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Right Ventricular Biomechanics in Pulmonary Hypertension
Danial Sharifikia, PhD

University of Pittsburgh, 2020

Pulmonary hypertension (PH) is a disease resulting in increased right ventricular (RV)
afterload, myocardial hypertrophy and ventricular remodeling. RV failure remains the main cause
of mortality for nearly 70% of PH patients, with 33-38% mortality rates 3 years post-diagnosis.
RV biomechanics has been closely linked to physiological function. From a biomechanical
perspective, pressure overloaded RV myocardium experiences increased wall thickness, fiber
remodeling and increased stiffness to restore the cardiac output.

Despite the development of multiple therapeutics for management of PH, lung
transplantation remains the only curative treatment. Moreover, age-related differences exist in the
survival rates of PH patients and although the current evidence suggests an association between
PH and aging, limited data exist on age-associated differences in RV biomechanical properties.

A major biomechanical remodeling event experienced by the pressure overloaded RV is
the reorientation of myofibers forming the RV tissue, which results in altered biomechanical
properties and function. However, RV wall thickness in human patients and large animal models
complicates the study of fiber reorientation throughout the RV thickness, mainly due to the limited
imaging depth of current modalities such as confocal or multi-photon microscopy.

In this work, we aimed to evaluate the effects of a novel dual-acting heart failure
therapeutic (Sacubitril/Valsartan) on RV remodeling in PH. Additionally, we analyzed the effects

of aging on RV structure and biomechanics. Moreover, an ultrasound image processing



framework, coupled with computational models, was utilized to study the effects of different
loading scenarios on the reorientation patterns of RV myofibers.

Our results showed that Sacubitril/\Valsartan has the potential to prevent maladaptive RV
remodeling in a pressure overload model via amelioration of RV pressure rise, hypertrophy,
collagen and myofiber re-orientation as well as RV stiffening both at the tissue and myofiber-level.
Additionally, our findings demonstrated the potential of healthy aging to modulate RV remodeling
via increased peak pressures, cardiomyocyte loss, fiber reorientation, and altered
collagen/myofiber stiffness. The developed ultrasound imaging framework effectively
characterized the transmural orientation of RV myofibers. Computational models demonstrated
that chronic pressure overload, but not solely an acute rise in pressures, results in kinematic shift

of RV fibers towards the longitudinal direction.
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1.0 Introduction

The motivation behind the studies conducted in this dissertation, as well as the specific
research objectives, will be summarized in this section. Additionally, an overview of the

organization of the dissertation will be provided.

1.1 Motivation

The right ventricle (RV) plays a key role in the human body by pumping deoxygenated
blood through the pulmonary circulation for gas exchange, facilitating the distribution of
oxygenated blood via the left ventricle (LV). However, pathologies such as pulmonary
hypertension (PH) may affect RV structure/function, eventually leading to RV failure. PH is a
disease resulting from restrictions in the pulmonary vasculature that, in turn, lead to increased RV
pressures and RV remodeling. Pressure overload in PH results in biomechanical remodeling of the
RV at different scales, from organ-level hemodynamics to cell-level contractility. The exact
prevalence of PH is unknown, but there are around 400,000-700,000 PH-related hospitalizations
annually in the United States (George et al., 2014).

Despite the development of multiple therapeutics for management of PH, lung
transplantation remains the only curative treatment. Moreover, age-related differences exist in the
survival rates of PH patients (Hoeper et al., 2013) and although the current evidence suggests an
association between PH and aging, limited data exist on age-associated differences in RV

biomechanical properties.



A major biomechanical remodeling event experienced by the pressure overloaded RV is
the re-orientation of myofibers forming the RV tissue (Hill et al., 2014; Sharifi Kia et al., 2020),
which results in altered RV biomechanical properties and function. However, RV wall thickness
in human patients and large animal models complicates the study of fiber reorientation throughout
the RV thickness, mainly due to the limited imaging depth of current modalities such as confocal

or multi-photon microscopy (Sommer et al., 2015).

1.2 Objectives

In this work, we aimed to evaluate the effects of a novel dual-acting heart failure
therapeutic (Sacubitril/Valsartan; also known as Sac/Val or LCZ696) on RV remodeling in PH.
Additionally, we analyzed the effects of aging on RV structure and biomechanics. Moreover, an
ultrasound image processing framework, coupled with computational models, was utilized to study
the effects of different loading scenarios on the reorientation patterns of RV myofibers. The
specific objectives of this work are:

1) Investigating the effects of Sac/Val treatment on the hemodynamics and biomechanical

behavior of failing RV myocardium in an experimental model of PH

2) Analyzing the effects of healthy aging on RV structure and function

3) Assessment of passive transmural RV myofiber kinematics using a high-frequency

ultrasound imaging framework and computational modeling



1.3 Organization of Dissertation

Chapter 2 provides an overview on RV structure, function, and biomechanics under normal
physiological conditions and in the setting of pressure overload due to PH. Associated remodeling
events in PH will be further discussed at different scales from organ-level hemodynamics, to
tissue-level properties, and fiber-level architecture.

Chapter 3 will focus on analysis of the effects of Sac/Val treatment on RV remodeling in
PH, using an experimental animal model. The reader is provided with an overview on the
mechanism of action of Sac/Val, followed by detailed description of the techniques used to
evaluate multi-scale RV remodeling in health, disease, and treatment. Our findings will then be
discussed, and compared with the available literature, when possible.

Effects of healthy aging on RV structure, function, and biomechanics will be addressed in
chapter 4. Current state of the literature on aging-associated RV remodeling will be reviewed,
accompanied by description of our measurement techniques and discussion of our findings.

Our efforts towards the development of an ultrasound imaging framework (coupled with
computational models) for evaluation of RV fiber reorientation under loading will be discussed in
chapter 5. Imaging techniques and computational modeling details will be discussed, in addition
to evaluation of the potential of the developed framework for characterization of RV fiber
orientations. This will be followed by an exploratory assessment of the effects of different

remodeling events on RV fiber reorientation in pressure overloaded porcine myocardium.



2.0 Background

2.1 The Right Ventricle (RV)

As the most anterior of the heart’s four chambers, the right ventricle (RV) is responsible
for blood supply to the pulmonary circulation (Fig. 1). Deoxygenated blood enters the RV through
the right atrium (RA) during diastolic filling and gets pumped to the pulmonary circulation, for
gas exchange and oxygenation, via RV contraction in systole. Oxygenated blood then enters the

left side of the heart to supply the systemic circulation and distribution to different organs.

Right Pulmonary Artery Left Pulmonary Artery

~
/<\\.—-——‘<

p—
\

Pulmonary Trunk

Left Atrium
—

/
Right Atrium
Left Ventricle

-

Interventricular

Right Ventricle Septum

Figure 1 Anatomy of the heart chambers and pulmonary arteries, demonstrating the right and left ventricles,
atriums, the pulmonary trunk, and the right and left pulmonary arteries. Arrows show the direction of blood
flow out of the RV towards the pulmonary circulation. TV, PV, MV, AV indicate the tricuspid valve,

pulmonary valve, mitral valve, and aortic valve, respectively.
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The RV is wrapped around the anteroseptal side of the left ventricle (LV), while the
interventricular septum separates the RV and LV cavities in the heart (Fig. 1). Due to the multi-
scale structure of the RV, with specific features and function at different levels (Fig. 2), different
measurement techniques and metrics are used to evaluate RV function across different scales. The

following sections discuss RV biomechanics and function at the organ, tissue, and fiber level:
2.1.1 Organ-Level RV Biomechanics

At the organ level, RV biomechanics and function are often characterized by synchronous
measurement of RV pressure and volume waveforms over a cardiac cycle, resulting in RV
pressure-volume (P-V) loops. Additionally, multiple imaging modalities, including 2D and 3D
echocardiography and cardiac magnetic resonance imaging (cMRI), are employed for
measurement of RV structure. P-V loop analysis helps evaluating RV peak, end-systolic, and end-
diastolic pressures, in addition to the heart rate, end-systolic and end-diastolic volumes, stroke
volume (difference between systolic and diastolic volumes), and ejection fraction (ratio of stroke
volume to end-diastolic volume). Moreover, analyzing the rate of change in pressure waveforms

enables assessment of RV contractility and relaxation, respectively measured by the maximum and
minimum time derivative of pressure (%max and %min).

The dynamic supply-demand biomechanics of the RV and the pulmonary artery (PA) is
another determinant of organ-level RV function. A commonly used metric for evaluation of RV-
PA coupling efficiency is the ratio of the load-independent measure of RV contractility, end-
systolic elastance (Ees), to PA elastance (Ea). In animal models of PH, Ees is characterized by

preload reduction of the RV, via vena caval occlusion, which exposes the RV to a wide range of
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Figure 2 Multi-scale structure of the RV, demonstrating organ-level anatomy, tissue-level organization
(red/pink: myofiber content, blue: collagen content), fiber-level architecture of collagen and myofibers,

myofibrils and mitochondrial content, and sarcomere-level actin-myosin interactions.
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operational pressures (Fig. 3) and forms multiple P-V loops. Ees is then calculated as the slope of

a linear fit to the end-systolic pressure-volume relationship (ESPVR) (Hill et al., 2014; Sharifi Kia

et al., 2020).
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Figure 3 Measurement of RV end-systolic and end-diastolic pressure-volume relationships via preload

reduction. Arrows show RV end-systolic elastance (red), PA elastance (green) and the nonlinear fit to end-

diastolic pressure-volume relationship (blue).

This is, however, not feasible in a clinical setting, due to difficulties with simultaneous

pressure and volume measurements and RV preload reduction in human subjects. However, it is

possible to characterize RV function and systolic/diastolic elastance using single-beat P-V data

from right heart catherization. Different methods have been proposed for estimation of Ees in the

clinic, extrapolating RV-PA coupling efficiency from a single P-V loop (Vanderpool et al., 2020).

Ea, on the other hand, is characterized similarly in the clinic and in animal models (Fig. 3), using

the ratio of RV end-systolic pressure to stroke volume (Hill et al., 2014; Vanderpool et al., 2015).
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Organ-level RV diastolic stiffness is characterized by the end-diastolic elastance (Eed) and
the end-diastolic pressure-volume relationship (EDPVR), also obtained by measurement of RV P-
V patterns at different loads via preload reduction (Fig. 3). Due to the nonlinear nature of passive
RV mechanical properties, an exponential function is then fitted to the diastolic portion of the
generated P-V loops, to characterize organ-level diastolic stiffness (Fig. 3). Here, B represents the
diastolic stiffness, a is a scaling factor and P and V are respectively, pressure and volume data
from the diastolic portion of P-V loops. Due to feasibility issues with preload reduction in human
patients, single-beat analysis methods have been proposed for regression of the exponential
equation in Figure 3, using only three points: the origin, beginning diastolic point, and the end-
diastolic point (Vanderpool et al., 2015). However, quality of fit and uniqueness of optimized
parameters (due to a potential local minima) remain a major concern when characterizing an
exponential function with limited number of points. Alternatively, other metrics such as the
instantaneous diastolic elastance (Eed) may be used for biomechanical analysis of RV diastolic
function, by evaluating the slope of the line tangent to the end-diastolic point of RV P-V loops
(Gaynor et al., 2005; Jang et al., 2017).

Organ-level LV wall stress is often calculated by approximating the ventricular geometry
by a sphere (or cylinder, depending on the remodeling stage), followed by stress calculations using
the law of Laplace. However, the complex geometry of the RV complicates simple theoretical
approximations of wall stress. While some studies have used the classic Laplace formulation for a
sphere to approximate RV wall stress (Jang et al., 2017), others have developed an extension of
the law of Laplace, considering the ellipsoidal geometry of the RV (Avazmohammadi et al.,

2017D).



2.1.2 Tissue-Level RV Biomechanics

At the tissue level, biaxial mechanical testing remains the gold standard for evaluation of
RV free wall (RVFW) biomechanical properties. Specimen orientation plays a key role in the
observed tissue-level biaxial response. Therefore, biaxial testing is often performed on square
specimens harvested from the RVFW with one side aligned with the apex to outflow-tract/base
direction (longitudinal direction), while the other side is aligned with the circumferential direction
(Valdez-Jasso et al., 2012; Hill et al., 2014). Biaxial displacement or force-controlled loadings are
then applied to the specimen, followed by post-processing of stress-strain measurements using a
large deformation analysis framework. RVFW specimens are often submerged in modified Krebs
solution with 2,3-butanedione monoxime (BDM) and oxygen (Valdez-Jasso et al., 2012; Hill et
al., 2014; Sharifi Kia et al., 2020) to facilitate testing viable myocardial tissues. While ex-vivo
biaxial testing has been previously employed for characterization of active biomechanical
properties of LV myocardium (Lin and Yin, 1998), biaxial studies on the RV have been mostly
focused on passive components of RVFW biomechanics. Most biaxial studies have used visual
tracking markers on the RVFW for surface strain measurements; however, more recent work (Park
et al., 2016) has employed 3D ultrasound speckle tracking techniques to quantify the 3D strain
state of the RVFW under loading. 3D strain measurements also enable inverse calculation of
transmural RV fiber orientations (Park et al., 2016).

RVFW specimens from small animal models, large animal models, and human donors have
demonstrated a nonlinear anisotropic biaxial response (Sacks and Chuong, 1993; Valdez-Jasso et
al., 2012; Sommer et al., 2015). RVFW was shown to be stiffer and more anisotropic than the LV
(Sacks and Chuong, 1993). The nonlinearity of the RVFW stress-strain response has been

attributed to gradual collagen recruitment, in addition to stiffening of myofibers (Avazmohammadi
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et al., 2017a), while RVFW fiber architecture accounts for tissue anisotropy. Diastolic filling was
found to operate under stresses that result in RVFW strains bellow ~5% (Jang et al., 2017),
indicating the initial portion of the biaxial stress-strain curves (dominated by myofibers) as the
operational range of RV stress/strain under physiological diastolic loading.

The acquired biaxial response could be further analyzed via constitutive modeling, which
provides additional information on the tissue-level mechanics of the RVFW and facilitates in-silico
implementation of RV biomechanical properties. Different models have been employed to study
the passive biomechanics of RVFW. Due to relatively low computational cost, phenomenological
constitutive models have been used to analyze the alterations in tissue-level biomechanical
properties and RVFW anisotropy, without considering the effects of fiber-level organization of
RV collagen and myofibers (Hill et al., 2014; Javani et al., 2016). Others have used more
sophisticated and structurally-detailed constitutive models, accounting for transmural RV fiber
architectures and interactions between collagen and myofibers (Avazmohammadi et al., 2017a).

Quantitative histological analysis of collagen and myofiber area fractions is often used to
measure RVFW content. The RVFW extracellular matrix (ECM) mainly consists of fibrillar
collagen networks (type I and I11), basement membrane type 1V collagen, elastin, proteoglycans,
fibronectin, and laminin (Stroud et al., 2002). Healthy RVFW consists of 4-9% collagen (by area),
depending on the tissue source and animal model (Javani et al., 2016; Akazawa et al., 2020; Sharifi
Kiaet al., 2020). However, despite relatively low area/volume fractions, the ECM plays a key role
in passive RV biomechanics. Biaxial testing of decellularized RVFW specimens revealed that the
ECM contributes to 23-26% of biaxial RV stiffness under ~10% strain (Vélez-Rendon et al., 2019).
Mechanical contribution of the ECM grows with increased collagen recruitment, contributing to

~71-78% of biaxial RV stiffness at 30% strain (Avazmohammadi et al., 2017a).
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2.1.3 Fiber-Level RV Biomechanics

In addition to direct measurements at the fiber level, passive mechanical properties of RV
collagen and myofibers can also be estimated from biaxial tissue-level measurements (Fata et al.,
2014; Hill et al., 2014; Sharifi Kia et al., 2020). Since experimental measurements may fail to
apply truly equibiaxial loads on the RVFW specimens, the strain-controlled equibiaxial response
of specimens are first interpolated from the acquired biaxial measurements over a wide range of
loading scenarios (Fata et al., 2014). As equibiaxial loading of soft tissues leads to a unique loading
state with no fiber rotations (Sacks, 2003), the effective fiber-ensemble (EFE) stress-strain
response can then be obtained by addition of the tissue-level biaxial response in the longitudinal
and circumferential directions (EFE stress = longitudinal stress + circumferential stress). The EFE
response represents the combined mechanical response of myofiber and collagen bundles,
independent of fiber orientations. The RV demonstrates a nonlinear EFE stress-strain response
(Hill etal., 2014; Avazmohammadi et al., 2017a). The initial portion of the EFE stress-strain curve
(before collagen recruitment) is governed by myofibers, while collagen fiber response dominates
the linear region of the curve, following collagen recruitment (Hill et al., 2014; Avazmohammadi
et al., 2017a; Sharifi Kia et al., 2020).

Gradient-based image analysis techniques have been employed to analyze RV collagen and
myofiber orientations from histological sections (Hill et al., 2014; Avazmohammadi et al., 2017a).
RV fibers demonstrate counterclockwise rotations throughout the RVFW (Hill et al., 2014;
Avazmohammadi et al., 2017a), which lead to unique biomechanical and functional properties.
RV transmural myocardial fiber orientation range was found to decrease with body size, ranging
from 110-120 degrees in small animal models (Nielsen et al., 2009; Avazmohammadi et al.,

2017b) to 30-40 degrees in larger animals (Sacks and Chuong, 1993). An abrupt change in
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epicardial fiber angles was noted in RVFW tissues obtained from large animals (Vetter et al., 2005;
Agger et al., 2016), indicating a layer of entirely longitudinal myofibers. However, this was absent
in smaller animals (Hill et al., 2014; Sharifi Kia et al., 2020).

Diffusion tensor MRI (DT-MRI) can be utilized to assess the 3D helical architecture of RV
myofibers (Nielsen et al., 2009; Agger et al., 2016; Omann et al., 2019). Second-harmonic
generation (SHG) microscopy is another technique that can be used to visualize the 3D architecture
of collagen and myofibers in ventricular tissues (Sommer et al., 2015). While SHG microscopy
provides high fidelity information on the microarchitecture of ventricular fibers, this technique has
an imaging depth of <1.2mm (Sommer et al., 2015). This limits SHG’s potential to study the full-
thickness transmural fiber orientations of intact RV myocardium from large animal models and

human donors, which are generally >2 mm in thickness (Javani et al., 2016; Nemavhola, 2017).

2.2 Pulmonary Hypertension (PH)

Clinically, pulmonary hypertension (PH) is defined as a condition with resting mean PA
pressures > 25 mmHg (Thiwanka Wijeratne et al., 2018). PH results in RV pressure overload and
leads to multi-scale adaptations in RV structure/function to tackle the increased afterload.
Although PH initiate from pulmonary vascular remodeling, progression to RV dysfunction and
failure remains the main cause of mortality in PH patients (Voelke et al., 2011). The world health

organization (WHO) classifies PH into 5 different groups (Table 1).
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Table 1 World health organization (WHO) clinical categorization of PH

WHO Group Underlying Mechanism
Group | PH due to pulmonary arterial hypertension (PAH); Pre-capillary PH
Group Il PH due to left heart disease (PH-LHD)
Group I PH due to underlying lung disease/hypoxia
Group IV Chronic thromboembolic PH
Group V PH with multifactorial underlying cause/unclear mechanism

Different studies have investigated the biomechanics of RV remodeling at different scales
from organ-level structure/function and hemodynamics to tissue-level biomechanical properties,
fiber architecture, and cellular contractility and function. Recent work has provided important
insights into the time-course of multi-scale remodeling events in PH and has analyzed the potential
of different therapeutic interventions to attenuate RV remodeling (Borgdorff et al., 2013; Andersen
et al., 2014; Avazmohammadi et al., 2019a; Clements et al., 2019; Sharifi Kia et al., 2020).
Analyzing the relative contribution of different remodeling events to RV dysfunction has
facilitated identification of adaptive vs. maladaptive responses to pressure overload (Gomez et al.,
2017; Avazmohammadi et al., 2019a).

