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Abstract

The aims of this chapter are to review the current state of knowledge regarding the
viscoelastic behavior of cardiovascular tissues. We begin with a brief, general discus-
sion of measurement and modeling of cardiovascular tissue viscoelasticity. We then
review known viscoelastic behavior of arteries, veins, capillaries, blood components,
the heart, and lymphatics. For each tissue type, we highlight tissue-specific measure-
ment methods, the cellular and extracellular components responsible for tissue
viscoelasticity, and the clinical implications of energy loss due to viscoelasticity. We
conclude with a summary and suggestions for future research.

Keywords: viscoelasticity, energy loss, blood vessel, heart, lymph system, hemody-
namics

1. Measurement and modeling

1.1. Experimental measurement approaches

Cardiovascular tissues are viscoelastic, exhibiting behaviors that combine features of elastic
solids and viscous fluids. Elasticity, viscosity, and viscoelasticity can be quantified from
mechanical testing techniques that relate the dynamics of a tissue’s deformation to an applied
load. For example, linear elastic materials subjected to an applied load exhibit a time-
independent stress that is linearly proportional to strain (Figure 1a). A common metric of
material elasticity is the elastic modulus, E, which is the slope of the stress-strain curve.
Materials that are nonlinearly elastic respond differently to different levels of strain and
remain time-independent (Figure 1b). In this case, elastic moduli can be defined at any point
along the stress-strain curve. In arteries, for example, it is often convenient to quantify the
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142  Viscoelastic and Viscoplastic Materials

behavior in low and high strain regions separately and to calculate low and high strain moduli
(Eiow and Ey,p,), respectively [1, 2], which is discussed in Section 2.3.
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Figure 1 (a) Stress-strain curve for a linear elastic material. (b) Stress-strain curve for a typical elastic material display-
ing nonlinear behavior. Low-strain and high-strain behavior can be quantified by fitting elastic moduli to those regions
of the stress-strain curve. (c) Typical stress-strain curve of nonlinear viscoelastic cardiovascular tissue exhibiting ener-
gy dissipation resulting in distinct nonlinear loading and unloading curves. (d) Typical hysteresis loops of nonlinear
viscoelastic cardiovascular tissue exhibiting strain rate dependence.

Linear and nonlinear elastic materials do not dissipate energy after deformation or exhibit
time-dependent behavior; therefore, stress-strain behavior of these materials is not different
between loading and unloading. In contrast, viscoelastic materials dissipate energy upon
deformation, which can be observed through hysteresis in the stress-strain curve (Figure 1c).
The energy lost during a loading cycle is equal to the hysteresis area between the loading and
unloading curves. Due to this energy dissipation, loading and unloading behaviors are not
identical and loading moduli can be determined separately from unloading moduli. Since
viscoelastic material behavior is also time-dependent, the loading-unloading stress-strain
behavior also depends on strain rate (Figure 1d).

To measure viscoelasticity, the strain rate-, frequency-, or time-dependent mechanical
behavior of a material must be measured. Often, a sinusoidal input (stress or strain) is applied
to tissue, and an output signal (the corresponding strain or stress) is measured. The output
signal is in phase with the input signal for a purely elastic material and out of phase for a
viscoelastic material. Alternatively, viscoelastic behavior can be quantified with creep and
stress relaxation experiments. Creep testing is performed by subjecting a material to a constant
load and recording the time-dependent changes in strain. Stress relaxation is conducted by
applying a constant strain and measuring the time-dependent stress reduction. Typically,
preconditioning is performed before data collection, which is described briefly in the following
section.
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As a consequence of viscoelastic behavior, the mechanical response to an initial load (force,
deformation, stretch, etc.) may differ from the response to a subsequent load. Fung imple-
mented a preconditioning procedure to cyclically load and unload soft tissue to ensure a more
consistent mechanical response [3]. The biological basis for the procedure is that with each
subsequent cyclicload, the internal structure aligns with the direction of loading, and the tissue
dissipates less energy [4]. The goal of preconditioning is to induce a pseudoelastic state, in
which the tissue structure no longer changes with cyclic loading, resulting in a consistent
mechanical response to a load or deformation. For instance, preconditioning has been imple-
mented for up to 40 [5] or 80 [6] cycles in heart valve tissue before stable mechanical responses
were observed. If the magnitude of the applied load changes, the internal material structure
will change, so the tissue must undergo a new preconditioning protocol [4]. However, it is
unclear whether tissues require additional preconditioning if the loading frequency is changed
(while keeping the magnitude constant). In mechanical testing of cardiovascular tissues,
preconditioning is nearly universally reported in arterial [7-12], heart valve [13, 14], and
cardiac [15, 16] tissue. It is important to precondition tissues in order to more accurately
estimate viscoelastic properties from single-valued elastic constants (i.e., modulus).

