverse pathological cardiac remodeling. Plus, a better understanding of
the basic principles governing myocardial tissue function is also setting up the scaffolds to promote the development of
cardiac tissue engineering and regenerative medicine, therefore providing new tools to improve patient care.
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1.

INTRODUCTION

Cardiac muscle tissue is a composite material consisting of
cardiomyocytes, fibroblasts, blood vessels and extra-cellular
matrix (ECM). Therefore, it is reasonable to postulate that
changes in any of the elements within the myocardium may
affect its material properties (1) and consequently, its
mechanical function. Both cellular and matrix structures
contribute to myocardial physical properties, based on their
intrinsic mechanical features, spatial and functional relations
with the surrounding structures and tissue geometry, which
finally ensues in the adult heart. Thus, when considering heart
biomechanical properties, we have to conceptually integrate
not only the single contribution of the various cardiac muscle
tissue elements, but also the complex interactions among
them, as well as, their ability to modify their intrinsic
mechanics under different pathophysiological conditions. In
this way, mechanotransduction–the biomechanical response
of cells to mechanical stimulation (2)–is one important
mechanism through which cardiac muscle tissue may be
continually adapted to different loading conditions. (2,3,4)
However, although this adaptive mechanism induces changes
in myocardial properties in order to achieve a new
mechanical and biological equilibrium, it goes very often
out of balance (5), makin g the perfect phenotypeenvironment matching for greatest adaptive value an
insuperable strategy. (4)
Therefore, in this review paper, we propose to address:
(i) the mechanical properties of myocardial tissue and heart,
(ii) its structural, physiological and pathological determinants
(iii) and the benefits that the current and still growing
knowledge of those properties might yield by helping to

design new therapeutic strategies, therefore providing new
tools to improve patient care.
2.

MECHANICAL PROPERTIES OF THE
MYOCARDIUM

Mechanics is the branch of physics concerned with the
behaviour of physical bodies when subjected to forces or
displacements, and the subsequent effect of the bodies on
their environment. In this setting, the mechanical activity of
the heart can be regarded as composed of two continuous
and interdependent functions: systolic function, which is
related with the ability of the ventricle to contract and eject;
and diastolic function, which refers to its ability to relax
and fill. (6) Both are accomplished by means of active
processes of contraction and relaxation but also by the
maintenance of proper cardiac muscle’s material properties
that allow the cardiomyocytes to contract and relax/distend
to their maximal extent. Although active properties of the
myocardium are responsible for its motion and blood flow,
it is only through the perfect match of both active and passive
properties that its overall (systolic and diastolic) function is
preserved. Although for long, heart muscle contraction was
considered the core of heart mechanical function and over
which major concerns had been focused, there is now a
significant and still growing body of evidence emphasizing
diastolic dysfunction as the target to treat patients with the
evenly frequent diastolic heart failure (DHF). As stated
above, diastolic function can be generally regarded as the
ability of the ventricle to relax and fill. Therefore, diastole
can be considered to depend on active myocardial relaxation,
which is the process whereby the myocardium returns to an
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unstressed length and force and on passive properties, which
mostly influence the extent of muscle re-length and enddiastolic pressure-volume relationship. Besides the
unquestionable importance of both active contraction and
relaxation for ventricular mechanics, physiologists and
cardiologists became in creasingly interested in the
determinants of material properties of the myocardium as
their changes have been consistently associated to various
forms of heart disease. (7)
2.1 Passive Mechanical Properties of the Myocardium
For conceptual purposes, “passive” mechanical properties
are generally considered as following “active” diastolic ones
because they are generally assessed after complete muscle
relaxation. However, two remarks should be done: first,
although those properties are commonly named as “passive”,
they can also be actively modulated; (8,9) second, even if
the term “diastolic” instead of “passive” properties is
preferred (both because of their active modulation and their
major influence in diastolic distensibility), we should keep
in mind that myocardial material properties may be also
regarded as constitutive properties, a concept that
underscores their possible presence throughout the two
phases of the cardiac cycle and hence modulating both. (10)
The determinants of “passive” properties of the
ventricular wall are myocardial stiffness, wall thickness and
chamber geometry.
2.1.1 Myocardial Stiffness
Although in solid mechanics E is commonly regarded as the
elastic or Young’s modulus, we will refer to it as stiffness,
given both the purpose of the present paper and the
biomedical language used herein. Myocardial stiffness (E)
can be assessed by examination of myocardial stress-strain
relationship during diastole (11, 12) as cardiac muscle
generates tension to oppose the stretch imposed by the
preload. (8,13) Stress (�) is defined as the force per unit
cross-sectional area of a material and is usually expressed
as dynes or grams per square centimeter. Strain (�) is defined
as the deformation of a material that is produced by the
application of a force (stress) and is commonly expressed
as a percentage change from the unstressed dimension.
Langragian strain (�L) is defined as (l – l0)/l0, where l0 is the
length corresponding to a state of zero stress and l is the
instantaneous length. (10, 12, 14) Therefore, myocardial
stiffness (E) is defined as the change in stress (�) with respect
to a change in strain (�), as shown in the following equation:
(E) = d�/d�
(equation 1)
As shown in figure 1, the stress-strain curve of biological
tissue is curvilinear and the slope of any tangent to this line
represents myocardial stiffness (d�/d�). (1, 11, 12, 15, 16).
The slope and position of the cardiomyocytes stressstrain relation are affected by three major determinants: (i)
the passive elastic spring, which consists of all cellular
elements that resist to stretch in a time-independent manner;

