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Biomechanical modeling of pressure overload-induced changes in left ventricular (LV)
structure and function has the potential to make significant contributions to both basic science
and clinical treatment strategies for hypertension. Hypertension affects approximately one third
of the population of the United States, and in spite of increased pharmacological treatment in
recent decades, it continues to lead to heart failure for tens of thousands of people per year [1].
Cardiac biomechanical analysis is still a relatively new field, having had to wait for advances in
computation, medical imaging, and theoretical frameworks appropriate for describing biological
soft tissues. While finite element analysis of normal left ventricular mechanics is well described
in the literature [2-4], the analysis and prediction of altered mechanics in diseased states is
complicated by the adaptive nature of biological tissues. Growth and remodeling of the left
ventricle in response to pressure overload (hypertension) is a decades-long process of thickening
and stiffening that begins as a mild adaptive response but that ultimately can lead to heart failure.
The degree of hypertrophy can actually predict medical outcomes [5]. The ability to predict
hypertrophy, and understand the altered mechanics that occur in a hypertrophied LV is integral
to the development of mechanics-based treatment strategies for an organ that is normally an

incredibly effective pump. In this dissertation, the first chapter presents relevant background



information, the second chapter describes an experimental study of longitudinal changes in LV
strain in hypertensive hypertrophy, and the third and fourth chapters describe a new approach to
modeling load-induced hypertrophic adaptation used to assess systolic work as a potenetial
mechanical growth stimulus for modeling hypertensive hypertrophy in the SHR.

In Chapter 2, an FEA-based image registration technique was used to determine strain
distributions in the left ventricle (LV) over the cardiac cycle. This analysis technique was applied
to microPET images from hypertensive rats and normal controls over their respective lifespans,
and focused on gaining a better understanding of the longitudinal changes in LV deformation
behavior that occur in relation to progressive hypertrophy in the hypertensive subjects. The
results of this study indicated that diastolic dysfunction preceded systolic dysfunction, and that
changes in diastolic and systolic strains are related to different physiological changes.

Chapter 3 describes (1) the development of a novel approach for modeling load-induced
hypertrophic growth that can incorporate mechanical stimuli from throughout the cardiac cycle,
and (2) a model study that uses this framework to evaluate the hypothesis that systolic work is an
appropriate mechanical growth stimulus for pressure-overload hypertrophy. Growth and
Remodeling (G&R) is a relatively new branch in the field of cardiac solid mechanics that seeks
to model the changes in cardiac geometry that occur in response to altered or diseased
mechanics. Hypertensive hypertrophy is an example of load induced cardiac adaptation in which
G&R models can be applied. Prior work in this field had yielded a constitutive modeling
approach to G&R and numerous computational implemetations. However a need was observed
for a way to incorporate information from the whole cardiac cycle into the growth stimulus. A
method was developed for predictive modeling of pressure overload-induced left ventricular

growth, which can incorporate multiple mechanical stimuli from throughout the cardiac cycle.



This was implemented using FEBio, an open-source finite element analysis package designed for
biomechanics (FEbio.org), and a custom program called CGR (“cardiac growth and
remodeling”). The model has the ability to determine the degree of hypertrophy that might occur
for a given level of pressure overload (hypertension), and has the ability to create a distribution
of element growth through the LV wall that is based on any measure(s) of stress or strain from
the full cardiac cycle mechanics. This approach was used to assess the hypothesis that systolic
work can be used as an appropriate growth stimulus for the modeling of hypertensive
hypertrophy. The systolic work normalization yielded predictions of wall thickness that were
realistic compared with the experimental data, indicating that systolic work may indeed be a
good choice of growth stimulus for pressure overload.

The fourth chapter describes a model study which quantifies the effects of changes in
systolic pressure and changes in material stiffness on the systolic workload, and the resulting
growth predictions. Both systolic pressure and material stiffness caused linear increases in the
LV workload. Increases in the LV workload caused increases in LV wall thickness with a
nonlinear which increases slope as the workload increases. The range of systolic pressures and
material stiffnesses evaluated were representative of what is observed experiementally. This
study quantified the effects of incremental increases in systolic work, and revealed the
importance of the way the growth law is defined. Potential future extensions of this work are

discussed.
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Chapter 1. Background and Motivation

1.1: Introduction

Cardiac solid mechanics is an interesting field of research because the heart is a complex
system to model: The left ventricular myocardium has nonlinear, anisotropic, spatially and time
varying material properties, non-uniform geometry and poorly defined boundary conditions. In
addition, material constituents are constantly undergoing replacement, such that the global
geometry and material properties are subject to change in response to their loading environment.
This chapter provides general background information together with a literature review of prior
research, which will provide motivation for the studies presented in the following chapters.

First, some general materials and methods will be described including the continuum
mechanical principles necessary for solving initial and boundary value problems in solid
mechanics, the basic theory of the nonlinear finite element method for solving the discretized
equilibrium equations, and some common medical imaging modalities used for obtaining patient-
specific data of cardiac structure and function.

Normal cardiovascular structure and function will be discussed such that the interested
reader can understand the most important elements of cardiac solid mechanics that will be
referred to in later chapters. This section will include a description of the myocardial structure

and how this relates to the constitutive laws that have been proposed to describe its passive



mechanical behavior. Then, the physiological muscle contraction mechanisms will be discussed,
leading to the active material property descriptions that are commonly used in cardiac modeling.
The cardiac cycle and some general overall measures of cardiac mechanical function will also be
discussed. These measures will later be used to describe changes in function that occur in
diseases such as hypertension.

Hypertension and its resulting hypertrophic adaptation will then be described with
human data as well as with data collected from animal models such as the spontaneously
hypertensive rat (SHR). This section will provide motivation for the experimental study of the
changes in left ventricular strain in hypertensive hypertrophy, which is the topic of Chapter 2.

A general discussion of finite element modeling applied the left ventricle will follow,
including typical modeling assumptions related to the loads, boundary conditions, geometry and
material properties.

The final section of this chapter will describe the development of theoretical and
computational models of mechanical stimuli-induced volumetric growth applied to cardiac
hypertrophy. This background will motivate the method for modeling left ventricular growth that

will be the topic of chapter 3.

1.2: General Materials and Methods

Continuum Mechanics



In typical solid mechanics analyses, the goal is to understand the stresses and strains in a
body that occur in response to applied loads. In continuum mechanics, material bodies are
considered to be a continuum, that is, the material properties are spread out in a homogenous
manner. Continuum mechanical descriptions are generally considered applicable to physical
phenomena in which the size of the constituent particles is at least two orders of magnitude
smaller than the size of the body being analyzed. For example, in metals, the constituent atoms
are many orders of magnitude smaller than most metal objects in engineering applications. And
in cardiac muscle, individual cells are on the order of tens of micrometers, while the left
ventricular wall is centimeters thick in humans, and millimeters thick in small animal models.
Continuum mechanics has proven to be very useful in analyzing a wide variety of engineering
applications, and is well-suited to whole-organ mechanical analysis of the heart, where the goal
is to understand and describe the distributions of loading and deformation that occur in the
cardiac muscle over the cardiac cycle. For a complete treatment of traditional continuum
mechanics, see references [6, 7]. There are five main pieces of information necessary for solving
problems in continuum mechanics: Kinematics (displacements, strains), Forces (stresses,
tractions), Balance laws (momentum, energy), Constitutive relations (material behavior), and
boundary conditions.

Kinematics describes the movement of a body, including the displacement, rotation,
velocity, and deformation. The deformation gradient, F, describes the motion. It is a second
order tensor which maps an oriented line segment dX in the original (undeformed) configuration
to dx in the current (deformed) configuration of a body: dx = F-dX. While F is the
fundamental measure describing the motion, it is not very practical for analyses of the

deformation because it contains rigid body motion information, it is not symmetric, and it is a



two-point tensor. The right, C, and left, b, Cauchy-Green tensors do not contain rigid body
motion, are symmetric, and are one-point tensors:

C=F"-F ,b=F-F" Equation 1.1
These measures reduce to the identity tensor when there is no deformation. It is useful in the
development of constitutive laws to have a deformation measure that is zero when there is no

deformation. The Green-Lagrange strain, E, is defined from C, and the Almansi strain, €, is

defined from b:

1 _ _ 1 _ h-1 Equation 1.2
E=_(C-D,e=-I-b"")

T2
In this work, the strain results reported will be based on the Green-Lagrange definition of strain.

Forces and Stresses describe the state of the loads on a body. Externally applied forces
and tractions will result in internal stresses in the material. The 3D state of stress is described by
a second order tensor. The Cauchy stress or “true stress” o is defined by
T = n- o, where T is a force acting on the surface defined by the surface normal n.

In many applications it has proved to be useful to have a scalar measure of stress on a
body. For example, in metals, yielding of the material can be predicted fairly well by the von
Mises stress, which is an average measure of the stresses in the 3D state. For biological soft
tissues, which often have a transversely isotropic or orthotropic material behavior, it is often the
stress in one of the preferred (fiber) direction(s) that is of interest. In this case the scalar-valued
fiber stress would be: o = o - @, where a is the vector describing the fiber orientation.

Balance Laws are the fundamental first principals that enable the calculation of solutions,
including the prediction of motion. In solid mechanics, conservation of linear momentum is the

balance law that is applied to solve the boundary value problems.



V-o+pf=pi Equation 1.3
This is commonly known as the equation of Motion. In static analyses, the right hand side is
zero, and it is referred to as the Equilibrium equation. It states that the internal stresses are in
equilibrium with the applied loads.

There are two other balance laws that influence the results in typical solid mechanics
analysis. Conservation of angular momentum results in the restriction that 6 = 67, which affects
the types of constitutive laws that are admissible. Conservation of mass maintains the mass in the
system by defining the Jacobian as | = p/p,, the ratio of the mass densities in the initial and
final configurations. The Jacobian is also used to describe the volume change of the deformed
material /] = detF.

Constitutive Relations describe the relationship between the stress and the resulting
deformation (strain). It is worth noting that a constitutive law describes a behavior, not a
material. That is, it describes the behavior of a material under specific conditions. There may be
multiple constitutive laws used to describe the behavior of a given material under different
conditions.

Stress can be determined from a strain energy function W (F) of the deformation. (Note

that this is restricted to isothermal processes, which is all that is considered here.) In general,

o=

ow ow Equation 1.4
FZ=FT or S= q
ac dE

2
J
where S is the Second Piola-Kirckoff stress, which is defined with respect to the original
configuration.

The particular constitutive relations used to describe the behavior of to the left ventricular
myocardium over the cardiac cycle will be discussed in detail in Section 1.3. Because muscle

material has an active contractile material behavior in addition to its passive mechanical



properties, proper mechanical analysis of the heart tissue requires the description of both types of
material behavior. The passive material behavior will be described in the context of the tissue
structure, and the active material behavior will be described in the context of cardiac muscle

function.

Finite Element Method

The Finite Element Method is a numerical method for solving boundary-value and initial-
value problems, in which the body is physically discretized into finite pieces, or elements, and
the equations of motion are solved simultaneously for each element. This makes it possible to
determine stress and strain distributions in a body with complex geometry. For a more complete
discussion of the finite element method, see references [8, 9]. The nonlinear finite element
method is based on solving the weak form of the equilibrium equation. When derived based on

the principle of virtual work, this is:

Equation 1.5
6W=f0':6ddv—ff-8vdv—ft-6vda=0
v v ov

where 6d is the virtual rate of deformation and &v is the arbitrary virtual velocity. The first term
represents the contribution from the internal Cauchy stress o within the volume of the body, the
second term is the contribution from body forces f within the volume of the body, and the third
term is the contribution from the tractions £ on the surface of the body. This equation is then

linearized in the direction of an incremental displacement u with ¢, being a trial solution.

SW (¢py, 5v) + DSW (¢y, 6v)[u] =0 Equation 1.6



The calculation of the directional derivative of the virtual work equation leads to the stiffness
matrix. This will have a component from internal virtual work as well as a component from
external virtual work. The set of nonlinear equilibrium equations (in which the current nodal
positions are the unknowns) is solved using an iterative procedure. FEBio uses the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) method, which is a quasi-Newton method [10]. Nike3D has
several iterative methods available [11], and BFGS was selected.

Many element shapes are used in different finite element applications in order to capture
the appropriate mechanical behavior. The displacements are solved at the nodes, and the results
between nodes are interpolated based on the shape functions of the given element type. In
cardiac finite element modeling, it is common practice use 8-node solid “brick” elements. In this

case, displacements are linearly interpolated between nodes.

Cardiac Imaging

Many imaging modalities have been developed in order to study the structure and
function of the heart in both clinical and research settings. The two categories of cardiac imaging
of interest here are (1) nuclear imaging such as positron emission tomography (PET) and single
photon emission computed tomography (SPECT), and (2) magnetic resonance imaging (MRI).

In PET imaging, a positron-emitting radiotracer is injected into the bloodstream attached
to a biologically active molecule, which is then taken up by tissues of interest. The imaging
system then detects pairs of gamma rays emitted by the tracer, and 3D images are created of the
distribution of the tracer in the body. SPECT works in a similar manner in which emitted

photons are detected. Nuclear imaging is very versatile in that, depending on the chosen radio



tracer, a number of different aspects of functional physiology can be measured [12]. In cardiac
imaging, PET can be used to measure perfusion of blood within the heart wall as well as the use
of various metabolic substrates such as glucose and fatty acids [13, 14]. Cardiac perfusion
images can also be used to obtain the geometry of the LV over the cardiac cycle [15, 16]. A
particular set-up for PET imaging of small animal models known as microPET [17] can be used
to study changes in function that occur over the lifespan of the animals. In Chapter 2 of this
document, microPET perfusion images were used in combination with an image registration
technique to determine strains in the left ventricle.

Magnetic resonance imaging works by using a magnetic field to align the magnetization
of atomic nuclei in the body, which causes the nuclei to produce a rotating magnetic field
detectable by the scanner, and this information is used to construct an image [18]. There are
several useful applications of MRI in cardiac assessments. In tagged MRI, lines or “tags” are
placed in the image in the form of a grid which deforms as the heart deforms, and this is used to
estimate strains in the cardiac tissue. However, because the tag spacing is relatively coarse, strain
distributions obtained in this manner should be interpreted with caution [16]. Cine MRI has a
relatively high temporal resolution and it is possible to observe the deformation of the whole
heart over the cardiac cycle. Diffusion tensor MRI, or DTMRI, is a means of determining ex-

vivo fiber orientations of the left ventricle [19].

1.3: Normal Cardiac Structure and Function



Introduction to the Cardiovascular System

The human cardiovascular system consists of the heart, the vasculature, and the blood.
The heart is a complex and efficient mechanical pump, the vasculature is a vast branching array
of tubes that carry blood throughout the body, and the blood is the medium for carrying the
oxygen and nutrients that are necessary for living tissues. The vasculature and the heart are
coupled to each other in a closed loop of circulation, which has varying pressures throughout the
system. The cardiovascular system has near-immediate reaction to changes in need for blood
supply to muscles to supply oxygen during exercise, by adapting the heart rate and diameter of
blood vessels. In order to meet these functional demands, the heart and vasculature have a
complex structure that facilitates efficient use of energy to achieve adequate circulation. Blood
travels through two “loops” in series: the pulmonary circulation, and the systemic circulation.
The pulmonary circulation carries oxygen-depleted blood from the right side of the heart,
through the lungs where it is oxygenated, and back to the left side of the heart. The systemic
circulation carries the oxygenated blood from the left side of the heart to all of the tissues of the
body, and which then returns to the right side of the heart. The left side of the heart will be the

focus of the discussion, in relation to its ability to supply the systemic circulation.

Heart Structure

Heart Chambers
The human heart consists of 4 chambers: the right atrium, right ventricle, left atrium, and

left ventricle [Error! Reference source not found.]. The right atrium collects blood returning to



the heart from the body via the vena cava. Then the blood passes through the tricuspid valve, into
the right ventricle. The right ventricle pumps blood out of the pulmonic valve, into the
pulmonary arteries, which carry blood to the lungs for oxygenation. The left atrium collects
blood returning to the heart from the lungs via the pulmonary veins. Then the blood passes
through the mitral valve into the left ventricle, which then pumps blood to the rest of the body
[20, 21]. The atria are thin-walled low-pressure chambers that essentially serve as reservoirs for
the ventricles [22]. In that sense, the heart can be thought of as two pumps: the right side serving
the pulmonary circulation and the left side serving the systemic circulation. The left ventricle is
much thicker and more muscular than the right ventricle because it is pumping blood to all of the
tissue of the body and therefore, works against a much greater resistance to flow resulting in a

higher pressure.

Left
Atrium

Right
Atrium |

Left
. Ventricle
Right/ ~
Ventricle

Figure 1-1: The four chambers of the heart.

Pericardium

The whole heart is held within a fluid-lined non-compliant sac called the pericardium.
The pericardium has little distensibility, so it resists sudden large increases in cardiac size, and
contributes to the mechanical interaction between the two ventricles. When cardiac growth is
slow and sustained, such as in the case of hypertrophy (as opposed to a sudden extreme pressure

increase) the pericardium will gradually stretch to accommodate the growth of the heart [22].



Heart Layers

The heart wall can be divided into three layers: the epicardium, the endocardium, and the
myocardium. The epicardium is a layer of connective tissue on the outer surface of the heart. The
endocardium lines the inner surfaces of the atria and ventricles. It consists of a layer of
endothelial cells and a mesh of collagen and elastin. The myocardium is the thick central layer
between the endo- and epicardium, which contains the functional contractile muscle of the heart.
Cardiac myocytes (muscle cells) make of up most of the mass of the myocardium [20]. Myocytes
regularly replace their proteins, which enables them to increase (hypertrophy) or decrease
(atrophy) in size in response to their mechanical environment (loading). The myocardium also
contains a significant amount of extra-cellular matrix (ECM), which is composed largely of
collagen. The ECM serves to provide structural scaffolding for the myocytes, and contributes to
the passive stiffness of the myocardium. The connective tissue fibers that make up the ECM are
secreted and maintained by fibroblasts, the most numerous cell type in the myocardium. The
collagen fibers of the ECM undergo regular turnover, and this enables the heart to adapt in
stiffness in response to the mechanical environment [21]. In fact, the diameter of the collagen
fibers (collagen molecules assemble themselves into fibers) is thought to depend on the
mechanical stress field in the ECM. In the cardiovascular system, the half-life of collagen is 15
to 90 days, and so there is continuous synthesis and degradation to maintain the ECM. [21].

Coronary Circulation Blood is supplied to the heart tissue via the coronary circulation.
The primary coronary arteries are the left main (LM), left anterior descending (LAD), the left
circumflex (CIRC), the right coronary artery (RCA), and the posterior descending artery (PDA).

The LM and the RCA originate from the aorta. The LM splits into the LAD and the CIRC. The



PDA is a continuation of either the CIRC or the RCA. These large coronary arteries run along
the epicardial (outer) surface of the heart. The large epicardial coronary arteries branch out into
smaller vessels as they travel inward toward the myocardium. The coronary circulation perfuses
the myocardium primarily during the ventricular filling phase. When the left ventricle contracts,
the vessels are temporarily compressed. The myocytes near the endocardial surface are perfused
directly from the ventricles via small arteriosinusoidal and arterioluminal vessels. Because this
additional means of circulation only affects a very small proportion of the total myocardium
(only the myocytes at the endocardial surface), it is insufficient to provide auxiliary circulation
when one of the large coronary arteries becomes occluded. Coronary veins collect the
deoxygenated blood from the heart. Most of the drainage from the heart goes directly to the right
atrium via either the coronary sinus or the anterior cardiac veins [20].
Fiber Structure

The myocardium is organized in a fiber structure which some have described as one
helically-wrapped muscle [22], while others consider it to be a continuum with a continuously
varying fiber orientations [23]. The fiber orientation is often described by two angles, the helical
angle (in the horizontal short-axis plane) and the inclination angle (in the vertical long-axis
plane). At mid-height of the ventricle, fiber inclination angles vary through the wall.
Approximate values have been measured experimentally to be about +60 degrees at the
endocardial surface, 0 degrees at mid-wall, and -70 degrees at the epicardial surface [24]. The
steep inclination angles at the endocardial and epicardial surfaces enable the LV to shorten and
twist as it contracts, which facilitates ejection. The fibers are organized in sheets, between layers

of ECM. Fiber orientations in can be measured ex-vivo with a type of imaging known as DT



MRI as mentioned in S1.2.3. This has been used to create detailed images of LV fiber orientation

structure [19] [Error! Reference source not found.].

Figure 1-2: Fiber structure of the heart determined from DT-MRI

Constitutive Description of Passive Myocardial Behavior

General characteristics of cardiac soft tissue include nonlinear stress-stretch behavior,
large strains, hysteresis and anisotropy. The structure of the myocardium is orthotropic, with the
three orientations being the fiber, sheet, and normal directions. However, because the cross-fiber
behavior is relatively similar in the sheet and normal directions, it is commonly approximated
with a transversely isotropic material model. Many different variations in the formulation of the
constitutive law for the passive myocardium have been proposed [23]. The material parameters
used in any given model are based on decades of bi-axial testing data [25-28]. One of the models
used to describe the passive behavior of the myocardium is the transversely isotropic Mooney-

Rivlin model, which is described below.



The transversely isotropic Mooney-Rivlin model describes a material with oriented fibers

embedded in a hyperelastic base material. The strain energy function for this material is:
v=FU,L)+ Fz(i) + g [In(D]? . Equation 1.7

where (with the tilde denoting the deviatoric part) I; and [, are the first and second invariants of

C, and 1 is the deviatoric part of the stretch along the fiber direction. The first term represents the

response of the base Mooney-Rivlin material [10], while the second term represents the

contribution from the fibers. The fiber strain energy us defined by:

< 0F, 5 Equation 1.8
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where C; scales the exponential stress, C, is the rate of uncramping of fibers, and Cs is the

modulus of the straightened fibers, and 4,, is the stretch at which the fibers are straightened.

Active Heart Function

Cardiac Myocytes and the Sliding Filament Theory

Cardiac myocytes are the muscle cells of the heart. They are approximately 80 to 125
micrometer long and 10 to 20 micrometers in diameter. These cells contain many myofibrils
within the cytoplasm. Myofibrils are strings made up of many tiny contractile units, known as
sarcomeres, in series. Each sarcomere is made of overlapping thin filaments of actin (5nm) and

thick filaments of myosin (10nm) [21]. The sliding filament theory of 1954 [29, 30] states that



the myosin has many transverse “cross bridges” that connect to the actin. Contraction is initiated
by the release of calcium ions, and this causes a conformation change in the individual myocin
heads resulting in a smooth ratcheting action (at about 15 mm/sec) as the cross bridges release,
move forward, and reattach. The force of contraction depends on the initial degree of overlap
between actin and myosin filaments, which determines the initial sarcomere length. There is an
“optimal” sarcomere length at which the greatest amount of force will be produced, which has
been determined experimentally to be about 2 to 2.4 micrometers. There is a direct relationship
between the local sarcomere stretch and the global LV stretch due to filling. Within the normal
physiological range of ventricular volumes, sarcomere lengths are under or near to the optimal
length. The Frank-Starling law of the heart states that greater stretch of the cardiac tissue (within
physiological limits) will cause the heart to contract with greater force. This is due to the optimal
sarcomere length, and also because stretch makes the sarcomeres more sensitive to calcium. In
addition to the force tension relationship, cardiac myocytes actively respond to the mechanical
environment in terms of progressive adaptation. By way of protein turnover, cardiac myocytes

can change in size and shape /31].

Electrical Activation

The electrical signals travel between cells through connections between heart cells known
as gap junctions. Cardiac myocytes are connected to an average of 11.3 other cells, 5.3 on the
sides and 6 on the ends [21]. The electrical signal travels into each cell via t-tubules, and causes a
release of calcium ions. The calcium ions initiate contraction of the muscle.

Specialized cells in the heart control the initiation of electrical activation, which causes

the heart to beat. Activation begins in the SA node, a region of spontaneously depolarizing cells



that lie between the superior vena cava and the right atrium. The wave of electrical activation
propagates through the right atrium, then the left atrium. After the atria, the electrical signal
reaches an area of slowly conducting cells called the AV node, then a fast conducting area called
the AV bundle, where it branches into the left and right bundle branches, which run along the
interventricular septum. The impulses carried through the bundle branches reach the His-
Purkinje system, a subendocardial network of fast-conducting cells that serve to help
synchronize ventricular activation [20]. When the heart motion is viewed with imaging

modalities such as cineMRI, the atria appear to contract while the ventricles fill, and vice versa.

Constitutive Description of Active Contractile Behavior of the Myocardium

Active contraction of the myocardium is commonly described following the approach
developed by Guccione and McCulloch [32]. The time-varying elastance model is a modified

from the standard Hill equation by an activation curve C(t). The active fiber stress is:

TG =T cad C(t). Equation 1.9

Max cqaZ+ECa?,

where T4, = 135.7 KPa is the isometric tension at maximum activation, Cay, = 4.35 uM is the
peak calcium concentration. The calcium sensitivity, ECas,, depends on the sarcomere length, [,

as:



2 i .
(Cao)max Equation 1.10
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where B governs the shape of the tension-sarcomere length relation, and [, is the sarcomere
length at which no active contraction develops.
The total stress is the sum of the active and passive stresses: ¢ = o + 6%, where

0% = T*a®a, and a is the fiber orientation [10].

The Cardiac Cycle

The cardiac cycle can be separated into two main parts: the diastolic (filling) phase and
the systolic (contracting) phase [Figure 1-3]. During diastole, the LV stretches and the volume
increases to the end-diastolic volume (EDV). Diastolic pressures are relatively low: normal end-
diastolic pressures (EDP) are about 10 mmHg in both humans and most animal models. During
systole, LV pressure increases. When the LV pressure reaches the pressure within the ascending
aorta, the aortic value opens and the blood is ejected, and LV volume decreases to the end-
systolic volume (ESV). The end-systolic pressure (ESP) has a large role in determining the
workload on the LV.

Another graphical representation that is often used to describe LV mechanics is the
Pressure-Volume Loop (PV Loop) [Figure 1-3], which plots the LV lumen pressure versus the
LV cavity volume over the cardiac cycle. Beginning in the lower left corner, diastolic filling
takes place in section (a). Then isovolumetric contraction (b) takes place: the pressure increases

while the volume remains the same. Once the pressure in the LV reaches the aortic pressure, the



aortic value opens, which is then followed by the ejection phase (c) where the blood is ejected
into the systemic circulation. Isovolumetric relaxation then takes place (d) and the pressure
drops. The Stroke Volume (SV) is the volume of blood ejected on each beat, and is calculated as
the difference between the maximum (diastole) and minimum (systole) LV cavity volumes. A
commonly used measure of overall cardiac function is the Ejection Fraction (EF), which
represents the fraction of blood in the LV that is ejected on each beat, and is calculated as the SV
divided by the end diastolic volume. The area inside the PV loop represents the energy expended

on each beat, and is known as the Stroke Work (SW). Note that increases in ESP will increase

the SW.
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Figure 1-3: (a) Schematic illustrating the general shape of Pressure and Volume curves the LV over the Cardiac Cycle,

and (b) Schematic illustrating the general shape of an LV Pressure-Volume Loop



Blood Pressures

The pressure that the left ventricle must exceed in order to pump blood to the body,
which is the pressure within the ascending aorta, is known as the ventricular afterload, and it is
affected by the mechanical properties of the vasculature. Blood pressures vary spatially
throughout the vasculature, and very temporally over the cardiac cycle [33].

In the aorta, large pulses of pressure occur with each left ventricular systolic contraction.
The aorta and the large arteries have a high degree of elasticity, which serves to regularize the
(pulsatile) flow velocity downstream. The elastance of the aorta and large arteries is due to a
layer of elastic tissue in between the inner endothelium and the smooth muscle layer [22].
Arterial elastance tends to decrease with age, and this can increase the afterload (and thus the
systolic blood pressure) in the elderly. The small arteries, called arterioles, are responsible for
what is known as peripheral resistance, which is responsible for a decrease in flow velocity just
prior to the capillaries. This is important because ultimately, the purpose of the systemic
circulation is to make a steady and slow flow of blood through the capillaries so that diffusion of
oxygen and nutrients can take place throughout the tissues of the body. The peripheral resistance
of the arterioles is due to the tiny diameter of these vessels relative to the size of blood cells, and
because these vessels have a significant layer of vasoactive smooth muscle, leading to frictional
resistance to the movement of the blood. Increased peripheral resistance will increase the
ventricular afterload.

While the actual blood pressures vary significantly depending on the location in the
vasculature and the time in the cardiac cycle, the term Blood Pressure in the clinical setting

typically refers to the maximum and minimum pressures (over the cardiac cycle) that occur in



the brachial artery, as measured with a sphygmomanometer. This measure is used in the clinical

setting to diagnose hypertension.

1.4: Hypertension and Hypertrophy

Definition of Hypertension

Hypertension, or high blood pressure, is defined by the INC7 [34] according to  Table
1-1. This defines categories of Prehypertension, Stage I Hypertension, and Stage II
Hypertension. The ESH-ESC Guidelines (2007) {Mancia, 2007 #577} additionally defines a
third stage (Stage III Hypertension) for people with systolic blood pressure exceeding
179 mmHg or a diastolic pressure over 109 mmHg.

