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ABSTRACT

CHARACTERIZATION OF THE UNIQUE BIOMECHANICAL BEHAVIOR OF RIGHT

VENTRICLE USING EXPERIMENTAL AND CONSTITUTIVE MODELING APPROACHES

Ventricle dysfunction leads to high morbidity and mortality in heart failure patients. It is known
that right and left ventricles (RV&LYV) are distinct in their embryologic origins, anatomies and functions,
as well as the pathophysiology of ventricular failure. However, how exactly the RV is distinct from the LV
in their biomechanical properties remains incompletely understood. Furthermore, the prevalence of RV
failure is significantly increased in the later stages of diseases such as pulmonary hypertension (PH) and
heart failure with preserved ejection fraction, and the clinical management and treatment of RV failure are
persistently challenging. This calls for a further understanding of the mechanisms of RV failure including
the biomechanical mechanism. In addition, ventricular tissues are viscoelastic, which means both energy
storage (originated from elasticity) and energy loss (originated from viscosity) are present during the
deformation. However, the investigation of ventricular tissue viscoelasticity is much less than that of the
elasticity, and it is largely unknown how the RV viscoelastic behavior changes during RV failure
progression and impacts on the physiological function of the chamber.

To fill these knowledge gaps, the overall goal of my study was to investigate the unique
biomechanical properties of the RV in its physiological and pathological functions using experimental and
constitutive modeling approaches. The Specific Aims are: 1) Develop the experimental protocols and
characterize ventricular tissue passive static and dynamic mechanical properties in both large and small
animals; 2) Adapted and performed constitutive modeling of ventricular tissue static and dynamic
mechanical behaviors; 3) Quantify the changes in RV biomechanics during the maladaptive remodeling
induced by pulmonary hypertension. At the completion of my study, I established the ex vivo testing
protocols and provided fundamental data regarding static and dynamic mechanical differences between the

healthy left and right chambers to delineate the unique biomechanical properties of the RV. I also adapted



the constitutive models to capture static and dynamic mechanical behaviors of the RV. Finally, I quantified
the biomechanical changes of the RV during the RV failure development and offered new insights in the
contributions of the RV tissue biomechanics to the organ function.

The findings were obtained from both large and small animals’ species, which are translational to
human diseases and a strong addition to the current literature of RV failure. More importantly, the
investigation on the viscoelastic (dynamic) mechanical properties of the RV and the changes of
viscoelasticity in RV failure progression is highly novel. The constitutive modeling of the RV biaxial
viscoelastic behavior is pioneering and unique in the computational study of the RV. In summary, this study
will deepen the understanding of the biomechanical mechanisms of RV failure and assist with the

development of new computational tools for diagnosis and treatment strategies.
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CHAPTER 1: SIGNIFICANCE AND MOTIVATION !

1.1 Background

Cardiovascular diseases (CVDs) are the leading diseases that cause the human death in the U.S
even in the world-wide. Arterial stiffening (correspond with hypertension) and ventricles’ dysfunction are
the key risk factors for cardiovascular morbidity and mortality '. Previous studies have shown that the
cardiovascular tissue has the viscoelastic property, which means it has both elasticity (stiffness) and
viscosity 2, and also showed that the right ventricle (RV) is distinct from the left ventricle (LV) in
embryologic origin, anatomy and function *. Furthermore, studies have shown that arterial viscoelasticity
changes with CVD *”, and arterial viscosity is linked with the endothelial function ®. The RV mechanical
property changes with the CVD and the mechanical property is correlated with the chamber function *'°.
However, the protocols for cardiovascular tissue viscoelasticity measurements have not yet been
standardized, furthermore, most previous studies only focused on the elasticity (stiffness) and have ignored
the cardiovascular tissue viscoelastic (viscous) behavior and the comparison of the mechanical property
between the LV and RV. As a result, there are knowledge gaps of the differences in viscoelastic behavior
between the ventricles and the clinical implications of cardiovascular tissue viscoelasticity in disease
(hypertension, RV failure) progression. In order to completely understand the mechanism of the CVD
progression, it is critical to investigate the cardiovascular tissue viscoelasticity under the physiological

and pathological conditions.

1 This chapter is published as a peer reviewed review article in the Bioengineering
(doi.org/10.3390/bioengineering7010002).



1.2 Significance of Characterize the Ventricle Mechanical Property

Despite the advances in modern management, heart failure (HF) leads to high mortality and morbidity
in the U.S.. More than 5 million Americans have HF, and around 550,000 new cases occur every year ',
It is shown that the lifetime risk for developing HF at the age of 40 years old is around 20%, and the risk
of HF increases with aging. As the number of elderly (>65 years old) is expected to grow to 70.3 million in
2030, the prevalence of HF will continue to increase '''*'°. Economically, HF is the leading cause of
hospitalization '* with more than $33 billion of expense annually in the U.S. ''; and in developed countries
the burden of HF is likely keep increasing '*'°.

Ventricle dysfunction is the most common cause of heart failure including left-sided HF with preserved
ejection fraction (HFpEF) and reduced ejection fraction (HFrEF), as well as right-sided HF secondary to
pulmonary hypertension (PH) and congenital heart disease (CHD) '"**. The malfunction of the myocardium
in these diseases can occur in the left ventricle (LV), right ventricle (RV), or both ventricles (biventricular
HF). It is known that the LV and RV have distinct embryological, geometrical and structural properties >~
7 and the mechanism of RV failure is likely to be different than that of the LV failure **. However,
compared to the LV failure, RV failure has been less understood, and it remains unclear if the two ventricles
present similar mechanical behaviors or adaptations in the pathogenesis of ventricular dysfunction.

It is generally accepted that the mechanical property of the myocardium is an important determinant
of the ventricular function **. Indeed, changes in the ventricular mechanical properties during the HF
progression have been reported in numerous studies for both LVs and RVs. The alteration of the
extracellular environment can result in the dysfunctions of cardiac cells and thus the overall organ function
is impaired, which forms a vicious cycle in the maladaptive remodeling of the ventricle. Therefore, it is

critical to unravel the roles of the tissue biomechanics in the ventricular dysfunction to inspire new therapies

for HF patients.

RVF contributes significantly to the mortality and morbidity in a variety of cardiovascular diseases

including pulmonary hypertension, congenital heart disease and left heart failure with preserved ejection



fraction 2>2*. RVF is associated with serious pulmonary diseases that contribute significantly to the
morbidity and mortality of patients. The prevalence of RVF is significantly increased in the later stages of

pulmonary hypertension. The biomechanical properties of the RV free wall are considered to play a role in

30,31

its organ function , and a recent rodent study has reported a correlation between the passive elastic

modulus and the end-diastolic volume of the RV °, with the latter often being used as an index of RV
function **. However, the comprehensive understanding of the roles of RV biomechanical properties in the
in vivo function remains a key knowledge gap.
1.3 Characterization of Ventricle Mechanical Behavior

The ventricular free wall is known as an anisotropic and viscoelastic material, which means it has
different mechanical behaviors in different directions and presents both elastic and viscous features in
dynamic deformations (Fig. 1.1). Depending on the mechanical behavior to measure, the mechanical tests
can be uniaxial or biaxial (for anisotropic behavior), static or dynamic (for elastic or viscoelastic behavior),
and in different testing conditions (e.g., bath medium, temperature, preconditioning protocol, removal of
residue stress). To obtain the viscoelastic properties, either stress relaxation/creep tests or cyclic tensile
mechanical tests can be used (Fig. 1.2, detailed discussions in 1.2.2 & 1.2.3). Then, the viscous behavior
is quantified to capture the time-, strain rate-, or frequency-dependent character **. In this review, we will
focus on the macroscopic mechanical measurements and thus the experimental methods using atomic force

microscopy (AFM) or length-tension tests on the isolated cardiac muscle (e.g., papillary muscle) or

cardiomyocytes are not included.
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Fig. 1.1 (A)-(B) Stress-strain curves obtained from different directions in isotropic and anisotropic
materials, respectively; (C)-(D) Stress-strain curves obtained from loading and unloading periods of cyclic
deformation in nonlinear elastic and viscoelastic materials, respectively.
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Fig. 1.2 Different mechanical tests for the viscoelastic properties measurement. (A) Stress relaxation test,
(B) creep test and (C) displacement-controlled cyclic tensile mechanical test. The upper panels illustrate
the mechanical inputs and the lower panels illustrate the mechanical responses of the material in these tests.

1.3.1 Preconditioning and Residual Stress Measurement

As is needed in other biological tissues’ mechanical tests, preconditioning is often performed prior to
the data acquisition to ensure a constant and accurate mechanical behavior of the tissue **. This procedure
has been described in the mechanical tests of the cardiac tissues *’***'. The number of preconditioning
cycles in the biaxial/uniaxial tests varied among 5-10 cycles for the animal (canine, bovine and murine)

myocardium 27***%*!whereas Sommer et al. and Fatemifar et al. showed that after 3-5 cycles the human



heart tissue reached stable biaxial behavior ***2. Due to the viscoelastic nature of the tissue, sufficient resting
period should be given between the tests. It is suggested that ten times of the previous mechanical testing
period is appropriate for the tissue to be free from the ‘memory’ of former deformations ***.

The residual stress is the stress that remains in the tissue after all external loads are removed *. The
presence of residual stress in myocardium has been observed in both large animal (porcine) and small
animal (rat) ventricles ***°. The exact cause of residual stress in biological tissues is not fully clear, but the
different growth rates at different layers or directions of the tissue are likely the reason “®. The residual
stress is generally considered ‘beneficial’ to the tissue. From the study of opening angle in an arterial ring,
it is found that the presence of residual stress leads to a homogenous distribution of the circumferential wall
stress through the vessel thickness *. For myocardium, Shi et al. measured the residual stress by a curling
angle characterization and found that the residual stress protected the ventricle wall by reducing myocardial

stress during LV diastolic expansion *°. The measurement of residual stress in myocardium is seldom seen

in ex vivo mechanical tests and future experimental studies may consider to include such measurement.

1.3.2 Uniaxial and Biaxial Tensile Mechanical Tests

Uniaxial and biaxial mechanical tests are the most common methods to investigate the ventricular
mechanical property after tissue harvest (Fig. 1.3). While the uniaxial mechanical test offers a quicker and
easier examination of the material mechanical property, the biaxial mechanical test better mimics the in
vivo loading conditions and provides more comprehensive measurements of the anisotropic mechanical
behavior ?#7#-43153 Both methods have been used in prior studies of LV and RV mechanical properties

9274251583441 (hlease see Table 1.1 for a summary of these studies).



Uniaxial Test Biaxial Test
Force Force

r —

Force Force

Force Force

Fig. 1.3 Diagrams of the uniaxial (left) and biaxial (right) tissue mechanical tests. Dashed rectangles
illustrate the deformed configurations of the sample after the mechanical stretch.

Furthermore, when the entire cycle of stress-strain data is used (i.e., including loading and unloading
curves), the ventricular viscoelastic behavior can be derived from the hysteresis stress-strain loop (Fig. 1.4).

However, the biaxial measurement of viscoelasticity is less common than the elasticity measurement and

5 58

only sporadic studies have examined canine °', porcine ** and human ventricles *. Recently, the
viscoelasticity of neonatal porcine LVs and RVs was obtained using the cyclic uniaxial mechanical tests.
The myocardial hysteresis was quantified by the ratio of the area enclosed in the hysteresis loop over the
area beneath the loading curve, but the elasticity of these ventricles was not quantified °®. To our knowledge,
the first human myocardium viscoelastic behavior quantified by biaxial testing was reported by Sommer et.

al. . Increased stress and hysteresis area were evident with increased stretch rate (from 3 mm/min to 30

mm/min), but no viscoelastic property (e.g., elasticity or viscosity) was quantified from these biaxial tests.
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Fig. 1.4 Hysteresis stress-strain loop obtained from the cyclic tensile mechanical tests. Triangle or
sinusoidal mechanical loadings are typically applied during the cyclic stretches. (A) — (B) Representative
strain and stress curves as a function of time in the tensile mechanical test; (C) Representative hysteresis
loop derived from the synchronized stresses and strains in (A) and (B).



Table 1.1 Summary of the prior biaxial/uniaxial tensile mechanical tests performed in ventricular tissues. The experimental details on
testing methods and conditions are listed as well. Viscoelastic mechanical studies are marked with * in the Method.

Axial Preconditioning Strain . Immerse
Sample Method Definition Cycles Range/Rate Bath Medium Temperature Condition
Canine axial Main fiber 1 30% Wat.er e Room
RV Biaxia direction 0 / rqulred Oxy gengted T Immersed
carioplegic solution
Modified Kreb’s
/ solution with 2,3-
Rat RV ° Biaxial Outflow tract / / butanedione 2- / Immersed
monoxime and
oxygen
Bovine Biaxial and Main fiber 5 20% Saline with O, and Physiological Immersed
LV/RV** uniaxial direction 0.1-0.75 cm/s CO; (pH=7.4) range
Human Biaxial* and Main fiber 4 20% CPS with 20 mM 37°C Immersed
LV/RV % Triaxial direction Quasi-static BDM
Modified Kreb’s
. o Ringers solution
Canine Biaxial Main fiber >7 / with a ~ 10 mM 30°C Float
LV direction 50s/cycle .
potassium, O, and
CO: (pH=7.4)

Canine Biaxial Main fiber 5.7 20% bath containing the Room I d
LV?Y taxia direction 0.050r0.1Hz oxygenated solution  temperature MMErse
Canine Biaxial Main fiber 710 5-27% oxygenated Room Immersed

LV® taxt direction 0.1 Hz cardioplegic solution  temperature
Rabbit Biaxial Main fiber S | / BDM-Krebs / I d
LV¥ taxia direction evera solution MMErse
Ovine LV . 20-25% isotonic cardioplegic 0
40 Biaxial / 10 0.5Hz sallittion (B4 20°C Immersed
Z\feu‘;’zﬁe Biaxial Outflow tract 10 > 25/ kPa S(l)\l/luot?(ifr;lev(vlitKhrg]))i/I teml?:)(f):(r):lltlure Immersed
Human Biaxial and Main fiber 5 40% Phosphate-buffered 37°C Immersed
LV/RV# uniaxial direction ~6 mm/min saline
. . - / Tyrode solution with
Canine | Biaxial and Main fiber 9 0.0025-0.25 ’ 02 and CO2 29.5-30.5°C Float
LV uniaxial* direction
mm/s (pH:7.4)
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1.3.3 Stress Relaxation and Creep Tests

Stress relaxation and creep tests are traditional methods to measure the viscoelasticity of soft tissues
such as tendon, cartilage and heart valves %, The stress relaxation test is the recording of a time-dependent
stress reduction under a fixed strain/stretch, whereas the creep test is the recording of a time-dependent
strain increase under a constant stress/load (Fig. 1.2) ?*. These methods have been applied to the

35,66-70

myocardium or papillary muscle , although slightly different testing protocols and conditions were

adopted (please see Table 1.2).
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Table 1.2 Summary of the prior studies with stress relaxation or creep tests on ventricular tissues.

Sample Method Ramp Speed Stretch Level Duration Bath Condition
Human LV/RV * Stress relaxation 100 mm/min 10% 5 min CPS with 20 mM BDM at 37°C
R;llbblt Lv I Stress relaxation and / / 5 min Ringer-Lacke solution with O, CO,,
papt arg muscre creep pH=7.38
Cats, Ii;zbbzts Stress relaxation and Tyrode solution with O,, CO,, pH=7.3, at
papiiary / 20%, 30% / 24°C (for papillary muscles); Modified
muscle; Frog creep PBS solution at pH=7.3 (for LVs)
and Turtle LV’ )
Chicken . . .
embryonic heart Stress relaxation Fast linear 10%, 20%, 40% 10 min Oxygenated KHB—ggﬁ(éloplegla solution at
68
ChzckegszV/RV Siiessy kv fari 1000% axial strain/s 5%, 1 ?())(‘)7;;) 20%, S min Oxygenated KHB-;:ggc(ljloplegla solution at
Cat LV papé(l)lary Siress relaxation / / / Oxygenated Krebs—onger s solution at
muscle 20°C

11



The ex vivo measurement discussed above can provide better controls of the experimental conditions
(e.g., the strain rage, cardiac muscle tone, etc.) and eliminate the interference of physiological factors (e.g.,
blood pressure, heart rate, hormone levels) in the mechanical properties of the ventricle tissues. However,
the ex vivo tests require tissue removal and are often limited by the contractile state of cardiomyocytes
(passive only) and the configuration of the tissue (non-physiological stretches in the biaxial directions).
Therefore, the in vivo measurements could provide useful information of the tissue mechanical behavior

that is absent in the ex vivo conditions.

1.3.4 The Elasticity Measurement for Ventricles: In Vivo

At the whole-organ level, pressure-volume (PV) loop measurement (Fig. 1.5) is the golden standard
to assess the ventricle performance invasively by inserting a PV catheter into the ventricle lumen ». The
end-diastolic pressure-volume relation (EDPVR) derived from the steady-state PV loops is often used to
represent the ventricular passive stiffness. Similarly, diastolic stiffness can also be estimated by the ratio of
end-diastolic pressure (EDP) to end-diastolic volume (EDV) """% In addition, chamber compliance, which
is the ratio of ventricular volume change over pressure change during a cardiac cycle (AV/AP), has also
been used to describe the ventricle stiffness "*°. Another type of ventricular elastance, end-systolic
pressure-volume relation (ESPVR or Ees), can be derived from a serious PV loops during a temporal vena
cava occlusion or estimated by other formulas with a single beat technique. Ees is considered a measure of
load-independent contractility of the ventricle "°. Interestingly, this parameter has been viewed as an index

of systolic stiffness of the ventricle 772,
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Fig. 1.5 Diagram of the pressure-volume (PV) loop obtained from cardiac catheterization. The loop in solid
line denotes a steady-state PV loop, whereas the loop in dotted line denotes a transient loop obtained by
brief vena cava occlusion to reduce the ventricle filling. ESPVR: end-systolic pressure-volume relationship;
EDPVR: end-diastolic pressure-volume relationship.

Non-invasively, cardiovascular magnetic resonance (CMR) and speckle-tracking echocardiography
(STE) are alternative methods to measure the myocardial performance ’’°. Depend on the imaging
technique, 3D geometry is reconstructed and the strain and strain rate are then calculated as the indicators
of ventricle stiffness. The in vivo 3D strain analyses can be achieved by applying a so-called hyperelastic
warping method to various types of medical images such as cine CMR or echocardiography, from which
global or regional myocardial strain can be calculated ®*®2. The hyperelastic warping method is a
deformable image registration technique, which uses a deformable finite element mesh to register the target
image to the reference image. The reference image is typically selected as the image at the end-diastole
8384 Then, the 3D deformation of the ventricular geometry can be derived over a cardiac cycle, and the
strains in different directions (longitudinal, circumferential and radial) are calculated ***°. This technique
is powerful because it enables the measurement of the myocardial strain temporally and spatially, and both
ventricles can be examined at the same time to further investigate the ventricular interactions in HF patients.
These strain measurements could potentially offer new diagnostic or prognostic indices for LV or RV
dysfunction ***. However, it should be noted that the strain is essentially a measure of relevant deformation
of the ventricular chamber, and such deformation is affected by both the passive stiffness and active

contraction of the ventricular wall. Therefore, it is not a direct measurement of ventricular stiffness.
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The direct non-invasive measurement of ventricular stiffness (e.g., elastic modulus) can be obtained
by magnetic resonance elastography (MRE) *#¥. MRE is a phase contrast magnetic resonance imaging
(MRI) technique. The underlying principle of this imaging method is based on the fact that the different
stiffness of a material generates different shear wave length. With an induction of shear waves in the tissue
region of interest, the waves are encoded in the phase of MR image and the wave images can be converted
to the stiffness maps with temporal and spatial information included. MRE has been investigated in animals
and a couple of clinical studies to study the effect of myocardial infarction, aging, hypertension or
hypertrophic cardiomyopathy on cardiac stiffness. A good review of MRE in cardiovascular tissues is given
by Khan et. Al ¥. However, although the methodology has been validated in animals with the gold standard
PV loop, the elastic moduli reported in human subjects (<12 kPa) are much lower than the values reported

)87

in animals or in ex vivo measurements (in hundreds of kPa) °’. Thus more work is warranted in this area.

Finally, with the combination of medical imaging and computational modeling such as finite element

methods, it is also possible to estimate the ventricular material properties using ‘inverse modeling” %%,

These computational methods are briefly reviewed in *>7.

1.3.5 The Viscoelasticity Measurement for Ventricles: In Vivo

The viscoelasticity of ventricles has been occasionally reported with the measurement of cyclic stress-
strain relations. Some early studies measured the viscoelasticity of the LV from healthy canine and human
hearts by individual measurements of pressure and volume in vivo *7'%°. Briefly, cardiac catheterization
was performed and a micromanometer was introduced into the LV to measure the pressure. In the
meanwhile, echocardiogram was performed and the endocardial diameter and the posterior wall thickness
were recorded. These data were synchronized and further used to calculate the meridional wall stress and
midwall strain during the diastolic phase. Viscoelastic properties in the ‘passive’ state of the LV were then
derived from the nonlinear stress-strain curve using an empirical model of viscoelasticity. Interestingly,
these studies were all published in late 1970s and early 1980s, and there is no further investigation of the

in vivo measurement of ventricular viscoelasticity.

14



1.4 Current Understanding of Ventricles — Tissue with Anisotropy and Viscoelasticity

1.4.1 Anisotropic Behavior of Ventricles
The characterization of the anisotropic behavior of ventricles is highly dependent on the definition of
biaxial coordinate system. To date, there are two main types of coordinate system: the main fiber and cross-

214236 " and the outflow tract and cross-outflow tract coordinate system °*!“2. By

fiber coordinate system
using the former coordinate system, it is consistently observed that the tissue behaves stiffer in the fiber
direction compared to the cross-fiber direction **. However, the degrees of anisotropy in the ventricles are
not consistent among observations. Sacks et al. reported that the canine RV had greater anisotropy than the
LV ?. Similarly, Ahmad et al. found that the neonatal porcine RV had significantly greater anisotropy than

10

the LV in different anatomic regions '*'. However, Javani et al. reported that the ovine LV was more

anisotropic than the RV °. Ghaemi et al. reported that both LV and RV were anisotropic but there was no
comparison between these chambers 3% Therefore, there is no consensus about the difference in anisotropic
behavior between a healthy LV and RV. The discrepancies may depend on the age and species of samples,
methods of tissue selection and preparation and testing protocols. Besides, it has been noted that the

determination of the main fiber direction is challenging and could induce variations in the anisotropic

behavior as well 2.

By using the second coordinate system, Valdez-Jasso et al. found that the rat RV had greater stiffness
in the outflow tract direction compared to the cross-outflow tract direction 41 and Hill et al. found that the
degree of rat RV anisotropy increased in the pressure overload state °*>. However, the mechanical difference
between the RV and LV in healthy adults remains inconclusive. The comparison between the LV and RV
will lay down fundamental information for RV mechanics and will aid in the understanding of the unique

biomechanical mechanisms of RV dysfunction.
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1.4.2 Viscoelastic Behavior of Ventricles

The viscoelastic property of a material is manifested by the non-overlapping of loading and unloading
stress-strain curves over an entire cycle **. Such behavior has been observed for both LV and RV tissues
2851102 “wwhich implies that the ventricular elasticity (or stiffness) is dependent on the strain rate, and there
is energy loss during the cyclic deformation due to the viscous property of the ventricle. The viscoelasticity
of ventricular tissues was initially thought to be negligible but recent evidence suggesting that this is not
true. Furthermore, there are lack of studies reported the ventricle viscoelasticity experimentally.
Particularly, Ahmad et al. found that the neonatal porcine ventricles exhibited greater viscoelasticity at the
mean-fiber direction compared to the cross-fiber direction, and the LV had greater viscoelasticity than the
RV 8, Sommer et al. firstly measured the viscoelastic property of human LVs and RVs, and their findings
also showed a larger hysteresis in the mean-fiber direction than the cross-fiber direction *°. Our own recent

study in ovine RVs showed that the chronic pressure overload increased hysteresis (viscosity) in both

directions (unpublished data (Fig. 1.6)).
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Fig. 1.6. Change in the right ventricle (RV) viscosity after three-month pressure elevation in adult sheep.
Pressure elevation was induced by pulmonary artery constriction (PAC). (A) Viscosity is defined as the
loop width (w) at the 50% of the maximal stress of the loop; (B) Loop width normalized by the average
loop width of the control RVs in the individual direction. CTL: control; PAC: pulmonary artery constriction.
*p < 0.05 vs. CTL in the same direction.

1.5 Computational Modeling of Ventricular Biomechanics

Both empirical models and constitutive models have been applied to characterize the nonlinear, biaxial

mechanical behavior of ventricles. Because of the nonlinear, ‘J’-shaped stress-strain curve, the use of an
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exponential component is common in empirical models. But these models provide little information on the
relations of physical quantities or physiological conditions of the tissue, and thus constitutive models are
developed to better describe the myocardium tissue mechanics **. With certain assumptions (hyperelasticity,
incompressibility, homogeneity, etc.), a strain energy function (W) is defined to relate the mechanical
loadings (stress) to the geometry changes (strain). The determination of the strain energy function is the
key in constitutive models. Based on the model parameters included in the strain energy function, different
material’s properties can then be derived. A thorough review of the modeling for tissues biaxial mechanical
properties can be found in Ref ***,

Classic empirical models to describe the tissue viscoelasticity are composed of springs and dashpots
that represent the elastic and viscous behaviors, respectively. The two basic models of these are also known
as the Maxwell model (consisting of a spring and a dashpot in series) and Kelvin-Voight model (consisting
of a spring and a dashpot arranged in parallel). Different combinations of the spring and dashpot elements
have been used to describe the ventricle and papillary muscle viscoelasticity. For example, a spring
connected to two Maxwell elements in parallel was used to form a 1D viscoelastic model for the papillary
muscle of the LV °. An elastic term and a viscous term in parallel were used to describe the viscoelasticity
of the LV in different conditions >'*%'9%1%1%4 "Tp the constitutive models of ventricular viscoelasticity, a
finite element analysis with orthotropic viscoelastic model has been used to describe the passive
myocardium viscoelastic behavior **. Another option to represent the viscoelastic behavior is by the
hereditary (or convolution) integral with a strain-dependent Prony series, which has been found to
successfully capture the strain- and time-dependent behavior in non-cardiovascular tissues '~ A nice

review of constitutive models of cardiac tissue viscoelasticity can be found in Ref %519,

1.6 Biomechanical Changes of Ventricles in Heart Failure Development

Heart failure is associated with extensive remodeling of the tissue involving changes in extracellular
matrix (ECM) (e.g., fibrosis or accumulation of collagen), recruitment of inflammatory cells (e.g.,

macrophage infiltration), upregulated oxidative stress (e.g., increased ROS), and altered metabolic activity

17



(e.g., increased glycolysis) ''*!!*, These changes not only lead to the malfunction of various cells in the
myocardium but also result in the impairment in the mechanical and hemodynamic functions of the organ.
Because of our focus on the biomechanical behavior of the ventricle in this review, we will restrict our
discussions to the extracellular matrix (ECM) proteins (particularly collagen) as they are the main
determinant of mechanical properties including viscoelasticity 204!,

The myocardium ECM consists of proteins such as collagen, elastin, fibronectin, proteoglycan and
laminin. Among these molecules, collagen is the most abundant ECM protein in the adult heart, with at
least 5 different types of collagen (I, IIL, IV, V and VI) that have been identified ''°. Types IV and V collagen
are mostly found in the basement membrane of the cardiomyocytes, and types I and III collagen are the
main constituents in the ECM: type I collagen represents 75~80% of total collagen content and type III
collagen represents approximately 15~20% of the total collagen '"'. The collagen metabolism, i.e., the
balance of collagen synthesis and degradation, is regulated by the mechanical loadings (i.e., pressure-
overload, volume-overload) and leads to rapid changes in cardiac ECM and mechanical properties """,

Ventricular fibrosis (i.e., collagen accumulation) is frequently observed in cardiac remodeling in both
LV failure and RV failure '">'"*'®and the cessation of the accumulation or cross-linking of collagen has
been shown to reverse the maladaptive remodeling and improve ventricular function ''*'*"'*2 However,
the story about collagen accumulation is not as simple as firstly viewed if more aspects are considered. For
example, in the late stage of HF with the LV dilation and wall thinning, conflicting results are given in
collagen metabolism: some report that (type I) collagen is degraded and the extent of collagen cross-linking

d 117,123,124

is reduce , whereas other report elevated collagen content or cross-linking '*'*. In response to

pressure overload, the findings on LV collagen deposition are not consistent either: increased collagen '*°,

127,128 12

decreased collagen , and no change in collagen '*° in the ventricles were all reported. During the
progression of RV dysfunction in pulmonary hypertension, the total collagen was increased with respect to
time but the percentage of collagen cross-linking was decreased *. This suggests that the role of collagen
content and cross-linking in RV dysfunction may be different. Overall, the variations in collagen deposition

depending on the etiology or the specific phase of the heart disease development suggest that collagen
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metabolism is a key factor contributing to the heterogeneity of the heart failure. Therefore, further
examination of the collagen metabolism in LV/RV failure progression is required.

While these previous studies investigated the role of fibrosis in the HF progression, the link of collagen
deposition to the mechanical changes is another open area of research. Some biomechanical studies have
quantified both biaxial mechanical properties and collagen/myo-fiber orientation in the ventricle (mouse
RV, infarcted LV) *>*'*7. However, how the collagen orientation or total amount is correlated with the
ventricular anisotropy or elasticity remains unknown. We recently exposed the ovine RVs to pressure
overload using a pulmonary artery constriction model. The chronic remodeling of the RV led to increased
collagen deposition. More interestingly, we observed a larger increase in type III collagen than in type I
collagen (unpublished data) (Fig. 1.7). Further investigations on the structure-function relations of the
ventricles in different physiological conditions will provide more insights into the role of fibrosis in heart

failure development.
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Fig. 1.7. Collagen accumulation in hypertensive ovine RVs. (A)—(B) Representative histology images of

the Picro Sirius Red staining of RVs in control and hypertensive groups, respectively; (C) Increase in type
III collagen in the hypertensive RVs. CTL: control; PAC: pulmonary artery constriction. ¥p =0.05 vs. CTL.

1.7 Clinical Relevance of Ventricular Mechanical Alterations

1.7.1 Significance of Ventricular Stiffening in Heart Failure

In chronic heart diseases, the myocardial structure and morphology changes lead to the stiffening of
the ventricles '"~'*'**132 These mechanical changes are considered as the changes in the passive mechanical
behavior of the tissue, which is often related to the diastolic dysfunction **'**. The stiffening of the ventricle

impedes the filling of blood during diastole and thus leads to an increased filling pressure (EDP) at the same
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chamber volume. This is a key mechanism for the progression of LV dysfunction, particularly in the heart
failure with preserved ejection fraction (HFpEF) '**!** It is further demonstrated recently that the increase
in passive stiffness proceeds the LV diastolic dysfunction '**. Consequently, reducing LV stiffness has
become one therapeutic target for HFpEF patients '*°. Ventricular stiffening also occurs in other conditions

7187 “and the former two conditions are well-

such as hypertension, aging and hypertrophic cardiomyopathy
known risk factors of heart failure.

In addition, the increased myocardium passive stiffness could result in an increase in stiffness during
the systolic contraction, which is why the age-related increases in Ees (ESPVR, the elastance at systole)
and EDPVR are correlated, regardless of the changes in arterial load ">. While Ees is considered as a
measure of ventricular contractility, it is possible that the systolic function of the ventricle is affected by
the passive stiffness. Indeed, reduced LV strains in longitudinal and circumferential directions have been
reported in HFpEF patients compared to the normal and hypertensive heart disease patients, which indicates
the stiffening of the LV. Furthermore, these strains were correlated to the LV systolic function (ejection
fraction) but not the diastolic function (E' or E/E'"), suggesting a link of the LV strain (indicator of stiffness)
with the systolic performance '*’.

Finally, the stiffening of LV could impact on the pulmonary circulation as well. Pulmonary edema and
elevation in pulmonary venous pressures are observed as a result of the backward transmission of elevated
left-sided pressures into the pulmonary circulation. This leads to the development of post-capillary
pulmonary hypertension (PH), which is commonly found in HFpEF patients '**. Therefore, both ventricles
become dysfunctional and this is probably why HFpEF is a more challenging type of heart failure to
manage.

RV stiffening is consistently observed in a variety of PH etiologies as well as left-sided heart failure.
Using non-invasive echocardiography, reduced RV longitudinal strains have been reported in pre-capillary
PH (pulmonary arterial hypertension) patients and PH patients with other etiologies '**'*!. Increased RV
stiffness was frequently reported in the preclinical studies of PH via the ex vivo tissue mechanical tests

94132 But the impact of RV stiffening in the ventricular performance is rarely investigated. Recently, a
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correlation of RV longitudinal elastic modulus and the end-diastolic volume (EDV) was found in rodent
RVs during PH development °. This is the first study to correlate the RV mechanics to the hemodynamic
function of the organ. In another study of patient-specific biventricular constitutive modeling, a ratio of
RVEDV/LVEDYV was found to increase with increased RV free wall stiffness in PH patients, and this new
index was strongly and inversely correlated with the RV peak contractility '**. A following study from the
same group suggested that this index can be used to estimate RV contractility *. Therefore, in both left and
right sides of the heart, the passive mechanical behavior is linked to the diastolic function as well as the
contractility of the ventricle. This suggests that the improvement in the tissue mechanics may be a

therapeutic target for heart failure patients.