Figure 1: Stres s-strain (or pressure-volume) relation. The
transition from curve A to curve B indicates an
increased cardiac muscle stiffness (higher stress at any
given strain, x) or increased ventricle chamber stiffness
(higher pressure at any given volume, x). The slope of
the tangent lines (a’ and b’), at any given strain or
volume represents myocardial stiffness or ventricular
chamber stiffness, respectively.

(ii) the viscous damping, which consists of all cellular
structures that resist to stretch in a time-dependent manner,
i.e., resist more when stretched faster; and (iii) myofilament
activation, which represents the forces that result from crossbridge cycling and actin-myosin interaction that act to resist
stretch. (1) The latter underscore the concept that, like most
biological materials, the myocardium is viscoelastic so that
stresses in the heart wall depend on the rate at which it
deforms (strain rate, �) as well as on the magnitude of the
deformation, (strain, �). (1,18) Viscoelastic properties are
manifested by specific features such as: stress-relaxation,
which describes stress relief under constant strain; creep
which is used to describe the tendency of a material to move
or to deform permanently to relieve stresses; and hysteresis,
in which for a given length variation, the force measured
during stretch is greater than force measured during release.
Because viscous forces increase with filling rate, these are
greatest during the rapid filling phase in early diastole and
atrial systole. Although there is no doubt that viscous forces
contribute to cardiac muscle’s resistance to change its length
upon a force application and diastolic pressure, this
contribution is probably small under physiological
conditions. (18)
2.1.2 Wall thickness and Chamber Geometry
In the same way that an applied force (stress) can change
muscle length (strain) depending on myocardial stiffness, a
given rise in ventricular pressure can also increase chamber
volume to an extent that will depend on overall chamber
stiffness. Plotting the lower right corner of multiple pressurevolume (PV) loops obtained at various preloads, an
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exponential curve is obtained and the slope of a tangent
drawn to the curve at any point is the operating stiffness. (6)
The end-diastolic pressure-volume relation changes with the
heart’s operating environment and depends on the balance
between the pressure in the left ventricle and the stresses in
the myocardium. These stresses, in turn, depend on the size
and thickness of the ventricle and the stiffness of the
myocardium. (6,11,18)
In this regard, Laplace law equation can be applied and
relates wall stress (�) to pressure (p) and geometry (radius,
r and wall thickness, h):
� = pr/2h (equation 2)
According to the latter equation, ventricular wall stress
increases in direct proportion to the internal pressure and
radius and decreases in inverse proportion to the wall
thickness. When overall chamber stiffness is increased, the
EDPVR is shifted upwards and to the left. (figure 1, curve
A to B).
In the setting of pathological situations where wall
tension may be significantly increased (as in volume or
pressure overloads), the adaptive response of the heart will
be to change its geometry so that wall tension returns back
to normal levels. The Laplace law provides the theoretical
framework to understand the changes that take place in the
aforementioned situations. When the ventricle is chronically
subjected to volume overload, the resultant eccentric
hypertrophy is characterized by an increase in end-diastolic
volume, which results from elongation of cardiomyocytes.
The latter makes the larger end-diastolic volume to
correspond to a lower strain and, therefore to a lower wall
stress and diastolic pressure. On the other hand, pressure