Recent estimates suggest that hypertension affects over 30% of the adult population in
the United States [1], and as much as 1 billion people worldwide [34]. Untreated long-term
hypertension is one of the primary risk factors for stroke, heart attack, heart failure, aneurisms,
peripheral artery disease, chronic kidney disease, and other serious diseases. It is a major
economic burden on the United States health care system with an estimated annual direct and
indirect cost of $50.6 billion [1]. While both awareness and treatment of hypertension have
increased in recent decades, the total deaths have actually increased. From 1998 to 2008, the
death rate caused by HBP increased 20.2%, and the actual number of deaths rose 49.7% [1]. In

fact, high blood pressure is the number one risk factor for death throughout the world [34].



Table 1-1: Definition of Hypertension [JNC-7]

SBP/DBP JNC 7 Category

<120/80 Normal
120-139/80-89 Prehypertension
140-159/90-99 Stage I Hypertension

>160/100 Stage 11 Hypertension

High blood pressure is termed essential or primary hypertension when there is no direct
disease-related cause, and accounts for 95% of all hypertension cases [35]. Family history has
been shown to play a role [35] in the development of hypertension, however, other factors are
known to increase blood pressure including obesity, insulin resistance, high alcohol intake, high
salt intake, and aging.

The serious health risks of long term hypertension are largely due to the progressive
structural changes in the arteries and the left ventricle caused by the high pressure loading.
Hypertensive heart disease first leads to left ventricular hypertrophy, and then eventually leads to
impaired contractility [36]. Numerous studies show that increased LV mass predicts
cardiovascular events [37]. The remodeling that takes place in hypertensive hypertrophy has

been shown to increase the risk of cardiac ischemia [38] and ventricular arrhythmia [39].

Animal Models for Studying Hypertension
Hypertensive cardiac remodeling is a long term process that occurs over the lifespan (and
can take decades in humans), it is convenient for research purposes to study this process in

animal models with a relatively short lifespan. The spontaneously hypertensive rat (SHR) is a



genetically derived animal model that has been used to study hypertension and hypertrophy for
decades because it closely mimics the physiological and geometric changes observed in humans
[40], and its two-year lifespan makes it possible to study the effects of hypertension over the
animal’s entire life. Typically, the SHR is compared to a normotensive rat such as the Wistar-
Kyoto (WKY). Throughout this section, experimental results for both human and animal model
studies will be used to describe the general characteristics of hypertension and hypertrophy.
Blood pressure is very similar in most animal models and humans. Bing [41] measured
blood pressure in SHR and WKY subjects at approximately 20 months of age (old age) and
found that the mean systolic BP was 200 for the SHR with normal EF, 191 for the SHR with
failing EF, and 125 for the WKY. These BP values are similar to what has been observed in
humans [1, 42]. If one were to categorize these rats according to the JNC definition of
hypertension (for humans) in Table 1-1, the WKY would fall just above normal, in the
prehypertension category, while the SHR subjects would fall into the category for Stage II

hypertension.

Changes in Ventricular Structure

Over time, the excessive workload due to hypertension causes changes in the global

ventricular geometry, the size of myocytes, the proportion of interstitial collagen, and the

myofiber organization.

Hypertrophic Growth



Hypertensive (pressure overload) hypertrophy is known as concentric hypertrophy, and is
characterized by an increase in LV wall thickness while LV cavity volume remains normal. This
is in contrast to another type of hypertrophy, called eccentric hypertrophy, which is characterized
by an increase in LV cavity volume and typically occurs in response to sustained volume
overload [36].

Global changes in LV geometry have been documented in both human studies and animal
models of hypertension. Hypertrophy in the SHR was documented in experimental studies as
early as the 1970s. Pfeffer et al. [43] measured the maximum external horizontal circumference
of the left ventricle in rats at 90 weeks of age (near the end of the lifespan), and found mean
values of 41 mm for SHR, compared to 35 mm for WKY, indicating hypertrophy in the SHR.
This study also measured LV wall thickness at 90 weeks of age, and found values of
approximately 4 mm for the WKY, and 5 mm for the SHR, indicating hypertrophy in the SHR.
Tissue samples indicated that the diameter of the individual muscle fibers was about 15
micrometers in the WKY, and about 22 micrometers in the SHR. These results show that
pressure overload hypertrophy is associated with increased muscle fiber thickness, which
accounts for the overall thickening of the LV wall, and is consistent with the definition of
concentric hypertrophy. Numerous human studies have quantified varying degrees of
hypertensive hypertrophy using medical imaging [44]. Echocardiography has been used to
determine LV end-diastolic wall thickness to be 12.8 +/- 1.6 mm in hypertensive patients
compared with 8.5 +/- 1.1 mm for healthy volunteers [45]. Ventricular wall thicknesses of up to

20 mm have been observed [46] in severe cases of pressure induced hypertrophy.



Fibrosis

Fibrosis (additional interstitial collagen) has been observed in samples of hypertrophied
myocardial tissue, and is thought to be an adaptive response to increased pressure loads. In the
SHR study by Pfeffer et al. [43], fibrosis was measured at 90 weeks using a point counting
technique. The SHR (55 points) had more than double the fibrosis of the WKY (24 points) [43].
In a study of the same SHR subjects that will be described in Chapter 2, trichrome stained
collagen slides show noticeably more collagen (blue) in the SHR than in the WKY [Figure 1-4]. In
a study on human hearts, fibrosis was measured as a percentage area of a tissue sample. The
percentage area (mean (SD)) of fibrosis in the left ventricular wall in the hypertensive hearts (2.6
(1.5)%) was more than twice that of normal hearts (1.1 (0.5)%). This shows that the comparisons
of fibrosis between SHR and WKY are very similar to comparisons between hypertensive and
normal human hearts. The doubling of fibrosis in hypertension compared to normal suggests that

high blood pressures may trigger a response that may serve to stiffen the LV wall.



Stain for Collagen

Normal Hypertension

Figure 1-4: Trichrome stained collagen in the normal (a) and SHR (b) myocardium

In an SHR study by Bing [41], a measure of stiffness of tissue samples was tested in
addition to histological measurements of interstitium. The mean percent interstitium of tissue
samples was 8% for the WKY, 9.5% for the non-failing SHR subjects, and 20.1% for the failing
SHR subjects. The central segment stiftness [47] constant was 40 for the WKY, 42 for the non-
failing SHR subjects, and 96 for the failing SHR subjects. This suggests that the increase in
interstitium in the failing SHR 1is associated with an approximately proportional increase in tissue
stiffness as quantified by this experiment. Another study by Norton [48] found that increased
stiffness in the SHR myocardium was actually more related to enhanced cross-linking of the
collagen rather than an increase in total collagen alone.

It was also shown by Tanaka [49] that fibrosis in the ventricular septum and in the left

ventricular free wall were similar, indicating a uniform pattern of fibrosis throughout the LV.



Furthermore, the percentage area of fibrosis correlated with heart weight, indicating that the

degree of fibrosis was related to the degree of hypertrophy.

Fiber Disarray

Myocardial disarray is a fiber distribution that deviates away from the tightly organized,
parallel alignment of myocardial fibers that characterizes the normal myocardium. It is this
normal, transmural parallel organization of fibers and sheets that results in the twisting
contraction of the left ventricle (LV) that is a hallmark of normal LV contraction. In contrast,
myofiber disarray shows local as well as global deviations from this normal pattern with fibers
having random directionality compared with the surrounding myofibers bundles. A study by
Tanaka found the percent area percent area of fibrosis in tissues with and without disarray were
significantly different (p less than 0.01) among hypertensive hearts (6.6 +/- 3.6 and 2.5 +/- 1.4%)
compared with normal hearts (2.8 +/- 1.2 and 1.0 +/- 0.4%)[50]. In other words, the hypertensive
hearts had higher levels of both fibrosis and disarray. And interestingly, the percent area of
fibrosis in tissue with disarray was about 2.5 times greater than in that without disarray for both
normal and hypertensive hearts, indicating that fibrosis and disarray may develop simultaneously

as part of the same remodeling process of hypertrophy.

Changes in Ventricular Function

SV and EF
Measurements of Stoke Volume (SV) and Ejection Fraction (EF) have been used to

quantify changes in function in the development of hypertensive disease. SV should stay



relatively constant over the lifespan in order to meet the demands of a consistent cardiac output.
Pfeffer et al compared SV measurements in the SHR and WKY controls. SV for the SHR was
0.162ml at 25 weeks, and 0.134 at 90 weeks [43]. SV for the WKY was 0.207 at 25 weeks and
0.221ml at 90 weeks. This indicates that the WKY had slightly higher SV than the SHR, and that
this was maintained throughout the lifespan of the animals. This result supports the notion that
SV tends to be maintained over the lifespan regardless of the degree of hypertrophy.

EF is commonly used as a measure of cardiac function, and is typically measured using
echocardiography. Various groups have attempted to define a cut-off value below which one
might consider the EF to be indicative of heart failure. This is usually in the range of EF < 0.45
or EF < 0.50 [51-53] for both humans and the SHR. Experimental data of EF for the SHR was
measured in the study by Bing et al [41]. Mean EF was 73% in the non-failing SHR, and 45% in

the failing SHR. These are typical values for “normal” versus “failing” EF.

Strain

Recently there has been interest in developing methods for measuring image-based
strains in cardiac tissue as a means of assessing function. More detailed information about the
changes in LV function can be obtained by assessment of local tissue elongation and contraction
rather than simple global volume data. One method that has been used to obtain strain measures
of LV deformation is known as speckle tracking. In one such study [54], a relationship was
found between LV mass index (a measure of hypertrophy) and strain (measured from end-
diastole to end-systole), indicating that hypertrophic remodeling impaired systolic function. This
was the case even in subjects that had a normal EF, which highlights the value of local tissue

strain measures over global volume measures for assessing function. However, this method does



not give the full three-dimensional strain field. Instead, two-dimensional strains are calculated,
and the values reported are scalar-valued stretch values in the radial, circumferential and
longitudinal directions. Furthermore, this method does not take account of the fiber structure of
the LV so it is not possible to obtain strain values relative to the fiber orientation. Measuring
strain in the fiber direction is important for understanding the stretch imposed on the myofibers,
which is a candidate stimulus for cardiac hypertrophy [55].

Tagged MRI has been used to calculate of 2D and 3D strains, and has been used to
quantify the changes in LV function in hypertensive hypertrophy. In a study of 30 hypertensive
human subjects and 10 healthy controls, circumferential and longitudinal strain was reduced in
hypertensive subjects. Mean circumferential shortening at midwall was 20 +/- 6% for the
hypertensive subjects versus 30 +/- 6% for the controls. Mean longitudinal shortening at mid-
ventricle was 14 +/- 8% for the hypertensive subjects versus 18 +/- 3% for the controls [56]. The
primary limitations of this method are that: (1) the strain distributions are affected by the
relatively course tag spacing, and (2) there is no information available about the fiber orientation.

A very recent development in image-based strain measurement is known as slice
followed cine displacement encoded imaging with stimulated echoes (DENSE). This enables the
calculation of 3D myocardial tissue strains. [57] However, this method is very new and has yet to
be applied to the study of altered mechanics in hypertensive hypertrophy.

In order to characterize the altered mechanics of hypertensive hypertrophy in detail, it
will be necessary to use methods which: (1) are based on commonly used imaging modalities so
that data is available, (2) measure 3D strains, and (3) take account of the fiber orientation such
that the fiber-direction strains can be obtained. This is the primary motivation for the choice of

methodolodgy utilized in Chapter 2.



Physiological Changes in Hypertensive Hypertrophy

Perfusion

In hypertensive hypertrophy, there is increased myocardial cell diameter, but no
proportional increase in capillary vessels has been found. The hypertrophy increases the
required diffusion distance of nutrients [58]. This may contribute to the observed incidence of
myocardial ischemia [38] in hypertensive hypertrophy. However, microPET perfusion imaging
of SHRs has shown that there is no apparent correlation between perfusion and tissue function as

quantified by strain [Chapter 2].

Metabolism

Energy use and metabolism are also altered in hypertensive hypertrophy. While the
primary energy substrate for normal hearts is fatty acids, studies have shown that in hypertensive
hypertrophy, there is decreased use of fatty acids and increased use of glucose (which is less
efficient). This has been documented in both the SHR and in humans [13] [59]. In a longitudinal
PET imaging study of the SHR, at 20 months of age, the SHR had higher glucose utilization than
the WKY [13]. It has also been shown that the degree of hypertrophy correlates with the degree
of decrease in fatty acid oxidation in humans [59], indicating that the process of the development

of hypertrophic structural changes coincide with the change in energy substrate utilization.



1.5: Typical Modeling Assumptions in Cardiac FEA

Finite Element simulations of left ventricular solid mechanics enable the calculation of
stresses and strains in the myocardial wall. This has been used extensively in research related to
the development of treatments [60-63], as well as in the study of the basic science of LV function
in both diseased [64-66] and normal [2-4] conditions. This section briefly describes some typical
modeling assumptions in FE modeling of the LV, including representations of geometry,

boundary conditions, and loads. (Constitutive relations were discussed on Section 1.3.)

Geometry and Mesh

Some researchers have approximated the LV shape with a prolate-spheroidal geometry
[67, 68], and have obtained realistic results. However, many researchers have focused on
developing patient-specific models [60], in which the LV geometry for a specific individual is
obtained through medical imaging modalities such as CT, MRI, and perfusion PET. In this case,
the LV geometry may be manually segmented from the image slices [15], or an automatic
segmentation software tool may be used [69]. Then, the segmented contours are used to define
the LV mesh using a finite element pre-processor or meshing software. The LV geometry is

usually discretized with 8-node hexahedral “brick™ elements [15, 60, 67, 68].

Boundary Conditions and Loads



The heart is attached at the base via the large arteries and veins as well as some
connective tissue. Some z-direction (vertical, up and down) motion of the base has been
observed in medical imaging [70] during the cardiac cycle. The boundary condition prescribed at
the base can be defined with some z-direction prescribed base displacement, if the goal is to
match the movement observed in images. Or, if the goal is only to determine the stresses and
strains in response to loads, then this motion may be neglected.

The pressure on the outside (epicardial) surface of the heart (inside the pericardium) is
difficult to measure, but is believed to be relatively low, and is often neglected in cardiac FE
analyses [2-4]. The pressure on the inside (endocardial) surface of the LV has been documented
with catheter measurements [41] over the cardiac cycle, and is the primary source of loading on

the LV.

Quasi-static vs. Dynamic Modeling

The LV mechanics over the cardiac cycle are typically modeled as quasi-static, rather
than dynamic, because the inertial component has been found to change the stresses by less than

1% [71].

Neglect of Residual Stresses

The adult LV has a natural distribution of residual stresses that are formed in the process
of organ morphogenesis. These stresses have been quantified in numerous experimental studies
through what is known as the opening angle [72]. Briefly, a mid-ventricle slice (or ring) of the

LV is removed and its geometry is measured. Then, a cut is made in the radial direction, such



that the ring of tissue can open. The angle it opens to is called the opening angle and is a measure
of the overall residual stress within the LV wall. Experiments in which the ring was also sliced
circumferentially show that there is a great degree of through-wall variation in residual stress,
with the endocardial side having a much greater opening angle [72]. While these stresses are
known to exist in the LV, the residual stresses are typically neglected in finite element analysis

studies of the left ventricular cardiac cycle mechanics [15, 60, 67, 68].

1.6: Modeling of Growth and Remodeling

Early Attempts in Growth Modeling

Growth is a fundamental aspect of biological material that is particularly important in
cardiac biomechanics. Let us begin with a history of the development of material laws that
describe load-induced growth. The first work describing a relationship between the structure
(size and shape) of biological tissues and their mechanical environment was Wolff’s Law [73],
published in 1892, and described a relationship between bone growth and the loads placed on it.
However, because it was based on linearized theory of elasticity it cannot be applied to soft
tissues, which undergo large deformations. Nearly a century later, the continuum theory for
describing finite growth of soft tissues finally began to take shape. Skalak et al. [74] was the first
to develop an approach to describing volumetric and surface growth of soft biological tissues in

which the focus was placed on the kinematics involved in growth. Skalak identified measures of



finite volumetric growth, as well as rates and velocities that define surface growth. It is also
worth mentioning that Skalak introduced the notion that differential growth need not be

compatible, and that this would result in residual stresses.

Constitutive Law for Load-Based Finite Growth of Soft Tissues

Building on the work of Skalak, one of the most influential papers in the development of
continuum mechanics theories describing load-based finite growth, was that of Rodriguez et al
[75], in which a formal framework to describe kinematic growth was proposed. They described
the kinematics of volumetric growth as a sequence of two deformations. (The multiplicative
decomposition of the deformation gradient was originally developed in the context of plasticity
theory [76] based on the notion of an intermediate stress-free configuration). The first
deformation, F g4, can be thought of as follows: imagine the material as many individual pieces,
and allow each of these pieces undergo volumetric growth independently. The second part of the
deformation, F,, serves to fit the pieces back together into a contiguous body, which requires

internal loads, and as a result the grown configuration is residually stressed.
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Figure 1-5: Kinematic Representation of the decomposition of the deformation gradient. The undeformed state is B(to).

The intermediate configuration is B(t;). The final configuration is B’(t;).

Figure 1-5 (taken directly from Rodriguez 1994) shows three states in finite growth: (a)
the original zero-stress reference state B(tp); (b) the grown zero-stress B(tq); (c) the observed
intact grown state B'(t;). The growth deformation gradient F 4, maps B(ty) to B(t;). F ymay not
be compatible so B(t;) is shown as a collection of discontinuous material. In order to make the
overall growth deformation compatible, the elastic deformation F, is required to map B(t;) to
the intact grown state B'(t;). F, gives rise to the residual stress T°. The overall growth
deformation is then the composition given by

Feg — Fng_ Equation 1.11

Since F, alone is responsible for the residual stress, they suggest that the residual stresses can be

calculated ast = —pIl + F, -STW - FT.  Neither F, nor F g are directly measureable since they

involve a fictitious state. However, the total deformation F,4 can be measured, and F, = F -



F;'. With Fy = R, - U in general, they assume that Ry, = I since all of the rigid body motion

can be absorbed into F,. The authors then suggest that finding F, essentially boils down to

. : au . .
finding U, based on any postulated evolution law for d—t‘g which can, for example, be a function

of stress.

This type of constitutive growth law has been applied to various problems in
cardiovascular growth and remodeling including arterial wall growth [77-79], cardiac
morphogenesis [80, 81], and cardiac hypertrophy [61, 81-84]. For a broader treatment of the

study of theoretical growth laws in biomechanics see references [84, 85].

Computational Implementations of Constitutive Growth Law for Modeling Cardiac

Hypertrophy

In recent years, researchers have worked on developing specific forms of the constitutive
law for Fy in the context of cardiac hypertrophy. The growth tensor F, can be been strain-
driven, stress-driven, and can be either isotropic or anisotropic. Rauch et al characterized F 4 for
three cases: athlete’s heart, cardiac dilation, and cardiac wall thickening [86, 87]. F, was defined
as isotropic stress-driven for athlete’s heart, myofiber-direction strain-driven for cardiac dilation,
and cross-fiber stress-driven for pressure-overload hypertrophy. These growth tensors succeed in
identifying potentially important growth stimuli and define the anisotropy of growth in ways that
match the observed disease. However, the computational implementation lacked a realistic
material model (linear elastic, no active contraction). Kerckhoffs et al. [88] showed that single a

strain-based growth law (again based on passive filling pressures only) was able to cause two



different growth patterns, concentric and eccentric hypertrophy, in response to two different
hemodynamic disease cases, aortic stenosis and mitral valve regurgitation, when the model was
coupled to a circulatory model.

In addition to the definition of F,, some researchers have also considered the

computational framework for implementing the constitutive growth modeling approach. For
example, it is known that during cardiac growth, material turnover occurs simultaneously with
growth. Therefore, a continually updated reference configuration may be of interest. Kroon et al
[82] used an isotropic strain-based growth law to do a comparison of an unchanging vs. an
updated reference configuration for hypertrophic growth in response to passive filling pressures.
The updated reference configuration model took more iterations of growth achieve the same

amount of wall thickening and had a slightly different through-wall distribution of growth.

Limitations of the Constitutive Growth Law for Modeling Cardiac Hypertrophy and

Future Directions in Cardiac Growth Modeling

While many others have implemented the constitutive modeling approach in the context
of modeling cardiac hypertrophy [61, 81-84], there are some notable limitations. First, in this
approach, only one state of mechanics can be used to drive growth. This may be appropriate for
some applications in which it is known that the growth is only affected by a single state of stress
or strain. The left ventricle, however, experiences a wide range of different states of stress and
strain over the cardiac cycle, and the mechanisms of growth are not well characterized with
respect to the actual mechanical growth stimuli. It is likely that multiple aspects of the mechanics

influence the development of hypertrophy. For example, end-diastolic fiber strain, peak systolic



fiber stress, peak systolic cross-fiber shear strain, strain rates, and other mechanical measures
may be candidate stimuli worth evaluating. The development of mechanical models which can
incorporate mechanical information from throughout the cardiac cycle would enable the testing
of competing hypotheses regarding mechanical growth stimuli. This topic will be addressed in
Chapter 3.

Eventually, the future goal of this area of research is to incorporate growth and
remodeling material behaviors into patient-specific predictive models. This would make it

possible to predict of outcomes of competing treatment strategies.



Chapter 2. Image-Based Strain Measurements Document
Progression of Hypertensive LV Dysfunction Over SHR
Lifespan

2.1: Introduction

Long term hypertension causes progressive changes in LV structure and function.
Thickening and stiffening of the myocardium has been shown to lead to diastolic dysfunction
[89], while the increased energy demand has been shown to lead to systolic dysfunction [90].
While hypertrophic adaptations can maintain LV function in the short term, long-standing
hypertension has been shown to lead to heart failure (HF) [51]. A detailed understanding of the
long-term changes in both diastolic and systolic LV function that occur in hypertension is of
great importance to the continued development of mechanics-based treatment approaches.

The spontaneously hypertensive rat (SHR) is a genetically derived animal model that has
been used to study hypertension induced hypertrophy and heart failure for decades. Its relatively
short two-year lifespan makes it possible to study the effects of hypertension over the animal’s
entire life. This animal model closely mimics the physiological and geometric changes
associated with hypertension and hypertrophy in man [40]. Detailed temporal studies have
documented the changes in the LV geometry [41, 43], associated changes in histology [48, 91],
electromechanical function [41, 47], and contractility [92], as well as changes in molecular
function of the myocytes [93]. Changes in hemodynamic measures such as stroke volume (SV)

and ejection fractions (EF) are also well documented in the SHR [41, 43], and have been studied



in the context of the time course of the development of hypertrophy. However, detailed studies of
changes in regional LV function have yet to be carried out.

The use of mechanical strain, a measure of local tissue deformation, overcomes some
inherent limitations of global measures such as SV and EF for quantifying myocardial function.
First, if the deformation of the LV is determined relative to an in-vivo reference configuration,
then the strains calculated during diastole and systole will be separate measures. Differentiating
between changes in diastolic function and changes in systolic function is valuable because
changes in systolic and diastolic function may have different underlying mechanisms and
different time courses providing new insights into the disease progression. A second advantage of
strain as a measure of LV function is that it is a local measure of deformation. In contrast to SV
and EF, which measure the overall blood volume output, strain quantifies the mechanical
deformation behavior throughout the LV. This feature is necessary to determine whether certain
regions of the LV are performing differently than others. Additionally, local strain can be directly
related to other aspects of local disease physiology, such myocardial tissue perfusion, which
could give insight into the physiology of the disease progression. Strain measurements in the LV
of SHR subjects over their whole lifespan would contribute to the understanding of long-term
hypertension-induced changes in LV function.

The full 3D strain field of the LV can be determined directly from clinical imaging data
with an image registration technique known as Hyperelastic Warping (HW). In HW, the intensity
differences between a template (reference) image data set and a target (deformed) image data set
are used to deform a finite element (FE) representation of the LV depicted in the template image
into alignment with the target image [16, 94]. The FE model definition can include realistic

myocardial material properties as well as fiber directions [15, 70]. Regions within the image data



sets with large intensity gradients such as the epi- and endocardial walls, as well as
inhomogeneities within the wall, act as fiducial points for the image registration process.
Because this is a non-invasive image-based approach, it is possible to track these changes over
the whole lifespan of the SHR through repeated imaging. MicroPET imaging has been used to
study cardiac geometry, perfusion, and metabolism in small animal models such as the SHR [95].
In previous work, HW has been successfully applied to: (1) SHR microPET images for
evaluating LV strains at end-diastole referenced to end-systole [15], (2) human PET images for
evaluating LV strains at end-systole referenced to end-diastole [16], (3) human cineMRI images
for evaluating LV strains at end-systole referenced to end-diastole [70], (4) human cineMRI
images for evaluating LV strains at end-diastole referenced to end-systole [15]. However, there is
value in differentiating between systolic and diastolic strains. If gated image data is available,
and an appropriate reference configuration image is chosen, HW can be used to determine the
strain distributions at all gates in the cardiac cycle relative to the reference configuration image.
Then, changes in diastolic and systolic deformation can be evaluated separately.

The objective of this study was to use HW image registration to determine LV strain
distributions based on gated microPET images acquired of 7 SHR and 7 Wistar-Kyoto (WKY)
controls at 4 points in time over their lifespans, and assess the long-term changes in myocardial
function associated with hypertension in the SHR. In contrast to the previous work which only
used the end-diastolic and end-systolic images [15], the novelty of the current study was to
determine strains at all eight intermediate states over the cardiac cycle in the gated microPET
images, with the strain distributions calculated relative to an image gate in early diastole which
was defined as the reference configuration. This made it possible to study the time course of

changes in diastolic and systolic deformation behavior separately. Making use of the microPET



image-based strain data, the current study also evaluated differences in regional deformation
behavior of the LV as well as a possible relationship between perfusion and deformation. This
type of longitudinal study of strain in the SHR animal model contributes toward a more complete
understanding of the time course of changes in LV function that occur in response to long-term

hypertension.

2.2: Methods

Animal Study Design

All imaging studies were performed in accordance with Institutional Animal Care and
Use Committee (IACUC) approved protocols from both UCSF and Lawrence Berkeley National
Laboratory. Seven male SHRs and seven male WKY normotensive rats were purchased from
Charles River Laboratories (Wilmington, MA). Imaging began at approximately six months of
age and the rats were imaged throughout their life cycle at separate time points corresponding to
6, 12, 15, 18 and 20 months of age. All rats were freely fed standard Purina rat chow and water.
The rats were nocturnal and mostly ate at night. During each time point, every living rat was

imaged using '*F-flurodihydorotenol. The rats were not fasted for the studies.

MicroPET Imaging



Temporal changes in geometry and deformation were documented through multiple
image acquisitions that were performed on the 7 SHR and 7 WKY over the 1.5-2 year lifespan of
the animals. All imaging was performed using a microPET/CT scanner (InveonTM dedicated
PET docked with CT in the multimodality platform, Siemens Medical Solutions, Malvern, PA).
'8E_flurodihydorotenol was used to document the wall motion as it is taken up equally well in the
SHR as well as normal controls. Imaging issues at the 12-month acquisition resulted in unusable
images at this time point. Data sets were named by subject number and imaging acquisition
number. For example, “SHR2 5” refers to the data set from the fifth imaging acquisition of

SHR2.

Prior to imaging, the animals were anesthetized with 2% isoflurane and oxygen. The
animals were then placed in the microPET scanner with ECG electrodes attached for gating. The
animals were injected via tail vein with 1-2 mCi of '"*F-flurodihydorotenol. Image acquisition
began at the time of injection. The microPET/CT system was used to acquire dynamic ECG-
gated list mode PET data over 60 minutes. After the PET acquisition, a separate CT scan was
acquired with 120 projections of continuous rotation to cover 220° with an x-ray tube operated at
80 kVp, 0.5 mA, and 200 ms exposure time. Listmode data were histogrammed into 8 gates of
the cardiac cycle summed over the total acquisition after the initial few minutes for the studies
documenting the wall mechanics. For the dynamic and kinetic modeling studies, multiple gates
of dynamic sequences, each of which consisted of complete tomographic projections, were
histogrammed at 12 intervals of 5s, followed by 6 of 10s, 4 of 30s, 6 of 60s, and finally 10
intervals of 300s to give a total of 38 time frames over the 60 minutes. Dynamic sequences of
128x128x159 matrices of 0.776x0.776x0.796 mm’ voxels were reconstructed using a 2D

ordered-subsets expectation maximization [Fourier rebinning, OSEM (4 iteration and 16



subsets)] reconstruction algorithm supplied by the Inveon™ imaging system software with

attenuation correction using the x-ray CT images. No scatter correction was applied in this study.

Weight, LV Volume, and Wall Thickness Measurements

Body weights were measured just prior to image acquisition for all SHR and WKY
subjects. The reconstructed '*F-flurodihydorotenol images were used to determine LV lumen
volumes at each gate of each image data set using Xeleris [96] software. Volume data was not
available for one data set (SHRS5_3) due to issues with the software. The LV cavity volume data
were used to calculate Stroke Volume (SV) and Ejection Fraction (EF) as well as the reference
configuration volume (RCV). The RCV is the LV cavity volume at the image gate
corresponding to the reference configuration. The choice of image gate for the reference
configuration is discussed in the following section. The RCV was tracked over the lifespan, and
was used as a measure of unloaded LV lumen volume. Additionally, a comparison was made
between RCV and EF for individual subjects’ data (rather than averages). In order to document
the extent of hypertrophy over time, a small number of SHR and WKY subjects were sacrificed
following the series of '*F-flurodihydorotenol microPET image acquisitions performed at 6, 15,
18, and 20 months in order to measure the weight of the heart. Heart weight measurements were
also made of animals that died between image acquisitions. Hypertrophy was also documented in
LV wall thickness (WT) measurements from the images. A mid-ventricle short axis slice of the
reference configuration FE mesh was used to measure WT for all data sets. Means and standard
deviations of Body weight, SV, EF, RCV, and WT were calculated for each image acquisition

time for the SHR and the WKY groups.