1.7.2 Significance of Altered Ventricular Viscoelasticity in Heart Failure

The viscoelastic properties of the ventricle can impact on the in vivo function. To date, the discussion
of the relevance of ventricular viscoelasticity is mainly restricted to the diastolic function. Firstly, because
the viscoelastic property is strain-rate dependent and because the early and later diastole have different
filling rates, the diastolic viscoelasticity of the ventricle is time-dependent ****'**'#* Furthermore, evidence
have shown that the viscoelasticity of the ventricle changes from normal to diseased states. Increased
viscosity of the LV has been reported in different types of patients (severe aortic regurgitation, congestive
cardiomyopathy with preserved and reduced ejection fraction) with the dilated, hypertrophy LVs *%. Our
preliminary data in pressure-overloaded ovine RVs also showed an increased viscosity in both biaxial
directions compared to the healthy RVs (Fig. 1.6). While these data indicate a change of tissue
viscoelasticity in HF progression, the exact role of the viscous property in the ventricular function is not

well understood.

1.8 Knowledge Gaps

Ventricle dysfunction leads to high morbidity and mortality in heart failure patients. It is known that
right and left ventricles (RV&LV) are distinct in their embryologic origins, anatomies and functions, as

well as the pathophysiology of ventricular failure. However, how exactly the RV is distinct from the LV in
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their biomechanical properties remains incompletely understood. It is well accepted that the passive

mechanical properties of the ventricle are important for the diastolic function, and thus heart diseases with

a change in myocardial mechanical properties are often associated with diastolic dysfunction 7%

However, if and how much of the systolic function is affected by the passive mechanical properties remain
unclear. Furthermore, the prevalence of RV failure is significantly increased in the later stages of diseases
such as pulmonary hypertension (PH) and heart failure with preserved ejection fraction, and the clinical
management and treatment of RV failure are persistently challenging. This calls for a further understanding
of the mechanisms of RV failure including the biomechanical mechanism. In addition, ventricular tissues
are viscoelastic, which means both energy storage (originated from elasticity) and energy loss (originated
from viscosity) are present during the deformation. However, the investigation of ventricular tissue
viscoelasticity is much less than that of the elasticity, and it is largely unknown how the RV viscoelastic

behavior changes during RV failure progression and impacts on the physiological function of the chamber.

1.9 Special Aims

To fill these knowledge gaps, the overall goal of my study was to investigate the unique
biomechanical properties of the RV in its physiological and pathological functions using experimental and
constitutive modeling approaches. The Specific Aims are: 1) Develop the experimental protocols and
characterize ventricular tissue passive static and dynamic mechanical properties in both large and small
animals; 2) Adapted and performed constitutive modeling of ventricular tissue static and dynamic
mechanical behaviors; 3) Quantify the changes in RV biomechanics during the maladaptive remodeling
induced by pulmonary hypertension.
1.10 Significance

At the completion of my study, I established the ex vivo testing protocols and provided fundamental

data regarding static and dynamic mechanical differences between the healthy left and right chambers to
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delineate the unique biomechanical properties of the RV. I also adapted the constitutive models to capture

static and dynamic mechanical behaviors of the RV. Finally, I quantified the biomechanical changes of the

RV during the RV failure development and offered new insights in the contributions of the RV tissue

biomechanics to the organ function.

The findings were obtained from both large and small animals’ species, which are translational to

human diseases and a strong addition to the current literature of RV failure. More importantly, the

investigation on the viscoelastic (dynamic) mechanical properties of the RV and the changes of

viscoelasticity in RV failure progression is highly novel. The constitutive modeling of the RV biaxial

viscoelastic behavior is pioneering and unique in the computational study of the RV. In summary, this study

will deepen the understanding of the biomechanical mechanisms of RV failure and assist with the

development of new computational tools for diagnosis and treatment strategies.
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1.11 Outline

Figure 1.8 is the diagram for the overall goal and specific aims.

Characterization of the Unique Biomechanical Behavior of Right Ventricle Using Experimental and Constitutive Modeling Approaches

Experimental Characterization of Ventricle Tissue Passive Mechanical Propert
Aim1a ¥ Aim 1b ¥
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Fig. 1.8. Diagram for the overall goal and specific aims.




AIM 1: EXPERIMENTAL CHARACTERIZATION OF VENTRICLE TISSUE PASSIVE

MECHANICAL PROPERTY (CHAPTER 2 TO 4)

For my first Aim 1, it includes three chapters (Chapters 2 to 4). Within this aim, I developed the
mechanical testing protocols and characterized the baseline of the ventricle mechanical property by using
the healthy samples experimentally. Briefly, I firstly developed the mechanical testing protocols for both
large and small animals’ ventricle tissue (Chapter 2). These protocols were then applied to measure the
left and right ventricles (LV and RV) both passive static and dynamic mechanical properties at both sub-
physiological and physiological ranges, respectively (Chapters 3 and 4).

In the Chapters 3 and 4, I investigated the passive static and dynamic (viscoelastic) mechanical
behaviors for LV and RV, respectively. Our results supported that the healthy RV has different static and
dynamic (viscoelastic) mechanical properties than the LV. These two chapters were published as peer
reviewed research articles, more details can be found in these two chapters. Briefly, the findings within
these two chapters lay down fundamental information for RV mechanics and will aid in the understanding
of the unique biomechanical mechanisms or RV dysfunction. Furthermore, the findings on the viscoelastic

behavior will deepen the understanding of the biomechanical mechanisms of ventricular function.
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CHAPTER 2: DEVELOPMENT OF MECHANICAL TESTING PROTOCOLS FOR
VENTRICULAR TISSUE MECHANICAL MEASUREMENT FROM LARGE AND SMALL

ANIMALS

2.1 Protocols development

We firstly established the ex vivo methodology using biaxial mechanical test to quantify ventricle
static and dynamic (viscoelasticity) mechanical behaviors in large and small animal subjects under sub-
physiological and physiological ranges. Figure 2.1 shows the previous and current testing systems. The
system on the left side of the Figure 2.1 was the one that been used to test the larger animal ovine RV. Due
to the limitation of the testing frequency, we further developed the testing system with the capacity of the
testing frequency up to 10Hz (right side of the Fig. 2.1) to test the small animal rat RV. After we obtained
the data, I also revised and developed the protocols to perform the post analyzing. More details can be found

in the appendixes.

Briefly, we isolated the ventricles and performed the biaxial test within 6 hours after we received
the hearts for ovine heart and within 3 hours for rat heart. Sample was put in the cardioplegic solution (CPS)
combined with the 30 mM of 2,3-butanedione monoxime (BDM) solution before the mechanical test.
Outflow track direction was defined as the longitudinal (L) direction and its perpendicular direction was
treated as the circumferential (C) direction (Fig. 2.2). For larger animal ovine, around 25mm by 25mm by
3mm (length, width and thickness) samples were then cut from different layers of the ventricle such as
epicardial layer and myocardium. For small animal rat, the entire RV was used. Sample was then tested
either under air with room temperature or immersed in the solution with body temperature. Different stretch
ratios (L:C 2:2, 1:2 and 2:1), and different testing frequencies (0.1 to 1Hz (ovine) or 0.1 to 8Hz (rat)) were
included. Preload was induced and preconditioning was performed before we obtained the data and resting
period was included between each test. After biaxial test, stress relaxation test with five different stretch

levels (3, 6,9, 12 and 15%) was performed and we stretched two directions equally with the ramping speed
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same as the speed for the 1Hz biaxial test, and more than 100s for the resting time. For the detailed testing

protocol, please refer to Appendix A.

=

Fig 2.1 Previous (left) and current (Right) ex vivo biaxial testing system.

Fig. 2.2 Representative photo of an ovine fresh heart for the direction’s definitions. (A) by using a cruciform
testing sample. (B) by using a square form testing sample. L: longitudinal direction and C: circumferential
direction.

After we obtained the raw data, we performed Digital Image Correlation (DIC) and synchronization
analysis to generate the final stress-strain curves for the final tissue mechanical property characterization.
For more details about the DIC and synchronization method, please refer to Appendix B. For the
methodology of the characterization of the tissue mechanical property, please refer to the method sections

in each chapter.
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2.2 Achievements and key notes

Furthermore, during the development, we tested sample under both room temperature and room air
with spray of physiological saline solution (PBS), and under body temperature and immersed in the solution,
interestingly, we did not observe significant changes for the loading stress-strain curves between these two
testing conditions for the tissue static mechanical property (Fig. 2.3). We started testing sample with
cruciform (Fig. 2.2A), which aimed to reduce the shear deformation. However, we switched to the square
form (Fig. 2.2B) for the mechanical testing since the cruciform may introduce many artifacts for the

ventricle tissue.
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Fig. 2.3 Comparison of the average stress-stain curves obtained from different testing conditions. (A-B)
stress-strain curves for the LV at longitudinal and circumferential directions, respectively. (C-D) stress-
strain curves for the RV at longitudinal and circumferential directions, respectively.

Lastly, the key points in the protocol for the ventricle static and dynamic (viscoelasticity)
investigation are 1) sample should be cut as small and thin as possible for the large animal tissue; 2) immerse
in the solution and test under body temperature; 3) enough preconditioning before obtaining the data and

enough resting period between each test and 4) test the sample under physiological frequency range.

The established protocols were used to test 30+ ovine and 30+ rat hearts, which led to the published
peer reviewed research articles, conference abstracts and the articles under progression. For more details,

please refer to the coming chapters.
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CHAPTER 3: DIFFERENT STATIC BIAXIAL MECHANICAL PROPERTIES OF THE

RIGHT AND LEFT VENTRICLES IN HEALTHY ADULT OVINE 2

3.1 Introduction

In both the U.S. and worldwide, structural heart diseases (SHDs) are the leading cause of death.
The progression of SHDs is associated with unique ventricular biomechanical alterations that affect either
single or double sides of the ventricles. Diastolic dysfunction is common in many SHDs and confers poor
outcome in both the left and right ventricular diseases including heart failure with preserved ejection
fraction and pulmonary hypertension. Despite the development of modern therapies, effective treatments
for diastolic dysfunction in heart failure patients remain limited. As diastolic dysfunction is directly
influenced by the passive biomechanical behavior of the myocardium, a detailed knowledge of this behavior
could facilitate developing new therapeutic targets and personalized treatment approaches for diastolic
dysfunction. Although several studies have characterized the passive biomechanics of the myocardium '*°,
these studies often focus on either the left or right ventricle and the key question of how different the passive
behavior of the two ventricles remains unanswered. This question becomes very important as often
therapies that work for left ventricle (LV) failure patients (e.g., valsartan and pirfenidone) do not achieve

151-153

similar effectiveness in the right ventricle (RV) failure patients , which indicates that different failing

2 This chapter is published as a peer reviewed research article in the Frontiers in bioengineering and biotechnology
(doi.org/10.3389/fbioe.2022.857638).
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mechanisms, stemming from differences in baseline biomechanical behavior, exist between the ventricles
and calls for the development of chamber-specific treatment.

Under physiological conditions, the LV and RV experience dramatically different hemodynamic
environments: while the LV experiences a high pressure, high resistance and low compliance circulatory
system, the RV experiences a low pressure, low resistance and high compliance circulatory system. The
RV has been long considered as a ‘compliant” chamber compared to the LV because of its larger chamber
compliance, an extrinsic mechanical property calculated by AV/AP over a cardiac cycle (i.e., the ratio of
volume change to pressure change from end-diastole to end-systole). However, whether their intrinsic
mechanical properties such as elastic modulus differ from each other remains a knowledge gap '>*'*°.
Moreover, in hypertensive remodeling, the RV can face as high as ~5-fold increase of afterload under
pulmonary hypertension, but the LV only faces a ~1.5-fold increase of afterload in systemic hypertension
155157 Different baseline mechanics and mechanical afterloads may be responsible for the poor adaptation
of the RV to pressure overload compared to the LV '**!*°. The RV also has been shown to have a higher
collagen content (key contributor to ventricular biomechanics) than the LV '®, which suggests that the
extracellular matrix remodeling may be different for each chamber. Therefore, it is crucial to investigate
the baseline biomechanical differences between the ventricles to further delineate the different mechanisms
of and subsequent treatment for LV- vs. RV-associated SHDs.

To date, there are only a few studies directly comparing the mechanical properties of the LV and

RV. Among earlier studies, Humphrey et al. reported the equibiaxial mechanical behavior of the canine

epicardium tissues . The stress-stretch curves were similar between the LV and RV: the tissues were
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isotropic at low strains and became stiffer and anisotropic at high strains. But there was no further analysis
of the elastic properties. Later, the canine RV biaxial properties were measured and compared with the
literature LV data by Sacks et al. ’. Their data, as well as the human myocardium data from Fatemifar et
al. *?, both suggested a stiffer RV compared to the LV in the main fiber direction. Javani et al. *® and
Kakaletsis et al. '®' measured adult ovine hearts by equibiaxial and multi-modal uniaxial
tensile/compression and simple shear mechanical tests, respectively. These studies reported a stiffer
material property of the LV than the RV in the main fiber direction. This finding is contradictory to the

former studies. Recently, human ventricles were examined by Sommer et al. '*®

and the results suggested a
stiffer RV than LV, although the sample size was small (n=3 for RV). Since both human studies included
samples from patients with and without cardiovascular diseases, the baseline information of healthy
ventricles still remains unclear. Finally, healthy neonatal porcine hearts were examined by Ahmad et al. '®
and the RV was shown to be stiffer than the LV in the main fiber direction in the developing myocardium.
However, the ventricular wall is different in functionality and structure between the neonate and adult '+,
Therefore, the mechanical difference between the RV and LV in healthy adults remains inconclusive.

The lack of baseline biomechanics data for LV and RV and particularly in large animal species has
limited the expenditure of cardiac research in two main fields. Firstly, ventricular passive biomechanical
properties can serve as a benchmark for image-based inverse modeling technologies to non-invasively
estimate myocardial properties in the RV and LV #6167 The image-based inverse model technology

offers a promising platform to measure tissue-level stiffness and decouple fiber-level contributors to this

stiffness. The information derived from this approach can significantly improve the diagnosis and prognosis
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that are solely based on global functional metrices (e.g., end-diastolic pressure-volume relation). Second,
the design of biomaterials for cardiac tissue engineering and regenerative medicine encompasses a wide
range of substrate elasticity from sub- to supra- physiological stiffnesses (20 kPa to 92 MPa), as we recently
reviewed ', There are two layers of problems here. The biomaterial stiffnesses are oftentimes outside of
the physiological range of myocardium stiffness, and most studies used the benchmark of LV stiffness,

which leads to the lack of RV-specific therapy development '°®

in this rapidly expanding research field.
With the persistent need to establish computational tools for the estimation of large animal
(including human) cardiac biomechanics and to guide cellular and tissue bioengineering research, the goal
of this study is to compare the biomechanical properties of the LV and RV in healthy adults. We hypothesize
that the adult healthy LV and RV have distinct passive anisotropic biomechanical properties. Sheep were

1% than small animals,

chosen for their closer similarities to adult human anatomy, function, and physiology
and thus the findings are more translatable to human cardiac biomechanics. We measured the passive
biaxial properties of ovine LV and RV and quantified collagen distribution in the tissues. Moreover, there
is increasing agreement that a constitutive model that incorporates the microstructural information has
greater potential to characterize the heterogenous mechanical behavior of myocardium '"!'”'. Equibiaxial

15572 and a structurally informed model '"° with

data were then fitted to a four-parameter Fung type mode
additional measurements from serial histology sections on the myo-/collagen fibers, separately. Our results
indicated significant discrepancies between anisotropic behaviors of the LV and RV (relative to OT

coordinates) that were concisely described by the anisotropic parameter K derived from the Fung type

model. The structurally informed model indicated stiffer collagen fibers in the LV than the RV, which
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awaits further investigation. Furthermore, the elasticity at low strains was correlated with type III collagen
content in both ventricles. These findings advance the fundamental understanding of the differences
between LV and RV biomechanics, which can be used to guide cardiac tissue engineering and regenerative
studies with chamber-specific mechanical environments and to develop the image-based inverse modeling
technologies to non-invasively estimate myocardial properties in the ventricles.
3.2 Material and methods
3.2.1 Tissue sample preparation

Fresh hearts (n=11) were obtained from 4+ year-old female sheep with no known cardiovascular
disease or defects after the animals were euthanized for unrelated studies. Within four hours of sacrifice,
the tissues were immersed in physiological saline solution (PBS) at room temperature until mechanical
testing '™, The outflow tract (OT) direction was used as the longitudinal direction as in previous studies
91747176 A cruciform section (total dimensions: 30x30 mm; center square dimensions: 20x20 mm) was cut
from each ventricle in a similar anatomic region (anterior free wall, with similar distance to the apex and
base) and free of fibrotic deposition (Fig. 3.1). For both ventricles, we used the middle layer for mechanical
tests after cleaning of the endocardial and epicardial surfaces, including the removal of papillary muscles
and trabeculae. The tissue thickness was ~3 to 4 mm in all testing samples to achieve negligible shear

deformation requirement for the biaxial test '’

33



Fig. 3.1. A representative image of the ovine heart with the labeling of the outflow (OT, longitudinal)
direction for each ventricle.

3.2.2 Biaxial testing

The sample was then mounted onto an in-house biaxial tester and then ex vivo mechanical tests
were performed at room temperature, with a regular spray of PBS solution to keep the tissue moist. Prior
to testing, graphite powder (AGS, MI) was dusted onto the sample for strain characterization. Before testing,
approximately 0.1 N of force was applied to pre-load the tissue in both directions. Next, biaxial testing was
performed at two different displacement ratios (longitudinal:circumferential) in random order (2:1 and 1:2)
and then at an equibiaxial test (2:2). The first ratio test was completed with 15 cycles including
preconditioning cycles. The following ratios’ tests were completed with 8 cycles per ratio. Finally, the first
ratio test was repeated to confirm that no tissue damage occurred. Data acquisition was performed with an
in-house LabVIEW program '”’.

Each sample underwent a maximum of 25% strain following the reported physiological strains '7

and the maximum strain rate was 1% s'. Sample images were taken with a CCD camera (Nikon) at 1 fps
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and tissue deformations were obtained by digital image correlation '”’. The digital image correlation was
applied to the region of interest (ROI), which was the central, square-shaped region far enough from the
boundaries, and we have verified that the deformation in the ROI was nearly homogeneous. The Cauchy
(o) and the second Piola-Kirchhoff (P-K) (S) stresses, and Green strain (E) were calculated for each
direction (o0 = A;P, S =P/A;,, and P = F /Ay, E = %(Aiz — 1), where F is the measured force, P is the
engineering stress, Ay is the initial cross-section area, and A; is the stretch in the i = L, C direction with L
and C subscripts denoting the longitudinal and circumferential directions, respectively), where the width
and thickness were the original dimensions at no load. The elastic moduli (M) were derived as the slopes
of the stress-strain curves at the low and high strain ranges (i.e., the first and last 20% of the loading stress-
strain curve) °. Then, the ratio M/e in the low or high strain range was used to assess the modulus (M)
normalized by the maximal Green strain (€) in the corresponding strain range and the respective direction
175.
3.2.3 Collagen content measurement

After biaxial testing, the samples were fixed in 10% buffered formalin and embedded in paraffin
for collagen content measurement. In some samples (n=3 for LV and n=4 for RV), the tissue blocks were
further sectioned into 4-8 serial sections (~125 pum apart) from the epicardial to endocardial side and stained
for fiber orientation measurement.

The tissue slices were stained with Picrosirius Red (PSR) and imaged and analyzed via a
transmission microscope (Nikon Eclipse E800) and Image Pro Premier software (Media Cybernetics,

Rockville, MD) for collagen content quantification. For each sample, three regions were randomly selected
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under polarized light microscopy. An image thresholding method in which yellow, green, brown and dark

blue colors were chosen to represent type I collagen, type III collagen, ground matrix and muscle,

respectively. The amounts of type I and III collagen were quantified as the area percentage to total tissue

area, and the amount of collagen content was quantified as the total area percentage of type I and I1I collagen

129,179

We further performed immunohistochemistry (IHC) to LV (n=4) and RV (n=4) samples to confirm

the area fraction measurement of type III collagen in PSR staining slides. Tissue samples were stained with

rabbit polyclonal anti-human collagen III antibody (1:500 dilution, ab7778, Abcam, Cambridge, United

Kingdom). Image thresholding via ImageJ (U.S. NIH, Bethesda, Maryland) was used to determine the area

fraction of collagen III.

3.2.4 Statistical analysis

Comparisons between directions (longitudinal versus circumferential) were performed with the

Wilcoxon signed-rank test for the paired equibiaxial data. For all other statistical comparisons, the Mann-

Whitney U test was used for the unpaired data. Pearson correlation analysis was performed to investigate

the correlations between the modeling parameters or collagen content and mechanical properties. All

analyses were performed in GraphPad Prism (v8.0.2). Data are presented as mean + SEM and p<0.05 was

considered statistically significant.
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3.3 Results
3.3.1 Differences in elastic behaviors along each direction

The average stress-strain curves from equibiaxial tests are shown in Fig. 3.2. The curves for the
LV were leftward of the curves for the RV in the longitudinal direction (Fig. 3.3A), indicating a stiffer
mechanical property of the LV in this direction. The opposite behavior was observed in the circumferential
direction (Fig. 3.3B), indicating a stiffer mechanical property of the RV in this direction. Similar behavior
was observed from the stress-strain data from non-equibiaxial tests.
We further investigated the elastic moduli at low and high strain ranges, which typically represent the
mechanical behavior of myofibers and collagen fibers, respectively. At the low strains, the ventricles
presented similar properties except that the LV showed a higher circumferential M than the RV for the non-
equibiaxial tests (Fig. 3.3B, p=0.052). At the high strains, the LV had a higher M or M/e than the RV in

the longitudinal direction, whereas the RV had a higher M or M/e than the LV in the circumferential

direction (Fig. 3.3).
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Fig. 3.2. Average equibiaxial stress-strain curves in the longitudinal (A) and circumferential (B) directions

in the LV and RV (n=7 per group). The shaded area is the standard error of the stress data, and the dash

line is the standard error for the strain data.
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3.3.2 Differences in anisotropic behaviors

We compared the M and M/e between the two axes to examine the anisotropic behavior of the tissue.
For the LV, the M and M/e in the circumferential direction were significantly smaller than those in the
longitudinal direction (Fig. 3.3D), indicating that the LV was stiffer in the longitudinal direction. In contrast
for the RV, the M and M/e in the circumferential direction were higher compared to the longitudinal
direction (Fig. 3.3D), suggesting that the RV was stiffer in the circumferential direction. Therefore, the LV

and RV had different anisotropic behaviors.
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Fig. 3.3. (A-B) Elastic moduli (M) of LVs and RVs from the equibiaxial (A) and non-equibiaxial tests (B).
(C-D) Strain-weighted elastic moduli (M/€) of LVs and RVs from the equibiaxial (C) and non-equibiaxial
tests (D). For the equibiaxial tests, n=7 per group; for the non-equibiaxial tests, LV, L: n=4; LV, C: n=5;
RV, L: n=7; RV, C: n=6. *: p < 0.05 comparison between the directions and &: p < 0.05 and &&: p < 0.01
for comparison between the ventricles.
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3.3.3 Collagen content correlated with low-strain or high-strain elasticity in all ventricles

Next, we examined the difference in collagen content between the LV and RV. There were trends
of higher total collagen and type I collagen contents in the RV compared to the LV (Fig. 3.4A, p<0.1). Our
immunohistochemistry measurement of collagen III isoform agreed with the polarized light PSR
measurement in collagen III. Furthermore, we observed a significant correlation between type III collagen
percentage and the longitudinal M (My) at the low-strain range in all samples (Fig. 3.4B, p<0.05). In
addition, we observed a significant correlation between the total collagen and circumferential M/e at the
high-strain range (Fig. 3.4C, p<0.05). The complete results of all correlations between the collagen content

and mechanical properties of the LV and RV are summarized in Table 3.1.
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Table 3.1. Summary of all correlation results between the collagen content and the mechanical properties

of all LV and RV samples.
M M/e M M/g M M/e M M/e
Low_L Low_L High_L High_L Low_C Low_C High_C High_C

Col I NS NS NS NS NS NS NS p=0.07

Col 111 * NS NS NS NS NS NS NS
Col T NS NS NS NS NS NS NS *

Col I, Col IIT and Col T are the collagen type I, III and total collagen, respectively. L and C are

longitudinal and circumferential directions, respectively. NS: no significance, and ": p<0.05.

3.4 Discussion

In this study, we aimed to compare the passive biaxial mechanical properties of the LV and RV in
healthy adult ovine. We found that (1) the LV and RV had different anisotropic behaviors, with the LV
being stiffer in the longitudinal (OT) than circumferential (cross-OT) direction and the RV showing the
opposite result; (2) the RV was more compliant than the LV in the longitudinal direction, and was stiffer
than the LV in the circumferential direction; (3) the anisotropic parameter K derived from the Fung type
model provided consistent finding in the opposite anisotropy of LV and RV as observed experimentally;
(4) using the structurally informed model, the LV was predicted to have stiffer collagen fibers than the RV
(5) the type III collagen played an important role in the longitudinal elasticity in all ventricles, especially at
the low strain range. These findings provide fundamental information on the biomechanics of the LV and
RV, which is valuable for the design of tissue and regenerative engineering studies and the development of
image-based inverse modeling technologies to non-invasively estimate myocardial properties.
3.4.1 Different anisotropic behaviors between the LV and RV

Both the LV and RV are reported to present anisotropic behaviors in prior studies, but the

anisotropic behavior is inconsistent even within the same animal species. For instance, studies have found
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the healthy rat RV is stiffer in the longitudinal compared to circumferential direction '"*'7®, These findings
are supported by longitudinal stress-strain curves being shifted leftward relative to the circumferential

stress-strain curves in rodent RV 3¢

. However, another study reporting the low and high strain M’s suggests
that the rat RV was stiffer in the circumferential compared to longitudinal direction, and the difference
reversed and became larger in pulmonary hypertensive animals °. These studies used the same (anatomical)
coordinate system as in the present study, yet the anisotropic behavior of the RV still remains inconclusive.
Moreover, it is unclear if the small and large animal species share similar anisotropic behaviors in the
myocardium, and thus it is imperative to investigate the biaxial properties in large animal species
independently.

In this study, we found that the ovine LV and RV had different anisotropic behaviors: the L'V had
larger M in the longitudinal direction compared to the circumferential direction, whereas the RV had the
opposite trend of difference between these directions. The anisotropy parameter K derived from constitutive
modeling was significantly correlated with the experimental data, confirming the different anisotropic
behaviors. We speculate that the reason for this difference is the different need to facilitate blood filling
and ejection in each ventricle. The LV is more conically shaped and is comprised of helical fibers that
allows it to deform more circumferentially during cardiac cycles (majority of LV contractility occurs due
to circumferential shortening); in contrast, the RV is crescent shaped and is comprised of wrap-around
transverse fibers that deforms more longitudinally (majority of RV contractility occurs due to longitudinal

shortening) '"'*2, Thus, our findings show a more compliant passive mechanical property of the wall in the

main axis of cyclic deformation for both ventricles, which suggests that passive elasticity is maintained at
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a low level to reduce the elastic ‘resistance’ and facilitate blood filling (as well as ‘pumping’ potentially).
The understanding of the differences in baseline anisotropy between the two ventricles will help to develop
chamber-specific therapies aimed at reducing wall stress along the main axis of deformation.

3.4.2 Different elasticity at each axis between the LV and RV

To date, discrepant findings are reported on the comparison of elasticity of the LV and RV. Please
note that the intrinsic mechanical property measurements should be distinguished from the general
‘consensus’ that the RV is a more compliant chamber (an extrinsic mechanical measurement). In human
myocardium, the RV tissue tended to achieve higher wall stresses in both biaxial axes compared to the LV
tissue, but whether the difference reached statistical significance is unknown '*>. In contrast, various
mechanical tests (biaxial test, triaxial shear test, uniaxial tensile/compression tests) on healthy ovine hearts
showed that the LV was ‘overall’ stiffer compared to the RV *'®! Another recent study characterized
neonatal porcine ventricles and found no difference between LV and RV stress-strain curves nor peak
engineering stress '®. Hence, although all these studies used a different definition of biaxial axes (the main
fiber and cross-fiber coordinate system), it remains unclear if the LV and RV have distinct intrinsic elastic
property and how different they are.

The present study is the first investigation on the biaxial behavior of the ventricles in large animal
species using an anatomical coordinate system (more adopted in the RV research area). Our results showed
that the RV was stiffer than the LV in the circumferential direction, and the opposite trend of difference
(i.e., LV was stiffer than the RV) was shown in the longitudinal direction (Figs. 3.2&3.3). Because of the

different trends of comparison at different directions, it is not appropriate to simply conclude that the ‘LV
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is stiffer than the RV’ or vice versa at the tissue level. Moreover, the heterogenous organization of myofiber
layers and the nonlinear, anisotropic nature determine that one cannot refer to a single value of mechanical
parameter (e.g., elastic modulus) to describe the myocardium. Unfortunately, such knowledge has not been
well recognized by emerging fields like cell and tissue engineering for cardiac research. There are also
mixed citations of ‘tensile’ and ‘compressive’ elastic modulus to represent the stiffness of myocardium. As
a result, a variety of elastic moduli (from ones of kPa to tens of MPa) has been adopted for the matrix or
bioscaffold to simulate ventricles in the tissue engineering or mechanobiology studies '°*'®. Lastly, there
is no distinction between the LV and RV tissue mechanics due to the lack of knowledge of baseline contrasts
of their biomechanical properties. Our data provides fundamental information on the LV versus RV passive,
anisotropic mechanical behaviors. The data collected on large animal species further offers valuable data
for translational applications in exploring mechanically regulated disease mechanism and/or regenerative
therapy. We highly recommend future studies to incorporate the anisotropic, nonlinear elastic behavior of
myocardium into considerations to better mimic in vivo conditions.
3.4.3 Correlations between collagen content and ventricle elasticity

In this study, we also found novel correlations between collagen and ventricular biomechanics.
Firstly, we observed a trend of higher collagen content including type I collagen in the RV compared to the
LV. This is consistent with the prior report of collagen content in human LV and RV determined from
hydroxyproline assays '®‘. Second, although type I collagen is the most abundant type of collagen in

185

ventricles '*, the type III collagen content was significantly correlated with the M; in all ventricles and at

low strains (Fig. 3.4B, p<0.05). This indicates that the longitudinal elasticity partly stemmed from type III
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collagen recruitment. It is known that type III collagen is mesh-like in structure and more compliant than
fibrillar type I collagen '*, but how these fibers are recruited during the nonlinear deformation is unclear.
Our data suggest that the type III collagen may play an equally important role as myofiber in low-strain
tissue mechanics, which is key to ventricular diastolic function °. It is also possible that type III collagen is
recruited earlier than type I collagen and presents a similar role as elastin in vascular tissues. Lastly, the
total collagen content was significantly correlated with the circumferential M/¢ in both ventricles and at
high strains (Fig. 3.4C, p<0.05). The strong influence of collagen fibers in high-strain elasticity is likely
the outcome of more fully recruited collagen at larger deformation.
3.4.4 Limitations

Several limitations were present in the study. Our samples were from female ovine. Sex differences
have been found in ventricular function in both physiological and pathological conditions ', but its effect
on the myocardium mechanical property has not been reported. Next, the middle portion of the ventricles
were tested to fulfill the plane stress requirement in biaxial test. This was viewed as standard for biaxial
tests of myocardium '”. But it resulted in an incomplete characterization of tissue mechanics and transmural
fiber orientation, especially in the LV wall. Such limitation is not rare for ex vivo mechanical measurement

of myocardium from large animals or human patients due to a large tissue size. Prior studies typically

42,56,162 56,163

sectioned the LV into two or three layers or at different anatomical regions , and then performed
the biaxial tests. However, the entire ventricle’s mechanical behavior is ‘interrupted’ by sectioning.

Therefore, the full description of mechanical properties of the LV (or hypertrophied RV) would require the

development of in vivo computational modeling using intact, complete structural information of the patient.
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Third, the samples were sectioned in cruciform shape and mounted by clamps in our biaxial tests, similar

173

to a prior rat RV study ""°. We chose this method based on a prior examination of our in-house biaxial

system on brain tissues '”’. The impact of sample shape and mounting method on biaxial tests has been

explored by Sun et al. '’

. We acknowledge that our methodology is different than other studies with square
samples and sutures mounting, but an examination of the strain data indicates relatively homogenous
deformation in the center region of the tissue. Thus, we expect that the discrepancy induced by this
methodology should be minimal. Furthermore, we tested the samples at room temperature with a regular
spray of PBS rather than immerse the tissue in a relaxant solution at body temperature. We investigated the
effects of these testing conditions on the passive mechanical properties by using extra ventricles. We
compared the stress-strain curves and observed no significant changes of the mechanical behavior between
these two conditions.

Lastly, myocardium is a nonlinear, orthotropic, and viscoelastic material. In order to fully
characterize the mechanical property, the combination of shear and biaxial tests and the inclusion of
viscoelasticity measurement are recommended '®*'*¥. Nevertheless, the ex vivo planar biaxial test is still

widely performed in cardiac mechanical testing '*

, and it provides an initial examination of passive
mechanical properties that are independent of physiological conditions such as in vivo pressure and volume,
heart rate, sympathetic nervous stimulation, etc. The study of biaxial planar mechanics is critical to
understand RV diastolic function as the deformation replicates the physiological motion **'**!*!_ The
relatively simple testing protocol minimizes the testing time to ensure tissue viability '”"'", Therefore, this

method remains common to characterize myocardium passive properties **4%36-163.176.180.192.193

45



3.5 Conclusions

In this study, we examined the biomechanical differences between healthy LVs and RVs in adult

ovine. We observed differences in the anisotropic behavior between the LV and RV, with the LV being

stiffer in the longitudinal (OT) direction and the RV being stiffer in the circumferential (cross-OT) direction.