overload results in concentric hypertrophy, in which there
is an increase in wall thickness with a decrease or no change
in chamber radius. (18) The latter effect is due to addition
of new sarcomeres in parallel with the existing ones, lowering
the average wall stress (i.e., force development in individual
sarcomeres). However, in addition to these purely geometric
effects, pressure-overload hypertrophy also results in
changes in cardiomyocytes’ cytoskeleton (10,14) and in a
higher interstitial collagen deposition, thus increasing
ventricular chamber stiffness and the end-diastolic pressure
at any given volume. (15).
As myocardial tissue can be regarded as a composite
material, it is reasonable to assume that changes in any of
its elements might determine overall myocardial material
properties and consequently, change the slope and position
of the passive stress-strain and end-diastolic pressure-volume
relations.
Besides the contribution of the intrinsic myocardial
elements, it should be noted that extramyocardial factors such
as hemodynamic load (20, 21) and the pericardium might
be involved in changing these relations as well. However,
they are beyond the scope of this work.
We will now discuss the current knowledge about the
role played by the cardiomyocytes and the ECM in
myocardial material properties, both in physiological and
pathological settings.
3.

CARDIOMYOCYTES AND MYOCARDIAL
MATERIAL PROPERTIES

Several studies have shown that changes in myocardial
material properties can be caused by mechanisms intrinsic

Figure 2: Schematic representation of the Laplace law. From left to right: according to the Laplace equation, an acute increase in
ventricular end-diastolic pressure leads to an increased internal radius (>r), ventricular wall thinning (<h) and a higher
ventricular wall stress ( ).
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to the cardiomyocytes themselves. (1, 7, 15, 18, 20, 22, 24,
25, 26, 27). These include mechanisms that may alter (i) the
relative content, (ii) the isoforms expression, (iii) posttranslational modifications and/or (iv) active interactions
among the cytoskeletal structures of cardiac cells, thus
affecting the overall resistance to changes in shape.
The cardiomyocyte’s cytoskeleton is composed of
microtubules (tubulin), intermediate filaments (desmin),
microfilaments (actin) and endosarcomeric proteins, of
which titin has lately received particular attention.
3.1 Microtubules and Intermediate Filaments
At operating sarcomere lengths (1.9-2,2�m), microtubules
and intermediate filaments were found to contribute less than
10% to passive tension. (27) However, in the setting of rightventricular pressure overload hypertrophy (RVPOH) and at
physiological rates of muscle length variation, there is a
higher resistance to changes in cardiomyocytes shape, a
result that is significantly attenuated when microtubules are
chemically or physically depolymerized. Thus, although
microtubules may not significantly contribute to myocardial
stiffness both in healthy states and in slowly stretched
muscles, their increased density may play a role under
pressure-overloaded conditions and at physiological rates
of contraction (15,16). In this way, increased microtubules
density was found to alter the viscous damping of
cardiomyocytes, i.e., an increase in resistance when rapidly
stretched.
3.2 Myofilaments
Since the interaction between actin and myosin was shown
to occur even at low diastolic calcium levels, it was
hypothesized that the establishment of residual diastolic
cross-bridges might as well mediate myocardial passive
stiffness. (9) As described for microtubules, Zile and
colleagues also showed that, in pressure-overloaded
conditions, there is a correlation between increased
myocardial stiffn ess, high er intracellular calcium
concentration and increased number of cross-bridge
interactions (1). Therefore, changes in calcium transients or
myofilament’s calcium-sensitivity may increase myocardial
stiffness (9,28) even if these are most commonly regarded
as determinants of myocardial relaxation rate. The latter
findings mean that beyond the biophysical properties of
structural cytoskeletal proteins, cardiomyocytes’ stiffness
may also be under active control, thus evoking the concept
of active muscle tone. (9)
3.3 Titin
Over the last decade, the role of the endosarcomeric protein,
titin, in the modulation of myocardial stiffness has been
elucidated. Titin spans the half-sarcomere from the Z-disk
to M-line and its ability to generate passive tension is
associated with an extensible segment in the I-band of
sarcomeres, comprised of serially linked but distinct
domains: PEVK and Immunoglobulin (Ig)-like domains.