Strain Measurement by Hyperelastic Warping Image Registration

Hyperelastic Warping

Hyperelastic Warping (HW) is an image registration technique that can provide estimates
of the full 3D strain field of the LV directly from clinical imaging data. In HW, the intensity
differences between a template (reference) image data set and a target (deformed) image data set
are used to deform a finite element (FE) representation of the LV depicted in the template image
into alignment with the LV depicted in the target image. The FE model can include realistic
passive and contractile material properties of the myocardium, as well as realistic fiber
directions. Regions in the image data sets with steep intensity gradients such as the epi- and
endocardial walls, as well as inhomogeneities within the wall, act as fiducial points for the image
registration process. Complete details of HW theory and its application to nuclear imaging can
be found in the following publications [15, 16, 94, 97]. The HW algorithm is integrated into a
specific version of the nonlinear FE code NIKE3D [98]. In the current project, the HW solution
evolved over seven intermediate images from early diastole (approximate stress-free state)

through end systole. The HW analysis was completed on a total of 33 image data sets.

Creation of Finite Element Models

An FE mesh was created for each image data set based on the geometry of the image gate
approximately 1/3 of the way into diastole. This time point has been shown to be the closest to
an unloaded state that occurs in-vivo [99]. This reference image data set was manually

segmented, and the resulting closed contours were used to define the FE mesh using TrueGrid



preprocessing program [100]. Each FE mesh consisted of 15,448 nodes and 13,700 hexahedral
(8-node solid) elements with B-bar (mean volumetric strain) formulation [98]. FE meshes for the
following data sets were created using HW image registration to deform the mesh from the

geometry of one LV to another [101].

The passive material behavior of the myocardium was represented with the transversely
isotropic hyperelastic material model described in Section 1.3. A description of the constitutive
model and its FE implementation can be found in Weiss et al. [102]. Realistic fiber inclination
angles [103] of -60, -30, 0, 25, 50 degrees were defined transmurally for each model from the
epicardium to the endocardium. Active fiber contraction was implemented following the
approach used by Guccione and McCulloch [32] and further details can be found in Veress et al.

[104].

Strain Data Analysis

The strain in the fiber direction (of the transversely isotropic material model) was chosen
as the appropriate strain measure to report in this study because the goal was to assess the local
elongation and shortening of the myocardial tissue during diastole and systole. The fiber strain
was calculated as a - E - a, where a is the fiber direction vector, and E is the Green-Lagrange
strain tensor. The fiber strain was recorded at all of the nodes in the FE mesh at all intermediate
states of the image registration process representing the image gates. To obtain a measure of
overall deformation for the whole LV, the nodal fiber strain results were averaged over all of the
nodes in the FE mesh. The average fiber strain in the LV mesh was calculated for each of the 7
target image gates in the cardiac cycle. The average fiber strains at end-diastole and end-systole

are of particular interest.



To assess the differences in function between the SHR and WKY groups the means and
standard deviations of the average end-diastolic fiber strain (EDFS) and average end-systolic
fiber strain (ESFS) were calculated at each image acquisition point over the lifespan of the
subjects. Statistical significance of differences in mean EDFS and ESFS between the SHR and

WKY were assessed using the Student’s t-test.

Regional fiber strains were also assessed for each image data set in order to determine
whether functional changes occurred uniformly throughout the LV. Each model was divided into
four regions (septal, anterior, lateral, posterior) using the attachment points of the right ventricle
as anatomical landmarks. Average values of regional EDFS and ESFS were determined for each
image acquisition time. The statistical significance of differences in EDFS and ESFS between
the regions was assessed using the Student’s t-test. The statistical significance of changes in

EDFS and ESFS between acquisition times was also assessed using the Student’s t-test.

Comparison of Strain Data with Other Measurements

EF, RCV, WT, EDFS, and ESFS were tabulated for each image data set in order to assess
how changes in strain coincided with the associated changes in geometry and hemodynamics.
Cutoff values were chosen for EF, RCV, WT, EDFS, and ESFS in order to separate the data sets
into those representative of “normal” states vs. those representative of “diseased” states. The
cutoff value for defining a low EF in the present work was taken to be EF < 0.45 based on: (1)
the commonly used clinical definition of systolic HF in humans (the combination of various
symptoms and an EF below some threshold value usually taken to be 0.40, 0.45, or 0.50 [20, 51,

105-109]), and (2) experimental studies of SHR and WKY rats in which the SHR subjects



experiencing clinically diagnosed heart failure had a mean EF of 0.45 [41]. Cutoff values for
ESFS, EDFS, RCV, and WT, the SHR data were defined based on from the deviation from the
normal average of the WKY data. Following the determination of the mean and standard
deviation of all of the WKY data sets, the SHR data sets were given designations based on the
number of standard deviations the values were from the mean of the WKY data. This is intended
to give an indication of the degree of abnormality of the SHR data. The standard deviations were
based on the assumption that SHR population data is normally distributed.

Perfusion was evaluated by fitting blood and tissue time activity curves generated from
the dynamic reconstructed PET data to a single-compartment irreversible model. The fine
binning in the ECG gating sequence was used to select the bins corresponding to the end
diastolic phase of the cardiac cycle, thus minimizing cardiac motion, partial volume effects and
spillover contamination. Once these gates were identified, a new dynamic series was formed by
summing the counts in each identified diastolic bin. The new dynamic series of diastolic bins
were then uploaded into Inveon™ Research Workplace version 3.0 (Siemens Molecular
Solutions, Malvern, PA) for tracer kinetic analysis. Myocardial time-activity curves (TACs) were
generated by manually drawing a volume of interest (VOI) throughout the myocardium, with
care taken to avoid the myocardial border. "*F-flurodihydrorotenol images displayed substantial
liver uptake in both rat models. To minimize spillover of radioactivity from the liver to the heart,
the entire apex and mid-cavity septal wall were not included within the VOI for any '“F-
fluorodihydrorotenol images. Tissue VOIs were selected by placing voxels in 10 consecutive
mid ventricle slices. Only slices containing myocardium in 360° were selected. To generate
blood time-activity curves, small regions of interest (10-20 mm’) were placed within the LV

blood pool with care taken to avoid the boundary of myocardium and LV cavity. The diastolic



PET images allowed for clear definition of myocardium and blood pool regions well within
anatomical boundaries, alleviating the need for partial volume correction over continuous slices.
The flow extraction product K for "*F-fluorodihydrorotenol was calculated by fitting blood and
tissue time activity curves to a single-compartment irreversible model using the Inveon™
software. After the strain analysis, K; was correlated with ESFS and EDFS in order to determine

whether perfusion of the LV was related to myocardial function.

2.3: Results

Weight, LV Volume, and Wall Thickness Measurements

The SHR and WKY subjects were similar in overall body size. At 6 and 12 months,
average body weight for the SHR was within one standard deviation of the WKY values. At 15,
18, and 20 months, average body weight for the SHR and was lower than one standard deviation
below the average WKY values but the differences were not statistically significant due to the

small number of SHR subjects alive at the later time points [Table 2-1].



Body weight (BW), Heart to body weight ratio (H/BW), Wall thickness (WT), Reference configuration

Table 2-1
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The SHR showed progressive development of LV hypertrophy. Average wall thickness
values for the SHR were similar to the WKY controls at 6 months; however, by 15 months the
SHR subjects had significantly increased wall thickness (p=0.003). Heart to body weight ratio in
the SHR increased progressively between 15 and 20 months of age, while the WKY showed

relatively unchanging heart to body weight ratio.

LV volume data showed that the average RCV and the average EF changed over time in
the SHR, while average SV remained relatively constant over the lifespan for both SHR and
WKY groups. The average SV was greater for the WKY than SHR at all time points, but the
differences were not statistically significant. The average RCV for the SHR increased
progressively from 12 to 20 months. Average EF for the SHR was close to that defined as low
EF at 18 months, and was below the low EF cutoff at the 20-month time point. Decreases in EF
observed in the aging SHR were proportional to increases in RCV. A comparison made between
RCV and EF for individual subjects’ data (rather than group averages) revealed a correlation

between RCV and EF (R = 0.67).

Strain Measurement by Hyperelastic Warping Image Registration

SHR strain results at 6 months of age appeared similar to that of WKY subjects, however,
at all later time points the SHR subjects showed progressive decreases in observed diastolic and
systolic strains compared with the WKY controls [Figure 2-1]. Significant differences between

SHR and WKY average strain data were observed at the 18-month and 20 month image



acquisitions. At 18 months, there was a significant difference between the SHR and WKY in
EDFS (p=0.009), and a somewhat significant difference in ESFS (p=0.068) [Table 2-2]. At 20
months there was a significant difference between the SHR and WKY groups in ESFS (p=0.05).
More variability in both EDFS and ESDS was observed for the SHR compared with the WKY
subjects.

Evaluating the change in SHR strains between the 6-month image acquisition and later
time points revealed that statistically significant changes in EDFS occurred before statistically
significant changes in ESFS. There was a significant decrease in EDFS between 6 and 18 months
(p=0.004), and a significant decrease in ESFS between 6 and 20 months (p=0.032). Changes
between other time points were not statistically significant.

The regional strain data for the WKY showed that the lateral region had the greatest mean
EDFS values for the first three of the four time points, and the greatest mean ESFS values for all
of the time points [Figure 2-2]. In all of those cases, the data for the lateral region was significantly
(p <0.001) greater than the other regions. At all of the time points, the difference between the
highest and lowest regional strains was greater for ESFS than for EDFS, indicating more
variation between regions in systole than in diastole.

The regional strain data for the SHR showed that the lateral region had the greatest mean
EDFS values at all time points, and the greatest mean ESFS values for the first three of the four
time points [Figure 2-2]. In all of those cases, the data for the lateral region was significantly (p <
0.001) greater than the other regions. At all time points, the difference between the highest and
lowest regional strains was only slightly greater for ESFS than for EDFS (less difference than

was observed in the WKY).



The SHR EDFS decreased significantly (p < 0.001) for all regions between 6 and 15
months, and again between 15 and 18 months. The SHR ESFS decreased significantly (p <
0.001) for all regions between 18 and 20 months. The largest difference between consecutive
regional strains for the SHR occurred in the lateral region between 18 and 20 months. This
indicated that heart failure in the SHR2 subject appeared to involve decreased systolic function

in the lateral region of the LV.
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Figure 2-1: Cardiac cycle fiber strain beginning in early diastole. The top row shows SHR results and the lower row

shows WKY results. Each of the plots from left to right depicts the results for a given age in the lifespan of the animals.



Table 2-2: Average end-diastolic fiber strain (EDFS) and end-systolic fiber strain (ESFS). Strain data is averaged for all

datasets at a given image acquisition time. Values are means +/- standard deviation. NS = not significant.

EDFS ESFS

6 months
WKY 0.044 +/- 0.004 -0.070 +/-  0.007
SHR 0.045 +/- 0.007 -0.071 +/-  0.017
P value NS NS

15 months
WKY 0.039 +/- 0.006 -0.066 +/- 0.010
SHR 0.037 +/- 0.007 -0.059 +/-  0.036
P value NS NS

18 months
WKY 0.046 +/- 0.009 -0.067 +/-0.003
SHR 0.020 +/-0.010 -0.055 +/- 0.008
P value 0.009 0.068

20 months
WKY 0.034 +/- 0.003 -0.081 +/-  0.017
SHR 0.031 +/-  NA -0.021 +/-  NA

P value NS 0.051
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Figure 2-2: Plots of regional EDFS (Left Column) and regional ESFS (Right Column) vs. time of image acquisition
(subject age). Rows correspond to Lateral, Septal, Inferior and Anterior Regions. Triangles represent SHR data and

Squares represent WKY data. The lateral region tends to have the greatest values of both EDFS and ESFS. Changes in



SHR EDFS do not vary much by region. The decrease in SHR ESFS between 18 and 20 months was greater for the lateral

region than the other regions.

Comparison of Strain Data with Other Measurements

The SHR showed differences from the WKY in all measurements of LV structure and
function. The EF, RCV, WT, EDFS and ESFS results showed at least one SHR data set with a 3-
sigma difference from normal function, with many 2-sigma and 1-sigma differences being
observed [Table 2-3]. The primary results of the data comparison were:

(1) All image data sets with decreased diastolic strain showed LV hypertrophy, and the
degree of decrease in EDFS appeared to match the degree of hypertrophy. The one case of 3-
sigma decreased EDFS (SHR7 4) had 3-sigma increased WT, and all of the 2-sigma and 1-sigma
decreased EDFS cases also had 1-sigma or 2-sigma increased WT.

(2) Decreased systolic strain coincided with LV hypertrophy only in severe cases. The
two cases of 3-sigma decreased ESFS (SHR2 5 and SHR3 3) also had 3-sigma increased WT.
However, only some of the 1-sigma and 2-sigma decreased ESFS cases showed hypertrophy.
Furthermore, there were three cases of 2-sigma increased wall thickness (SHR6 3, SHR7 3,
SHRS 3) that did not show decreased ESFS.

(3) Subjects with severely decreased systolic strain had low or nearly low EF, but not all
subjects with low EF had decreased ESFS. The two data sets with 3-sigma decreased ESFS had
low or nearly low EF. However, there was one data set with low EF (SHR6_3) that did not have

a low ESFS.



(4) Hypertrophy was associated with other evidence of disease. Congestive heart failure

with fluid in the lungs was observed at the time of death in the same three data sets (SHR3 3,

SHR7 4, and SHR2 5) that had 3-sigma increased wall thickness.

(5) No correlation was found between the perfusion rate constant K; and ESFS (R* =

0.00016) [Figure 2-3]. There was also no correlation between K; and EDFS.

Table 2-3: Ejection Fraction (EF), Reference Configuration Volume (RCV), Wall Thickness (WT), End-Diastolic Fiber

Strain (EDFS), End-Systolic Fiber Strain (ESFS), Presence of congestive heart failure (CHF) for the SHR data sets.

windicates EF<0.5. *, **, *** jpdicate 1-sigma, 2-sigma, 3-sigma difference from “normal” values. + or — indicates

presence or absence of CHF. Data sets are named by subject number and acquisition number, e.g. SHR2 5 is the data set

from the fifth acquisition of SHR2.

EF RCV WT EDFS ESFS CHF
(mm’) (mm)
SHR1 1  0.58 271 5.2 0.049 -0.058 * -
SHR2 1 0.58 222 5.2 0.054 -0.081 -
SHR2 4  0.66 238 5.9 % 0.027 **  -0.049 ** -
SHR2 5 034w 466 ** 6.6 *** 0.031 * -0.021 *** +
SHR3 1  0.58 238 5.1 0.041 -0.063 -
SHR3 3 047 423 * 6.6 *** 0.046 -0.008 *** +
SHR5 1  0.59 260 53 0.053 -0.095 -
SHR6 1  0.55 238 5.1 0.046 -0.048 ** -
SHR6 3 039w 330 6.0 ** 0.029 * -0.062 -
SHR7 1  0.58 260 53 0.039 -0.088 -
SHR7 3  0.61 282 6.1 ** 0.034 * -0.089 -
SHR7 4 0.26w 704 F** 6.5 *** 0.013 *** -0.060 * +
SHR8 1 047 287 5.0 0.036 -0.067 -
SHRS8 3  0.60 244 6.2 ** 0.038 -0.078 -
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Figure 2-3: Perfusion value K1 vs. ESFS. Squares are WKY data and triangles are SHR data. No correlation was found

(R?=0.00016).

2.4: Discussion

The current study combined strain analysis of LV deformation behavior with traditional
measures of geometry, weight, and EF in order to provide a more complete picture of the
changes in structure and function that occur over the lifespan of the SHR. Traditional measures
of EF and wall thickness provide information about the overall level of function, and degree of
hypertrophy. Strain provides a detailed picture of the changes in regional deformation behavior
of the LV over the lifespan, and enables the study of the different time courses of diastolic and
systolic function separately. Comparisons between measures of structure (such as wall

thickness), and function (such as strain) provide clues about the underlying disease mechanisms.



Weight, LV Volume, and Wall Thickness Measurements

The time course of the development of myocardial hypertrophy in this study is consistent
with the literature on the SHR when considering heart to body weight ratios [40], as well as wall
thickness [43]. The relatively unchanging SV and noticeably decreasing EF in the aging SHR is
consistent with previously reported results [43]. The relatively unchanging RCV over much of
the lifespan followed by an increase at the end of life is consistent with the literature suggesting
that hypertension causes stable concentric hypertrophy over a long period of time followed by
decompensation [20]. The proportionality between RCV and EF suggests that LV lumen volume

increase tends to coincide with failing pump function during the late stages of life in the SHR.

Strain Estimation by Hyperelastic Warping Image Registration

The time courses of decreases in LV function in the aging SHR observed in this study are
also consistent with previous studies that measured EF [41]. This confirms that the images used
in this study were representative of typical SHR LV function. The strain data, based on the same
images, can thus be assumed to be a reasonable representation of SHR LV function.

The observation of decreases in diastolic strain before decreases in systolic strain
suggests that stiffening of the heart wall, associated with decreased diastolic filling, may precede
the changes in systolic function that ultimately lead to heart failure. Increased stiffness of the
myocardium may actually contribute to causing systolic contractile dysfunction by increasing the
workload on the LV. In other words, in order to maintain SV with decreased diastolic volume,

smaller systolic volume is required, which increases the contractile workload. This interpretation



of the time course of changes involved in the development of hypertension induced hypertrophy
is consistent with that reported previously [20], however, this is the first study to quantify the
separate time courses of changes in diastolic and systolic strain. Changes in diastolic and systolic
function due to long-term hypertension may have different underlying mechanisms. Separating
these effects in future studies of long term hypertension induced changes in LV function may be
important for understanding the underlying disease.

The regional strain data showed that the lateral region tended to have the greatest strains,
in both diastole and systole, for both WKY and SHR groups. This result makes sense intuitively
because the septal region of the LV is constrained in its movement by the attachment of the RV
and thus the largest strains could be expected to occur on the lateral wall. Spatial variation in
strain was greater in systole than diastole. In other words, the difference between the lateral
region strain and the other regional strains was greater in systole than diastole. This spatial
variation in systolic deformation behavior was much less pronounced in the aging SHR than in
the WKY, indicating that the aging SHR may have pattern of altered LV mechanics in which the
lateral region shows decreased systolic function. While the notion that pressure overload causes
relatively uniform change in passive material properties of the myocardium is well supported in
the literature [40, 93], changes in spatial variation in contractile function is not well understood

in the SHR.

Comparison of Strain Data with Other Measurements

The relationship observed between the degree of wall thickness increase and the degree

of reduction in EDFS suggests that hypertrophic adaptation reduces the LV’s ability to stretch in



diastole. It is generally understood that prolonged hypertension causes thickening and stiffening
of the myocardium, which initially serves a compensatory role in response to pressure overload
by both preventing overstretch during diastole and enabling adequate contractile function in
systole, but which ultimately contributes to HF when the LV becomes too stiff to allow for
adequate filling volumes. The relationship observed between severe hypertrophy and congestive
heart failure with fluid in the lungs at the time of death is consistent with generally understood
trends in hypertensive disease.

There was no direct relationship between EF and either ESFS or EDFS because EF is a
measure of blood volume output, whereas EDFS and ESFS are measures of LV tissue
deformation relative to an intermediate reference configuration. A decreased EF can occur as a
result of either decreased diastolic filling (low EDFS) or decreased systolic contraction (low
ESFS), as was observed in this study. An additional difference between EF and strain is that,
because EF is a relative measure of volume output, it is not sensitive to simultaneous changes in
end-systolic and end-diastolic volumes. In contrast, strain is measured relative to a reference
(zero strain) state. This highlights some of the advantages of strain as a measure of LV function.

The lack of correlative relationship between the LV perfusion rate constants and the
average fiber strains indicate that perfusion was maintained regardless of the functional state of
the LV. This lack of a relationship persisted even in those subjects having HF. Therefore,
perfusion of the LV appears to be independent of the passive and contractile mechanics of the

LV.

Limitations



There are some limitations to the work presented in this study. First, there was a limited
number of SHR data sets at the later stages in life because fewer of them lived until the end of
the study. This limited the ability to achieve statistical significance in the measurements of
interest at the later stages of life for the SHR. Future work will address this limitation by using a
larger number of subjects.

Secondly, blood pressure measurements were not successfully made in this study due to
experimental difficulties with the tail cuff method. In future work, additional means of obtaining
blood pressure measurements will be pursued, as this may explain why some SHR subjects
tended to show altered LV mechanics sooner than others. Left ventricular pressure measurements
via catheterization were intentionally not performed in this study because of the risks of infection
and early death that often accompany repeated catheterizations [109-112]. In this study, the focus
was on the progressive changes in LV deformation behavior over the whole lifespan, with
particular interest in the altered mechanics in the aging SHR, and repeated catheterizations may
have decreased the already small number of animals that lived until the later image acquisitions.
Ideally however, LV pressure measurements would be useful in understanding the relationship
between decreased diastolic strain and hypertrophy. Changes in diastolic strain and wall
thickness could be compared to changes in diastolic filling pressures in order to gain insight into
whether the decreased strains are more due to myocardial thickening or material stiffening.
Future work will consider other means of obtaining pressure measurements.

Next, because the strains are based on image registration, the accuracy of the strains is
limited by the resolution of the images. While this type of microPET imaging has the advantage
of being able to evaluate both perfusion and geometry at once, it has the limitation of having a

lower spatial resolution than some other imaging modalities. In addition to spatial resolution,



temporal resolution over the cardiac cycle was also limited to 8 image gates. It is possible that
the images depicting the most contracted LV may not have represented the exact moment of end
systole, and so there could be error in the end-systolic strain measurements. More image gates
over the cardiac cycle would make it possible to choose the exact moments of end diastole and
end systole.

Lastly, imaging issues at the second acquisition resulted in a series of images that were
not usable. Image-based strain measurements at more time points over the lifespan in the 12 to
18 month range would provide more detailed information about the changes in myocardial

function that occur during the transition to heart failure.

Conclusions and Future Work

The in-vivo strain measurements reported in this study, and the quantitative comparisons
of myocardial deformation and geometry, are in agreement with generally understood trends in
hypertensive disease and give insight into the time course of changes in diastolic and systolic
function in the SHR model. Changes in diastolic function may be an early effect in the
progression of the disease. This supports the notion that diastolic dysfunction precedes systolic
dysfunction in long-term hypertension and highlights the importance of separating the diastolic
and systolic effects when studying this disease. The association between HF in the aging SHR
and decreased systolic function in the lateral region of the LV suggests that spatial variation in
function may be important to consider in the study of the transition to HF. The type of image-

based strain measurements used in this study are a useful means of gaining insight into the



differences in the time courses in diastolic and systolic function, and also enable the assessment
of spatial variation in function due to long term hypertension.

Local strain measurements can also be related to other local measures of physiologically
relevant quantities. In future work, this type of longitudinal population study on the SHR will be
extended to include a direct comparison of local systolic strains with local metabolic substrate
utilization, as well as local measures of myofiber disarray. These comparisons may explain the
changes in spatial variation in contractile function observed in the SHR, and may provide further

insight into the underlying disease.



Chapter 3. A Method for Computational Modeling of
Cardiac Growth Applied to Pressure Overload Hypertrophy

3.1: Introduction

Modeling of left ventricular (LV) hypertrophy has the potential to make significant
contributions to the understanding of cardiac disease, and influence the development of treatment
strategies. However, the cyclic nature of LV mechanics complicates the modeling of LV
hypertrophy because the growth and remodeling (G&R) can be affected by many aspects of the
full cardiac cycle mechanics. Methods for biomechanical modeling of cardiac hypertrophic
growth have yet to incorporate growth stimuli from multiple points in the cardiac cycle (or
growth stimuli that fully represent the full cardiac cycle mechanics). This work aims to address
this problem(s); a novel growth modeling approach is presented.

Load-induced hypertrophy of left ventricular myocardial tissue can occur in a wide
variety of disease states including hypertension, aortic stenosis, myocardial infarction, and left
bundle branch block. In this project, the efficacy of the LV hypertrophy modeling method will be
illustrated for the case of hypertension, because this disease is well researched in terms of its
morphological effects, and because it is the most widespread cardiovascular disorder in the
world. In spite of increased pharmacological treatment in recent decades, this condition

continues to lead to heart failure for tens of thousands of people per year [1], largely due to the



progressive damage to the left ventricle that is caused by load-induced hypertrophic structural
adaptation.

In systemic hypertension, the left ventricle (LV) must work against increased pressure
load to pump blood to the body. Over time, this excessive workload causes thickening and
stiffening of the myocardium. Myocytes are known to react to their mechanical environment by
thickening when loads and/or deformations are greater than normal. The thickening of these
muscle cells, known as hypertrophy, results in an overall increase the LV wall thickness and LV
mass. Hypertensive (pressure overload) hypertrophy is known as concentric hypertrophy, and is
characterized by an increase in LV wall thickness while LV cavity volume remains normal [36].
Global changes in LV geometry have been documented in both human studies and animal models
of hypertension. In humans untreated hypertensive hypertrophy progresses over the subjects
entire lifespan, and so the use of animal models is convenient for studying the long term disease
progression. The spontaneously hypertensive rat is the most commonly studied animal model of
hypertensive hypertrophy because it closely mimics the changes in morphology and physiology
that is observed in humans, and because its two year lifespan makes it possible to study the
longitudinal disease progression. LV wall thickness in SHR and WKY subjects was measured at
90 weeks of age (old age) by Pfeffer et al [43] to be 4 mm for the WKY, and 5 mm for the SHR,
indicating hypertrophy in the SHR. Numerous human studies have quantified varying degrees of
hypertensive hypertrophy using medical imaging [44]. Echocardiography has been used to
determine LV end-diastolic wall thickness to be 12.8 +/- 1.6 mm in hypertensive patients
compared with 8.5 +/- 1.1 mm for healthy volunteers [45]. In severe cases of hypertensive
hypertrophy, ventricular wall thicknesses of up to 20 mm have been observed [46]. While

initially a compensatory mechanism, this adaptation can eventually lead to heart failure (HF) [2].



An understanding of the mechanisms of hypertrophic growth, and the mechanical stimuli
that cause it, is essential to the development of treatments strategies (which might seek to
interrupt those mechanisms in the interest of preventing excessive growth). For this reason,
several potential growth stimuli have been investigated. In a study of volume-overload
hypertrophy, Holmes et al [55] suggest that because myocytes normally experience cyclic
variations in both stress and strain, candidate hypertrophic stimuli might include minima,
maxima, mean values, amplitudes, and frequencies in the stress and strain signals.

In the case of hypertension (pressure-overload), the LV must exert more energy than
normal in order to pump against the increased systemic pressure. Changes in energy use and
metabolism have been documented in hypertensive hypertrophy. Changes in energy substrate
utilization have been found to directly correlate with LV mass [59]. The connection between
energy use and hypertensive hypertrophy suggests that the total energy expended during systole
(total systolic work) may be a potential growth stimulus in the case of pressure overload. In
general, it is likely that mechanical stimuli from multiple points in the cardiac cycle (i.e. diastolic
strain, and systolic work or stress) may be important in the development of hypertrophy.

Computational models of tissue growth and remodeling have emerged as an effective
means to test hypotheses related to growth stimuli and mechanisms of adaptation [84, 113].
Much work in recent decades has been devoted to the development of theoretical and
computational frameworks for modeling of cardiac G&R.

One approach to modeling of G&R due to a mechanical stimulus has focused on the
development of constitutive laws that cause volumetric expansion of the material in response to
loads or deformations. The strength of this approach is that it is possible to obtain a distribution

of growth that is based on the local tissue mechanics. It is believed that myocytes respond to



overload individually, and so the whole organ response is thought to have a spatial distribution of
growth that is based on the local mechanics. In the constitutive growth modeling approach the
intention is to define a material that will have an instantaneous load-growth response in addition
to the usual load-deformation response. This can be accomplished with the decomposition of the
deformation gradient into an elastic part F,, which governs the load-deformation response, and a

growth part F g, which governs the load-growth response [75]. The overall deformation gradient
is then Foy = F.F4. The definition of the growth portion, Fg is then chosen based on an

assumed mechanical growth stimulus, such as stress or strain, and it can cause either isotropic or
anisotropic growth patterns.

The strength of the constitutive modeling approach is that it is possible to obtain a
through-wall distribution of growth that is based on the local tissue mechanics. The primary
limitation of the constitutive modeling approach is that only a single moment in the cardiac cycle
mechanics can be used to drive growth. In order to better reproduce the in vivo growth
mechanisms, mechanical stimuli from throughout the cardiac cycle should be utilized to drive the
growth. A second limitation is that it is not possible to run a simulation of the cardiac cycle
following the growth of the LV. When the growth is implemented as a constitutive law, the LV
has to be in a loaded state in order to be in a grown state, and so it is not possible to obtain a
grown reference configuration from which to begin a cardiac cycle analysis. In order to
understand the ways that the growth is affecting the full cardiac cycle mechanics, the growth
should be applied to a reference configuration geometry.