Interventricular comparison showed that the RV was more compliant than the LV in the longitudinal

direction and was stiffer than the LV in the circumferential direction, which suggests different impacts of

passive mechanics of these ventricles on the blood filling during diastole. Moreover, type III collagen

content was correlated with the low-strain elastic moduli in the longitudinal direction in both ventricles.

Our findings provide significant insights for guiding cardiac tissue engineering and regenerative studies

and call for the development of RV-specific therapy based on its unique biomechanics. In addition, our

results can serve as a benchmark for image-based inverse modeling technologies to non-invasively estimate

myocardial properties in various types of heart failure patients.

46



CHAPTER 4: DIFFERENT DYNAMIC BIAXIAL MECHANICAL PROPERTIES OF THE

RIGHT AND LEFT VENTRICLES IN HEALTHY ADULT OVINE 3

4.1 Introduction
Despite the advances in modern management, heart failure leads to high mortality and morbidity

in the U.S. as well as worldwide. More than 5 million Americans have heart failure !

, and ventricular
dysfunction, which includes both left and right sides of the heart, is the most common cause of heart failure
leading to high mortality and morbidity '>. The biomechanical properties of the ventricle are considered to
have an impact on its organ function, and recently a correlation of right ventricular (RV) elasticity and
diastolic function has been reported *'°.

3! This indicates that the tissue’s mechanical

Biological tissues are known to be viscoelastic
behavior is strain and strain-rate dependent, and there is energy loss during the deformation due to the
internal friction (viscosity). However, most previous studies on ventricular mechanics have focused on the
static mechanical property — elasticity **°*3*>"16217* que to the lack of experimental evidence that passive
myocardium is viscoelastic. Recently, a number of studies have reported significant hysteresis responses to
shear tests or cyclic biaxial/triaxial tensile tests from passive myocardium in adult pigs (LVs only) ', adult

human (LVs and RVs) ' and neonatal pigs (LVs and RVs) '®. But none of these preclinical studies

provided a comparison of viscoelastic behavior between LVs and RVs in healthy adults. In the study of

3 This chapter is published as a peer reviewed research article in the Journal of biomechanical engineering (doi:
10.1115/1.4052004).
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adult human myocardium '*

, the samples were from a variety of patients with and without heart related
diseases, and thus the comparison between healthy LVs and RVs was unavailable. Therefore, while it is
accepted that the LV and RV are different in its embryologic origin, anatomy and function '**, whether and
how they distinguish in the anisotropic and viscoelastic properties remain unclear.

The goal of the study was to investigate and compare the passive viscoelastic behavior of the LVs
and RVs in healthy adults. Specifically, we hypothesize that the healthy, adult LV and RV free wall have
different viscoelastic behaviors. To test the hypothesis, ex vivo mechanical tests including cyclic biaxial
tensile mechanical tests and stress relaxation were performed in healthy adult sheep ventricles. We found
that the RV had more pronounced frequency-dependent changes in viscoelasticity than the LV. Under the
physiological frequency (1Hz), the LV was more anisotropic in its elasticity and stiffer than RV in both
directions, whereas the RV was more anisotropic in its viscosity and more viscous than the LV in the
longitudinal direction. Furthermore, we found that the LV was quasi-linear viscoelastic in the longitudinal
direction only, whereas the RV was non-linear viscoelastic in both directions. To our knowledge, this is the
first study to compare the passive, biaxial viscoelasticity of the LVs and RVs in healthy adults. Our findings
on the dynamic mechanical behavior will improve the understanding of ventricular biomechanics and

function in pulsatile hemodynamic conditions.

4.2 Material and methods

4.2.1 Specimen preparation

Fresh hearts (N=8) were obtained from 36+ months old female sheep with no known cardiovascular
diseases from unrelated studies. The hearts were placed in cardioplegic solution (CPS) on ice to maintain
tissue viability ' and mechanically tested within 4-6 hours after tissue harvest. The outflow tract (OT)
direction was marked as the longitudinal direction (0°) and its perpendicular direction was denoted as the
circumferential direction (90°) (Fig. 4.1) *>>'"*1% We chose this coordinate system because it provides
more consistent and reliable coordinate reference than the fiber/cross-fiber coordinates and it is less

dependent on the location of tissue samples harvested from the curved ventricular walls. Prior to the
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mechanical tests, square samples (25mm x 25mm) were cut from the same anatomical location (near apex)
on the epicardial side of the ventricular free wall (~3mm of thickness) (Fig. 1) , and then placed in CPS
combined with 30 mM of 2,3-butanedione monoxime (BDM) 7196 at body temperature (37°C) for at least
30 minutes to ensure muscle relaxation. The tissues were immersed in the same solution at body temperature

during the mechanical tests.

r—

Fig. 4.1. Left: Representative photo of a fresh ovine heart. Testing samples were sectioned from the
epicardial side of each ventricle’s free wall. The longitudinal direction was determined by the outflow tract
(OT) axis of each ventricle. Right: Diagram of the sample extraction in the transmural section. L:
longitudinal direction, C: circumferential direction, T: transmural direction. White squares (left) and red
rectangles (right) denote the different views of samples used in the mechanical tests.
4.2.2 Cyclic biaxial tensile mechanical test

After mounting, the samples were preloaded by approximately 0.1 N and then underwent 15 cycles
of equibiaxial stretch at the speed of 8 mm/s for preconditioning. Next, equibiaxial mechanical tests (with
the maximal strain ~20%) at the cycle frequency of 1, 0.1 and 0.01Hz were performed, which included the
quasi-static and physiological frequency ranges as a healthy adult sheep’s heart rate is about 65 to 80 beats
per minute '”’. Between each test, a resting time, which was ten times that of the testing period, was included
to ensure that the tissue was fully recovered from the previous test *****. Deformations of the graphite powder
speckled samples were tracked with a digital camera (Nikon, Tokyo, Japan), and the strain was derived by
digital image correlation using in-house MATLAB codes. Biaxial stretch forces were obtained by 50 1b

load cells (Honeywell Sensotec, Columbus, OH) at a sampling frequency of 100 Hz.

The second Piola-Kirchhoff stress (s = /A, and 0 = F /A, where F is the force, Ao is the initial

. . . 1
cross-section area, and A is stretch ) and Green'’s strain (¢ = > (A% — 1)) were calculated from the last cycle
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of the stress-strain data, and the hysteresis loops were analyzed to quantify the elastic and viscous
mechanical properties. For the elasticity (or stiffness) measurement, the elastic moduli (EM) were derived
as the slopes of the stress-strain curves at the low and high strain ranges (i.e., the first and last 20% of the
loading stress-strain curve) (Fig. 4.2A), and the strain-weighted elastic moduli (EM/¢) were calculated as
the EM divided by the maximal strain of the corresponding strain range where EM was derived. The tissue
viscosity was measured by the dissipated energy (W), the area within the hysteresis loop, and the loop
width (a) at the 50% of the maximal stress (omia) (Fig. 4.2A). Furthermore, the stored energy W, was
calculated as the area beneath the unloading curve (Fig. 4.2A), and the damping capacity was calculated as
Wa/(Wa+ W) "%,
4.2.3 Stress relaxation

Next, equibiaxial stress relaxation at five different strain levels (3, 6, 9, 12, and 15%) with the ramp
rate of 8 mm/s were performed. From the original stress relaxation data, we derived the relaxation modulus
as the stress divided by the strain as a function of time, and the normalized stress curves as the ratio of the
stress to the maximal stress (6/omax) as a function of time. The relaxation modulus and the normalized stress
data at 0.01s and 100s of relaxation were used to indicate the tissue viscoelasticity (Fig. 4.2B). Furthermore,
the logarithmic scale was plotted for the time and stress, and the relaxation rates were calculated as the
slopes of the linear fitting to the logarithmic plots using least square analysis. The goodness of the fit was
examined by the R* value. The calculated relaxation rates were used to determine the type of the tissue
viscoelastic behavior, where a non-linear viscoelastic behavior is indicated if the relaxation curves from

multiple magnitudes of input strains are not parallel (i.e., to have different slopes) '****,
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Fig. 4.2. Viscoelastic properties derived from the experimental (A) stress-strain hysteresis loop and (B)
original or normalized stress relaxation curve.
4.2.4 Statistical and correlation analyses

For simplicity, we referred to the epicardial side of the LV and RV as the “LV and RV” in our
results and discussions below. Data were presented as mean + SEM. All data were analyzed by the non-
parametric paired Wilcoxon test (GraphPad v8.0.2). Pearson correlation analysis was used to investigate
the correlations between different viscoelasticity indices derived from the stress relaxation and cyclic
biaxial tensile mechanical tests, the relationship between the relaxation modulus and dissipated energy, and
the interdependence between the viscoelastic indices derived from the dynamic test (GraphPad v8.0.2).
MATLAB (R2019b) was used to perform the fitting in the log scale plots. P < 0.05 was considered
significant.
4.3 Results
4.3.1 Different frequency-dependent behaviors between the LVs and RVs

Firstly, we compared the average longitudinal or circumferential hysteresis loops at different testing
frequencies (Fig. 4.3). In the LV, in both directions, all loops were close to each other with a similar non-
linear behavior except that as the frequency increased, the loop area increased (Fig. 4.3A&B). This
indicates a similar elasticity but larger viscosity under a higher frequency. Such frequency-dependent
change in viscosity was similarly observed in the RV (Fig. 4.3C&D). However, the frequency-dependent

change in elasticity was significant in the RV. The loops were shifted rightward from the low frequency
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(0.01Hz) to higher frequencies (0.1 and 1Hz). Therefore, this indicates a decreased stiffness and increased

viscosity under higher frequencies.
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Fig. 4.3. Average hysteresis loops obtained from the ventricles at different frequencies. (A-B) the average
loops for the LV in longitudinal (L) and circumferential (C) directions, respectively, and (C-D) the average
loops for the RV in longitudinal and circumferential directions, respectively.
4.3.2 Different anisotropic viscoelastic behaviors under physiological frequency

As the viscoelastic property at a stretch rate of heart rate is more physiologically relevant, we then
further examined the anisotropic viscoelastic behavior of the ventricles at 1Hz (Fig. 4.4). Firstly, the
longitudinal and circumferential hysteresis loops were different in both ventricles, indicating that their
viscoelastic behaviors are anisotropic. In the LV, the main difference between the loops were in the position
and non-linear behavior, not in the loop area (Fig. 4.4A). This suggests that the LV’s elasticity, rather than
its viscosity, is anisotropic. In contrast in the RV, the main difference between the loops lied in the loop

area, not in the position or non-linear behavior (Fig. 4.4B). This suggests that the RV’s viscosity, rather

than the elasticity, is anisotropic. Then, we also compared the two ventricles in each direction and found
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that the RV had larger viscosity in the longitudinal direction and similar viscosity in the circumferential

direction compared to the LV (Fig. 4.4C&D).
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Fig. 4.4. Average hysteresis loops for the ventricles at IHz. (A-B) comparison of the average loops from
the longitudinal and circumferential directions in the LV and RV, respectively; (C-D) comparison of the
average loops from the LV and RV at longitudinal and circumferential directions, respectively.

The differences that we observed from the average hysteresis loops were confirmed by the elasticity

and viscosity parameters quantified from these groups (Fig. 4.5). From the elasticity measurement, the LV

presented stronger anisotropic behavior with a stiffer behavior in the circumferential direction, whereas the

RV presented isotropic behavior (p<0.05, Fig. 4.5B). From the viscosity measurement, the RV was

anisotropic with larger viscosity in the longitudinal direction, whereas the LV was isotropic (p<0.05, Fig

4.5D). Finally, the interventricular comparison showed that the LV was stiffer than the RV in higher strains
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in both directions (p<0.05, Fig. 4.5B), and the RV was more viscous than the LV in the longitudinal

direction (p<0.05, Fig. 4.5C&D).
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Fig. 4.5. Measurements of ventricular viscoelastic properties in longitudinal and circumferential directions.
(A-B) show the comparisons in elasticity measurement and (C-D) show the comparisons in viscosity
measurement. p<0.05 comparison between directions and “p<0.05 comparison between ventricles. Data
are presented as mean + SEM.

4.3.3 Different non-linear viscoelastic behaviors from stress relaxation data

The viscoelastic behaviors of these ventricles were further examined by stress relaxation. We first
looked at the log scale of the stress relaxation data at different strain levels (Fig. 4.6). To examine if the
tissue viscoelasticity is quasi-linear, a fitted line derived from the strain level of 3% was superimposed onto
the experimental data by placing the line at the center datapoints at other strain levels, and the ‘overlapping’
of the data was examined (Fig. 4.6, Table 4.1). For the LV, in the longitudinal direction, the experimental
data at higher strain levels could be predicted by the 3% strain magnitude fit except for the strain level of
15%; whereas in the circumferential direction, the experimental data at all higher strain levels could not be

accurately predicted by the 3% strain magnitude fit. This indicates that the LV is quasi-linear viscoelastic
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in the longitudinal direction, but not in the circumferential direction (Fig. 4.6A&B, Table. 4.1). For the

RV, in both directions, the experimental data at all higher strain levels could not be accurately predicted by

the 3% strain magnitude fit. This suggests that the RV is non-linear viscoelastic in the both directions (Fig.

4.6C&D, Table 4.1). All fitted lines of the log-scale stress relaxation data had R* values > 0.9.
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Fig. 4.6. Log scale plots of the stress relaxation data of the ventricles. (A-B) the plots of the LV at input
strains of 3% - 15% in the longitudinal (L) and circumferential (C) directions, respectively; (C-D) the plots
of the RV at input strains of 3% - 15% in the longitudinal and circumferential directions, respectively. Red
dashed line: the fitted line at the strain of 3% superimposed onto the experimental data at all other strain
levels. Data are presented as mean + SEM.
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Table. 4.1: The summary of the relaxation rates derived from the log-scale of stress-relaxation curves for
both ventricles in both directions. L: longitudinal direction; C: circumferential direction.
3% 6% 9% 12% 15%

LV -0.057+0.005  -0.066+0.008  -0.055+0.006  -0.047+0.005 _0038 +0.004"
L

A $ $ $ $
LCV -0.092 £ 0.007 -0.069 + 0.006 -0.058 £ 0.003 -0.050 £ 0.004 -0.042 £ 0.002

A $ $ $ $
liv -0.083 £0.010 -0.070 £ 0.006 -0.054 £ 0.001 -0.047 £ 0.003 -0.041 £ 0.003

$ $ $ $
RCV -0.088£0.005 0067 +0.005  -0.059 +0.004  -0.048 £0.003  -0.045 +0.002

A:p<0.05vs LV L 3%, and $: p < 0.05 vs 3% fit from the same ventricle in the same direction. Data are
presented as mean + SEM.

Next, we compared the relaxation modulus and the normalized stress (o /a4, ) at 0.01s and 100s
to quantify the tissue viscoelasticity, where larger relaxation modulus and /oy, indicate larger elasticity
and viscosity (energy loss) of the material, respectively. Table 4.2 shows the relaxation modulus obtained
at 0.01 and 100s from all five strain levels, and it can be seen that both LVs and RVs had a higher relaxation
modulus in the circumferential direction compared to the longitudinal direction (p<0.05). This indicates
that they are stiffer in circumferential direction, which agreed with the trends shown in the hysteresis loop
results (Fig. 4.4A&B). However, the RV had or tended to have a larger relaxation modulus than the LV in
the longitudinal direction, which suggests that the RV is stiffer than the LV. This finding is opposite to our
hysteresis results observed at physiological frequency condition (Fig. 4.4C). From the normalized stress,
we found that the LV had a larger 01¢0s/0max at 3% in the longitudinal than circumferential direction
(p<0.05, Table. 4.2). Moreover, the LV had a larger 6y ¢15/0max than the RV at 15% in the circumferential
direction (p<0.05, Table. 4.2). Finally, we found a strain-dependent increase in the relaxation modulus at
100s for both ventricles and at both directions (Fig 4.7). Similar strain-dependent trends were observed in
normalized stress (data not shown). These data suggest that there are increased tissue elasticity and viscosity

at higher strains.
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Table 4.2. The relaxation modulus (kPa) and normalized stress obtained at initial (0.01s) and later (100s)

time points from the stress relaxation data.

3% 6% 9% 12% 15%
Elastic Index (Relaxation Modulus)
LVL 30.0+53 34.0+5.0 509 +8.6 98.0+13.6 178.7 £25.4
LVC 468+7.7 61.3£10.5° 944+150° 141.4£19.3" 197.0 £22.8
AT |RVL 447+27 58.9+6.8 98.8 £13.8% 159.8 £18.1 244.4 +£24.1 %
0.01S | RVC 495+33 79.1+10.5° 1325+1437 1858147 248.0+18.4
LVL 174+33 24.6 +6.0 421114 78.1 £15.5 128.2 £19.8
LVC 19.2+37 344+64 56.7+9.3 91.0+13.7 1358 £17.5
AT ' RVL 21.2+28 32.0+4.1 59.7+7.4 104.6 £12.0 168.4 £17.6
100S | RVC 199+24 429+72° 784+88" 1203£11.0" 1653 +14.4
Viscous Index (Normalized Stress)
LVL 0973 +£0.01 0.995 £0.00  0.996 +0.00 0.996 £0.00  0.998 +0.00
LVC 0.991 £0.00 0.992 £0.00 0.994 +0.00 0.996 £0.00  0.998 +0.00
AT | RVL 0.982+0.01 0.994 £0.00 0.998 +0.00 0.997 £0.00  0.997 +£0.00
0.01S | RVC 0.976 £0.01 0.991 £0.00  0.996 +0.00 0.998 £0.00  0.997 +0.00 &
LVL 0.554 £0.05 0.568 £0.03  0.614 +0.03 0.650 £0.03  0.706 +0.03
LVC 0.387+005" 0.541+0.03 0.591£0.02 0.630£0.02  0.680 +£0.02
AT | RVL 0.461+£0.05 0.539£0.03 0.613+0.01 0.650 £0.02  0.683 £0.02
100S | RVC 0.430+£0.02 0.504 £0.05 0.589 £0.02 0.642£0.02  0.661 £0.02

p<0.05, “p<0.01 vs L from the same ventricle, at the same stretch level, and “p<0.05, ““p<0.01 vs LV

from the same direction, at the same stretch level. Data are presented as mean + SEM.
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Fig. 4.7. The relaxation modulus at 100s measured at five different strain levels. (A-B) relaxation modulus
for the LV in longitudinal and circumferential directions, respectively, and (C-D) relaxation modulus for

presented as mean + SEM.

4.3.4 Dependence of the viscoelastic indices derived from the cyclic biaxial tests

For the tissue’s mechanical properties that present non-linear viscoelastic behavior, we further
investigated the interdependence of various elastic and viscous indices derived from the cyclic biaxial test.
As shown in the Figure 4.8, we found that the EMu;en was negatively and strongly correlated with the loop
width (Fig. 4.8A), and the storage energy Ws was also negatively and strongly correlated with the damping
(Fig. 4.8B). However, the correlation of elastic and viscous indices was absent for the LV mechanical

behavior in the longitudinal direction, which was shown to be quasi-linear viscoelastic.
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Fig. 4.8. Correlations of elastic and viscous indices measured from cyclic biaxial tests. Only samples that
presented non-linear viscoelastic behavior were included— i.e., LVs in the circumferential direction and
RVs in both longitudinal and circumferential directions. (A) correlation between high-strain elastic modulus
EMHign and loop width and (B) correlation between the stored energy (W) and damping.

4.3.5 Correlations between the viscoelastic indices derived from the two mechanical tests
Furthermore, since the tissue viscoelasticity was quantified using two different mechanical testing
methods (the stress relaxation and cyclic biaxial tests at 1Hz), we investigated the correlations between the
viscoelastic indices from these tests to see if we can predict the viscoelastic behavior from one test to the
other. Interestingly, we observed a couple of correlations: 1) the relaxation modulus at 3% (0.01s) or 15%
(100s) was correlated with the elastic modulus (Fig. 4.9A&B); 2) 6/0max and loop width had positive or
negative correlation at 3 or 9% strain (0.01s) (Fig. 4.9C&D); and 3) the relaxation modulus at 3 or 15%
strain (100s) was correlated with the dissipated energy (Wq) (Fig. 4. 9E&F). These results suggest that there
are some relations between the parameters derived from different types of viscoelasticity tests. Thus, it is
possible to use stress relaxation data to predict the behavior obtained from the cyclic biaxial test or vice
versa, without using a computational model. However, the correlations need to be confirmed in future

studies.
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Fig. 4.9. Correlations of viscoelastic indices measured from different mechanical testing methods. (A-B)
correlations between the relaxation modulus at 3% (0.01s) and 15% (100s) and low- and high-strain elastic
modulus, respectively; (C-D) correlations between the 6 g15/0pax at 3 and 9% strain (0.01s) and loop
width , respectively and (E-F) correlations between the relaxation modulus at 3 and 15% strain (100s) and
dissipated energy , respectively.

4.4 Discussion

To our knowledge, this study is the first to compare the passive viscoelastic properties of the LV

and RV in healthy adult ovine subjects. The main findings include: 1) the RV presented a more significant
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frequency-dependent change in viscoelasticity than the LV; 2) under the physiological frequency (1Hz),
the LV was more anisotropic in its elasticity whereas the RV was more anisotropic in its viscosity; 3) The
LV was stiffer than the RV in both directions; 4) the RV was more viscous than the LV in the longitudinal
direction; and 5) the LV was quasi-linearly viscoelastic in the longitudinal direction only, whereas the RV
was non-linearly viscoelastic in both directions. Finally, this study used a large animal model (ovine),
whose anatomy and physiology are closer to human than those of small animals '¥2%** and thus the
findings are potentially more translatable to human cardiac biomechanics.
4.4.1 Different frequency-dependent behaviors of the LV and RV

The frequency-dependent viscoelastic behavior, also known as strain-rate/stretch-rate dependence,
is little investigated from the current literature. Demer et al performed cyclic equibiaxial tests in the canine
LVs. From a testing frequency of 0.0005 Hz to 0.05 Hz, they observed minor strain-rate dependence on
elasticity and strain-rate independence on loop area °'. Similarly, we did not observe marked hysteresis area
change between 0.01 Hz and 0.1 Hz data (low frequency tests) in all ventricles and in both directions (Fig.
4.3).

Our data suggest that the RV had a more significant frequency-dependent change in elastic behavior,
but the LV does not (Fig. 4.3). Frequency- or rate-dependent increase in elasticity has been reported in

4205208 and aortic valves *°. However, frequency-

other cardiovascular tissues such as healthy blood vessels
dependent decrease in elasticity was also noted in hypertensive (diseased) pulmonary arteries . We did not
know why the LV presented a different behavior than the RV, and further investigation on the molecular
mechanism that determines the frequency-dependent changes may explain the difference. Moreover, both
ventricles presented increased viscosity as the testing frequency increased, which is consistent with the

4206 and human ligaments 2'. This suggests that the myocardium may

findings on various types of arteries
present a ‘shear-thickening’ behavior, which is opposite to the aortic valves that are ‘shear-thinning’
209211212 The extracellular source of myocardial viscosity has been postulated to originate from two aspects

— the ‘fluidic’ components (such as proteoglycans and interstitial fluids) and the sliding between fibers

(such as collagen fibers and myofibers) 2*°. Intracellularly, the source of myocardial viscosity has been
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213 and even microtubules recently *'*. How exactly

attributed to titin (a large intracellular matrix protein)
these different extracellular and intracellular components contribute to the tissue level viscous behavior is
the next step of research. Nevertheless, these frequency-dependent results emphasize the importance of
characterizing cardiovascular tissue viscoelasticity at more physiologically relevant rates, such as our data
obtained at 1Hz.
4.4.2 Different anisotropic viscoelastic behaviors of the LV and RV at physiological conditions

Our results showed that the LV and RV had different viscoelastic behaviors when tested at 1Hz
(mimicking the resting heart rate) (Fig. 4.4&4.5). First, we noticed that the LV and RV presented different
anisotropic viscoelastic behaviors. For the elasticity, the LV showed anisotropic elastic behavior (was stiffer
in the circumferential direction) whereas the RV showed isotropic elastic behavior (Fig. 4.5A&B); but for
the viscosity, the LV showed isotropic viscous behavior whereas the RV showed anisotropic viscous
behavior (was more viscous in the longitudinal direction) (Fig 4.5C&D). These data make us wonder if the
viscous and elastic properties of ventricles are coupled or not. For biological materials such as blood vessels,
both increased ®*"* and decreased viscosity * have been reported in hypertensive arteries (i.e., with stiffened
vessel wall). In different types of bones, a positive correlation between elastic modulus and viscosity has
been reported 2'°. From the non-linear viscoelastic samples, we observed a strong and negative correlation
between the elastic and viscous indices (Fig. 4.8). We speculate that the positive or negative correlations
of material viscosity and elasticity may have to do with the material’s internal structures and compositions,
which may also be related to the shear-thickening vs. shear-thinning type of behavior. Overall, there is a
lack of understanding of the interdependence of tissue’s elasticity and viscosity.
4.4.3 Different elastic behaviors of the LV and RV at physiological conditions

Second, the LV was stiffer than the RV in both directions, especially at high strains (Fig. 4.5B).
This is consistent to the finding of higher strain energy storage in the LV compared to the RV in healthy
adult ovine . The investigations on myocardial microfibrils or skinned cardiomyocytes have shown that

the sources of myocardial stiffness are mainly from titin and collagen. Particularly, when the deformation

62



is small (within normal sarcomere length) the passive stiffness is mainly contributed from titin, whereas
when the deformation is large (beyond normal sarcomere length) the passive stiffness is mainly contributed
from collagen *'*. The more pronounced elastic difference at high strains suggests that collagen fiber
arrangement is possibly the primary cause of the chamber’s mechanical difference in healthy state.
Therefore, factors such as fiber orientation, collagen isoforms or cross-linking should be examined in future
investigation to further elaborate the elastic difference.
4.4.4 Different viscous behaviors of the LV and RV at physiological conditions

Third, this study firstly reported different viscous behavior between the two chambers. The RV had
larger viscosity than the LV in the longitudinal direction, and this difference was absent in the
circumferential direction (Fig. 4.4&4.5). We have not observed significant difference in cardiomyocyte
size (histology from a separate study, data not shown) between healthy ovine LV and RV. The origin of the
viscous difference, to our speculation, may also be attributed to the distribution of collagen fibers that awaits
further investigation. The viscous property is considered as a measure of energy dissipation during the
dynamic deformation. The different viscous behavior may be related to the different metabolic energy use
and the efficiency of cardiac pumping between the ventricles, both of which are currently less understood.
At the cellular level, whether the viscosity is needed for normal physiological function of cardiomyocytes
(to absorb shock) or impairs the contractile function (due to the resistance to length change) remains unclear
214 Therefore, it is important to investigate the impact of viscosity on cellular and ventricular (tissue level)
function.
4.4.5 Different non-linear viscoelastic behaviors of the LV and RV at physiological conditions

Lastly, our results from the stress relaxation test suggest that the LV was quasi-linear viscoelastic
in the longitudinal direction only, whereas the RV was non-linear viscoelastic in both directions (Fig. 4.6
& Table 4.1). For a quasi-linear viscoelastic material, the viscoelastic behavior can be separated into elastic
and viscous behaviors. However, for a non-linear viscoelastic material, the elastic and viscous behaviors

cannot be separated from each other °*®*, Thus, we investigated the dependence of the elastic and viscous
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indices derived from the cyclic biaxial tests. As expected, we found strong and negative correlations
between the elastic and viscous indices in the LV in circumferential direction and in the RV in two
directions (Fig. 8). However, the correlation was absent for the LV longitudinal direction. Our data suggest
that a non-linear viscoelastic model should be considered to investigate the structure-function relations of
RV viscoelasticity.
4.4.6 Limitation and future study

First, our samples were from female ovine only due to the limitation in ovine stock. Sex differences
have been found in terms of ventricular function in both physiological and pathological conditions >, but
its effect on the mechanical property has not been reported. We thus assumed negligible impact of the sex
on the comparison of LV and RV passive viscoelasticity and future study should include male subjects.
Second, the stress-strain hysteresis loops obtained from the 1Hz dynamic tests were not as smooth as those
from the lower frequency tests. This is because of limited sampling rate of the camera used in the system.
However, we were able to capture the main shape of the loop and we think its effect on the calculation of
viscoelastic parameters should be minimal. Third, we tested the biaxial viscoelasticity from the epicardial
side of the free walls to examine the compartment difference. It has been reported that there is a transmural
variation of the myocardial fiber alignment from epicardium to endocardium >*. Therefore, a better
characterization of entire ventricle’s viscoelasticity should incorporate other layers of the tissue and shear
tests for transmural mechanical behavior. Nevertheless, this study provides an initial examination of the
ventricular difference in the epicardial region, which is the main site of occurrence of myocardial infarction
(due to coronary artery blockage). The data obtained will provide important baseline viscoelastic mechanics
in healthy myocardium for both ventricles that are absent in the current literature. Finally, as the initial
study of comparing LV and RV biaxial viscoelasticity, we mainly focused on the mechanical behavior of
the tissues and the structural information such as myo-/collagen fiber orientation or individual tissue
constituent is not obtained. The future investigation incorporating structural characterization will provide

more insights on the structure-function relations of the myocardium anisotropic viscoelasticity.
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4.5 Conclusions

In this study, we examined the viscoelastic differences between the LVs and RVs in healthy adult
ovine. We found that the RV hysteresis had more significant changes from low to high frequencies than the
LV hysteresis. Under the physiological frequency (1Hz), the LV was more anisotropic in its elasticity,
whereas the RV was more anisotropic in its viscosity; moreover, the LV was stiffer than the RV in both
directions whereas the RV was more viscous than the LV in the longitudinal direction. Lastly, the LV
presented quasi-linear viscoelastic behavior in longitudinal direction only, whereas the RV had non-linear
viscoelastic behavior in both directions. Our findings provide important baseline information on the passive
viscoelasticity of the myocardium and will assist with the understanding of the biomechanical mechanisms

of ventricular function.
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AIM 2: CONSTITUTIVE MODELING OF PASSIVE BIOMECHANICAL PROPERTIES OF

VENTRICLES (CHAPTER 5 TO 6)

For my second Aim 2, it includes two chapters (Chapters 5 to 6). We moved from experiment
method to constitutive method. Within this aim, I revised, adapted and applied the constitutive modeling to
our experimental data that described in the previous aim. Briefly, I firstly revised and applied the
constitutive model to capture the ventricular tissue static (hyperelastic) mechanical behavior (Chapter 5)
and then adapted and applied the constitutive model to describe the RV viscoelastic behavior (Chapter 6).

In Chapter 5, we modeled the ventricle hyperelastic behavior by using the Fung type model and
Structurally Informed model. This chapter was published, and our results showed good fitting accuracy and
the simulated data agreed with our experimental results, and structurally informed model suggests
potentially stiffer collagen fibers in the LV than RV. Chapter 6 modeled the passive viscoelastic behavior
used both quasi-linear and nonlinear approaches. This chapter was just submitted, and our results suggest
significant strain-dependent viscoelastic behavior, and the NLV model had a higher capability of predicting
the strain-dependent viscoelastic behavior than the QLV model. The work done here will help to develop

the RV stimulation study and eventually help the RV diagnostic method and treatment development.
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CHAPTER 5: CONSTITUTIVE MODELING OF HYPERELASTIC MECHANICAL

BEHAVIOR OF VENTRICLES *

5.1 Introduction

Both empirical models and constitutive models have been applied to characterize the nonlinear, biaxial
mechanical behavior of ventricles. Because of the nonlinear, ‘J’-shaped stress-strain curve, the use of an
exponential component is common in empirical models. But these models provide little information on the
relations of physical quantities or physiological conditions of the tissue, and thus constitutive models are
developed to better describe the myocardium tissue mechanics >*. With certain assumptions (hyperelasticity,
incompressibility, homogeneity, etc.), a strain energy function (W) is defined to relate the mechanical
loadings (stress) to the geometry changes (strain). The determination of the strain energy function is the
key in constitutive models. Based on the model parameters included in the strain energy function, different
material’s properties can then be derived. A thorough review of the modeling for tissues biaxial mechanical
properties can be found in Ref ****,

For the modeling work for the myocardium passive hyperelastic behavior, various constitutive models
have been proposed, develop from isotropic to transversally isotropic and eventually orthotropic. A
thorough review of the modeling for biomechanical models of myocardium hyperelastic behavior, please
refer to Ref '*°. Currently, there are two main types of constitutive models for myocardium mechanics
which are phenomenological constitutive model and structurally informed model. It is difficult to precisely

infer from these phenomenological constitutive models the micromechanical mechanisms that involve the

coupling between myo- and collagen fibers ensembles under physiological or pathological conditions.

4 This chapter is published as a peer reviewed research article in the Frontiers in bioengineering and biotechnology
(doi.org/10.3389/fbioe.2022.857638).
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Whereas the structurally informed model can, which based on the descriptors that account for compositional
and microstructural details.

In this chapter, we include both transversally isotropic constitutive model (Fung type) and orthotropic
structurally informed model. We applied these two models to our experimental data from ovine left and
right ventricles (LV and RV). We observed good fitting accuracy and the simulated data agreed with our
experimental results, and structurally informed model suggests potentially stiffer collagen fibers in the LV
than RV. These findings will further assist the development of the computational study for the RV and

eventually help the development of the RV diagnostic method and treatment development.