Clinical work has been focused on studying RV mechanics using invasive hemodynamics,
cMRI, and echocardiography. On the other hand, pre-clinical studies have employed animal
models of PH for mechanistic investigation of the biomechanical remodeling events in PH and the
role of mechanical stimuli in these processes (Table 2). Most commonly used animal models of
PH include: 1) PH induced via VEGF receptor blocker Sugen-5416 followed by exposure to
hypoxia (SuHx), 2) Monocrotaline (MCT)-induced PH and 3) PH induced via pulmonary artery

banding (PAB) (Akazawa et al., 2020). The SuHX model results in similar angio-obliterative
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lesions to those developed in PH patients, making this an ideal model to study pulmonary vascular
mechanobiology in PH. The MCT model has been widely used due to reproducibility and
simplicity; however, development of myocarditis (Akhavein et al., 2007) remains a major
limitation of this model. The PAB model helps analyzing the effects of PH on RV remodeling, in
the absence of confounding effects from pulmonary vascular remodeling or hypoxia (Bogaard et
al., 2009; Borgdorff et al., 2013; Andersen et al., 2014; Hill et al., 2014; Sharifi Kia et al., 2020).
A mild constriction via PAB results in adaptive RV remodeling with minor indications of RV
fibrosis (Bogaard et al., 2009). However, recent studies have indicated that a sufficiently severe
constriction induced by PAB can result in similar levels of elevation in RV pressures, dilation,
hypertrophy, and fibrosis, compared to SuHx or MCT models (Andersen et al., 2014; Akazawa et
al., 2020). Severe PAB may progress to RV-PA uncoupling and maladaptive RV failure (Andersen
et al., 2014; Akazawa et al., 2020). This makes the PAB model ideal to study the isolated RV
remodeling benefits of therapeutic interventions, in the absence of alterations in pulmonary
vascular resistance (PVR) or VEGF inhibition (Borgdorff et al., 2013; Andersen et al., 2014).

In the following sections, we discuss the current understanding of multi-scale
biomechanics of the RV in PH, highlighting the findings from in-vivo, ex-vivo, and in-vitro
studies. Recent progress on the mechanisms of RV remodeling will be explored from a
biomechanical perspective, in addition to a discussion on the effects of potential therapeutics on

RV biomechanics in PH.
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Table 2 Most commonly used experimental animal models of PH

Animal Model

Features

Sugen-Hypoxia

(SuHx)

Results in similar angio-obliterative lesions to those developed in PH
patients
Ideal to study pulmonary vascular mechanobiology in PH

Significant RVFW fibrosis

Monocrotaline

(MCT)

Simple and reproducible procedure
May lead to development of myocarditis

May not result in significant RV wall thickening

Pulmonary Artery

Banding (PAB)

Results in isolated RV pressure overload

Helps analyzing the effects of PH on RV remodeling, in the absence
of confounding conditions such as pulmonary vascular remodeling
or hypoxia

Mild constriction via PAB results in adaptive RV remodeling with
minor indications of RV fibrosis

Sufficiently severe constriction induced by PAB results in similar
levels of elevation in RV pressures, dilation, hypertrophy, and
fibrosis, compared to SuHx or MCT models. Severe PAB may
progress to RV-PA uncoupling and maladaptive RV failure

Ideal for studying the isolated RV remodeling benefits of therapeutic
interventions, in the absence of alterations in pulmonary vascular

resistance (PVR) or VEGF inhibition
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2.2.1 Organ-Level RV Remodeling in PH

PH results in altered organ-level RV hemodynamics. Several studies have investigated the
effects of pressure overload on RV hemodynamics using invasive and noninvasive measures of
RV structure and function. RV function is the most critical determinant of survival in PH (Bogaard
et al., 2009). Recent work indicates that RV dysfunction in PH initiates at the organ-level, before
progressing to tissue and cellular remodeling (Wang et al., 2018). In a SuHx model of PH, Wang

et al. demonstrated preserved ejection fraction and RV-PA coupling with increased contractility
(measured via %max and RV end-systolic elastance Ees) following 14 days of hypoxia (Wang et al.,

2013, 2018). RV hypertrophy reached a plateau at 14 days, while reduced ejection fraction and
end-systolic elastance was observed at later time points (56 days of hypoxia), leading to RV-PA
uncoupling and RV dysfunction (Wang et al., 2013, 2018). However, myofilament contractile
forces were elevated similarly at all different stages of PH, with preserved Frank-Starling
mechanism, suggesting RV dysfunction only at the organ-level.

PH results in increased RV systolic and diastolic pressures (Bogaard et al., 2009; Wang et
al., 2013; Hill et al., 2014; Akazawa et al., 2020; Sharifi Kia et al., 2020), as well as elevated total
PVR (Wang et al., 2013) and reduced cardiac output (Andersen et al., 2014). From a structural
perspective, pressure overload in PH results in increased RV wall thickness and dilation at the
organ level, commonly referred to as concentric and eccentric hypertrophy, respectively (Andersen
etal., 2014; Hill et al., 2014; Avazmohammadi et al., 2019a). Increased wall thickness in the early
stages of PH helps reducing RV wall stress and increases contractility; however, progression of
PH and chamber dilation at later stages results in depressed organ-level contractility and RV

dysfunction (Fan et al., 1997; Avazmohammadi et al., 2019a). In a rat PAB model of PH, Cheng
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et al. observed increased RV contractility, via RV hypertrophy (increased wall thickness), in
response to increased RV systolic pressures, reduced ejection fraction and decreased cardiac
output; however, this was insufficient to maintain RV-PA coupling (Cheng et al., 2018).

Under normal hemodynamics, RV wall stress was found to be higher in the circumferential
direction compared to the longitudinal (apex to base/outflow-tract) direction (Avazmohammadi et
al., 2017b). PH results in overall increased organ-level RV wall stress with a more significant
elevation in the longitudinal direction (40% and 150% increase in the circumferential and
longitudinal directions, respectively (Avazmohammadi et al., 2017b)). Higher organ-level stress
elevations in the longitudinal direction may explain the observed patterns of remodeling at the
tissue and fiber level in PH (longitudinal stiffening and fiber reorientation). Wall stress analysis
using combined pressure catheterization and cMRI in PH patients (Richter et al.,, 2020)
demonstrated a positive correlation between RV end-systolic wall stress and both diastolic
elastance (Eed) and RV afterload measured by PA elastance (Ea). Since the original Laplace
formulation was proposed for thin-walled structures and RV hypertrophy and increased wall
thickness in PH may violate those assumptions, recent studies have employed a modified
formulation of the law of Laplace to calculate RV wall stress in PH (Attard et al., 2019). In a
clinical study, Attard et al. demonstrated that RV wall stress could be an independent predictor of
all-cause mortality in PH patients (Attard et al., 2019).

RV-PA coupling efficiency is a major determinant of outcomes in PH (Tabima et al., 2017;
Richter et al., 2020). Increased afterload in PH is followed by an initial increase in organ-level RV
contractility to compensate for the increased demand, before RV dilation, increased wall stress and
progression to reduced contractility, RV-PA uncoupling, and maladaptive RV failure (Tabima et

al., 2017; Attard et al., 2019). Tello et al. employed cMRI and right heart catherization to study
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the RV-PA coupling reserve in PH patients (Tello et al., 2019). Reduction in RV-PA coupling
(measured via single-beat analysis, as discussed in pages 7-8) was associated with increased end-
diastolic volume index, PA stiffening, and reduced ejection fraction. Normal RV-PA coupling
efficiency ranges from 1.5-2, while PH patients with early signs of maladaptive remodeling
demonstrated coupling efficiencies ranging from 0.89-1.09 (Tello et al., 2019). Patients with
severe progressive RV maladaptation showed coupling efficiencies around 0.56-0.61. A cutoff of
0.805 was defined for the onset of RV dilation and failure (ejection fraction<35%), demonstrating
a significant reserve for RV-PA coupling before progression to RV failure (Tello et al., 2019).
Another clinical study demonstrated that RV-PA coupling is negatively correlated with mean PA
pressures and is an independent predictor of survival in PH at different stages (\Vanderpool et al.,
2015).

In addition to RV contractility and systolic function, PH also affect RV diastolic function.
Single-beat analysis of P-V loops in PH patients revealed a significant increase in diastolic
stiffness (), which was correlated with metrics of disease severity such as RV stroke volume, 6-
minute walking distance and RA pressures (Rain et al., 2013). A significant increase in RV end-
diastolic elastance (Eed) was observed in response to increased systolic and diastolic pressures via
PAB, in a rat model of PH (Jang et al., 2017). Moreover, Eed was found to be positively correlated

with B (Jang et al., 2017). In a large animal PAB model of chronic PH, Gaynor et al. observed a
significant increase in RV pressures and load-dependent measure of RV contractility (%max),

accompanied by increased RV elastance (Gaynor et al., 2005). While no differences in cardiac
output were observed in response to PAB (indicating adaptive RV remodeling, potentially due to
severity of the PAB procedure), there was a ~2-fold increase in diastolic stiffness, which the

authors attributed to impaired diastolic function (Gaynor et al., 2005). It is worth noting that organ-
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level diastolic stiffness derived from RV hemodynamic measures is load-dependent and does not
compare to tissue-level stiffness measures based on stress-strain mechanical testing data. The
EDPVR has a nonlinear form and, therefore, organ-level RV diastolic stiffness may increase in
response to increased filling pressures, independent of RV remodeling (Levine, 1972).
Consequently, an increase in organ-level diastolic stiffness does not necessarily exhibit structural
RV remodeling. A structurally normal RV may demonstrate increased organ-level diastolic
stiffness in response to sufficiently elevated filling pressures (Levine, 1972). Multi-scale studies
at the tissue and fiber level facilitate evaluation of intrinsic load-independent RVFW
biomechanical properties (Hill et al., 2014; Sharifi Kia et al., 2020).

PH primarily affects RV structure and function; however, RV and LV function are
interdependent on one other and LV contraction assists with 20-40% of the systolic RV pressure
rise (Santamore and Dell’Italia, 1998). Alterations in RV structure/function such as RV dilation,
fiber reorientation and impaired contractile function directly affect the organ-level biomechanics
of the LV by reducing LV torsion and resulting in delayed peak torsion (Kaiser et al., 2020;
Kheyfets et al., 2020). Isolated RV pressure overload in a PAB model resulted in reduced LV
ejection fraction and stroke work, as well as LV atrophy (reduced wall thickness) (Kheyfets et al.,

2020). PH induced in rats via MCT resulted in decreased LV and systemic pressures, reduced LV

dp

LY and increased LV %min, measured in-vivo (Han et al., 2018). However, ex vivo testing of

isolated LVs with Langendorff perfusion demonstrated the LV being capable of developing normal
pressures at different afterloads (Han et al., 2018). These findings suggest that altered LV function
in PH is predominantly a result of the biomechanical interactions between the ventricles, rather

than intrinsic LV remodeling.
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While PH is more prevalent among females than males (Badesch et al., 2010), sex
differences exist in the survival rates of PH patients, with females demonstrating better outcomes
(Jacobs et al., 2014; Lahm et al., 2014; Shen et al., 2020). The protective effects of the female sex
hormone 173-estradiol (Estrogen; also known as E2) has been investigated in animal models of PH
(Liu et al., 2014, 2017b; Lahm et al., 2016). In response to similar levels of pressure overload
induced via SuHx, female rats demonstrated better cardiac index, stroke volume and RV
compliance. These effects were not present in ovariectomized female rats, while exogenous E2
repletion lead to improved cardiac index and ejection fraction (Liu et al., 2014), and prevented
RV-PA uncoupling (Liu et al., 2017b). Moreover, E2 has been shown to prevent reduced PA
compliance in PH (Liu etal., 2014) and result in decreased PA systolic pressures (Liu etal., 2017a).
Multi-scale studies suggest a direct effect from estrogen on RV remodeling via increasing RV
contractility, in addition to indirect benefits from reduced PVR, reduced PA systolic pressures,
and prevention of PA stiffening, resulting in reduced RV afterload (Liu et al., 2014). Prospective
analysis of RV function in PAH patients demonstrated better systolic adaptation (measured via
Ees) and RV-PA coupling efficiency in female patients (Tello et al., 2020), potentially contributing
to the sex differences in survival rates of PH patients. Despite similar levels of RV afterload
(measured by Ea), median RV-PA coupling efficiency was higher than the 0.805 threshold (Tello

et al., 2019) in female patients, but not in males (Tello et al., 2020).

2.2.2 Tissue-Level RV Remodeling in PH

PH results in increased biaxial RVFW stiffness, with ~2-fold increase in tissue anisotropy
(Hill et al., 2014; Park et al., 2016; Avazmohammadi et al., 2017b). RV pressure overload in PH
leads to higher tissue-level stiffening in the longitudinal vs. circumferential direction, due to RV
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fiber reorientation, in addition to alterations in intrinsic mechanical properties (Hill et al., 2014;
Park et al., 2016; Avazmohammadi et al., 2017b; Sharifi Kia et al., 2020). Increased RVFW
stiffness in the longitudinal direction was found to be correlated with increased organ-level
diastolic elastance (Eed) in @ PAB model of PH (Jang et al., 2017). Moreover, contribution of RV
collagen-myofiber interactions to tissue-level biomechanics was found to significantly increase in
response to pressure overload (Avazmohammadi et al., 2017D).

In addition to elastic stiffness, PH also affects the dynamic viscoelastic properties of RV
myocardium. In a large animal PAB model of PH, RVFW elastic stiffness and viscous damping
constants were elevated in response to pressure overload (Stroud et al., 2002). Ex-vivo treatment
of RVFW with plasmin resulted in increased MMP-2 and MMP-9 activity, collagen degradation,
and reduced elastic and viscous damping constants, compared to baseline measurements (Stroud
etal., 2002).

Alterations in RVFW contractile strains manifest early in the progression of PH (Voeller
etal., 2011). In-vivo tissue-level contractile deformations of RV myocardium can be characterized
by placement of radiopaque markers on the RVFW combined with biplane fluoroscopy (Chuong
et al., 1991). Marker displacements can then be post-processed to measure RVFW fractional area
reduction (measure of tissue-level contractility), as well as maximal (principal) RVFW shortening
in the fiber and cross-fiber directions. In an in-vivo study on canine myocardium, Chuong et al.
demonstrated that the outflow region of the RVFW undergoes higher fractional area reductions
compared to the inflow and mid-ventricular regions (Chuong et al., 1991). Acute PA occlusion
resulted in a significant increase in RV peak pressures and organ-level contractility, but lead to
decreased tissue-level fractional area reduction at the outflow region (Chuong et al., 1991). The

observed effects were attributed to differences in the embryological origin of the outflow region,
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compared to the inflow and mid-ventricular regions (March et al., 1962; Chuong et al., 1991).
Echocardiography is another technique for in-vivo RVFW tissue evaluation, routinely used for
clinical diagnosis of RV function. 2D ventricular torsion and RVFW strain measurements have
been employed for clinical assessment of regional and global RV function (Bossone et al., 2013).
PH was shown to result in reduced longitudinal RVFW peak systolic strains and strain rate,
exhibiting associations with 1,2,3, and 4-year mortality in PAH patients (Sachdev et al., 2011). PH
patients with RVFW longitudinal peak systolic strains <19% demonstrate lower survival rates than
those with longitudinal strains >19% (Haeck et al., 2012). Reduced longitudinal systolic strains
were also noted in experimental PAB, SuHx, and MCT models of PH (Akazawa et al., 2020).
Despite cost-effectiveness and wide availability of echocardiography, RV anatomy and
positioning within the chest leads to reproducibility issues with ultrasound-based strain
assessments (Bossone et al., 2013). Additionally, unlike the LV, circumferential and radial
ultrasound-based strains are challenging to measure for the RVFW (Tadic et al., 2018). cMRI is a
more accurate technique for in-vivo RVFW strain measurements. In a large animal PAB model of
early-stage PH, Voeller et al. combined cMRI and inverse finite element (FE) models to study the
effects of PH on RVFW systolic strains (Voeller et al., 2011). Severe pressure overload (250%
increase in RV pressures) was found to result in decreased RVFW minimum principal strains
(measure of segmental shortening) at the basal level, indicating reduced tissue-level contractility
(Voeller et al., 2011). Moderate pressure overload (34% increase in RV pressures), however, did
not demonstrate any significant effects on RVFW strains (Voeller et al., 2011).

PH results in disrupted matrix turnover (Golob et al., 2016), altered matrix
metalloproteinase (MMP) activity, and increased RVFW collagen content (Bogaard et al., 2009;

Borgdorff et al., 2013; Rain et al., 2013; Andersen et al., 2014; Akazawa et al., 2020; Sharifi Kia
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et al., 2020), potentially due to capillary rarefaction (Borgdorff et al., 2013; Andersen et al., 2014;
Akazawa et al., 2020) and increased oxidative stress (Bogaard et al., 2009), leading to a mismatch
between RVFW oxygen supply and demand. Increased RVFW collagen content has been found to
be correlated with organ-level diastolic dysfunction and reduced RV compliance (Cheng et al.,

2018).

2.2.3 Fiber-Level RV Remodeling in PH

Pressure overload has been shown to result in increased myofiber stiffness in experimental
models of PH (Hill et al., 2014; Avazmohammadi et al., 2017b; Sharifi Kia et al., 2020), potentially
due to reduced titin phosphorylation. Reduced titin phosphorylation and sarcomeric stiffening was
also observed in RVFW tissues obtained from PH patients (Rain et al., 2013). Moreover, PH results
in reduced RVFW collagen fiber crimp, leading to increased collagen recruitment rate and earlier
engagement of collagen fibers under loading (Avazmohammadi et al., 2017b; Sharifi Kia et al.,
2020). PH has also been shown to result in a denser and thicker network of collagen fibers in the
RVFW (Stroud et al., 2002; Vélez-Renddn et al., 2019).

In addition to increased fiber-level stiffness, PH results in reorganization of the RVFW’s
transmural fiber architecture. Pressure overload has been shown to result in longitudinal
realignment of RV collagen and myofibers, resulting in increased tissue-level anisotropy (Hill et
al., 2014; Park et al., 2016; Avazmohammadi et al., 2017b; Sharifi Kia et al., 2020). Following an
increase in RV pressures via PAB in a swine model of PH, Tezuka et al. observed RV fiber
reorientation, while releasing the RV from the increased afterload (debanding) resulted in a shift
in fiber architectures towards control levels within 7-17 days (Tezuka et al., 1990). In a mild,

adaptive PAB model of PH, no differences were observed in transmural RVFW fiber orientations
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(Nielsen et al., 2009). However, more severe PAB lead to longitudinal reorientation of RV
collagen and myofibers (Hill et al., 2014; Avazmohammadi et al., 2017b; Sharifi Kia et al., 2020),
indicating fiber reorientation as an end-stage remodeling event in PH. Reorientation of RV
collagen and myofibers and alterations in the transmural fiber architecture of RV myocardium
have the potential to affect organ-level contractility and result in RV-PA uncoupling with
preserved cell-level myocyte contractility (Avazmohammadi et al., 2019a). However, the

underlying mechanisms of RV fiber reorientation in PH have remained largely unexplored.

2.3 Effects of Potential Therapeutics on RV Biomechanics in PH

Despite recent developments of therapeutics for management of PH, so far, lung
transplantation remains the only curative treatment. The renin-angiotensin-aldosterone system
(RAAS) plays a major role in regulating RV remodeling in response to pressure overload
(Menendez, 2016). Previous work has evaluated the effects of angiotensin Il receptor blockers on
RV remodeling in PH, by targeting the RAAS system and inhibiting the effects of AT1 receptor
stimulation (which prohibits the increase of vascular tone and vasoconstriction). While angiotensin
Il receptor blockers have shown improvements in the setting of LV pressure overload, they did not
show any effects on either compensated or decompensated RV failure, measured by RV pressures,
cardiac output, dilation, contractility, and survival (Borgdorff et al., 2013; Andersen et al., 2014;
Clements et al., 2019).

Moreover, integrin-linked kinase (ILK) is upregulated in PA vascular smooth muscle cells
in PH, resulting in PA remodeling and proliferation. ILK inhibition was shown to result in reduced

PA and RV hypertrophy, RV systolic and end-diastolic pressures, and improved contractility in

24



male, but not female rats in a SuHx model of PH (Shen et al., 2020). This was attributed to
estrogen-mediated effects in females, as co-culture of human PA vascular smooth muscle cells
with estrogen and ILK inhibitor, hindered the anti-proliferative effects of ILK inhibition (Shen et
al., 2020).

Placement of mesenchymal stem cell (MSC)-seeded bioscaffolds on rat RVs in a SuHx

model resulted in improved stroke volume, cardiac output, and diastolic function (measured by

EDPVR), despite showing no effects on RV systolic pressures, %max and min, and RV-PA coupling
efficiency (Schmuck et al., 2019). Reduced RV fibrosis and myocyte hypertrophy, in addition to
increased coronary perfusion were among the potential mechanisms of action for the observed
effects.