Though preconditioning is performed to reduce sample variability, repeated cyclic loading
can cause a sample “memory” problem. That is, mechanical behavior during testing can be
affected by loading from previous cycles (i.e., testing after preconditioning cycles). To reduce
the sample memory problem, researchers have induced rest periods (24 hours vs. 15 seconds)
between sets of preconditioned valve samples [17]. This can be accomplished by allowing
tissues a recovery period following preconditioning cycles. In heart valve tissues, protocols
with a 24-hour rest period between cyclic preconditioning sets had the lowest errors between
the predicted model and experimental data [17]. However, the rest periods encompassed
several orders of magnitude (in seconds), and it is unknown if an intermediate time is sufficient
to reset the strain history. Another study on heart valves reported reduced hysteresis and a
stable mechanical response after only a 60-second rest period between two sets of precondi-
tioning cycles [6]. Therefore, while it is clear that preconditioning is necessary, protocols for
cardiovascular tissue viscoelasticity measurements have not yet been standardized.

1.2. Empirical models

Using the experimental techniques described above, stress-strain data can be fit to empirical
models, which are often useful for predicting viscoelastic material mechanical behavior.
Classical models of viscoelastic materials use combinations of spring and dashpot elements to
characterize stress-strain behavior. Spring elements represent elastic behavior, where the
spring constant of proportionality, k, directly relates the applied force, F, to the resulting
deformation, x. Dashpot elements represent viscous behavior, where the applied force is
related to the rate of deformation, X, by the viscosity, u. Spring and dashpot elements are
arranged in series in Maxwell models and in parallel in Kelvin-Voight models (Figure 2). Since
the elements are arranged in parallel, force in a Kelvin-Voight model is a sum of the two
individual element forces, and elements share the same deformation. Conversely, the elements
in a Maxwell model share the same force, and the total deformation is the sum of the individual
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element deformations. The combination of spring and dashpot elements in these two models
can be used to construct more complex viscoelastic solid models. Additional details on these
models and their use are available in Ref. [18].

Kelvin-Voight Maxwell
Fspring=k)(spring Fdashpot =”'Xdashpot Xdashpot
xspring
Ftotal - p'xdashpot +kxspring HXdashpot™ kxspring
Xdashpot™=Xspring Xiotal = XdashpotTXspring

Figure 2 Maxwell and Kelvin Voight models composed of dashpots and springs. Elements in parallel (Kelvin-Voight
model) have the same deformation and separate forces, whereas elements in series (Maxwell model) have the same
force and separate deformations.

2. Arteries

2.1. Viscoelastic characteristics of arteries

The importance of arterial viscoelasticity is supported by the findings that arterial morphom-
etry correlates more strongly with pulsatile rather than steady pressure [19] and that dynam-
ically measured mechanical properties are different from statically measured mechanical
properties [20-22] (Table 1). Measuring the viscoelastic behavior of isolated blood vessels can
be accomplished by quantifying dynamic length-tension relationships in tissue strips or rings,
or pressure-diameter relationships in intact segments either with sinusoidal pressurization
[23-25] or step-wise increases in pressure (Figure 3). However, because step-wise pressuriza-
tion does not accurately mimic the pulsatile blood pressure waveform that arteries experience
in vivo (Figure 3), sinusoidal pressurization is a better method for characterizing arterial
viscoelasticity. Arterial viscosity, or the damping capacity, can then be obtained from the
hysteresis loop [1, 26]. Additional details on arterial mechanical testing methods are available
in recent reviews [27, 28]. Arterial viscoelastic properties also depend on the function of the
artery (e.g., conduit or muscular), species, and health status (Table 1).
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Pulmonary Carotid artery ~ Aorta* Carotid artery ~ Carotid artery [21]
artery [22] [25] [29]
Species, age Mouse, young Mouse, aged Mouse, aged  Dog, young Human, aged
Elastic Elastic Elastic Young's Distensibility
modulus modulus modulus modulus
Elasticity Static 1442 kPa 116118 kPa 5248 kPa 690+48 kPa 3.8+1.4-10° mmHg™!
modulus
Dynamic 61+3 kPa 118+35 kPa 3949 kPa 1100£100 kPa 2.1+0.9-10° mmHg™!
modulus (at1 Hz) (at1 Hz) (at1 Hz) (at2 Hz)
Viscosity Phase angle 0.14+0.01 0.14+0.05 0.06+0.01 ~0.11 ~0.1 [30]
@ (radians)  (at 1 Hz) (at1 Hz) (at1 Hz) (at2 Hz) (at2 Hz)

The viscosity of an artery is presented as the phase difference between the force (stress) and deformation
(strain).*Unpublished data. Mean + SE shown for [22], [25], [29], and *. Mean + SD shown for [21].