(7, 9, 17, 22, 29). It is expressed as two different isoforms,
the smaller and stiffer N2B and the larger and more compliant
N2BA. While the former expresses only the cardiac specific
N2B domain, the latter expresses both N2B and N2A, as
well as additional PEVK and Ig domains. Relative expression
of titin isoforms differs among species, with N2B
predominating in rodents and greater amounts of N2BA
being observed in larger mammals. (9) Accordingly, a
correlation between titin isoforms expression ratio and
muscle stiffness was shown to be consistent among species
(9, 29), with those expressing higher proportions of N2B
titin also presenting both increased myocardial as well as
ventricular chamber stiffness. (7) Titin is the main
determinant of cardiomyocyte passive tension over the
physiologic sarcomere lengths and its role in diastolic tension
is achieved not only through structural differences between
its isoforms but also by post-translational modifications. The
latter, either through phosphorylation or calcium binding
effects, are important mechanisms for rapid adjustments of
titin’s mechanics. N2B titin’s segment was shown to be the
target for protein kinase A (PKA) phosphorylation (17, 30,
31, 32), which possibly destabilizes its structure and induces
an increase in N2B segment length, thus reducing
cardiomyocytes’ passive tension. Because N2B element is
included in all cardiac titin isoforms, its extension is
predicted to reduce passive stiffness of both N2B and N2BA
titins. However, the magnitude of the phosphorylationinduced decrease in passive stiffness is isoform dependent,
because the shorter N2B titin makes its increase in length to
have a greater impact on its fractional extention.
Besides titin extention, diastolic stiffness may be also
produced by titin-calcium interactions in an isoform
dependent manner. Calcium binding, directly increases the
passive stiffness of N2BA expressing myocardium by
changes in its structure, but has no effect on exclusively N2B
expressing myocardium. In the latter case, calcium exerts
an indirect effect by promoting titin-actin interaction, which
may serve to retard thin filament sliding and contribute to
myocyte passive stiffness. (7) Several reports have shown
that in the setting of acquired heart diseases, there may be a
switch in titin isoforms expression ratio. However, its
direction is not consistent among studies and the mechanisms
that may lead to one type of switch over another in heart
failure remain unclear. (9, 7) Some argue that the expression
ratio of titin isoforms is the mechanism whereby
cardiomyocyte passive stiffness is altered both in human
dilated cardiomyopathy and in hearts of spontaneously
hypertensive rats (7, 17, 33, 35). However, two recent reports
(26, 28) demonstrated that cardiomyocytes from patients
with non-dilated diastolic heart failure had a higher
expression of the stiff N2B titin isoform and a correspondent
increase in passive stiffness, and that the latter could be
normalized after treatment of cardiomyocytes with PKA.
Therefore, these results suggest that different mechanisms,
such as titin’s isoforms expression ratio an d its
phosphorylation status may act in synergism and increase
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myocardial passive stiffness, both in physiological and
pathological settings.
4.