Nitric oxide—dependent vasoactivity of the pulmonary vasculature affects RV afterload and
function in PH (Simon et al., 2016). Clinical analysis of the acute effects of an inhaled formulation
of sodium nitrite in patients with PH due to heart failure with preserved ejection fraction (PH-

HFpEF) demonstrated reduced mean PA pressures and increased PA compliance, with no

significant effects on PVR (Simon et al., 2016).
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3.0 Analyzing the Effects of Angiotensin Receptor-Neprilysin Inhibition on Right

Ventricular Biomechanics in Pulmonary Hypertension

Our findings on the effects of combined angiotensin receptor-neprilysin inhibition on right
ventricular (RV) remodeling in pulmonary hypertension (PH) will be discussed in this chapter.
The following results have been published in the Journal of the American Heart Association

(Sharifi Kia et al., 2020).

3.1 Introduction

PH is a disease resulting in increased RV afterload, myocardial hypertrophy and ventricular
remodeling. RV failure remains the main cause of mortality for nearly 70% of PH patients (Voelke
et al., 2011) with 33-38% mortality rates 3 years post-diagnosis (Benza et al., 2007; Humbert et
al., 2010). Pressure overload due to PH results in increased end-systolic and end-diastolic volumes
as well as increased RV contractility (Hill et al., 2014), which if left unchecked leads to decreased
RV contractility and eventual RV failure. Despite the development of multiple therapeutics for
management of PH, lung transplantation remains the only curative treatment.

RV biomechanics has been closely linked to physiological function (Jang et al., 2017).
From a biomechanical point of view, pressure overloaded RV myocardium experiences increased
wall thickness, fiber remodeling and increased stiffness to restore cardiac output. RV remodeling
and fiber re-orientation results in a pathological increase in stiffness and non-physiologic

anisotropy in certain directions which affects the filling and ejection mechanics of the RV
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(Avazmohammadi et al., 2019a), torsional motion of the heart, and transmural wall stress (Carruth
et al.,, 2016). Biomechanical studies have provided important insights into RV remodeling in
response to PH (Hill et al., 2014; Avazmohammadi et al., 2017a, 2017b, 2019a; Jang et al., 2017);
however, limited information exists on the effects of therapeutic interventions on these
mechanisms (Clements et al., 2019).

Sacubitril/Valsartan (Sac/Val; also known as LCZ696) is an angiotensin receptor-
neprilysin inhibitor (ARNI) drug consisting of a 1:1 mixture of the neprilysin inhibitor sacubitril
and the angiotensin receptor blocker valsartan which, based on evidence including a large placebo-
controlled trial (McMurray et al., 2014), is FDA approved to reduce the risk of cardiovascular
death and heart failure hospitalization for chronic systolic left ventricular (LV) heart failure
(Menendez, 2016). While previous heart failure and hypertension therapeutics include angiotensin
receptor blockers and target the renin-angiotensin-aldosterone system (RAAS), Sac/Val has a
mode of action that targets both the RAAS and natriuretic peptides (NP) system. Valsartan inhibits
the effects of AT1 receptor stimulation which prohibits the increase of vascular tone and
vasoconstriction. Sacubitril, on the other hand, increases the NP levels via neprilysin inhibition
which results in decreased blood pressure and prevents hypertrophy (Menendez, 2016).

Several preclinical studies have investigated the effects of Sac/Val treatment on LV
pressure overload (Burke et al., 2019), myocardial infraction (Pfau et al., 2019) and left heart
failure (Maslov et al., 2019a). In addition to preclinical studies, large clinical trials have analyzed
the effects of Sac/Val treatment on left heart failure with preserved (Solomon et al., 2019) or
reduced (McMurray et al., 2014) ejection fraction. Despite promising outcomes as a treatment for

chronic systolic LV heart failure (McMurray et al., 2014) and demonstrating anti-fibrotic and anti-
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inflammatory effects (Pu et al., 2008; Gu et al., 2010; Von Lueder et al., 2013; Burke et al., 2019),
to date, there is limited data on the effects of Sac/Val treatment on RV remodeling events in PH.
In the current study, we aimed to understand the response of RV myocardium in PH to
treatment with Sac/Val. We hypothesized that preventive treatment of PH with Sac/Val attenuates
the development of RV hypertrophy and results in improved RV biomechanics. Terminal invasive
hemodynamic measurements, quantitative histological analysis, biaxial mechanical testing, and
constitutive modelling were employed to conduct a multi-scale analysis on the effects of Sac/Val

on RV remodeling.

3.2 Methods

A rat pulmonary artery banding (PAB) model of PH (total of 58 male Sprague-Dawley
rats) was used to evaluate the effects of Sac/Val treatment on the biomechanical properties of
failing RV myocardium. Hemodynamic measurements were performed at the end of the treatment
window, followed by biaxial mechanical testing of the right ventricular free wall (RVFW). An
additional group of animals were used for quantitative histological analysis of RV collagen and
myofiber architectures. Figure 4 summarizes the cohorts, experimental protocols, and different
analysis techniques used in this work. All animal procedures were approved by the University of
Pittsburgh’s IACUC (protocol # 13021226) and were carried out in such a way as to minimize
discomfort, distress, pain, and injury to animals. All surgical procedures were performed under
isoflurane anesthesia followed by bupivacaine (2-3 mg/kg), buprenorphine (0.05-0.1 mg/kg) and
ketoprofen (1mg/kg) administered as pain medications during and post-surgery. The animals were

euthanized by harvesting the heart following hemodynamic data collection.
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Figure 4 Summary of the framework developed to study the effects of Sac/VVal on RV remodeling in PH. Sprague-Dawley rats were assigned to one of
the Control, PH-placebo treated or PH-Sac/Val treated cohorts, followed by terminal invasive hemodynamic measurements, morphological

measurements, quantitative histological analysis, biaxial mechanical characterization, and constitutive modeling.
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3.2.1 Pulmonary Artery Banding Procedures and Drug Administration

RV pressure overload was induced via banding the main pulmonary artery (PA) of male
Sprague-Dawley rats using an adjustable surgical clip (n=40, approximately 8 weeks old, weighing
200-250 g at the start of the experiments, sourced from Envigo, Indianapolis, IN).

As discussed in previous work (Valdez-Jasso et al., 2012; Hill et al., 2014), several factors
were considered for our choice of this animal model. Briefly, this model causes RV pressure
overload in the absence of confounding conditions, such as hypoxia, sufficient to study RV
remodeling; a rat model was selected to provide a large enough sample of RVFW tissue for biaxial
mechanical testing, while being thin enough to facilitate biaxial testing of intact full-thickness
myocardium without the need for transmural sectioning, as well as maintaining tissue viability ex-
Vivo via passive diffusion.

Once anesthetized, rats were placed on a heated table to maintain a core temperature of
37°C and were monitored with a rectal probe. After endotracheal intubation, animals were placed
on a volume ventilator (70 breaths/min, 6-8 mL/kg/min). The chest was then entered by a limited
lateral incision to expose the mid-thoracic aorta. The PA was identified, and a surgical clip was
placed around it with a radius such that a uniform RV systolic pressure of 40-50 mmHg was
generated acutely (confirmed via hemodynamic measurements in pilot studies). The chest was then
closed, and animals were extubated. Following the PAB procedure, rats were randomized into two
cohorts: placebo-treated-PH and Sac/Val-treated-PH (Fig. 4). Additionally, a control group (n=18)
consisted of unbanded age-matched placebo-treated animals. Daily doses of Sac/Val (68
mg/kg/day) or placebo (same volume of water) were administered via oral gavage for 21 days (Pu
et al., 2008; VVon Lueder et al., 2013).
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3.2.2 Hemodynamic Measurements

Following the treatment window, terminal invasive hemodynamic measurements were
performed to confirm RV pressure overload via standard catheterization techniques (Faber et al.,
2006; Bogaard et al., 2009; Hill et al., 2014). RV pressure-volume (P-V) loops were acquired for

each animal (ncontror = 16, Mpy = 22, Ngqc/ya = 17), Using a Millar™ conductance catheter

(Millar Inc., Houston, TX). Hemodynamic data were processed using LabChart (ADInstruments,

Sydney, Australia) and analyzed for measures of cardiac function, including maximum pressure,
stroke volume, heart rate, maximum and minimum %, RV elastance (Ees), PA elastance (Ea) and

RV-PA coupling (Ees/Ea). RV maximum pressure was measured as the difference between
maximum and minimum pressures of a beat. RV elastance was measured via occlusion of the vena
cava (Hill et al., 2014). Due to volume measurements performed in relative volume units (RVU),
only relative volumetric data (such as stroke volume and Ees) are reported and used for data

analysis. The heart was then harvested and placed in cardioplegic solution.
3.2.3 Histological Analysis

A sub-group of rats from each cohort were used for histological analysis. Based on our
previous studies using this model of PH (Hill et al., 2014), a sample size of n=3/cohort was chosen
for this aim with the primary goal of studying transmural RV fiber orientations. Specimen fixation
was performed using 10% neutral buffered formalin. Histology was carried out using Masson’s
trichrome which distinctly stains myofibers in red and collagen in blue. A total of 17-25 transmural

sections were taken from each RVFW specimen at 50 um increments from epi- to endocardium.
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Collagen (stained in blue) and myofibers (stained in red/pink) were segmented from the

histological scans by manual thresholding of images based on the appropriate RGB range (Fig. 5).

RVFW Stained With
Masson’s Trichrome Collagen Fibers Myofibers

Figure 5 Threshold-based segmentation of collagen (blue) and myofibers (red) from the histological scans.

Avrea fraction of collagen fibers (measure of fibrosis) was evaluated by calculating the ratio
of area occupied by the respective pixels (blue) over the total area in each cross-section. Average
of all transmural measurements are reported as the collagen area fraction for each RVFW
specimen. Transmural fiber orientation of collagen and myofibers were quantitatively analyzed
using a gradient-based image analysis framework. Similar to our previous studies (Hill et al.,
2014), the orientation angle and magnitude of the gradient were calculated at each pixel, followed

by formation of the structure tensor of the gradient map for each histological section:

ri=n; j=m i=n; j=m ]
2 G ;Cos®® z G7Cos®;;Sind;;
— ij=1
H = i= n] =m i=n;j=m (3-1)
Z G?;Cos®;;Sind; Z G7;Sin*®,;;
ij=1 ij=1
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Here, G;; and ®;; are the magnitude of the gradient and the orientation angle at each point,

respectively. Dominant fiber orientations at each section were obtained by evaluating the dominant
orientation (first eigenvector) of the resulting structure tensor from each histological image
(Rezakhaniha et al., 2012; Puspoki et al., 2016). Transmural fiber angles are reported against
normalized RVFW thickness at 11 different cross-sections (0-100% thickness). Linear
interpolations were performed to report the final data for all cohorts on an evenly spaced grid.
Based on our previous studies on this model of PH (Hill et al., 2014), linear interpolations
adequately approximate the transmural change in fiber angles. We assigned 0° to the longitudinal
(apex to outflow-tract/base) and 90° to the circumferential (free wall to septum) direction, when
looking at the RVFW from the epicardium.

In addition to fiber orientations, coherency of collagen fiber distributions was calculated to

analyze the structural arrangement of collagen fibers in each layer:

C= MX 100 (3-2)

Amax Amin

Here, Amax and Amin are the first and second eigen values of the structure tensor in equation 3-1,
respectively (Rezakhaniha et al., 2012). Coherency evaluates the local alignment of collagen fibers
with C=0% indicating an isotropic distribution and C=100% indicating a highly aligned pattern.
This helps evaluating the level of collagen crimp in each cohort (higher C indicating less crimp),
as an important contributor to tissue architecture and biomechanical properties. Average of all
transmural measurements are reported as %collagen coherency for each specimen. Furthermore,

RVFW area was obtained for each specimen based on histological sections followed by calculation
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of RVFW wet tissue density by dividing RVFW mass by volume (area X wall thickness). Image

processing and fiber orientation analysis was performed using the OrientationJ toolbox

(Rezakhaniha et al., 2012; Plspdoki et al., 2016) in ImageJ (imagej.nih.gov).

3.2.4 Biaxial Mechanical Testing

Another group of rats from each cohort (ncontror = 11, Mpy = 12,50y = 11)

underwent biaxial mechanical testing to investigate the effects of Sac/Val treatment on the
biomechanical properties of viable RV myocardium in PH. Square specimens were dissected from
the RVFW (Fig. 4) and mounted on a biaxial testing device (BioTester, CellScale,Waterloo, ON,
Canada) using sutures and metal hooks to minimize shear loading (Sacks, 1999). The RVFW was
submerged in modified Krebs solution with 2,3-butanedione monoxime (BDM) and oxygen
(Valdez-Jasso et al., 2012) during testing. Our previous studies have shown the effectiveness of
this technique in maintaining tissue viability via passive diffusion, up to 1.5 hours post-harvesting
(Hill et al., 2014). Multi-protocol biaxial testing (Fig. 6a) was performed on each specimen to
investigate the tissue response in a wide range of possible loading scenarios (displacement-
controlled 1:1, 1:2, 2:1, 1:4, 4:1, 1:6, and 6:1 loading ratios). Each specimen underwent 15 cycles
of preconditioning under 1:1 displacement-controlled loading, before the start of data acquisition
(Fig. 6b).

A set of four visual tracking markers were placed on the epicardium. Marker displacements
were recorded using a CCD camera and further analyzed for strain estimations. The deformation

gradient tensor was then reconstructed from marker displacements as (Zhang et al., 2015):
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dx

F=% (3-3)

where F is the deformation gradient tensor, X is the reference coordinate and x is the deformed

coordinate system. Using F, the Green—Lagrange strain tensor (E) was calculated as:

1
E=>(FF-1) (3-4)

Load measurements from the biaxial device and initial specimen dimensions were used to
reconstruct the first Piola—Kirchhoff stress tensor (P) via standard methods (Valdez-Jasso et al.,
2012; Hill et al., 2014). The second Piola—Kirchhoff (2" P-K) stress tensor (S) was then calculated

as:
S=PFT (3-5)

A plane stress approximation was used to calculate the biomechanical behavior of RVFW.
Stress-strain response of each specimen was calculated using a finite deformation framework

developed in Mathcad (PTC, Needham, MA).
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Figure 6 Displacement-controlled biaxial mechanical testing of RVFW specimens. (a) Loading direction,
ratios, and maximum displacements applied to specimens from each cohort. (b) Representative temporal
force measurements during a pre-conditioning cycle, demonstrating the stabilization of longitudinal and

circumferential forces.

Equibiaxial strain-controlled loading results in unique tissue kinematics with no fiber
rotations (Sacks, 2003) and, therefore, could be used to estimate fiber-level mechanical properties
from tissue-level measurements (Hill et al., 2014; Avazmohammadi et al., 2017a). Since

experimental equibiaxial displacement-controlled loading may not always translate to equibiaxial
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strains, equibiaxial strain-controlled response of the RVFW tissues were interpolated from the
multi-protocol experimental data, using previously established techniques (Fata et al., 2014; Hill
et al., 2014). As seen in Figure 7a, the equibiaxial response (shown in blue) was interpolated from
the multi-protocol experimental data (shown in red) by fitting a mesh grid to the biaxial stress-
strain scattered data points. Equibiaxial responses were approximated using biharmonic spline
interpolations in MATLAB (Mathworks, Natick, MA). Similar to prior studies (Fata et al., 2014;
Hill et al., 2014), effective fiber ensemble (EFE) stresses were then obtained from the equibiaxial

data as:

Sgre = S11 + Sz (3-6)

Here, Sere represents the effective fiber ensemble stress and Si1 and S22 are the interpolated biaxial
tissue-level stresses in the longitudinal and circumferential directions, under equibiaxial strain-
controlled loading. The stress-strain plot demonstrating Sere vs. equibiaxial strain (Fig. 7b)
represents the fiber-level response of combined RVFW collagen and myofiber bundles,
independent of fiber orientation. Estimating fiber-level properties using the described technique
mitigates any possible sample mounting/misalignment errors during experimental testing and
facilitates direct comparison of fiber-level properties between specimens from different cohorts.
Fiber-level properties were used for estimation of the intrinsic myofiber stiffness for
specimens in each cohort. Myofibers were assumed to be mainly responsible for the initial portion
of the stress-strain curve (Fig. 7b), followed by collagen recruitment (un-crimping) and a stiffer

high-stress response. The fiber-level stress response for each specimen was differentiated with

37



Interpolated Equibiaxial Behavior

250
E 100 4 Longitudinal .-'
X .&.200 ® Circumferential =
" o = Fiber Ensemble .
® 50| = .
5 3 150 = L
n <
4 0
o 0. = 100 -
T p
c 2 Dominated by Myofibers
N 0.2 N 50 | (Before Collagen Recruitment)
01
E22 E11 0 0.05 0.1 0.15 0.2
Green Strain
(a) (b)

©

a3

2 o

o o

Q

c 2

&

b Data Used for

% Characterization of Collagen

g Myofiber Stiffness Recruitment Strain

2

w 0

@

2 0 0.1 0.2

[ .

Green Strain
(c)

Figure 7 (a) Representative demonstration of interpolation of the RVFW stress response under equibiaxial
strain-controlled loading (blue) using the scattered multi-protocol stress-strain measurements (red; 1:1, 1:2,
2:1,1:4,4:1, 1:6, and 6:1 loading ratios). The demonstrated interpolation shows the stress estimations for
only one component of the biaxial RVFW stress response. Similar interpolations were reiterated for stress
estimations in the other direction. E11 and E22 represent the biaxial Green-Lagrange strain measurements,
while 2nd PK stress shows the 2nd Piola-Kirchhoff stress. (b) Approximation of the effective fiber ensemble
stress-strain response (shown in red) from equibiaxial tissue-level measurements. (c) Differentiation of the

fiber ensemble response for estimation of fiber-level stiffness and identification of collagen recruitment strain.
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respect to strain in order to evaluate fiber stiffness changes over the range of measured strain (Fig.
7¢). The general behavior observed for specimens included a relatively constant-stiffness region
(myofibers) followed by an increased stiffness region (collagen recruitment). The fiber-level
stress-strain data before the start of collagen recruitment was used for estimating myofiber

properties for each specimen using a rule of mixtures approach (Humphrey and Rajagopal, 2002):

Tl\/[Before Collagen Recruitment (3-7)

EMyofiber = Drtvorin
yofiber

Here, Emyofiber IS the intrinsic myofiber stiffness, TMgefore Collagen Recruitment 1S the slope of the line
fitted to the fiber-level stress-strain data before collagen recruitment strain (via linear regression)

and @wmyofiver IS the area fraction of myofibers in each cohort obtained from histological analysis.
3.2.5 Constitutive Modelling

The experimentally obtained stress-strain data was used to model the response of

specimens using a nonlinear anisotropic constitutive model (Choi and Vito, 1990):

W = Bo(e%blE%1 + e%bZE%Z + eP3E11Ezz 3) (3-8)

Here, W is the strain energy, Bo is a scaling factor, b1 is a metric for stiffness in the longitudinal

direction (apex to outflow-tract/base direction), bz is a metric for stiffness in the circumferential
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direction, bs represents the degree of longitudinal-circumferential coupling and E11 and E22 are the
longitudinal and circumferential Green-Lagrange strains, respectively. By differentiating the strain

energy function (W) with respect to strain, stress components were obtained as:

AW 1
Su = 9E,. BO(blEllefblE%1 + by Ey,elsfuiFa2)
11
(3-9)
1
Syp = 3B Bo(szzzezsz%2 + b3Ey; eP3fuifaz)
22

Here, S11 and Sz are the 2" P-K stress components in the longitudinal and circumferential
directions, respectively. Experimental stress-strain data was used to estimate model parameters for
each specimen based on equation 3-9. Parameter estimation was performed using a custom
nonlinear least-squares optimization algorithm (trust-region-reflective) in MATLAB. Goodness of
fit was evaluated using a R?> measure. Model parameters were compared to analyze the effects of
PH and Sac/Val treatment on RVFW anisotropy and stiffness in different directions (Bo*bz, Bo*b2
and Bo*bs reported as “Longitudinal Stiffness”, “Circumferential Stiffness” and “Coupled
Stiffness”, respectively (Kural et al., 2012)). Biomechanical responses were compared by
investigating the model-derived strain energy space for specimens in each cohort. Cohort-specific
strain energy maps (in the longitudinal-circumferential strain space) were generated using the

median of all strain energy distributions for specimens in each cohort.
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3.2.6 Statistical Analysis

Transmural distribution of collagen and myofiber angles, collagen area fraction and
coherency, biaxial mechanical properties, and fiber-level stress-strain data are reported as mean =
standard deviation. All other data are presented with median, mean, standard deviation and
interquartile range.