5.2 Constitutive modeling

Next, we fitted our equibiaxial experimental data to a phenomenological constitutive model (Fung

type model) and a structurally informed model. We used the phenomenological Fung type model to assess

the overall tissue-level stiffness and anisotropic behavior in the LV and RV in a comparative manner; and

the structurally informed model was used to provide insights into the differences between fiber-level

mechanical and architectural properties of the LV and RV myocardium. An affine deformation was

assumed within the samples under equibiaxial loading as commonly adopted in biaxial soft tissue testing.

5.2.1 Fung type model

We calculated the shear deformations krc and kcr from our experimental data. (Table 5.1). The

shear deformation was minimal compared to the in-plane stretches along longitudinal (OT) and

circumferential (cross-OT) directions. Accordingly, shear stresses were assumed to be negligible in our

modeling work.
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Table 5.1. Maximum stretches in the in-plane and shear directions during equibiaxial tests. Data are
presented as mean + SEM.

Ventricle AL Ac kic (shear) ket (shear)
LV (n=7) 1.1440.02 1.19 £0.02 1.04 £0.01 *} 1.02+0.02 *,¥
RV (n=7) 1.20+0.02 1.1440.01 1.0240.01 *,¥ 1.03+£0.01 *,¥

Ar: stretch in the longitudinal direction, A¢: stretch in the circumferential direction, kzc and kcz: stretches in
the shear directions. *: p<0.001 vs. Az, T: p<0.001 vs. Ac.

Furthermore, the relevant Green strain tensor (E) components were calculated as:

EL =52 —1),Ec =502 -1) 5.1)

T2
where A; and A, are the stretch in longitudinal and circumferential directions, respectively.

Next, a four-parameter Fung type constitutive model **'"?

with the following energy function (V)

was fit to the biaxial stress-strain data:

W =2(e? — 1), Q = byE,” + 2b,cE B¢ + bcEc” (5.2)

The 2™ P-K and Cauchy stresses for an incompressible tissue were calculated as:

S=22"-pC, o =FSF (5.3)

where F is the deformation gradient tensor, C is the right Cauchy-Green tensor, p is an unknown hydrostatic

pressure to enforce det(C) =1, and b;, b;c, b and B are the material constants. The stress-strain

relationships in the L and C directions were derived as:

o, = (2E, + 1)(bLE;, + bycEc)Be®1F 1+2bicELctbeEre)

¢ = 2E¢ + 1)(bycEy + boEg)Be(PLE L+2bLcELEc+beE? c) (5.4)
The Fung strain energy function was fitted to the equibiaxial experimental data for each sample.

The fitting was performed in MATLAB. The sensitivity to initial guesses was checked for every fit and a

minimal dependency to initial guess was found for all the fits. The root mean square (RMS) was calculated
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to assess the fitting results. Finally, the anisotropic parameter K and elasticity at zero load in two directions
(Mo, and M, ) were calculated as described in previous studies **'"*'%,
5.2.2 Structurally informed model

Next, we used a structurally informed model that incorporates the transmural changes of myo-
/collagen fibers to reveal the contributions of each fiber type to the tissue-level myocardial biomechanical
behavior 72" Briefly, the total energy function (W) was written as the sum of the mechanical contributions
of the ground matrix and myo- and collagen fibers as,
Y(C) = ¢9PI(C) + ¢™¥™(C) + ¢p°¥<(0) (5.5
where @9, @™ and @€ are volume fractions for the ground matrix (including non-structural extracellular
matrix proteins, fibroblasts, interstitial fluid, etc.), myo- and collagen fibers, respectively, and
YI, Y™ and W€ are strain energy functions associated with each phase. The volume fraction measurement
is described in the next section (see §5.2.3).
At the tissue level, the 2" P-K stress tensor (S) was described in terms of the energy function ¥(C):
S=222—pCt =89+ 8" +5¢ (5.6)

The stress-strain relationships for ground matrix, myo- and collagen fibers were derived as:

§9 = $9kIT — pC-t 5.7)
sm = $0KL (4 /2 e gm, 2) CTD x exp [k (VI — 1)) (0™ @ n™)d6™dz (5.8)

» L[ 70, 705, 2) x (€K 5T — 1)(n° @ n°)de™dz, for EC < Ey

L N i 7,700, D[(eF5F — 1) + k§ €465 (EC = E,)](n° @ n°)d0™dz, for E€ > Eyp

(5.9)
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where I is the identity tensor, I™ = 2(n™ - En™) + 1, E€ = n - En€ are the pertinent kinematic measures,
k’s are model parameters, and n’s are the defined unit vectors that describe the planar orientations of the
myo-and collagen fibers, respectively. We adapted the previous model and derived the fiber orientation
parameters 6™ and 6¢ (ranged from O to m/2) from serial histology measurements (see §5.2.4). The
parameters describing the transmural orientation distribution (I") were derived for myo- and collagen fibers
using a modified Beta distribution function '”. In the transmural direction, the normalized tissue thickness
was denoted as H and a value of 100 represents the entire tissue thickness. E,; is the upper bound of the
transition region derived from the average stress-strain curve calculated from each direction.

The myofiber model parameter k7" was estimated from the fit to experimental data in the low strain
region as described previously '7®, and the parameter for amorphous ground matrix k9 was fixed at a value
of 10 kPa due to its much lower contribution to the mechanical behavior of myocardium compared to that
of myo-/collagen fibers °°. The same fitting method was used as described in the above Fung type model
section.

5.2.3 Collagen volume friction measurement

The tissue slices were stained with Picrosirius Red (PSR) and imaged and analyzed via a
transmission microscope (Nikon Eclipse E800) and Image Pro Premier software (Media Cybernetics,
Rockville, MD) for collagen content quantification. For each sample, three regions were randomly selected
under polarized light microscopy. An image thresholding method in which yellow, green, brown and dark
blue colors were chosen to represent type I collagen, type III collagen, ground matrix and muscle,

respectively. The amounts of type I and III collagen were quantified as the area percentage to total tissue
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area, and the amount of collagen content was quantified as the total area percentage of type I and III collagen
129,179.

We further performed immunohistochemistry (IHC) to LV (n=4) and RV (n=4) samples to confirm
the area fraction measurement of type III collagen in PSR staining slides. Tissue samples were stained with
rabbit polyclonal anti-human collagen III antibody (1:500 dilution, ab7778, Abcam, Cambridge, United
Kingdom). Image thresholding via ImagelJ (U.S. NIH, Bethesda, Maryland) was used to determine the area
fraction of collagen III.

5.2.4 Myo- and collagen fibers orientation measurement

From the serial histology sections with PSR staining, the transmural change of fiber orientation
was measured using in-house MATLAB codes adapted from a previous study '”°. Briefly, each serial tissue
slice was imaged under bright field light microscopy and separated by the color of tissue component using
ColorDeconvolution2, a plug-in in Image]. Fiber angle was calculated for collagen and myofiber,
respectively. The transmural fiber orientation distribution was then represented by a Beta distribution
function to fit a surface to the 3D data. The mean transmural fiber orientations for both myo- and collagen
fibers were calculated from the Hermitian fit parameters '”’. These data were used to derive the transmural
orientation distribution (I') for the structurally informed modeling.

5.3 Results
5.3.1 Experimental data fitting with Fung type model
We performed fitting of the equibiaxial stress-strain curves using the four-parameter Fung type

model. A good fit to the experimental data was observed for both ventricles and at both directions (low
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RMS values), and the fitting results are summarized in Table. 5.2. The simulated equibiaxial stress-strain

curves using the mean values of the estimated constants showed similar behaviors as our experimental data:

the LV and RV had different anisotropic behaviors (Fig. 5.1) and the LV was stiffer than the RV in the

longitudinal direction (Fig. 5.1).

Table 5.2. Fung model fitting results. Average data are presented as mean + SEM.

Ventricle br bc brc B (kPa) RMS (kPa)
LV# 145.67 25.16 440 x 10711 0.15 0.63
LV #2 41.63 17.91 0.01 0.09 0.09
LV #3 103.43 13.94 0.01 0.18 0.58
LV #4 96.74 53.68 0.01 0.17 0.14
LV #5 42.00 83.08 1.33 x 10710 0.10 0.28
LV #6 38.36 37.54 0.01 0.03 0.60
LV #7 33.51 27.33 0.01 0.88 0.25

LV (n=7) 71.62+16.52 36.95+9.17 0.007+0.002  0.23£0.11  0.37£0.09
RV #1 17.44 35.07 8.48 x 10714 0.23 0.25
RV #2 45.49 20.05 0.01 0.38 0.24
RV #3 20.96 46.14 0.01 0.25 0.22
RV #4 57.19 79.55 1.55 x 10710 0.13 0.19
RV #5 51.30 99.99 0.01 0.07 0.42
RV #6 28.42 43.74 8.29 x 10711 0.15 0.10
RV #7 20.95 48.57 0.01 0.07 0.17

RV (n=7) 34.5446.20 53.30£10.32 0.006+0.002  0.18+0.04  0.23+0.04

by, bc, by and B are the material constants, and RMS is root mean square.
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Fig. 5.1. Stimulated equibiaxial stress-strain curves generated by the four-parameter Fung model, using the
average values of the fitting parameters for both ventricles in two directions.

We further compared the zero-load modulus M, in each ventricle and in each direction, using the
model fitting parameters. The M,  was significantly larger than the M, ;, in the RV (p<0.05), and there was
a strong trend of larger M, ;, compared to the My ¢ in the LV, indicating different anisotropic behaviors
between the ventricles (Fig. 5.2A). Expectedly, the anisotropic parameter K was significantly different
between the LV and RV (Fig. 5.2B, p<0.01). Finally, we performed correlation analyses and found that K
was significantly correlated with the ratios of longitudinal to circumferential elastic moduli (M and M/¢) in

both strain ranges (p<0.05, r = 0.75-0.85, data not shown).
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Fig. 5.2. (A) Longitudinal and circumferential zero-load elastic modulus M, for each ventricle type, and (B)
Anisotropic parameter K for each ventricle type. *: p < 0.05 comparison between the directions and &&: p

< 0.01 comparison between the ventricles, respectively.
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5.3.2 Experimental fitting with structurally informed model

We fit the equibiaxial stress-strain curves with the structurally informed model to investigate the

different contributions of myocardial components (myo- and collagen fibers) to tissue mechanics in these

chambers. The fitting results are summarized in Table 5.3, and a representative fitting result is shown in

Fig. 5.3. The model fit our experimental data well, which is evident by the small values of RMS. Compared

to the RV, the LV tended to have larger stiffness for myo- and collagen fibers (see k{* and k). Furthermore,

the LV tended to have a larger transition strain (E,) than that of the RV.

Table 5.3. Structurally informed model fitting results. Average data are presented as mean £ SEM.

Myofiber Collagen RMS

ki (kPa) k3 k$(MPa) kS Eu (kPa)

LV #1 5.04 384.38 21.61 56.70 0.14 0.25
LV #2 15.77 301.81 69.41 38.15 0.2 0.65
LV #3 54.65 304.28 12.52 26.35 0.10 0.27

LV 25.15+15.07 330.16£27.12 34.51+17.64 40.40+8.83 0.15+£0.03  0.39+0.13
(n=3)

RV #1 25.10 10.07 9.73 34.54 0.14 0.87
RV #2 9.87 1.54 x 107° 10.08 68.37 0.09 0.37
RV #3 26.55 573.59 12.68 59.94 0.13 1.28
RV #4 18.05 263.93 28.63 25.34 0.14 0.68

RV 19.89+3.82 211.89+135.14 15.284+4.50 47.05+10.20 0.12+0.01 0.80+0.19
(n=4)

k’s are model parameters, E, is the upper bond of the transition region.
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Fig. 5.3. Representative fitting results using the structurally informed model.

5.4 Discussion

5.4.1 Insights from the Fung Type Model

In this study, we found that the ovine LV and RV had different anisotropic behaviors: the LV had
larger M in the longitudinal direction compared to the circumferential direction, whereas the RV had the
opposite trend of difference between these directions. The anisotropy parameter K derived from constitutive
modeling was significantly correlated with the experimental data, confirming the different anisotropic
behaviors. We speculate that the reason for this difference is the different need to facilitate blood filling
and ejection in each ventricle. The LV is more conically shaped and is comprised of helical fibers that
allows it to deform more circumferentially during cardiac cycles (majority of LV contractility occurs due
to circumferential shortening); in contrast, the RV is crescent shaped and is comprised of wrap-around
transverse fibers that deforms more longitudinally (majority of RV contractility occurs due to longitudinal
shortening) '"'*2, Thus, our findings show a more compliant passive mechanical property of the wall in the

main axis of cyclic deformation for both ventricles, which suggests that passive elasticity is maintained at
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a low level to reduce the elastic ‘resistance’ and facilitate blood filling (as well as ‘pumping’ potentially).
The understanding of the differences in baseline anisotropy between the two ventricles will help to develop
chamber-specific therapies aimed at reducing wall stress along the main axis of deformation.
5.4.2 Insights from the Structurally Informed Model

The phenomenological computational models typically provide good capture of the macroscopic
mechanical behavior; however, they lack detailed information on the structural and material properties of
the myocardium constituents 130 Tnstead, the structural constitutive model, such as the one used in this
study, is formulated to capture the underlying microstructural mechanisms for the macroscopic behavior of
the tissue. From our results, the LV tended to have a larger transition strain than the RV, which suggests
that the LV recruit collagen later than the RV. Furthermore, the LV tended to have a larger k7" value
(myofiber stiffness) and a larger ki value (collagen stiffness) than those of the RV, suggesting a stiffer fiber
material property. This finding is similar to the recent report of Kakaletsis et. al '°'. The cause for stiffer
collagen fibers in the LV than the RV awaits further investigation. The ventricular differences in the
diastolic function and the adaptation to mechanical loading conditions depend on microstructural
characteristics like myofiber and collagen stiffness. The structurally informed model here can help to
highlight the myofiber and collagen contributions to that of organ-level remodeling, which will in turn help
to develop targeted therapies that prevent or reverse maladaptive remodeling '®.
5.5 Conclusion

The anisotropic properties obtained from the experimental data were captured by the zero-load

elastic moduli as well as the anisotropic parameter K derived from the four-parameter Fung type model.
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Results from the structurally informed model imply stiffer collagen fibers in the LV than the RV, which

awaits further investigation.
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CHAPTER 6: CONSTITUTIVE MODELING OF VISCOELASTIC MECHANICAL

BEHAVIOR OF RIGHT VENTRICLES °

6.1 Introduction

The myocardium is a viscoelastic material presenting elastic and viscous mechanical behaviors.
That is, both energy storage (related to tissue elasticity) and energy dissipation (related to tissue viscosity)
occur during the tissue deformation *'. However, compared to the elastic behavior, the viscoelastic behavior

of right ventricle (RV) myocardium is less studied. As lately reviewed *'-'9%2

, the experimental evidence
of myocardium passive viscoelasticity was debatable originally, but recent studies demonstrated the
presence of significant hysteresis of passive myocardium from animal to human specimens **'**??', This is
in contrast to the long known viscoelastic behavior of individual cardiomyocytes or papillary muscles from
either side of the heart °''**#27% Ag a result, the knowledge about RV myocardium passive viscoelasticity
remains a gap in cardiac biomechanics.

Constitutive modeling of myocardial tissues has been receiving growing interests in recent years
with evolving experimental findings. Multiscale and multiphysics computational models have been
developed to address the complex microstructure of myocardium and its function associated with various
physical properties (mechanical behavior, electrical conduction and electromechanical coupling). Detailed
reviews of constitutive and computational modeling of the myocardium can be found in '0!30-170220.227.228,
The most common models to capture the macroscopic viscoelastic behavior of the myocardium are various
formats of Maxwell models, composed of springs and dashpots that represent the elastic and viscous
behaviors, respectively. A spring connected to two or more Maxwell elements in parallel (a.k.a. generalized
Maxwell model) have been used to describe the stress relaxation or cyclic loading mechanical data in

70,229

papillary muscles or the ventricular wall 3'9%103:108220.227.230 " These models are considered as

5 This chapter has been submitted for publication in the Acta biomaterialia. Currently is under revision.
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phenomenological models. Another type of viscoelastic model is the biphasic model which attributes the
overall viscoelastic behavior to the fluid and solid components in the tissue *'>*, In this model, the muscle
can be modeled as an incompressible, poroelastic solid saturated by an incompressible, isotropic viscous
fluid. The viscoelasticity mainly arises from interstitial fluid flow through pores, and thus viscoelasticity
origins from other components (e.g., extracellular matrix proteins) is neglected. Furthermore, Gultekin et
al. '%® introduced a new viscoelastic model by decomposing the free energy function into volumetric-
isochoric elastic and isochoric-viscoelastic parts (or equilibrium and non-equilibrium parts), assuming
incompressible deformation of the myocardium. An important feature of this model is that it combines the
mechanical continuum and thermodynamic principles and describes the energy dissipation directly, but
more work is needed to further improve the model to reduce the discrepancy between the experimental data
and model fits. Finally, the latest viscoelastic model for myocardium was developed by Nordsletten et al.
220 In this model, a ‘fractional viscoelasticity’ strategy was adopted to reveal a spectrum of relaxation
response of the myocardium presumably caused by different scales of collagen structure (from fibrils to
large sheets and bundles). However, this model is unable to capture the nonlinear viscous behavior nor
strain-dependent viscoelastic behavior. As a result, the model belongs to the quasi-linear viscoelastic (QLV)
model family. To date, Fung’s QLV formulation *** remains a prominent model to describe viscoelasticity
in soft tissues and has been used to capture the experimental data of myocardium as the myocardium is
neither linear elastic nor linear viscoelastic. The QLV formulation can be found in previous works
68.220232.233.235236 ¢overing applications from papillary muscles to ventricle free walls (left ventricle only),
including both embryonic and adult heart tissues. This model is popular for other types of soft tissues due
to its simplicity with a convenient assumption that the elastic and viscous (time-dependent) mechanical
behaviors of the tissue are separable. However, one must note that many biological tissues such as tendon,
ligaments and spinal cord exhibit fully nonlinear viscoelastic (NLV) behavior 6410237,

Our recent empirical study found that the ovine left ventricular (LV) and right ventricular

myocardium exhibit different types of viscoelastic behaviors '”°. That is, the RV free wall (RVFW) has
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different relaxation rates at different strain levels in both longitudinal (outflow track) and circumferential
directions, suggesting a fully NLV behavior of the tissue. In contrast, the LVFW presents a QLV behavior
in the longitudinal direction and a NL'V behavior in the circumferential direction. This is the first report of
distinct viscoelastic properties of LV and RV in healthy adults. Our experimental findings call for a need
to characterize the stress relaxation behavior of RVFW by viscoelastic constitutive modeling, which lends
into a deeper understanding of the passive elastic and viscous resistances of the tissue during diastole. Such
research is clinically relevant due to the increasing awareness of the prevalence of RV failure in the
advanced stage of diseases such as pulmonary hypertension, congenital heart diseases, and left heart failure
with preserved ejection fraction »'. The clinical challenge becomes significant as it is evident that the LV
and RV are different in their embryologic origin, anatomy and function ***. Therapies that work for LV
failure patients do not achieve similar effectiveness in the RV failure patients '°''**. To the best of our
knowledge, studies on the viscoelastic constitutive modeling of the RVFW remain limited. The only
modeling study specific to the RVFW viscoelasticity was reported in rats using indentation tests **°.
However, the focus of that study was on the regenerative therapy for hypertensive hearts failure patients,
and only a simple linear viscoelastic model (Maxwell model) was used. As a result, comprehensive
viscoelastic constitutive modeling is needed to describe the anisotropic viscoelastic behavior of the RVFW.

Therefore, the goal of this study was to characterize the passive, anisotropic and strain-dependent
viscoelastic behavior of healthy RVFW using constitutive modeling. We applied both QLV and NLV
theories to the biaxial stress relaxation data obtained from healthy adult ovine RVFW. Our results showed
that the RVFW exhibited significantly anisotropic and strain-dependent viscoelastic behavior, and the NLV
model had a higher capability of predicting the strain-dependent viscoelastic behavior than the QLV model.
From the QLYV fitting, the relaxation term associated with the largest time constant played the dominant
role in the overall relaxation behavior at most strains from early to late diastole, and the term associated
with the smallest time constant was prominent only at small strains in early diastole. Using a power-law

fitting, the model parameters (relaxation rate and initial stress) exhibited nonlinear (quadratic polynomial)
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relationship with the strain. These findings highlight the importance of characterizing and modeling the
anisotropic, nonlinear viscoelastic deformation of the RVFW to fully capture the elastic and viscous
resistances and energy expenditure of the tissue during diastole. Such knowledge will deepen the
understanding of the mechanical mechanisms of diastolic function of the RVFW and assist with the further
development of a fully NLV model for the RVFW.
6.2 Material and method
6.2.1 Specimen and experiments

Details of the experimental work are described in our previous study '”°. Briefly, eight fresh RVFW
specimen from adult female ovine with no known cardiac disease were included. The outflow tract direction
was marked as the longitudinal (L) direction and its perpendicular direction was the circumferential (C)
direction. The tissues were immersed in cardioplegic solution combined with 30 mM of 2,3-butanedione
monoxime at body temperature during the ex vivo mechanical test. All samples underwent equibiaxial stress
relaxation tests at different strain levels (3, 6, 9, 12 and 15%) with the ramp rate of 8mm/s, which is
equivalent to the physiological stretch rate (assuming the heart rate of 1Hz).
6.2.2 Microstructural measurements

The tested samples were fixed in 10% buffered formalin and embedded in paraffin. The tissue
blocks were further sectioned into 5-8 serial slides for fiber orientation measurement. Briefly, from the
serial histology sections, the transmural change of myofiber orientation was measured using in-house
MATLAB codes adapted from a previous study '"***. Each slide was imaged under bright field light
microscopy and the main myofiber direction was derived using an orientation distribution function (ODF).
The transmural myofiber orientation distribution was then represented by a Beta distribution function to fit
a surface to the 3D data. The mean transmural myofiber orientations was calculated from 1D Hermitian

170,240

shape function and used as the main fiber orientation (6) in the model fitting.
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6.2.3 Model fitting: QLV fitting procedure
First, we used the QLV model to fit the equibiaxial stress relaxation data and evaluated the
goodness-of-fit. Assuming incompressibility and negligible shear deformation, the QLV formulation for

the 2" Piola-Kirchhoff (PK) stress tensor (S) can be written as >*’:

t dS¢ OE
S(E,t) = So + [, G(t — 1) 5-: =2

(6.1)
where ¢ is time, Sg is the initial tissue pretension in the reference configuration , G(t) is the reduced

relaxation function tensor, S€ is the instantaneous elastic stress, 7 is a time variable of integration. The

instantaneous elastic stress ¢ was derived from an anisotropic Ogden strain energy density function (W)

235,241,

W =20 (A8 + 2§ + 2§ - 3) + ZE (157 + 21,9 - 3) (6.2)
using

e _ 0¥ 1
s¢ =222 —pC (6.3)

where the parameters p, a and k represent the infinitesimal shear modulus, nonlinearity and anisotropy of
the tissue, respectively. The principal stretch 4; are the diagonal elements of the deformation gradient tensor
when no shearing is present. Also, C is the right Cauchy-Green deformation tensor and C = 2E+I, where
E is the Green-Lagrange strain tensor. With the longitudinal and circumferential directions aligned to the
A, and A directions, respectively, the anisotropic invariant I, was equal to:

I, = ag - Cay = A?cosB? + A%sinB? 6.4)
where ag is a vector describing the fiber orientation defined by the 6, and 8 = 0 represents the fiber aligned
along the longitudinal direction. We assumed the RVFW to be incompressible, and the out-of-plane stretch

A3 was found:

_ 1
~ MAc

A3 (6.5)

For more information about the equations development, please refer to Appendix D.

In this study, the reduced relaxation function G (t) in each direction was defined by Prony series as:
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G(t) = Goo + L3=1 Gre™"/™ (6.6)
such that:

Gy +G,+G3+ G, =1 (6.7)
where G, is the long-term relaxation coefficient, which quantifies the proportion of instantaneous elastic
stress §€ remaining in the RV over a long (infinite) period. G,, are relaxation coefficients corresponding to
the time constants: 74 = 0.3 s, 7, = 3 s, and 73 = 30 s, which provided even decadal spacing of the
transient behavior in the 100 s relaxation timeframe. Each G, represents the relaxation strength at the
corresponding time constant.

Data from each individual strain of the sample were independently fitted to the QLV model using
Jfmincon function in MATLAB to get two sets of coefficients (one for each direction). A two-step fitting
strategy was used in which the reduced relaxation function G(r) was fitted separately from the instantaneous
elastic component of the model. That is, we fitted the relaxation phase of the curve first, and then fitted the
entire data including the ramping phase. Eq. 6.6 was fitted directly to the relaxation period, and Egs.
6.4&6.5 were fitted to the ramping period **'. In the first step, due to the disproportionally large number of
data points in the relaxation phase, the fitting algorithm minimized a weighted root-mean-squared error

(RMSE) with a weighting function:

e~ tn/T14e—tn/T2 40— tn/73
3

Wrelax(tn) = (6.8)

where t,, is the time during the relaxation period such that the peak stress occurs at t,, = 0 s. This weighting
function was first multiplied by the model error and the RMSE of the weighted error was calculated.

In the second step, the fitting algorithm minimized the weighted error such that the ramping period
and the relaxation period were weighted equally. Since the relaxation period had its own weighting function
Wiyetax (tn), the ramping period required a similar function to scale the errors. As a result, the final weighted
error function, RMSEF, was minimized as:

RMSEF = 0.5 X% RMS[Wramp-(Sramp,m - Sramp,e)] + 0.5 % RMS[Wrelax (tn) ' (Srelax,m - Srelax,e)] (6-9)
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where Syamp,m and Syamp e are the modeling and experimental stresses in the ramping period, respectively,
and Syejax m and Syeax e are the modeling and experimental stresses in the relaxation period, respectively.
The goodness of the fitting was determined by the value of the RMSE.
6.2.4 Model fitting: NLV power-law fitting procedure

The QLV theory assumes that the reduced relaxation function G (t) is independent of the input
strain level (viscous linearity assumption). For the NLV theory, the relaxation function is dependent on
both inputs of the strain and the history (time) of strain. Therefore, the viscoelastic nonlinearities can be

captured by **':

S(E(t), t) = So + Jy M(E(),t —7): = dr (6.10)
The relaxation modulus M is strain-dependent and can be written as:
M(E, t) = A(E)t™® (6.11)
where A(E) and m(E) are the initial strain-dependent modulus and relaxation rate, respectively. By
substituting Eq. 11 into Eq. 10, the stress relaxation becomes:
S(E, t) = Sin(E) t™® (6.12)
where S, (E) is the strain-dependent initial stress. We further transformed Eq. 12 to the logarithmic scale
and plotted and performed the linear fitting that includes all five strain levels simultaneously using
MATLAB. The log of the initial stress (S;,(E) ) and relaxation rate (m) were calculated, which are the
ordinate intercept and the slope of the fitted line. Finally, we plotted the initial stress and relaxation rate as
a function of strain and fit the data with quadratic polynomial curves. The fitting results were used to reveal
the nonlinear relation between the NLV modeling parameters and the strain used in stress relaxation.
6.2.5. Statistical analysis

Comparisons between directions (longitudinal and circumferential), strain levels (3, 6, 9, 12 and

15%) and time constants (74, T, and t3) of the relaxation coefficients and the comparisons between the
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directions and strain levels of the fitting parameters were performed with the paired Student’s t-test. Data
are presented as mean + SEM and p<0.05 was considered statistically significant.
6.3 Results
6.3.1. QLV model successfully fitted the data at fixed strain levels

The QLV model offered a good fit to the experimental data for all the fixed-strain tests (i.e., tests
at 3, 6, 9, 12, and 15% equibiaxial strain levels). Figure 6.1 shows the representative fitting results.
Although the RMSE values increased with the increase of the strain level (from 0.13 + 0.02 kPa at 3%
strain to 2.56 + 0.22 kPa at 15%), the RMS values were still relatively small at their corresponding strain
level, confirming the goodness-of- fit for the QLV model. Next, we tested the ability of the QLV model, fit
to a single strain level, to predict the experimental data at other strain levels. The stress relaxation data from
all the strain levels were normalized by their individual maximal stress. The fitting was performed for the
3% strain test and the predictions were compared against experimental data for higher strain levels. We
observed that the model fitted to the 3% strain level did not predict the experimental data at higher strains
well in either direction (Fig. 6.2). We observed similar poor prediction capability for the raw experimental

data as seen using the normalized data (Fig. 6.3).
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Fig. 6.1. Representative fitting results of the QLV model for a RVFW sample at 12% strain level. Long:
longitudinal direction; Circ: circumferential direction; Exp: experimental data; Fit: model fitting data.
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Fig. 6.2. Representative results of the QLV model’s capability to predict the normalized relaxation behavior
at fixed 6% and 15% strain levels by using the fitting parameters obtained from fits to the 3% strain test in
(A) longitudinal direction and (B) circumferential direction. Exp: experimental data, Pred: predication
curve.
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Fig. 6.3. Representative results of the QLV model’s capability to predict the relaxation behavior at fixed
6%, and 15% strain levels using the fitting parameters obtained from fits to the 3% strain test in (A)
longitudinal direction and (B) circumferential direction. Exp: experimental data, Pred: predication data.
RMSE: root mean square error.

6.3.2. Relaxation function, shear modulus, nonlinearity, and anisotropy change with strain

Next, we examined the effect of strain level on the relaxation function G(f). We observed that the
relaxation function G(f) was strongly dependent on the strain levels in both directions, and the curve was
shifted upward with an increase in strain level (Fig. 6.4). Furthermore, we examined the dependence of the
shear modulus, nonlinearity and anisotropic on strain levels. We found that the RVFW shear modulus
monotonically increased with increasing strains (Fig. 6.5A), whereas the RVFW nonlinearity (Fig. 6.5B)
and anisotropy (Fig. 6.5C) exhibited a ‘fluctuating’ change over strain levels. Lastly, the RVFW anisotropy

values were positive (Fig. 6.5C), which indicate that the tissue is stiffer along the measured myofiber
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orientation. The detailed results of the fiber orientation measurement are presented in Table 6.1. The

majority of the RVFW samples had myofiber alignment toward the circumferential direction (denoted by

90 degree), and thus the tissue exhibited stiffer behavior in the circumferential direction.
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Fig. 6.4. The reduced relaxation function G(¢) obtained from the average fitting values of coefficients at
each strain level in (A) longitudinal direction and (B) circumferential directions.

Anisotropy (k)
e

1 E——;

“Fo-

T T T T T
3% 6% 9% 12% 15% 3%

A_ s B
g 200- . 4 50
< # = a0
= 150- $ 240
@ §‘-- 230 B
5 1001 p 5 .
2 s5- &83’/ g
5 o " =™
5 oL@ 0

T
6%

T T T
9% 12% 15%

T T T T T
3% 6% 9% 12% 15%
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Table 6.1: Summarized results of the myofiber orientation in all RVFW samples (n=8). Data were presented

as mean + SEM.

Sample # Orientation (°)

Sample # Orientation (°)

1 74.52 £0.25 5 80.57 £2.00
2 51.59 +£3.56 6 65.82 +1.74
3 38.15+2.30 7 70.19 £2.22
4 46.79 £0.66 8 51.82 +£1.48
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6.3.3. Relaxation coefficients G, were strain-dependent

Next, we compared the individual relaxation coefficients at different strain levels and in different
directions. In both directions, G, and G,, changed significantly with strain levels (Fig. 6.6). Interestingly,
G, was monotonically increased with increasing strains, whereas the opposite behavior was observed for
the G, (Fig. 6.6A&B). While G, increased first and then gradually decreased, the opposite behavior was
observed for G5 (Fig. 6.6C&D). Lastly, at most strain levels, the relaxation coefficients did not differ
between directions, except that at 15% of strain there was a larger G, in the longitudinal direction compared
to that of the circumferential direction (Fig. 6.6A). The coefficient G, quantifies the proportion of
instantaneous elastic stress S; remaining in the RVFW over a long (infinite) period of time. Lager G, in

the longitudinal direction indicates the anisotropic behavior of the RVFW, and RVFW has more remaining

elastic stress in the longitudinal direction than the circumferential direction.
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Fig. 6.6. Relaxation coefficients G, at five different strain levels and in longitudinal (L) and circumferential
(C) directions. (A) G4, (B) G4, (C) G, and (D) G3. &<.05, &&<.01, #<.05, ##<.01, $<.05, $$<.01, %<.05

vs 3, 6, 9 and 12%, respectively and *<.05.
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6.3.4. Contribution of relaxation coefficients G, to relaxation response changes with strain

Next, we compared the relaxation coefficients G, at each individual strain level to reveal the
individual coefficient’s contribution to the entire relaxation response (Fig. 6.7). First, we observed similar
values of individual G,, in both directions at all strain levels. This indicates that the relaxation coefficients
contribute to the RVFW relaxation behavior equally in each direction. Second, except for the 6% strain, G,
and G3 played more significant roles than G, for all other strain levels. We also noticed that G, and G3 were
both prominent at low strain (3% and 9%) (Fig. 6.7A&C), whereas at high strain (12 to 15%) G5 was more
prominent (Fig. 6.7D&E). This indicates that the dominant G, varied at different strain levels.
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Fig. 6.7. Relaxation coefficients G, at different strain levels in longitudinal (L) and circumferential (C)
directions. (A) 3%, (B) 6%, (C) 9%, (D) 12% and (E) 15%. *<.05 and **<.01.