Table 1. Static and viscoelastic circumferential properties measured in conduit arteries.
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Figure 3 Stair-step and sinusoidal pressure inputs compared to a physiological waveform.
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In healthy arteries, viscoelastic properties are frequency-dependent. In arteries from humans
and large animals such as dogs, the dynamic elastic modulus increases over a low-frequency
range (<3 Hz) and then remains nearly constant at higher frequencies (up to 10 Hz) [29-32].
The frequency-dependent behavior is different for small animals such as rats or mice; in mouse
pulmonary arteries, the dynamic elastic modulus remains constant up to 5 Hz and then starts
increasing with increasing frequency (up to 20 Hz) [22]. This discrepancy may be explained
by the physiological frequency of the normal heart beat rate, which is largely species size-
dependent. In large animals and humans, the normal heart rate is ~1 Hz, whereas in small
animals, the heart rate is ~5-10 Hz. Therefore, if scaled to the physiological frequency, we can
conclude that the arterial dynamic modulus increases rapidly at 2- to 3-times the natural heart
rate and then plateaus at higher frequencies (10- to 20-times higher than the natural heart rate)
[22]. In terms of viscous properties, the phase lag of energy dissipation increases as frequency
increases in all species [22, 29, 30].

2.2. Contribution of smooth muscle cells

While it is generally agreed that elastin and collagen are responsible for the nonlinear elasticity
of arteries, the cellular and molecular determinants of arterial viscoelasticity remain incom-
pletely understood. Early experimental data comparing carotid and femoral arteries showed
a higher viscosity in femoral arteries, and the investigators hypothesized that the higher
smooth muscle cell (SMC) content in the femoral artery is responsible [29, 30]. However, there
was no measurement of SMC content or activity in these studies. Recent evidence suggests
that SMC activity is key to arterial viscoelasticity because removal of SMC tone reduces
damping [33, 34] and activation of SMC contraction by phenylephrine or renovascular
hypertension in dogs and sheep increases damping [35-37]. Therefore, both SMC content and
SMC tone play important roles in arterial viscosity and viscoelasticity.

2.3. Contribution of extracellular matrix

The role of extracellular matrix (ECM) components in arterial mechanical behavior is originally
evidenced in the nonlinear elasticity curve, which arises from differential load-bearing
contributions of ECM proteins. Specifically, the protein elastin dominates load-bearing in the
low-strain region whereas at higher strains, collagen fibers, which impart strength and
stiffness, are engaged. The transition region in between occurs because increasing strain causes
collagen fiber alignment and recruitment resulting in a transition from increasing collagen
engagement to collagen-dominated load-bearing. Therefore, ECM proteins are critical to
arterial nonlinear elasticity.

ECM proteins and cell-ECM interactions may also play important roles in arterial viscoelas-
ticity. Collagen and proteoglycans are known to affect energy loss in tendon and cartilage [38—
41]. In the first measurements of mouse pulmonary arterial viscoelasticity, Wang et al. [22]
found supporting evidence that collagen and proteoglycans affect frequency-dependent
changes in arterial damping capacity. Similarly, in carotid artery strips, Garcia et al. [42] found
evidence that elastin is an important contributor to stress relaxation.
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The contribution of ECM components to tissue viscoelasticity is best studied through single
ECM protein degradation or tissue decellularization. The viscoelastic behavior of elastin was
studied using a cyanogen bromide treatment, which removes cells and all ECM components
except elastin [43]. In this experiment, stress-relaxation was highest in intact aortas, inter-
mediate in decellularized ECM, and lowest in cyanogen bromide-treated aortas, i.e., arterial
elastin. Interestingly, the creep behavior of the aorta in all the three aforementioned groups
was negligible.