Sample normality and homoscedasticity were assessed using the Shapiro-Wilk test and
Bartlett's test, respectively, in order to identify the appropriate parametric/non-parametric test for
our analysis. For the transmural fiber orientation measurements, circular statistics were used to
calculate the circular mean and standard deviation, followed by statistical testing using the
Watson—Williams test (equivalent of one-way ANOVA for circular data). Comparisons were
performed using the CircStat toolbox (Berens, 2009) in MATLAB. All other histological data
(n=3) were analyzed by one-way ANOVA followed by post-hoc t-tests with Bonferroni correction.
For all other data, statistical analysis was performed using the Kruskal-Wallis test. In case of
statistical significance, pairwise Wilcoxon rank sum tests were performed for post-hoc testing with
Bonferroni correction. Statistical comparisons were performed using the R software package (R
Foundation for Statistical Computing, Vienna, Austria, www.R-project.org). For all purposes,

p<0.05 was considered statistically significant.
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3.3 Results
3.3.1 Hemodynamics and Remodeling

Effects of pressure overload and Sac/Val treatment on RV hemodynamics are demonstrated
in Figure 8 (Ncontrot = 16, npy = 22, Ngqc v = 17). PA banding resulted in significant increase
in the maximal RV pressure (Fig. 8a; 67.5+16.2 mmHg for PH vs. 23.8+2.8 mmHg for Control).
Sac/Val treatment demonstrated lower pressures compared to the PH group, while still being
higher than control levels (47.9+£13.9 mmHg). RV stroke volume significantly decreased in
response to PH, with Sac/Val treatment showing no significant effects compared to both control
and PH cohorts (Fig. 8b; 4.7£1.1, 3.3£1.2 and 3.7£1.6 RVU for Control, PH and Sac/Val,
respectively). Heart rate was not different among different cohorts (Fig. 8c; 294.0+39.0,

291.4+59.7 and 284.9+37.2 BPM for Control, PH and Sac/Val, respectively).

Maximal and minimal % (load-dependent measures of RV contractility and relaxation)
increased and decreased, respectively, in response to PH (Fig. 8d-e; %max: 2440.9+£812.9
mmHg/Sec for PH vs. 1112.2+242.9 mmHg/Sec for Control; %min: -2290.1+844.7 mmHg/Sec for
PH vs. -873.0£263.2 mmHg/Sec for Control). Sac/Val treatment significantly decreased %max

(1719.1+£590.9 mmHg/Sec) and increased %min (-1635.2+684.1 mmHg/Sec) compared to PH

levels. Ea (measure of vascular load) increased in PH, while Sac/Val resulted in significant
improvements (Fig. 8f; 5.9£2.6, 25.0+£9.1 and 16.2+8.2 for Control, PH and Sac/Val, respectively).
Ees (load-independent measure of RV contractility) was obtained only for a sub-group of animals

in each cohort (n¢oniror = 10,npy = 15, ng4c v = 11) due to difficulties associated with vena
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Figure 8 Hemodynamic measurements of the effects of PH and Sac/Val treatment on (a) RV maximum

pressure, (b) Stroke volume, (c) Heart rate, (d) %max, (e) %min, (f) PA elastance (Ea), () RV elastance (Ees)
and (h) Ratio of RV to PA elastance (%). Sac/Val treatment significantly lowered RV maximum pressure
(Pmax), decreased the load-dependent measure of contractility (%max), increased the load-dependent measure

of relaxation (%min) and decreased PA elastance (Ea) in addition to preventing RV-PA uncoupling.

Horizontal line (—) and cross (X) representing median and mean of distributions, respectively. * indicates

p<0.05 compared to Control, * indicates p<0.05 compared to PH.

cava occlusions. Ees significantly increased in PH and was not affected by Sac/Val treatment (Fig.
8g; 3.6+£1.2, 10.2+5.8 and 7.5£3.4 mmHg/RVU for Control, PH, and Sac/Val, respectively). Ratio

of Ees to Ea significantly decreased in PH, indicating decompensated RV-PA coupling. Sac/Val
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treatment prevented a significant drop from control levels (Fig. 8h; 0.71+0.18, 0.41+0.15 and
0.60+0.24 for Control, PH and Sac/Val, respectively). Full statistical results of the hemodynamics
are presented in Appendix Table S1.

As shown in Figure 9 and Appendix Table S2, PH resulted in RVFW hypertrophy
(increased wall thickness) and increased RV/LV mass ratio (RVFW Thickness: 1.34+0.23 mm for
PH vs. 0.66+£0.09 mm for Control; RV/LV Mass Ratio: 0.57+0.08 for PH vs. 0.28+0.02 for
Control). Sac/Val treatment resulted in significant improvements in RVFW hypertrophy

(2.13£0.17 mm), while showing no statistical significance on RV/LV mass ratio (0.51+£0.13).
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Figure 9 Effects of PH and Sac/Val treatment on (a) RV hypertrophy (RVFW thickness) and (b) RV to LV

mass ratio. Sac/Val resulted in significantly lower RV wall thickness, while not demonstrating significant
effects on RV to LV mass ratio. Horizontal line (—) and cross (X) representing median and mean of

distributions, respectively. * indicates p<0.05 compared to Control, T indicates p<0.05 compared to PH.
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3.3.2 Fiber Angle

Histological analysis (ncontror = 3,Mpy = 3, Nsacyyar = 3) showed transmural re-

orientation of collagen and myofibers towards the longitudinal direction (apex to outflow-
tract/base) in PH, in addition to increased collagen content and fibrosis (Fig. 10a-e, Appendix
Table S3). Collagen fiber orientations were similar to myofiber orientations in each cohort (Fig.
10b-c). Sac/Val treatment prevented transmural re-orientation of both collagen and myofibers
except for the sub-endocardial region where fiber re-orientation was observed (Myofiber Angle
Range from Epi- to Endocardium: -52.4°—+7.4°,-56.9°—+39.5°, -57.8°—+25.2° for Control, PH
and Sac/Val, respectively; Collagen Fiber Angle Range from Epi- to Endocardium: -49.9°—+2.6°,
-59.6°—>+39.0°, -66.0°—+24.0° for Control, PH and Sac/Val, respectively). Dominant transmural
orientation of collagen and myofibers for specimens in each cohort was obtained by calculating
the circular mean of the transmural distribution of fiber angles (dotted lines in Fig. 10b and c). As
shown in Figure 10d, PH resulted in rotation of the dominant orientation of myofibers towards the
longitudinal direction by ~15.5°, while Sac/Val prevented this remodeling (Dominant Myofiber
Orientation: -21.1+0.1°, -5.8+3.2° and -19.8+3.0° for Control, PH and Sac/Val, respectively).
Collagen area fraction (measure of fibrosis) increased in response to PH while Sac/Val treatment
did not result in significant improvements (Fig. 10e; Collagen Area Fraction: 5.5+1.1%,
12.4+2.7% and 10.8+0.8% for Control, PH and Sac/Val, respectively). Collagen fiber coherency
(Fig. 10f) did not show any statistically significant differences for either PH or Sac/Val cohorts

(16.5£1.5%, 21.1+2.5% and 21.1+2.1% for Control, PH and Sac/Val, respectively).
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Figure 10 (a) Representative transmural histological sections of RV myocardium from each cohort (Red/Pink: Myofiber, Blue: Collagen). Coordinates

used to measure fiber orientations indicated on the top. (b) Effects of Sac/Val treatment on transmural myofiber orientations, and (c) Collagen fiber

orientations, (d) Dominant myofiber orientation in each cohort, (e) Effects of Sac/VVal on RV collagen area fraction, (f) Effects of Sac/Val on RV collagen

fiber coherency. Error bars representing standard deviations. * indicates p<0.05 compared to Control, ¥ indicates p<0.05 compared to PH.
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Furthermore, RVFW area showed no statistically significant differences in either cohort
(67.2+2.0, 105.4+14.5 and 85.5+23.3 mm? for Control, PH and Sac/Val, respectively). Bulk
RVFW wet tissue density significantly decreased in PH that was prevented by Sac/Val treatment

(5.22+0.35, 2.66+0.47 and3.96+0.65 mg/mm?3 for Control, PH and Sac/Val, respectively).

3.3.3 Biomechanics

Biaxial testing (ncontror = 11,npy = 12,Ng4¢/vq = 11) demonstrated = significantly

increased stiffness in both longitudinal and circumferential directions as a result of PH (Fig. 11a).
Sac/Val treatment improved RVFW biaxial biomechanical properties in both directions. Fiber-
level stiffness of the combined collagen and myofiber bundles increased in PH while Sac/Val
treatment resulted in decreased stiffness compared to PH levels (Fig. 11b). Furthermore, the
intrinsic myofiber stiffness of RV specimens increased in PH (Fig. 11c, Appendix Table S4;
168.4+101.0 kPa for PH vs. 81.0+29.6 kPa for Control). Sac/Val treatment resulted in significantly
lower stiffness than the PH cohort (65.4+53.4 KPa) while showing no difference with controls.
Collagen recruitment strain decreased significantly as a result of PH with Sac/Val demonstrating
no significant effects (Fig. 11d; 10.0+2.2%, 3.9+0.9% and 4.4+1.2% for Control, PH and Sac/Val,
respectively).

Constitutive modelling revealed increased stiffness in the longitudinal and circumferential
directions as well as increased in-plane coupling due to PAB (Fig. 12a, Appendix Table S4;
Longitudinal Stiffness: 68.2+26.6 KPa for PH vs. 16.4+5.4 KPa for Control, Circumferential
Stiffness: 31.5+11.3 KPa for PH vs. 14.8+8.3 KPa for Control, Coupled Stiffness: 38.3+24.9 KPa
for PH vs. 11.1+4.4 KPa for Control). Sac/Val treatment resulted in significantly lower stiffness

in both longitudinal and circumferential directions, but no statistically significant effects were
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observed for the coupled stiffness (Fig. 12a; Longitudinal Stiffness: 39.1+16.9 KPa,
Circumferential Stiffness: 18.7+8.4 KPa, Coupled Stiffness: 21.7£10.6 KPa). Overall, the
constitutive model used in this study showed an acceptable performance in fitting our experimental
data (R?: 0.95+0.02, 0.91+ 0.05 and 0.93+0.03 for Control, PH and Sac/Val, respectively). Cohort-
specific strain energy maps (median of strain energy distributions of samples in each cohort; Fig.
12b) demonstrate the combined effects of all model parameters on RV biomechanical properties
and provide a convenient summary of the effect of PH and Sac/Val treatment on the biomechanics
of RVFW tissue. With a certain amount of strain energy, the PH tissue deforms less than the control
cohort in both circumferential and longitudinal directions (indicating increased stiffness), while

the Sac/Val strain energy map shows similar deformation patterns to controls.
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Figure 11 Effects of Sac/Val treatment on (a) Biaxial mechanical properties of RVFW, (b) Fiber-level

mechanical properties of combined collagen and myofiber bundles, (c) Intrinsic myofiber stiffness, (d)

Collagen recruitment strain. Sac/Val treatment resulted in improved tissue-level biomechanical properties. At

the fiber-level, Sac/Val prevented an increase in myofiber stiffness in PH, but did not affect collagen

recruitment strains. Horizontal line (—) and cross (X) representing median and mean of distributions,

respectively. Error bars in parts (a) and (b) representing standard deviations. * indicates p<0.05 compared to

Control, T indicates p<0.05 compared to PH.
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Figure 12 (a) Longitudinal, circumferential and coupled stiffness of RV myocardium revealed by constitutive
modeling, (b) Cohort-specific strain energy maps of RV myocardium, indicating increased stiffness in PH and
improved biomechanical performance with Sac/Val treatment. Sac/Val improved RV stiffness in both

circumferential and longitudinal directions with no significant effects on in-plane coupling. Dashed lines

indicate the strain energy levels for the control cohort at 3 m"—Jﬁ Horizontal line (—) and cross (X)

representing median and mean of distributions, respectively. * indicates p<0.05 compared to Control, *

indicates p<0.05 compared to PH.
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3.4 Discussion and Conclusions

In this work, we aimed to evaluate the effectiveness of Sac/Val treatment to prevent RV
remodeling in PH. The primary findings of this study were: 1) Sac/Val treatment decreased RV
maximum pressures, improved RV contractile and relaxation functions and prevented RV-PA
uncoupling; 2) Sac/Val attenuated RV hypertrophy and prevented transmural re-orientation of RV
collagen and myofibers; 3) Sac/Val resulted in improved RV biomechanical properties at the tissue
level and prevented increased myofiber stiffness in PH.

Sac/Val decreased RV maximum pressures by 29% (Fig. 8a). This is consistent with

reported effects of Sac/Val in other animal models of PH (Clements et al., 2019). Sac/Val treatment

also prevented the alterations in load-dependent measures of contractility (%max) and relaxation

(%min), caused by PA banding (Fig. 8d-e; 30% reduction and 29% increase, respectively). As

suggested by previous investigations (Maslov et al., 2019b), effects of ARNi on load-dependent
contractile and relaxation functions are likely a direct result of the synergy between sacubitril and
valsartan. PA banding resulted in increased RV contractility (Ees) in response to increased afterload
(Ea) (Fig. 8f-g), however the increased contractility was not sufficiently matched to the increased
afterload, which resulted in uncoupling of RV-PA function (Ees/Ea) and decompensated RV failure
(Fig. 8h). Sac/Val hampered an increase in RV afterload (35% improvement) and prevented RV-
PA uncoupling, while showing no significant effects on Ees (Fig. 8f-h). Given our preventive
treatment approach in this study, the observed effects on afterload more likely indicate the role of
Sac/Val in arresting progressive RV remodeling post-banding. Similar improvements in RV
function, reduced PA pressures and RV-PA recoupling were observed in recent clinical case

reports on effects of Sac/Val treatment on 3 patients with PH due to left heart disease (PH-LHD)
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(De Simone et al., 2019; Giammarresi et al., 2019). The observed effects in this study may suggest
a direct ventricular remodeling (as opposed to pulmonary vascular remodeling) mechanism with
Sac/Val treatment, due to the presence of a fixed arterial occlusion in our PAB model.

A significant increase in RV wall thickness and mass were observed in PH (Fig. 9).
Clinically, hypertrophy has been identified as an initial adaptive response in PH in order to increase
RV contractility and the resultant chamber pressure to pump against the increased afterload
(Voelke et al., 2011). This was also observed in our previous studies using a similar animal model
(Hill et al., 2014). Similar to previous studies (Clements et al., 2019), Sac/Val treatment resulted
in significant improvements (16%) in RV hypertrophy, while not affecting RV mass, suggesting
an overall increase in RVFW density with Sac/Val treatment compared to PH (decrease in volume
with relatively similar RV mass), consistent with our histological observations of RVFW wet
tissue density. In the context of improved RV function and pressures, increased tissue density may
indicate a combination of decreased collagen content (fibrosis) and/or recovery of inherent
collagen fiber density, although we were only able to detect a nonsignificant trend in RV fibrosis
in our histological measurements.

Histological analysis revealed increased fibrosis and transmural re-orientation of collagen
and myofibers in PH (Fig. 10a-c). Sac/Val prevented transmural re-orientation of both collagen
and myofibers, showing only slight re-orientations at sub-endocardial levels (Fig. 10b-c).
Dominant transmural orientation of myofibers (circular mean of transmural orientations) were
rotated by ~15.5° towards the longitudinal direction (apex to outflow-tract/base) in PH (Fig. 10d).
This was also observed in other studies in a rat model of PH (Hill et al., 2014; Avazmohammadi
et al., 2017b, 2019b) and was recently hypothesized to be a mechanism underlying maladaptive

RV remodeling (Avazmohammadi et al., 2019a). Although the exact mechanism of fiber re-
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orientation in PH remains unknown, one potential mechanism as suggested by others
(Avazmohammadi et al., 2019a) is alterations in the biomechanical stimuli in the myofiber niche
resulting from increased RV pressures, in addition to RV fiber kinematics due to chamber dilation.
A potential pathway to be investigated in future studies is the role of Sac/Val in preventing
longitudinal fiber realignment via reduction in RV pressures which may lead to decreased wall
stress. Prevention of myofiber reorientation may be an important mechanism of action for drugs
targeting the RV.

Despite demonstrating a slight reduction in RV fibrosis (13%) with Sac/Val treatment, this
did not reach statistical significance (Fig. 10e). This is interesting in light of the improved
hemodynamics and RV tissue biomechanics, which may suggest that Sac/Val is primarily acting
on RV myocytes and not collagen or fibroblasts in this model of PH. Previous studies have
demonstrated anti-fibrotic effects for Sac/Val in other animal models of PH (Clements et al., 2019)
as well as models of LV pressure overload (Burke et al., 2019), LV failure in the setting of aortic
valve insufficiency (Maslov et al., 2019a) and LV myocardial infarction (Pfau et al., 2019). Despite
a large body of evidence in the literature indicating the anti-fibrotic effects of Sac/Val for the LV,
there still exists some controversy (Zannad and Ferreira, 2019; Zile et al., 2019). The observed
effects of Sac/Val treatment on RV fibrosis in this study could potentially be due to differences in
the pathophysiology (Frangogiannis, 2017) of the RV and LV pressure overload. Further studies
looking at RV-specific fibrotic responses to Sac/Val treatment are warranted.

PH resulted in increased RVFW tissue stiffness in both circumferential and longitudinal
directions (Fig. 11a), as well as increased fiber-level stiffness of combined collagen and myofiber
bundles (Fig. 11b). Also, the intrinsic stiffness of myofibers increased in PH (Fig. 11c). This is

consistent with clinical observations of reduced titin phosphorylation and increased RV
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cardiomyocyte sarcomere stiffness in patients with pulmonary arterial hypertension (Rain et al.,
2013). On the other hand, collagen recruitment strain decreased compared to controls, indicating
a possible combination of increased collagen content (fibrosis) and/or alterations in the micro-
architecture of collagen fibers (decrease in crimp) in PH (Fig. 11d). Sac/Val resulted in decreased
stiffness in both longitudinal and circumferential directions as well as the fiber-level stiffness of
combined myo-collagen fiber bundles (Fig. 11a-b). The 61% reduction in intrinsic myofiber
stiffness with Sac/Val treatment (Fig. 11c) suggests a possible mechanism at the cardiomyocyte
level; one such explanation to explore in future studies may be upregulation of cardiomyocyte titin
phosphorylation.

Quantifying the tissue-level stiffness with constitutive modelling revealed increased
stiffness in longitudinal and circumferential directions in PH (Fig. 12a), accompanied by collagen
and myofiber reorientation towards the longitudinal direction (increased tissue-level longitudinal
stiffness out of proportion to the elevation in intrinsic myofiber stiffness). Sac/Val treatment
resulted in significantly lower stiffness in both directions (Fig. 12a) and prevented fiber re-
orientation.

PH also resulted in increased in-plane coupling of longitudinal and circumferential
directions with no significant benefits demonstrated by Sac/Val treatment (Fig. 12a). Previous
studies have shown that increased in-plane coupling is an indication of a more anisotropic response
resulting from a more clustered fiber alignment (Billiar and Sacks, 2000) or increased collagen-
myofiber interactions (Avazmohammadi et al., 2017a). Histological studies of RVFW specimens
(Fig. 10b-c) showed increased range of fiber angles from epi-to-endocardium for both PH and
Sac/Val cohorts (fiber angle range from Epi—Endo: 60°, 96° and 83° for Control, PH and Sac/Val,

respectively). This, together with the observed increase in collagen content, explains the increased

54



coupling stiffness in Figure 12a. The strain energy maps in Figure 12b demonstrate increased
stiffness in PH (less deformations in both longitudinal and circumferential directions are obtained
at the same strain energy levels compared to controls), while Sac/Val resulted in similar
deformation patterns to controls.

Taken together, the actions of Sac/Val on the RV in PH seem to be a prevention of
progressive and maladaptive remodeling that is linked to a prevention of myofiber reorientation,
with a preferential effect on RV myocytes (as opposed to fibrosis), including prevention of
myofiber stiffening. Thus, this study provides a potential insight into the RV remodeling process
in PH, in which progressive pressure overload and increasing wall stress result in alterations of the
myocyte contractile apparatus. This, in turn, may lead to progressive myofiber stiffening and fiber
angle reorientation, all of which contributes to RV-PA uncoupling and RV failure. Drugs that can
have a direct effect on this potential remodeling process of the myocyte contractile apparatus, as
Sac/Val may (Iborra-Egea et al., 2017; Trivedi et al., 2018), should be further studied in PH and
may provide a unique and highly beneficial therapeutic option.