6.3.5. The relaxation rate and initial stress were anisotropic and nonlinearly correlated with the
strain

Lastly, we investigated the effect of strain on the relaxation rate and initial stress using the fitting
of the NLV behavior. The RVFW had a slower relaxation rate and larger initial stress with the increasing
strain in both directions (Fig. 6.8), which is characteristic of fully nonlinear viscoelastic behavior. At some

strains, small but significant differences in these parameters were noticed between the longitudinal and
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circumferential direction, highlighting the anisotropic relaxation behavior of the RVFW. Further, we found
that the relations between these modeling parameters could be fit by quadratic polynomial equations very

well (Table 6.2, R?>0.99), indicating a nonlinear dependence of these parameters on the strain.
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Fig. 6.8. Average (A) relaxation rate and (B) initial stress at five different strain levels in two directions.
*#<.05, *¥*<.01.

Table 6.2: The fitted relaxation rate and initial stress as a function of strain level where quadratic
polynomial equations (R? close to 1) represent the strain (&) dependent behavior of the relaxation rate and
initial stress.

Quadratic fit as a function of strain

Relaxation Longitudinal —1.84¢2 + 0.69¢ — 0.10

Rate Circumferential —2.48¢2 + 0.80¢ — 0.11
Initial Stress Longitudinal 2547.4e% — 209.42¢ + 5.34
(kPa) Circumferential 1911562 — 90.11¢ + 2.07

Next, we tested the ability of the NLV model to predict the experimental data. The linear fitting
was performed for only four strain levels simultaneously (e.g., 3, 6, 9 and 12%) to obtain the relaxation rate
and initial stress per sample, and then the average relaxation rate and initial stress were used to determine
the quadratic relationships between the relaxation rate/initial stress and the strain. The quadratic
relationships were next applied to predict and compare against the average experimental data at the fifth
strain level (i.e., 15%). We observed that the NLV model did predict the experimental data well in both

directions (Fig. 6.9).
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Fig. 6.9. Representative results of the NLV model’s capability to predict the average relaxation behavior at
15% strain using the quadratic relationships derived from the fitting to 3 to 12% strain tests. Comparisons
of the predicted curve and experimental curve in (A) longitudinal direction and (B) circumferential direction
are shown. Exp: experimental data, Pred: predicated data. RMSE: root mean square error.

6.4 Discussion

To the best of our knowledge, this is the first constitutive modeling of the passive, anisotropic
viscoelastic behavior of healthy ovine RV. We observed that for RVFW tissues: 1) individual relaxation
function coefficients G,, shear modulus and nonlinearity were all strain-dependent; 2) The relaxation
coefficient Gs was larger than other coefficients at most strains, indicating a dominant role in the overall
relaxation behavior from early (low strain) to late (high strain) diastole. In contrast, the relaxation
coefficient G; was large only at small strain, suggesting a pronounced effect only at early diastole; 3) the
NLYV fitting parameters (relaxation rate and initial stress) had a quadratic polynomial relation with the strain,
indicating the nonlinear dependence of RVFW viscoelastic behavior on the strain; 4) an anisotropic
behavior was observed in parameters such as G, and NLV fitting parameters; 5) the QLV model was able
to fit the data at individual strains. However, fitting parameters from one strain level cannot be used to
predict other strain levels. In contrast, the NLV model well predicted the strain-dependent viscoelastic
behavior. These findings highlight the importance of characterizing and modeling the anisotropic,
nonlinear viscoelastic deformation of the RVFW to capture the elastic and viscous resistances and energy

expenditure of the tissue during the diastolic filling period. Such knowledge will improve the understanding
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of mechanical mechanisms of diastolic function of the RVFW and assist with further development of a fully
NLV model for the RVFW.
6.4.1 The relaxation function is strain-dependent

The relaxation function G(#) contains the core characteristics of the time-dependent, relaxation
response (i.e., viscosity) of the RVFW. Previous modeling studies for other soft tissues have used different
numbers of terms in G,, (from 2 to 4 23237241242y and different decadal values of 7,, (0.1, 1, 10.... or 0.3, 3,
30... 272122 In our data, we explored two to four terms of relaxation function associated with different
sets of time constants T, either using assigned decadal values or those determined from the relaxation time
distribution spectrum **'. The fitting results showed that a three-term function associated with decadal
values of 0.3, 3 and 30 as the time constants offered best fitting results.

Using a three-term relaxation function and the time constants described above, strain-dependent
behavior of the relaxation function G(¢) was evident: the relaxation function curve shifted upward in both
directions with an increase in strain level (Fig. 6.4). The observed up-shift of the curves indicates more
viscoelastic behavior of the RV at higher strain levels. This phenomenon may be due to the strain-dependent
viscoelasticity of collagen or myofiber (like strain-stiffening typically seen in hydrogels or biological
tissues 2**). It can also be a result of the increasing recruitment of collagen fibers as the stretch increases.
Moreover, the increasing loading of collagen fibers at higher strain levels will alter the RV viscoelasticity
to be dominated by this extracellular matrix protein.

6.4.2 Different roles of G, and G,, in the relaxation response and implications

We also observed strain-dependent behavior for the relaxation coefficients G, in both directions,
which suggests that they have different weights on relaxation response at low and high strain levels. The
long-term parameter G,, was monotonically increased with increasing strain, suggesting more stress
remaining at equilibrium state under larger deformations. In other words, more energy was stored at
equilibrium with a larger G4,. In contrast, the opposite trend was observed for the G, G, and G3. As the

strain increased, the strength of the relaxation in relatively short terms (e.g., at time constant of 0.3s) became
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less pronounced. This suggests that the underlying mechanisms of short-term relaxation response have a
strong influence on the overall relaxation behavior at small deformations and a weak influence on the
relaxation behavior at large deformations. Furthermore, we observed that at small deformation (3% of
strain), G; and G3 had similar strength of the relaxation, whereas at large deformation (15% of strain), G
had the most significant strength of the relaxation than other coefficients (Fig. 6.7). This implies that
different G, dominates the relaxation response at different strain levels. Different trends of increase or
decrease in relaxation coefficients G, with the increasing strain have been reported in other soft tissues, and
the trends seem to be tissue dependent. For example, the anterior and posterior longitudinal ligament (ALL,
PLL) and ligamentum flavum (LF) are collagen rich connective tissues, and they all had decreasing
behavior with the increasing strain for the G, *’. But in terms of G, increasing (LF), decreasing (PLL)
and no significant changes (ALL) have been observed for these tissues with the increasing strain.

The underlying mechanisms of short- versus long-term relaxation coefficients G, can be related to
various relaxation processes, including the atomic and molecular motion processes, coupled effects of
multiple fields (electrical, magnetic, thermal or fluidic) and heterogenous relaxation **. For composite
biological tissues, tissue composition (cellular and extracellular components) and the specific
microstructure associated with anatomical location and function may all play a role to determine these
relaxation coefficients. Unlike the ligament, the RVFW is mainly composed of cardiac muscle cells
(myofibers) that have preferred and transmural changes of orientations from epicardial to endocardial layers.
We speculate that as the myofibers are more stretched, less energy will be dissipated due to reduced
intermolecular frictions (e.g., less overlapping of actin-myosin), which results in elevated equilibrium stress.
But the role of collagen fibers should not be excluded as we recently observed a correlation of type III
collagen and low-strain elastic modulus in ovine LV and RV (unpublished data), and a correlation of the
type III collagen and RV function '”. Furthermore, with the increasing strain, the role of collagen will be
more significant in determining the entire tissue’s mechanical behavior. Therefore, different microstructure

components (myofibers, type III collagen, type I collagen, etc.) may be associated with different relaxation
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time scales (G,). Nordsletten et al **°

proposed recently that multiscale mechanisms of molecular friction is
likely occurring at different microstructures of collagen, from collagen fibrils to collagen fibers, to bundles
and meshes.
6.4.3 Strain-dependent and anisotropic elastic behavior

As the strain increased, the shear modulus increased monotonically. But this trend was absent from
the tissue nonlinearity or anisotropy parameter (Fig. 6.5). The monotonically increasing behavior of the
shear modulus is consistent with the observation that the myocardium elasticity (e.g., measured by tensile
modulus) increases nonlinearly with strain. This behavior can be understood by the continuous recruitment
of collagen fibers at larger deformations. An increase in collagen fiber recruitment increases its contribution
to load bearing and the tissue elasticity becomes more dominated by collagen rather than myofibers.

The nonlinearity parameter o also presented strain-dependent behavior and it may be attributed to
different roles of myo- and collagen fibers at different strain levels. It is known that myo- and collagen
fibers play key roles in the tissue elasticity at low and high strain levels, respectively *'"°. We speculate that
the reduced nonlinearity of RVFW at high strains is due to the fully recruited and stretched collagen fibers,
whereas the nonlinearity at small strains is contributed by the nonlinear muscle fibers. The anisotropic
parameter k barely changed with the strain level. As tissue anisotropy has been mostly to the ‘fiber’
orientation, the results indicate negligible change in the orientation of myo- and collagen fibers within the
testing strain range. This is not surprising as we performed equibiaxial stretch and the increase of loading
in each direction is identical, therefore the load bearing distribution in different directions does not need to
be altered. Furthermore, the anisotropic parameter k has positive values across all strain levels, indicating
an anisotropic elastic behavior. Consistently, we also observed the anisotropic RV relaxation response at

end-diastole (15% of strain), which is evidenced by a larger G, (Fig. 6.6A), a slower relaxation rate (Fig.

6.8A), and smaller initial stress (6 to 12%) in the longitudinal direction.
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6.4.4 Strong nonlinear correlations between the relaxation rate/initial stress and strain

Lastly, we investigated the parameters derived from the NLV formulation. We observed that in
both directions, the relaxation rate or initial stress were nonlinearly negatively or positively correlated with
the strain, respectively; and at high strains, the RV has slower relaxation rate associate with larger initial
stress (Fig. 6.8, Table 6.2). The opposite nonlinear correlative relationship has been observed for other soft
tissues such as ligament, in which the relaxation rate became faster with the increasing strain level **’. These
discrepant correlations found in different tissues suggest that the strain-dependent behavior for the
relaxation rate is tissue-specific and it is worthy to further investigate if the RV has a unique behavior
different than the LV.

Furthermore, the relaxation rate exhibited a “strain-thinning” behavior in both directions; that is, as the
strain increases, the relaxation rate become smaller (like the ‘shear thinning’ behavior for a fluid’s viscosity).
In contrast, the initial stress has a “strain-thickening” behavior in which the initial stress becomes larger as
strain increases (Fig. 6.8). A reason behind this difference could be that different tissue constituents such
as the myofibers and collagen exhibit strain-thickening and strain-thinning behaviors with the increasing
strain, and the relaxation rate and initial stress are contributed by these constituents, respectively.

6.4.5 Contrasts between QLV and fully NLV model to describe RVFW viscoelasticity

There are three main types of viscoelastic behaviors, namely, linear, quasi-linear and fully
nonlinear. While all these three behaviors are time-dependent, the linear viscoelastic material exhibits linear
elastic and linear viscous behavior, whereas the quasi-linear viscoelastic material exhibits nonlinear elastic
and linear viscous behavior. The ‘linear viscous behavior’ can be revealed by showing the same shape of
relaxation or creep curves at different strains. That is, the time-dependent behavior is strain-independent or
separable “***’. In contrast, both elasticity and viscosity in a fully nonlinear viscoelastic material are strain-
dependent. That is, the time-dependent behavior is not separable from the strain. The biological tissues are

composite materials that often present nonlinear viscoelastic behaviors, and thus this type of model has
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been developed for soft tissues such as cartilage, tendon and spinal cord *6!63237:241242244 "However, the
modeling of nonlinear viscoelastic behavior is rare in cardiac tissues.

Since the first use of the QLV formulation by Pinto and Fung in rabbit papillary muscles **, this
model has been widely adopted by other researchers to model viscoelastic behavior of myocardium or heart
muscles 68220232:233:235236 ' This model is relatively simple with low computational cost, and it can produce
experimentally-observed stress relaxation, creep, and cyclic hysteresis behaviors. In this study, the QLV
model fit the stress relaxation data well at all individual strain levels, and it allowed us to investigate the
relaxation behavior contributed by different relaxation coefficients (potentially related to different
constituents) at each fixed strain. The insights provided from the modeling outcomes will be valuable to
reveal the dynamic structure-function relations of the RV. However, because the RVFW is essentially fully

nonlinear viscoelastic '

, the QLV formulation using individual strains prohibits the applicability of the
model to the entire physiological strain range (i.e., at all strains).

Our results suggested the NLV power-law model has a superior performance in predicting strain-
dependent viscoelastic behavior of the RVFW than that of the QLV model. Using the QLV model, fitting
results from one strain level could not predict experimental data obtained at other strain levels (Fig. 6.2,
Fig. 6.3). In contrast, using the NLV model, the nonlinear (quadratic) relationships derived from four strain
levels were able to predict the experimental data at the fifth strain level with high accuracy (Fig. 6.9).
However, it is important to note that the power-law formulation used in this work was a simplified version
of the NLV model which excludes the use of relaxation modulus with Prony series (similar to the reduced
relaxation function in the QLV model). Although the simplified version of the NLV model significantly
reduced its computational cost, it did not offer the capability of investigating the relaxation behavior at

various time constants (stages) similar to the QLV modeling. A further development of a fully NLV

constitutive model is expected to combine these advantages.
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6.4.6 Limitations
The experimental data we used here were only from the epicardial layer of the RV, and the small
variation of transmural fiber angles confirmed a transmurally isotropic mechanical property of the testing
samples. But there might be transmural differences in the viscoelastic behavior of the whole RVFW, and a
further study that covers the entire thickness of the tissue should be performed. All the data we used here
were from female ovine myocardial tissues, and there might be a sex difference in the RV viscoelastic
behavior that awaits future research. Prior studies showed that the addition of actual strain/deformation
history offered better fitting results than the ideal strain/deformation assumed from the Heaviside step
function ®**. Since we did not record the images during the testing, the strain/deformation history was not
obtained experimentally. Nevertheless, the QLV model still offered good fitting results across all strain
levels and the findings here are novel as this is the first constitutive modeling study for the large animal
species RV.
6.5 Conclusions
To the best of our knowledge, this is the first constitutive modeling study of the RV free wall
passive, anisotropic viscoelastic behavior. Our results from the constitutive modeling showed that the
RVFW had anisotropic and strain-dependent viscoelastic behavior, and the NLV model showed a higher
predictive capacity in capturing the strain-dependent nature of the stress relaxation behavior than the QLV
model. From the QLV fitting, the relaxation coefficient Gz was larger than other coefficients at most strains,
indicating a dominant role in the overall relaxation behavior from early to late diastole. In contrast, the
relaxation coefficient G; was large only at small strain, suggesting a pronounced effect only at early diastole.
From the NLYV fitting, the fitting parameters (relaxation rate and initial stress) showed quadratic polynomial
relationships with the strain. These findings highlight the importance of characterizing and modeling the
anisotropic, nonlinear viscoelastic deformation of the RVFW to fully capture the elastic and viscous

resistances and energy expenditure of the tissue during diastole. Such knowledge will deepen the
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understanding of the mechanical mechanisms of diastolic function of the RVFW and assist with the further

development of a fully nonlinear viscoelastic model for the RVFW.
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AIM 3: CHANGES IN RIGHT VENTRICLE BIOMECHANICS DURING PULMONARY

HYPERTENSION DEVELOPMENT (CHAPTER 7 to 9)

For my third Aim 3, it includes three chapters (Chapters 7 to 9). Within this aim, the pulmonary
hypertension (PH) was induced, and then the changes of the RV biomechanical property and the
correlations between the RV biomechanical property and function were characterized. Briefly, the diseased
model was firstly developed (Chapter 7), and then investigated the changes of the static and dynamic RV
mechanical behavior, respectively (Chapters 8 and 9).

In the Chapters 8 and 9, the animal-specific pulmonary artery constriction method that described in
Chapter 7, and monocrotaline model were used to induce the PH for the ovine and rat, respectively, and
then further investigated the changes of the RV static and dynamic mechanical behavior, respectively.
Chapters 7 and 8 were published as peer reviewed research articles, more details can be found in these
two chapters. Briefly, the founding within this aim highlighted the importance of the passive mechanical
properties of the RV in the progression of RV dysfunction, improved our understanding of RV
biomechanics under chronic pressure overload as well as in different physiological conditions. In addition,
these findings will assist the development of RV simulation to capture both energy storage and energy

dissipation functions and reveal new insights about the role of RV mechanics in RV function.
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CHAPTER 7: ESTABLISHMENT OF ADULT RIGHT VENTRICLE FAILURE IN OVINE
USING A GRADED, ANIMAL-SPECIFIC PULMONARY ARTERY CONSTRICTION

MODEL *®

7.1 Introduction

Right ventricle failure (RVF) is associated with serious cardiac and pulmonary diseases that
contribute significantly to the morbidity and mortality of patients ***. The prevalence of RVF is significantly
increased in the later stages of pulmonary hypertension (PH), congenital heart disease (CHD), and left heart
failure with preserved ejection fraction (HFpEF) *'**2%°. Moreover, the mortality rate of these patients has
not improved despite proposed therapeutic interventions *'**72*°. The lack of effective treatment can be
attributed to the incomplete understanding of the mechanisms of RVF and the lack of robust large animal
models in adult RVF 2%,

Preclinical (animal) models are powerful tools to investigate various human diseases including

RVF *°. Compared to small animal models, large animal models better mimic human physiology and

253-256

pathophysiology and thus are advantageous in studying both the pathogenesis and potential

therapeutics that are more translatable to human patients ***. To date, various methods have been used to

establish RV pressure overload, the most common etiology of RVF. These methodologies include

257,258 253,259,260

pulmonary artery (PA) (Table 7.1) or pulmonary vein banding , thromboembolic induction ,

262,263 73,264,265

chronic hypoxia %', monocrotaline , and the combination of sugen and chronic hypoxia

However, some of these models are essentially the models of pulmonary hypertension (PH), which mainly
focus on the pulmonary vascular disease and do not necessarily involve the establishment of RVF.

(Reviews of the PH models are cited here 92667268 )

8 This chapter is published as a peer reviewed research article in Animal Models and Experimental Medicine (doi:
10.1002/ame2.12124).
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Compared to other RV pressure overload models, the PA banding/constriction (PAB or PAC)
model is a model of RV adaptation or dysfunction alone with no pulmonary vascular diseases. While this
model has been critiqued less realistic than the other PH models, it is unique and advantageous since the
changes in the RV are the sole effect of the hemodynamic insult, i.e., the pressure overload. Such a model
provides us an opportunity to investigate the biomechanical mechanism of RV failure without other
confounding factors such as altered systemic inflammation from pulmonary vascular diseases .
PAB/PAC has been used in different animal species and with a mix of ages (from newborn to young adult)
for RV adaptation or RVF studies (Table 7.1). To our knowledge, the only large animal study of chronic,
adult RVF was performed in canine in the early 1990s, while the clinical standard of RVF was absent at the
time *°. Moreover, both adult and non-adult large animals have been used in the literature, with mixed
goals of studying pediatric or adult RV diseases, as well as using PAC as a treatment option or means to
induce RV dysfunction. For instance, lambs were commonly used and the response of the RV was
associated with congenital heart diseases (CHD) ’'*”. In adult ovine studies, it was the acute changes of
the RV that were examined and the chronic remodeling and outcomes were not studied **’®. Therefore,
despite the ‘apparently’ widely used PAC model in large animals, to date, no chronic RVF has been
established in adult ovine.

The goal of the present study is to adopt an animal-specific, graded pressure overload method to
establish the chronic RVF in adult ovine and to investigate the structural and functional changes with RVF
development. Ovine were chosen due to the widely reported similarities between human and ovine
cardiovascular anatomy, function, and physiology '%#*?”7_ Qur data suggest that the revised PAC method

led to RVF development in sheep and can serve as a large animal model of chronic, adult RVF.
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Table 7.1. Review of prior small and large animal models of pulmonary arterial (PA) banding/constriction. All studies adopted the same degree of
constriction (i.e., with a fixed diameter, area reduction, or pressure level) except for Leeuwenburgh et al. ’"*"*7*278 'Ramos et al. *”°, Gold et al. **°,

Gaynor et al. **', and Verbelen et al. ?’°, which used the same criteria as our study to elevate the RV pressure to the individual’s systemic pressure.
Study Animal  Weight/Age Method Application Mortality Rate (%) Model
Duration
Heitmeier et al., Mice 20-25 kg/12 Titanium clip around PA; Assess ubiquitin N/A 3 weeks
2019 2 weeks (adult) reduce cross sectional area to proteasome  system
about 66% of original area in right heart
hypertrophy; No
RVF reported
Kuroha et al.,, Rat 2-month, 7- Silk thread around PA; Effect of age on RV N/A 3 weeks
1991 28 month, and 18- increase of RV pressure by hypertrophy due to
month old (non- 15 mmHg in each animal RV pressure
adult and adult) overload; No RVF
reported
Schou et al, Rat 150-200 g Pulmonary  trunk  clip; Establish rat model N/A 17 weeks
2007 28 (adult) compressed to outer diameter of right sided heart
of 0.9 mm failure and
characterize
systemic and cardiac
changes
Bogaard et al.,, Rat 200 g (adult) PA silk thread constriction; Investigate if N/A 6 weeks
20092 tightened to outer diameter pressure  overload
18G needle alone can explain
RVF associated with
pulmonary
hypertension; No
RVF reported with
PA constriction
Hill et al.,, 2014 Rat 8 weeks (adult) PA surgical clip; uniform RV  Structural and N/A 3 weeks

176 pressure of 45-50 mmHg mechanical

adaptations of RV
free wall; No RVF
reported
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Hirata et al, Rat 240-260 g PA clip or suture ligation; Comparison of 22 8 weeks
2015 %6 (adult) tightened to the outer methods to constrict
diameter of an 18G needle PA; signs of RVF
indicated by fibrosis
and reduced TAPSE
but not CO
Jang et al., 2017 Rat 8 weeks (adult) PA  surgical clipy RV RV biomechanical N/A 3 weeks
’ maximum systolic pressure > and  hemodynamic
50 mmHg changes under
pressure  overload;
No RVF reported
Wang et al., 2017 Rat Neonatal PA constriction with nylon; Study of 25 7 days
7 tightened to outer diameter of ~pathophysiological
30G needle remodeling of RV
due to congenital
heart disease with
RV afterload
Chery et al, Rat 200-225 g PA suture over 18 G tube; PA' Human neonatal 33 100 days
2019288 (adult) band peak gradient of 25-60 thymus stem cell
mmHg therapy for RV; No
RVF reported
Axelsen et al., Rat 112412 kg Titanium clip; set to inner Assess treatment of 5 7 weeks
20192 (non-adult) diameter of 0.7 mm pulmonary
hypertension with 6-
mercaptopurine
McKellar et al., Rabbit 2.0-2.5kg (non- Weekly PA banding with To establish chronic, Exact rate unknown; 43+1.6
2015>° adult) cuff, RV end systolic reversible RVF several out of 15 died days
pressure > 25 mmHg model to study RVF banding or
progression and 16.6£3.3
recovery; RVF days
indicated by RV recovery
pressure and post RVF
morphology, septum
position, and
histology only
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Ramos et al, Rabbit 3.00+0.23 kg Adjustable PA banding with Early and late N/A 3-6 weeks
2018 *° (non-adult) C-shaped ring;  weekly cardiac remodeling
inflations to achieve systemic due to RV pressure
pressures loading and therapy
with  endothelin-1
receptor  blockers;
No RVF reported
Gold et al., 2019 Rabbit 3.00+0.23 kg Adjustable PA banding Relationship N/A 3-6 weeks
280 (non-adult) device (C-shaped ring); between RV wall
weekly PAB inflations to stress, fibrosis, and
achieve systemic RV function under RV
pressures by day 21 pressure loading; No
RVF reported
Hsieh et al., 1992 Dog 18-23 kg (adult) PA banding; increase of RVF confirmed by 14 3 months
0 RVSP to 50 mmHg at the end fraction shortening PAB and
of first month and then by 20 decrease and RV additional 4
mmHg monthly increase, if dilation. Study the months
necessary reversibility of right recovery
heart failure
Gaynor et al., Dog 20-25 kg PA banding; Weekly 0.3 to RA and RV N/A 3 months
2005 ! (adult) 0.5 mL of saline injection hemodynamic
(ARVP ~10-20 mmHg) to adaptations to RV
achieve near-systemic pressure  overload;
pressures No RVF established
Barbera et al.,, Ovine 12141 day Inflation of vascular occluder Assessment of N/A 10 days
2000 > gestation around PA to increase RVSP myocyte maturation
pressure by ~10-30 mmHg due to pressure load
over first 3 days of pressure in fetal ovine
loading
Hon et al., 2001 Ovine 3 months (non- PA ligation with band; PA Acute effects of N/A 30 minutes
293 adult) systolic pressure > 60 mmHg overload on RV
contractile function;
No RVF reported
Leeuwenburgh  Lamb 2-3 weeks (non- PA constriction with an Evaluation of 23 6448 days
et al., 2001 " adult) adjustable occluder for up to biventricular systolic
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12-week  period; RVSP

function;, No RVF

matched to systolic pressure  reported
Leeuwenburgh  Lamb 2-3 weeks (non- PA constriction with an Evaluation of 23 64+8 days
et al., 2002 > adult) adjustable occluder for up to biventricular
12-week  period; RVSP diastolic  function;
matched to systolic pressure ~ No RVF reported
Leeuwenburgh  Lamb 2-3 weeks (non- PA constriction with an Test feasibility of a 23 64+8 days
et al., 2003 *"3 adult) adjustable occluder for up to device for PA
12-week  period; RVSP constriction as a
elevated to systemic level treatment in children
with congenital heart
disease; No signs of
heart failure
Leeuwenburgh  Lamb 2-3 weeks (non- PA constriction with an Evaluation of 23 64+8 days
et al., 2008 > adult) adjustable occluder up to 12- cellular and
week period; RVSP matched biochemical
to systolic pressure myocardial
response; No RVF
reported
Yerebakan et al.,, Ovine 4 months (non- 3 mm Dacron band on Acute and chronic N/A Immediatel
2009 > adult) pulmonary trunk; Elevation response of RV to y after PAB
of RVSP to 50-60% above pressure and volume or 3 months
baseline overload; No RVF
reported
Verbelen et al., Ovine 10.5+0.8 PA constriction as much as Test ventricular N/A 10 minutes
20152 months (adult)  was hemodynamically assist device for
tolerated pressure overloaded
RV
Malinowski et Ovine 50-60 kg PA occluder; increase RV To establish acute N/A 15 minutes
al., 2018 >+ (adult) peak pressure to >150% of RVF model with

pre-occlusion value
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Gufler et al, Ovine 25 weeks PA banding; target maximal Adaptive response of N/A 3 months
2019 >3 (adult) RVSP set to 50-60% above RV  to  chronic
baseline pressure  overload;
No RVF reported
Corno et al., Porcine 18.240.1 Adjustable PA band; Evaluation of N/A 24 weeks;
2003 »¢ (mini- weeks; 8.6+ perimeter range = 23-30 mm  FloWatch 10 weeks
pig) weeks (implantable device

(non-adult)

for PA banding) as a
treatment for
congenital heart
disease; No RVF
reported
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7.2 Material and methods
7.2.1 Animal-specific and graded pulmonary artery constriction (PAC) in ovine

All procedures were approved by Colorado State University Institutional Animal Care and Use
Committee. Prior to surgery, 8-month old male sheep (n=3) were placed under general anesthesia with 3.3-
5 mg/kg ketamine and 0.1 mg/kg midazolam. During the surgical procedure, animals received 15
mcg/kg/min of ketamine and 35 mcg/kg/min of lidocaine. To induce RV pressure overload, an adjustable
hydraulic occluder (AUS-PORT 12x14 mm, Norfolk Vet Products, IL) was placed around the main
pulmonary artery and secured with two 2-0 polybutester sutures. Next, under pressure monitoring, saline
was injected to the occluder acutely until the RV systolic pressure (RVSP) reached an equivalent number
of its left ventricle systolic pressure as described previously *’'*"**"27® The amount of saline was recorded
and the saline was withdrawn from the occluder to allow the animal to recover from surgical procedure for
two days. This minimized the ‘surgical insult’ to the RV and the response was mainly a result of
hemodynamic overload induced via saline injections starting two days post-surgery. Besides the baseline
measurements in the PAC sheep, age-matched, healthy intact sheep (n=3) were used as additional controls
(CTL).

Animal-specific, graded filling of the occluder with saline was induced in awake animals at weeks
0, 1 and 4 post surgery (Fig. 7.1). The amount of saline injections was determined by the procedure
described above as well as the RV morphology and function from bi-weekly echocardiography. If we
observed signs of heart failure (e.g., difficulty in breathing, anorexia, grinding teeth, etc.), continuous RV
dilation and RV hypertrophy (e.g., increased RV area or RV wall thickness), or function decline (e.g.,
decreased pressure gradient and flow velocity across the PA valve and decreased TAPSE), we reduced the

injection volume or did not inject any saline further (Table 7.2).
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Fig. 7.1. Visualized workflow of PAC sheep model and timeline of study. Saline cuff figure reproduced
with permission from Norfolk Vet Prodcuts (https://norfolkvetproducts.com/wp-
content/uploads/2019/03/NVP_Catalog_2019-01_email.pdf). Representative 4-chamber view images
obtained by echocardiography (echo) are from a PAC sheep at week 2 (left: diastole; right: systole).

Table 7.2. Volumes of saline injections for the PAC animals at three time points over the 11-week study.

Week 0 Week 1 Week 4 Total
Sheep 1 Injection (mL) 0.4 0.4 0.1 0.9
Sheep 2 Injection (mL) 0.6 0.6 0 1.2
Sheep 3 Injection (mL) 0.2 0.4 0.1 0.7

7.2.2 Echocardiography
Transthoracic two-dimensional echocardiography was performed bi-weekly (week 0, 2, 4, 6, 8, 11)
using a 2.5 MHz transducer on a GE Vivid 7 (GE Healthcare, Chicago, IL) ultrasound machine. Briefly,

parasternal images were obtained in the awake sheep in lateral recumbency, using American Society of
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Echocardiography guidelines with minor imaging plane modifications in the sheep *°’. Ventricular
dimensions, tricuspid annular plane systolic excursion (TAPSE) and flow dynamics were measured.
7.2.3 Hemodynamic measurements and terminal procedure

Prior to euthanasia, the CTL and PAC animals were anesthetized and RV catheterization was
performed to obtain hemodynamic measurements. A 7 Fr Swan Ganz catheter (Edwards Lifesciences
Corporation, Irvine, CA) was floated to the RV through the jugular vein and cranial vena cava under
pressure monitoring and fluoroscopic guidance. Cardiac output (CO) and stroke volume (SV) were
measured using the thermodilution method ****®, Finally, the RV systolic pressure was obtained by a
pressure-volume catheter (Millar, Houston, TX). Immediately following the hemodynamic measurements,
the animals were euthanized with pentobarbital (IV) at 88 mg/kg and the hearts were harvested. RV tissue
hypertrophy was measured by the wet weight, Fulton index (RV/(LV+Septum)), and wall thickness using
a digital caliper.
7.2.4 Structural measurements

RV samples from the center of the anterior RV free wall were fixed in 10% formalin. Specimens
were then dehydrated, embedded in paraffin, sectioned and stained with H&E for cardiomyocyte
morphology and Picro Sirius Red for collagen fibers. Cardiomyocyte morphology was imaged by an
inverted microscope (Motic AE31E) and quantified with AmScope software (AmScope, Irvine, CA);
collagen content and fiber orientation were imaged under polarized light by a transmission microscope
(Nikon Eclipse E800) and quantified with Image Pro Premier software (Media Cybernetics, Rockville, MD).
Color thresholding method was used to measure type I collagen, type III collagen and non-collagen areas,
respectively '22%,

7.2.5 Statistical and correlation analysis
One-way ANOVA with repeated measures and Dunnett’s post-hoc tests were performed by Prism

(GraphPad Software, San Diego, CA) to examine the functional changes of the RV during the PAC.

Unpaired Student’s t-test was performed between the CTL and PAC groups in Excel (Microsoft). Pearson
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correlation analysis was used to investigate the correlations between the structural and functional properties.
Data are presented as mean+SD and p<0.1 was considered statistically significant **(we also labeled the
results with p<0.05 as conventionally used). This level of statistical significance was chosen in accordance
with the recent American Physiological Society recommendations *®. r>0.8 was considered as a strong
correlation.
7.3 Results
7.3.1 Hemodynamic and functional changes in RV with PAC

Eleven weeks post PAC, there was a significant increase in RVSP compared to the CTL group and
a gradual decrease of the ratio of pulmonary artery acceleration time/ejection time (PA AT/ET) over time,
with a significant reduction at the endpoint (Fig. 7.2A-B, p<0.05). These results indicate the successful
induction of pressure overload and establishment of RVF in the sheep. Moreover, there was a significant
decrease in SV in the PAC group compared to the CTL group at 11 weeks (Fig. 7.2C, p<0.05). Lastly, we
found that TAPSE was significantly decreased at week 11 compared to the baseline (Fig. 7.2D, p<0.05).

These results indicate that pressure elevation was successful, and RVF was evident in these animals.
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Fig. 7. 2. Decline in RV hemodynamics and function with PAC. A) Increase in RV systolic pressure. B)
Decrease in pulmonary artery acceleration time/ejection time. C-D) Decrease in stroke volume and TAPSE
in PAC sheep. *p<0.05.

7.3.2 Morphological changes in the RV with PAC

With the chronic pressure overload, there were significant increases in diastolic RV area and inner
diameter as measured by echocardiography (Fig. 7.3), suggesting a progressive dilatation of the chamber.
Some global changes of the hearts were examined after tissue harvest (Table 7.3). Both the RV weight/body
weight (p<0.05) and wall thickness (p<0.05) were larger in the PAC group, and the Fulton index as a routine

RV hypertrophy index was significantly increased as well (p<0.05).
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7.3.3 Structural changes in the RV with PAC

From the H&E staining, we quantified RV cardiomyocyte width and found that there was a
significant increase in the cell width with PAC (Table 7.3, p<0.05). From the Picro Sirius Red staining, we
examined RV collagen content and fiber orientation in the CTL and PAC groups using polarized
microscope images. PAC led to more collagen accumulation, especially type III collagen accumulation in
the RV (Table 7.3). There was no difference in collagen fiber orientation between the CTL and PAC groups

(Table 7.3).
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Table 7.3. Overall structural changes in ovine hearts with PAC. Data are presented as mean + SD.