Our group has found that increased expression levels of collagen and proteoglycans are
associated with increased pulmonary arterial stiffness and decreased damping capacity [22].
Since we did not investigate the independent effects of proteoglycan and collagen content on
pulmonary arterial viscoelasticity, both proteins may be involved. Furthermore, the concom-
itant changes in these ECM proteins and arterial viscoelasticity and lack of changes in SMC
content, coupled with the absence of SMC tone, suggest that these ECM proteins are critical
to arterial viscoelasticity in a way that has not been previously described. Future investigations
should clarify the roles of individual ECM protein and the ECM-fibril interaction or cell-.ECM
interaction in arterial viscoelasticity.

2.4. Effects of aging and hypertension

With aging or hypertension, arteries become less distensible [44, 45]. This is mainly associated
with changes in the ECM proteins collagen and elastin. It is well known that fragmentation of
elastin and degeneration of collagen occurs with age in arteries [45]. In addition, the degree of
cross-linking of the ECM proteins increases. These changes lead to a higher elastic modulus.
Hypertension and arterial stiffening are closely associated with age; however, arterial stiffness
is an independent prognostic factor for cardiovascular outcomes [46]. Indeed, recent investi-
gations have reported that arterial stiffening precedes blood pressure elevation [45]. The cause-
and-effect relationship between hypertension development and arterial stiffening remains a
key knowledge gap in current investigations [47, 48].

The changes in conduit arterial viscosity during aging and hypertension remain incompletely
understood. From in vitro isobaric experiments on human aorta or mouse pulmonary artery,
viscosity of the arterial wall has been found to decrease in these conditions [22, 30]. However,
inconsistent findings are reported elsewhere. In vitro studies on rat aorta found increased
viscosity with aging [49]. In another case, in vivo measurements have shown increased pulse
damping (or viscosity) as hypertension develops [33, 34, 37]. In these in vivo studies, the
dynamic responses of healthy and hypertensive arteries were measured under different
pressure ranges due to the developing disease. It is known that arterial viscoelasticity is
dependent on the pressure level: as the pressure increases gradually, arterial stiffness and
viscosity both increase [50]. Therefore, the shift and deformation of the stress-strain hysteresis
loop are a combined effect of changes in intrinsic mechanical properties and extrinsic pressure/
stretch ranges, which must be taken into account when interpreting dynamic mechanical
testing data.
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2.5. Hemodynamic and cardiac consequences

The impact of large, conduit arterial viscoelastic properties on cardiovascular hemodynamics
has not been well studied. As noted above, arterial stiffening (i.e., decreased elasticity) is a
useful prognostic indicator of cardiovascular events [51, 52] and is well known to contribute
toincreased ventricular afterload [53-55]. Increased stiffness may also impair wave reflections,
which further augment the ventricular afterload [56, 57].

The energy dampening function achieved through arterial viscosity is beneficial in normal
physiological conditions because it absorbs the energy from the wave reflections. In sheep with
acute pulmonary hypertension, an SMC activation-mediated increase in pulmonary arterial
viscosity led to a decrease in wave reflections and increase in characteristic impedance (the
vascular impedance that represents the opposition to pulsatile flow), thus reducing the fraction
of oscillatory to total right ventricular hydraulic power and improving hemodynamic function
[58]. In the mouse extralobar pulmonary arteries, our group found a decrease in arterial
damping capacity as pulmonary hypertension developed [22]. We speculated that the reduced
viscosity may be in part responsible for the increased pulse wave velocity and pulse pressure
during pulmonary hypertension progression [59], which eventually increased pulsatile right
ventricular afterload.

Additional clinical studies are needed to elucidate the implications of arterial viscosity for
cardiovascular hemodynamics. Also, elasticity and viscosity are coupled behaviors in an
artery, yet the relationship between them is rarely reported. The investigation of the inde-
pendent and interdependent impacts of arterial elasticity and viscosity on cardiovascular
function could be an important area for future research.