There are limitations to the experimental and modeling techniques used in this study. The
PA banding model of PH results in a myocyte hypertrophy-dominated response as opposed to
ECM remodeling and fibrosis (Hill et al., 2014). This model helps us to focus on the RV
myocardium in the absence of confounding conditions such as hypoxia or pulmonary circulation
disease, as we aimed to study the effects of Sac/Val specifically on RV biomechanics. Other animal
models of PH (Bogaard et al., 2009; Clements et al., 2019) might be better suited for studying the
fibrotic response of the RV. Moreover, we employed a preventive treatment approach to analyze
the effects of Sac/Val on PH in a 3-week period. However, this may not precisely mimic what is

observed with regards to clinical presentation of PH in humans. Different treatment windows as
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well as treatment scenarios after fully developing PH needs to be further investigated. An isolated
angiotensin receptor blocking cohort (Valsartan-only treatment) was not included in the current
work, mainly due to the evidence from previous studies (Borgdorff et al., 2013; Andersen et al.,
2014; Clements et al., 2019) demonstrating no significant hemodynamic or RV hypertrophy
benefits with isolated use of angiotensin 11 receptor antagonists in PH (which limits the translation
of any potential biomechanical benefits from Valsartan-only treatment). Nevertheless, this limits
our findings to the effects of combination therapy with Sac/Val (the synergistic effects of
angiotensin receptor-neprilysin inhibition) without looking at independent benefits from Valsartan
or Sacubitril alone. Paraffin fixation processes for histological analysis may cause artifacts in fiber
coherency analysis due to tissue dehydration and shrinkage; however, this will affect all groups
studied equally allowing for adequate comparison between groups. Also, here we used a
phenomenological constitutive model to analyze the tissue-level biomechanics of RV
myocardium. Future studies will employ a structurally-detailed constitutive model, such as in
(Avazmohammadi et al., 2017a), to study the effects of transmural fiber architectures and
interactions between collagen and myofibers in more detail.

In conclusion, our findings show that Sac/Val may prevent maladaptive RV remodeling in
a pressure overload model via amelioration of RV pressure rise, hypertrophy, collagen and
myofiber re-orientation as well as RVFW stiffening both at the tissue and myofiber level. Further

study of the role of Sac/Val treatment in PH and RV remodeling is warranted.
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4.0 Effects of Healthy Aging on Right Ventricular Biomechanics

In this chapter we present our findings on the effects of healthy aging on right ventricular
(RV) structure, function, and biomechanical properties. Our study provides insights into how
healthy aging modulates RV remodeling and lays the ground for future work to study the age-

associated differences in RV response to pressure overload.

4.1 Introduction

Healthy aging is associated with alterations in RV structure and function in subjects with
no underlying cardiopulmonary disease (Granath et al., 1964; Innelli et al., 2009; Fiechter et al.,
2013; Nakou et al., 2016; D’Andrea et al., 2017). Aging results in pulmonary artery (PA)
remodeling (Hosoda et al., 1984; Sicard et al., 2018), increased pulmonary vascular resistance
(Granath et al., 1964; Ehrsam et al., 1983) and increased PA systolic pressures (Lam et al., 2009;
Kane et al., 2016), leading to RV remodeling (Anversa et al., 1990; Chouabe et al., 2004), altered
contraction dynamics (Effron et al., 1987), and decreased RV systolic strains (Chia et al., 2014).
Moreover, aging results in diminished RV hypertrophy in response to pressure overload (Kuroha
et al., 1991; Chouabe et al., 2004). Age-related differences exist in the 1, 2, and 3-year survival
rates of pulmonary hypertension (PH) patients (Hoeper et al., 2013).

In recent years, biomechanical analysis techniques have been employed to better
understand the underlying mechanisms of RV remodeling (Hill et al., 2014; Avazmohammadi et

al., 2017a, 2019a; Sharifi Kia et al., 2020) and have closely linked RV biomechanics to function
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(Jang et al., 2017). Despite the evidence suggesting an association between aging and alterations
in RV structure/function and higher prevalence of PH in the elderly (Hoeper and Gibbs, 2014),
limited data exist on age-associated differences in RV biomechanics. In this work, we evaluate the

effects of healthy aging on RV biomechanical properties.

4.2 Methods

A total of 15 male Sprague-Dawley rats corresponding to young (controls, =11 weeks,
Ncontror = 9) and old (=80 weeks, ny4;,y = 6) age groups were studied using the multi-scale
biomechanical analysis framework described in chapter 3. An approximately 70 weeks age
difference between the control and aging groups was considered sufficient to study the effects of
healthy aging on RV structure/function in the absence of pathological events arising with
senescence in older animals. Historical data from the study described in chapter 3 was used for the
control animals in this work. Figure 13 summarizes the experimental procedures and different
analysis techniques used in this work. All animal procedures were approved by University of
Pittsburgh’s IACUC (protocol# 18113872 and 19126652).

Details of our experimentation/analysis techniques were extensively discussed in chapter
3 (section 3.2 Methods). Briefly, terminal invasive pressure catheterization was performed on both
groups, using a Millar™ conductance catheter (Millar Inc., Houston, TX) for the young controls
(Ncontror = 8) and a Transonic™ conductance catheter (Transonic Systems Inc., Ithaca, NY) for
the aging group (n4g4ing = 5). Open-chest hemodynamic measurements were performed under
anesthesia induced via inhalation of isoflurane, while the animals were placed on a heated table
(37°C) and monitored using a rectal probe. Pressure data was then analyzed for common RV
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hemodynamic metrics, including heart rate, peak pressures and measures of contractility and
relaxation. Following hemodynamic measurements, the heart was harvested and measurements
were acquired for the Fulton index (ratio of RV mass to mass of the left ventricle + intraventricular
septum) and RV free wall (RVFW) thickness (ncontror = 9, Naging = 6)-

In order to characterize the effects of aging on RV biomechanical properties, following
morphological measurements, square specimens were harvested from the RVFW to undergo
biaxial testing (ncontror = 6, Maging = 6). Specimens were mounted on a BioTester biaxial testing
device (CellScale, Waterloo, ON, Canada) in trampoline fashion (using a suture and pulley
mechanism) to ensure minimal shear loading (Sacks, 1999). Samples were submerged in modified
Krebs solution with 2,3-Butanedione monoxime (BDM) and oxygen to ensure tissue viability
(Valdez-Jasso et al., 2012) and underwent multi-protocol biaxial mechanical testing (1:1, 1:2, 2:1,
1:4, 4:1, 1:6, and 6:1 displacement ratios) to investigate the RVFW response in a wide range of
possible loading scenarios. Visual tracking markers were placed on the epicardial surface of the
RVFW specimens and marker displacements (recorded using a CCD camera) were analyzed to
obtain the deformation gradient, Green—Lagrange strain and the 2" Piola—Kirchhoff stress tensors,
using a finite deformation analysis framework in Mathcad (PTC, Needham, MA). Equibiaxial
responses of the specimens were interpolated from the multi-protocol test data, using the
techniques described in chapter 3. Effective fiber-ensemble (EFE) biomechanical properties of
combined collagen and myofiber bundles were then obtained for each specimen, using the
equibiaxial response (Sacks, 2003; Hill et al., 2014; Avazmohammadi et al., 2017a; Sharifi Kia et
al., 2020). This was then used to estimate the effective myofiber and collagen stiffness for each
specimen, using a rule of mixtures approach (Hill et al., 2014; Avazmohammadi et al., 2017a;

Sharifi Kia et al., 2020):
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TMBefore Collagen Recruitment

EMyofiber B cI)Myofiber (4_1)

TMAfter Collagen Recruitment — (EMyofiber X cDMyofiber)

Ecollagen = Dcollagen

Here, Emyofiber and Ecollagen are the effective myofiber and collagen stiffness, respectively, while
TMBefore Collagen Recruitment @NA TMaAtter Collagen Recruitment are the slopes of the lines fitted via linear
regression to the fiber-ensemble stress-strain data, before and after collagen recruitment. ®myofiber
and Dcollagen represent the myofiber and collagen area fractions, measured via histological analysis.
As described in chapter 3, we assumed the initial portion of the fiber-ensemble stress-strain
responses to be mostly dominated by myofibers, while collagen fibers dominate the high-strain
response following collagen recruitment (Hill et al., 2014). Transition strains for categorizing the
data before and after collagen recruitment were obtained by differentiating the fiber-ensemble
stress-strain response with respect to strain to evaluate the changes in effective fiber-ensemble
stiffness (Fata et al., 2014; Hill et al., 2014). The data before the beginning of collagen recruitment
was used to evaluate TMagefore Collagen Recruitment, While TMAatter Collagen Recruitment Was estimated using
the slope of the line fitted to the linear region of the fiber-ensemble stress-strain data.
Additionally, the constitutive model described in equation 3-8 in chapter 3 (Choi and Vito,
1990) was used to model the response of each specimen. Specimen-specific model parameters
were estimated based on the experimental stress-strain data, using a trust-region-reflective
nonlinear least-squares optimization algorithm in MATLAB (Mathworks, Natick, MA). A R?
measure was used to evaluate the goodness of fit. Age-specific strain energy maps were then
generated by taking the average of all strain energy distributions, in the circumferential-

longitudinal strain space, for RVFW specimens in each age group.
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Transmural histological staining was performed on a sub-group of specimens from each
group (Mconeror = 3, Naging = 3) to quantify the effects of aging on RV fiber architecture. Based
on our previous work showing minimal between-sample variabilities in RV structure (Hill et al.,
2014; Sharifi Kia et al., 2020), a sample size of 3 was considered adequate for statistical analysis
of our hypothesis. Specimen fixation was carried out using 10% neutral buffered formalin and
RVFW specimens were stained using Masson’s trichrome which stains collagen fibers in blue and
myofibers in red/pink. A total of 11-17 sections at 50-75 pm increments were obtained for each
specimen (from epi to endocardium). Transmural area fractions of collagen and myofibers were
then quantified via manual thresholding of the histological images (blue/red) to analyze the effects
of aging on RVFW composition. Area fractions were calculated as the ratio of the area occupied
by respective blue/red pixels, divided by the total area within the region of interest (ROI). In
addition, cardiomyocyte width was measured from the histological data to investigate the role of
aging in RV hypertrophy (40 measurements performed on each specimen).

Furthermore, for each histological section, collagen and myofiber orientations were
calculated using gradient-based techniques, as described in equation 3-1 in chapter 3. For all data
presented in this work, 0° corresponds to the apex to base/outflow-tract (longitudinal) direction,
while +90° points towards the circumferential direction, when looking at the RVFW from the
epicardial side. Moreover, collagen fiber coherency was evaluated using the formulation described
in equation 3-2 in chapter 3. 0% collagen fiber coherency corresponds to a sparse (hon-coherent),
randomly distributed fiber architecture, while 100% coherency indicates a highly-aligned, tightly
packed, continuous (coherent) collagen fiber distribution (Clemons et al., 2018). A total of 66
histological sections were analyzed for the control and aging groups. Transmural data are reported

against normalized tissue thickness. We performed linear interpolations to report the histological
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data on an equally-spaced grid (0-100% thickness). In case of data categorization (Epi, Mid and
Endo groups), the data between 0-20% thickness were used for the epicardium, while the data
between 80-100% thickness correspond to the endocardium. Orientation analysis and image
segmentation were performed using the OrientationJ toolbox (Rezakhaniha et al., 2012; Pispoki
et al., 2016) in ImageJ (imagej.nih.gov).

Data are presented with mean + standard error of the mean. Sample normality and
homogeneity of variance were assessed using the Shapiro-Wilk test and Bartlett's test of
homoscedasticity. Circular statistics was employed for analysis of fiber orientation data, using the
Watson—Williams test in CircStat toolbox (Berens, 2009) in MATLAB (Mathworks, Natick, MA).
For all other data, in case of normality and homoscedasticity, a two-sided unpaired student’s t-test
was used for statistical comparisons. Welch’s t-test was used for non-homoscedastic data, while
non-normal distributions were compared using Mann-Whitney U-tests. For all purposes, p<0.05
was considered statistically significant. Statistical analyses were performed in the R software

package (R Foundation for Statistical Computing, Vienna, Austria).
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4.3 Results
4.3.1 RV Hemodynamics and Morphology

Healthy aging did not show an effect on heart rate (Fig. 14a; 271.5£11.7 vs. 292.3£14.1
BPM for Aging-vs.-Control; p=0.326). Aging resulted in increased RV peak pressures (Fig. 14b;
26.8+0.9 vs. 23.0+0.9 mmHg for Aging-vs.-Control; p=0.017), while showing a modest non-
significant effect on end-diastolic pressures (Fig. 14c; 1.9£0.4 vs. 1.3£0.1 mmHg for Aging-vs.-

Control; p=0.085). Effects of aging on load-dependent measures of RV contractility and relaxation

are shown in Figure 14d. Aging significantly increased %max (1611.7+90.5 vs. 1063.8+101.7

mmHg/s for Aging-vs.-Control; p=0.004), but did not demonstrate any effects on %min (-

823.91£60.4 vs. -814.7+85.5 mmHg/s for Aging-vs.-Control; p=0.940). Increased contractility
index was observed for the aging group (Fig. 14e; 60.1+2.2 vs. 45.8+£3.5 1/s for Aging-vs.-Control;
p=0.012), while the time constant of RV relaxation (tau) remained unchanged (Fig. 14f; 10.7+1.6
vs. 9.9+0.8 ms for Aging-vs.-Control; p=0.595).

As shown in Table 3, healthy aging significantly increased RV wall thickness (0.89+0.06
vs. 0.66+0.03 mm for Aging-vs.-Control; p=0.002), while not affecting the Fulton index

(0.26£0.03 vs. 0.27£0.01 mg/mg for Aging-vs.-Control; p=0.140).
4.3.2 RVFW Biomechanical Properties

Aging demonstrated a bimodal effect on RVFW biaxial properties by resulting in increased

circumferential and longitudinal stiffness under lower strains, while progressing to decreased
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Figure 14 Hemodynamic measures of the effects of healthy aging on RV (a) Heart rate, (b) Peak pressure, (c)
End-diastolic pressure, (d) %max (positive side) and %min (negative side), (e) Contractility index and (f)
Preload-independent measure of relaxation (tau). Healthy aging significantly increased RV peak pressures

and the load-dependent measures of RV contractility (%max and contractility index), while not affecting the

heart rate, end-diastolic pressures and relaxation function (%min and tau). Error bars represent standard

error of the mean (SEM). * indicates p<0.05. BPM: Beats per minute; EDP: End-diastolic pressure; n.s: Non-

significant.
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Table 3 Effects of healthy aging on RV hypertrophy (RVFW thickness) and Fulton index

RVFW Thickness Fulton Index

(mm) (mg/mg)

Control 0.660.03 0.27+0.01
(n=9)
Aging

0.89+0.06 0.26%0.03
(n=6)

p Value 0.002 0.140

biaxial stiffness at higher strains (Fig. 15a). A similar effect was observed on the effective fiber-
ensemble stress-strain properties of RVFW collagen and myofibers (Fig. 15b). Using a rule of
mixtures approach, this translated into increased effective myofiber stiffness (Fig. 15c; 169.9+£20.6
vs. 65.8+4.7 kPa for Aging-vs.-Control; p=0.0006) and decreased effective collagen fiber stiffness
(Fig. 15d; 23.9£3.8 vs. 73.1+15.4 MPa for Aging-vs.-Control; p=0.031). Constitutive model
parameters for each group are shown in Table 4. Overall, the employed model showed an
acceptable fit quality to our experimental data (R?=0.95+0.01 and 0.96+0.01 for Aging and
Control, respectively). Age-specific strain energy maps, representing the combined effects of all

model parameters, are demonstrated in Figure 16 for the low-strain and high-strain regions.

Table 4 Constitutive model parameters representing the longitudinal (bs), circumferential (b2) and in-plane

coupling (bs) stiffness of RV myocardium for the control and aging groups

Model Parameters

Bo b (kPa) bz (kPa) bs (kPa)
C(?]”_tg)o' 0.173£0.023 | 98.23+1452 | 76.33+7.53 | 66.7246.64
o
(f_'g? 0.369+0.082 | 56.01+7.12 | 47.356.88 | 43.21+3.80
p Value 0.044 0.026 0.017 0.012
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Figure 15 Effects of healthy aging on (a) Biaxial mechanical properties of RV myocardium, (b) Effective
fiber-ensemble mechanical properties of combined myofiber-collagen bundles, (c) Effective myofiber
stiffness, and (d) Effective collagen fiber stiffness. Healthy aging modulates the biomechanical properties of
RVFW in a bimodal manner by increasing the effective myofiber stiffness while decreasing collagen fiber
stiffness. Error bars represent standard error of the mean (SEM).* indicates p<0.05. EFE 2" P-K Stress:

Effective fiber-ensemble 2™ Piola-Kirchhoff stress.
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Figure 16 Strain energy maps of RVFW in (a) the low-strain region (circumferential-longitudinal strain
space) and (b) the high-strain region. Strain energy maps demonstrate increased RVFW stiffness in the low-
strain region with healthy aging (mostly dominated by myofibers), followed by decreased RVFW stiffness in

the high-strain region post-collagen recruitment.

4.3.3 Quantitative Transmural Histology

Representative histological sections are demonstrated for each group in Figure 17a . Aging
resulted in increased cardiomyocyte width (Fig. 17b; 25.42+0.34 vs. 14.94+0.64 um for Aging-
vs.-Control; p=0.0001). Quantifying the transmural orientation of RVFW fibers revealed myofiber
(Fig. 17c) and collagen (Fig. 17d) reorientation at sub-endocardial levels. Overall, myofibers
showed similar orientations to collagen fibers. Aging significantly shifted the overall orientation
of myofibers (circular mean of transmural distributions, dotted lines in Fig. 17¢) by 14.6° towards

the longitudinal direction (Fig. 17e; p=0.017). Similarly, the dominant orientation of collagen
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Figure 17 Histological analysis of the effects of healthy aging on RV structure. (a) Representative transmural histological sections of the RVFW
(Red/Pink: Myofiber, Blue: Collagen) and effects of aging on (b) Cardiomyocyte hypertrophy (myocyte width), (c) Transmural myofiber orientations,
(d) Transmural collagen fiber orientations, and (e¢) Dominant myofiber orientations. Healthy aging results in cardiomyocyte hypertrophy, in addition to

reorientation of sub-endocardial collagen and myofibers. Error bars represent standard error of the mean (SEM). * indicates p<0.05.
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fibers was shifted by 16.4° (p=0.013). Aging also resulted in cardiomyocyte loss and decreased
myofiber area fractions at both epicardium (Fig. 18a; 90.8+0.3% vs. 95.3+0.7% for Aging-vs.-
Control; p=0.004) and endocardium (Fig. 18a; 82.4+1.5% vs. 95.3+1.9% for Aging-vs.-Control;
p=0.007), with a non-significant effect on the mid-ventricular region (Fig. 18a; 91.8+1.3% vs.
95.4+0.5% for Aging-vs.-Control; p=0.063). Furthermore, aging lead to RVFW fibrosis and
increased collagen area fractions at epicardium (Fig. 18b; 5.3+0.4% vs. 3.4+0.3% for Aging-vs.-
Control; p=0.015) and the mid-ventricular region (Fig. 18b; 5.0+0.4% vs. 3.4+0.3% for Aging-vs.-
Control; p=0.037). Analyzing the coherency of collagen architectures revealed decreased
coherency at the endocardium (Fig. 18c; 10.4£1.1% vs. 19.7+1.1% for Aging-vs.-Control;

p=0.003), while not showing any effects on other transmural regions.
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Figure 18 Histological analysis of the effects of healthy aging on (a) Transmural myofiber content (area

fraction), (b) Transmural collagen content (area fraction), and (c) Transmural collagen fiber coherency.

Healthy aging leads to loss of cardiomyocytes, RVFW fibrosis and decreased collagen fiber coherency at
endocardium. Error bars represent standard error of the mean (SEM). * indicates p<0.05. Epi: Epicardium;

Mid: Mid-ventricular region; Endo: Endocardium.
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4.4 Discussion and Conclusions

We aimed to investigate the effects of healthy aging on RV remodeling. Aging resulted in
1) Increased peak pressures (=117%) and RV contractility (=152%); 2) Increased RVFW thickness
(=134%) with no effects on the Fulton index, indicating proportional right and left ventricular
growth; 3) Longitudinal reorientation of collagen/myofibers, together with cardiomyocyte loss and
RVFW fibrosis with decreased collagen fiber coherency; 4) Increased effective myofiber stiffness
(=1158%) accompanied by decreased collagen fiber stiffness (=]67%).