CTL PAC
Body Weight (kg) 81.6+12.2 84.8+4.5
RV Weight (g) 61.7£10.9 84.1£13.1
RV Weight/Body Weight (g/kg) 0.8+0.0 1.0+0.1%
Fulton Index (%) 28.4+1.3 43.0£3.5%*
RYV Wall Thickness (mm) 5.940.2 7.4+0.6%*
Myocyte Width (um) 13.5+£1.2 17.1£0.7%
Collagen Fiber Angle (degrees) 54+8 57+12
Type I Collagen Content (%) 2.941.0 4.3+1.3
Type III Collagen Content (%) 0.7£0.1 1.8+0.7°
Total Collagen Content (%) 3.6x1.0 6.1+1.4"

*#p<0.05; *p=0.05; +p<0.1.

7.3.4 Correlation analyses of structure and function in the RV

We first examined the relations of RV pressure (RVSP) and the structures. As shown in Fig.
7.4A&B, we found a significant correlation between RVSP and the Fulton index (p<0.05), which has been
used to indicate RV hypertrophy at the tissue level *; there was also a trend of correlation between the
RVSP and the width of cardiomyocytes. These correlations indicated that the degree of RV pressure
overload was associated with RV hypertrophy at both cellular and tissue levels.

As we found that both Fulton index and width of the cardiomyocyte were correlated with the RVSP,
we further investigated the relations between these two hypertrophy indices. It was not surprising to see
that there was a significant correlation between the myocyte width and Fulton index in the RVs of the
experimental groups, suggesting that the enlarged cardiomyocytes would contribute to increased RV mass

(p<0.05, Fig. 7. 4C). Interestingly, we also found a significant correlation between the type III collagen
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and Fulton index (p=0.05, Fig. 7. 4D), and this relation was absent between the type I collagen and Fulton
index (data not shown). These results indicated that RV fibrosis, especially the accumulation in type III
collagen, was correlated with the RV hypertrophy.

Next, we examined the relations between the RV hypertrophy or fibrosis and its function indices.
As shown in Fig. 74E&F, we found a significant correlation between the Fulton index (hypertrophy) and
RV ejection time (ET) and a significant correlation between the Fulton index and the stroke volume,
respectively (p<0.05). Furthermore, we found a significant correlation between type III collagen content
and ejection time and a trend of moderate correlation between the type III collagen content and stroke
volume (Fig. 7.4G&H). However, there were no correlations between the type I collagen content and the

RV function (data not shown).
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Fig. 7.4. Correlations between the structure and function in the RVs of CTL and PAC groups. A - B)
correlations between the RVSP and Fulton index or width of the cardiomyocyte, respectively. C - D)
correlations between the width of the cardiomyocyte or the type III collagen content and Fulton index,
respectively. E - F) Correlations between the Fulton index and ejection time or stroke volume, respectively.
G - H) Correlations between the collagen type III content and ejection time or stroke volume, respectively.

7.4 Discussion
In this study, we described a revised PAC ovine model of adult RVF secondary to pressure overload.
This model allowed for a customizable constriction between individual animals and at multiple time points.

RV hypertrophy and fibrosis were evident in the pressure overloaded sheep. Surprisingly, the increase in

115



type III collagen was more pronounced than the increase in type I collagen. Functionally, RV pressure
elevation resulted in declines in RV, SV and TAPSE, and progression of chamber dilation and ejection
dysfunction, indicating RVF development. The degree of RV hypertrophy and the amount of type III
collagen were correlated with the function of the RV.

7.4.1 The revised PAC ovine model of adult RV failure

To date, this study is the first report of an ovine model of adult, chronic RVF. Historically, lambs
have been used in the study of RV dysfunction or therapeutics in pediatric patients (Table 7.1). Since ovine
reach sexual maturity at 6-8 months old *°, we explored the potential of RVF establishment in young adults.
From the prior literature, it can be found that not all PAC surgeries induced RVF (Table 7.1). If the PAC
induction is too mild, RV adaptation rather than RVF will occur; on the other hand, if the PAC induction is
too severe, animal deaths often occur prior to data collection *?°. In the present study, we adopted the same

criteria as used previously 2’!*73:274.278

to induce a similar degree of hemodynamic insult in these sheep and
then examined the remodeling of the RVs. As a result, different (customized) degrees of PAC were induced
(Table 7.2) to ensure that the proper degree of pressure overload was achieved for RVF establishment in
different individuals. Therefore, even with a small number of animals (n=3 per group), we were able to
confirm significant structural changes (i.e., RV hypertrophy and fibrosis) and functional changes (i.e.,
reduction in systolic function and ejection hemodynamics) in the RVs, from which changes RVF was
evident. This pilot study had 0% of mortality in the PAC animals, which was rare in the similarly reported
studies since the model is known for its drawbacks in surgical mortality, especially when the goal is to
induce RVF **. Furthermore, while prior pre-clinical studies examined the development of RVF by either
structural or functional changes of the RV, our study examined both aspects comprehensively to fully
validate the establishment of RVF in adult sheep.

There are some advantages of the animal-specific, graded PAC methodology. First, this method
allows for a PA constriction that results in identical hemodynamic insult between animals. As shown in

Table 7.1, many preclinical studies used a fixed degree of constriction (i.e., increase to certain pressure

value, reduce to certain PA diameter, etc.) to induce pressure overload. However, each animal responds
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uniquely to PAC and thus a fixed constriction may lead to varied degrees of RV dysfunction (from
adaptation to failure), which may complicate the assessment and diagnoses of RVF among animals. In
addition, various degrees of constriction were reported (see Table 7.1) and there is a lack of guidance on
the induction of PAC. Since RV pressure equivalent to systemic pressure has been reported in clinical and

preclinical studies of RVF -7

, we decided to use this hemodynamic condition as the criterion of PAC in
our model. Indeed, from our own data it can be seen that each animal had its own amount of saline injection
to elevate the RV pressure to systemic pressure, suggesting that different thresholds are required to induce
RVF in individual animals. The animal-specific and graded approach also avoids potential unexpected
animal death due to a single, severe constriction as we can progressively increase or halt the insult
depending on the animal’s individual response.

Second, the use of an adjustable PAC method provides more flexibility in the degree of PA
constriction in large animals that is impossible in rodent PAC models. In a rabbit study with a similar PAC
method, reversible constriction was induced to investigate the progression and recovery of RVF. This proof
of concept study has shown the regression of RV chamber size, hypertrophy and fibrosis by the removal of
pressure elevation, which may support the postulate that RVF is reversible ***. Similarly, the graded or
reversible PAC could be induced in large animals such as in this ovine model to further investigate the
pathogenesis of RVF, including the development from adaptive to maladaptive RV remodeling. Therefore,
the model is very flexible and can be adapted to investigate different questions regarding RVF.

7.4.2 New insights of RV failure from the study

In addition to the clearly adverse functional changes, we have observed morphological and
structural changes of the RVs in the PAC group that are characteristic of RVF #*#*%% Firstly, RV
dilatation and hypertrophy were evident and the RVID/LVID was gradually increased during the
progression of RVF (Fig. 7.3C). In a recent study, the RVEDV/LVEDV was found to increase with
increased RV free wall stiffness in PH patients, and this new index was strongly and inversely correlated
with the RV peak contractility *®. Thus, we speculate that the increased RVID/LVID may indicate a gradual

reduction in RV contractility and explain the impaired systolic function (SV) observed in the PAC sheep.
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Moreover, RV fibrosis was revealed in the PAC sheep (Table 7.3). This is not surprising because
collagen deposition is universally reported in clinical and preclinical studies, large and small animals, as
well as from early to late stage of RVF 7>*°%393% However, it was the collagen type III, not type I, that
was more markedly increased in the PAC RVs. This is unexpected because type I collagen is the major

isoform of collagen fibers in the RV ***%

, and provides more mechanical strength than type III collagen.
We do not know why RVF led to a more significant increase in type III collagen, which will be examined
in future investigations. Even in LVs, there is no consensus on whether type I or type III collagen plays a
more significant role in its pathogenesis '*%. Future studies should also delineate the role of different
subtypes of collagen in RVF.

Finally, we found some interesting correlations among the healthy and failing RVs. RV
hypertrophy and fibrosis were strongly correlated with RV function (Fig. 7.4F&H). This indicated that the
severity of RV hypertrophy or fibrosis were linearly linked to the adaptation/of the RV and could be used
as diagnostic parameters indicative of RVF. Indeed, both ventricular mass and collagen deposition have
been used in preclinical and clinical settings and were found to correlate with the severity of ventricular
dysfunction ***% These data also confirm that our ovine model recapitulates the behavior and pathogenesis
of human RVF. Furthermore, the amount of type III collagen was strongly correlated to the Fulton index
(Fig. 7.4D), indicating that certain molecular mechanisms in type III collagen metabolism is linked with
the RV hypertrophy. To date, the proof of a mechanistic link between fibrosis and RV dysfunction is
insufficient *****. Despite the evidence that increased collagen accumulation is found in severe RVF, the
treatment that reversed the collagen deposition in the RV failed to improve the RV function *'**!!. Here,
we observed that type III collagen content was strongly correlated with ejection time and stroke volume
(Fig. 7.4G&H). We suspect that the different roles of type I and type III collagen in RV dysfunction may
explain the discrepancy in the literature.

7.4.3 Limitations

There are a few limitations to this study. Firstly, we did not have 3D measurements of the RV

volume or strain, which are useful indices of RVF ***%312_ Cardiac magnetic resonance imaging or
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pressure-volume relations are the gold standard and should be used to investigate adult ovine RVF in the
future **>*1, Secondly, even though we observed significant functional impairment, other clinical signs
such as peripheral edema or body weight loss were absent ******. These signs are typically seen in the late
stage of RVF and the RVF observed in this study may be in an early rather than a late stage.
7.5 Conclusion

In this study, we reported a revised animal-specific, graded pulmonary artery constriction model in
adult ovine. The model led to successful right ventricle failure development with significant structural and
functional changes as well as some correlations between right ventricle hypertrophy or fibrosis and
functional decline. The model is robust and safe to induce various degrees of pressure overload and at
multiple time points, which enables the flexibility to adapt to different protocols to answer various research

questions related to the progression or treatment of right ventricle failure.
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CHAPTER 8: CORRELATIONS BETWEEN THE RIGHT VENTRICLE PASSIVE

ELASTICITY AND ORGAN FUNCTION IN ADULT OVINE’

8.1 Introduction

Right ventricle failure (RVF) contributes significantly to the mortality and morbidity in a variety of
cardiovascular diseases including pulmonary hypertension (PH), congenital heart disease and left heart
failure with preserved ejection fraction ****. The biomechanical properties of the RV free wall are

considered to play a role in its organ function ***!

, and a recent rodent study has reported a correlation
between the passive elastic modulus and the end-diastolic volume of the RV °, with the latter often being
used as an index of RV function *. This is the first study that directly relates the RV tissue mechanics to a
clinically relevant hemodynamic index, leading to a new point of view to link the ventricular biomechanics
with the organ function to advance the understanding of biomechanical mechanism of RV failure. However,
the comprehensive understanding of the roles of RV biomechanical properties in the in vivo function
remains a key knowledge gap.

This study aimed to explore the correlations between RV tissue mechanical properties and the in vivo
function in healthy and hypertensive adults. We hypothesized that the RV passive elasticity was correlated
with its in vivo function. Using a large animal model of RV failure, we observed the correlations between
the RV elastic properties and the physiological function, and our findings offer a deepened insight of the

biomechanical mechanisms of RVF secondary to chronic pressure overload.

8.2 Materials and Methods
8.2.1 Ovine Model of Pulmonary Hypertension and RV Failure Development

All animal works were approved by the Colorado State University Institutional Animal Care and Use

Committee (IACUC#17-7590A). Six PH sheep and three age-matched health sheep were recruited in this

7 This chapter is published as a peer reviewed research article in Journal of Integrative Cardiology (doi:
0.15761/J1C.1000294).
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study. Sheep was chosen for this study because its anatomy and physiology are closer to human than those
of small animals and thus the findings are more translatable to human physiology and cardiac biomechanics
' PH was induced in eight-month old male and female ovine using our recently established animal-
specific, pulmonary artery constriction model '”. Briefly, an adjustable hydraulic occluder (AUS-PORT
12x14 mm, Norfolk Vet Products, IL) was placed around the main pulmonary artery trunk to elevate the
pulmonary pressure. The degree of constriction for each animal was determined by the amount of saline
injected to elevate the RV systolic pressure comparable to that of the left ventricle (LV) in the same animal.
The chronic pressure overload was maintained for 11-20 weeks and thus different phases of RV failure
were included in these PH ovine.
8.2.2 In Vivo Functional Measurements

Prior to the euthanasia, RV hemodynamic and function measurements were performed by thoracic
echocardiography using a 2.5 MHz transducer on a GE Vivid (GE Healthcare, Chicago, IL) in awake
animals, and then by RV catheterization (7 Fr Swan Ganz catheter (Edwards Lifesciences Corporation,
Irvine, CA)) in anesthetized animals. RV systolic pressure (RVSP), stroke volume (SV), cardiac output
(CO), tricuspid annular plane systolic excursion (TAPSE), fraction shortening (FS), acceleration time (AT),
deceleration time (DT) and ejection time (ET) were obtained '”’. RV diameters and areas at end-diastolic
and end-systolic phases were measured. After euthanasia, RV hypertrophy was measured by Fulton index,
which is the ratio of wet tissue weights calculated as RV/(LV+S), where LV is the left ventricle and S is
the septum "*.

8.2.3 Ex Vivo Mechanical Test and Data Analysis

Within four hours of sacrifice, the RVs were dissected and immersed in a physiological saline solution
(PBS) on ice. Because the RV free wall is relatively thin, almost the entire wall was used for mechanical
tests, after the removal of epicardium layer and the trabeculae from the endocardium. To obtain the biaxial
mechanical properties, the outflow tract (OT) direction of the RV was defined as the longitudinal direction

in the test axis. A minimal sample aspect ratio of 3:1 (length: thickness) was used to approximate a plane-
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stress condition, and a cruciform section was cut to generate more homogenous strain distribution and
minimize shear strains in the biaxial tests '*'”’. A ruler and caliper were used to measure the tissue size
and thickness, respectively.

The tissues then underwent equibiaxial tensile mechanical tests, either with a regular spray of PBS
solution to keep the tissue moist in room air or with the bath of cardioplegic solution (CPS) and 30 mM of
2,3-butanedione monoxime (BDM) at 26 — 37°C. Our supplement experimental data confirmed that there
were not significant changes of the stress-strain curves between these testing conditions (Fig. 8.1). Graphite
powder (AGS, MI) was used for strain characterization via digital image correlation. During the test, images
were taken with a digital camera (Nikon) at 1 fps. A MATLAB-based digital imagine correlation program
was used to analyze the tissue deformation. Two 250 Ib capacity load cells (Honeywell Sensotec,
Columbus, OH) were used to obtain the forces. A custom LabVIEW code was used to control the actuators

and record the data ",
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Fig. 8.1 Comparison of the average stress-stain curves obtained from different testing conditions. (A-B)
stress-strain curves in the longitudinal and circumferential directions, respectively. N=3.

After mounting, a small preload (~0.1 N) was applied to define the zero-strain configuration, and then
the tissue underwent 15 cycles equibiaxial tests including preconditioning cycles (at the stretch rate of 15

mm/min, with ~25% maximal stretch). We further assumed the tissue to be incompressible *. Then the last
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cycle of the loading curve was used to generate the Cauchy stress — Green strain curve to analyze the RV
mechanical properties as previously described **. We were unable to obtain complete mechanical data in
one control and one PH sheep. From the stress-strain curves, the RV passive stiffness (or elasticity) was
quantified by the elastic moduli (EM) at the low and high strain ranges, respectively °.
8.2.4 Statistical and Correlation Analyses

All data were analyzed by the non-parametric statistical analysis, except for the EM which were
confirmed with the normal distribution by the QQ plot (GraphPad (v8.0.2)). Pearson correlation analysis
was used to investigate the correlations between the tissue mechanical properties and RV function indices
(Microsoft Excel). All the data were presented as mean + SEM. P < 0.05 was considered statistically
significant.
8.3 Results
8.3.1 Changes in RV Geometry and Hemodynamic Function with PH Development

The results of the individual RV geometry and hemodynamic function were summarized in Table. 8.1.
There was a significant increase in RVSP and significant decreases in SV and CO in the PH group compared
to the CTL group (p<0.05). PH also led to a trend of decrease in the AT (p = 0.07) and significant increases
in the DT, ET, as well as the AT/ET ratio compared to the CTL group (p<0.05). Lastly, the RV became
significantly hypertrophic with the PH development (p<0.05). These results indicate the successful

induction of pressure overload of the RV and the establishment of RV failure in the PH animals.
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Table 8.1 Individual hemodynamics, structure and function measurements of the ovine RV.

Sample RVSP Sv CO TAPSE FS AT ET DT AT/ET Fulton
(mmHg) (mL) (mL) (mm) (%) (msec) (msec) (msec) Index (%)

CTL1 22.7 96 9.2 19 / 94 231 137 0.41 28.8
CTL2 23.8 99 13.3 21 / 73 160 87 0.46 29.5
CTL3 21.7 130 11.6 28 / 68 198 130 0.34 27.0

Mean + SEM 23+ 1 108 £11 11 1 23 £3 / 78 £8 196 £21] 118 £16 0.40 £0.03 28 1
PH1 35 69 6.5 17 32.7 / 321 / / 43.9
PH2 51 65 5.9 20 11.1 69 335 266 0.21 46.0
PH3 45 83 94 22 / 59 237 178 0.25 39.2
PH4 42 39 3.8 25 35.9 62 271 209 0.23 58.8
PH5 28 56 5.6 22 11.9 67 360 293 0.19 58.2
PH6 51 47 3.9 20 27.0 44 278 234 0.16 64.1

Mean + SEM 42 x4 60 +7" 61" 21 +1 24 +5 60 +4 300 19" 236 20" 0.21 £0.02" 52 +4"

CTL: control group, PH: pulmonary hypertension group. RVSP: right ventricle systolic pressure, SV: stroke volume, CO: cardiac output; TAPSE:
tricuspid annular plane systolic excursion, FS: fraction shortening, AT: accelerate time and ET: ejection time. /: unable to obtain the data. *: p < 0.05
vs CTL group.
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8.3.2 Changes in RV Passive Elasticity with PH Development

Figure 8.2 presented the RV passive, biaxial elasticity obtained from the control and PH ovine. Despite
a relative small number of the control animals, we observed significant stiffening of the RV in the PH
group: compared to the control RVs, the PH RVs had a larger EM at low strain range (EMpow) in the
longitudinal direction (Fig. 8.2A, p<0.05). A similar trend was observed for the EM at high strain range
(EMHign) in the same direction, but the difference did not reach statistical significance (Fig. 8.2B). In

contrast, the changes in these EM in the circumferential direction were absent with PH development.
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Fig. 8.2 Different RV elasticities derived from the stress-strain curves. (A) the EM at low strain range
(EMLow) and (B) the EM at high strain range (EMuien) in both longitudinal (L) and circumferential (C)
directions. CTL: control group, PH: pulmonary hypertension group. *: p < 0.05.

Furthermore, PH led to a strong trend of increased EM_,w in the longitudinal direction compared to the
circumferential direction (Fig. 8.2A, p=0.06). However, this was not observed in the control RVs. These
results indicate an alteration of the anisotropic behavior at the low strain range with the progression of PH.
We did not observe any anisotropic behavior from the high-strain EM in both PH and control groups.

8.3.3 Correlations Between RV Passive Elasticity and Physiological Function Indices

RV elasticity and RV diameter

125



Among all healthy and diseased RVs, we observed that the longitudinal EMi.w was significantly
correlated with the long-axis end-diastolic area (Fig. 8.3A, p<0.05) and it tended to correlate with the end-
systolic diameter (Fig. 8.3B). Moreover, we also saw a trend that the longitudinal EMu;ien was correlated
with the long-axis RV end-systolic diameter (Fig. 8.3C). In our study, the definition of longitudinal
direction in the biaxial properties was anatomical and aligned with the long-axis of the RV geometry. Thus,
these data suggest that the passive elasticity of the RV is strongly related to the ventricular shortening in

the same (long-axis) direction.
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Fig. 8.3 Correlations between the RV passive elasticity and RV diameter at longitudinal direction. (A)
correlation between the EM at low strain range and RV end-diastolic diameter, (B-C) correlations between
the EM and RV end-systolic diameter at low and high strain ranges, respectively.

RV elasticity and RV area

Similarly, as we observed in the RV diameter, the longitudinal EMy . was significantly correlated with
the long-axis RV end-systolic area (Fig. 8.4B, p<0.05) and it tended to correlate with the RV end-diastolic
area (Fig. 8.4B). However, the EMu;zn was differently correlated with the RV area than with the RV
diameter: instead of the longitudinal EMg;en, the circumferential EMu;en showed a trend of correlation with

the long-axis RV end-systolic area (Fig. 8.4C).
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Fig. 8.4 Correlations between the RV passive elasticity and the RV area. (A) correlation between the EM
at low strain range and RV end-diastolic area at the longitudinal direction, (B) correlation between the EM
and RV end-systolic area at low strain range at the longitudinal direction, and (C) correlation between the
circumferential EM at high strain range and RV end-systolic area in the long axis.

RV elasticity and RV hemodynamic profile

Lastly, we found that the RV longitudinal stiffness indices showed strong trends of correlations with

the RV hemodynamic profile obtained from the Doppler flow measurements. The longitudinal EMyow

tended to be negatively correlated with the AT, and the longitudinal EMu;n tended to be positively

correlated with the ET and DT (Fig. 8.5).
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Moreover, we examined the correlations between the RV passive elasticity and other function indices
such as the SV and TAPSE. We observed a mild trend of negative correlation between the longitudinal
EMHigh and the SV (r=-0.48, p=0.28), but there were no correlations between the passive elasticity indices
and TAPSE (data not shown).

8.4 Discussion

In this study, we originally investigated the relationship between RV passive mechacnial property and
its physiological function in healthy and pulmonary hypertensive adults using a sheep model of RV failure.
To our knowledge, there is only one rodent study showing a correlation between the RV passive elasticity
and its end-diastolic volume °. The prior study was the first effort to link the RV biomechanics to the organ
function, but the relationships examined were limited. The present study investigated the relations of the
RV tissue mechanics and a variety of organ function indices measured in large animal (ovine) species. The
anatomy and physiology of sheep are closer to human patients compared with the small animals, and thus
the findings here are more translatable to human physiology and cardiac biomechanics '%2*+*",

8.4.1 Correlations Between RV Mechanics and Its Hemodynamic Function

We observed several interesting correlations that support the hypothesis that there is linkage between
the RV mechanics and hemodynamic function. First, our results showed that the RV elasticity was
correlated with the RV chamber geometry, which is an alternative index of RV function and a useful
prognostic parameter for RV failure patients *>*'*'®. Our data showed that the longitudinal EMy .y was
correlated with the RV end-diastolic diameter and area in the same direction (long axis) (Fig 8.3&8.4). The
finding is consistent with the report in a pulmonary arterial banding rat study, which showed that the
longitudinal EMyo was correlated with the RV end-diastolic volume °. It is unclear whether the same
degree of RV failure was achieved in the present ovine study as in the previous rodent study. Moreover, we
have various durations of PAC in the PH sheep, which may include different stages of RV failure in the

animals. Nevertheless, both our study and the previous study identified a correlation between the low-
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strain EM (EMiow) and RV diastolic geometry (Fig. 8.3A&8.4A). These findings confirm a critical role of
RV passive mechanical property in the diastolic function.
8.4.2 Alteration of the RV Anisotropic Behavior During PH

Furthermore, we observed a change in the anisotropic behavior of the RV during PH development
(Fig. 8.2). The stiffening of the RV in the longitudinal direction and the absence of stiffening in the
circumferential direction led to a more anisotropic behavior of the RV with the progression of PH. We
speculate that the biaxial mechanical changes may partially explain the development of RV failure. Under
persistent pressure overload, the RV typically remodels into a spherical shape and requires a higher wall
strength in the circumferential direction to maintain the blood flow in the pulmonary circulation.
Alternatively, a failure to enhance the circumferential wall strength will impair the ventricular function and
result in RV failure. Therefore, a lack of stiffening (‘clastic recoil strength’) of the wall in the
circumferential direction, as we observed in the study, may contribute to the decline of the in vivo function
(e.g., decreased SV).
8.4.3 Correlations Between the RV Passive Elasticity and Its Systolic Geometry

Next, we also observed new correlations between the RV passive elasticity and its systolic geometry
(Fig. 8.3B-C, 8.4B-C). This drove us to think how RV passive elasticity may interfere with the overall
function including the systolic function. It is known that the myocardial stiffness plays a role in the
progression of heart failure *'’. For the RV particularly, the diastolic stiffness derived from the diastolic
pressure-volume relation is a better parameter than the systolic parameter such as the load-independent

318 This evidence

contractility to distinguish different clinical outcomes (survival) of PH patients
underscores the importance of RV passive stiffness in the overall health of the RV. Our data here add
additional support that the role of the passive elasticity may go beyond the diastolic function, and one
possible explanation is that the matrix ‘stiffness’ may be linked with the ‘health’ state of the cardiomyocytes
319,320

, and thus affect the contractile function of the RV. The understanding of the roles of active (systolic)

and passive (diastolic) mechanical property in myocardial function has been an ongoing research area,
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especially with the development of non-invasive cardiac imaging and computational modeling techniques
3217323 Therefore, future study should elucidate the linkage between the active and passive stiffness of the
RV and their impacts on the RV function.

8.4.4 Correlations Between the Longitudinal Stiffness Indices and Its Hemodynamic Function

Finally, we observed for the first time that the longitudinal stiffness indices (EMLow and EMy;en) tended
to be correlated with the AT (p=0.07) and DT (p=0.05) (Fig. 8.5), both of which are hemodynamic indices
associated with the ventricular afterload ****%. Unlike the AT, the DT is not a commonly reported
hemodynamic parameter. A study in the LV showed that the increased DT was correlated with increased
central blood pressure as well as with the increased pulse wave velocity (indicator of arterial stiffness) at
rest and during exercise **. Therefore, the DT is suggested as a surrogate marker for central hemodynamics,
mainly representing LV afterload (both steady and pulsatile). Such measurement in the RV has not been
noted to our knowledge, but another group has measured the mid-systolic DT (the deceleration time from
the peak to ‘notch’ in the flow profile) in pulmonary arterial hypertension patients. They found that the
mid-systolic DT was associated with the pulmonary vascular resistance and pulmonary pressure, which are
measures of the steady RV afterload 326 Therefore, our observed trends of correlations indicate that the
RV longitudinal stiffening is an adaptation to the increased afterload, and the hemodynamic indices (AT
and DT) may not only be used to estimate the RV afterload, but also to predict the ventricular wall
stiffening.

In addition, the EMLow is a measurement in the diastolic stress range and thus it has been adopted as
the diastolic stiffness of the RV 2. It is speculated that the EMyoy is mainly contributed by the myofiber
stiffness, which is different than the EMuign that is measured in the high-strain range and contributed mostly
by the collagen fiber stiffness *'"*'**. We do not know why EMj, and EMuim showed different degrees
of correlations with the AT and DT, and future study should investigate if RV stiffening in different strain
ranges may distinguish adaptive and maladaptive remodeling or is a response to different types of RV

afterload (steady or pulsatile). Overall, the suggested relations between the pulmonary hemodynamics and
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RYV passive elasticity may imply new diagnostic markers for the assessment of RV function and should be
further investigated in future preclinical and clinical studies.
8.5 Conclusions

In this study, we performed the in vivo RV function assessment and ex vivo RV mechanical
measurements in healthy and PH ovine, and then investigated the relationship between the passive elasticity
and RV function. We observed that the RV longitudinal elasticity was significantly correlated with the RV
end-diastolic and end-systolic diameter/area, indicating a contribution of RV passive stiffness in the
diastolic function. More importantly, the elastic modulus at the low strain range was correlated with the
acceleration time, whereas the elastic modulus at the high strain range was correlated with the deceleration
time. This suggests that the RV hemodynamic profile may be an alternative estimation of RV passive
elasticity and can be explored as a useful marker for RV failure assessment. Overall, this study highlights

the importance of the passive elastic properties of the RV in the progression of RV dysfunction.
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CHAPTER 9: ALTERATIONS OF BIAXIAL VISCOELASTIC PROPERTIES OF THE
RIGHT VENTRICLE AT REST AND EXERCISE CONDITIONS IN MONOCROTALINE

RATS 8

9.1 Introduction

Right ventricle (RV) failure is a fatal disease and contributes significantly to the mortality and
morbidity in a variety of cardiovascular disease including pulmonary hypertension (PH), congenital heart
disease and left heart failure with preserved ejection fraction ****. However, there has been lack of effective
treatment for these patients and it is due to an inadequate understanding of the structure-function

relationship of the right ventricle (RV) in physiological and pathological conditions 2**'.

The biomechanical properties of the RV free wall are considered to have an impact on its organ
function *’, and a recent rodent study has reported a correlation between the passive elastic modulus of the
RV and the end-diastolic volume °, which is often used as an index of RV function ***'**!¢, Furthermore,
our own previous ovine study showed that RV elasticity is correlated with RV area and hemodynamic

9. These studies that directly relate the RV tissue biomechanics to clinically relevant

property
hemodynamics, leading to a new point of view to link the tissue biomechanics with organ function to

advance the understanding of biomechanical mechanism of RV failure.

It is well known that the ventricle is an anisotropic and viscoelastic material *%*%19%17>  Sych
behavior indicates the tissue mechanical behavior is strain/stress dependent, and there are energies stored
and dissipated during the deformation due to the tissue elasticity and viscosity, respectively. These energy
expenditure events closely impact the use of flow energy (during filling) or metabolic energy from
cardiomyocytes (during ejection) in ventricle dilation and contraction in physiological conditions (at rest

or exercise). However, most previous studies on RV biomechanics have focused on the passive elasticity

8 This chapter will be submitted for publication. Currently is under preparation.
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273435.52543551174 A few studies that reported the viscoelastic behavior of the RV are either using an

indentation test of the RV **, or the tensile mechanical tests of neonatal RV *® free walls or the papillary
muscles '***". Thus, the biaxial (2D) viscoelastic behavior the RV free wall in adults remains little
investigated. Our group recently examined the passive RV biaxial viscoelasticity in adult sheep '”. But
only healthy samples were investigated; as a result, the changes in the viscoelastic behavior in failing RVs

are not well understood.

It is found that the exercise capacity and tolerance are reduced in patients with RV failure. The
healthy myocardium adapts to the increased loading on the heart during exercise by increasing stroke
volume and heart rate, thus increasing the cardiac output (CO). However, in patients with heart failure with
preserved ejection fraction (HFpEF), this adaptation (increase in the CO) was not seen ***. And the HFpEF
patients displayed an impaired enhancement of RV systolic and diastolic function, as well as a lower
increased in stroke volume, heart rate, and cardiac output compared to healthy controls ***. Furthermore,
Tricuspid annular plane systolic excursion (TAPSE) is another metric for determining RV systolic function,
and it is often used to measure the contractile reserve of RV in exercise ***. A clinical study found that the
HFpEF patients without RV dysfunction had a TAPSE of 16mm or higher and exhibited preserved or
improved contractile reserve during exercise. However, severe HFpEF patients with RV dysfunction had a
TAPSE less than 15.5mm and exhibited reduced contractile reserve during exercise **°. These results
suggest that RV dysfunction is associated with an impaired cardiac reserve in response to exercise and the
patients with RV failure may not be able to adapt to the increased myocardial demand at exercise. However,
whether the impaired exercise capacity of the RV is associated with any impairment in the RV mechanical

properties (viscoelasticity) has not been explored.

The goal of this study was to investigate the alterations of RV biaxial viscoelastic behavior with
PH development at both rest and exercise conditions. We hypothesize that the remodeling in pulmonary
hypertensive RVs leads to changes in anisotropic and viscoelastic properties of the RV free wall, and the

diseased RV has distinct viscoelastic changes in response to exercise condition than the healthy RV. This
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is the first study to investigate the changes of the anisotropic and viscoelastic mechanical properties of the
RV free wall in physiological and pathological states. Furthermore, we applied a power-law model to
capture the RV viscoelastic behavior in both healthy and disease groups and at rest and exercise conditions.
We observed that PH increased RV viscoelasticity in both longitudinal (outflow tract) and circumferential
directions. The increase in viscosity was similar between directions, whereas the increase in elasticity was
greater in the longitudinal direction, leading to a more anisotropic elastic behavior of the RV. The RV
viscoelasticity was also altered from resting to exercised conditions — the damping capacity (ratio of
dissipated energy to total energy) was decreased in healthy RVs but not in diseased RVs, indicating an
impaired adaption to exercise. Furthermore, various nonlinear viscoelastic behaviors of the RV were
observed with PH development and in exercised conditions. Lastly, compared to the RV elasticity and
viscosity, damping capacity is a better indicator for RV function than elasticity or viscosity alone. These
novel findings will improve our understanding of RV biomechanics in response to RV failure progression
or increased heart rates from rest to exercise conditions and offer more insights into the reduced exercise

capacity in RV failure patients.