2.6. Use of an arterial viscoelasticity index for clinical diagnosis

A novel index of arterial viscoelasticity, which was measured in a large scale, clinical study,
is worthy of special mention. Taniguchi et al. [60] used noninvasive methods to assess carotid
artery viscoelasticity in 383 patients. The authors defined a nondimensional parameter I*
derived from the ratio of the gradients of vascular wall deformation rates during deflation and
inflation over a cardiac cycle, in which I* < 0 indicates healthy viscoelasticity whereas I* > 0
indicates abnormal viscoelasticity. A positive I* was found in female, elderly (>60 yr), and
hypertensive (blood pressure > 140 mmHg) subjects and was a significant, independent risk
factor for coronary artery disease based on univariate and multivariate analyses [60]. While
this parameter is only an indirect measure of arterial viscoelastic behavior and its physical
meaning requires further investigation, it is noteworthy that this index can be measured
noninvasively through ultrasonic Doppler [60, 61]. In order to better understand the clinical
significance of arterial viscoelasticity, it is crucial to assess arterial viscoelasticity in more
patient populations, with additional measurement parameters. Research like this may
establish new, useful viscoelasticity indices that aid in clinical diagnosis and prognosis.
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3. Veins

Vein biomechanics are understudied compared to arterial biomechanics, and there is a general
lack of understanding of venous viscoelasticity. That said, the venous wall is structurally
similar to the arterial wall with less muscle and elastic tissue, resulting in thinner walls that
are more compliant and collapse easily [62]. Thus, venous viscoelasticity likely shares several
features in common with arterial viscoelasticity, including a dependence on SMC content and
tone and the ECM proteins collagen, proteoglycans, and elastin. The measurement methods
for venous viscoelasticity are identical to those for arterial viscoelasticity. Vein viscoelasticity
is clinically relevant to coronary artery bypass grafting, which often uses saphenous veins to
replace diseased coronary arteries, since coronary artery perfusion is critical to myocardial
health. Venous viscoelasticity is an important and largely unexplored area for future research.

4. Capillaries

Capillaries are very thin microvessels that are composed of a single layer of endothelial cells.
Capillary beds serve as the location for the exchange of gases and nutrients between blood and
tissues. Because of the delicate structure of the capillary wall, it is impossible to isolate the
capillaries without injury. To obtain the stress-strain relationship for capillaries, capillary
dimensions can be measured by microscopy imaging while the local intravascular pressure
can be altered and measured by micropuncture [63], occlusion of upstream (arterial) and
downstream (venous) vessels [64] or controlled perfusion [65]. Like other types of blood
vessels, the capillaries exhibit nonlinear stress-strain behavior [64] and viscoelastic features
like creep and relaxation [65]. In normal conditions, the distensibility of the capillary vessels
is in between the small arteries (arterioles) and small veins (venules), and the viscosity is the
least in capillary vessels in a passive creep test in rats (i.e., without smooth muscle tone in the
arterioles and venules) [65] (see Table 2). Like venous viscoelasticity, capillary viscoelasticity
is a largely unexplored area for future research with unknown clinical relevance.

Arcade arterioles Capillary Arcade venules
al (10> mmHg) 6.34+3.59 7.42+3.00 9.52+3.24
B (x10* mmHg s) 4.25+4.17 3.00+2.25 5.52+3.16

The experimental data were fitted with a three-element linear solid viscoelasticity model. Coefficients al and 3
represent the elastic and viscous characteristics, respectively. Mean + SD shown. Adapted with permission from Skalak
et al. [65].

Table 2. Viscoelastic properties measured in rat arterioles, capillary vessels, and venules using a single-step creep test
(pressure = 50 mmHg).
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5. Blood components

Blood is a non-Newtonian, viscoelastic fluid made up of cellular components, including
erythrocytes (red blood cells, RBCs), leucocytes (white blood cells), and thrombocytes (plate-
lets), and a fluidic component called plasma. The volume percentage of all blood cells in whole
blood is about 45% in adult men. The viscoelasticity of blood depends on the hematocrit
(volume fraction of RBCs) in whole blood, plasma viscosity, and aggregation and mechanical
properties of blood cells. The deformability of blood cells plays an important role in their main
functions as well as the blood rheology and hemodynamics [66, 67]. While the viscoelasticity
of blood cells, including RBCs [66—68] and white blood cells [69, 70], has been studied, here we
will discuss only RBCs since they have the highest concentration in whole blood and are the

most relevant to hemodynamics under most physiological and pathological conditions.

The RBC is a simply structured biological component that consists of a bilayer membrane and
thin cytoskeleton of spectrin filaments [68]. Mammalian RBCs lack a cell nucleus. RBCs exhibit
a unique deformability, which enables them to change shape reversibly in response to an
external force (e.g., under the stress applied by the capillary wall). Despite the structural
simplicity of RBCs, the understanding of their mechanical properties is still incomplete. The
viscoelastic properties of RBCs, which are key determinants of RBC deformability, can be
classified into elastic (or storage) and viscous (loss) moduli: the shear modulus that describes
the uniaxial elongation property, the area expansion modulus that describes the changes in
RBC membrane area, the bending modulus that describes the bilipid layer associated with
resting shape changes, and the viscosity that describes the rate of deformation of RBC
membrane [71, 72].