The observed increase in RV peak pressures (Fig. 14b) is consistent with previous reports
of increased PA systolic pressures and RV afterload with healthy aging (Lam et al., 2009; Kane et
al., 2016). Furthermore, cardiomyocyte width (Fig. 17b) and RVFW thickness (Table 3) increased
with aging, leading to increased organ-level contractility (Fig. 14d-e). This is similar to previous
observations of RV hypertrophy in PH and increased contractility to overcome the elevated
afterload (Hill et al., 2014; Sharifi Kia et al., 2020).

Histological analyses revealed reorientation of endocardial collagen and myofibers,
resulting in a longitudinal shift in dominant transmural orientation of RVFW fibers (Fig. 17e).
Similar patterns of fiber reorientation were noted in animal models of PH (Avazmohammadi et al.,
2017b; Sharifi Kia et al., 2020). Consistent with prior work (Anversa et al., 1990; Walker et al.,
2006), cardiomyocyte loss (Fig. 18a) and RVFW fibrosis (Fig. 18b) were noted due to aging.
Cardiomyocyte loss in the RVFW increases the hemodynamic load on the remaining myocytes
(Fajemiroye et al., 2018) and may explain the observed hypertrophy patterns (Fig. 17b). While
requiring further experimentation, a potential explanation for RV myocyte loss and extracellular

matrix (ECM) deposition may be local RVFW ischemia due to aging (Anversa et al., 1990).
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Fiber reorientation (Fig. 17c-d) and increased transmural change in fiber angles, lead to a
less anisotropic biaxial mechanical response for the aging group (Fig. 15a). Bimodal alterations in
RVFW biaxial properties were observed with aging (Fig. 15a). Compared to controls, the aging
group showed higher stiffness in the low-strain region, followed by lower biaxial stiffness at higher
strains. Moreover, aging lead to increased effective myofiber stiffness (Fig. 15c). Increased
myofiber stiffness and reduced tissue-level ventricular stiffness at high strains have been
previously documented in separate studies on age-related left ventricular remodeling (Cappelli et
al., 1984; Lieber et al., 2004). Potential underlying mechanisms of increased myofiber stiffness
include myocyte remodeling due to cell loss, as well as reduced titin phosphorylation (Rain et al.,
2013). Despite an increase in collagen area fractions (Fig. 18b), effective collagen fiber stiffness
decreased with aging (Fig. 15d). In this study, collagen stiffness measures represent the effective
response of collagen fibers, estimated from the tissue-level behavior. Therefore, while this could
indicate a decrease in the intrinsic stiffness of collagen fibers, it does not eliminate the possibility
of tissue-level structure/architecture affecting the observed behavior (Hill et al., 2014). For
instance, reduced collagen fiber coherency was detected at the endocardial levels (Fig 18c),
indicating a more sparse and isotropic distribution of collagen fibers in the aging group (Clemons
et al., 2018). This has the potential to affect the load transfer mechanism of endocardial collagen
fibers, contributing to reduced effective modulus at the tissue level. Further experimentation is
warranted on the mechanisms of collagen fiber remodeling with aging. Candidate mechanisms for
decreased effective collagen stiffness include 1) Lysyl oxidase-mediated alterations in collagen
cross-linking, 2) Reduced effective collagen stiffness due to myocyte loss and altered
biomechanics in the collagen/myofiber niche, hampering effective load transfer in the RVFW

continuum, 3) Altered collagen microstructure/crimp, resulting in delayed collagen recruitment.
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Age-specific strain energy maps were employed to investigate the effects of healthy aging
on RV biomechanical properties. Model predictions demonstrate a similar bimodal strain energy
response to experimentally measured data, indicating increased stiffness in the low-strain region,
followed by decreased stiffness at higher strains (Fig. 16).

Despite low variability and strong statistics, the small sample size of our preliminary study
remains a limitation. Moreover, lack of volumetric hemodynamic data prevents analyzing the
effects of aging on in-vivo RV structure. Additionally, we employed a phenomenological
constitutive model for analyzing our biomechanical data. Future work will focus on structurally-
informed constitutive models of RV myocardium (Avazmohammadi et al., 2017a) to couple the
histologically measured tissue architecture with biaxial properties. Different batches of staining
solution used for each group, resulted in different shades of cardiomyocyte staining for control vs.
aging (red vs. pink). However, this will have minimal effects on our findings since segmentation
thresholds for myofibers and collagen were individually selected for each histological section.

In summary, our results demonstrate the potential of healthy aging to modulate RV
remodeling via increased peak pressures, cardiomyocyte loss, fibrosis, fiber reorientation and
altered collagen/myofiber stiffness. Similarities were observed between aging-induced remodeling

patterns and RV remodeling in PH.
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5.0 Assessment of Stretch-Induced Transmural Myocardial Fiber Kinematics in Right

Ventricular Pressure Overload

In this chapter, we present our efforts towards the development of a high-frequency
ultrasound imaging framework, in addition to structurally-informed finite element (FE) models of
the right ventricular free wall (RVFW), in order to evaluate the stretch-induced kinematics of right

ventricular (RV) fibers.

5.1 Introduction

Transmural myocardial fiber orientations in the RVFW lead to unique structural and
biomechanical properties and play a key role in RV function. Pulmonary hypertension (PH) is a
disease that results in RV pressure overload, ventricular remodeling, myocardial hypertrophy and
fibrosis. RV failure remains the main cause of mortality in the setting of PH (Voelke et al., 2011)
with 3-year mortality rates as high as 33-38% (Benza et al., 2007; Humbert et al., 2010).

Previous studies have closely linked RV biomechanics to ventricular function (Jang et al.,
2017). From a biomechanical perspective, RV myocardium experiences increased wall thickness,
tissue stiffening, fibrosis, chamber dilation and transmural fiber reorientation in PH (Hill et al.,
2014; Sharifi Kia et al., 2020). RV remodeling and fiber reorientation towards the longitudinal
(apex to base/outflow-tract) direction results in drastically different RV biomechanics, affecting
the transmural distribution of wall stress (Carruth et al., 2016), ventricular twisting motions, and

filling and ejection mechanics of the RV (Avazmohammadi et al., 2019a). Nevertheless,
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mechanistically, RV fiber reorientation is poorly understood and there remains a debate around
the adaptive (Gomez et al., 2017) vs. maladaptive (Avazmohammadi et al., 2019a) nature of fiber
remodeling in PH. Characterizing the kinematics of myocardial fibers will help establishing a
better understanding of the underlying mechanisms of fiber realignment in PH. However, full-
thickness transmural RV fiber kinematics remains largely unexplored, mainly due to imaging
difficulties caused by the RV wall thickness in large animal models and human patients, limiting
our ability to study fiber kinematics transmurally. Despite high imaging resolutions, the 100-1200
um depth limit of optical techniques such as multi-photon microscopy (Sommer et al., 2015), and
long imaging time, exposure to ionizing radiation, availability and cost-effectiveness issues with
diffusion tensor magnetic resonance imaging (DT-MRI) (Ferreira et al., 2014; Agger et al., 2017)
limit their applicability for benchtop or clinical studies on RV fiber kinematics. On the other hand,
ultrasound imaging is a widely available, non-ionizing, cost-effective technique capable of
overcoming the depth limits of optical methods to assess cardiac structure and function.

RV myocardium undergoes different modes of deformation during a cardiac cycle (Fig.
19). In the current work we focus on the stretch-induced deformations of RVFW during diastolic
filling and the isovolumic contraction (IVVC) phase of early-systole (Fig. 19). IVC follows tricuspid
valve closure at end-diastole, when active myocardial contraction increases chamber pressures
(while both tricuspid and pulmonary valves remain closed) which results in increased wall stress
(afterload) and stretching of the RVFW. Both active contraction and passive stretching happen
simultaneously during early-systole, as reflected in increased ventricular pressures (Tsamis et al.,
2011; Hill et al., 2014), demonstrating active contraction, in addition to fiber stretch (Tsamis et
al., 2011) and ventricular wall thinning (Guntheroth, 1974; Tsamis et al., 2011), demonstrating

stretch-induced deformations. This is followed by pulmonary valve opening and systolic ejection.
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Figure 19 Stretch-induced deformations experienced by RV myocardium during diastolic filling and the
isovolumic contraction (IVC) phase of early-systole. During diastole, ventricular filling results in passive
stretch of the RVFW. IVC follows tricuspid valve closure at end-diastole, during which active myocardial
contraction increases chamber pressures (while both tricuspid and pulmonary valves remain closed) and
results in increased wall stress (afterload) and stretching of the RVFW. Both active contraction and
stretching happen simultaneously during this phase, as reflected in increased ventricular pressures, in
addition to ventricular wall thinning, and fiber stretch during early-systole. This is followed by pulmonary
valve opening and systolic ejection, which results in negative RVFW contractile strains. The current study
focuses on stretch-induced deformations of RV myocardium during the end-diastolic and early-systolic

phases of a cardiac cycle, without considering the effects of cardiomyocyte contraction.
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Myocardial contraction (fiber shortening) results in small reversible changes in fiber angles
towards the longitudinal direction (Streeter and Hanna, 1973; Omann et al., 2019), as also reflected
in the torsional motion of the heart (Ashikaga et al., 2009). However, longitudinal fiber remodeling
in PH has been identified as an end-stage remodeling event (Hill et al., 2014; Avazmohammadi et
al., 2019a; Sharifi Kia et al., 2020) accompanied by reduced RV ejection fraction
(Avazmohammadi et al., 2019a) and diminished systolic myofiber shortening (Voeller et al.,
2011). While the eventual outcome of fiber remodeling may affect ventricular contractile
mechanics (Bovendeerd et al., 1999; Kroon et al., 2009), decreased myofiber shortening (minimum
principle strains) at end-stage PH (Voeller et al., 2011) results in smaller active myofiber kinematic
shifts towards the longitudinal direction compared to normotensive loading and makes myofiber
contraction less likely to mechanistically stimulate transmural fiber reorientation in PH. Motivated
by this, we hypothesized that stretch-induced deformations experienced by RV myocardium (Fig.
19) in the setting of PH may result in myofiber kinematic shifts towards the longitudinal direction.
Stretch-induced deformations have been previously studied as a stimuli for fiber reorientation in
other biological tissues (Wilson et al., 2006; Driessen et al., 2008).

Stretching of the myocardial niche in early-systole is of particular importance in the setting
of pressure overload, mainly due to the increased afterload (wall stress). Previous studies have
reported an increase in stretch-activated Ca?* transient amplitudes in response to pressure overload,
with no significant alterations in the diastolic sarcomere length (Rouhana et al., 2019).
Additionally, expressions of stretch-induced c-fos proto-oncogenes (Komuro et al., 1990) and fetal
isoforms of a-actin have been identified as an early growth-induction response in pressure
overload (Izumo et al., 1988). Increased early-systolic stretch is also evident in echocardiographic

assessments of patients with increased RV afterload (Schupp et al., 2007). Due to material
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anisotropy and nonlinearity (Valdez-Jasso et al., 2012; Hill et al., 2014; Avazmohammadi et al.,
2017a; Sharifi Kia et al., 2020), depending on the ratio of the applied mechanical stimuli (strain),
stretching of RV myocardium may lead to fiber kinematics towards different directions under
different loading scenarios (Fig. 20). Stretch-induced alterations in the biomechanical stimuli
applied to the myofiber niche has the potential to activate different remodeling pathways leading
to fiber realignment and structural remodeling (Yoshigi et al., 2003; Nguyen et al., 2009; De Jong
etal., 2011; Hoffman et al., 2012).

In the first stage of this study, an enhanced framework was developed and validated against
histological measurements to analyze high-frequency ultrasound (HFU) images for quantification
of transmural RV myofiber orientations. Stretch-induced myofiber reorientation under uniaxial
loading was studied to demonstrate the feasibility of the developed framework to study RV fiber
kinematics. Furthermore, due to the complexity associated with coupled biaxial loading/HFU
imaging, nonlinear structurally-informed fiber embedded FE models of the RV myocardium were
developed to conduct an exploratory study on biaxial fiber kinematics. FE models were used to
study the role of different remodeling events such as fibrosis (Hill et al., 2014; Sharifi Kia et al.,
2020), concentric (Guerreiro et al., 1988; Hill et al., 2014; Sharifi Kia et al., 2020) and eccentric
(Tezuka et al., 1990; Hill et al., 2014) hypertrophy in stretch-induced RV fiber kinematics in acute
and chronic pressure overload. Our exploratory study improves the current understanding of the
role of different remodeling events involved in transmural reorientation of RV fibers in PH. This
will help with appropriate hypothesis generation for future experimental studies on RV fiber
kinematics, while ongoing work focuses on development of improved imaging algorithms for

coupled HFU imaging/biaxial loading.
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fiber kinematics, respectively.
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5.2 Methods

5.2.1 HFU Imaging to Quantify Transmural RV Fiber Kinematics

Previous studies have demonstrated the potential of HFU imaging in characterizing muscle
fibers with high spatial resolution, using a combination of multi-scale decomposition and diffusion
filtering techniques (Qin et al., 2013; Qin and Fei, 2014). However, to the best of our knowledge,
no efforts have been made to quantify the transmural kinematics of RV myofibers using HFU
imaging. In the first stage of this work, an enhanced HFU imaging framework was developed to

study the transmural kinematics of RVFW myofibers (Fig. 21).

5.2.1.1 Development of an HFU Imaging Framework

A square specimen was harvested from the basal anterior zone-also known as the r2 zone
(Agger et al., 2017)-of porcine RVFW (procured from a local butchery) and scanned at 50 MHz
using an HFU scanner (Vevo2100, FUJIFILM-VisualSonics, Toronto, Canada). HFU images were
acquired at a precision of 524 pixels/cm while the imaging probe was positioned along the apex to
base direction, normal to the transmural axis of the RVFW (from epicardium to endocardium).
Using a servo stage, 3D scans were generated by stacks of 2D images acquired at 102 pm
increments, chosen based on the transducer elevational beam width. Since HFU scans result in
high noise in the acquired images, as shown in Figure 21, similar to previous studies (Qin and Fei,
2014), a nonlinear anisotropic diffusion filter (NLADF) was used to reduce the noise levels

(Perona and Malik, 1990):
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B-Mode Image: I(t,) Nonlinear Anisotropic Diffusion Filter (NLADF) Multi-Scale Decomposition: Rely, pr

Coherence Enhancing Diffusion Filter (CEDF)  Denoising and Skeleton Extraction Fiber Detection

Figure 21 The ultrasound image processing framework used to detect transmural RV myofiber orientations. Basal anterior zone RVFW specimens
were scanned while the ultrasound probe was aligned with the apex-to-base direction, normal to the transmural axis. High noise in the acquired high-
frequency B-mode images were reduced via multi-scale decomposition using NLADF, followed by establishing myofiber connectivity by CEDF.
Skeleton extraction was performed on the resulting image, followed by fiber detection using the Hough transform and fitting a normal probability

density function (PDF) to the fiber distributions.
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a1 5-1
Frin V.(c(x,y,)VD) = c(x,y,t)Al + Vc.VI (5-1)

Here, 1 is the image intensity in 2D space, t represents the iteration steps and c is the anisotropic
diffusion tensor at point (x,y), as previously defined (Qin et al., 2013; Qin and Fei, 2014). The
NLADF filtering framework is based on the diffusion equation, and helps reducing the noise levels
via directional gaussian blurring (Perona and Malik, 1990), while keeping the main features of the
image. The acquired B-mode images were filtered using equation 5-1 at two different iterations,
NLADF(t1) and NLADF(t2), while t2>t1. Appropriate iteration times (t1 and t2) were manually
selected by observing noise reduction in the denoised images produced by NLADF (t1 =100 and
t2=300 iterations for the purposes of this study). This was followed by multi-scale decomposition

of fine and coarse components of the image (Fig. 21):

C1=I(to) — NLADF(t1) (5-2)
C2= NLADF(t2) - NLADF(t) (5-3)
ReINLADF = O(1C1 + a2C2 + (1 — Qg — az)NLADF(tz) (5'4)

Where I(to) is the original B-mode image, Ci is the fine component of the HFU image, Cz is the
coarse component, RelnLapr is the reconstructed image following NLADF and multi-scale
decomposition, and a1 and o2 are the scaling gains for image reconstruction (Fig. 21). RelnLADF
helps boosting the fine components in the HFU image, while keeping the main features. Similar to

previous work (Qin and Fei, 2014), a1 and o2 were set at 0.6 and 0.2, respectively.
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Despite considerably reduced noise levels after the NLADF, high noise in the original
image leads to myofibers represented in interrupted segments (Fig. 21). Therefore, a coherence
enhancing diffusion filter (CEDF) was used to establish connectivity between disconnected fiber
segments (Weickert, 1999), while preserving the orientation of features in the original B-mode
image (Fig. 21). CEDF functions similar to the NLADF algorithm (equation 5-1) while the
diffusion tensor c(x,y,t) is replaced by an adaptive structure tensor constructed using localized
image orientations (Weickert, 1999; Qin and Fei, 2014). This helps completing disconnected
segments while keeping the orientation of features in the original image (Fig. 21). Following each
filtering step, the resulting image was denoised via threshold-based techniques (Qin and Fei,
2014). Appropriate denoising thresholds were manually selected for each image. Finally, the
resulting image was converted to a binary format and, subsequent to skeleton extraction, myofiber
orientations were detected using the Hough transform (Fig. 21). A Gaussian probability density
function (PDF) was then fitted to the fiber distributions at each section throughout the RV wall to
quantify transmural fiber orientations. Distribution means were reported as the dominant
orientation at each transmural section, while standard deviation of the distributions represents the
fiber spread/dispersion (Thunes et al., 2016). Algorithm development was performed using

MATLAB (Mathworks, Natick, MA).

5.2.1.2 Algorithm Validation with Histological Measurements

For technical validation purposes, HFU measurements were compared with transmural
histological staining of the RVFW specimen using a hematoxylin and eosin (H&E) stain. Fiber
orientations of histological sections were detected using local image gradients, as described in
equation 3-1 in chapter 3. Image processing and fiber orientation analysis of histological sections

were performed using the OrientationJ toolbox (Rezakhaniha et al., 2012; Pispoki et al., 2016) in
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ImageJ (imagej.nih.gov). Similar to previous studies (Vetter et al., 2005), for algorithm validation
and comparison purposes, fiber angles measured via histology and HFU imaging were normalized
to 0° at the epicardial layer to better demonstrate the transmural change in fiber angles and

eliminate any tissue alignment mismatch between HFU and histological measurements.

5.2.1.3 Feasibility Evaluation of the Developed Framework to Study the Transmural
Kinematics of RV Myofibers Under Uniaxial Loading

Following algorithm verification, RVFW specimens (n=3) were harvested from the basal
anterior zone of porcine myocardium and loaded using a custom displacement-controlled uniaxial
loading gripper that allows real-time HFU imaging (Fig. 22). Fiber orientations were measured
and analyzed in the RV circumferential-longitudinal coordinate system when apex-to-base denotes
the longitudinal direction. Transmural fiber orientations were then analyzed under a stretch ratio
(A) of 1.35 in the circumferential direction. This was chosen based on a RV systolic pressure of
~105 mmHg in PH (Tezuka et al., 1990) and approximation of RVFW stretch based on previously
reported biomechanical properties for a porcine model (Nemavhola, 2017). Experimentally
measured fiber kinematics were compared with theoretical predictions for an incompressible

transversely isotropic solid with affine kinematics (Guerin and Elliott, 2006):

Sin(eUnloaded)*‘/X) (5'5)

() = arctan
Loaded (Cos(6)1111loaded)*7‘2

Here, Ounloaded represents the unloaded fiber orientation at each transmural section, ©Loaded IS the

fiber angle after loading-induced realignment and A is the amount of uniaxial stretch. We
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hypothesized that uniaxial loading results in transmural realignment of RV myofibers towards the
loading direction. Additionally, the transmural variation of fiber angles was approximated via
linear regression (fiber angles vs. %thickness). Slope of the linear fit to transmural fiber angles
demonstrates the helix slope of the RVFW (change in fiber angle per unit thickness), which was

hypothesized to decrease in response to uniaxial loading.