The purpose of this study was to create a framework for modeling cardiac G&R in which
(1) multiple mechanical stimuli from throughout the cardiac cycle can be used to drive growth,

(2) the growth is applied to the reference configuration geometry, and (3) the spatial distribution



of growth throughout the LV is based on the local tissue mechanics. The intention is to leverage
the advantage of the constitutive modeling approach’s ability to create a through wall
distribution of growth that reflects the local mechanics, while incorporating local mechanical
data from throughout the cardiac cycle, and ultimately creating a thickened reference
configuration geometry from which to assess the new cardiac mechanics. Addressing these key
issues is a necessary step toward the goal of testing hypotheses about growth stimuli. In other
words, in order to test hypotheses about growth mechanism, it is necessary to have a modeling
framework that can incorporate multiple growth stimuli, and that can evaluate the affect of the
resulting growth on the full cardiac cycle mechanics. Eventually, once growth stimuli have been
studied extensively, the ultimate goal of this area of research is to develop models that
incorporate both the mechanical properties as well as the G&R properties of cardiac tissue in

order to actually predict medical outcomes of treatments.

3.2: Methods

Method for Modeling Cardiac Hypertrophy

Overall Modeling Framework
This section describes the overall flow of the modeling procedure that was developed for
this study [Figure 3-1]. More detail on each of the steps in the process is given following this

section.
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Figure 3-1: Flowchart representation of overall growth modeling method

The initial step in the modeling process is to run a finite element analysis of the cardiac
cycle for the case of normal mechanics. The nodal stresses and strains are recorded throughout
the cardiac cycle, and the EDV and ESV are also calculated. These data are saved for future
comparison with the altered mechanics in the hypertrophy model.

The growth model begins by running one cardiac cycle of an LV finite element model
subjected to diseased mechanics, as characterized through the application of hypertensive
pressure loading. The nodal stresses and strains are recorded throughout the cardiac cycle, and
the EDV and ESV are also calculated. These data are used to determine whether the LV must
thicken in response to the diseased mechanical state. The growth condition can be based on any
measure, or combination of measures, from the full cardiac cycle mechanics that was stored from

the previous analysis. If the value of the (global average) mechanical growth stimuli, G, is



greater than a small, user defined tolerance, then the model continues to a procedure to thicken
the LV wall. The procedure for thickening the LV wall uses the stored data from the cardiac
cycle, in combination with a growth constitutive model, to create a distribution of growth
throughout the LV that is related to the full cardiac cycle mechanics. Once the LV has been
thickened by some incremental amount in the wall thickening procedure, the new geometry is
then used to reassess the mechanical measures of interest by running a new cardiac cycle
analysis. The fiber orientations are re-calculated for the new geometry in the same manner as
they were for the original mesh. Each time the model re-assesses the mechanics after the LV has
been thickened, it will be necessary to determine a new value for the applied active contraction
of the material specified in the mechanical model. This is achieved with a secant method
approach that conserves the Stroke Volume. The model continues in this manner until the growth

condition is no longer met.

Growth Condition

The growth condition, which controls the total degree of hypertrophy, can be specified as
any measure, or combination of measures, from the full cardiac cycle mechanics that was stored
from the previous analysis. The term G represents this global growth stimulus, which, for
example, could be based on the average nodal end-diastolic strain and the average nodal end-
systolic stress. G,, denotes the “normal” value of that quantity, i.e. the value of G obtained from
the initial analysis of the LV with normal mechanics. The growth condition determines whether
or not it is necessary to increase the thickness of the LV. If the diseased mechanics causes G to
be greater than normal by more than a small tolerance, then the model continues to a procedure

that thickens the LV wall.



Wall Thickening Procedure

The procedure for thickening the LV wall uses the stored data from the previous cardiac
cycle, in combination with a growth constitutive model, to create a distribution of growth
throughout the LV that is related to the full cardiac cycle mechanics. The constitutive relation
used for the material definition in the wall thickening procedure is a variation of the type of
growth constitutive law that has been used in previous G&R models [75, 82, 87, 88]. However,
its implementation differs from the previous work in that the constitutive growth condition is
based on stored data from a previous cardiac cycle analysis. A general definition of the

deformation gradient is:
Fg — (gf _ gfc) ﬁff Rf Equation 3.1
+ (gs - gsc) ﬁss Qs

+ (gn - gnc) IBnn dn

Here, there are three terms, which determine the growth in the fiber, sheet, and sheet-normal
directions of the myocardial material, which is orthotropic in nature [21], and tends to grow in an
orthotropic manner in response to different types of diseased mechanics [20]. In practice, only
one of these terms might be used to model any given disease process. For example, in the test
case described in the Section 3.2.3, growth is only in the sheet direction. Taking one of these, F,
is scaled by (g — g.), where g is the local growth stimulus, which can be based on any measure
or combination of measures from the previous analysis of the cardiac cycle. The choice of g is a
user-defined input. g is the critical value above which growth will occur, which is a set value
that is based on the initial normotensive analysis. The beta values simply allow the user to scale

the degree of growth in the myofiber, sheet, and sheet-normal directions. For example, it would



be possible to define F, with the fiber-direction growth distribution based on diastolic strain, and

the sheet-direction growth distribution based on systolic stress, etc.

The wall thickening procedure begins with an FE mesh of the LV in its reference
configuration geometry. Then, a nominal loading state is applied in order to achieve the
appropriate change in geometry. In the Test Case of hypertensive hypertrophy this loading state
was defined by fixing the nodes on the interior (endocardial) surface, and applying a negative
(pulling) pressure to the outer (endocardial) surface. The value of the applied load was chosen to
cause an incremental amount of wall thickening. This procedure will thicken the LV wall based
on the constitutive relation. For comparison, if a simple elastic material were to undergo this type
of loading, all of the elements would stretch slightly in a uniform manner. However, with the
growth constitutive relation, much more volumetric growth will occur, and the degree of element
growth will vary based on the local element value of g. This enables the model to create a spatial
distribution of growth that is based on the spatially local mechanical states, and which can
incorporate data from throughout the cardiac cycle. The final grown geometry is affected by both
the load state chosen for the wall thickening procedure, and the through-wall distribution of the

local growth stimuli.

Stroke-Volume Conserving Active Contraction

Each time the model re-assesses the mechanics after the LV has been thickened, it will be
necessary to determine a new value for the active systolic contraction of the material. This is
because, when the LV thickens, there is more material exerting active contractile stress, and so
less active contractile stress is necessary to achieve the same amount of LV volume output per

cardiac cycle. The LV volume output per cardiac cycle is the Stroke Volume (SV). In the



literature, stroke volume has been shown to stay constant over the lifespan regardless of the state
of hypertension [43]. This indicates that LV myocardial tissue will tend to contract with as much
active stress as necessary in order to meet the demand for cardiac output.

The procedure for determining the correct active contraction value for any given
thickened state is based on a secant method. First, an initial guess of the active contraction value
is made based on the following relation:

Cstart = Co(1 — a®), where a = (tg; — to)/to. Equation 3.2
Here, c, is the active contraction in the initial FE model, ¢, is the wall thickness of the initial FE
model, and ¢t is the grown wall thickness. Then, the cardiac cycle is run, and the SV is assessed.
If the SV is within a small tolerance of the initial forward model SV, then the model analysis
continues. If the SV was outside that range, then a secant method approach is used to determine

the next active contraction estimate. For complete details on the implementation, see Appendix

A.

Test Case: FE Model Creation

Geometry and Mesh

Gated microPET image data sets were obtained for an SHR subject at 6 months (young
adult) and 20 months (old age). The 6 month image data set was used to define the initial mesh
geometry. The image gate approximately 1/3 of the way into diastole was used to define the
initial mesh geometry. This time point has been shown to be the closest to an unloaded state that
occurs in-vivo [21]. This “reference configuration” image was manually segmented, and the

resulting closed contours were used to define the FE mesh using TrueGrid preprocessing



program [22]. The FE mesh was created with 2814 nodes and 2220 hexahedral (brick) elements.

Constitutive Model for Mechanics

The LV myocardium was modeled as a transversely isotropic hyperelastic material with
realistic fiber inclination angles and active fiber contraction. In particular, the transversely
isotropic Mooney-Rivlin [10] model in FEBio was chosen for this study. The material property
values were based on literature values [114]: C; = 2.325 kPa, C, = 0.232 kPa, C5 = 0.3075 kPa,
C,=0.002, C5 =0, K =100 kPa, A,,4, = 9. Active contraction is available in this material model
and the active properties were based on literature values [115]: cag= 4.35, p = 4.75, [, = 1.58,
lrer = 2.04. Realistic fiber inclination angles were calculated using a custom code, to vary
through the thickness of the LV wall. The LV mesh had five layers of elements through the wall,
and the fiber inclination angles were specified to be 65, 35, 5, -25, -55 degrees in each layer,

from the endocardial surface to the epicardial surface.

Boundary Conditions

The nodes on the surface of the base of the LV were fixed in the z-direction. A “tether”
of very soft linear elastic material was created to encircle the top two rows of elements (LV
base). This was done to provide a mild constraint that facilitates convergence of the finite
element solution without fully restricting the movement of the base of the LV in the x-y plane.
The material properties of the tether material were E = 10 kPa, and v = 0.4. The diameter of the

tether was 40 mm, and the nodes on the outer edge of the tether were fixed in all three directions.



Pressure Loads

The SHR is commonly compared to the normotensive Wistar-Kyoto (WKY) rat in animal
studies [40, 41]. The normal systolic pressures for the WKY have been measured to be 125
mmHg [41], although measurements vary from experiment to experiment. The cutoff value
defining of hypertension in humans according to the JNC7 [34] is 140 mmHg. The value of
“normal” end-systolic pressure to be used in the Test Case model was chosen to be 140 mmHg.

The hypertensive systolic pressures measured in the SHR have been reported to be
approximately 200 mmHg in the literature [41]. The LV end-systolic pressure used in the Test
Case study was 200 mmHg.

The end-diastolic pressure (EDP) was chosen to be 8.5 mmHg for both the normotensive
and hypertensive models because the goal of the Test Study was to evaluate the effect of
increased systolic workload due to an increased systolic pressure. In reality, literature shows that
the SHR tends to have greater EDP than the WKY [41], however, study of this additional

variable was outside the scope of the Test Case model.

Test Case Growth Modeling Choices

Work Definition

Myocardial energy use has been shown to correlate with myocardial mass, suggesting
that total systolic workload may influence hypertrophy in the case of hypertension [59]. The
systolic work, the work done by the LV during the systolic phase of the cardiac cycle, was used

in both the Growth Condition, to determine the total degree of wall thickening, and in the Wall



Thickening Procedure, to determine the through-wall distribution of growth. The total systolic
fiber work for each element was calculated as the integral from end-diastole to end-systole of the
element stress in the fiber direction, o ¢, with respect to the element strain in the fiber direction,

gff

ESys Equation 3.3
w=|

Each of the quantities in the above relation are element-specific. The element values of w were
calculated after each cardiac cycle analysis. In this chapter, the values for the normal model (the
initial model run with normal pressures) will be denoted as w,, with the subscript n, for normal.
The average value of the work, over all of the elements in the mesh, for the normotensive
model, w,, was calculated. Here, the over-bar on w,, denotes that it is an average value rather

than an element specific value.

Neits Equation 3.4

Normal

This is quantity was used in the Wall Thickening Procedure of the Test Case model. The
superscript on w* denotes the element number, and N, refers to the number of elements in the

LV mesh.

Growth Condition
The growth stimulus to be used in the growth condition, G, was based on the average

difference in element systolic fiber work between the hypertensive and normotensive models.



Neits Equation 3.5

1
6= ) (Wr=w)
Nelts X

=1

The Growth Condition was specified to state that when G is greater than the tolerance, then the
model will continue to the wall thickening procedure. In the model implementation, the tolerance

value was set to be 1% of w,.

Wall Thickening Procedure

In the growth constitutive relation, the growth deformation gradient, F;, given in 3.1 was
defined such that there would only be growth in the sheet direction, and the distribution of
growth would be based on element systolic work as follows:

F, = wk-w,) Bs®s. Equation 3.6

Here, s is the sheet direction vector, and £ is the scale factor in the sheet direction, which was set
to unity. Note that w,,, the average normal element work, is used here, rather than an element-
specific normal value. This is intended to represent a single work threshold above which tissue
growth will occur.

In the wall thickening procedure, the nodes on the inner (endocardial) surface of the LV
were fixed, and a pressure load was applied to the outer (epicardial) surface. The pressure value

selected was 6 kPa. This pressure load was selected for the purpose of causing an incremental

increase in wall thickness during each growth phase.



Test Case Data Analysis

Wall Thickness

The wall thickness of the LV was assessed in the reference configuration geometry
before and after each wall thickening phase. The wall thickness was calculated as the average
value of four measurements of wall thickness in the inferior, lateral, anterior, and septal
quadrants of the LV. Wall thickness measurements were made in a short-axis slice of the LV.
The slice was at mid-ventricle, approximately 65% of the height up from the bottom of the apex.
The wall thickness was measured as the distance between nodes on the opposite sides of the LV

wall. For details on the implementation of this calculation, see Appendix A.

LV Volume

The LV cavity volume was assessed in the reference configuration state, the end-diastolic
state, and the end-systolic state during each cardiac cycle analysis. The volume was calculated
based on the nodal locations on the endocardial surface of the LV. For details on the

implementation of this calculation, see Appendix A.

Work Normalization
The value of the average element systolic work was calculated for each cardiac cycle
analysis. This value was plotted for each wall thickening phase in order to show how the work

decreases incrementally toward the normal value as the LV becomes thicker.



Distributions of Work and Growth

The distributions of work and growth were observed in PostView [116] post-processing
software, for each cardiac cycle and wall thickening procedure, respectively. These plots were
evaluated to qualitatively show the correspondence between the distributions of work and
growth. The distributions were also evaluated to observe the decrease in work as the LV
thickens.

Additionally, one wall thickening procedure was performed on the LV with a “non-

growth” transversely isotropic Mooney-Rivlin material (no F ). The distribution of thickening in

the cross section was evaluated for comparison with the growth distributions in the Test Case.

This comparison was made in order to show how the growth part of the material law (Fy)

changes the through-wall distribution of growth observed during the wall thickening procedure.

Additional Model Functionality

Active Contraction Time Delay Feature

Some hypertrophic disease processes stem from alterations in electrical conduction in the
heart. For example, Left Bundle Branch Block (LBBB) is a cardiac conduction abnormality
which causes a delay along the pathway for LV activation. This time delay in activation varies
spatially over the LV with the lateral wall contraction being delayed compared with the septal
wall. The hypertrophic growth that occurs in response to this change in mechanics is
asymmetric, and is characterized by a severe thickening of the lateral wall which works against a

higher pressure load than the septal wall which contracts earlier [117]. In order to be able to



model hypertrophy that occurs in response to a spatially varying time delay in activation, a
feature was added to the modeling framework. Each element in the FE model can have a time
delay assigned to its active contraction. This element-specific time delay data can be specified in
the input file, in the same manner as element-specific fiber orientations. The time delay values
could come from patient-specific fast temporal imaging studies, and the model could be used to

predict the degree and spatial variation of the hypertrophy.

Direct Spatial Growth Scaling

In some hypertrophy modeling studies, it may be useful to be able to directly specify an a
priori spatial variation in the growth. This feature allows the user to directly specify element-
specific growth scaling factors. For example, one might want to quickly create an
asymmetrically grown geometry for use in a cardiac cycle analysis or other study. Creating a
new geometry and mesh from scratch is very time consuming. Thus it may be useful to be able to
simply specify a growth distribution in order to create the altered mesh geometry. Furthermore,
there are some disease processes that involve non-mechanical growth stimuli, in addition to the
mechanical stimuli. The ability to specify an additional element specific growth scale factor
would enable the user to incorporate this additional information into the model predicted grown

geometry.

Element Specific Local Growth Threshold
The ability to define a spatially varying range of growth thresholds would make it
possible to define different hypertrophic responses to loads through the thickness of the

myocardium or regionally within the LV. This feature enables the user to specify whether to use



a single local growth threshold value, or whether to use element-specific or region-specific
values. In the case of element-specific values, local growth threshold is the element-specific
value from the normal model. In the case of region-specific, the values of the elements in a given

region are averaged, and that value is used for all the elements in that region.

3.3: Results

Wall Thickness

The wall thickness increased incrementally with each iteration of the wall thickening
procedure as shown in Figure 3-2 with the final model-predicted wall thickness being similar to
the measured value for the SHR later in life (predicted 4.9 mm and SHR measured at20 months

was 5 mm).
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Figure 3-2: LV wall thickness vs. growth iteration number

Work Normalization

The average element systolic work plot [Figure 3-3] indicated that the average element
systolic work decreased as the LV wall thickness increased for each successive iteration. After 8
iterations of the wall thickening procedure, the work decreased to within a small tolerance of the

“normotensive” model.
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Figure 3-3: Average element systolic work vs. growth iteration number. The grey line represents the “normotensive”

value of average element systolic work.

The work growth condition used to determine the total degree of wall thickening was
defined as the average of the differences in element systolic work between the hypertensive
model and the normotensive model, as discussed in Section 3.2. This parameter can be thought
of as the “Overwork” or the degree of work overload experienced by the hypertensive model.
The amount of overwork decreased as the wall thickness increased, and after 8 iterations, it
decreased to within tolerance of zero [Figure 3-4]. A tolerance value of 0.05 was used, and the

final value of overwork was 0.025.
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Figure 3-4: Work growth condition (“overwork”) vs. growth iteration number. The degree of work overload decreases as

the wall thickness increases, and the final value is within a small tolerance of zero.

Distributions of Work and Growth

Figure 3-5 illustrates the distributions of total systolic element work in a short-axis mid-
ventricle slice for the cardiac cycle analysis following the wall thickening procedure for the 1%,
4th, and 8" iterations. The distributions show the decrease in work associated with the increase in
LV thickness.

Figure 3-6 illustrates the distributions of volumetric strain (volumetric growth) that took
place during the wall thickening iterations for the same short-axis mid-ventricle slices. The
distributions of growth resemble the distributions of work, in that the regions of increased work
in Figure 3-5 correspond with the regions of increased volumetric strain in Figure 3-6. The
distribution of growth in the areas where the local work is lower than the growth threshold show

a flat or even distribution.
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Figure 3-5: Systolic work distributions, shown in a mid-ventricle short-axis slice, from the first, fourth, and eighth

iterations of the modeling procedure. The magnitudes of work decrease as the LV wall becomes thicker.

Iteration 1% 4th 8th

Figure 3-6: Distributions of volumetric strain (growth) from the first, fourth, and eight iterations of the wall thickening
procedure. As the LV wall becomes thicker, less growth occurs. The “hot” areas are the areas where the work from the

previous cardiac cycle exceeded the local work threshold for growth.

The distribution of growth in the cross section for a regular (non-growth) transversely

isotropic Mooney-Rivlin material subjected to the loads of the wall thickening procedure showed



uniform and relatively small volume increase compared to the growth model distributions

[Figure 3-7].

Figure 3-7: Volume strain for a transversely isotropic Mooney Rivlin (non-growth) material subjected to the loads of the
wall thickening procedure. Volume increase is small and uniform compared to the growth model results.

3.4: Discussion

LV Wall Thickness and the Growth Condition

The model-predicted wall thickness (4.9 mm) was similar to the measured value
(approximately 5 mm) for the same SHR subject later in life (20 months). These values are
consistent with typical wall thickness measurements reported in the literature for the SHR late in
life [43]. As discussed earlier, the total degree of wall thickening was determined by the growth
condition, which, in the Test Case, was the difference in systolic work between the hypertensive
model and a predefined non-hypertensive model. This can be thought of as the degree of systolic

work overload, compared to a non-hypertensive model.



With increased wall thickening, there is more material exerting contraction during
systole, and so less active contractile stress is necessary to achieve the same stroke volume,
resulting in less tissue work. The model’s adaptive active contraction loop was effective at
determining the correct amount of active contraction to achieve the required stroke volume as
seen in the normalization of the average work values in Figure 3-3. These results are consistent
with the literature, where the prevailing thought is that increases in wall thickness serve to reduce
the wall stresses to normal levels [21].

The total degree of wall thickening is affected by the value of systolic pressure used in
the normal/non-hypertensive model. The choice of peak systolic pressure of 140 mmHg used in
the normal model of the Test Case resulted in a realistic prediction of wall thickness. This is the
cut-off value for brachial systolic blood pressure between prehypertension and stage I
hypertension according to  Table 1-1. Systolic pressures in the LV are known to be higher than
brachial systolic blood pressures, so the application of this value as the LV peak systolic pressure
corresponds to a case in which the brachial systolic blood pressure would be below this cut-off.
In the literature, systolic blood pressures for normotensive rats have been measured to be 125
mmHg [41]. In the model, if a lower value were used to define the baseline mechanics measures
of the non-hypertensive case, then the model-predicted (hypertensive) wall thickness would be
greater. And conversely, if a higher value were defined as normal, then the final model-predicted
wall thickness would be less.

In this model, a single value of systolic pressure was defined as normal, and the total
degree of hypertrophy was essentially a linear function of the difference between the
hypertensive and normal pressure. In reality, there is no one set threshold for blood pressure

above which hypertrophy will occur. There is considerable variability between individuals.



Furthermore, due to additional physiological factors, the degree of hypertrophy does not
necessarily scale directly with the level of hypertension[42] and that damage mechanisms from
very high levels of stress or work can inhibit hypertrophy development.

In this model, the growth was driven by one variable only, the systolic work (which is a
function of the systolic pressure). In reality, there are a large number of physiological influences
that affect hypertrophy. In large population studies, in which results were controlled for multiple
known risk factors, including systolic blood pressure, only 60-68% [118] of the variability in LV
mass could be explained. Genetic risk factors are currently being studied in an effort to
understand more of the influences affecting hypertrophy [119, 120]. Those caveats aside,
decreases in systolic blood pressure are known to decrease the development of hypertrophy,
blood pressure defined as hypertensive [34] appears to be the primary influence in the
development of hypertrophy, and myocytes are known to increase in size in response to elevated
loads [41].

The choice of total systolic work for the growth condition is one way to account for the
hypertensive systolic pressure load, while also taking account of the deformation necessary to
achieve the required stroke volume. Furthermore, it has been suggested that energy use (the total
energy expended by the tissue during systole) may be a driving factor for hypertrophy. The use
of a measure of local energy expended during systole to drive growth may be better at predicting
growth than stress or strain at any one point in time in the cardiac cycle because it represents the

behavior over the whole systolic phase.

Distributions of Work and Growth



The distributions of growth show distinct differences between the regions showing larger
increases in volume versus areas that have lower and more uniform values of volume increase.
The regions of high volume increase directly coincide with high work regions. These are the
areas where the local systolic work exceeded the work threshold value, and thus caused the
growth deformation tensor to increase the volumetric expansion. The areas where the work was
below the growth threshold the growth distributions showed mid-range volumetric strain values
(yellow rather than red) indicating these elements were stretching in the same manner as a
material that does not have the additional growth deformation tensor. These areas appear very
similar in volumetric strain values to the uniform distribution obtained when the non-growth
material was subjected to the same loading for comparison.

The use of a single threshold value for the local growth stimulus has been used
extensively in the application of this type of growth constitutive model [87] [81, 86, 88]. This
threshold is intended to represent the observed behavior in tissue studies in which (controlling
for other variables) higher-than-normal loads cause hypertrophy, while “normal” loads do not. It
is believed this threshold is a property of the myocardial material [87] and does not vary spatially
throughout the organ. However, this aspect of growth modeling is still in the early stages of
development and further work will be required to determine whether some spatial heterogeneity
in the growth response to loads should be included in this type of model.

The growth model employed in this study was successful in being able to incorporate
information from throughout the cardiac cycle into the through-wall distribution of growth. In-
vivo, myocytes normally experience cyclic variations in both loading and deformation. Cellular
mechanisms for sensing when the mechanical state is “normal” versus “overloaded” may

therefore respond to mechanical information from throughout the cardiac cycle, including



maximum and minimum stress and strain, as well as temporal information such as heart rate,
strain rate, etc. The modeling method presented represents the first implementation of finite
element-based growth modeling of left ventricular hypertrophy that can incorporate information
from multiple points throughout the cardiac cycle. This framework can be used as a test bed for
evaluating competing hypotheses about mechanical growth stimuli.

This methodology is able to incorporate multiple mechanical stimuli into the spatial
distribution of growth through the definition of a growth deformation gradient that is scaled by
locally stored data from the cardiac cycle analysis. This work represents a unique and novel
application of the growth constitutive modeling approach. In all previous models that used a
constitutive growth law, the growth deformation tensor was scaled by the current state of stress
or strain, when the model was subjected to passive filling pressures. In that type of modeling
scenario, the degree and distribution of growth are determined as an instantaneous load-growth
response to a single state of mechanical loading. This is certainly appropriate for applications in
which it is known a priori that only a single state of loading is involved in the growth
mechanism. For example, in some locations in the vasculature, the variations in pulse pressure
are small in comparison to the left ventricle, and so the overall loading might be approximated
by a single “average” loaded state. In this case, the direct implementation of the constitutive
growth law for obtaining the instantaneous load-growth response to a single state of loading
might indeed represent the in-vivo response. In contrast, the left ventricle experiences extreme
variations in pressure, and it is thought that mechanical information from multiple points in the
cardiac cycle may be important determinants of the hypertrophic response. The method

presented herein overcomes this limitation by using stored data from throughout the cardiac



cycle, in combination with a nominal loading state in a wall thickening procedure, to obtain a
spatial distribution of growth that incorporated information from throughout the cardiac cycle.
The final distribution of growth is affected by both the growth stimuli, and the nominal
loading state used in the wall thickening procedure. In the Test Case presented, the nominal
loading state was shown to produce a uniform and small degree of wall thickening when the
growth deformation tensor was not included. This resulted in a final distribution of growth in
which the areas that exceeded the local work threshold showed larger volumetric strains that
scaled in comparison to the threshold value, and the areas that did not meet this threshold grew
by a small uniform amount. In hypertension, the true through-wall distribution of growth is
unknown. More experimental data will be required to determine how this aspect of the model

should truly behave.

Mechanical Modeling Assumptions

In this or any hypertrophy model in which the growth is a function of the local
mechanics, the results of the growth will obviously be affected by the accuracy of the mechanical
model (forward model of the cardiac cycle). In the Test Case presented, typical cardiac finite
element modeling assumptions were made with regard to loads, material properties, etc. What
follows is a discussion of some of these modeling assumptions.

The applied endocardial pressure loads are based on literature values. Ideally, a model
would include subject-specific pressure measurements, however, catheter pressure measurements
were not experimentally feasible in this case. And, blood pressure measurements for the

experiments discussed in Chapter 2 were unsuccessful due to experimental difficulties with the



tail cuff method. The epicardial pressure is neglected. This is typical for LV FE models because
in-vivo epicardial pressures are difficult to measure and are thought to be negligibly small in
comparison to the endocardial loads.

The passive myocardial properties were represented with a transversely isotropic
hyperelastic material model. Transversely isotropic material models are commonly used in LV
FE models, however, orthotropic material models have been shown to be slightly more accurate
at representing myocardial behavior [23]. In the Test Case, only the fiber-direction stresses and
strains are used in the growth model, and so it is likely that the difference between transversely
isotropic and orthotropic material models would have a very small effect on the final results. The
fiber inclination angles were defined with a realistic through-wall distribution, as is commonly
done in the literature [60]. Ideally, a model would include subject-specific fiber angles
determined from DT-MRI. However, this is not possible for longitudinal studies of repeated
imaging over the lifespan because DT-MRI can only be performed ex-vivo.

The residual stress/strain distribution was not included in the Test Case model. Following
typical assumptions for LV FE models, the state at 1/3 diastole is assumed to be the closest thing
to an unloaded state or “reference configuration” that occurs in vivo. In truth, the adult LV has a
natural distribution of residual stresses that are formed in the process of organ morphogenesis,
and which have been measured in experimental studies [72]. Incorporation of these stresses into
the model would change the through-wall distribution of stress, and would thus have some
impact on the distribution of growth, most likely resulting in a more uniform distribution of

growth than was indicated in the present study.



Chapter 4. The Effect of Changes in Systolic Pressure and

Material Stiffness on Growth Modeling Results

4.1: Introduction

In Chapter 3, systolic work was chosen as a potential growth stimulus for the case of
hypertension because it is a mechanical variable that captures the total increase in energy
expended during systole that occurs as a result of systolic pressure increases. The results of the
previous chapter demonstrated that the use of systolic work as the growth stimulus yielded LV
wall thickening values that were realistic, using literature values for the systolic pressure for the
SHR. The model was constructed such that the greater the systolic pressure (over a non-
hypertensive baseline value), the greater the hypertrophy. However, the exact relationship
between systolic pressure and the resulting wall thickness had yet to be quantified. The first goal
of this study was to quantify the relationship between systolic pressure and the model predicted
LV wall thickness, holding all other variables constant. A second mechanical variable that is
know to change in hypertensive hypertrophy, and which also affects the systolic work, is the
material stiffness. A change in material stiffness will cause a change in the LV workload when
volumes are maintained because the required active contraction stress will change. The second
goal of this study was to quantify the relationship between the material stiffness, and the
resulting systolic work and LV wall thickness. In any model study, it is necessary to quantify

how changes in relevant variables, within an appropriate range, will affect the final results. In



this chapter, two important variables affecting the results will be assessed: systolic pressure, and
material stiffness.