Typical methods for viscoelasticity measurement of single or multiple RBCs were recently
reviewed [71] and include micropipette aspiration, atomic force microscopy, optical tweezers,

fluid or microfluidic filtration, and laser diffractometry.

RBC viscoelasticity is closely related to blood rheology and hemodynamics [66, 67]. For
example, reduced RBC viscoelasticity leads to a significant increase in microvascular flow
resistance and blood viscosity [67, 71]. Exchanging native RBCs with RBCs hardened with
glutaraldehyde causes a doubling of the filtration resistance and reduced flow in rats [67].
Altered RBC viscoelasticity is frequently reported in pathological conditions such as diabetes
[73,74], hyperglycemia [74, 75], and sickle cell disease [76]. While cardiovascular complications
including arterial stiffening, heart failure, or stroke are often associated with these diseases [77,
78], it is possible that the altered RBC mechanics may exert an impact on overall hemodynam-
ics, which is a critical contributor to cardiovascular health. Further understanding of the
influence of RBC viscoelasticity on cardiovascular hemodynamics could inspire novel

therapies that target the biomechanical mechanism of the disease.
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6. The heart

6.1. Heart valves

Viscoelastic behavior has been demonstrated to different degrees in native or pericardial-based
heart valve tissues, which are usually made up of highly organized ECM and valve interstitial
cells. Though direct comparisons cannot be made between studies with different testing
methods, viscoelastic characteristics including strain-rate dependence, stress relaxation, and
creep have been observed after loading of valvular tissue from ex vivo mechanical testing.
Similar to arterial tissue discussed above, interestingly, mechanisms of stress relaxation appear
to be distinct from those of creep. For example, stress relaxation observed in valvular tissue
was accompanied by negligible creep over a 3-hour timeframe [79]. Therefore, use of multiple
modalities for valve tissue viscoelastic property measurement is recommended.

As with arterial tissue, valvular viscoelastic behavior is dependent on ECM components. In
heart valves, collagen in particular has a complex fiber alignment pattern that appears to
generate more viscoelasticity in the circumferential direction compared to the radial direction
[80]. Imaging techniques including scanning electron microscopy and bright field or polarized
light microscopy have demonstrated that collagen fibers are highly aligned in the circumfer-
ential direction but more randomly distributed in the radial direction. Therefore, a more highly
aligned fiber structure likely contributes to larger degree of viscoelastic behavior. Also, the
effect of preconditioning has been shown to be direction-dependent with the circumferential
direction displaying a more consistent mechanical response after a fewer number of cycles [80].
This indicates that an initially aligned fiber structure will achieve a consistent mechanical
response faster than randomly oriented fibers.

Like arteries, heart valves exhibit less creep than stress relaxation [81]. This behavior seems to
be unique to collagen-rich soft biological tissues like ligament [82] and cornea [83]. The
underlying mechanism is not fully understood. Thornton et al. [84] attribute it to different
mechanisms involved in the two tests. In particular, these authors suggest that the stress
relaxation response is determined by a discrete group of ECM fibers recruited at constant
elongation, whereas the creep response is determined by different fibers being progressively
recruited at constant stress. Another hypothetical mechanism is the ‘fibril-locking” mechanism
that collagen fibrils maintain under a constant stress, whereas under a constant strain the fibril
stress decreases [81]. The interactions between collagen and proteoglycans also have been
proposed to affect tissue viscoelasticity in heart valves [79, 85].

Not surprisingly, the chemical treatments of valvular tissue that are used prior to bioartificial
heart valve replacements have been shown to affect viscoelastic behavior. Glutaraldehyde
fixation reduces the immune response and prevents leaflet degradation but can induce ECM
cross-links and other structural changes [86, 87] that reduce radial stiffness and increase
extensibility [86, 88] as well as reduce creep and stress relaxation [13, 86, 88, 89]. Fixation also
increases the number of preconditioning cycles required to achieve a consistent mechanical
response in dynamic mechanical testing [88]. These effects can be minimized with pressure
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fixation, which results in more similar viscoelastic behavior in fixed tissues compared to
untreated tissues [88].