Custom 3D-Printed Loading Device

Displacement-Controlled RVFW Grippers
Ball Screw
(a)
i : . Uniaxial Loading + HFU Imaging
Top View Side View

HFU Probe

RVFW
Submerged
in Water

(b)

Figure 22 (a) The 3D-printed custom loading gripper used to evaluate RV myofiber kinematics under

uniaxial loading. (b) Simultaneous uniaxial loading and HFU imaging of RVFW specimens.
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5.2.2 Finite Element Modeling to Study RV Fiber Kinematics Under Biaxial Loading

While the developed HFU algorithm shows great potential for quantifying RV fiber
kinematics, it requires imaging in the plane parallel to the RV wall (normal to the transmural axis).
This demands at least one side of the planar RVFW specimen to be free for imaging, which
complicates coupled biaxial loading and HFU imaging. Therefore, in the second stage of this study
structurally-informed nonlinear-heterogenous-anisotropic FE models of the RVFW were created
for an exploratory assessment of biaxial fiber kinematics under different loading scenarios. This
will lay the groundwork for future experimental studies on biaxial RV fiber kinematics, while
development of specialized loading grippers and improved imaging algorithms for coupled HFU

imaging/biaxial loading is in progress.

5.2.2.1 Model Development

The modeling techniques used in this study have been described in detail in previous work
(Thunes et al., 2016, 2018). A custom MATLAB subroutine was used to explicitly create planar
fiber networks using the dominant orientation and fiber spreads (pooled standard deviation of
orientation distributions from n=3 samples) measured via HFU imaging (Fig. 23). Myofibers,
collagen, and the ECM were created with 93%, 4% and 3% volume fractions (Jane-Lise et al.,
2000; Methe et al., 2014; Avazmohammadi et al., 2017a; Van Essen et al., 2018), respectively, to
approximate the tissue-level biaxial properties (Nemavhola, 2017) of porcine RV myocardium
(Table 5). The ECM was modeled using an incompressible isotropic hyperelastic constitutive

model (Raghavan and Vorp, 2000):
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W = a(l, —3) + B(I, — 3)° (5-6)

Where o and B are constants representing the ECM mechanical properties, Ip is the first invariant
of the left Cauchy-Green stretch tensor and W is the strain energy function when J=det(F)=1
ensures incompressibility (F represents the deformation gradient tensor). Collagen fibers were

modeled with linear elastic properties, activated after a recruitment stretch (Thunes et al., 2016):

o { 0, A<A (5-7)
E:col()\ - )\r): A= }\r

Here, o represents components of the Cauchy stress tensor, Ecol is the stiffness of collagen fibers
and Ar is the stretch at which collagen recruitment begins (Table 5). Additionally, myofibers were
modeled with a similar approach without a recruitment threshold (Table 5). To find the appropriate
model parameters, simulated biaxial stress-stretch response of the generated fiber network (Fig.
23) was regressed against previously reported material properties of porcine RV myocardium
(Nemavhola, 2017), while goodness of fit was determined using the coefficient of determination
(R?). For model verification, an unconfined uniaxial loading scenario (under A=1.35) was
simulated and compared with experimental HFU imaging measurements of RVFW fiber

kinematics.
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Figure 23 The representative volume element (RVE) FE model used to study biaxial RV fiber kinematics,
demonstrating the transmural stack of fibers from epi to endocardium and distribution of myofibers,
collagen, and ECM at each transmural section. Transmural fiber architectures (measured via HFU) and

porcine RVFW material properties/volume fractions were used to generate the RVE.

Table 5 RV material properties and volume fractions used for FE modeling

Volume Fraction Material Properties

3%

ECM (Jane-Lise et al., 2000; a=0.7 kPa B=1.5kPa

Avazmohammadi et al., 2017a)
Myofibers 93% Emyo = 10 kPa

4%

Collagen Fibers (Methe et al., 2014; Van Essen Ecol = 1250 kPa Ar=1.15+0.1

etal., 2018)
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5.2.2.2 Loading Scenarios, Boundary Conditions and Fiber Realignment

Similar to previous work (Thunes et al., 2016, 2018; Chavoshnejad et al., 2020), we
employed a two-level modeling approach to keep the computational burden tractable. While
simulations were performed on a representative volume element (RVE; 1mmxlmmxRV
thickness) of the RVFW incorporating tissue-level structural organization (Fig. 23), loading and
boundary conditions were based on an extension of the law of Laplace, representing the entire RV
approximated by an ellipsoidal geometry (Kovalova et al., 2005; Avazmohammadi et al., 2017b)

(Fig. 24).

. b*  (b—w)*

P =20 —wyz | Pcire (@~ (@~ WD) + OLong (7 m)l o
pA; = o_Long.AZ (5-9)

Ay = 3l@—w)(b—w) —b?] +arctan(=y [0 .
oo | . (5-10)

— W d— W)® —
-+ (a=w)(b —w)arctan (a—w)? \/ 2bw — w?

Ay = ;[ab - b= o

Here, p is the internal chamber pressure of the RV (diastolic or systolic pressure), ocirc. and GLong
are the RVFW wall stress (afterload) in the circumferential and longitudinal directions, w is the
RV wall thickness, a and b are geometrical measures for biventricular modeling of the left and

right ventricles using Laplace-type calculations (Fig. 24) and A1 and Az respectively represent the
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Measurements
Performed on
Porcine Hearts

Figure 24 Loading and boundary condition calculations. In order to keep the computational burden
tractable, simulations were performed on a representative volume element (RVE; shown in black in dotted
box), and effects of the 3D RV geometry were modeled as loading and boundary conditions based on an
extension of the law of Laplace for ellipsoidal geometries. Measurements were performed on porcine hearts to

acquire the geometrical parameters required for modeling.

internal RV chamber area and the RVFW area, when looking at a basal short-axis cross-section of
the ventricles (Fig. 24). Equations 5-8 to 5-11 approximate the RV geometry with an oblate
spheroid (semi-axes: a,a,b) while the left ventricle (LV) is approximated with a prolate spheroid
(semi-axes: b,b,L; when L represents the LV length). Detailed derivation of these equations have
been described elsewhere (Avazmohammadi et al., 2017b) and were employed to estimate RV
wall stress under pressure overload. Myofiber diameter (57.8+28.3 pum) and spacing (35.8+11.2
pm) were acquired form histological measurements to generate the appropriate number of fibers
in the RVE (network of 79,263 fibers generated transmurally). Measurements were performed on
3 porcine hearts to obtain the required geometrical measures for modeling (Fig. 24; a = 64.7+5.8
mm, b = 34.7+2.5 mm, w = 9.8+1.6 mm, and L = 65.0£7.1 mm). Since systolic wall stress reaches
peak values early in systole (Grossman et al., 1975) with minimal dimension change from end-
diastole (Kuroha et al., 1991), same RV geometries were assumed for wall stress calculations at
end-diastole and early-systole. Calculated wall stresses were then applied to the developed RVE
to study the stretch-induced kinematics of RV fibers (Fig. 25).
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Figure 25 The RVE in the circumferential-longitudinal and longitudinal-transmural planes. Transmural fiber
architectures (measured via HFU) and porcine RVFW material properties/volume fractions were used to
generate the RVE. The calculated boundary conditions (6.¢ircumserentiat 8N O pongitudinat) Were then applied
in the circumferential-longitudinal plane to analyze biaxial RV fiber kinematics. Following simulations, fiber
orientations of the RVE in the deformed state were categorized into circumferential (0] < 25) and oblique

(25 < |0] < 90) fibers.

First, we investigated biaxial kinematics under normotensive loading with healthy RV
pressures and material properties and no major remodeling event present in the model (Tables 6-
7). Additionally, an acute pressure overload (APO) scenario was studied to investigate the effects
of acute pressure rise on biaxial fiber kinematics. Likewise, effects of chronic pressure overload
(CPO) on fiber kinematics was studied under PH pressures (Tezuka et al., 1990) post-remodeling,
while RVFW fibrosis (Hill et al., 2014), eccentric (Tezuka et al., 1990), and concentric (Guerreiro
et al., 1988) hypertrophy (RV dilation and increased wall thickness, respectively) are present in
the model (Tables 6-7). Since RV fiber realignment in PH is generally viewed as an end-stage
remodeling event (Hill et al., 2014; Avazmohammadi et al., 2019a), this will help analyzing the

alterations in fiber kinematics post RV remodeling in CPO. Furthermore, due to the previously
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reported associations between aging and diminution of the extent of concentric RV hypertrophy in
response to pressure overload (Kuroha et al., 1991), as well as lack of increased wall thickness in
some animal models of PH (Avazmohammadi et al., 2019a, 2019b), another case of CPO loading
without concentric hypertrophy was simulated to study the effects of increased wall thickness on

fiber kinematics in PH (Tables 6-7).

Table 6 RV hemodynamics and remodeling parameters used for FE simulations

RV Pressures Collagen
(mmHg) Volume
(Tezuka et al., 1990) RVFW Fraction
End-Diastolic | Thickness (Methe et
End- Early- Volume (mL) (mm) al., 2014;
Diastole | Systole (Tezukaetal., | (Guerreiroet | Van Essen
1990) al., 1988) | etal., 2018)
Normotensive 4.9 31.3 27.7 9.8 4%
Acute Pressure Overload 14.3 105 277 98 4%
Chronic Pressure Overload 14.3 105 34.1 13.4 12%
Chronic Pressure Overload
Without Concentric 14.3 105 34.1 9.8 12%
Hypertrophy

Table 7 Circumferential and longitudinal wall stresses applied to the representative volume element (RVE)

for different loading scenarios

End-Diastole Early-Systole
O irc. (kPa) o-Long. (kPa) OCirc. (kPa) GLong. (kPa)

Normotensive 0.62 0.37 3.96 2.37

Acute Pressure Overload 1.81 1.08 13.30 7.94

Chronic Pressure Overload 0.87 0.66 6.37 4.81
Chronic Pressure Overload

Without Concentric 1.53 1.58 11.22 11.64

Hypertrophy
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Moreover, a series of simulations were conducted to analyze the effects of RV fibrosis on
PH-induced fiber kinematics by parametrically altering the collagen content in our model (1.5, 2
and 3-fold increase; Fig. 26). This, together with the abovementioned simulation scenarios for
CPO without concentric hypertrophy, will help decoupling the observed effects from fibrosis,
concentric, and eccentric RV hypertrophy under CPO.

Simulations were performed under diastolic and early-systolic pressures for a single cycle
of loading, in order to analyze the direction and rate of fiber reorientation under different scenarios.
Since a single cycle of loading may not result in statistically significant differences in the mean of
fiber orientation distributions (Streeter et al., 1969), similar to previous studies (Streeter et al.,
1969; Tezuka et al., 1990), post-deformation fiber orientations were categorized as circumferential
(18] < 25) and oblique (25 < |6| < 90), to facilitate statistical testing of changes in the proportion
of fiber orientations (Fig. 25). Thresholds for categorizing circumferential/oblique fibers were
chosen in a way to include the undeformed fiber orientations + at least 1 standard deviation of fiber
spreads (dispersion) within the circumferential range (Fig. 27). Therefore, an increase in the
proportion of oblique fibers indicates fiber reorientation away from the circumferential direction,

as seen in the setting of PH (Hill et al., 2014; Avazmohammadi et al., 2017b, 2019a).
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Figure 26 Simulation of increased RV collagen content (fibrosis) using the developed FE model. (a)
Parametric increase in RV collagen content. Red: Myofibers, Blue: Collagen. (b) Effects of parametric
increases in RV collagen content on the biaxial mechanical properties of RV myocardium. Experimental data
(shown in red) obtained from the literature (Nemavhola, 2017). Material properties of the structurally-

informed FE model shown with black lines.
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Figure 27 Rationale for the threshold used for categorizing circumferential and oblique fibers. (a) Fiber angle
threshold used for categorizing circumferential fibers (|0| < 25). (b) Graphical demonstration of
circumferential and oblique fibers in a circular plane. Deformed RV fiber orientations were grouped into
circumferential (|0]| < 25) and oblique (25 < |0| < 90) categories, following finite element simulations. The
threshold for circumferential fibers was chosen in a way to include the initial HFU-measured fiber angles and
at least 1 standard deviation of the fiber spread at each transmural section. Fibers outside of this threshold
were labeled as “oblique”. An increase in the proportion of oblique fibers indicates fiber reorientation away
from the circumferential direction, towards the longitudinal direction (£90°). Error bars demonstrate the
fiber spread at each transmural section (pooled standard deviation of the distribution of fiber orientations

measured via HFU imaging on n=3 specimens).

In case of no statistically significant alteration in the proportion of fiber orientations,
simulations were aborted after the first cycle (Fig. 28). Since, physiologically, fiber remodeling in
PH happens over multiple cycles of loading (Hill et al., 2014; Avazmohammadi et al., 2019a;
Sharifi Kia et al., 2020), when proportions were significantly altered, fiber orientations were

updated using the deformation gradient tensor and simulations were proceeded to the next cycle

(Fig. 28):
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forq = Fpf, (5-12)

Here, fa is the undeformed orientation of any given fiber at the nth cycle, Fn is the deformation
gradient tensor for the n™ cycle and fn+1 represents the undeformed fiber orientation at the start of
the n+1" cycle. This is conceptually similar to previously developed models for stretch-induced
fiber remodeling in other cardiovascular soft tissues (Driessen et al., 2008). In the current work,
simulations were continued up to 4 cycles under CPO for an exploratory assessment of the trends
in fiber realignment in PH. FE model post-processing was performed using ParaView (Sandia

National Labs, Kitware Inc, and Los Alamos National Labs).
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Loading resulted in fiber
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altered fiber proportions?

Update Fiber Orientations
nyc]eZ = FCyclelfD

Loading resulted in fiber

4= Yes €= kinematics with significantly g znd ch|e
altered fiber proportions?

}

No ==p Quit Simulations

Update Fiber Orientations
nycle3 = FCyclerCycleZ

3rd Cycle — b

Figure 28 The remodeling algorithm used for multi-cycle simulations to study the adaptation of RV fibers
towards the longitudinal direction in chronic pressure overload (CPO). Deformed fiber orientations were
analyzed at the end of each cycle. If loading altered the fiber proportions in a statistically significant manner,
fiber orientations were updated using the described criteria and simulations were proceeded to the next cycle.

In case of no loading-induced alteration in the proportion of fibers, simulations were aborted.
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5.2.3 Statistical Analysis

Data is presented with mean + standard deviation (SD)/standard error of the mean (SEM),
or proportion (%) of fibers post-categorization. A one-way repeated measures ANOVA with
Tukey’s post-hoc was used for pairwise comparison of RV helix slope before and after loading
and theoretical predictions of affine reorientation. A R?> measure was used to evaluate the
agreement between experimentally measured uniaxial fiber kinematics and theoretical estimations
or FE model predictions. In addition, R? measures were also used to evaluate the goodness of fit
between experimentally measured biaxial mechanical properties of the RVFW and FE model
predictions.

Chi-squared (x2) tests were performed to evaluate if fiber proportions were dependent on
the loading condition. Post-hoc Z-tests with Bonferroni correction were utilized to test the
differences across different loading scenarios. Due to integer overflow issues and limitations of
the y2 test for very large sample sizes, fiber counts were down sampled by a factor of 10, post
categorization. This was chosen as an optimal down sampling rate required to avoid numerical
instabilities when working with very large sample sizes (n=79,263) from our FE model.

Statistical comparisons were performed using the R software package (R Foundation for
Statistical Computing, Vienna, Austria, www.R-project.org). Due to the small sample size in our
experimental data and proportion testing (as opposed to tests of the mean) for FE simulations, a
more strict measure was chosen for statistical comparisons. For all purposes, p<0.01 (two-sided)

was considered statistically significant.
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5.3 Results

5.3.1 HFU Imaging

Transmural RV myofiber orientations measured via HFU imaging and histology are
compared in Fig. 29. HFU imaging showed an acceptable agreement with histological staining of

fiber orientations both in terms of the dominant orientation and spread of myofibers.
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Figure 29 Algorithm verification by comparing HFU measurements with histological staining (H&E). Error
bars demonstrate fiber spread (standard deviation of the distribution of fiber orientations; measure of fiber
dispersion) at each transmural section. Fiber angles are normalized to 0° at the epicardial layer, to better
demonstrate the transmural change in fiber angles and facilitate comparison with previous studies. Dotted

lines between HFU measurements are for visualization purposes only.
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Unloaded RV fiber orientations in the basal anterior zone demonstrated an abrupt change
(Vetter et al., 2005) around the sub-epicardial layers (Fig. 29; 142.4+52.1°; n=4; 1 specimen used
for histological validation + 3 specimens for uniaxial loading experiments), followed by a near-
linear change in transmural fiber angles (Fig. 29; 28.5+9.8°; n=4). The abrupt sub-epicardial
change showed high between-sample variability, ranging from 64.7° to 175.2° (n=4).

Uniaxial loading (n=3) resulted in fiber realignment towards the loading direction (Fig. 30

and Fig. 31a), in agreement with theoretical predictions of affine fiber kinematics (R?=0.92; Fig.

31a).

Unloaded

Loaded
(A=1.35)

Epi

Endo

Figure 30 Representative transmural HFU images of RVFW fiber orientations, before and after loading

under a stretch ratio of A =1.35.
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Figure 31 Uniaxial myofiber kinematics under a stretch ratio of A = 1.35. (a) Quantification of fiber angles
using the developed framework. Uniaxial loading results in fiber reorientation towards the loading direction
(0°). Experimental measurements demonstrate good agreement with theoretical approximations of affine
fiber kinematics for an incompressible transversely isotropic solid (R?=0.92). (b) Effects of loading on RVFW
helix slope. Loading results in decreased RVFW helix slope, which does not show any statistically significant
differences with theoretical affine approximations. Error bars show standard error of the mean (SEM). *

indicates p<0.01. US Probe: Ultrasound probe; Exp: Experimental.
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For all kinematics analysis purposes, fiber orientations are reported in the RV
circumferential-longitudinal coordinate system (Fig. 31a). Assuming a counterclockwise
transmural rotation for RV fibers (Vetter et al., 2005; Hill et al., 2014; Sharifi Kia et al., 2020), the
abrupt epicardial change is plotted with the shortest map to 0° to better demonstrate fiber
realignment towards the loading direction (1.9° and -0.8° shown for 0% and 10% thickness in Fig.
31a correspond to 180°+1.9°=181.9° and 180°-0.8°=179.2°, respectively). Uniaxial loading
resulted in significantly reduced RV helix slope (Fig. 31b; 19.3+2.2° vs. 29.0£5.0° per unit
thickness for loaded and unloaded, respectively; p<0.001), while showing no significant
differences with theoretical predictions of uniaxial affine fiber kinematics (Fig. 31b; 19.0+3.3° per

unit thickness; p<0.001 vs. unloaded and p=0.983 vs. loaded).

5.3.2 FE Modeling

The developed structurally-informed FE model matched the mechanical properties of RV
myocardium in both longitudinal and circumferential directions (Fig. 32a; RZLong.=0.94,
RZcirc.=0.99), as well as the experimentally measured uniaxial fiber kinematics (Fig. 32b; R?=0.89).
Fiber proportions were calculated based on a total of n=79,263 fibers generated in the FE model.
Categorizing RV fibers in an unloaded state resulted in 94.1% circumferential and 5.9% oblique
fibers (proportions calculated by grouping all transmural sections together). Full statistical results
of biaxial fiber kinematics in the first cycle of loading are presented in Appendix Tables S5-6. In
response to a single cycle of loading, stretch-induced kinematics under normotensive and APO
conditions did not increase the proportion of oblique fibers for either end-diastolic (Fig. 33a; 5.9%
for Norm, 5.8% for APO) or early-systolic (Fig. 33b; 5.8% for Norm, 6.9% for APO) pressures.