Systolic pressure increase is what defines the change in left ventricular loading in
hypertension. The medical definition of hypertension is a brachial systolic pressure of over 140
and a brachial diastolic pressure of over 80. Systolic brachial pressure measurements are a good
estimate of systolic left ventricular pressure. There are four different medically classified stages
of hypertension which were previously described (Table 1-1). Hypertrophy has been observed
experimentally in patients with all of these stages of hypertension, particularly stages II and III.
There is a huge degree of variability in human studies of hypertrophy in hypertensive patients
due to large number of confounding variables. For example, many people with hypertension also
have other health issues that may or may not be related to the hypertension, there is huge
variation in lifestyle factors which can affect outcomes, and genetic variation also plays a role.
For this reason, animal models are a useful way to study the disease. In animal studies, the
groups of animals are bred to have similar genetic background, and lifestyle conditions are
controlled. This removes many confounding variables. The SHR is a well-studied animal model
of hypertension, and will be used again in the present study. While blood pressure measurements
were not made in the experimental study that provided the images used in finite element model
construction in this work, other studies have measured this. Bing et al.measured systolic
pressures of 191+/-11 mmHg in failing SHRs and 120+/-12 mmHg in non-failing SHRs,
compared with normal control WKY rats which had pressures of 125+/-5 mmHg {Bing, 1995
#36}. If the average values for the SHR were placed in the categories for humans, they would be

representative of Stage III hypertension. The range of hypertensive systolic pressure values to



chosen for this study was 160 to 200 mmHg because it encompases stage II and III hypertension
in humans, and captures the average measured values observed in the SHR.

Fibrosis (collagen stiffening) is a common physiological affect associated with
hypertensive growth and remodeling. Fibrosis refers to the presence of excessive interstitial
collagen in the myocardium. In histological studies, the fraction of collagen per area in subjects
with hypertensive hypertrophy has been shown to be double that of normal subjects [47]. This
increased collagen fraction results in differences in the macroscopic mechanical properties.
Experiments on excised myocardial tissue have shown that the stiffness in subjects with
hypertensive hypertrophy is approximately twice that measured in normal subjects [47]. This
increase in material stiffness will alter the LV mechanics. One would expect two primary
changes in mechanics in order to meet the required SV with a stiffer myocardial material: (1) an
increase in diastolic pressure will be necessary to maintain diastolic volume (EDV), and (2) an
increase in systolic active contraction stress will be necessary to maintain systolic volume (ESV).
An increase in the active contraction stress will increase the systolic work. Using systolic work
as the growth stimulus, an increase in material stiffness will cause an increase in the model-
predicted LV wall thickening.

The purpose of the model study presented in this chapter is to quantify the range of model
predicted LV wall thickness as a function of changes in systolic pressure and material stiffness.
The range of systolic pressures and material stiffness evaluated in this study were chosen to be

representative of the range that have been measured experimentally in hypertensive hypertrophy.



4.2 Methods

4.2.1 Systolic Pressure

The model was evaluated for a range of peak systolic pressures from 160 to 200 mmHg.
The relationship between the applied systolic pressure, the resulting systolic work, and the
predicted LV wall thicknesses were assessed. In Chapter 3, the threshold value of systolic work
that defines the “non-hypertensive” mechanical state was based on a systolic pressure of 140
mmHg. The same value was used in the current study for consistency. The tolerance on the SV

used in the calculation of active contraction necessary to maintain SV was set at 0.1% of the SV.

4.2.2 Material Stiffening

Material Parameters

Material parameters C; and C,, which represent the stiffness of the hyperelastic base
material in the transversely isotropic Mooney-Rivlin constitutive model, were increased in order
to approximate the material stiffening observed in hypertensive hypertrophy. In the Mooney-
Rivlin base material, C; scales the first deviatoric invariant, and C, scales the second deviatoric
invariant.

In the Test Case model in Chapter 3, C; was 2.325 kPa, and C, was .2325 kPa. These two
parameters were scaled up by what will be called the stiffness factor (SF). The growth model was

evaluated for SF values of 1.5, 2.0, and 2.5.

CGR Code Addition

Increasing the material stiffness will change the diastolic mechanics. In order to compare

wall thickening results from growth models, the EDV and ESV should be the same for all of the



models so that SV is maintained. Furthermore, experimental studies show that SV is maintained
during the time course of stable concentric hypertrophy, as was observed in Chapter 2. In
Chapter 3, the code incorporated a secant method root-finding algorithm to determine the active
contraction necessary to maintain the ESV. For this part of the study, a similar iterative
procedure was incorporated in order to determine the EDP necessary to maintain the EDV. That
way, the systolic contraction will begin at the same level of diastolic stretch, and the systolic
work can be compared between models. The tolerance on the EDV was set at 0.05% of the EDV.
See Appendix A for code implementation details. The LV volumes used in the model were: EDV

=460 mm3, and ESV =195 mm3, which results in SV = 265 mm3, and EF = 0.58.

Analysis

A table was constructed showing the relationship between stiffness factor and change in
EDP. The change in EDP was calculated as the difference between the model EDP and EDP,
divided by EDP,, where EDPy is the EDP for the original material properties. The relationship
between stiffness factor and systolic work was evaluated for a series of models with systolic
pressures of 160 mmHg, as well as a series of models with systolic pressures of 200 mmHg. The
relationship between stiffness factor and LV wall thickness was evaluated for a series of models

with a systolic pressure of 160 mmHg.



4.3 Results

4.3.1 Systolic Pressure
Increased systolic pressure results in increased systolic work (Figure 4-1) with a trend
that is linear (R* = 0.9999). Average element systolic work for pressures of 160, 180, and 200

mmHg were 13.5%, 27.4%, and 41.3% greater than the systolic work for the 140 mmHg model.
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Figure 4-1: Average element systolic work vs. peak systolic pressure. Increasing pressure causes an increase in the systolic
work.



Increased systolic pressure results in increased LV wall thickness values (Figure 4-2).
Model predicted LV wall thickness for pressures of 160, 180, and 200 mmHg were 10%, 24%,
and 51% greater than the original LV wall thickness for the 140 mmHg model. The slope of the
curve increases with increasing pressure. In otherwords, incremental increases in systolic

workload produced greater increases in LV wall thickness for higher pressure loads.
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Figure 4-2: LV wall thickness vs. peak systolic pressure. The 140 mmHg model was the non-hypertensive control.



4.3.1 Material Stiffness

The change in end-diastolic pressures necessary to maintain filling volumes was
determined for a range of material stiffness factors (Table 4-1). Doubling the stiffness factor

caused an 86% increase in the EDP necessary to maintain filling volumes.

Table 4-1: Stiffness Factor and Percent Change in EDP

Stiffness Factor | Percent Change in
EDP (mmHg)
1.5 43%
2.0 86%
2.5 128%

The effect of increasing material stiffness on average element work was evaluated for a
series of models with ESP=160 mmHg as well as for a series of models with ESP=200 mmHg
(Figure 4-2). In both series of models, increasing stiffness resulted in increasing systolic work, in
a relationship that appears fairly linear (R*=0.997 for the 160 series and R*=0.987 for the 200
series). For the 160 series, stiffness factors of 1.5, 2.0, and 2.5 resulted in systolic work increases
of 4.5%, 10%, and 16%. For the 200 series, stiffness factors of 1.5, 2.0, and 2.5 resulted in

systolic work increases of 3.0%, 7.5%, and 12%.
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Figure 4-3: Average element systolic work vs. stiffness factor. Two series of results are shown: circles represent models
with peak systolic pressure of 200 mmHg, squares represent models with peak systolic pressures of 160 mmHg.

Material stiffening caused an increase in the model predicted LV wall thickness (Figure
4-4) with a trend that increases in slope with increasing stiffness factor. Stiffness factors of 1.5,

2.0, and 2.5 resulted in wall thickness increases of 0.9%, 4.7%, and 14%.
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Figure 4-4: LV wall thickness vs. stiffness factor for ESP=160mmHg.

4.4 Discussion

4.4.1 Systolic Pressure

The average element systolic work in the model was intended to represent a measure of
the workload being exerted by the muscle tissue in vivo, for each cardiac cycle, per gram of
tissue. The linearity of average element systolic work vs. peak systolic pressure is expected
because the applicable aspects of the mechanics are similar to that of the simple theory of
cylindrical of pressure vessels, in which wall stress is linearly related to the applied pressure.
Small amounts of error in the calculated values were due to the tolerance value on the SV, which
was used in the iterative procedure that determines the active contraction necessary to maintain
SV. An increase in tissue workload of 41%, as was observed in this study, between an LV with

140 mmHg peak systolic pressure and an LV with 200 mmHg peak systolic pressure represents a



very serious difference with regard to the physiology. That degree of increase in energy demand
may explain why the SHR has been shown to have changes in the oxygen cost of stress
development {Brooks, 1993 #103} and metabolic substrate utilization {Hernandez, 2013 #262}.
Quantifying the mechanical relationship between systolic pressure increases and tissue workload
is an important step in understanding the underlying mechanisms of pressure overload
hypertrophy. In future studies, the increases in tissue workload should be related to studies of
metabolic substrate utilization and other aspects of the physiology as this may give insight into
the mechanisms of adaptation present in the disease.

The model developed in this project was created to determine the amount of LV wall
thickening necessary to reduce the average element systolic work to a predetermined threshold
level representing a non-hypertensive state. Because the relationship between applied peak
systolic pressure and the resulting average element systolic work was linear, but the relationship
between systolic pressure and growth was nonlinear, one can deduce that the relationship
between workload and growth is nonlinear. The slope of the curve increases, such that
incremental increases in workload will cause more LV wall thickening at higher pressures. This
effect is due to the geometry of the left ventricular model. Quantifying this relationship is
important for understanding the implications of choosing systolic workload as the growth
stimulus.

In this model, a single value of systolic pressure served as the threshold between non-
hypertensive and hypertensive states. In reality, there is no absolute threshold for pressure above
which hypertrophy will occur. There is considerable variability between individuals {Jones, 2004
#391}. Additionally, the model was created such that the total degree of hypertrophy was defined

as a function of the difference between the hypertensive and normotensive workload. In other



words, the model was created such that the greater the pressure, the greater the workload, and the
greater the resulting L'V wall thickness. While this is an appropriate first step for a model study,
it does not represent all of the variables involved in the true physiology. In reality, the degree of
hypertrophy does not necessarily scale directly with the systolic pressure. The incidence of
hypertrophy has been found to change with blood pressure categories [42]. For pressures defined
as stage I hypertension or stage II hypertension, the incidence of hypertrophy does increase with
blood pressure [42]. However, patients with stage III hypertension were found to have less
hypertrophy compared to those with stage II hypertension [42]. This suggests that increases in
loads up to a certain point will cause hypertrophy, but beyond that, extremely high loads will
injure the myocytes, preventing hypertrophy. The damage mechanisms present in the higher
stages of hypertension are not considered in the current growth model implementation. Future
work in models of pressure overload hypertrophy should begin to incorporate some information
about the limits of hypertrophy that are observed experimentally, in order to create a more

realistic relationship between the workload and the resulting LV thickness.

4.4.2 Material Stiffening

Increases in the stiffness of the hyperelastic base material used in the transversely
isotropic constitutive model are intended to represent the changes in macroscopic material
behavior that occur as a result of fibrosis in hypertensive hypertrophy. Increases in stiffness of 2x
have been observed in animal studies of hypertensive hypertrophy. In this model study, the
effects of increased stiffness on EDP, work, and wall thickness were evaluated.

EDP was increased by 86% as a result of doubling the stiffness. This represents a large

change in the physiological hemodynamics. Increases in diastolic ventricular pressures have been



observed experimentally in SHR subjects. Bing et al reported pressure tracings showing failing
SHRs to have an EDP of approximately 8 mmHg and non-failing SHRs to have an EDP of
approximately 5 mmHg {Bing, 1995 #36}. While the study did not show EDP for the normal
WKY controls, normal values of EDP are generally less than that {Kostis, 2003 #79}. This
suggests that failing ventricular function is associated with increased diastolic pressures, which
may be caused by increased material stiffness while the LV attempts to maintain SV.

Systolic work was increased by 10% as a result of doubling the stiffness for a model with
ESP=160. A 10% increase in workload due to stiffening, in addition to the increased workload
due to the systolic pressure overload, could have physiological consequences. Additionally, the
affect of material stiffening on the workload was slightly different at a higher pressure. Doubling
the stiffness caused an increase in systolic workload of only 7.5% for a model with ESP=200.
This study quantified some salient points of the relative effects of systolic pressure and material
stiffening on the LV workload. Tolerance values in this study were set small enough to minimize
the potential for error. In the material stiffening study, the model results are affected by both the
tolerance on SV as well as the tolerance on EDV.

Wall thickness increases with increasing stiffness showed a trend in which the slope of
the curve increased with increasing stiffness. This demonstrated that a change in the mechanics
that causes an increase in systolic work will cause a change in model predicted wall thickness

with this trend.



4.4.3 Further Discussion and Future Directions

In this model study, the increased stiffness and the increased pressure were evaluated
separately in order to assess the individual affects on the systolic work. In the physiological
range of interest, changes in systolic pressure have a much greater impact on the ventricular
workload. However, in vivo, the collagen deposition that causes material stiffening occurs
simultaneously with the development of myocyte hypertrophy, as both the fibroblasts and the
myocytes respond to the in-vivo mechanical environment of pressure overload. This means that,
in addition to the extra workload caused by hypertension, material stiffening will cause an
incremental increase in workload. This suggests that hypertensive hypertrophy could potentially
accelerate over time due to the interplay of pressure loading and fibrosis. The combined effects
of these two factors are important to understand because they likely play a role in the transition
to heart failure.

Future work should consider the interplay of these variables further. It would be
informative to incorporate a closed-loop model of the circulation, rather than simply forcing the
model to maintain stroke volume, since this would have an impact on the relationship between
material stiffening, diastolic pressures, and the resulting workload.

One key area for improvement for this type of model is to develop a growth law that
captures the damage mechanisms present at the higher levels of hypertrophy. This would entail
incorporating empirical information from experimental studies of muscle tissue. Doing so would
enable the model to describe a wider range of behavior, not only for hypertensive hypertrophy,

but also for other cardiac growth and remodeling applications.



Another aspect of the growth model that may be useful to pursue further is the capability
to incorporate information from throughout the cardiac cycle into the growth law. This means
that as additional experimental data becomes available, it would be possible to incorporate more
of the physiological information into the growth law. For example, the growth law could cause
fiber direction growth as a function of diastolic strain, in addition to the sheet direction growth as
a function of systolic work.

As mentioned earlier, systolic work is an intriguing choice for the growth stimulus in
cases of pressure overload because it captures the increased energy demand. Future work should
further explore the connection between pressure overload induced changes in mechanical energy
demand and changes in metabolism.

Hypertensive hypertrophy causes symmetric hypertrophy over the whole LV, but it
would be interesting to extend the model to study cases of asymmetric remodeling. Asymmetric
hypertrophy in the cases of left bundle branch block could be modeled by making use of the
active contraction time delay feature that was incorporated. Asymmetric growth and remodeling
caused by myocardial infarction could be modeled by defining an area with zero or decreased
active contraction.

Finally, this study completely neglected the time course of the development of
hypertrophy. Future work in ventricular growth modeling should begin to consider the many
variables that affect the time course of the development of hypertrophy. This will be necessary in
order to achieve the ultimate goal of growth and remodeling research, which is to be able to

predict the long term affects of treatment strategies.






Chapter 5. Appendices

Appendix A: CGR Code

A.1: Main.cpp

L1717 7777777777777777777777777777777777777777777777777777777777777777
// //
// CARDIAC GROWTH & REMODELING //
// //

[I77717177777777777777777777777777777777777777777777777777777777777777

#include <iostream>
#include <stdio.h>
#include <stdlib.h>
#include <string>
#include <vector>
#include <math.h>

#include "create_feb.h"
#include "create_febl.h"
#include "create_feb2.h"
#include "create_feb3.h"
#include "get_line.h"
#include "output.h"
#include "hello.h"
#include "settingsl.h"
#include "read_input.h"
#include "DataAnimal.h"

using namespace std;



/// Global variables

SETTINGS1 set; // global settings variable
FILEx fpout;
FILEx fpoutR; // this is for the output

//char outfile[256];// ouput filename

char nfefile[256]; // FE file

char ngfile[256]; // displacement / growth file
char nxyzfile[256];

char nwfile[256];

char runstr[256]; // FE model run command

int c; // number of remodeling runs

/// Main entry point of application

int main(int nargs, charx argvl[])

{

// check nargs

if ((nargs != 2) && (nargs != 3))

{
hello(fpout);
printf("\n incorrect arguements \n\n\n");
return 0;

¥

// read input file

if (read_input(argv[1l], set) == false)

{
output ("ERROR : An error occured reading input file\n", fpout);
return 0;

¥

fpout = fopen(set.logfile, "w");

if (fpout == @) printf(" WARNING : logfile could not be created. Output
will not be saved\n");

char str[256];// this is a string that I'll use to print stuff to the
logfile

fpoutR = fopen(set.resultsfile, "w");

if (fpoutR == @) printf(" WARNING : results file could not be created.
Output will not be saved\n");

sprintf(str,"AvgWork Over-Work T_grown\n"); output(str, fpoutR);

// print welcome message
hello(fpout);



// print out what we got from the input file

output("Input Data:\n\n", fpout);

sprintf(str, "\tFEBio Input Filename .......

output(str, fpout);

sprintf(str, "\tNumber of Nodes in Model ...

output(str, fpout);

sprintf(str, "\tTimes (Edia Esys Erel Egr)..

\nn'

set.times[0],set.times[1],set.

output(str, fpout);

sprintf(str, "\tSystem Flag..vvuvuceerrvnnnns

output(str, fpout);

sprintf(str, "\tWall Thickness Tolerance....

set.t_tol); output(str, fpout);

sprintf(str, "\tStroke Volume Tolerance.....

set.sv_tol); output(str, fpout);

sprintf(str, "\tNodal Coordinates Filename .

output(str, fpout);

sprintf(str, "\tDisplacement Data Filename .

output(str, fpout);

sprintf(str, "\tFiber Definitions Filename .

set.fiberfile);output(str, fpout);

sprintf(str, "\tWork Data Filename .........

output(str, fpout);

// declare some more stuff to be used later

float t_refo, SVO;
char nikefile[256];

: %s\n", set.febfile);

: %d\n", set.n);

P %1.1f %1.1f %1.1f %1.1f
times[2],set.times[3]);

: %s\n", set.flag);

: %1.2f x Original_Value\n",
: %1.2f x Original_Value\n",
: %s\n", set.nodefile);

1 %s\n", set.dispfile);

: %s\n",

: %s\n\n", set.workfile);

bool got_correct_t = false; //this becomes true when it grows big enough
//bool overshot_t; // I'm not actually using this yet
bool forward_only; // when this is true we know it is only a forward

model run, not growth

// Declare stuff

DataAnimal postprocessor;

float t_ref, t_grown;

float rcv, edv, esv, grv;

float SV, EF;

float AvgWork, maxWork, minWork;

double SRSSdiffWork = @; double AvgWorkDiff = 0;

float ac_start;
float alpha;

// this is the remodeling loop
for ( c=1 ; got_correct_t == false ; c++ )

{



output(" \n\n",

fpout);
sprintf(str,"\nGrowth Loop # %d \n\n",c);
output(str, fpout);

/// New addition of loop on diastole to obtain the EDP that creates
the "right" EDV

bool got_correct_edp = false;

float correctEDP;

// set filenames for this loop
//if (c==0 && strcmp(set.flag, "osx") == 0)

/74

// sprintf(nfefile, "%s%s%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.febfile, ".feb");

// sprintf(nxyzfile,"%s%s%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile,".txt");

//%

//if (c!'=0 && strcmp(set.flag, "osx") == 0)
if (strcmp(set.flag, "osx") == 0)

{
sprintf(nfefile, '"%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.febfile, ¢, ".feb");
sprintf(nxyzfile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile, c, ".txt");

}

// declare stuff for edp-edv loop
std::vector<float> d_edv;
std::vector<float> d_edp;
d_edp.push_back(0.1);
std::vector<float> edp;

// estimate an ititial value of edp, EDP_start
edp.push_back((set.dstiff)*(set.EDPQ)); //(proportional for thin wall
tube, lin elast. just a starting guess.)

// This is the loop
int j;
for (j = 0; got_correct_edp == false; j++)

{

COU‘t << ||\n j=“ << J << ||\n||;
// create input file

if(create_febl( set, c, edpl[j]l ) == false)
{

output("ERROR : An error occured in create_febl \n", fpout);



return 0;

b

// Run it

if (strcmp(set.flag,"osx") == 0)

{sprintf(runstr,
"/Users/genevievefarrar/Desktop/GRFebio/bin/grfebio.osx -i %s —-noconfig",
nfefile);}

system(runstr);

cout << "\n in main, nodefile = nxyzfile =" << nxyzfile << "\n";

// calc EDV
if (postprocessor.read_nodefile(nxyzfile, 1.5) == false)

output("Error reading nodefile at 1.5 \n",fpout);
fclose(fpout);
return false;

b

edv = postprocessor.calc_volume(set);

// determine whether the edp used in this loop resulted in an

acceptable edv
d_edv.push_back( edv — set.EDV@ ); // this is d_edvI[j]

// if edv is in the acceptable range
if( d_edv[j] < set.edv_tolxset.EDVO && d_edv[j]l > -
1x(set.edv_tolkset.EDVO) )

{
got_correct_edp = true;
edp.push_back( edpl[jl );
correctEDP = edpljl;
}
// if edv is NOT in the acceptable range
else
{
if (j > 0)
{

d_edp.push_back( (d_edp[j-1] * d_edv[jl) / (d_edv[j-11 -
d_edv([jl) ); // this is d_edpl[j]
¥

if( d_edv[j] > set.edv_tolxset.EDVO ) {edp.push_back( edpljl

- d_edpljl );}// aclj+1]
if( d_edv[j]l < -1x(set.edv_tolxset.EDV@) ) {edp.push_back(

edpl[j] + d_edpljl );} // aclj+1]
}

// Output diastole loop results

sprintf(str,"\t\tDiastole Loop Results for c = %d, j = %d\n\n",
c,j); output(str, fpout);
sprintf(str, "\t\t\tEDV......... 1 %3,.1f\n", edv); output(str,

fpout);
sprintf(str,"\t\t\tEDV - EDVO.. : %2.3f \n", d_edv[jl);



output(str, fpout);

sprintf(str,"\t\t\tEDV_tol..... : %2.3Ff \n", set.edv_tolxset.EDVO
); output(str, fpout);

sprintf(str,"\t\t\tlast EDP.... : %3.3f \n", edplj] );
output(str, fpout);

sprintf(str,"\t\t\tnext EDP.... : %3.3f \n\n", edpl[j+1] );

output(str, fpout);

}

sprintf(str,"\t\tDiastole Loop Results for edp[0] = %3.3f\n",
edp[0]); output(str, fpout);

sprintf(str,"\t\tDiastole Loop Results for edpl[l] = %3.3f\n",

edp[1]1); output(str, fpout);
sprintf(str,"\t\tDiastole Loop Results for edpl2]
edp[2]1); output(str, fpout);

%3.3f\n\n",

// put the correct EDP into the original feb to be used in the
remodeling loop
if(create_feb2( set, c, correctEDP ) == false)
{
output ("ERROR : An error occured in create_feb2 \n", fpout);
return 0;

// this is a flag for the AC loop
bool got_correct_AC = false;

// set filenames for this loop
if (c==0 && strcmp(set.flag, "lnx") == 0)

{
sprintf(nfefile, "%s%s'", set.febfile,".feb");
sprintf(ngfile, "%s%s", set.dispfile,”.txt");
sprintf(nxyzfile, "%s%s'", set.nodefile,".txt");
sprintf(nwfile, "%s%s", set.workfile,".txt");
}
if (c!'=0 && strcmp(set.flag, "lnx") == 0)
{
sprintf(nfefile, "%s%03i%s", set.febfile, c, ".feb");
sprintf(ngfile, "%s%03i%s", set.dispfile, c, ".txt");
sprintf(nxyzfile, "%s%03i%s", set.nodefile, c, ".txt");
sprintf(nwfile, "%s%03i%s", set.workfile, c, ".txt");
}
if (c==0 && strcmp(set.flag, "osx") == 0)
{
sprintf(nfefile, "%s%s%s'", '"/Users/genevievefarrar/Desktop/CGR1/",
set.febfile, ".feb");
sprintf(ngfile, "%s%s%s'", '"/Users/genevievefarrar/Desktop/CGR1/",



set.dispfile,".txt");

sprintf(nxyzfile,"%s%s%s",

"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile,".txt");

sprintf(nwfile, '"%s%s%s",

"/Users/genevievefarrar/Desktop/CGR1/", set.workfile,".txt");

b

if (c!=0 && strcmp(set.flag, "osx") == 0)

{

sprintf(nfefile, "%s%s%03i%s",

"/Users/genevievefarrar/Desktop/CGR1/", set.febfile, ¢, ".feb");

sprintf(ngfile, "%s%s%03i%s",

"/Users/genevievefarrar/Desktop/CGR1/", set.dispfile, c, ".txt");

sprintf(nxyzfile, "%s%s%03i%s",

"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile, c, ".txt");

sprintf(nwfile, '"%s%s%03i%s",

"/Users/genevievefarrar/Desktop/CGR1/", set.workfile, c, ".txt");

b

fpout);

fpout);

fpout);

// declare stuff for the active contraction loop
std::vector<float> dsv;

std::vector<float> dac;

dac.push_back(1.0);

std::vector<float> ac;

int i_whengotcorrectac;

// just use specified ac for c = 0 run
//if (c == 0) {ac.push_back(set.ac0);}
if (c == 1) //C1//
{
ac_start = set.acO;
ac.push_back(set.ac0);

}

// for ¢ > @, calc a new ac_start and make new fiber definitions
else

{
// calc new ac_start
alpha = (t_grown - set.t_ref@)/set.t_ref0;
ac_start = (set.ac@)*(1 - alphaxalphaxalpha);
ac.push_back(ac_start);
sprintf(str,"\t\t t_grown : %2.3f\n", t_grown); output(str,
sprintf(str,"\t\t t_ref0 : %2.3f\n", set.t_ref@); output(str,

sprintf(str,"\t\t alpha : %2.3f\n", alpha); output(str, fpout);
sprintf(str,"\t\t ac_start : %2.3f\n", ac_start); output(str,

/// Make New Fiber Definitions

// read the nodal locations of the grown state (t=4.0) from the



last run

postprocessor.read_nodefile(nxyzfile, 4.0);
// put the nodal locations into nike format because that's what

fibdeft needs as input

if (strcmp(set.flag,"osx") == @) sprintf(nikefile,

"%s%s'","/Users/genevievefarrar/Desktop/fibdeft/", set.nikefile);

if (strcmp(set.flag,"lnx") == @) sprintf(nikefile,

"%s%s'","/home/gfarrar/fibdeft/", set.nikefile);

postprocessor.updateNikefile(nikefile);
// run fibdeft
if (strcmp(set.flag,"osx") == @) sprintf(runstr,

"/Users/genevievefarrar/Desktop/fibdeft/fibdeft10a.osx
/Users/genevievefarrar/Desktop/fibdeft/6Gnewref.inp");

if (strcmp(set.flag,"lnx") == @) sprintf(runstr,

"/home/gfarrar/fibdeft/fibdeftl0a.lnx /home/gfarrar/fibdeft/6Gnewref.inp");

}

system(runstr);

// This is the active contraction Lloop

int
for

i;
(i = 0; (got_correct_AC == false || (got_correct_AC == true &&

i==i_whengotcorrectac+l && c > 0)) && c<15; i++)

//if(c==0) {got_correct_AC = true;} //Cl// commented this out

/// Create New GRFEBio Input File

if(c == 1) // then need to create feb. //C1l// added this part
{

if (got_correct_AC == false) // then create_feb with end time

at 3 (forward only)

\n", fpout);

\n", fpout);

{

forward_only = true;

if(i == @) // then use ac_start

{
if(create_feb3( set, c, ac_start, 12 ) == false)
{
output("ERROR : An error occured in create_feb
return 0;
¥
b
else if( i > @ ) // use aclil
{
if(create_feb3( set, c, acl[il, 12 ) == false)
{
output("ERROR : An error occured in create_feb
return 0;
¥



got_correct_

fpout);

b
else // if got_correct_AC = true, and c > 0, and
t == false,
// then create_feb for growth run

{
forward_only = false;
if(create_feb3( set, c, acl[il, 14 ) == false)
{
output ("ERROR : An error occured in create_feb \n",
return 0;
}
b

//if(c > @) // then need to create feb.
if(c > 1) // then need to create feb. //C1l//
{

if (got_correct_AC == false) // then create_feb with end time

at 3 (forward only)

\n", fpout);

\n", fpout);

got_correct_

fpout);

{
forward_only = true;
if(i == @) // then use ac_start
{
if(create_feb( set, c, ac_start, 12 ) == false)
{
output("ERROR : An error occured in create_feb
return 0;
¥
b
else if( i > @ ) // use aclil
{
if(create_feb( set, c, aclil, 12 ) == false)
{
output("ERROR : An error occured in create_feb
return 0;
¥
b
b

else // if got_correct_AC = true, and c > 0, and
t == false,
// then create_feb for growth run

{
forward_only = false;
if(create_feb( set, c, aclil, 14 ) == false)
{

output ("ERROR : An error occured in create_feb \n",

return 0;



/// Run GRFEBio
if (strcmp(set.flag,"lnx") == 0)
{sprintf(runstr, "/home/gfarrar/grfebio/bin/grfebio.lnx -i
%s —-noconfig", nfefile);}

if (strcmp(set.flag,"osx") == 0)
{sprintf(runstr,
"/Users/genevievefarrar/Desktop/GRFebio/bin/grfebio.osx -i %s —-noconfig",
nfefile);}

system(runstr);

/// If this was ONLY a Forward Model run, then Evaluate Forward
model Results
// (also do this if it's c=0)

if( c==0 || forward_only==true )

/// Calculate Forward Model Results

//EDV
if (postprocessor.read_nodefile(nxyzfile, 1.5) == false)

output("Error reading nodefile at 1.5 \n",fpout);
break;

b

edv = postprocessor.calc_volume(set);

//ESV
if (postprocessor.read_nodefile(nxyzfile, 3.0) == false)

output("Error reading nodefile at 3.0 \n",fpout);
break;

b

esv = postprocessor.calc_volume(set);

//Work
if (postprocessor.read_workfile(nwfile) == false)

output("Error reading workfile \n", fpout);

break;
b
AvgWork = postprocessor.calc_avgWork();
maxWork = postprocessor.calc_maxWork();
minWork = postprocessor.calc_minWork();



//AvgWorkDiff = postprocessor.calc_workAvgDiff();
AvgWorkDiff = AvgWork-set.w@;

SV
EF

edv-esv; if(c ==0) {SvVe = SV;}
SV/edv;

/// Output Forward Model Results
sprintf(str,"\tGRFebio Forward Model Results for c = %d, i
= %d\n\n", c,i); output(str, fpout);

sprintf(str,"\t\tEDV.... %3.1f\n", edv); output(str,
fpout);

sprintf(str,"\t\tESV.... %3.1f\n\n", esv); output(str,
fpout);

sprintf(str,"\t\tSV..... %3.1f\n", SV); output(str,
fpout);

sprintf(str,"\t\tEF..... %1.3f\n\n", EF); output(str,
fpout);

sprintf(str,"\t\tAvgWork : %2.3f\n", AvgWork); output(str,
fpout);

sprintf(str,"\t\tmaxwWork : %2.3f\n", maxWork); output(str,
fpout);

sprintf(str,"\t\tminWork : %2.3f\n", minWork); output(str,
fpout);

sprintf(str,"\t\tAverage over-work : %2.3f\n\n",
AvgWorkDiff); output(str, fpout);

// do the active contraction loop when c > 0
if( ¢ > 0)
{
/// Evaluate SV and Calculate new AC if needed

// determine whether the ac used in this Tloop
resulted in an acceptable SV
dsv.push_back( SV - set.Sv@ ); // this is dsv[i]

// if SV is in the acceptable range
if( dsv[i] < set.sv_tolxset.SV@0 && dsvI[i] > -
1x(set.sv_tolkset.SVo) )
{
got_correct_AC = true;
i_whengotcorrectac = i;
ac.push_back( aclil ); // if acli] was correct
then set the ac for then next run to this one. acl[i+1l] = aclil

b

// if SV is NOT in the acceptable range, calculate



the new AC based on the SV results
else
{
// dac is the incremental change in ac.
// for the first loop there is a small starting
dac, which is set in the .inp file
// if i > 0, then calculate a new dac based on
the previous data
if (i > 0)

{
dac.push_back( (dac[i-1] % dsv[i]) /
(dsv[i-1] - dsvI[il) ); // this is dacl[i]
}

// if ac was too much, subtract dac

// ( if dsv is positive, then SV > SV@, and we
want to reduce SV by reducing ac )

if( dsv[i] > set.sv_tolxset.SVOQ )
{ac.push_back( ac[il - dac[i] );}// acli+1]

// if ac was too little, add dac
if( dsv[i]l < -1x(set.sv_tolxset.SV0) )
{ac.push_back( acl[il + daclil );} // acli+1]
}

/// Output Results from Active Contraction Loop
output ("\t\tActive Contraction (Loop) Results: \n\n",

fpout);

sprintf(str,"\t\t\tAC loop #.. : %d \n\n", i);
output(str, fpout);

sprintf(str,"\t\t\tSV - SV0... : %2.3f \n", dsv[il);
output(str, fpout);

sprintf(str,"\t\t\tSV_tol..... 1 %2.3f \n",
set.sv_tolxset.SV0 ); output(str, fpout);

sprintf(str,"\t\t\tlast AC.... : %3.3f \n", aclil );
output(str, fpout);

sprintf(str,"\t\t\tnext AC.... : %3.3f \n\n", acli+1]

); output(str, fpout);
}

/// If we had the right SV, see if we need to grow
if(got_correct_AC == true)
{
/// Evaluate Growth Condition: choose either (1)wall
thickness or (2)work

// option (1): if it didn't get thicker in the last
growth phase, then it's done growing.