9.2 Material and Methods

9.2.1 Animal model and in vivo measurement

All procedures were approved by Institutional Animal Care and Use Committee (IACUC #1438)
at Colorado State University. The monocrotaline (60 mg/kg) was injected subcutaneously into 6-week-old
male Sprague Dawley rats for 3 weeks to induce PH (MCT). Similar healthy rats were used as controls
(CTL). One or two days before the euthanasia, the RV function was obtained by in vivo 2D
echocardiography. The in vivo echocardiography measurement was performed using Philips Ultrasound
(XX; transducer) before the euthanasia for both CTL and MCT groups to assess right ventricular function.
Briefly, rats were anesthetized using inhaled isoflurane (0.5-2%) and then subjected to transthoracic echo.
Ventricular dimensions and function such as end-diastolic diameter (EDD), end-systolic diameter (ESD),

and fractional shortening (FS) were measured in the parasternal short-axis or the apical four-chamber view
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in 2D M-mode. The pulmonary blood flow dynamics such as pulmonary arterial (PA) peak velocity (Vpa
peak), PA acceleration time (AT), ejection time (ET) and RV filling peak velocity (Vrv max) Was recorded
using pulse wave Doppler echo. Prior to the mechanical tests, rats were euthanized by an i.p. injection of
urethane (1.2 kg/mg) or CO, inhalation. After tissue harvest, RV hypertrophy was measured by the
thickness of RV free wall and the Fulton index, which is the ratio of wet tissue weights calculated as

RV/(LV+S), where LV is the left ventricle free wall and S is the septum 7*7*,

9.2.2 Specimen preparation

Fresh hearts (N=12 for CTL and N=10 for MCT) were obtained from CTL and MCT male rats.
The hearts were placed in cardioplegic solution on ice to maintain tissue viability '"* and mechanically
tested within 3h after tissue harvest. The RV was dissected, and the out-flow tract direction was marked as
the longitudinal direction and its perpendicular direction was defined as the circumferential direction. The
samples were then placed in cardioplegic solution combined with 30mM of 2,3-butanedione monoxime
(BDM) at body temperature for at least 30 min to ensure muscle relaxation. The tissues were immersed in

the same solution during the mechanical tests.

9.2.3 Ex vivo biaxial stress relaxation mechanical tests

After mounting, the equibiaxial stress relaxation tests were performed after the tissues were
preloaded and preconditioning by using a newly established in-house biaxial testing system **°. Two sets
of stress relaxation tests were included in this study: 1) using different ramp speeds mimicking the sub-
physiological and physiological heart rates at rest and exercise conditions (0.1, 1, 2, 5 and 8Hz) at the fixed
strain level (20%); and 2) using different strain levels (6, 9, 12 and 15%) at the fixed ramp speeds selected
to mimic the diastolic strain-rates (5 and 8Hz). Between each test, a resting time, which was ten times that
of the previous testing period, was included to ensure that the tissue was fully recovered from the previous
test. Biaxial stretch forces were obtained by 5 1b load cells (Honeywell) at a sampling frequency of 200 Hz,
and the engineering stress (d) was calculated as the force divided by the initial cross-section area of the

tissue. The relaxation modulus was derived as the stress divided by the strain (a fixed value) as a function
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of time, and the normalized stress curve, which is the ratio of the stress to the maximal stress (0/0;q5) aS
function of time ', was used to derive the tissue’s viscous index. Furthermore, from the raw data, we
derived the stored energy (W) as the area beneath the stress relaxation curve and dissipated energy (Wq) as
the area between the stress relaxation curve and the theoretical curve of a purely elastic material at a fixed
time of the relaxation (Fig. 9.1). We then further derived the damping capacity as Wq4/(Wa+W) to evaluate
the mechanical energy efficiency during tissue deformation. The stored and dissipated energies, damping,
relaxation modulus and the viscous index were measured at five different time points (0.01, 0.1, 1, 10 and

100s) to indicate the tissue viscoelasticity at different time scales.

- // Dissipated \\ Stored

Pure elastic

X

Viscoelastic

Stress (kPa)

Fix time point

Time (s)

Fig. 9.1. The definitions of stored energy and dissipated energy at any fixed time point from the stress
relaxation curve.

9.2.4 Model fitting: power-law fitting procedure

We then applied the power-law viscoelastic model to the experimental data to characterize the
strain-dependent relaxation response as described previously **’. Briefly, Eq. 9.1 was used to capture the
strain- dependent behavior of the relaxation function.
o(E, t) = oo(E)t™® ©.1)
where g, (E) and m are the initial stress and relaxation rate, respectively, and E is the strain tensor. We
further transformed Eq. 9.1 to a logarithmic scale and plotted and performed the linear fitting that includes

all strain levels simultaneously. The log of the initial stress (g, (E)) and relaxation rate (m) were calculated,
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which are the ordinate intercept and the slope of the fitted line. Furthermore, we plotted the initial stress
and relaxation rate as a function of strain and performed the curve fitting. The fitting results were used to
reveal the relation between the modeling parameters, and the strain level used in stress relaxation.
9.2.5 Statistical analysis

Comparisons between groups (CTL and MCT), directions (longitudinal and circumferential), strain
levels (3, 6, 9, 12 and 15%), frequencies (0,1, 1, 2, 5 and 8) and time constants (0.01, 0.1, 1, 10 and 100s)
were performed with the paired Student’s t-test. Pearson correlation analysis was used to investigate the
correlations between RV damping capacity and RV function measurement. The analyses were performed
by using Microsoft Excel. Data are presented as mean £ SEM and p<0.05 was considered statistically

significant.

9.3 Results
9.3.1 RV failure establishment and structural changes in MCT rats

From the in vivo echocardiography measurement, we observed significant abnormalities with
enlarged RV chamber size (EDD and ESD), reduced contractile function (FS), pulmonary artery (PA)
outflow characteristics and the filling peak velocity (Table. 9.1). These results indicate the establishment
of RV failure in the MCT rats. From the tissue measurement, we observed significant increases in the RV

free wall thickness and the Fulton index in the MCT group compared to the control group, which indicated

RV hypertrophy in the MCT group (Table. 9.1).
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Table 9.1: Summary of the in vivo functional and ex vivo tissue measurements for both groups. Data were
present as mean + SEM.

Echocardiography Control (N=38) MCT (N=8)

RV EDD (cm) 0.16 +0.01 0.30 +£0.03

RV ESD (cm) 0.09 +0.01 0.22 +0.02

RV Fractional Shortening (%) 41.50 + 1.66 27.09£3.20 "

Acceleration Time (AT) (s) 0.03 +0.002 0.02 +0.001 ~
Ejection Time (ET) (s) 0.07 +0.001 0.07 +0.002
AT/ET 0.40 +0.02 0.23+0.02 "

Peak Velocity during Filling (cm/s) 70.88 £2.79 91.00 +2.88

Structure Measurement Control (N =12) MCT (N =10)
Wall Thickness (mm) 0.81 +0.05 1.19+0.09
Fulton Index (%) 0.23 +0.01 0.56 +0.06

©:<0.01 vs CTL.
9.3.2 Stretch-rate dependent viscoelastic behavior altered by PH

We firstly investigated the frequency-dependent viscoelastic behavior quantified by the relaxation
modulus and viscous index. Due to the physiological heart rates of rats, we treated the tests obtained from
0.1, 1 and 2 Hz as in the sub-physiological range whereas the tests obtained from 5 and 8 Hz as in the
physiological range. Furthermore, we treated the SHz as the rest condition and 8Hz as the exercise condition.
The data obtained at early time points (e.g., 0.01s after peak force) were considered to represent the short-
term viscoelastic behavior of the RV and those obtained at later time points (e.g., 100s after peak force)
were considered to represent long-term viscoelastic behavior of the RV.

Figure 9.2 shows significant frequency-dependent changes in the relaxation modulus and viscous
index measured at 0.01s after the peak force in both control and MCT groups. Similar frequency-dependent
behavior were observed at other time points (0.1, 1, 10 and 100s, data not shown). Firstly, all curves from
the MCT group were above those from the control group, indicating increased viscoelasticity in the MCT
group. We will further present the detailed changes in the next section (§9.3). In the control group, the
relaxation modulus and viscous index in the longitudinal direction presented a biphasic change as frequency
increased; but this behavior was absent in the MCT group in the same direction (Fig. 9.2A &C). Both groups

presented monotonically decreased relaxation modulus and viscous index with the increasing testing in the
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circumferential direction (Fig. 9.2B&D). Therefore, PH altered the frequency-dependent viscoelastic

behavior of the RV only in the longitudinal direction.
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Fig. 9.2. Frequency-dependent changes in the relaxation modulus and viscous index at 0.01s after peak
force. (A&B): relaxation modulus in longitudinal and circumferential directions for both groups,
respectively; (C&D): viscous index in L and C directions for both groups, respectively. * < .05 vs 0.1Hz,
respectively, $< .05 vs 1Hz, respectively, * < .05 vs 2Hz, respectively, ~ < .05 vs SHz, respectively.

9.3.3 PH increased RV biaxial viscoelasticity and enhanced the elastic anisotropy

Next, we focus on the RV biaxial viscoelasticity obtained from 5 and 8Hz since these data are more

physiologically relevant. We presented the data at 0.01s after the peak force as similar trends were observed

at other time points. As shown in Figure 9.3A, we observed that the MCT RV had increased relaxation

modulus (an indicator of elasticity) than the control RV in both directions, and the MCT RV became

anisotropic in elasticity with PH development. These differences were found in both rest and exercise
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conditions. Similarly, we observed that MCT RV had increased viscous index (an indicator of viscosity)
than the control RV in both directions, but there was no differences in viscosity between directions for both
groups. These changes were observed in both rest and exercise conditions (Fig. 9.3B). These results indicate

that PH increases RV tissue elasticity and viscosity in both directions and only enhances the RV elastic

anisotropy.
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Fig. 9.3 Changes of RV viscoelasticity during PH. (A): increased RV elasticity during PH; (B): increased
RV viscosity during PH. * < .05, ™ < .01, respectively.

9.3.4 PH decreased RV damping capacity in both directions

We have shown previously that both elasticity and viscosity of the RV were increased with PH
development, it is unclear if these increases were equivalent or not. To evaluate the relevant changes
between viscosity and elasticity, we examined the damping capacity changes during PH. This parameter
also quantifies the mechanical efficiency of the tissue as it is derived as the percentage of dissipated (wasted)
energy to the total energy applied to the tissue during the deformation. We observed that the MCT RV had
decreased damping capacity (obtained at 0.01 after peak force) than the control RV in both directions, and
the same changes were found in both rest and exercise condition (Fig. 9.4A). Similar trends of changes
were observed at other time points (Fig. 9.4B and data not shown). Therefore, this is the first report that the
PH-induced remodeling of the RV led to reduced damping capacity of the tissue. Lastly, we found that in

the late stage of the relaxation (at 100s after peak stress), the RV damping capacity exhibited an anisotropic
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behavior in both rest and exercise conditions (Fig. 9.4B). Such anisotropy was absent in earlier stage of the

relaxation.
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Fig. 9.4 Changes in damping capacity of the RV after PH development quantified at 0.01s and 100s after
peak force. Decreased RV damping for both resting and exercise conditions for (A) at 0.01s and (B) at 100s.

"< .05, <.01, respectively.

9.3.5 Exercise reduced the damping capacity of healthy but not MCT RVs

We further investigated the changes in the damping capacity with exercise for both CTL and MCT
groups. We observed that except for the 0.01s after peak force, exercise induced decreased damping
capacity in one or both directions in the CTL group at all later stages of the relaxation (Fig. 9.5). But in the
MCT group, the decrease in damping capacity with exercise was absent in most stages of the relaxation
except at 10s after peak force. There was even an increase of the damping capacity by exercise at 0.01s

after peak force (Fig. 9.5A). These results suggest that the PH induced different responses in energy

expenditure in the RV under the exercise condition.
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Fig. 9.5 Changes in RV damping capacity during exercise at different stages (time points) of the relaxation.
< .05, <.01, respectively.

9.3.6 Correlation between the RV viscoelastic properties and in vivo measurements
We further performed the Pearson correlation analysis to investigate the relationships between the

viscoelastic parameter and the echocardiography measurements to explore potential implications of RV
viscoelasticity. In both directions, we observed that the RV damping capacity was significantly correlated
with the RV EDD, PA AT and AT/ET (Fig. 9.6) at almost all stages of relaxation (except for a later time
points in the circumferential or longitudinal direction). More details of the correlations between the RV
damping capacity and the in vivo measurements at various time points are shown in Table 9.2. It is worthy
of note that neither the elasticity nor viscosity of the RV derived from the stress relaxation was correlated
with any of these in vivo measurement parameters. These findings suggest that the damping capacity is a

better indicator for RV function than the RV elasticity or viscosity alone.
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Fig. 6 Significant correlations between the RV damping capacity at 10s after peak force and (A) RV end
diastolic diameter in the longitudinal direction, or (B) acceleration time in the circumferential direction, or
(C) ratio of acceleration time and ejection time in the circumferential direction. The CTL group data were
included as the average measurement (n=8) and the error bar shows the standard error. The MCT group
data were included as individual data points (n=5).
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Table 9.2: Correlations between the damping capacity and the echocardiography measurements obtained from control and MCT groups. The

viscoelastic parameter (damping) was obtained at various time points of the relaxation and in longitudinal (L) and circumferential (C) directions.

Damping RV EDD RV ESD RV FS PA Vmax AT ET AT/ET Filling Filling
Capacity Time Vmax
At 0.01s NS NS NS NS * NS * NS *
NS NS NS NS wE NS * NS p=0.06
At 0.1s * NS NS NS wE NS * NS NS
p=0.09 NS NS NS * NS * NS p=0.05
At 1s * NS NS NS p=0.06 NS NS NS NS
p=0.09 NS NS NS * NS * NS p=0.07
At 10s p=0.07 NS NS NS NS NS NS NS NS
NS NS NS NS * NS * NS NS
At 100s p=0.08 NS NS NS NS NS NS NS NS
NS NS NS NS * NS * NS p=0.1

E3

< .05, 7<.01, respectively.
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9.3.7 Altered nonlinear viscoelastic behavior of the RV by PH or exercise condition

From the second set of mechanical tests (at various strains), we investigated the type of RV
viscoelastic behavior for both groups. We observed significant strain-dependent behavior of the relaxation
rate in both groups, and in both rest and exercised conditions (Fig. 9.7), which indicates that all types of
RVs exhibit a fully NLV behavior. Moreover, the shape of the strain-dependent curve was different between
healthy and diseased groups, between rest and exercised conditions, as well as between directions at certain
strain levels. This indicates that the RV tissue has varied biaxial NLV behaviors in different states (healthy
vs. diseased, rest vs. exercise). Therefore, it is necessary to measure the corresponding tissue mechanical

behavior in the specific physiological condition.
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Fig. 9.7. Different strain-dependent and anisotropic behaviors measured by the relaxation rate between the
healthy and MCT groups in rest and exercise conditions. (A&B): Strain-dependent relaxation rate of the
CTL group at rest and exercise conditions, respectively; (C&D): Strain-dependent relaxation rate of the
MCT group at rest and exercise conditions, respectively. * < .05 vs 6%, respectively, $< .05 vs 9%,
respectively, * < .05 vs 12%, respectively, = < .05, respectively.
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9.3.8 Power-law modeling shows different types of strain dependence in PH or exercise
conditions

Using the fitting parameters from the power-law model, we investigated the dependence of these
parameters on the induced strain level using either linear or quadratic relations. From the relations with a
good fitting (R*>0.8), we found that the CTL group and MCT group had different fitting equations, which
indicate different strain-dependent viscoelastic behavior. Similarly, the fitting equations were different
from rest to exercise conditions, indicating that exercise induced altered strain-dependent viscoelastic
behavior of the RV. Finally, different fitting equations were observed between the two directions in certain
groups (e.g., the initial stress-strain relations in the MCT group at rest condition), which indicates
anisotropic viscoelastic behavior of the RV in this group. Therefore, these data showed that the RV

viscoelasticity exhibited different types of strain dependence in PH or exercise conditions.

Moreover, we found that at rest, the linear relation provided sufficient fitting to capture the strain-
dependent behavior for the CTL group but led to a poor fitting for the MCT group. Thus, a quadratic fitting
was needed to describe the relationship between the relaxation rate and strain for the MCT group (Table
9.3). These data suggest that at rest, the healthy RV viscoelasticity has a linear dependence on the strain,
whereas the diseased RV viscoelasticity has a nonlinear (quadratic) dependence on strain. In exercise
condition, either linear relation or nonlinear relation provided sufficient fitting to capture the relationship

between the relaxation rate and strain for both CTL and MCT groups (Table 9.3).
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Table 9.3: The fitted parameters (relaxation rate and initial stress) as a function of strain level (&) derived from the power-law model. Different
linear and quadratic fit equations are shown, which represent different strain-dependent viscoelastic behaviors of the RV in different conditions

(healthy vs. diseased, rest vs. exercise).

Linear fit R’ Quadratic fit R’
Resting Condition
Relaxation Longitudinal 0.0037¢ — 0.09 0.91 —0.0004¢2 + 0.013¢ — 0.13 0.99
CTL Rate  Circumferential  0.0024¢ — 0.09 0.99 —0.00002¢2 + 0.003¢ — 0.09 0.99
Initial Stress Longitudinal 0.54¢ — 2.64 0.93 0.056£% — 0.64¢ + 2.9 >0.99
(kPa) Circumferential 0.50e — 2.56 0.94 0.048¢%2 — 0.51¢ + 2.20 >0.99
Relaxation Longitudinal 0.0007¢ — 0.05 0.29 —0.0004¢2 + 0.0082¢ — 0.085 0.92
Rate  Circumferential  0.0008¢ — 0.06 0.42 —0.0003¢2 + 0.0077¢ — 0.09 0.95
MCT Initial Stress ~ Longitudinal 1.03e — 3.6 0.99 —0.0065¢2 + 1.16¢ — 4.25 0.99
(kPa) Circumferential 0.56 — 1.67 0.95 —0.0261€% + 1.11e — 4.26 0.97
Exercise Condition
Relaxation Longitudinal 0.0027¢ — 0.08 >0.99 —0.00002 + 0.0031¢ — 0.08 >0.99
CTL Rate Circumferential ~ 0.0046¢ — 0.11 0.91 —0.0005 + 0.015¢ — 0.16 0.99
Initial Stress ~ Longitudinal 0.50¢ — 2.14 0.93 0.052¢% — 0.59¢ + 3.0 >0.99
(kPa) Circumferential 0.49 — 2.42 0.93 0.05¢% — 0.57¢ + 2.58 >0.99
Relaxation Longitudinal 0.0019¢ — 0.062 0.98 —0.0004£2 + 0.0011¢ — 0.06 0.99
Rate Circumferential  0.0018¢ — 0.067 0.84 —0.0001£% + 0.004¢ — 0.08 0.87
MCT Initial Stress ~ Longitudinal 1.45¢ — 7.26 0.95 0.125¢2 — 1.17¢ + 5.11 >0.99
kP2 Circumferential 0,926 — 4.60 0.94 0.08¢2 — 0.9¢ + 3.9 >0.99
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9.4 Discussion

To best of our knowledge, this is the first study that investigated the changes of RV viscoelasticity
during RV failure progression. We observed that 1) PH increased RV viscoelasticity in both directions. The
increase in viscosity was similar between directions, whereas the increase in elasticity was greater in the
longitudinal direction, leading to a more anisotropic elastic behavior of the RV. 2) The RV viscoelasticity
was altered from resting to exercised conditions — the damping capacity (ratio of dissipated energy to total
energy) was decreased in healthy RVs but not in PH RVs, indicating impaired adaption to exercise. 3)
Various nonlinear viscoelastic behaviors of the RV were observed with PH development or exercise
condition. Lastly, 4) compared to the RV elasticity and viscosity, damping capacity is a better indicator for
RV function than elasticity or viscosity alone. These findings will improve the understanding of RV
biomechanics in response to pulsatile mechanical loadings at rest and exercise conditions and shed lights

on the biomechanical mechanism of RV failure and the reduced exercise capacity.

9.4.1 PH altered the RV anisotropy

The hemodynamic measurement clearly demonstrated that RVF was established in the MCT rats
(Table 1). Signs of RV failure was further evidenced by the dilation and hypertrophy in the RVs of the
MCT group (Table 9.1). With the development of RVF, we found significant changes in the biaxial
viscoelasticity of the tissue. In terms of the elasticity, we observed more increase in the longitudinal than
circumferential direction (Fig. 9.3A). Thus, it led to an enhancement in the anisotropic, elastic behavior of
the RV tissue. Interestingly, the RV viscosity increased similarly in both directions during PH development,

and the viscous anisotropy was absent in the tissue before or after PH development.

Different changes in the RV elastic and viscous anisotropy may be contributed by different
microstructural changes during PH. Prior studies have shown the re-orientation of the myofibers toward the
long axis during PH progression, and the fiber re-orientation contributes to the changes in both RV diastolic
and contractile function significantly *>'7*'7!2_ The RV biaxial viscoelasticity is closely related to the

amount and orientation of myo- and collagen fibers. It is well known that the tissue is the stiffest in the
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main fiber direction, but the degree of tissue viscosity depends on the sources of frictional forces occurred
during the expansion. When the fibers get re-aligned and closer to the longitudinal (outflow tract) direction
during RV failure progression, the RV became more anisotropic and stiffer in this direction as well. In
contrast, the sources of intra-molecular and inter-molecular frictions are diverse — from cytoskeletons (e.g.
microtubules) in the cardiomyocytes to extracellular matrix proteins (e.g., collagen, proteoglycans) and

even interstitial fluids, and there is no known preferred ‘direction’ of frictional sliding within the tissue.

179,282,283 179,309,310
b

RV hypotrophy and collagen accumulation are significant during PH development and
the remodeling process may enhance the frictional sources more uniformly in all directions of the tissue.
Therefore, we observed enhanced viscosity (due to a larger frictional force) and this friction was direction

independent; as a result, the RV had more viscosity without the alteration of the viscous anisotropy.

9.4.2 RVF impaired the adaption of the RV damping capacity to exercise

It seems there is a clearer role of damping capacity in the RV exercise capacity. In the present study,
we exposed the RV tissue to exercise condition by increasing the stretch speed and examined the
viscoelastic response of the tissue. Our results showed that when changed from the resting to exercise
loadings, the healthy RV had decreased damping capacity whereas the MCT RV had no change or even
increased damping capacity at early stage of relaxation (Fig. 9.5). It has been noted recently that the heart
failure patients, including the RV failure patients, have reduced exercise tolerance 328 That is, the exercise
challenge imposes a negative impact on the RV function and the dysfunctional RV has poor cardiac reserve
for exercise ***. In response to the acute stress such as exercise, the ventricle typically contracts faster and
stronger, thus leading to higher heart rate and stroke volume to increase the blood supply and meet the
elevated metabolic demand. However, a clinical study showed that in the RV dysfunction patients with
reduced exercise capacity, despite an increased heart rate, the increase in cardiac output was limited due to
a weaker contractility **°. Therefore, assuming the RV failure is associated with reduced exercise tolerance,
we treat the reduction in damping capacity in healthy RVs as an adaptive response to exercise (to increase

the mechanical energy efficiency temporarily), and the absence of change in damping capacity in the failing
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RVs is considered as a loss of the capability to adapt to exercise, with more mechanical energy consumed

by viscous dissipation and impaired energy efficiency under the acute stress.

Furthermore, a larger value indicates more energy waste or a relatively lower efficiency in
mechanical energy use during the tissue deformation. Whether the reduced damping capacity is beneficial
for cardiac cells or not is unclear. On one hand, the viscosity may provide a ‘cushion’ protection to the
cardiomyocytes and other cells and this may be more important when the tissue undergoes higher
mechanical loads such as in the MCT group. On the other hand, the viscosity indicates some inefficiency
of mechanical energy use, and it demands part of the filling or contractile force to be ‘wasted/dissipated’.

The physiological implications of the tissue viscoelasticity awaits further investigation.

9.4.3 PH altered the type of the RV viscoelastic behavior

Linear, quasi-linear and fully nonlinear are the three main type of viscoelastic behaviors. While all
these three behaviors are time-dependent, the linear viscoelastic material exhibits linear elastic and linear
viscous behavior, whereas the quasi-linear viscoelastic material exhibits nonlinear elastic and linear viscous
behavior. The ‘linear viscous behavior’ can be revealed by showing the same shape of relaxation or creep
curves at different strains. That is, the time-dependent behavior is strain-independent or separable between

viscosity and elasticity **’.

In contrast, both elasticity and viscosity in a fully nonlinear viscoelastic
material are strain-dependent, and the time-dependent behavior is not separable between viscosity and

elasticity.

Our results here showed that the RV viscoelastic behavior remained nonlinear viscoelastic in
different states (physiological or pathological) and in different heart rates (at rest and exercise). This means
that for both healthy and diseased RVs, the tissue elasticity and viscosity are not separable and the RV
exhibits fully NLV behavior. Moreover, we observed different shapes of the strain-dependent relaxation
rate curves between healthy and diseased groups, between the two axes and between resting and exercise

conditions (Fig. 9.7). These differences indicate that PH or exercise (increased heart rate) altered the RV
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anisotropic strain-dependent NLV behavior, and it is important to obtain the tissue’s dynamic mechanical

behavior in the corresponding physiological condition.

9.4.4 Implications of RV viscoelasticity in RV function

In the present work, we performed some preliminary work to unravel the implications of the RV
viscoelasticity in its physiological performance. The correlation between the passive elastic modulus of the
RV in the longitudinal direction and the end-diastolic volume has been reported by a rodent study °.
Similarly, correlations between the RV longitudinal elasticity and RV end-diastolic diameter and area were
found by our group in a recent large animal study '°. Compared to the RV elasticity, the RV viscoelasticity
is much less studied and there is no study that investigated the changes of the RV viscoelasticity during PH.
As a result, whether and how the RV viscoelasticity is associated with the RV function is still unknown.
Our results showed some significant correlations between the RV damping capacity in the longitudinal
direction and the in vivo parameters obtained from echocardiography; however, these correlations were
absent for the RV elasticity indices (relaxation modulus and stored energy) and nearly absent for the RV
viscosity indices (viscous index and dissipated energy). The discrepant results may be because of the
different types of mechanical tests and/or testing conditions. The previous studies derived the tissue
elasticity from the loading curve of cyclic tensile mechanical tests and using a sub-physiological stretch
rate (quasi-static), whereas the RV elasticity within this study was derived from the stress relaxation with
a ramp speed similar to the diastolic stretch rate in rat hearts. Our data highlight the necessity to obtain the
mechanical behavior under physiological conditions and bring both tissue elasticity and viscosity in the

same picture when assessing RV performance.

Furthermore, we firstly observed a correlation between RV damping capacity and RV EDD. The
RV EDD has been used to indicate the severity and mortality of the RV failure patients. Thus, our result
indicates that the RV damping capacity may potentially be used to indicate the severity of the RV failure.
Our results also showed that the damping capacity was strongly correlated with the PA AT. Preclinical

studies of PH subjects has reported a correlation between the ratio of systolic pulmonary artery pressure
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(sPAP) to AT and pulmonary vascular resistance (afterload) **'. The studies used AT and AT/ET to non-
invasively estimate RV systolic pressure to indicate the severity of RV dysfunction. The correlations
between AT or AT/ET and damping capacity found in this study again suggest that the RV damping

capacity may be a potential indicator of the severity of RV dysfunction.

9.4.5 Limitation

All the data we used here were from male rat RV, and there might be a sex difference in the RV
viscoelastic behavior that awaits future research. In this study, we mainly used increased heart rate (thus
higher stretch speed at diastole) to mimic the blood filling in the exercise condition and characterize the
passive mechanical properties. But it’s possible that the maximal strain is also increased during exercise as
a result of larger venous blood return. We expect the neglect of the maximal strain range change at exercise
does not significantly affect our main findings as prior studies showed an increase of heart rate from resting
to exercise conditions but the same stroke volume in pulmonary arterial hypertension patients **2. The
power-law model is only a simple model for soft tissue NLV behavior characterization and it prevents us
to investigate the RV viscoelastic behavior at different stages of relaxation. Thus, a more comprehensive
NLYV constitutive model is needed. Furthermore, the sample size for our correlation analysis is small and
we used the average value rather than the individual value for the CTL group, more samples and the

correlation analysis use individual values are needed to strengthen our correlation findings.

9.5 Conclusion

To the best of our knowledge, this is the first study of the changes of the RV passive viscoelastic
behavior during PH development. Our results from the ex vivo stress relaxation tests showed that PH
increased RV viscoelasticity in both directions. The increase in viscosity was similar between directions,
whereas the increase in elasticity was greater in the longitudinal direction, leading to a more anisotropic
elastic behavior of the RV. The RV viscoelasticity was altered from resting to exercised conditions — the
damping capacity (ratio of dissipated energy to total energy) was decreased in healthy RVs but not in PH

RVs, indicating impaired adaption to exercise. RV has various nonlinear viscoelastic behaviors with PH
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development or exercise condition. Lastly, compared to the RV elasticity and viscosity, damping capacity
is a better indicator for RV function than elasticity or viscosity alone. These novel findings improve our
understanding of RV biomechanics in response to pulsatile mechanical loadings under chronic pressure
overload as well as in different physiological conditions. In addition, these findings will assist the
development of RV simulation to capture both energy storage and energy dissipation functions and reveal

new insights about the role of RV mechanics in RV function.
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OVERALL CONCLUSIONS

The ex vivo mechanical testing protocols were established successfully and have been applied to
multiple projects and led to multiple conferences’ abstracts and talks, and publications (Chapter 2). By
using the protocols, we firstly investigated the different static biaxial mechanical properties of the right and
left ventricles in healthy adult ovine (Chapter 3). We found the unique static biomechanical behavior for
the RV. We observed differences in the anisotropic behavior between the LV and RV, with the LV being
stiffer in the longitudinal (OT) direction and the RV being stiffer in the circumferential (cross-OT) direction.
Interventricular comparison showed that the RV was more compliant than the LV in the longitudinal
direction and was stiffer than the LV in the circumferential direction, which suggests different impacts of
passive mechanics of these ventricles on the blood filling during diastole. Moreover, type III collagen
content was correlated with the low-strain elastic moduli in the longitudinal direction in both ventricles.

We then moved from static property to the dynamic property and investigated the different dynamic
biaxial mechanical properties of the RV and LV in healthy adult ovine (Chapter 4). We found the unique
dynamic mechanical behavior for RV. We found that the RV hysteresis had more significant changes from
low to high frequencies than the LV hysteresis. Under the physiological frequency (1Hz), the LV was more
anisotropic in its elasticity, whereas the RV was more anisotropic in its viscosity; moreover, the LV was
stiffer than the RV in both directions whereas the RV was more viscous than the LV in the longitudinal
direction. Lastly, the LV presented quasi-linear viscoelastic behavior in longitudinal direction only, whereas

the RV had non-linear viscoelastic behavior in both directions.

After we collected the experimental data for both static and dynamic mechanical properties, we
than developed and applied the constitutive studies for both static and dynamic mechanical properties and
applied to the data we obtained in previous chapters. We firstly adapted and applied the constitutive
modeling of hyperelastic mechanical behavior of both ventricles (Chapter 5). We included both Fung type

model and structurally informed model. And we found the anisotropic properties obtained from the
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experimental data were captured by the zero-load elastic moduli as well as the anisotropic parameter K
derived from the four-parameter Fung type model. Furthermore, the results from the structurally informed

model imply stiffer collagen fibers in the LV than the RV, which awaits further investigation.

We then adapted and applied the constitutive modeling of dynamic mechanical behavior of RV
specifically (Chapter 6). We applied both quasi-linear viscoelastic (QLV) and fully nonlinear viscoelastic
(NLV) approaches to our experimental data and the fitting results showed that the RV free wall had
anisotropic and strain-dependent viscoelastic behavior, and the NLV model showed a higher predictive
capacity in capturing the strain-dependent nature of the stress relaxation behavior than the QLV model.
From the QLYV fitting, the relaxation coefficient with largest time constant was larger than other coefficients
at most strains, indicating a dominant role in the overall relaxation behavior from early to late diastole. In
contrast, the relaxation coefficient with smallest time constant was large only at small strain, suggesting a
pronounced effect only at early diastole. From the NLV fitting, the fitting parameters (relaxation rate and

initial stress) showed quadratic polynomial relationships with the strain.

Lastly, we moved from healthy stage to disease stage and investigated the changes in RV
biomechanics during pulmonary hypertension (PH) development. We firstly successfully established the
animal-specific pulmonary artery constriction model to induce the PH for the ovine (Chapter 7). We than
applied this model to induce the ovine PH and changes of RV elasticity during PH and the correlations
between the RV passive elasticity and organ function (Chapter 8). We observed that the RV longitudinal
elasticity was significantly correlated with the RV end-diastolic and end-systolic diameter/area, indicating
a contribution of RV passive stiffness in the diastolic function. More importantly, the elastic modulus at the
low strain range was correlated with the acceleration time, whereas the elastic modulus at the high strain

range was correlated with the deceleration time.

We then moved from static property to dynamic property for the diseased object and investigated
the alterations of the biaxial viscoelastic property of the RV at rest and exercise conditions in PH rats

(Chapter 9). We found that PH altered the frequency-dependent viscoelastic behavior of the RV only in
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the longitudinal direction. PH increased RV viscoelasticity in both directions; however, the increase in
viscosity was similar between directions, whereas the increase in elasticity was greater in the longitudinal
direction, which leading to more anisotropic elastic behavior of the RV. PH also decreased the damping
capacity (ratio of dissipated energy to total energy) of RV in both directions. Furthermore, the RV
viscoelasticity was also altered from resting to exercised conditions. The damping capacity was decreased
in healthy RVs but not in PH RVs, indicating impaired adaption to exercise. The RV changed from
nonlinear viscoelastic to quasi-linear viscoelastic behavior with PH development, and exhibited nonlinear
viscoelastic behavior when exposed to exercised conditions. Lastly, our correlation results suggest that

compared to the RV elasticity and viscosity, damping is a better indicator for the RV function.