CPO, on the other hand, significantly increased the proportion of oblique fibers under early-
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Figure 32 (a) Quality of fit of the structurally-informed FE model to previously reported biaxial material
properties of porcine RV myocardium. (b) FE model predictions vs. experimentally measured uniaxial RV

fiber kinematics. Error bars demonstrate the fiber spread at each transmural section. Exp: Experimental.

systolic pressures by 35%, while showing no significant effects at end-diastole (Fig. 33a-b; 8.0%
for CPO at early-systole and 6.6% at end-diastole). For CPO with no concentric RV hypertrophy
present in the model, proportion of oblique fibers increased by 101% at early-systole and 40% at
end-diastole (Fig. 33a-b; 11.8% for CPO w/o Conc. Hyp. at early-systole and 8.2% at end-
diastole). Following the first cycle of loading, multi-cycle remodeling simulations (Fig. 28) were
performed for the CPO scenarios under early-systolic pressures. Simulations demonstrated RV
fiber realignment towards the longitudinal direction (Fig. 34a-b), with higher remodeling rates for
the case without concentric hypertrophy (Fig. 34b). Figure 35 demonstrates a representative shift
in fiber distributions, with increased proportion of oblique fibers, for each loading scenario.
Categorizing RV fibers at each transmural section after 4 cycles of remodeling, showed a

significant increase in the proportion of oblique fibers for both scenarios (Fig. 36; p<0.001 for
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CPO or CPO w/o Conc. Hyp. compared to Normotensive at all transmural sections). Concentric
hypertrophy resulted in significantly smaller proportions of oblique fibers throughout the RVFW

thickness (Fig. 36; p<0.001 for CPO vs. CPO w/o Conc. Hyp at all transmural sections).
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Figure 33 Effects of different loading scenarios on biaxial fiber kinematics of RV myocardium. (a) Effects of
loading on end-diastolic fiber kinematics, indicating increased proportion of oblique fibers only for the CPO
scenario without concentric hypertrophy (single-cycle simulations). (b) Effects of loading on early-systolic
fiber kinematics, demonstrating elevated proportions of oblique fibers under both CPO scenarios with
amplified proportions for CPO without concentric hypertrophy (single-cycle simulations). *, t, ¥ and ¥
indicate p<0.01 compared to UNL (unloaded), Norm (normotensive), APO (acute pressure overload) and
CPO (chronic pressure overload), respectively. UNL: Unloaded; Norm: Normotensive; APO: Acute pressure
overload; CPO: Chronic pressure overload; CPO w/o Conc. Hyp.: Chronic pressure overload without

concentric hypertrophy.
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Figure 34 Multi-cycle simulations of RV fiber reorientation towards the longitudinal direction (+90°) under
(a) CPO and (b) CPO without concentric RV hypertrophy. Error bars demonstrate fiber spread (standard
deviation of the distribution of fiber orientations) at each transmural section. CPO: Chronic pressure

overload; CPO w/o Conc. Hyp.: Chronic pressure overload without concentric hypertrophy.
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Figure 35 Representative fiber orientation distributions for multi-cycle remodeling simulations under CPO,

demonstrating a shift towards oblique fibers for both scenarios. Shaded area under the curves demonstrate

the oblique fibers. Both CPO scenarios result in remodeling towards the longitudinal direction (£90°) with
increased proportion of oblique fibers. CPO: Chronic pressure overload, CPO w/o Conc. Hyp.: Chronic

pressure overload without concentric RV hypertrophy, PDF: Probability density function.
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Figure 36 Proportion of oblique fibers for the normotensive scenario compared to CPO with and without
concentric hypertrophy. Fiber proportions for the CPO cases are plotted following 4 cycles of remodeling
simulations, while normotensive loading quits the remodeling algorithm following the first cycle of loading.
Both CPO scenarios result in significant increases in the proportion of oblique fibers compared to
normotensive loading at all transmural sections (epi to endocardium). Increased wall thickness (CPO vs. CPO
w/o Conc. Hyp.) decreases the rate of longitudinal realignment, indicating a potential protective role for
concentric hypertrophy against RV fiber reorientation in CPO. ¥ and ¥ indicate p<0.01 compared to
Normotensive and CPO (chronic pressure overload), respectively. CPO: Chronic pressure overload; CPO w/o

Conc. Hyp.: Chronic pressure overload without concentric hypertrophy.

Fibrosis, on the other hand, did not show any significant effects on RV fiber kinematics
under end-diastolic (Fig. 37a; 6.6%, 6.6%, 6.6%, and 6.6%, respectively for 1,1.5,2, and 3-fold
increase in collagen content) or early-systolic pressures (Fig. 37b; 7.6%, 7.8%, 7.8%, and 8%,

respectively for 1,1.5,2, and 3-fold increase in collagen content).
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Figure 37 Effects of fibrosis on biaxial RV fiber kinematics under chronic pressure overload with concentric
and eccentric hypertrophy, under (a) End-diastolic and (b) Early-systolic pressures. RV fibrosis did not

demonstrate any statistically significant alteration in fiber proportions at end-diastole or early-systole.

5.4 Discussion and Conclusions

In this work, we aimed to evaluate the stretch-induced fiber kinematics of RV myocardium
under different loading scenarios. The primary findings of this study were: 1) HFU imaging
demonstrated a strong potential for quantifying full-thickness transmural orientations of RV
myofibers in large animal models; 2) Uniaxial loading resulted in fiber realignment towards the
loading direction, in agreement with theoretical predictions based on affine fiber kinematics; 3)
FE modeling demonstrated that a combination of chronic pressure overload with RVFW fibrosis
and concentric and eccentric hypertrophy (increased wall thickness and chamber dilation,

respectively), but not solely an acute rise in RV pressures, results in kinematic shift of RV fibers
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away from the circumferential direction; 4) Computational exploratory assessments revealed a
potential protective role for concentric hypertrophy against longitudinal fiber realignment in PH,
while eccentric hypertrophy stimulated fiber reorientation towards the longitudinal direction.

HFU imaging effectively characterized the transmural orientation distribution (dominant
orientation and fiber spread) of myofibers in porcine RV myocardium (Fig. 29). Difficulties were
observed in delineation of the endocardial surface via HFU imaging, mainly due to the
trabeculations at endocardium, as also reported in previous studies (Partington and Kilner, 2017).
This resulted in differences between the HFU and histologically measured fiber spreads at
endocardium, while dominant fiber orientations were accurately characterized (Fig. 29). As
previously reported in porcine models of RV structure (Vetter et al., 2005), an abrupt change in
fiber angles with high between-sample variability was observed near the sub-epicardial layers.
This was followed by a near-linear change in orientations towards the endocardium (Fig. 29). The
observed transmural variation in fiber angles (epi—endo) in the basal anterior zone (28.5+9.8°)
was smaller than previously reported values, potentially due to the body size and procurement
source of tissues used in this study (farmed animals with ~80-120 kg body weight) compared to
younger animals used in previous work, with =5-20 kg body weight (Agger et al., 2017; Omann
etal., 2019). Decreased transmural variation in fiber orientations with increased body size has also
been reported in prior investigations (Healy et al., 2011).

As expected, uniaxial loading of RV myocardium resulted in realignment of fibers towards
the loading direction with decreased transmural variation (Fig. 30 and Fig. 31). While not
representing a physiological loading experienced by the RVFW in-vivo, uniaxial loading can
provide fundamental insights into the kinematic response of RV fibers, which remains poorly

understood. Since fiber reorientation in PH happens over multiple cycles of growth and remodeling
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(Avazmohammadi et al., 2019a), as anticipated, we did not observe dramatic changes in fiber
angles under a single cycle of passive uniaxial loading. However, RV myofibers demonstrated a
strong agreement with theoretical predictions of uniaxial affine kinematics (Fig. 31), thus
indicating affine assumptions can effectively approximate myofiber realignment in the RVFW. To
the best of our knowledge, this is the first report on quantitative HFU assessment of full-thickness
RV fiber kinematics.

FE simulations revealed the role of stretch-induced deformations on longitudinal
kinematics of RV fibers in PH. In an unloaded state, circumferential fibers dominated the fiber
proportions in the RVFW (Fig. 33). This is in general agreement with previous studies on a porcine
model (Omann et al., 2019), indicating the basal anterior zone of RVFW as one of the most
circumferentially aligned regions. Small, but significant alterations in fiber proportions were noted
after a single cycle of loading under pressure overload conditions (Fig. 33). The observed changes
in fiber angles in the first cycle of loading are in general agreement with previously reported values
(Ashikaga et al., 2009). As anticipated, normotensive loading did not demonstrate any significant
effects on the proportions of RV fibers (Fig. 33a-b). Even though an acute pressure rise imposes
the largest wall stresses on the RVFW (Table 7), surprisingly, this did not significantly alter the
proportion of RV fibers. This is potentially due to the importance of the ratio (and not just absolute
values) of the biomechanical stimuli (strain) in fiber reorientation (Driessen et al., 2008). While
RV stresses are highest during APO, this may not result in deformed configurations required for
stimulating longitudinal fiber kinematics (Fig. 20). This is mainly a combined effect from
hemodynamic pressures, RV geometry and RVFW biomechanical properties in APO that lead to
deformation states where ratio of longitudinal:circumferential strains does not stimulate

longitudinal fiber reorientation. In contrast, CPO with a combination of remodeling events (Table
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6; increased wall thickness, RV dilation, and fibrosis) significantly increased the proportion of
oblique fibers (Fig. 33), indicating fiber remodeling away from the circumferential direction. This
is in agreement with prior studies, identifying fiber realignment as an end-stage event in PH (Hill
et al., 2014; Avazmohammadi et al., 2019a). Elimination of increased wall thickness from our FE
models amplified fiber realignment towards the longitudinal direction (Fig. 34 and Fig. 36). This
suggests a potential protective role for increased wall thickness against fiber reorientation in PH.
Animal models of PH without concentric hypertrophy (Avazmohammadi et al., 2019a) have
demonstrated similar levels of fiber remodeling under significantly lower RV pressures compared
to those developing concentric hypertrophy (Hill et al., 2014; Sharifi Kia et al., 2020). A potential
explanation to be further explored in future studies is simultaneous reduction of RV wall stress
and alterations in the ratio of longitudinal:circumferential strains via increased wall thickness in
PH.

Parametric studies on the level of RV fibrosis did not show any effects on fiber proportions
under early-systolic or end-diastolic pressures (Fig. 37). Between the three remodeling events
studied here (increased wall thickness, dilation, and fibrosis), this leaves RV dilation as a potential
contributor to the kinematic shift of RV fibers towards the longitudinal direction in PH. Others
have shown longitudinal fiber realignment in PH to be accompanied by progressive RV dilation
and reduced ejection fractions (Avazmohammadi et al., 2019a). Our results suggest another
pathway for RV dilation to modulate longitudinal fiber remodeling via altered RVFW wall stress
and stretch ratios, in addition to the previously addressed dilation-induced fiber kinematics due to
volumetric growth (Avazmohammadi et al., 2019a). A potential mechanism to be investigated in
future work is alteration in the biomechanical stimuli (ratio and magnitude of stress/strains) in the

myofiber niche due to progressive RV dilation.
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There are limitations to the experimental and FE modeling techniques used in the current
work. HFU images were acquired under uniaxial loading, as it is currently not feasible under
biaxial loading due to the requirement of imaging normal to the transmural axis (parallel to the
RVFW) which necessitates at least one side of the RVFW specimen to be free for imaging.
Ongoing work focuses on development of improved algorithms using spatial coherence maps to
facilitate 3D imaging parallel to the RV transmural axis. While demonstrating strong statistics and
minimal variabilities, the small sample size (n=3) used for our exploratory experimental analysis
remains as a limitation of the current study. Although our models provide insights into the stretch-
induced fiber kinematics of RV myocardium under biaxial loading, future experimental studies are
needed to confirm the generated hypotheses via FE modeling. Furthermore, as described in Fig.
19, the deformed state of RVFW during early-systole (IVVC) includes a stretch-driven deformation
in addition to a myofiber contraction mode. Our FE models did not include the contraction mode
(myofiber shortening), mainly due to the computational complexity of modeling contraction on a
RVE without representing the 3D RV geometry. However, systolic myofiber shortening has been
shown to result in deformations with ratio of longitudinal:circumferential strains close to 1 (ratio
of global longitudinal to circumferential strains ranging from 0.99 to 1.04 for normotensive
subjects, as well as subjects with hypertrophic or dilated cardiomyopathy (Stokke et al., 2017)).
Therefore, while this affects the magnitude of the strains calculated in our models, it is less likely
to affect the ratio of longitudinal:cirecumferential strains (mainly responsible for stimulating fiber
rotations; Fig. 20) in a way to obstruct the observed trends in longitudinal realignment of RV fiber.
Additionally, end-stage PH has been shown to reduce systolic myofiber shortening (Voeller et al.,
2011), which makes the contraction mode less likely to mechanistically stimulate transmural fiber

reorientation in PH. Our results only explain a specific stretch-driven aspect of RV fiber
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realignment and future work will focus on development of 3D organ-level FE simulations to
effectively model the fiber kinematics at early-systole considering both deformation modes.
Moreover, even though the underlying mechanisms of fiber reorientation in PH remains largely
unexplored, reorientation due to altered fiber kinematics and biomechanical stimuli in the myofiber
niche (Wilson et al., 2006; Driessen et al., 2008; Avazmohammadi et al., 2019a) is only one of the
several potential mechanisms responsible for this remodeling event. Other mechanisms such as
degradation of circumferentially aligned fibers accompanied by sarcomerogenesis of longitudinal
fibers (Avazmohammadi et al., 2019a) need to be further investigated in future fiber-level studies.

In conclusion, we employed HFU imaging and structurally-informed computational
models for an exploratory study on the stretch-induced kinematics of RV fibers under different
loading scenarios. The developed imaging framework provides a noninvasive modality to
characterize the transmural fiber kinematics of RV myocardium. Simulations suggest a potential
protective role for concentric RV hypertrophy (increased wall thickness) against fiber
reorientation. On the other hand, accounting for eccentric hypertrophy (RV dilation) in FE models
resulted in kinematic shift of fibers towards the longitudinal direction, due to altered stretch ratios
in the RVFW. While this helps better understanding the role of different remodeling events and
biomechanical forces in transmural realignment of RV fibers in PH, future experimentations are

warranted to test the model-generated hypotheses.
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6.0 Conclusions and Future Directions

In this work, we aimed to evaluate right ventricular (RV) biomechanics in health, and in
the setting of pressure overload due to pulmonary hypertension (PH). Effects of combined
angiotensin receptor-neprilysin inhibition (using Sacubitril/Valsartan; Sac/Val) on RV remodeling
in PH was analyzed at the organ, tissue, and fiber level. Moreover, we evaluated the effects of
healthy aging on RV structure and biomechanical properties. Additionally, an ultrasound image
processing framework (in combination with computational models) was utilized to study the
effects of different loading scenarios on the reorientation patterns of RV myofibers in porcine
myocardium. The primary findings of this study are:

- Sac/Val has the potential to prevent maladaptive RV remodeling in a pressure overload
model via amelioration of RV pressure rise, hypertrophy, collagen and myofiber re-
orientation as well as RV stiffening both at the tissue and myofiber level.

- Healthy aging modulates RV remodeling via increased peak pressures, cardiomyocyte
loss, fiber reorientation, and altered collagen/myofiber stiffness, with similar
remodeling patterns to those of RV remodeling in PH.

- The developed high-frequency ultrasound imaging framework demonstrates promising
capabilities for characterization of the transmural orientation distribution of RV
myofibers in porcine myocardium, showing a strong potential for noninvasive
evaluation of transmural RV myofiber kinematics in large animal models.

- Image-based experimental evaluation of fiber kinematics in porcine myocardium
reveals the capability of affine assumptions to effectively approximate myofiber
realignment in the RV free wall.
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- Computational models (finite element simulations) suggest a potential protective role
for concentric hypertrophy (increased wall thickness) against fiber reorientation, while
indicating a longitudinal shift in fiber orientations due to eccentric hypertrophy (RV
dilation).

While our study improves the current understanding of multi-scale biomechanics of RV
remodeling in PH, there remains a number of questions warranting further investigation. As
discussed in chapter 3, a pulmonary artery banding model of PH was used in this study to focus
on the biomechanical response of RV myocardium in the absence of confounding conditions such
as hypoxia or pulmonary circulation disease. However, further investigation of effects of Sac/Val
in other animal models of PH is warranted. Moreover, we employed a preventive treatment
approach to analyze the effects of Sac/Val on PH in a 3-week period. Different treatment windows
as well as treatment scenarios after fully developing PH needs to be further investigated. A
phenomenological constitutive model was used for analysis of our biomechanical testing data in
chapters 3 and 4, without considering the structural organization of RV collagen and myofibers.
Structurally-informed constitutive models enable analyzing the relative contributions of different
tissue constituents and RV free wall architecture to the tissue-level mechanical response.
Additionally, as discussed in chapters 3 and 4, fiber-level collagen and myofiber stiffness measures
in this study represent the effective response of RV fibers, estimated from tissue-level behavior.
Further direct measurements at the fiber level would facilitate decoupling the effects of RV
structure from intrinsic mechanical properties. High-frequency ultrasound images in chapter 5
were acquired under uniaxial loading, due to the complexity of combined biaxial loading and
ultrasound imaging and limitations of the developed algorithm. While our computational models

provide important insights into the stretch-induced fiber kinematics of RV myocardium under
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biaxial loading, future experimental studies are required to confirm the model-generated
hypotheses. Moreover, our finite element models only evaluated the passive components of RV
myofiber kinematics and did not include the contraction mode (myofiber shortening).
Development of organ-level 3D structurally-detailed models of the RV facilitate analyzing the
effects of RV contraction and segmental shortening on the kinematics of myofibers.

To achieve our overarching goal of acquiring a holistic understanding of the underlying

biomechanics of RV remodeling in PH, future work will focus on:

- Evaluation of the effects of Sac/Val treatment on PH-induced RV remodeling, using
other animal models of PH (Sugen-Hypoxia and Monocrotaline)

- Analyzing the potential of Sac/Val treatment in reversal of maladaptive RV remodeling
in PH, post-development of symptoms (treatment approach vs. the prevention approach
used in the current work)

- Employment of a structurally-detailed constitutive model for biomechanical analysis
of the effects of Sac/Val treatment on collagen-myofiber interactions in PH

- Fiber-level biomechanical testing of RV collagen and myofibers in health, disease, and
treatment

- Analyzing the potential of lysyl oxidase-mediated alterations in RV free wall collagen
cross-linking with healthy aging

- Development of improved ultrasound imaging algorithms, using spatial coherence
maps, to facilitate simultaneous biaxial loading and ultrasound imaging of RV

myofiber kinematics

114



Development of structurally-detailed 3D organ-level finite element models of RV
function, coupled with lumped-parameter models of the pulmonary circulation, to
evaluate the effects of different loading scenarios and remodeling events on active and
passive RV myofiber kinematics

Experimental evaluation of the potential of an adaptive role for increased wall thickness
and a maladaptive role for RV dilation in longitudinal fiber reorientation in PH, as

suggested by computational modeling results
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Appendix A Supplemental Tables

Appendix Table S1 p values obtained for pairwise comparison of different hemodynamic outcomes

Control vs. PH | Control vs. Sac/Val | PH vs. Sac/Val

Maximum Pressure (Pmax) <0.0001 <0.0001 0.0018
Stroke Volume 0.0033 0.1113 1.0

dP/dtmax <0.0001 0.0015 0.0119
dP/dtmin <0.0001 0.0004 0.0426
PA Elastance (Ea) <0.0001 0.0002 0.0158
RV Elastance (Ees) <0.0001 0.0110 0.8440
Ees/Ea 0.0005 0.5914 0.1087

Appendix Table S2 p values obtained for pairwise comparison of morphological measurements

Control vs. PH

Control vs. Sac/Val

PH vs. Sac/Val

RVFW Thickness

<0.0001

<0.0001

0.0061

RV/LV Mass Ratio

<0.0001

<0.0001

0.5500

Appendix Table S3 p values obtained for pairwise comparison of histological measurements

Control vs. PH

Control vs. Sac/Val

PH vs. Sac/Val

Dominant Orientation 0.0026 0.5687 0.0106
Collagen Area Fraction 0.0444 0.0065 1.0
RVFW Density 0.0049 0.1246 0.1487
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Appendix Table S4 p values obtained for pairwise comparison of biaxial mechanical properties and

constitutive modeling results

Control vs. PH | Control vs. Sac/Val | PH vs. Sac/Val
Myofiber Stiffness 0.0470 1.0 0.0320
Collagen Recruitment Strain 0.0002 0.0003 0.7023
Long. Stiffness (Bo*b1) <0.0001 0.0003 0.0259
Circ. Stiffness (Bo*by) 0.0022 0.3990 0.0039
Coupled Stiffness (Bo*bs) <0.0001 0.0160 0.0950

Appendix Table S5 p values obtained for pairwise comparison of different loading scenarios at end-diastole

(Fig. 33a)
CPO
Norm APO CPO wlo Conc. Hyp.
UNL 1.0 1.0 0.4582 <0.001
Norm - 1.0 0.8105 <0.001
APO - - 0.4137 <0.001
CPO - - - 0.0034

Appendix Table S6 p values obtained for pairwise comparison of different loading scenarios at early-systole

(Fig. 33b)
CPO
Norm APO CPO wio Conc. Hyp.
UNL 1.0 0.0968 <0.001 <0.001
Norm - 0.0446 <0.001 <0.001
APO - - 0.1801 <0.001
CPO - - - <0.001
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