// (this option basically defers the growth condition
to the growth constitutive model)

//if( (t_grown - t_ref) < set.t_tolxt_ref )
{got_correct_t = true;}



// option (2): test if average local work is within
tolerance of normal

output("\t Growth Condition Evaluation: \n\n", fpout);

sprintf(str,"\t\t w - wd.. : %2.3f \n", AvgWorkDiff);
output(str, fpout);

sprintf(str,"\t\t w_tol... : %2.3f \n",
set.w_tolxset.w0); output(str, fpout);

// if the "overwork" is within +/- tolerance of zero,
then we have the correct growth and we're done
if( (AvgWorkDiff < set.w@xset.w_tol && AvgWorkDiff >
-set.wlxset.w_tol) || (t_grown - t_ref) < set.t_tolxt_ref )

got_correct_t = true;
sprintf(str,"\t\t w within w_tol. No need to thicken
LV. \n\n" ); output(str, fpout);

break;
b
// NOTE: The set.w@ is the average element work for the
normotensive (ESP=140) it is 1.591.

// if the overwork is negative then we grew too much, and
need to go back
if( AvgWorkDiff < -set.w@xset.w_tol )
{
overshot_t = true; // not actually using this yet
got_correct_t = true;
sprintf(str,"\t\t w within w_tol. No need to thicken
LV. \n\n" ); output(str, fpout);
break;
b

// if we need to grow more, then the model continues to
grow.
if( AvgWorkDiff > set.w@xset.w_tol )
{
got_correct_t = false;
sprintf(str,"\t\t Work is too high. Must thicken the

LV wall. \n\n" ); output(str, fpout);
}
}

} // end of forward model results evaluation

/// If this was a Growth run, Evaluate Growth Results



if( c==0 || forward_only==false)

// Evaluate Growth Results
if (postprocessor.read_nodefile(nxyzfile, 3.5) == false)

output("Error reading nodefile at 3.5 \n", fpout);
break;

¥
t_ref = postprocessor.calc_wallThick(); if(c==0) {t_refo =

t_ref;}
rcv = postprocessor.calc_volume(set);

if (postprocessor.read_nodefile(nxyzfile, 4.0) == false)

output("Error reading nodefile at 4.0 \n", fpout);
break;

b
t_grown = postprocessor.calc_wallThick();
grv = postprocessor.calc_volume(set);

// Output Growth Results
sprintf(str,"\tGRFebio Growth Results for c = %d, i =
%d\n\n", c,1i); output(str, fpout);

sprintf(str,"\t\tRCV.... : %3.1f\n", rcv); output(str,
fpout);

sprintf(str,"\t\tGRV.... : %3.1f\n\n", grv); output(str,
fpout);

sprintf(str,"\t\tt_ref.. : %1.4f\n", t_ref); output(str,
fpout);

sprintf(str,"\t\tt_grown : %1.4f\n\n", t_grown); output(str,
fpout);

//this goes to the results file

sprintf(str,"%2.3f\t %2.3f\t %1.4f %3.3f\n", AvgWork,
AvgWorkDiff, t_grown, aclil);

output(str, fpoutR);

} // end of growth results evaluation

} // end of i loop (active contraction loop)

} // end of ¢ loop (remodeling loop)

output("\n \n", fpout);
output(" Done \n", fpout);

if (fpout) fclose(fpout);



return 0;

A.2: create_feb

create_feb.h

#ifndef CREATE_FEB_H_INCLUDED
#define CREATE_FEB_H_INCLUDED

#include <iostream>

#include "get_line.h"

#include "output.h"

#include <stdio.h>

#include <string.h>

#include "settingsl.h"

bool create_feb(SETTINGS1 &set, int &c, float &ac, int ts);
#endif // CREATE_FEB_H_INCLUDED

create_feb.cpp

#include "create_feb.h"

// create_feb : Function to create new febio input file from a template .feb;
//

bool create_feb(SETTINGS1 &set, int &c, float &ac, int ts)
{

// declare stuff

char szline[256], line[256], str[256];

char o_febfilel[256]; // original feb file. each time, we copy lines from
the same original file.

char n_febfilel[256]; // new feb file. this is the file i am making.

// these are the files where i am getting the nodes and fibers to put
into the new feb

char lastnodefile[256];

char lastfiberfile[256];

// these are the filenames to put into the output section of the new feb
char n_nodefile[256];
char n_fiberfile[256];
char n_dispfilel[256];
char n_workfile[256];



// set current filenames by loop number
if ( strcmp(set.flag, "1lnx") == 0 )

{
sprintf(o_febfile, "%s%s'", set.febfile,".feb");
sprintf(n_febfile , "%s%03i%s", set.febfile , c, ".feb");
sprintf(n_dispfile, "%s%03i%s", set.dispfile, c, ".txt");
sprintf(n_nodefile, "%s%03i%s", set.nodefile, c, ".txt");
sprintf(n_workfile, "%s%03i%s", set.workfile, c, ".txt");
sprintf(n_fiberfile, "%s%03i%s'", set.fiberfile, c, ".txt");
sprintf(lastfiberfile, "fibers.txt");
if(c==1) {sprintf(lastnodefile, "%s%s", set.nodefile,".txt");}
else {sprintf(lastnodefile, "%s%03i%s", set.nodefile, c-1, ".txt");}
b

if ( strcmp(set.flag, "osx") == 0 )

{

sprintf(o_febfile, '"%s%s%s
set.febfile,".feb");

sprintf(n_febfile , "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.febfile , c, ".feb");

sprintf(n_dispfile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.dispfile, c, ".txt");

sprintf(n_nodefile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile, c, ".txt");

sprintf(n_workfile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.workfile, c, ".txt");

sprintf(n_fiberfile,"%5%s%031%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.fiberfile, c, ".txt");

sprintf(lastfiberfile,
"/Users/genevievefarrar/Desktop/fibdeft/out.txt");

if(c==1) {sprintf(lastnodefile, "%s%s%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile,".txt");}

else {sprintf(lastnodefile, "%5%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile, c-1, ".txt");}

}

, "/Users/genevievefarrar/Desktop/CGR1/",

/// this is to set some landmarks in the feb file
// initialize landmarks

//int cs=0; int ce=0;

//int ms=0; int me=0;

int ns=0; int ne=0;

int es=0; int ee=0;

int 1s=0; //int le=0;

int o0s=0; //int o0e=0;

int ss=0; //for step start

// open original feb file
FILEx ofeb = fopen(o_febfile, "r");
if (ofeb == @) return false;

// set landmarks



for (int i=1; fgets(szline, 256, ofeb); i++)

{
sscanf(szline, "\t%s %xs", str);
if (!strcmp(str,"<Nodes>")) {ns = i;} // node deck starts
if (!strcmp(str,"</Nodes>")) {ne = i;} // node deck ends
if (!strcmp(str,"<ElementData>")){es = i;}
if (!strcmp(str,"</ElementData>")){ee = i;}
if (!strcmp(str,"<LoadData>")){ls = i;}
//if (!strcmp(str,"</LoadData>")){le = i;}
if (!stremp(str,"<logfile>")) {os = i;}
//if ('strcmp(str,"</logfile>")) {oe = i;}
if (!stremp(str,"</Output>"))
{
ss = 1i;
break;
}
}
fclose(ofeb);

/// this is to determine the last converged time point
float lct = 0; //the last converged time point in the previous febio run

// open nodal coordinates file
FILE x lnf = fopen(lastnodefile, "r");
if (lnf == @) return false;

// find last time point
char label[256]; float value = 0;
for (int i=1; fgets(szline, 256, ofeb); i++)

{
sscanf(szline, "%s %ks %f'", label, &value );
if ( strcmp(label,"*Time") == 0 && value > lct)

lct = value;
}

}
fclose(1lnf);

/// now reopen the files and get to the right place in them
// re—open original febio file
ofeb = fopen(o_febfile, "r");

// create and open new febio file
FILE x nfeb = fopen(n_febfile, "w");
if (nfeb == @) return false;

// open fiber definitions file
FILE x 1ff = fopen(lastfiberfile, "r");
if (Uff == 0) return false;



//get past the first (header) line
fgets(szline, 256, 1ff);

// open nodal coordinates file
Inf = fopen(lastnodefile, "r");

// get to the last time point in the nodal coordinates file
while (fgets(szline, 256, 1lnf))
{
char label[256]; float value;
sscanf(szline, "%s %ks %f'", label, &value );
if ( strcmp(label,"xTime") == 0 && value == lct)
{

fgets(szline, 256, lnf);
break;

/// make the new FEBio input file
for (int i=1; fgets(szline, 256, ofeb); i++)
{

// update nodal coordinates

if (i>ns && i<ne)

{
// the current node number
int n = i-ns;

//float xvalo 0; float yvalo 0; float zvalo 0;

//float xvaln 0; float yvaln 0; float zvaln 0;

//char str1[25] = "@"; char str2[25] = "@"; char str3[25] = "0@";
//char pr1ntstr[256] ="Q";

float xvalo, yvalo, zvalo;

float xvaln, yvaln, zvaln;

char stri1[25], str2[25]1, str3[25];
char printstr([256];

// get what's currently on this line of the original feb

if (n < 10) {sscanf(szline,"%5s %7s%15e,%15e,%15e
%11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

if (n >= 10 && n < 100) {sscanf(szline,"%5s %8s%15e,%15e,%15¢e
%11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

if (n >= 100 && n < 1000) {sscanf(szline,"%5s %9s%15e,%15e,%15e
%11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

if (n >= 1000 && n < 10000) {sscanf(szline,"%5s
%10s%15e,%15e,%15e %11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

// read new coordinates from nodefile

fgets(line, 256, 1lnf);

int nnf;

sscanf(line,"%d %e %e %e",&nnf,&xvaln,&yvaln,&zvaln);



if (n!=nnf) break;

// print the modified line to the new file

sprintf(printstr,"\t\t\t%s %s%+15.7e,%+15.7¢e,%+15.7e %s
\r\n",strl,str2,xvaln,yvaln,zvaln,str3);

fputs(printstr, nfeb);

// update fiber orientations

else if (i>es && i<ee)

{
// the current element number
int e = i-es;

float xval, yval, zval, gval, dval, wval;
char stri1[256], str2[256], str3[256], str4[256], str5[256],
stre[256], str7[256];

if (strcmp(set.elda_flag,"yes_elda_wc") == 0)
{
// get what's currently on this line of the feb
if (e < 10) {sscanf(szline,"%8s
%145%9e,%9%€e,%9e%165%8e%165%8e%14s%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}
if (e >= 10 && e < 100) {sscanf(szline,'"%8s
%155%9e,%9%€e,%9e%165%8e%165%8e%14s%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}
if (e >= 100 && e < 1000) {sscanf(szline,"%8s
%165%9e,%9%€e,%9e%165%8e%165%8e%14s%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}
if (e >= 1000 && e < 10000) {sscanf(szline,"%8s
%175%9e,%9%€e,%9e%165%8e%165%8e%14s%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}

// read new fibers from fiberfile and replace the values

get_line(1ff, line, 256);

int enf;

sscanf(line,"%d %ke %ke %ke %e %e %e %ke %ke %ke %ke %ke
%ke",&enf,&xval, &yval,&zval);

if (e!=enf) break;

// print the modified line to the new file
sprintf(str2,"\t\t\t%s
%Ss%+15.7e,%+15.7¢e,%+15.7e%165%81%165%81%145%81%17s
\n",strl,str3,xval,yval,zval,str4,gval,str5,dval,str6,wval,str7);
fputs(str2, nfeb);
}

if (strcmp(set.elda_flag,'"no_elda_wc") == 0)

{
// get what's currently on this line of the feb
if (e < 10) {sscanf(szline,"%8s



%145%9e,%9%€e,%9e%165%8e%165%8e%18s",strl,str3,&xval, &yval,&zval,str4,&gval,str
5,&dval,str6);}

if (e >= 10 && e < 100) {sscanf(szline,'"%8s
%155%9e,%9%€e,%9e%165%8e%165%8e%18s",strl,str3,&xval, &yval,&zval,str4,&gval,str
5,&dval,str6);}

if (e >= 100 && e < 1000) {sscanf(szline,"%8s
%165%9e,%9%€e,%9e%165%8e%165%8e%18s",strl,str3,&xval, &yval,&zval,str4,&gval,str
5,&dval,str6);}

if (e >= 1000 && e < 10000) {sscanf(szline,"%8s
%175%9e,%9%€e,%9e%165%8e%165%8e%18s",strl,str3,&xval,&yval,&zval,str4,&gval,str
5,&dval,str6);}

// read new fibers from fiberfile and replace the values

get_line(1ff, line, 256);

int enf;

sscanf(line,"%d %ke %ke %ke %e %e %e %ke %ke %ke %ke %ke
%ke",&enf,&xval, &yval,&zval);

if (e!=enf) break;

// print the modified 1line to the new file
sprintf(str2,"\t\t\t%s
%Ss%+15.7e,%+15.7¢e,%+15.7€%165%81%165%81%18s
\n",strl,str3,xval,yval,zval,str4,gval,str5,dval,str6);
fputs(str2, nfeb);

}

/*

//use the edp that we found in the edv loop

else if(i == 1s+8)

{
sprintf(str, "\t\t\t<loadpoint>1.5,%f</loadpoint> \n", edp);
fputs(str, nfeb);

Fx/

//modify the active contraction loadcurves

else if(i == 1s+20)

{
sprintf(str, "\t\t\t<loadpoint>3.0,%f</loadpoint> \n", ac);
fputs(str, nfeb);

//else if(i == 1s+45)

/74

// sprintf(str, "\t\t\t<loadpoint>3.0,%f</loadpoint> \n", acx.75);
// fputs(str, nfeb);

//%

//modify the output filenames in the logfile settings
else if (i==o0s+1)

{

//modify the nodal coordinates output filename to contain the
model update number



sprintf(str, "\t\t\t<node_data data=\"x;y;z\"
name=\"coordinates\" file=\"%s\"></node_data> \n", n_nodefile);
fputs(str, nfeb);
}

else if (i==0s+2)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<node_data data=\"ux;uy;uz\"
name=\"displacements\" file=\"%s\"></node_data> \n", n_dispfile);
fputs(str, nfeb);
b

else if (i==0s+3)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<element_data data=\"Wf\" name=\"work data\"
file=\"%s\"></element_data> \n", n_workfile);
fputs(str, nfeb);
b

else if (i==o0s+4)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<element_data data=\"Ax;Ay;Az\"
name=\"deformed fibers\" file=\"%s\"></element_data> \n", n_fiberfile);
fputs(str, nfeb);

}
// modify the timesteps (end times) in the steps definitions
else if (i == ss+3)
{
sprintf(str, "\t\t\t<time_steps>%2d</time_steps> \n", ts);
fputs(str, nfeb);
}
else if (i == ss+21)
{
if(ts==12) { sprintf(str, "\t\t\t<time_steps>%d</time_steps>
\n",1);}
if(ts==14) { sprintf(str, "\t\t\t<time_steps>%d</time_steps>
\n",10);}
fputs(str, nfeb);
}

// just copy over all the lines that don't need to be modified
//else {fputs(szline, nfeb);}
else {fprintf(nfeb, "%s", szline);}

// close files
fclose(ofeb);



fclose(nfeb);

return true;

b
A.3: create_febl

create_febl.h

#ifndef CREATE_FEB1_H_INCLUDED
#define CREATE_FEB1_H_INCLUDED

#include <iostream>
#include "get_line.h"
#include "output.h"
#include <stdio.h>
#include <string.h>
#include "settingsl.h"

bool create_febl1(SETTINGS1 &set, int &c, float &edp);

#endif // CREATE_FEB1_H_INCLUDED

create_febl.cpp
#include "create_febl.h"

// create_febl : Function to create new febio input file from a template
. feb;
// changes the edp and makes it only run diastole

bool create_febl(SETTINGS1 &set, int &c, float &edp)
{

// declare stuff

char szline[256], line[256], str[256];

char o_febfile[256]; // original feb file. each time, we copy lines from
the same original file.

char n_febfilel[256]; // new feb file. this is the file i am making.

// these are the filenames to put into the output section of the new feb
char n_nodefile[256];
char n_fiberfile[256];
char n_dispfilel[256];
char n_workfile[256];

// set current filenames by loop number
if ( strcmp(set.flag, "osx") == 0 )

{
sprintf(o_febfile,
set.febfile,".feb");
sprintf(n_febfile , "%s%5%031%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.febfile , c, ".feb");

o coco !l
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, "/Users/genevievefarrar/Desktop/CGR1/",



sprintf(n_nodefile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile, c, ".txt");
sprintf(n_dispfile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.dispfile, c, ".txt");
sprintf(n_workfile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.workfile, c, ".txt");
sprintf(n_fiberfile,"%5%s%031%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.fiberfile, c, ".txt");
}

/// this is to set some landmarks in the feb file
int 1s=0; //int le=0;

int o0s=0; //int o0e=0;

int ss=0; //for step start

// open original feb file
FILEx ofeb = fopen(o_febfile, "r");
if (ofeb == @) return false;

// set landmarks
for (int i=1; fgets(szline, 256, ofeb); i++)

{

sscanf(szline, "\t%s %xs", str);

if (!strcmp(str,"<LoadData>")){ls = i;}

if (!strcmp(str,"<logfile>")){os = i;}

if (!'strcmp(str,"</0Output>")){ss = i; break;}
}
fclose(ofeb);

/// now reopen the old file, create the new file
ofeb = fopen(o_febfile, "r");

FILE x nfeb = fopen(n_febfile, "w");

if (nfeb == @) return false;

/// make the new input file
for (int i=1; fgets(szline, 256, ofeb); i++)

{
//modify the edp
if(i == 1s+8)
{

sprintf(str, "\t\t\t<loadpoint>1.5,%f</loadpoint> \n", edp);
fputs(str, nfeb);
b

// modify the timesteps (end times) in the steps definitions
else if (i == ss+3)



sprintf(str, "\t\t\t<time_steps>%2d</time_steps> \n", 6);
fputs(str, nfeb);

¥

else if (i == ss+21)

{
sprintf(str, "\t\t\t<time_steps>%d</time_steps> \n",1);
fputs(str, nfeb);

¥

//modify the output filenames in the logfile settings
else if (i==o0s+1)
{
//modify the nodal coordinates output filename to contain the
model update number
sprintf(str, "\t\t\t<node_data data=\"x;y;z\"
name=\"coordinates\" file=\"%s\"></node_data> \n", n_nodefile);
fputs(str, nfeb);
b

else if (i==0s+2)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<node_data data=\"ux;uy;uz\"
name=\"displacements\" file=\"%s\"></node_data> \n", n_dispfile);
fputs(str, nfeb);

else if (i==0s+3)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<element_data data=\"Wf\" name=\"work data\"
file=\"%s\"></element_data> \n", n_workfile);
fputs(str, nfeb);
b

else if (i==o0s+4)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<element_data data=\"Ax;Ay;Az\"
name=\"deformed fibers\" file=\"%s\"></element_data> \n", n_fiberfile);
fputs(str, nfeb);
b

// just copy over all the lines that don't need to be modified
else {fprintf(nfeb, "%s", szline);}



// close files
fclose(ofeb);
fclose(nfeb);

return true;

b
A.4: create_feb2

create_feb2.h
#ifndef CREATE_FEB2_H_INCLUDED
#define CREATE_FEB2_H_INCLUDED

#include <iostream>
#include "get_line.h"
#include "output.h"
#include <stdio.h>
#include <string.h>
#include "settingsl.h"

bool create_feb2(SETTINGS1 &set, int &c, float &edp);

#endif // CREATE_FEB2_H_INCLUDED

create_feb2.cpp
#include "create_feb2.h"

// create_feb2 : Function to create new febio input file from a template
. Teb;
// changes the edp in the original feb

bool create_feb2(SETTINGS1 &set, int &c, float &edp)
{

// declare stuff

char szline[256], line[256], str[256];

char o_febfile[256]; // original feb file. each time, we copy lines from
the same original file.

char n_febfile[256]; // new feb file. this is the file i am making.

// set current filenames by loop number
if ( strcmp(set.flag, "osx") == 0 )

{
sprintf(o_febfile, "%s%s%s", '"/Users/genevievefarrar/Desktop/CGR1/",
set.febfile,".feb");
sprintf(n_febfile , "%s%5%031%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.febfile , 999, ".feb"); //just a
placeholder
}



/// this is to set some landmarks in the feb file
int 1s=0; //int le=0;

// open original feb file
FILEx ofeb = fopen(o_febfile, "r");
if (ofeb == @) return false;

// set landmarks
for (int i=1; fgets(szline, 256, ofeb); i++)

{

sscanf(szline, "\t%s %xs", str);

if (!strcmp(str,"<LoadData>")){ls = i;}
}
fclose(ofeb);

/// now reopen the old file, create the new file
ofeb = fopen(o_febfile, "r");

FILE x nfeb = fopen(n_febfile, "w");

if (nfeb == @) return false;

/// make the new input file
for (int i=1; fgets(szline, 256, ofeb); i++)

{
//modify the edp
if(i == 1s+8)
{
sprintf(str, "\t\t\t<loadpoint>1.5,%f</loadpoint> \n", edp);
fputs(str, nfeb);
b
// just copy over all the lines that don't need to be modified
else {fprintf(nfeb, "%s", szline);}
b
///close the files
fclose(ofeb);
fclose(nfeb);

/// now reopen the files
ofeb = fopen(o_febfile,
nfeb = fopen(n_febfile,

w');
L1} rll);

/// now copy everything back to the old feb

for (int i=1; fgets(szline, 256, nfeb); i++)

{
// just copy over all the lines that don't need to be modified
fprintf(ofeb, "%s", szline);



// close files
fclose(ofeb);
fclose(nfeb);

return true;

b
A.5: create_feb3

create_feb3.h
#ifndef CREATE_FEB3_H_INCLUDED
#define CREATE_FEB3_H_INCLUDED

#include <iostream>
#include "get_line.h"
#include "output.h"
#include <stdio.h>
#include <string.h>
#include "settingsl.h"

bool create_feb3(SETTINGS1 &set, int &c, float &ac, int ts);
#endif // CREATE_FEB3_H_INCLUDED

create_feb3.cpp
#include "create_feb3.h"

// create_feb3 : Function to create new febio input file from a template
. feb;
//

bool create_feb3(SETTINGS1 &set, int &c, float &ac, int ts)
{

// declare stuff

char szline[256], line[256], str[256];

char o_febfile[256]; // original feb file. each time, we copy lines from
the same original file.

char n_febfilel[256]; // new feb file. this is the file i am making.