The decreased stress-relaxation that occurs in heart valve tissues treated with glutaraldehyde
has important implications for bioprosthetic heart valves because the industry standard of
accelerated wear testing (AWT) is used to determine the absolute fatigue life of bioprosthetic
heart valves. In AWT, valves are cycled at frequencies higher than the normal heart rate (up
to ~30 Hz). With reduced stress-relaxation, the valve may not have time to relax to its natural
state, resulting in a higher preload for each subsequent cycle [13]. A better understanding of
heart valve viscoelasticity and the molecular basis for tissue viscoelastic properties could
improve bioprosthetic valve design and testing.

6.2. Myocardium

Ventricular myocardial tissue exhibits viscoelastic characteristics, which are changed in
diseased states. Viscoelastic properties have been examined in the healthy swine myocardium
using noninvasive shear wave velocity techniques [90]. Briefly, external actuators are used to
create and propagate waves in the myocardial wall; the velocity is measured at several
frequencies, and these data are fit to empirical viscoelastic models described in Section 1.2.
Human myocardium tissue tested ex vivo exhibited multiple viscoelastic characteristics
including directional-dependent hysteresis and stress relaxation, and rate-dependent stress-
strain curves [16]. The subjects from whom tissues were harvested had various causes of death,
so the data cannot be interpreted in the context of healthy versus diseased states. However,
several studies have shown changes in viscoelastic properties with disease. The use of a Kelvin-
Voight model demonstrated that elastic and viscous damping constants increased in the
pressure-overloaded feline right ventricle [91]. Similarly, elastic and viscous constants
increased in the pressure-overloaded rat left ventricle [92]. An important future direction is to
assess the viscoelastic behavior in healthy versus diseased myocardium and determine the
impact on cardiac performance.

The structural basis of myocardial viscoelasticity can be attributed to a combination of cardiac
cells and ECM proteins, but the nature and extent of each component’s contributions to
viscoelasticity are still debated. Myocardial tissue is composed of cardiac cells or myocytes.
Myocytes are composed of repeating units called sarcomeres, which contain titin, actin, and
myosin proteins. By isolating cardiomyocytes from surrounding ECM structures, viscoelastic
properties can be measured. Uniaxial testing of myocytes revealed force-length hysteresis [93],
indicating they are one source of viscoelasticity. Titin functions as a spring, and titin-actin
interactions may contribute to viscoelastic behavior [94]. Cardiac cells are surrounded and
consequently interconnected by ECM proteins to provide structural integrity to the heart.
Evidence that collagen degradation is accompanied by decreased elastic stiffness and viscous
damping suggests that collagen plays an important role in myocardial viscoelasticity [91].
Collagen accumulation (or fibrosis) is a characteristic of failing ventricles and with hypertro-
phic remodeling the collagen content can increase by ~50% [95]. Therefore, it may be important
to investigate the effect of collagen accumulation on myocardium viscoelasticity during heart
failure development.
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Importantly, the majority of myocardial viscoelastic properties are reported from the left
ventricle, and differences in viscoelastic behavior between ventricles are unknown. The left
ventricle differs embryologically, geometrically, and structurally from the right ventricle [96—
98], so results from the one cannot be extrapolated to the other. Indentation testing ex vivo
showed similar baseline levels of elastic and viscous constants between both ventricles in rats
[92]. Differences in viscoelastic properties between ventricles will be important directions for
future research to understand the role of viscoelasticity in healthy and diseased myocardial
function.

7. The lymphatic system

The lymphatic system is the third circulation in the human body and is complementary to the
first two: the systemic and pulmonary circulations. It consists of branched lymphatic vessels
that collect and transport lymph fluid as well as organs (e.g., lymph nodes, spleen, and thymus)
that assist with lymph transport. When pressure is greater in the interstitial fluid than the tiny,
closed-end lymphatic capillaries, lymph flows in [99] and is transported to gradually larger
lymphatic vessels, collected and filtered through lymph nodes, and finally enters the lymphatic
duct where it is Reintroduced into the bloodstream. The ontogenesis of lymphatic vessels is
not fully understood but some evidence suggests that they are derived from the veins [62].
Lymphatics are often compared to veins because both are thin walled, valved structures and
their main function is to transport fluid (blood or lymph) for nutrition and immune purposes,
respectively.