EXTRA-CELLULAR MATRIX AND
MYOCARDIAL MATERIAL PROPERTIES

Besides cardiomyocytes, the ECM is another major
determinant of the myocardial material properties. (35)
Among the proteins within the ECM, fibrillar proteins such
as collagen and elastin, proteoglycans, and the basement
membrane proteins each may play a role in determining the
constitutive properties of the myocardium. (1) However,
collagen molecules have been hypothesized to be the most
important component within the ECM contributing to
myocardial stiffness and diastolic heart failure (36) as it is a
relatively stiff material with high tensile strength (35).
However, its influence on the stress-strain relation of the
myocardium depends on many factors including its
concentration, fibril an d fiber diameter, degree of
crosslinking, spatial alignment and collagen types. In
physiological conditions and at sarcomere lengths less than
2.2 �m, the combined passive fiber stiffness of the
myocardium has been predominantly attributed to
intracellular structures, notably titin. However, at longer
sarcomere lengths, parallel collagen fibres bear an increasing
fraction of the axial stress as collagen perimysial fibers
untwist and straighten. (11) Interestingly enough, the increase
in myocardial stiffness across different species and heart
chambers is associated not only to a higher expression of
the stiff N2B titin isoform but also by a parallel increase in
collagen content, which suggests coordination between
collagen synthesis and titin isoform expression. This might
preserve the relative stiffness contributions of titin (lower
sarcomere lengths) and collagen (higher sarcomere lengths)
among species. However, this relationship may not be
preserved in pathological states (9) such as arterial
hypertension, diabetes (35,36) or myocardial infarction,
(39,40) because of their role in disrupting the balance
between collagen biosynthesis, degradation and posttranslational processing. (36) However, even if the latter
pathological states may result in increased collagen-based
myocardial stiffness, (36, 37, 38) it seems prudent to rule
out a possible and coordinated expression of stiff titin
isoforms with a simultaneous interstitial fibrosis. (9)
5.

NEUROHUMORAL MODULATION OF
MYOCARDIAL MECHANICAL PROPERTIES

Besides mechanical inputs, growing evidence points to
neurohumoral agents such as nitric oxide (NO), angiotensin
II, and endothelin-1 to acutely alter myocardial mechanical
properties as well. In isolated cardiomyocytes, NO was
shown to shift the stress-strain relation down and to the right.
Accordingly, intracoronary infusion of the exogenous NO
donor, sodium n itroprusside, resulted in a similar
displacement of the end-diastolic pressure-volume relation,
both in normal and in hypertrophied human hearts as a result
PKG-mediated phosphorylation of myofilaments. (8) In

further experiments, substance P was shown to promote the
release of endogenous NO, decreasing ventricular stiffness
in patients with dilated cardiomyopathy. (6,40) Although
some previous reports (42) stated that higher coronary
perfusion pressures might cause an upward displacement of
EDPVR by increasing myocardial vascular engorgement, the
latter results also suggest that a simultaneous increase in
endothelial shear-stress may enhance the release of
endogenous NO and attenuate the aforementioned effect.
Chronic activation of the renin-angiotensin system is
also a well recognized mechanism that leads to increased
myocardial stiffness by promoting structural remodeling in
both cardiomyocytes and ECM. However, acute activation
of this system was recently shown to decrease myocardial
and ventricular chamber stiffness in a time frame that was
too short to alter the ECM. (43) Therefore, its effects on
myocardial tissue must be caused by direct action on the
cardiomyocytes to alter one or more determinants of its
mechanical properties. Interestingly, a similar finding was
also ascribed to endothelin-1 in isolated papillary muscles.
(44)
6.

CONCLUSION

The maintenance of normal myocardial mechanical
properties is only possible through the appropriate expression
of cellular and matrix phenotypes, which in turn are
dependent on the perfect match between the myocardial
inputs and its biological responses. As described along this
paper, myocardial tissue is regarded as composite material
whose properties depend on each of its specific constituent
elements and the dynamic interplay between their structure
and function. In addition, the biomechanical sensing features
of the myocardium allow it to alter its structural and
functional phenotypes when subjected to physiological
inputs, thus achieving a new biological equilibrium that
preserves overall ventricular function. In pathological
settings, however, such equilibrium can be easily disrupted,
with both cardiomyocytes and ECM exhibiting changes that
may increase overall myocardium and ventricular chamber
stiffness. The growing knowledge about the mechanisms
driving the development of abnormal mechanical properties
will possibly allows us to diagnose earlier and choose the
best therapeutic strategies, thus preventing or even reversing
the pathological cardiac remodeling. Plus, a better
understanding of the basic principles governing myocardial
tissue function is also setting up the scaffolds to promote
the development of cardiac tissue engineering and
regenerative medicine, thus providing the rationale to
assemble cells and biomaterials into multi-dimensional
structures that mimic the architecture and function of native
heart muscle. (45, 46, 47)
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