// these are the files where i am getting the nodes and fibers to put
into the new feb

char lastnodefile[256];

char lastfiberfile[256];

// these are the filenames to put into the output section of the new feb
char n_nodefile[256];
char n_fiberfile[256];
char n_dispfilel[256];
char n_workfile[256];



// set current filenames by loop number
if ( strcmp(set.flag, "1nx") == 0 )

{
sprintf(o_febfile, "%s%s'", set.febfile,".feb");
sprintf(n_febfile , "%s%03i%s", set.febfile , c, ".feb");
sprintf(n_dispfile, "%s%03i%s", set.dispfile, c, ".txt");
sprintf(n_nodefile, "%s%03i%s", set.nodefile, c, ".txt");
sprintf(n_workfile, "%s%03i%s", set.workfile, c, ".txt");
sprintf(n_fiberfile, "%s%03i%s'", set.fiberfile, c, ".txt");
sprintf(lastfiberfile, "fibers.txt");
if(c==1) {sprintf(lastnodefile, "%s%s", set.nodefile,".txt");}
else {sprintf(lastnodefile, "%s%03i%s", set.nodefile, c-1, ".txt");}
b

if ( strcmp(set.flag, "osx") == 0 )

{

sprintf(o_febfile, '"%s%s%s
set.febfile,".feb");

sprintf(n_febfile , "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.febfile , c, ".feb");

sprintf(n_dispfile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.dispfile, c, ".txt");

sprintf(n_nodefile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile, c, ".txt");

sprintf(n_workfile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.workfile, c, ".txt");

sprintf(n_fiberfile,"%5%s%031%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.fiberfile, c, ".txt");

sprintf(lastfiberfile,
"/Users/genevievefarrar/Desktop/fibdeft/out.txt");

if(c==1) {sprintf(lastnodefile, "%s%s%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile,".txt");}

else {sprintf(lastnodefile, "%s%s%03i%s",
"/Users/genevievefarrar/Desktop/CGR1/", set.nodefile, c-1, ".txt");}

}

, "/Users/genevievefarrar/Desktop/CGR1/",

/// this is to set some landmarks in the feb file
// initialize landmarks

//int cs=0; int ce=0;

//int ms=0; int me=0;

int ns=0; int ne=0;

int es=0; int ee=0;

int 1s=0; //int le=0;

int o0s=0; //int o0e=0;

int ss=0; //for step start

// open original feb file
FILEx ofeb = fopen(o_febfile, "r");
if (ofeb == @) return false;

// set landmarks
for (int i=1; fgets(szline, 256, ofeb); i++)



sscanf(szline, "\t%s %ks", str);

if (!'strcmp(str,'<Nodes>")) {ns = 1i;} // node deck starts
if (!'strcmp(str,'</Nodes>")) {ne = i;} // node deck ends
if (!strcmp(str,"<ElementData>")){es = i;}

if (!'strcmp(str,"</ElementData>")){ee = i;}

if (!'strcmp(str,"<LoadData>")){ls = i;}
//if (!strcmp(str,"</LoadData>")){le = i;}
if (!strcmp(str,"<logfile>")) {os = i;}
//if (lstrcmp(str,"</logfile>")) {oe = i;
if (!strcmp(str,'"</0utput>"))

{

¥

ss = 1i;
break;
¥
}
fclose(ofeb);
/%

/// this is to determine the last converged time point
float lct = 0; //the last converged time point in the previous febio run

// open nodal coordinates file
FILE x lnf = fopen(lastnodefile, "r");
if (lnf == 0) return false;

// find last time point
char label[256]; float value = 0;
for (int i=1; fgets(szline, 256, ofeb); i++)

{
sscanf(szline, "%s %ks %f'", label, &value );
if ( strcmp(label,"xTime") == 0 && value > lct)

{
lct = value;
¥
¥
fclose(lnf);
*/

/// now reopen the files and get to the right place in them
// re-open original febio file
ofeb = fopen(o_febfile, "r");

// create and open new febio file
FILE % nfeb = fopen(n_febfile, "w");
if (nfeb == 0) return false;

// open fiber definitions file

FILE x 1ff = fopen(lastfiberfile, "r");
if (Uff == 0) return false;

//get past the first (header) line



fgets(szline, 256, 1ff);

// open nodal coordinates file
Inf = fopen(lastnodefile, "r");

// get to the last time point in the nodal coordinates file
while (fgets(szline, 256, 1nf))
{
char label[256]; float value;
sscanf(szline, "%s %ks %f'", label, &value );
if ( strcmp(label,"xTime") == 0 && value == lct)
{
fgets(szline, 256, lnf);
break;

*/

/// make the new FEBio input file
for (int i=1; fgets(szline, 256, ofeb); i++)
{

/*// update nodal coordinates
if (i>ns && i<ne)
{
// the current node number
int n = i-ns;

//float xvalo = 0; float yvalo = 0; float zvalo 0;
//float xvaln = 0; float yvaln = 0; float zvaln 0;
//char str1[25] = "@"; char str2[25] = "@"; char str3[25] = "0";
//char printstr[256] = "0";

float xvalo, yvalo, zvalo;

float xvaln, yvaln, zvaln;

char stri1[25], str2[25]1, str3[25];
char printstr([256];

// get what's currently on this line of the original feb

if (n < 10) {sscanf(szline,"%5s %7s%15e,%15e,%15e
%11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

if (n >= 10 && n < 100) {sscanf(szline,"%5s %8s%15e,%15e,%15e
%11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

if (n >= 100 && n < 1000) {sscanf(szline,"%5s %9s%15e,%15e,%15e
%11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

if (n >= 1000 && n < 10000) {sscanf(szline,"%5s
%10s%15e,%15e,%15e %11s",strl,str2,&xvalo,&yvalo,&zvalo,str3);}

// read new coordinates from nodefile

fgets(line, 256, 1lnf);

int nnf;

sscanf(line,"%d %e %e %e",&nnf,&xvaln,&yvaln,&zvaln);
if (n!=nnf) break;



// print the modified line to the new file

sprintf(printstr,"\t\t\t%s %s%+15.7e,%+15.7e,%+15.7e %s
\r\n",strl,str2,xvaln,yvaln,zvaln,str3);

fputs(printstr, nfeb);

// update fiber orientations

else if (i>es && i<ee)

{
// the current element number
int e = i-es;

float xval, yval, zval, gval, dval, wval;
char stri1[256], str2[256], str3[256], str4[256], str5[256],
stre[256], str7[256];

if (strcmp(set.elda_flag,"yes_elda_wc") == 0)
{
// get what's currently on this line of the feb
if (e < 10) {sscanf(szline,"%8s
%145%9e,%9%€e,%9e%165%8e%165%8e%145%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}
if (e >= 10 && e < 100) {sscanf(szline,"%8s
%155%9e,%9%€e,%9e%165%8e%165%8e%14s%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}
if (e >= 100 && e < 1000) {sscanf(szline,"%8s
%165%9e,%9%€e,%9e%165%8e%165%8e%14s%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}
if (e >= 1000 && e < 10000) {sscanf(szline,"%8s
%175%9e,%9%€e,%9e%165%8e%165%8e%14s%e%17s" ,strl,str3,&xval,&yval,&zval,str4,&gv
al,str5,&dval,str6,&wval,str7);}

// read new fibers from fiberfile and replace the values

get_line(1ff, line, 256);

int enf;

sscanf(line,"%d %ke %ke %ke %e %e %e %ke %ke %ke %ke %ke
%kxe",&enf,&xval,&yval,&zval);

if (e!=enf) break;

// print the modified line to the new file
sprintf(str2,"\t\t\t%s
%S%+15.7e,%+15.7¢e,%+15.7€%165%81%165%81%145%8f%17s
\n",strl,str3,xval,yval,zval,str4,gval,str5,dval,str6,wval,str7);
fputs(str2, nfeb);

if (strcmp(set.elda_flag,"no_elda_wc") == 0)
{
// get what's currently on this line of the feb
if (e < 10) {sscanf(szline,"%8s
%145%9e,%9%€,%9e%165%8e%165%8e%18s" ,strl,str3,&xval,&yval,&zval,str4,&gval,str



5,&dval,str6);}

if (e >= 10 && e < 100) {sscanf(szline,"%8s
%155%9e,%9%€e,%9e%165%8e%165%8e%18s" ,strl,str3,&xval,&yval,&zval,str4,&gval,str
5,&dval,str6);}

if (e >= 100 && e < 1000) {sscanf(szline,"%8s
%165%9e,%9%€e,%9e%165%8e%165%8e%18s" ,strl,str3,&xval,&yval,&zval,str4,&gval,str
5,&dval,str6);}

if (e >= 1000 && e < 10000) {sscanf(szline,"%8s
%175%9e,%9%€e,%9e%165%8e%165%8e%18s" ,strl,str3,&xval,&yval,&zval,str4,&gval,str
5,&dval,str6);}

// read new fibers from fiberfile and replace the values

get_line(1lff, line, 256);

int enf;

sscanf(line,"%d %ke %ke %ke %e %e %e %ke %ke %ke %ke %ke
%ke",&enf,&xval,&yval,&zval);

if (e!=enf) break;

// print the modified line to the new file
sprintf(str2,"\t\t\t%s
%S%+15.7e,%+15.7¢e,%+15.7e%165%81%165%81%18s
\n",strl,str3,xval,yval,zval,str4,gval,str5,dval,str6);
fputs(str2, nfeb);

}
bx/
/%
//use the edp that we found in the edv loop
else if(i == 1s+8)
{

sprintf(str, "\t\t\t<loadpoint>1.5,%f</loadpoint> \n", edp);
fputs(str, nfeb);
bx/

//modify the active contraction loadcurves

if(i == 1s+20)

{
sprintf(str, "\t\t\t<loadpoint>3.0,%f</loadpoint> \n", ac);
fputs(str, nfeb);

b

//else if(i == 1s+45)

/74

// sprintf(str, "\t\t\t<loadpoint>3.0,%f</loadpoint> \n", acx.75);

// fputs(str, nfeb);

//}

//modify the output filenames in the logfile settings
else if (i==o0s+1)
{
//modify the nodal coordinates output filename to contain the
model update number
sprintf(str, "\t\t\t<node_data data=\"x;y;z\"



name=\"coordinates\" file=\"%s\"></node_data> \n", n_nodefile);
fputs(str, nfeb);
¥

else if (i==0s+2)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<node_data data=\"ux;uy;uz\"
name=\"displacements\" file=\"%s\"></node_data> \n", n_dispfile);
fputs(str, nfeb);
b

else if (i==0s+3)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<element_data data=\"Wf\" name=\"work data\"
file=\"%s\"></element_data> \n", n_workfile);
fputs(str, nfeb);

else if (i==o0s+4)
{
//modify the nodal displacements output filename to contain the
model update number
sprintf(str, "\t\t\t<element_data data=\"Ax;Ay;Az\"
name=\"deformed fibers\" file=\"%s\"></element_data> \n", n_fiberfile);
fputs(str, nfeb);

}
// modify the timesteps (end times) in the steps definitions
else if (i == ss+3)
{
sprintf(str, "\t\t\t<time_steps>%2d</time_steps> \n", ts);
fputs(str, nfeb);
}
else if (i == ss+21)
{
if(ts==12) { sprintf(str, "\t\t\t<time_steps>%d</time_steps>
\n",1);}
if(ts==14) { sprintf(str, "\t\t\t<time_steps>%d</time_steps>
\n",10);}
fputs(str, nfeb);
}

// just copy over all the lines that don't need to be modified
//else {fputs(szline, nfeb);}
else {fprintf(nfeb, "%s", szline);}

// close files
fclose(ofeb);
fclose(nfeb);



return true;

A.6: DataAnimal

DataAnimal.h

//

// DataAnimal.h

//
//

// Created by Genevieve Farrar on 1/7/13.

//
//

#ifndef ___ DataAnimal__

#define

#include
#include
#include
#include
#include
#include
#include
#include

<iostream>
<stdio.h>
<stdlib.h>
<string.h>
<vector>
<math.h>

"settingsl.

"output.h"

class DataAnimal

{
public:

int nnodes;
int nelts; // number of elements

//float
//float
//float
//float

DataAnimal__

hll

// number of nodes

ncR[4080][3]; //nodal coordinates ref
ncD[4080] [3]1; //nodal coordinates end diastole
ncS[4080]1 [3]1; //nodal coordinates end systole
ncG[4080] [3]1; //nodal coordinates grown ref

float nc[2814][3]; //nodal coordinates
float w[2220]; //element total systolic work

public:

DataAnimal(int n);
DataAnimal();
~DataAnimal();

bool read_nodefile(const char * nodefile, float time);
bool read_workfile(const char * workfile);

//float calc_wallThick(int height);

float calc_wallThick();

float calc_volume(SETTINGS1 &set);

float calc_avgWork();



void updateNikefile(const char *x nikefile);
float calc_minWork();

float calc_maxWork();

float calc_workSRSS();

float calc_workAvgDiff();

¥

#endif /x defined( DataAnimal__) */

DataAnimal.cpp

//

// DataAnimal.cpp

//

//

// Created by Genevieve Farrar on 1/7/13.
//

//

#include "DataAnimal.h"

DataAnimal::DataAnimal(int n)

{
nnodes = n;
}
DataAnimal: :DataAnimal()
{
nnodes = 2814;
nelts = 2220;
}
DataAnimal: :~DataAnimal()
{
}

bool DataAnimal::read_nodefile(const char x nodefile, float time)

{

char line[256]; // string to store each line

FILEx fp = fopen(nodefile, "r");
if (fp == 0) return false;

char label[256];
float value;

while(fgets(line, 256, fp))
{

sscanf( line, "%5s %xls %8f'", label, &value );
if ( strcmp(label,"xTime") == 0 && value == time )



fgets(line, 256, fp); // skip a line, then read values
int j;
for(j=0; j<nnodes; j++)

fgets(line, 256, fp);
sscanf( line, "%xi %e %e %e", &ncl[jl[0], &ncl[jl[1], &ncljl[2]

b
}
b
fclose(fp);
return true;

bool DataAnimal::read_workfile(const char x workfile)

{
char line[256]; // string to store each line
FILEx fp = fopen(workfile, "r");
if (fp == 0) return false;
char label[256];
float value;
float time = 3;
while(fgets(line, 256, fp))
{
sscanf( line, "%5s %x1s %f'", label, &value );
//printf(*this label: %s , value: %f \n", label,value);
if ( strcmp(label,"xTime") == 0 && value == time )
{
//printf("correct label: %s , value: %f \n",label,value);
fgets(line, 256, fp); // skip a line, then read values
int j;
for(j=0; j<nelts; j++)
{
fgets(line, 256, fp);
sscanf( line, "%xi %e", &(wljl) );
}
}
}
//printf("last label: %s , value: %f \n",label,value);
fclose(fp);
return true;
}

float DataAnimal::calc_wallThick()



/// First, read the node numbers of the radial slices to use.
WTNodes. txt

//declare stuff

char line[256]; // string to store each line
FILEx fp = 0; // file pointer

int enn[8][2]; // endo node numbers

// open the file WTNodes.txt
fp = fopen("/Users/genevievefarrar/Desktop/CGR1/WTNodes.txt", "r");
if (fp == 0) return 0;

int 1i;
for(i=0; i<8; i++)
{
fgets(line, 256, fp);
sscanf( line, "%d %d", &(ennl[i][@]), &(enn[il[1]1) );
}
fclose(fp);

/// Next, calculate the thickness of each radial slice and average them
float sumWT = 0;

for(i=0; i<8; i++)
{
// each slice
int p1, p2;
float plx, ply, p2x, p2y;

pl = enn[i]l [0]; std::cout << "pl=" << pl;
p2 = enn[il[1]; std::cout << "p2=" << p2;

plx = nclpl-1]1[0]; std::cout << "plx=" << plx;
ply = nclpl-11[1]; std::cout << "ply=" << ply;
p2x = nc[p2-1]1[0]; std::cout << "p2x=" << p2x;
p2y = nclp2-11[1]; std::cout << "p2y=" << p2y;

sumWT += sqrt( ((plx - p2x)*(plx - p2x)) + ((ply - p2y)*(ply - p2y)) );
std::cout << "sumWT=" << sumWT;
¥

std::cout << "Final sumWT=" << sumWT;

std::cout << "WT=" << sumWT/8;
return sumWT/8;

float DataAnimal::calc_avgWork()



float sumWork = 0;
float averageWork =0;

int 1i;
for(i=0;i<nelts;i++)
{
sumwWork = sumWork + wl[il;
//printf("sumwWork: Sf \n",sumWork);
}
//printf("sumWork: %f \n",sumWork);
//printf (" wl100] %f, w[200] %f, w[300] %f, w[400] %f, w[500] %f
\n",w[100],w[200],w[300],w[400],w[500] );

float numElts = 2220.0;

averageWork = sumWork/numElts;

//averageWork = ( sumWork )*( 0.00045045045 );
//printf("averageWork: %f \n",averageWork);

return averageWork;

b

float DataAnimal::calc_maxWork()
{

float maxWork;

maxWork = 0.0;

int 1i;
for (i=0; i<nelts; i++)

{
}

if(wl[il > maxWork) { maxWork = w[il; }

return maxWork;

b

float DataAnimal::calc_minWork()
{

float minWork;

minWork = 5.0;

int 1i;
for(i=0; i<nelts; i++)

{
}

if(wlil < minWork) { minWork = w[il; }

return minWork;

void DataAnimal::updateNikefile(const char x nikefile)

{

// Replace the nodal coordinates in the .n file



//open the file and get to the right place
char line[256];
FILEx fp = fopen(nikefile, "r+");

int 1i;
for (i=0; i<207; i++) {fgets(line, 256, fp);}

//print the nodal locations
char str[256];
int n;

for (i=0; i<nnodes; i++)
{
fgets(line, 256, fp);
sscanf( line, "%i %kf %*T %k %kf %kf", &n);
if (n !'= i+1) {break;}
printf("node: %d \n", n);

sprintf(str,"%8d%5d%20.13E%20.13E%20.13E%5d\n",n,0,nc[i] [@0],nc[i] [1],nc[i] [2]
v 7);
fputs(str, fp);

fclose(fp);

float DataAnimal::calc_volume(SETTINGS1 &set)
{
/// First, read the endo nodes from the file EndoNodes.txt

//declare stuff

char line[256]; // string to store each line
FILEx fp = 0; // file pointer

int enn[8][24]; // endo node numbers

// open the file EndoNodes.txt

if ( strcmp(set.flag, "osx") == 0 ) fp =
fopen("/Users/genevievefarrar/Desktop/CGR1/EndoNodes. txt", "r");

if ( strcmp(set.flag, "lnx") == 0 ) fp =
fopen('/home/gfarrar/CGR1/EndoNodes. txt", "r");

if (fp == 0) return 0;

int 1i;
for(i=0; i<8; i++)
{
fgets(line, 256, fp);
sscanf( line, "%d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d
%d %d %d %d %d %d",
&(ennlil [@]), &(enn[i][1]), &(enn[il[2]), &(enn[il[31),
&(ennl[il [4]1), &(enn[i] [5]), &(enn[il[6]), &(ennl[il[71),



&(enn[il [81), &(enn[i]l[9]), &(enn[il[10]),&(enn[i][11]),
&(enn[il[12]1),&(enn[i][13]),&(enn[i][14]),&(enn[i] [15]),
&(enn[il [16]1),&(enn[i][17]),&(enn[i][18]),&(enn[i] [19]),
&(enn[il[20]),&(enn[i] [21]1),&(enn[i][22]1),&(enn[i]1[23]) );
}
fclose(fp);

/// Next, calculate the area of each layer

float al81[24]; // array to store areas

float cx, cy;

cx = ncl[1638-111[0]1;

cy = ncl[1638-1]1[1];//center point x and y coords are at node#1638

for(i=0; i<8; i++)

;/ add up the triangles around the center of the polygon, going clockwise
igt(§;0; j<23; j++)

{ float r, d;

int p1, p2;
float plx, ply, p2x, p2y;

pl = enn[i] [j];

p2 = enn[i]l [j+1];
plx = nclpl-111[0];
ply = nclpl-111[11];
p2x = nclp2-11101;
p2y = nclp2-11111;

float area;

area = 0.5%( cxx(ply-p2y) + plxk(p2y-cy) + p2x*(cy-ply) );
if(area<0){area=areax-1;}

alil[j1 = area;

}

float r, d;
int p1, p2;
float plx, ply, p2x, p2y;

// this is for the last triangle
pl = enn[i] [23];
p2 = ennl[il [0];

plx
ply

nclp1l-111[0];
nclp1-111[1];

p2x = nclp2-11[0];



p2y = ncl[p2-111[1];
r =sqrt( ((cx — plx)*(cx — p1x)) + ((cy - ply)*x(cy - ply)) );

d = sqrt( ((plx — p2x)*(plx - p2x)) + ((ply - p2y)*x(ply - ply)) );

float area;

area = 0.5%( cxx(ply-p2y) + plxk(p2y-cy) + p2x*x(cy-ply) );
if(area<0@){area=areax-1;}

alil[j] = area;

float A[8];
for(i=0; i<8; i++)

{
Ali] = alil[el+alil [1]+a[i]l [2]+a[i] [3]+ali]l [4]+ali]l [S5]+alil[6]+ali] [7]
+
ali] [8]+alil [9]+ali]l [10]+ali] [11]+ali] [12]+ali] [13]+a[i] [14]+a[i] [15]

+
alil[16]+alil [17]+a[i]l [18]+ali] [19]+ali]l [2@]+ali]l [21]+ali] [22]+a[i] [23];

¥

// Next, get the distances between slices

float dz[8];
int n[8];
float z[8];

for(i=0; i<7; i++)
{

n[i]l = enn[i]l [0];
z[i] = ncl(n[i])-11121;

}
n[7] = 1638;
z[7]1 = ncl(n[7]1)-111[2];

for(i=0; i<8; i++)
{

dz[i] = zI[i] - zI[i+1];

// Next calculate the Volume

float VI[8];

// this is for the volumes between slices
for(i=0; i<7; i++)

VIi] = ( 0.5 )*( (A[i]) + (A[i+1]) )*( dz[il );
b



// this is for the apex volume under the lowest slice,
VI7] = ( 0.6777 )x( A[7] )x( dz[7] );

float Volume = VI[O]1+VI[1]+VI[2]1+VI3]1+VI[4]+VI[5]1+VI6]+VI[7];

return Volume;

A.7: read_input

read_input.h

#ifndef READ_INPUT_H_INCLUDED
#define READ_INPUT_H_INCLUDED

#include <iostream>
#include "get_line.h"
#include "output.h"
#include "settingsl.h"

bool read_input(const charx infile, SETTINGS1 &set);

#endif // READ_INPUT_H_INCLUDED

read_input.cpp

#include "read_input.h"

// read_input : Reads the input from file

bool read_input(const charx infile, SETTINGS1 &set)
{
char szline[256];

// open the input file
std::cout << infile;

FILEx fp = fopen(infile, "r");
if (fp == 0) return false;

// read the name of the initial FE input file
if (get_line(fp, szline, 256) == @) { fclose(fp); return false; }
sscanf(szline, "%s", (set.febfile));



// read the number of nodes
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%d", &(set.n));

// times

if (get_line(fp, szline, 256) == @) { fclose(fp); return false;

sscanf(szline, "%f %f %f %f",
&(set.times[0]),&(set.times[1]),&(set.times[2]),&(set.times[3]) );

// read the system flag, lnx/win/osx
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%s", (set.flag));

// read the work tolerance
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%7e", &(set.w_tol));

// read the wall thickness tolerance
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%7e", &(set.t_tol));

// read the stroke volume tolerance
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%7e", &(set.sv_tol));

// read the name of the nodefile
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%s", (set.nodefile));

// read the name of the dispfile
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%s", (set.dispfile));

// read the name of the fiberfile
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%s", (set.fiberfile));

// read the name of the workfile
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%s", (set.workfile));

// read the name of the associated .n
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%s", (set.nikefile));

// read the starting active contraction
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%f", &(set.acO));

// read what to name the logfile
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;
sscanf(szline, "%s", (set.logfile));

// read what to name the resultsfile
if (get_line(fp, szline, 256) == @) { fclose(fp); return false;



sscanf(szline, "%s", (set.resultsfile));

// read the elda flag,

if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "%s", (set.elda_flag));

// read the EDV@
if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "sf", &(set.EDVQ));

// read the dstiff
if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "%f", &(set.dstiff));

// read the EDPO
if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "sf", &(set.EDPQ));

// read the edv_tol
if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "%f", &(set.edv_tol));

// read the SVO
if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "sf", &(set.SVQ));

// read the w0
if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "sf", &(set.wd));

// read the t_ref0

if (get_line(fp, szline, 256) == 0) { fclose(fp);
sscanf(szline, "%f", &(set.t_ref0));

// close the input file
fclose(fp);

return true;

A.8: Small Programs

settings.h
#ifndef SETTINGS1_H_INCLUDED
#define SETTINGS1_H_INCLUDED

// This structure defines the settings for the problem
typedef struct
{

return

return

return

return

return

return

return

return

false;

false;

false;

false;

false;

false;

false;

false;



char febfilel[256]; // febio input filename without extension

int n; // number of nodes in FE model

float times[4]; // time values of importance: end diastole, end
systole, end relaxation, end grwoth.

char flag[256]; // lin / win / osx

float t_tol; // wall thickness tolerance

float sv_tol; // stroke volume tolerance

float w_tol; // tolerance of SRSS of work difference

char nodefile[256];
char dispfilel[256];
char fiberfile[256];
char workfile[256];
char nikefile[256];
float acO;

char logfile[256];
char resultsfile[256];
char elda_flag[256];
float EDVO;

float dstiff;

float EDPO;

float edv_tol;

float SVO;

float woO;

float t_ref0;

}SETTINGS1;

#endif // SETTINGS1_H_INCLUDED

hello.h

#ifndef HELLO_H_INCLUDED
#define HELLO_H_INCLUDED

#include "output.h"
void hello(FILE * fpout);
#endif // HELLO_H_INCLUDED

hello.cpp

#include "hello.h"

// hello : welcome message to print at the beginning of the run
//

void hello(FILE * fpout)

{

output("\n \n\n",
fpout);
output(" \n\n"




fpout);

output (" LV G&R
fpout);

output ("
fpout);

output(" G.E. Farrar

output(" 04/29/12

\n\nu'
\n\nu'

\n", fpout);
\n", fpout);

output(*\n
fpout);
¥
output.h

#ifndef OUTPUT_H_INCLUDED
#define OUTPUT_H_INCLUDED

#include <stdio.h>

void output(const charx sz, FILEx fpout);

#endif // OUTPUT_H_INCLUDED

output.cpp

#include "output.h"

\n\nu'

// output : writes a string to both the screen and to the log file

//
void output(const charx sz, FILEx fpout)

{

fputs(sz, stdout); // output the string sz to the screen

if (fpout)
{
fputs(sz, fpout); // output the string sz to the output file
¥
¥
get_line.h

#ifndef GET_LINE_H_INCLUDED
#define GET_LINE_H_INCLUDED

#include <stdio.h>

charx get_line(FILEx fp, charx szline, int N);



#endif // GET_LINE_H_INCLUDED
get_line.cpp

#include "get_line.h"

// get_line : Gets lines out of input file, while skipping over comment lines
//
charx get_line(FILEx fp, charx szline, int N)

{
do
{
fgets(szline, N, fp);
if (feof(fp) || ferror(fp)) return 0;
}
while (szline[@] == 'x');
return szline; //returns (pointer to) the line of the input file
}

Appendix B: Modifications to FEBio Programs

Parts that were modified are indicated with the comment “///GEF”

In FEBiolmport.cpp,

/

//' Reads the ElementData section from the FEBio input file
void FEBioGeometrySection::ParseElementDataSection(XMLTag& tag)
{

int 1i;

FEM& fem = *GetFEM();
FEMesh& mesh = fem.m_mesh;

// get the total nr of elements
int nelems = mesh.Elements();

//make sure we've read the element section
if (nelems == @) throw XMLReader::InvalidTag(tag);

// create the pelem array



vector<FEElementx> pelem;
pelem.assign(nelems, static_cast<FEElementx>(0Q));

for (int nd=0; nd<mesh.Domains(); ++nd)
{

FEDomain& d = mesh.Domain(nd);

for (i=0; i<d.Elements(); ++1)

{
FEElement& el = d.ElementRef(1i);
assert(pelem[el.m_nID-1] == 0);
pelem[el.m_nID-1] = &el;
}
}
// read additional element data
++tag;
do
{
// make sure this is an "element" tag
if (tag != "element") throw XMLReader::InvalidTag(tag);

// get the element number
const charx szid = tag.AttributeValue("id");
int n = atoi(szid)-1;

// make sure the number is valid
if ((n<@) || (n>=nelems)) throw XMLReader::InvalidAttributeValue(tag,

"id", szid);

// get a pointer to the element
FEElementx pe = pelem[n];

vec3d a;

double gr; ///GEF: for ElementData growth parameter

double acd; ///GEF: for ElementData active contraction delay parameter
double cwv; ///GEF: for ElementData critical work value

++tag;

do

{
if (tag == "fiber")
{

// read the fiber direction
tag.value(a);

// normalize fiber
a.unit();

// set up a orthonormal coordinate system

vec3d b(0,1,0);

if (fabs(fabs(axb) - 1) < le-7) b = vec3d(0,0,1);
vec3d ¢ = a™b;

b = c™”a;

// make sure they are unit vectors
b.unit();



c.unit();

FESolidElement* pbe
FEShellElement* pse
if (pbe)

{

dynamic_cast<FESolidElementx> (pe);
dynamic_cast<FEShellElementx> (pe);

for (int i=@; i<pbe->GaussPoints(); ++i)
{
FEElasticMaterialPoint& pt = xpbe->m_State[i]-
>ExtractData<FEElasticMaterialPoint>();
mat3d& m = pt.Q;

m.zero();
m[@] [0] = a.x; m[0] [1] = b.x; m[0][2] = c.x;
m[1] [0] = a.y; m[1][1] = b.y; m[1][2] = c.y;
m[2]1[0] = a.z; m[2][1] = b.z; m[2][2] = c.z;
}

}

if (pse)

{

for (int i=@; i<pse—>GaussPoints(); ++i)
{
FEElasticMaterialPoint& pt = xpse->m_State[i]-
>ExtractData<FEElasticMaterialPoint>();
mat3d& m = pt.Q;

m.zero();
m[@] [0] = a.x; m[0] [1] = b.x; m[0][2] = c.x;
m[1] [0] = a.y; m[1][1] = b.y; m[1][2] = c.y;
m[2]1[0] = a.z; m[2][1] = b.z; m[2][2] = c.z;
}
}
}
else if (tag == "growth") ///GEF: for ElementData growth
parameter
{

// read the growth parameter
tag.value(gr);

FESolidElement*x pbe = dynamic_cast<FESolidElementx> (pe);

if (pbe)
{
for (int i=@; i<pbe->GaussPoints(); ++i)
{
FEElasticMaterialPoint& pt = xpbe->m_State[i]-
>ExtractData<FEElasticMaterialPoint>();
mat3d& m = pt.g;

m.zero();
m[@] [0] = gr; m[0][1] = @; m[Q] [2] = O;
m[1]1[@] = @; m[1]1[1] = @; m[1][2] = O;
m[2]1[@] = @; m[2]1[1] = @; m[2][2] = O;
¥
¥
¥
else if (tag == "delay") ///GEF: for ElementData active

contraction delay parameter



// read the value into the variable acd
tag.value(acd);

FESolidElement*x pbe = dynamic_cast<FESolidElementx> (pe);

if (pbe)
{

for (int i=@; i<pbe->GaussPoints(); ++i)

{
FEElasticMaterialPoint& pt = xpbe->m_State[i]-
>ExtractData<FEElasticMaterialPoint>();

mat3d& m = pt.delay;

m.zero();
m[@] [0] = acd; m[@][1] = @; m[0][2] = O;
m[1]1[@] = @; m[1]1[1] = @; m[1][2] = O;
m[2]1[@] = @; m[2]1[1] = @; m[2][2] = O;
¥
¥
¥
else if (tag == "work") ///GEF: for ElementData critical work
value
{

// read the value of the tag into the local variable cwv
tag.value(cwv);

FESolidElement*x pbe = dynamic_cast<FESolidElementx> (pe);

if (pbe)
{

//put the value of cvw into the [0]1[0] part of the
Work_crit of all the pts in this element

for (int i=0; i<pbe->GaussPoints(); ++i)