The findings were obtained from both large and small animals’ species, which are translational to
human diseases and a strong addition to the current literature of RV failure. More importantly, the
investigation on the viscoelastic (dynamic) mechanical properties of the RV and the changes of
viscoelasticity in RV failure progression is highly novel. The constitutive modeling of the RV biaxial
viscoelastic behavior is pioneering and unique in the computational study of the RV. In summary, this study
will deepen the understanding of the biomechanical mechanisms of RV failure and assist with the

development of new computational tools for diagnosis and treatment strategies.
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FUTURE WORKS

The results and conclusions in this study are all based on ex vivo biaxial mechanical test, from one
gender samples. Future study will perform the 3D measurement and include both male and female samples
to have a more comprehensive understanding of the RV static and dynamic mechanical property.
Furthermore, for the large animal studies, only different layers of the RV were tested, a study that cover the
entire RV thickness is needed to investigate the potential transmural differences.

The modeling work done in this study were all for healthy experimental data. Future study will
apply or revise the model to capture the diseased RV both static and dynamic mechanical behavior.
Furthermore, the viscoelastic modeling work done in this study was focusing on quasi-linear approach with
a simple version of the nonlinear approach. The future study will include a more comprehensive model that
includes different time constants and more structural information such as the myo- and collagen fiber

content to have a deeper understanding of the RV viscoelastic behavior at multiscale levels.

The discussion related with the implication of the RV mechanical property to its function were
based on a relatively small sample size with the 2D in vivo function measurement. Future study will include

more samples and more comprehensive in vivo measurements such as 3D echo and PV loop measurements.

Lastly, this study was mainly focusing on the fiber to tissue to organ levels, future study will include
more investigation at cellular level to have a more complete view of the how RV mechanical behavior

affects its function.
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APPENDIX A: EX VIVO BIAXIAL TESTING PROTOCOL

DATE: Experimentalist (initials):
Species: 0 Rat o Sheep Group/Treatment:
Sex: Age: Body weight:

TISSUE HARVEST: (rinse with saline and harvest the LV, RV, septum; slice the tissue(s) needed for

mechanical tests and put the rest part of fresh tissue in -80C; then quickly transfer testing tissue to CPS or

1x PBS on ice, and then placed in BDM+CPS at 37C in tissue bath to get prepared for mechanical tests)

Tissue preparation: O fresh tissue ( hours post harvest) o frozen tissue
Longitudinal (outflow tract) direction marked o0 Yes o No

LV weight (g): RV weight (g): Septum weight:

Original/Testing tissue thickness:

RV: , , , , mm
LV: , , , , mm
Size mm (Length), mm (Width)

Layers of myocardium for mechanical tests: O epicardial o middle o endocardial

TISSUE MOUNTING:

0 Load cell force magnitudes are set to zero before mounting

O Actuators are set home using “Set Home” function in LabVIEW before mounting
o All the arms are parallel to the sample surface;

o Each sample’s four corners are at right angle (approximate)

o Each sample is under the stretch stage and flat (approximate)

o Bath Check pH: Temperature: o Marker
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PARAMETERS SETTING: (use Master file to calculate the speed)

Strain range (max):

Strain rate at 0.1Hz:

Strain rate at 2Hz:

Strain rate at 8Hz:

Strainrate =

displacement (mm)

% (20% suggested for ventricles)

mm/s; Strain rate at 1Hz:

mm/s; Strain rate at SHz:

mm/s

one cycle/2 (s)

Type of the cyclic load: &triangle

Type of the test:

o Biaxial o Constrained Biaxial o Uniaxial

1. MECHANICAL TEST:

o sinusoidal

mm/s

mm/s

1. Equilibrium (30 min; in tissue bath with CPS + BDM; at 25-37°C)

o Constrained Uniaxial

2. Preconditioning at ___ Hz (for 15 cycles),(same as the testing strain range)

3. Equibiaxial test at each frequency

1) Cyeclic tensile tests (see the Table). (Force data: 2000Hz);

, displacement (mm) = Preload Length X Strain Range

2) Stress relaxation (100 s. at each strain ratio; Ramp speed: the same as the corresponding

cyclic test speed and detailed calculation see above “Strain rate”) (force data: 100Hz; image data:

50Hz only for 2 seconds)
0 3% 06% 09% o 12% o 15%
3) Repeat for all frequencies and log the Table below:
Frequency | FPS | Max Force Force vs Time Testing Rest Ramp speed
(Hz) ™) Plot Cycle # Period (s) SR (mm/s)
0.1 (10s) 5 5 500
1 (1s) 50 15 150
2 (0.5s) 100 15 75
5(0.2s) 200 15 37.5
8 (0.125s) 200 15 25.5
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4. Repeat the 1Hz test to ensure no plastic deformation (damage) in the tissue
5. Colchicine treatment (30 min; in tissue bath with 0.3 mM Col; at 25-37°C)
6. Stress relaxation testing:

a. 15% strain at 1Hz speed: Compare the results to the pre-colchicine treatment; If no change is
seen, wait another 15 minutes before running further tests.

b. 15% strain at SHz speed (at physiological frequency)

c. 15% strain at 8Hz speed (at exercise)
7. Cyclic equibiaxial testing:

a. 1Hz for 15 cycles

b. 5hz for 15 cycles

c. 8hz for 15 cycles

DIC Settings:

Ratio: , Area: , Threshold:

Tissue storage:

o Unused sample: store fresh tissue in centrifuge tube in -80C (FIRSTLY before test)

O Tested sample: in 10% formalin (no longer than ~1-2 weeks)

Clean up: *ensure that all equipment and tissue bath container are "sterilized" following usage; wipe the
mounting system with alcohol to remove blood stains and tissue residue.

Notes:
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APPENDIX B: POST DATA ANALYZING PROTOCOL

PROCEDURES:

Calculate Stretch

1. Go to Matlab_based_DIC_code___Version_1___130814_EJ->Matlab DIC files

2. Open image_setup_GUI and choose open .tif, and leave image skip = 1.

3. Next, run correlate_images_GUI. Choose to run parallel first, if correlation is poor, choose to run in
serial with the reference as the 1* image. Correlation can be verified using step 4. You will be prompted
with “How would you like to make this grid?”. Click “Pick Center and grid size”. Click on the center
point for the grid on the image. Enter dimensions of 300x300 pixels. Enter step size of 30 pixels. Choose
“Keep this grid” if the grid is centered and is acceptable.

4. Run visualize_data_GUI. Run at the default settings and click through the contour plot of the images
to ensure the images are well correlated. Redo correlation if there are many white boxes that appear.

5. After we have well correlated reduced data, we can run the correlation with the full data. Perform steps
3-4 again but with the full data.

6. Run compute_data_GUI. Select the F_all to calculate the deformation tensor. The tensor contains the
stretches in all directions. Save as gradient(L.V/RV/test) file.

7. Go into the raw data folder, open “Image Timestamps” and copy-paste the time data of the last cycle
into column A of a new Excel sheet named Stretch.xlsx.

8. Open the gradient Excel file and copy F11 (column A) and F22 (column D) into column B and C of
Stretch.xlIsx, respectively.

9. For the data that used marker rather than powder, directly run Marker_tracker, adjust the ratio, area and
threshold lines as needed to make sure the four markers were accurately captured. Please refer to the
Appendix C for the Marker_tracker code.

Calculate Force (A or B)
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10.

11.

12.

13.

Option A: Manual

In the raw force file, there are 4 columns. 1: global time, 2: longitudinal force, 3: circumferential force,
and 4: local time. The local time is used to find when the camera started taking pictures of the tissue.
Scroll through the local time and find the last 0. The last O is used to determine the O timepoint for our
global time. In the 5™ column, take the difference of the global and local time for about 0.2 seconds
(global time) to find the offset. Using that offset, find where the difference between the offset and global
time is equal to 0. Enter a formula (=A1-offset) and copy the formula down the entire column. Match
offset time to time scale of Stretch file.

Find min (B:B) and min(C:C). Copy Column B and C (from appropriate time scale) into a new excel
file. Use the min B and min C to adjust the force data by adding the minimum (if it is offset in the
negative direction) and subtracting (if it is offset in the positive direction) to the force data in column
B and C respectively.

In a new excel sheet, place new time data in column A and new force data in Column B and C,
respectively. Name this file Force.xlsx

Option B: Mat lab

To use Find_Force.m, first save the raw force data (labeled 0-1, 1-0, 1-1, 1-2, or 2-1) as an excel file
names Force_1.xIsx in the mat lab DIC folder. Run Find_Force.m code and it will produce a Force.xIsx

file in the DIC folder. This is your force file.

Sync Stress and Strain

14.

15.

16.

Place both Force.xIsx and Stretch.xlsx into the same directory as Biaxial_Sync.m.

Run Biaxial_sync. Enter in the thickness and width of the tissue slice.

This will produce an EngStress_resampled.xlsx file with stress resampled to the strains. This is because
the camera snaps an image of the tissue every 1 s, whereas the load cell measures force every 0.1 s.
Engineering stress is calculated by taking the force/(thickness*width). After the raw force has been
converted into engineering stress, the MATLAB code uses a cubic smoothing spline function to fit the

engineering stress with stretch.
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Determine Stress vs Strain

17. Next, run the StressvsStrain.m file. This code will calculate Green strain from stretch and calculate
2" PK stress from engineering stress. The output file will be a Stress_Strain.xlsx with all the stress vs
strain data in both longitudinal and circumferential directions.

18. The Stress_Strain.xlIsx should then be renamed to Stress_Strain_LV or Stress_Strain_RV and placed

into the appropriate folder containing the date and heart number.

193



APPENDIX C: MATLAB CODE FOR THE DEFORMATION ANALYSIS USED MARKERS

clc

clear all

imageData = imfinfo('image000.tif"); %input('Enter name of movie file (with extension): ', 's");
imagePre = 'image';

excelFile = 'data’; %input('Enter the name you want for output Excel file: ', 's");

%BiaxVid = VideoReader(movieFile);

9onFrames = BiaxVid.NumberOfFrames;

vidHeight = imageData.Height;

vidWidth = imageData. Width;

Yotprintf('The total frames in this movie are: %d\n', nFrames);

startFrame = str2num(input('Enter starting frame number (Enter 1): ', 's"));

YostartFrame = startFrame + rem(startFrame,3) + 1;

endFrame = str2num(input('Enter ending frame number (Enter Total Number of Frames): ', 's"));
ratioConstant = 100; % shape contant (circularity vs oval) 9% NOTE This value can be altered
to better run code

isoperimetricRatio = ratioConstant;

areaConstant = 100; %Threshold for marker size % NOTE This value can be altered to
better run code

areaThreshold = areaConstant;

numBlobs = 4; % Number of markers to track % EDITED TO NUMBER OF
BLOBS NEEDED

nthFrame = 1; % Analyze every nth frame of the video

centArray = zeros(numBlobs,2,endFrame/nthFrame);
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frames = zeros(vidHeight, vidWidth, 3, endFrame/nthFrame);
isgrey = imread('image000.tif');
matrix = size(isgrey);
matrix_length = length(matrix);
if matrix_length ~=3
for r=startFrame:nthFrame:endFrame

p=r-1;

file = sprintf('image%03d.tif',p);

photo = imread(file);

rgbImage = cat(3, photo, photo, photo);

imwrite(rgblmage,file); % may need to add "append"

end

end
% EDITED: Lines 55-69 were added to be able to crop the images to the desired ROI
% when the ROI selection comes up on the first image starting in the top left
% corner click and drag to the bottom right corner to create a box. When the
% desired box is created for the select ROI right clip and select "crop image"
%
% firstimage = imread(cat(2,'image000.tif"));
% [cropped,rec] = imcrop(firstimage);
% xmin = floor(rec(1));
% ymin = floor(rec(2));
% wide = ceil(rec(3));
% high = ceil(rec(4));
% newrec = [xmin ymin wide high];

% imwrite(cropped, 'image000.tif');
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% imdata2 = imfinfo('image000.tif");

% height = imdata2.Height;

% width = imdata2.Width;

% frames = zeros(height,width,3, endFrame/nthFrame);

%

% for k=startFrame:nthFrame:endFrame

% ifk<10

% imcrop = imread(cat(2,imagePre,' 00",num2str(k),".tif"));
Y% file = sprintf(‘image%03d.tif'"k);

% newimage = imread(file);

% cropped = imcrop(newimage,newrec);

Y% imwrite(cropped,file);

% elseif k < 100

% imcrop = imread(cat(2,imagePre,'0’,num2str(k),".tif"));

) file = sprintf('image%03d.tif',k);

% newimage = imread(file);
% cropped = imcrop(newimage,newrec);
% imwrite(cropped.,file);
% end
% end
for i=startFrame:nthFrame:endFrame % EDITED to be startFrame rather than
nth frame
j=i-1; 9% EDITED (was i+11)
ifj <10

im1 = imread(cat(2,imagePre,'00',num2str(j), .tif"));

elseif j < 100
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im1 = imread(cat(2,imagePre,'0',num?2str(j),"tif"));

% elseif j < 1000 %EDITED: Likely never using over 1000 images
so this part commented out
% im1 = imread(cat(2,imagePre,'0',num2str(j),".tif'));

else

im1 = imread(cat(2,imagePre,num2str(j), .tif'));

end

frames(:,:,:,i/nthFrame) = im1;

grayl = rgb2gray(iml);

gray?2 = imcomplement(gray1);

background = imopen(gray2, strel('disk’, 40));

gray3 = gray?2 - background;

threshold = 0.35;%graythresh(gray3); % Threshold for segmenting markers from background

BW = im2bw(gray3, threshold);

BW4 = bwareaopen(BW,areaThreshold);

BW4 = imfill(BW4,'holes");

ccl = bwconncomp(BW4, 8);
%  while ccl.NumObjects < numBlobs %optional - adjust marker size threshold
% areaThreshold = areaThreshold - 10;
% BW4 = bwareaopen(BW4,areaThreshold);
% ccl = bwconncomp(BW4, 8);
% end

areaThreshold = areaConstant; % keep original size threshold

blobdatal = regionprops(ccl, 'Area’, 'Centroid', 'Perimeter");

¢ = zeros(cc1.NumObjects, 1);

for j=1:cc1.NumObjects
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Area = blobdatal(j).Area;
Perimeter = blobdatal(j).Perimeter;
c(j) =4*3.141592* Area/Perimeter"2;
end
idx = find(c > isoperimetricRatio); %Count only markers over shape threshold
while length(idx) ~= numBlobs % optional - adjust shape threshold
if (length(idx) < numBlobs)
isoperimetricRatio = isoperimetricRatio - 0.005;
end
if (Iength(idx) > numBlobs)
isoperimetricRatio = isoperimetricRatio + 0.005;
end
idx = find(c > isoperimetricRatio );
end
temp=isoperimetricRatio;
isoperimetricRatio = ratioConstant; % keep original shape threshold
c=0;
BW3 = ismember(labelmatrix(ccl), idx);
cc2 = bwconncomp(BW3, 8);
labeled = labelmatrix(cc2);
blobdata2 = regionprops(cc2, 'Area’, 'Centroid', 'Perimeter");
RGB_label = label2rgb(labeled, @spring, 'c', 'shuffle’);
imshow(RGB_label);
%hold on;
fprintf('Frame Number: %d\n',i);

centroids = cat(1, blobdata2.Centroid);
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centArray(:,:,i/nthFrame) = centroids;
for k = 1:numBlobs

text(centroids(k,1),centroids(k,2), num2str(k));

text(vidHeight/10, vidWidth/10, num2str(i)); %EDITED (made i from i-startframe)
end

currFrame = getframe;

JowriteVideo(vidObj, currFrame);

end
%Get marker locations
temp1 = 10000;
arrayFinal = zeros(numBlobs,2,length(centArray));
arrayFinal(:,:,1) = centArray(:,:,1);
YoarrayFinal = centArray;
for g = 2:length(centArray)

for h = 1:numBlobs

for j = 1:numBlobs

distance = sqrt((centArray(h,1,g) - arrayFinal(j,1,g-1))*2 + (centArray(h,2,g) - arrayFinal(j,2,g-

1)"2);
if distance < temp1
temp1 = distance;
index = j;
%o else index =j;  %ADDED
end
end

arrayFinal(index,:,g) = centArray(h,:,g);
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temp1 = 1000;
index = 0;
end
end
% Create video
vidObj = VideoWriter(cat(2,excelFile,'_Video"));
open(vidObj);
for i = nthFrame:nthFrame:endFrame
imshow(cast(frames(:,:,:,i/nthFrame), uint8"));
hold on;
for k = 1:numBlobs
text(arrayFinal(k, 1,i/nthFrame),arrayFinal(k,2,i/nthFrame), num2str(k));
text(vidHeight/10, vidWidth/10, num?2str(i)); %EDITED (made i from i-startframe)
end
¢ = getframe;
writeVideo(vidObj, c);
end
close(vidObj);
% % This was specific to a particular marker orientation - adjust strain
% % calculation to meet your configuration.
% clc
% matrix = input('Enter blob order starting from lower left corner and up: ', 's');
% x = zeros(length(matrix),1);
% for f=1:length(matrix)
%  x(f) = str2num(matrix(f));

% end
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hold off;

Jox1swrite(cat(2,excelFile,"_Longitudinal.xlIsx"), [strainl',strain2’,strain3'"]);
%% Finite Strain Calculation

% MATT EDITED WHOLE SECTION - Commented out old parts
% Points = [1,3,4];

% Gradients = zeros(length(arrayFinal),9,size(Points, 1));
% Strains = zeros(length(arrayFinal),3,size(Points, 1));

% Gradients = zeros(length(arrayFinal),9,size(Points, 1));
% Strains = zeros(length(arrayFinal),3,size(Points, 1));
Identity = [1,0;0,1];

% Undeformed coordinates

x01 = arrayFinal(1,1,1);

x02 = arrayFinal(2,1,1);

x03 = arrayFinal(3,1,1);

x04 = arrayFinal(4,1,1);

x0 = [x01,x02,x03,x04];

x0average = mean(x0);

y01 = arrayFinal(1,2,1);

y02 = arrayFinal(2,2,1);

y03 = arrayFinal(3,2,1);

y04 = arrayFinal(4,2,1);

y0 = [y01,y02,y03,y04];

yOaverage = mean(y0);

% dXA1 = arrayFinal(pA,1,1) - arrayFinal(po,1,1);

% dXA?2 = arrayFinal(po,2,1) - arrayFinal(pA,2,1);

9% dXB1 = arrayFinal(pB,1,1) - arrayFinal(po,1,1);
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9% dXB2 = arrayFinal(po,2,1) - arrayFinal(pB,2,1);

% XMatrix = [dXA1,dXB1;dXA2,dXB2];

% Deformed Coordinates

x = zeros(numBlobs,1);

y = zeros(numBlobs, 1);

xs = zeros(2,1);

ys = zeros(2,1);

Xdisplacements = zeros(1,numBlobs,length(arrayFinal)); =~ % displacements in x-direction for each dot
per image

Ydisplacements = zeros(1,numBlobs,length(arrayFinal)); % displacements in y-direction for each dot

per image

Xaverages = zeros(1,1,length(arrayFinal)); % Average of x-displacements for all dots per
image

Yaverages = zeros(1,1,length(arrayFinal)); % Average of y-displacements for all dots per
image

Xshear = zeros(1,2,length(arrayFinal)); % Shear distances in x-direction

Yshear = zeros(1,2,length(arrayFinal)); % Shear distances in y-direction

XshearAvg = zeros(1,1,length(arrayFinal)); % Average of shear distances in x-direction
YshearAvg = zeros(1,1,length(arrayFinal)); % Average of shear distances in y-direction

for j=2:length(arrayFinal)
for k = 1:numBlobs
x(k,1) = arrayFinal(k,1,j)-arrayFinal(k,1,j-1); % x displacement from previous to current image
y(k,1) = arrayFinal(k,2,j)-arrayFinal(k,2,j-1); % y displacement from previous to current image
X_avg = mean(x); % Average of the four x-displacements
y_avg = mean(y); % Average of the four y-displacements

xs = ((x(1,1)-x(2,1))+(x(3,1)-x(4,1)))/2; 9oshear calculation in x direction (averaged)
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ys = ((y(1,1)-y(3,1)+(y(2,1)-y(4,1)))/2; Yoshear calculation in y direction

end

%0 xs = x(1,1,j)-x(2,1,j

% xs(1,1) = (arrayFinal(1,1,j)-arrayFinal(2,1.,j));

% xs(2,1) = (arrayFinal(3,1,j)-arrayFinal(4,1.j));

% ys(1,1) = (arrayFinal(4,2,j)-arrayFinal(2,2.j));

% ys(2,1) = (arrayFinal(3,2,j)-arrayFinal(1,2.j));

Xdisplacements(1,:,j) = X;

Ydisplacements(1,:,j) =y;

Xaverages(1,1,j) = x_avg;

Yaverages(1,1,j) =y_avg;

Xshear(1,:,j) = xs;

Yshear(2,:,j) = ys;

for i=1:length(arrayFinal) Yomeasures the accumulation of x and y normal and shear

displacements
Y=sum(Yaverages(1,1,1:1))/y0average+1; %y direction stretch
X=sum(Xaverages(1,1,1:1))/x0average+1; %x direction stretch
Ys=sum(Yshear(2,1,1:1))/yOaverage+1; %y direction shear stretch
Xs=sum(Xshear(1,1,1:1))/x0average+1; %x direction shear stretch
F=[X,Y;Xs,Ys];
Strains(i,1) = 0.5*(F(1,1)*F(1,1)-1); % Principle direction 1
Strains(i,2) = 0.5*(F(1,2)*F(1,2)-1); % Priciple direction 2
Strains(i,3) = 0.5*%(F(2,1)*F(2,1)-1); % Shear direction 1
Strains(i,4) = 0.5*%(F(2,2)*F(2,2)-1); % Shear direction 2

%  C = transpose(F)*F;

%  E =0.5%(C-Identity); % Green Lagrange Strain Tensor

203



9%  Strains(i,1) = E(1,1); % Principle direction 1

9%  Strains(i,2) = E(1,2); % Priciple direction 2

%  Strains(i,3) = E(2,1); % Shear direction 1

%  Strains(i,4) = E(2,2); % Shear direction 2

end

end

plot(Strains(:,:))

xlabel('number of images")

ylabel('Green Strain')
legend('Longitudinal','Circumferential','ShearL','ShearC")
xIswrite(cat(2,excelFile,” E_L.xlsx"),Strains);

% xlswrite(cat(2,excelFile,’ E_L.xIsx"),Strains);

%  dxAl = arrayFinal(pA,1,j) - arrayFinal(po,1,j-1);

%  dxA2 = arrayFinal(po,2,j) - arrayFinal(pA,2,j);

%  dxB1 = arrayFinal(pB,1,j) - arrayFinal(po,1.j);

%  dxB2 = arrayFinal(po,2,j) - arrayFinal(pB,2,j);

%  xMatrix = [dxA1,dxB1;dxA2,dxB2];

% F = xMatrix/XMatrix;

%  Gradients(j,1,i) = F(1,1); % Principle direction 1

%  Gradients(j,2,i) = F(1,2); % Shear direction 1

%  Gradients(j,4,i) = F(2,1); % Shear direction 2

%  Gradients(j,5,i) = F(2,2); % Priciple direction 2

%  Gradients(j,9,1) = 1/(F(1,1)*F(2,2)-F(1,2)*F(2,1)); %7??
%  C = transpose(F)*F; % Right Cauchy-Green Strain Tensor
% E =0.5%(C-Identity); % Green Lagrange Strain Tensor

%  Strains(j,1,i) = E(1,1);
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%  Strains(j,2,i) = E(2,2);

%  Strains(j,3,i) = E(1,2);

%

% plot(Strains(:,1,1), '-");

%

% % end

%

% %Mean F and E

% Gradient = mean(Gradients,3);

% Strain = mean(Strains,3);

% plot(Strain(:,1),'b"); % EDITED to plot strain in all directions on one graph
% hold on

% plot(Strain(:,2),'r");

% plot(Strain(:,3),'g");

% xlabel('number of images')

% ylabel('Green Strain')

% legend('Longitudinal','Circumferential','Shear")
% hold off

% xlswrite(cat(2,excelFile,'_F_L.xlsx"),Gradient);

Nt

% xlswrite(cat(2,excelFile,'_E_L.xlsx"), Strain);

y
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APPENDIX D: EQUATIONS DEVELOPMENT FOR THE QLV MODEL

2 2k _
¥ =a—‘§u% +23 + 45 - 3)+a—f(lf/2 +21,%* - 3)

ow
§¢=2-—pC

Since we performed the biaxial test and the 2™ term on the right side is relate with the fiber orientation
and we only consider two main directions. As a result, when to derive the p, I did not include 2" term.
Recall:

Original: I, = 12 + 23 + 23,

For our case, define I; = A{ + A5 + A5

Then 1% term

2w an

. e __
Recall: §¢ =2 3L, ac

S =l P
a(% @ —3)) ,
ol " az
2y5-1
oI, (A + A% + 19) @/2((4)2) ° ) 0
3 3C = 0 a/2((A3)z7h) 0 )
l o 0 a/2(02)7 )
a/2(A¢72) 0 0 D) 0 0
= 0 a/2(257?%) 0 =a/2| 0 (2572 0
0 0 a/2(A5°%) 0 0 (2§72

So:
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Recall:

Then

2
ge =2*a—‘;*a/2

A& o0 0
0 (Ag_z) 0 - pC_

0 0 (1573
2u[FE 0 0
ss=1 0 agn o |-pc
0 0 (573
2u |0 0
se="2| o g 0 |-rc”
0 0 (A%_alg_a)
22 0 0
c=(0 A 0
0 0 A2
C_l = F_lF_T
E
A
1
C—l =10 —_ 0
A5
0 O !
23]
1
— 0 0
Sl = — 0 (Ag_z) 0 B p 1
a AZ—C(AZ—(X 0 ﬁ 0
0 0 (A" 2
lo o 222
2u 1
Sl — _Aa—z — p_
1= g™ A
2u 1
51 — _A(Z—Z — p_
27 a7 A3

20, o
§3 =— 727 —pAin;
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Assume S5 =0
2"1 2—a)2—a 212
o (A1792179) = pAiA;

2 —aq2—
Lo

P2

I, = A3c0s6? + A3sinh?

Then 2™ term

2kp a2 —a/4
W= 2 - 3)

e —9%oh
Recall: S T
2k _
. 2GEa - 9)a,
- al, ac
2kt 1a/2 2kp oy —a/4
s =2 22 U™)al, s, 0 (S @),
- al,  aoC al, ac
2kp as2
( (Ia )) 2kuy  «a I%_l ku I%_l
k — = —
614 az 2 4 a 4
2kp o —aj4
(L) g o o ke
a — * 2 * ( _) * I 4 — _I 4
614 a’z 4 4 a 4
0y _ 9(A%cosh? + A3sin6?) _ [00592 0 ]
0Cz by 2 0Cs by 2 0 sinf?
So:
SZ — Zk_# I%_l _ 1_%_1 [COSQZ ]
a \* 4 0 sinf?
k a_ _a_
St = 2?#<I42 ' — 1 * 1) * c0s0?
k a_ _a_
S5 = 2?#<I42 ' —1, * 1) * sinf?
As a result,
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k _a_ 1
ST =287+ 2 ”<12 — )*cos@z—pﬁ
1
k _a_ 1
A3
And
2 —aq2—
FALE)
poa L2 7
727
2u kp (%1 %4 20 o
2 k a_ _a_ 2

as

ku -2 a
i a—3 - 4 _ 2
a7 =(a - ) l +2 11 * c0sO ((a )1+ (—

—2—2 2“ o _
. +2)1,* > +(@+2)— (7"
as]

ku
—(a—Z) A"‘ 3+2—A2*sm€4 (0(—2)[2 2+(g
o1,

22 20 o
2+2)I44 >+(0(+2)?(/12“ A%

asT
9y

ke a5
= Z—AZ * sinf?cosf? <(a — 2)[2 g (E + 2) L* 2) +2u(A7*722597h)

2_2 [04 —2—2
* sinf%cos6? | (@ — 2)I2  + (5 +2) 1,7 |+ 2u(Az9 220

Validation:

Use one direction as an example

The eq I derived for 2" PK: S{ = %”/13”_2 —p /%2
1
Recall:az%*F*S*FT

of =, xS1 x4
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2u 1 2u
011=/11*<7/1? Z—PF>*A1 =71?—P
1

2p
ot = AP

From the website you shared

Using the Ogden material model, the three principal values of the Cauchy stresses can now be computed as

a , [a
a; = plz\-—z plz,u?,l'.
p=1

‘Which means:

of = uAf —

. L2 .. .
The difference is — this is because on the web, the equation is

In the Ogden material model, the sirain energy density is expressed in terms of the principal siretches A;. j = 1,2, 3 as:

D'J'
ru' " o ity
WAL Az, Ag) = Za_p (A" + A7+ A — 3)
=1 P

But we are:
2p
y :?(/1% + A5 + 2§ —3)

The difference for the original eqs is %

As a result, I think what I derived for the first term are correct.

Derive for the I, term:
I4_ =AQap- C- Ao
ag = [cos6, sinf]

cosf

I, = [cos6, sin6] [0 )Lz] [sinB
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_ 2 . 21 [cosO
I, = [cosBA% sinBHA35] [siné’]
I, = cos8?2% + sinB?13

For the code that calculate the time derivative of the moduli, please refer to Appendix E
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APPENDIX E: MATLAB CODE FOR TIME DERIVATIVE OF THE MODULI

function [dAA,dAT,dTA,dTT] = dsde_ogden_QLV(stretchA,stretchT)

global mu alpha k

FA

stretchA;

FT

stretchT;

angle = orientation value.*pi/180;

I4 = (FA.”2.*cos(angle).”2 + FT.”2.*sin(angle).”2);

% sA = 2.*mu./alpha.*(FA.~(alpha) + FA.~(-alpha).*FT.~(-alpha) + ...
% k.*(FA.~alpha - FA.*(-alpha/2)));

% sT = 2.*mu./alpha.*(FT.~(alpha) + FA.~(-alpha).*FT.~(-alpha));

%d_stressA/d_stretchA

% dAA

2.*mu.*(FA.”~(alpha-1) + FA.~(-alpha-1).*FT.~(-alpha)) + ...

R
N

.*cos(angle).”2.*k.*mu./alpha.*FA.* (I4.”~(alpha./2-1) - I4.~(-alpha./4-1)...
% + FA.~2.*cos(angle).”2.*((alpha./2-1).*I4.~(alpha./2-2) + ...

% (alpha./4+1).*14.~(-alpha./4-2)));

% 2nd PK

dAA = (alpha-2).*2.*mu./alpha.*FA.”(alpha-

3)+2.*k.*mu./alpha.*FA.*cos(angle).”4.*((alpha-2).*I4.~(alpha./2-
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2)+(alpha./2+2).*14.”~(-alpha./4-2))+(alpha+2).*2.*mu./alpha.*FA.~(-alpha-3).*FT."(-

alpha);

%d_stressA/d_stretchT

% dAT = 2.*mu.*FA.~(-alpha).*FT.~(-alpha-1) + ...

% 4.*cos(angle).”2.*sin(angle).”2.*k.*mu./alpha.*FA. "2 . *¥FT.* ...
% ((alpha./2-1).*I4.~(alpha./2-2) + (alpha./4+1).*I4.~(-alpha./4-2));
% 2nd PK

dAT = 2.*k.*mu./alpha.*FT.*sin(angle).”2.*cos(angle).”2.*((alpha-2).*I4.~(alpha./2-

2)+(alpha./2+2).*14.”~(-alpha./4-2))+42.*mu.*FA.~(-alpha-2).*FT.~(-alpha-1);

%d_stressT/d_stretchA

% dTA = 2.*mu.*FT.~(-alpha).*FA.~(-alpha-1) + ...

% 4.*cos(angle).”2.*sin(angle).”2.*k.*mu./alpha.*FT."2.*FA.* ...
% ((alpha./2-1).*14.~(alpha./2-2) + (alpha./4+1).*I4.~(-alpha./4-2));
% 2nd PK

dTA = 2.*k.*mu./alpha.*FA.*sin(angle).”2.*cos(angle).”2.*((alpha-2).*I4.~(alpha./2-

2)+(alpha./2+2).*14.”~(-alpha./4-2))+2.*mu.*FT.~(-alpha-2).*FA.~(-alpha-1);

%d_stressA/d_stretchA

% dTT = 2.*mu.*(FT.~(alpha-1) + FT.~(-alpha-1).*FA.~(-alpha)) + ...

% 4.*sin(angle).”2.*k.*mu./alpha.*FT.* (I4.~(alpha./2-1) - I4.~(-alpha./4-1)...
% + FT.”2.*sin(angle).”2.*((alpha./2-1).*I4.~(alpha./2-2) + ...

% (alpha./4+1).*I4.~(-alpha./4-2)));

% 2nd PK

dTT = (alpha-2).*2.*mu./alpha.*FT.”(alpha-

3)+2.*k.*mu./alpha.*FT.*sin(angle).”4.*((alpha-2).*I4.~(alpha./2-
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2)+(alpha./2+2).*14.”~(-alpha./4-2))+(alpha+2).*2.*mu./alpha.*FT.~(-alpha-3).*FA."(-
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