Despite of their structural similarity to blood vessels, lymphatics are different in several
aspects. First, at a similar distance from the heart, lymphatics are larger and thinner than veins
[62]. Second, lymphatics are subjected to lower pressures than veins and have more compliant
walls [62, 100, 101]. Third, unlike the veins in which the blood is conducted only passively to
the heart as a result of valve action and in combination with the intermittent compression by
adjacent tissue, lymphatics have both extrinsic and intrinsic pumping mechanisms [101, 102].
Both experimental studies and mathematical modeling have been done to characterize
lymphatic pump function [103-105]. For instance, incorporating experimental measurements
of a mesenteric lymph vessel, Bertram and Moore developed a model to capture intrinsic
pumping function [102]. Similar to arteries and veins, chronic changes in pressure and flow
can cause remodeling of lymphatics [101]. For example, lymphatic pumping weakens in
response to venous hypertension [106]. The active pumping function can be impaired due to
metabolic disorders, local immune-compromise, and lymphedema [104].

Few studies have been performed on the viscoelasticity of lymph vessels. Ohhashi [100]
compared the viscoelastic properties of bovine mesenteric lymph vessel, which is considered
as muscular lymphatics because of the rich and well-developed SMC content, to the canine
thoracic duct, which is considered a fibrous lymphatic because of the lower SMC content and
higher elastin and collagen content in the wall. They found that the muscular lymphatic vessel
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is more compliant, and its hysteresis loop is wider than that of the fibrous thoracic duct,
suggesting a larger viscosity due to more layers of SMCs. Because lymphatic pumping is
critical to lymph transport and lymphatic viscoelasticity likely affects lymphatic pumping,
understanding the determinants of lymphatic viscoelasticity and its impact on pumping
function may unveil new mechanisms for lymphatic dysfunction.

The viscoelastic properties of another main component in the lymph system — the lymph node
—have been recently reported. McClain et al. found that lymph node tissue becomes stiffer and
has increased energy loss with cancerous tumor development in mice [107]. While the finding
is novel and exciting, it raises more questions such as how changes in lymph node viscoelastic
properties relate to tumor regression, antitumor immune response, or metastatic colonization
of the lymph node.

8. Summary

An improved understanding of cardiovascular tissue viscoelastic properties and their de-
pendence on cardiovascular tissue structure will no doubt provide valuable insights into the
functional behavior of these tissues. More importantly, despite the long-standing recognition
that cardiovascular tissues are nonlinearly elastic and viscoelastic materials, the clinical
implications of cardiovascular tissue viscoelasticity remain poorly understood. In the example
of arterial viscoelasticity, inconsistent findings of arterial viscoelastic changes with disease and
a lack of tools for simple and easily accessible clinical measurement have likely contributed to
alack of information on the impact of arterial viscoelasticity on cardiovascular hemodynamics
and cardiac function. Therefore, there is a pressing need to elucidate the clinical implications
of cardiovascular tissue viscoelasticity in disease progression in future research.

We recommend the following as promising and impactful future areas of research:

1. Protocols for preconditioning: It is well accepted that preconditioning is necessary for
mechanical property measurements. The most appropriate protocols for preconditioning
tissues subjected to different testing frequencies and different strain ranges is unclear,
however. Also, the sample 'memory' behaviour should be investigated to standardize
mechanical testing protocols for cardiovascular tissue viscoelasticity measurements and
reduce sample variation.

2. Structural models thatinclude viscoelasticity: The rapid development of arterial structural
models has advanced the understanding of the structural-functional relationship of
arteries in ways that empirical, phenomenological models cannot. However, current
models predict static mechanical behavior only. Future structural models should incor-
porate elements that are responsible for viscous behavior and predict cardiovascular
tissue dynamic mechanical behavior.

3. Creep vs. stress relaxation behaviours: The mechanisms that lead to differences in creep
and stress relaxation behaviours are not fully understood. Investigating these character-
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istics in different cardiovascular tissues would improve our understanding of tissue
viscoelastic behavior.

4. Structural determinants of viscoelasticity: The contributions of cells (e.g., SMCs, endo-
thelial cells, or myocytes), ECM (e.g., elastin, collagen, or proteoglycans), and cell-ECM
interactions to tissue viscoelasticity are not fully understood. Modern high spatial and
temporal resolution imaging techniques (e.g., multiphoton microscopic imaging) will
provide insight into the ways in which cardiovascular tissue structures generate viscoe-
lastic function.

5. Hemodynamic and cardiacimpact of viscoelasticity: Arterial stiffening is known to occur
in aging and hypertension and predict heart failure. Future research should investigate
the impact of arterial viscoelasticity on cardiovascular disease development and progres-
sion.
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