{
FEElasticMaterialPoint& pt = xpbe->m_State[i]-
>ExtractData<FEElasticMaterialPoint>();

mat3d& m = pt.WC;

m.zero();
m[@] [0] = cwv; m[0][1] = 0; m[0][2] = O;
m[1]1[0] = 0; m[1]1[1] = @; m[1][2] = O;
m[2]1[0] = 0; m[2]1[1] = @; m[2][2] = O;
}
}
}
else if (tag == "mat_axis")
{
vec3d a, d;
++tag;
do
{
if (tag == "a") tag.value(a);
else if (tag == "d") tag.value(d);

else throw XMLReader::InvalidTag(tag);



++tag;
}
while (!tag.isend());

vec3d c
vec3d b

and;
c™a;

// normalize
a.unit();
b.unit();
c.unit();

// assign to element

FESolidElement*x pbe = dynamic_cast<FESolidElementx> (pe);
FEShellElementx pse = dynamic_cast<FEShellElementx> (pe);
if (pbe)

{

for (int i=@; i<pbe->GaussPoints(); ++i)
{
FEElasticMaterialPoint& pt = xpbe->m_State[i]-
>ExtractData<FEElasticMaterialPoint>();
mat3d& m = pt.Q;

m.zero();
m[@] [0] = a.x; m[0] [1] = b.x; m[0][2] = c.x;
m[1] [0] = a.y; m[1][1] = b.y; m[1][2] = c.y;
m[2]1[0] = a.z; m[2][1] = b.z; m[2][2] = c.z;
}

}

if (pse)

{

for (int i=@; i<pse—>GaussPoints(); ++i)
{
FEElasticMaterialPoint& pt = xpse—->m_State[i]-
>ExtractData<FEElasticMaterialPoint>();
mat3d& m = pt.Q;

m.zero();
m[@] [0] = a.x; m[0][1] = b.x; m[0][2] = c.x;
m[1][0] = a.y; m[1]1[1] = b.y; m[1]1[2] = c.y;
m[2]1[0] = a.z; m[2][1] = b.z; m[2][2] = c.z;
}
}
}
else if (tag == "thickness")
{
FEShellElement*x pse = dynamic_cast<FEShellElementx> (pe);
if (pse == @) throw XMLReader::InvalidTag(tag);
// read shell thickness
tag.value(&pse—>m_h0@[0], pse->Nodes());
}
else if (tag == "area")
{

FETrussElementx pt = dynamic_cast<FETrussElementx>(pe);
if (pt == @) throw XMLReader::InvalidTag(tag);



// read truss area
tag.value(pt->m_a0);

¥
else throw XMLReader::InvalidTag(tag);
++tag;

}
while (!tag.isend());

++tag;

I
while (!'tag.isend());

In DataStore.h

//
class ElementDataRecord : public DataRecord
{
enum {X, Y, Z, J,

EX, EY, EZ, EXY, EYZ, EXZ,

E1l, E2, E3,

EF,

SX, SY, SZ, SXY, SYZ, SXZ,

S1, S2, S3,

SF,

FX, FY, FZ, FYZ, FZX, FXY, FYX, FXZ, FZY,

P, WX, WY, wz, C, JX, JY, JZ, CRC,

c1, Jix, Jiy, Jiz, Cc2, J2X, J2Y, J2Z,

C3, J3X, J3y, 13z, C4, J4X, J4Y, J4z,

¢5, 315X, J5Yy, 15z, Ce6, Jex, JeY, 16z,

PSI, IEX, IEY, IEZ,

WF, AX, AY, AZ}; ///GEF: added EF, SF, WF, AX, AY, AZ to this list

struct ELEMREF
{
int ndom;
int nid;

};

public:

ElementDataRecord(FEMx pfem, const charx szfile) : DataRecord(pfem,
szfile){}

double Evaluate(int item, int ndata);

void Parse(const charx sz);

void SelectAllItems();

protected:
void BuildELT();

protected:
vector<ELEMREF> m_ELT;
};



In DataStore.cpp

void ElementDataRecord::Parse(const char xszexpr)
{
char szcopy[MAX_STRING] = {0};
strcpy(szcopy, szexpr);
charx sz = szcopy, *ch;
m_data.clear();
do
{
ch = strchr(sz, ';');
if (ch) *ch++ = 0;
if (strcmp(sz, "x"
else if (strcmp(sz, "y"

== @) m_data.push_back(X
== @) m_data.push_back(Y
else if (strcmp(sz, "z == @) m_data.push_back(Z
else if (strcmp(sz, "J" == @) m_data.push_back(J
else if (strcmp(sz, "Ex" ) == 0) m_data.push_back(EX )
else if (strcmp(sz, "Ey" ) == @) m_data.push_back(EY );
else if (strcmp(sz, "Ez" ) == 0) m_data.push_back(EZ );
else if (strcmp(sz, "Exy") == @) m_data.push_back(EXY);
else if (strcmp(sz, "Eyz") == @) m_data.push_back(EYZ);
else if (strcmp(sz, "Exz") == @) m_data.push_back(EXZ);
else if (strcmp(sz, "E1" ) == @) m_data.push_back(E1l);
else if (strcmp(sz, "E2" ) == @) m_data.push_back(E2);
else if (strcmp(sz, "E3" ) == @) m_data.push_back(E3);
else if (strcmp(sz, "Ef" ) == 0) m_data.push_back(EF); ///GEF: added
Ef, fiber strain, to this list
else if (strcmp(sz, "sx" ) == @) m_data.push_back(SX );
else if (strcmp(sz, "sy" ) == @) m_data.push_back(SY );
else if (strcmp(sz, "sz" ) == @) m_data.push_back(SZ );
else if (strcmp(sz, "sxy") == @) m_data.push_back(SXY);
else if (strcmp(sz, "syz") == @) m_data.push_back(SYZ);
else if (strcmp(sz, "sxz") == 0) m_data.push_back(SXZ);
else if (strcmp(sz, "sl1" ) == @) m_data.push_back(S1l );
else if (strcmp(sz, "s2" ) == @) m_data.push_back(S2 );
else if (strcmp(sz, "s3" ) == @) m_data.push_back(S3 );
else if (strcmp(sz, "sf" ) == 0) m_data.push_back(SF); ///GEF: added
sf, fiber stress, to this list
else if (strcmp(sz, "Fx" ) == @) m_data.push_back(FX );
else if (strcmp(sz, "Fy" ) == @) m_data.push_back(FY );
else if (strcmp(sz, "Fz" ) == @) m_data.push_back(FZ );
else if (strcmp(sz, "Fyz") == @) m_data.push_back(FYZ);
else if (strcmp(sz, "Fzx") == @) m_data.push_back(FzX);
else if (strcmp(sz, "Fxy") == @) m_data.push_back(FXY);
else if (strcmp(sz, "Fyx") == @) m_data.push_back(FYX);
else if (strcmp(sz, "Fxz") == 0) m_data.push_back(FXZ);
else if (strcmp(sz, "Fzy") == @) m_data.push_back(FzY);
else if (strcmp(sz, "p" ) == @) m_data.push_back(P );
else if (strcmp(sz, "wx" ) == @) m_data.push_back(wX );
else if (strcmp(sz, "wy" ) == @) m_data.push_back(Wy );
else if (strcmp(sz, "wz" ) == @) m_data.push_back(Wz );

~— — — ~—
~— — ~— ~—
~E wE wE ww



else if (strcmp(sz, "c" ) == 0) m_data.push_back(C );
else if (strcmp(sz, "jx" ) == @) m_data.push_back(JX );
else if (strcmp(sz, "jy" ) == @) m_data.push_back(JY );
else if (strcmp(sz, "jz" ) == @) m_data.push_back(JZ );
else if (strcmp(sz, "crc") == @) m_data.push_back(CRC);
else if (strcmp(sz, "cl1l" ) == @) m_data.push_back(Cl );
else if (strcmp(sz, "c2" ) == 0) m_data.push_back(C2 );
else if (strcmp(sz, "c3" ) == 0) m_data.push_back(C3 );
else if (strcmp(sz, "c4" ) == 0) m_data.push_back(C4 );
else if (strcmp(sz, "c5" ) == 0) m_data.push_back(C5 );
else if (strcmp(sz, "c6" ) == 0) m_data.push_back(C6 );
else if (strcmp(sz, "j1x" ) == @) m_data.push_back(J1X);
else if (strcmp(sz, "jly" ) == @) m_data.push_back(J1Y);
else if (strcmp(sz, "j1z" ) == @) m_data.push_back(J1Z);
else if (strcmp(sz, "j2x" ) == @) m_data.push_back(J2X);
else if (strcmp(sz, "j2y" ) == @) m_data.push_back(J2Y);
else if (strcmp(sz, "j2z" ) == @) m_data.push_back(J2Z);
else if (strcmp(sz, "j3x" ) == @) m_data.push_back(J3X);
else if (strcmp(sz, "j3y" ) == @) m_data.push_back(J3Y);
else if (strcmp(sz, "j3z" ) == @) m_data.push_back(33Z);
else if (strcmp(sz, "j4x" ) == @) m_data.push_back(J4X);
else if (strcmp(sz, "j4y" ) == @) m_data.push_back(J4Y);
else if (strcmp(sz, "j4z" ) == @) m_data.push_back(J4Z);
else if (strcmp(sz, "j5x" ) == @) m_data.push_back(J5X);
else if (strcmp(sz, "j5y" ) == @) m_data.push_back(J5Y);
else if (strcmp(sz, "j5z" ) == @) m_data.push_back(35Z);
else if (strcmp(sz, "j6x" ) == @) m_data.push_back(J6X);
else if (strcmp(sz, "j6y" ) == @) m_data.push_back(J6Y);
else if (strcmp(sz, "j6z" ) == @) m_data.push_back(J6Z);
else if (strcmp(sz, "psi" ) == @) m_data.push_back(PSI);
else if (strcmp(sz, "Iex" ) == @) m_data.push_back(IEX);
else if (strcmp(sz, "Iey" ) == @) m_data.push_back(IEY);
else if (strcmp(sz, "Iez" ) == @) m_data.push_back(IEZ);
else if (strcmp(sz, "Wf" ) == 0) m_data.push_back(WF); ///GEF: added

Wf, systolic work in fiber direction

else if (strcmp(sz, "Ax" ) == @) m_data.push_back(AX); ///GEF: added Ax
to this list

else if (strcmp(sz, "Ay" ) == @) m_data.push_back(AY); ///GEF: added Ay
to this list

else if (strcmp(sz, "Az" ) == @) m_data.push_back(AZ); ///GEF: added Az
to this list

else throw UnknownDataField(sz);

sz = ch;

I
while (ch);

In FEAnalysis.cpp

bool FEAnalysis::Solve()

{
// do one time initialization of solver data
if (m_psolver—>Init() == false)

{



clog.printbox("FATAL ERROR","Initialization has failed.\nAborting
run.\n");
return false;

b

// obtain a pointer to the console object. We'll use this to
// set the title of the console window.
Consolex pShell = Console::GetHandle();

// convergence flag

// we initialize it to true so that when a restart is performed after
// the last time step we terminate normally.

bool bconv = true;

// calculate end time value
double starttime = m_fem.m_ftime0;
// double endtime = m_fem.m_ftime® + m_ntimexm_dt0;
double endtime = m_tend;
const double eps = endtimexle-7;

int nsteps = m_fem.m_Step.size();
bool bdebug = m_fem.GetDebugFlag();

if (nsteps > 1)
pShell->SetTitle(" (step %d/%d: %.T%%) %s — %s', m_fem.m_nStep+1,
nsteps, (100.fx(m_fem.m_ftime - starttime) / (endtime - starttime)),
m_fem.GetFileTitle(), (bdebug?"FEBio (debug mode)": "FEBio"));
else
pShell->SetTitle(" (%.%%) %s — %s", (100.fxm_fem.m_ftime/endtime),
m_fem.GetFileTitle(), (bdebug?"FEBio (debug mode)": "FEBio"));

// keep a stack for push/pop'ing
stack<FEM> state;

// print initial progress bar

if (GetPrintLevel() == FE_PRINT_PROGRESS)

{
printf("\nProgress:\n");
for (int i=0; i<50; ++i) printf("\xB0"); printf("\r");
clog.SetMode(Logfile::FILE_ONLY);

}

// if we restarted we need to update the timestep
// before continuing
if (m_ntimesteps != 0)
{
// update time step
if (m_bautostep && (m_fem.m_ftime + eps < endtime))
AutoTimeStep(m_psolver->m_niter);
¥
else
{
// make sure that the timestep is at least the min time step size
if (m_bautostep) AutoTimeStep(0);



}

// repeat for all timesteps
m_nretries = 0;
while (endtime - m_fem.m_ftime > eps)
{
// keep a copy of the current state, in case
// we need to retry this time step
if (m_bautostep)
{
while (!state.empty()) state.pop();
state.push(m_fem);

b

// update time
m_fem.m_ftime += m_dt;

int i;

// evaluate load curve values at current time
for (i=0; i<m_fem.LoadCurves(); ++i) m_fem.GetLoadCurve(i)-
>Evaluate(m_fem.m_ftime);

///GEF: put current time into the FEElasticMaterialPoint's
FEMesh& mesh = m_fem.m_mesh;
for (int i=0; i<mesh.Domains(); ++i)
{
for (int j=0; j<mesh.Domain(i).Elements() ; j++)
{
FEElementTraits* et = mesh.Domain(i).ElementRef(j).m_pT;
for (int k=0; k<(xet).nint ; k++)
{
FEMaterialPointx mp =
mesh.Domain(i).ElementRef(j).m_Statelk];
FEElasticMaterialPointx pt =
(*xmp) .ExtractData<FEElasticMaterialPoint>();
(xpt).time = m_fem.m_ftime;
b

// evaluate material parameter lists
for (i=0; i<m_fem.Materials(); ++1i)

{
// get the material
FEMaterialx pm = m_fem.GetMaterial(i);
// evaluate the material parameters
m_fem.EvaluateMaterialParameters(pm);
}

// evaluate body-force parameter lists
for (i=0; i<m_fem.BodyForces(); ++i)



b

FEParameterList& pl = m_fem.GetBodyForce(i)->GetParameterList();
m_fem.EvaluateParameterList(pl);

// evaluate contact interface parameter lists
for (i=0; i<m_fem.ContactInterfaces(); ++i)

{

b

FEParameterList& pl = m_fem.m_CI[i]->GetParameterList();
m_fem.EvaluateParameterList(pl);

// solve this timestep,

try
{

b

catch

{

b

catch

{

run.");

b

catch

{

b

catch

{

e.m_falloc);

falloc);

b

catch

{

int oldmode = 0;
bconv = m_psolver->SolveStep(m_fem.m_ftime);

(ExitRequest)

bconv = false;

clog.printbox ("WARNING", "Early termination on user's request");
break;

(ZeroDiagonal e)

bconv = false;

// TODO: Fix this feature

clog.printbox("FATAL ERROR", "Zero diagonal detected. Aborting
break;

(NANDetected)

bconv = false;

clog.printbox("FATAL ERROR", "NAN Detected. Run aborted.");
break;

(MemException e)

bconv = false;

if (e.m_falloc < 1024%x1024)
clog.printbox("FATAL ERROR", "Failed allocating %lg bytes",

else
{
double falloc = e.m_falloc / (1024.0%x1024.0);
clog.printbox("FATAL ERROR", "Failed allocating %lg MB",
¥
break;
(FEMultiScaleException)

bconv = false;



clog.printbox("FATAL ERROR", "The RVE problem has failed.
Aborting macro run.");

break;
}
catch (std::bad_alloc e)
{

bconv = false;
clog.printbox("FATAL ERROR", "A memory allocation failure has
occured.\nThe program will now be terminated.");

break;
}
catch (...)
{

bconv = false;
clog.printbox("FATAL ERROR", "An unknown exception has
occured.\nThe program will now be terminated.");
break;
¥

// update counters

m_ntotref += m_psolver->m_ntotref;
m_ntotiter += m_psolver->m_niter;
m_ntotrhs += m_psolver->m_nrhs;

// see if we have converged
if (bconv)
{
// Yes! We have converged!
clog.printf("\n\n-———— converged at time : %lg\n\n",
m_fem.m_ftime);

// update nr of completed timesteps
m_ntimesteps++;

// output results to plot database
if (m_nplot !'= FE_PLOT_NEVER)
{

if ((m_nplot == FE_PLOT_MUST_POINTS) && (m_nmplc >= 0))
{
FELoadCurve& lc = xm_fem.GetLoadCurve(m_nmplc);
if (lc.HasPoint(m_fem.m_ftime)) m_fem.m_plot-
>Write(m_fem);
¥
else m_fem.m_plot->Write(m_fem);

b

// Dump converged state to the archive
if (m_bDump)
{

DumpFile ar(&m_fem);
if (ar.Create(m_fem.GetDumpFileName()) == false)
{
clog.printf ("WARNING: Failed creating restart
point.\n");



else

m_fem.Serialize(ar);
clog.printf("\nRestart point created. Archive name 1is
%s\n", m_fem.GetDumpFileName());

b
b

///GEF: see what time it is. two options:
/// 1. if systole, store Eff and sff
/// 2. both diastole and systole, store Eff and sff
//double w_flag = m_fem.GetLoadCurve(7)->Value(m_fem.m_ftime);
// this load curve is 1 at end diastole and 2 at end systole
//if (w_flag >= 1 && w_flag <= 2)
if (m_fem.m_ftime >= 1.5 && m_fem.m_ftime <= 3.0)
///if (m_fem.m_ftime >= 0 && m_fem.m_ftime <= 3.0)
{
// get the mesh
FEMesh& mesh = m_fem.m_mesh;

// for each domain, for each elt, for each gauss pt,
//
for (int i=0; i<mesh.Domains(); ++i)
{
for (int j=0; j<mesh.Domain(i).Elements() ; j++)
{
for (int k=0; k<8; k++)
{
FEMaterialPointx mp =
mesh.Domain(i).ElementRef(j).m_Statelk];
FEElasticMaterialPointx pt =
(*xmp) .ExtractData<FEElasticMaterialPoint>();

// get the fiber orientation

vec3d a0;

ad.x = (xpt).Ql[o][0];
ad.y = (xpt).Ql1]I[0];
a0.z = (xpt).Ql[2]I[0];

vec3d a = ((xpt).F)*a0;
a.unit();

// get the fiber strain and fiber stress

mat3ds C = (xpt).RightCauchyGreen();

mat3dd I(1.0);

mat3ds E = 0.5%(C-I);

double eachEff = ax(Exa); // green lagrange
strain in fiber direction

(xpt).Eff.push_back( eachEff );

mat3ds stress = (xpt).s;

double eachsff = ax(stressxa); // cauchy stress
in fiber direction

(xpt).sff.push_back( eachsff );



b

///GEF: see what time it is. if END-systole, calc systolic work
//if (w_flag == 2)
if (m_fem.m_ftime == 3.0)
{
// get the mesh
FEMesh& mesh = m_fem.m_mesh;

for (size_t i=@; i<mesh.Domains(); ++i)
{
for (size_t j=0; j<mesh.Domain(i).Elements() ; j++)
{
FEElementTraitsx et =
mesh.Domain(i).ElementRef(j).m_pT;
for (size_t k=0; k<(xet).nint ; k++)
{
FEMaterialPointx mp =
mesh.Domain(i).ElementRef(j).m_Statelk];
FEElasticMaterialPointx pt =
(*xmp) .ExtractData<FEElasticMaterialPoint>();
double work = 0;
for (size_t 1=1; l<(xpt).Eff.size(); 1++)
{
double dE = (kpt).Eff[l] - (*pt).Eff[l-11; if
(dE<0@) {dE = -1xdE;}
double avgS = 0.5 * ( (xpt).sff[l1-1] +
(xpt).sff[1] ); if (avgS<@) {avgS = -1xavgS;}
work += avgS * dE;
}

(xpt).W = work;

// store additional data to the logfile
m_fem.m_Data.Write();

// update time step
if (m_bautostep && (m_fem.m_ftime + eps < endtime))
AutoTimeStep(m_psolver->m_niter);

// reset retry counter
m_nretries = 0;

// call callback function
m_fem.DoCallback();

else

// Report the sad news to the user.



clog.printf("\n\n-———— failed to converge at time : %lg\n\n",
m_fem.m_ftime);

// If we have auto time stepping, decrease time step and let's

retry
if (m_bautostep && (m_nretries < m_maxretries))
{
// restore the previous state
m_fem = state.top(); state.pop();
// let's try again
Retry();
else
{

// can't retry, so abort
if (m_nretries >= m_maxretries) clog.printf("Max. nr of
retries reached.\n\n");

break;

b

// print a progress bar
if (GetPrintLevel() == FE_PRINT_PROGRESS)

{
int 1 = (int) (50+m_fem.m_ftime / endtime);
for (int i=0; i<l; ++1) printf("\xB2"); printf("\r");
fflush(stdout);

b

// flush the m_log file, so we don't loose anything if
// the next timestep goes wrong
clog.flush();

bool bdebug = m_fem.GetDebugFlag();
if (nsteps>1)
pShell->SetTitle(" (step %d/%d: %.T%%) %s — %s', m_fem.m_nStep+1,
nsteps, (100.fx(m_fem.m_ftime - starttime) / (endtime - starttime)),
m_fem.GetFileTitle(), (bdebug?"FEBio (debug mode)": "FEBio"));
else
pShell->SetTitle(" (%.
(100. fxm_fem.m_ftime/endtime), m_
mode)": "FEBio"));
}

00O [*) Q 1
%%) %S — %s",

f
fem.GetFileTitle(), (bdebug?"FEBio (debug

m_fem.m_ftimed = m_fem.m_ftime;

if (GetPrintLevel() == FE_PRINT_PROGRESS)

{
clog.SetMode(Logfile:: FILE_AND_SCREEN) ;

}

// output report
clog.printf("\n\nN ON L INEAR ITERATION INFORMAT



I 0 N\n\n");

clog.printf("\tNumber of time steps completed ....ivvivinnnnnnnnns
%d\n\n", m_ntimesteps);

clog.printf("\tTotal number of equilibrium iterations ...vvuvuwuuuss
%d\n\n", m_ntotiter);

clog.printf("\tAverage number of equilibrium iterations ....vusuuu.
%1lg\n\n", (double) m_ntotiter / (double) m_ntimesteps);

clog.printf("\tTotal number of right hand evaluations ....eveveess
%d\n\n", m_ntotrhs);

clog.printf("\tTotal number of stiffness reformations ............
%d\n\n", m_ntotref);

// get and print elapsed time
char sztimel[64];

m_psolver—->m_SolverTime.time_str(sztime);
clog.printf("\tTime in solver: %s\n\n", sztime);

return bconv;

In FEElasticMaterial.cpp
#pragma once
#include "FEMaterial.h"

//

// This class stores material point data for elastic materials
class FEElasticMaterialPoint : public FEMaterialPoint
{
public:
FEElasticMaterialPoint()
{
F.zero();
Q.unit();
J=1;
s.zero();
g.zero(); ///GEF: for growth parameter(s)
W =0; ///GEF: for systolic work
WC.zero(); ///GEF: for critical work parameter
delay.zero(); ///GEF: for active contraction delay parameter

time = 0;
}
FEMaterialPoint* Copy()
{

FEElasticMaterialPointx pt = new FEElasticMaterialPoint(xthis);
if (m_pt) pt->m_pt = m_pt->Copy();
return pt;

b

void Serialize(DumpFile& ar)

{
if (ar.IsSaving())



ar << F << J << Q << s << g << W; ///GEF: added g and W to this

list
}
else
{
ar >> F >>J >> Q> s > g > W; ///GEF: added g and W to this
list
}

if (m_pt) m_pt->Serialize(ar);

}
mat3ds Strain();

mat3ds RightCauchyGreen();
mat3ds LeftCauchyGreen ();

mat3ds DevRightCauchyGreen();
mat3ds DevLeftCauchyGreen ();

mat3ds pull_back(const mat3ds& A);
mat3ds push_forward(const mat3ds& A);

public:
void Init(bool bflag)
{
if (bflag)
{
F.unit();
J=1;
s.zero();
// Q.unit();
}
if (m_pt) m_pt—->Init(bflag);
}
public:

// position
vec3d r@; //'< material position
vec3dd rt; //'< spatial position

// deformation data

mat3d F; //'< deformation gradient
double 3J; //'< determinant8 of F
mat3d Q; //'< local material orientation

///GEF: for ElementData growth parameter
mat3d g;

/// GEF: fiber stress and fiber strain during systole



// these get set in FEAnalysis.cpp

// the vector contains the values at each time step
vector<double> Eff;

vector<double> sff;

///GEF: systolic fiber work

// this is done in FEAnalysis.cpp

// W is the total systolic work in the fiber direction
// its value is calculated at end systole

double W;

///GEF: critical work above which growth occurs.
mat3d WC;

///GEF: active contraction delay
mat3d delay;

///GEF: current time
double time;

// solid material data
mat3ds s; //'< Cauchy stress

¥

In FEFiberMaterial.cpp

#include "stdafx.h"

#include "FEFiberMaterial.h"
#include "FEElasticMaterial.h"

//
// Fiber material stress

//

mat3ds FEFiberMaterial::Stress(FEMaterialPoint &mp)

{
FEElasticMaterialPoint& pt = s*mp.ExtractData<FEElasticMaterialPoint>();

// deformation gradient
mat3d& F = pt.F;

double J pt.J;
double Ji = 1.0 / J;
double Jm13 = pow(J, -1.0/3.0);

double twoJi = 2.0xJi;

double acd = pt.delay([0]l[@]; ///GEF: active contraction delay parameter

N =+

// get the initial fiber direction

vec3d a0;

ad.x = pt.Qlol[o]l;
ad.y = pt.Ql1l[e];
ad.z = pt.Ql2]11[0];

// calculate the current material axis lamxa = Fx*a0;
vec3d a = Fxa0;



// normalize material axis and store fiber stretch
double lam, lamd;

lam = a.unit();

lamd = lam*Jml3; // i.e. lambda tilde

// invariant I4
double I4 = lamdxlamd;

// strain energy derivative
double W4 = 0;
if (lamd > 1)
{
double lamdi = 1.0/1lamd;
double W1;
if (lamd < m_laml)

{
Wl = lamdixm_c3*(exp(m_c4x(lamd - 1)) - 1);
}
else
{
double c6 = m_c3*(exp(m_c4*x(m_laml-1))-1) — m_c5*m_laml;
Wl = lamdix(m_c5%lamd + c6);
}
W4 = 0.5xlamdixW1;
¥
else
{
W4 = 0;
¥

// calculate dyad of a: AxA = (a x a)
mat3ds AxA = dyad(a);

// -
// calculate FdWf/dCFt = I4xW4x(a x a)
mat3ds T = AxAx(W4xI4);

// calculate stress:
mat3ds s = T.dev()*twoJi;

// ——— active contraction contribution —-—-
if (m_lcna >= 0)
{

//double ctenslm = m_plc—>Value();
double ctenslm = m_plc—>Value( pt.time - acd ); ///GEF: active
contracion delay

// current sarcomere length
double strl = m_reflxlamd;

// sarcomere length change
double dl = strl - m_10;

if (dl1 >= 0)



double ecab0i = (exp(m_betaxdl) - 1);

// active fiber stress
double saf = ctenslmkecab50i / ( ecab0i + 1 );

// add safx(a x a)
s += AxAxsaf;
}
¥
//

return s;

Appendix C: Creating <ElementData> section of FEBio input file

C.1: Formatting fiber orientations for febio input file
text2feb : main.cpp

/*

text2feb(fibers.txt, out.txt)

written by G.E.Farrar on 6/6/12

This program reformats fibers.txt (output from fibdeft)
into fiber definition of <ElementData> in FEBio input file.

*/

#include <iostream>

#include <stdio.h>

using namespace std;

int main(int nargs, char xargvl[])

¢ if(nargs!=3){ cout << "incorrect arguments.\n"; }

bool g = true; // true if we want to make growth tags too

// open input file
FILEx fp = fopen(argv([1], "r");



if (fp == 0) return false;

// get number of nodes from the first line of the file
int n; // number of nodes

char szline[256];

fgets(szline, 256, fp);

sscanf(szline, "%d", &n);

// create array to store nodal fiber orientation vectors
float data [n][3];

// read the data from fibers.txt into datall[]
int num;
for(int i=0; i<n; i++)
{
fgets(szline, 256, fp);
sscanf(szline, "%d %f %f %f", &num, &datalil [0], &datal[il[1],
&datalil [2]);
if (num!=(i+1)) { break; }
}

// open output file
FILEx fpo = fopen(argv[2], "w");
if (fpo == 0) return false;

// print the fiber vectors in FEBio ElementData format
char str([256];
fputs("\t\t<ElementData>\n", fpo);
for(int i=0; i<n; i++)
{
sprintf(str, "\t\t\t<element id=\"S%d\">", i+1);
fputs(str, fpo);

sprintf(str, "<fiber>%f,%f,%f</fiber>", datalil [@], datal[i] [1],
datalil [2]);
fputs(str, fpo);

if (g == true)

{
sprintf(str, "<growth>%f</growth>", 1.0);
fputs(str, fpo);

b

fputs('</element>\n", fpo);

b
fputs("\t\t</ElementData>", fpo);

return 0;

C.2: Creating Whole <ElementData> section of febio input file including <fibers>, <growth>, and <delay>



/*
ElementData(fibers.txt, growth.txt, delay.txt, out.txt)

written by G.E.Farrar on 10/26/12

This program creates the <ElementData> section for the
GRFEBio input file. It will create the tags for
<fibers>, <growth>, and <delay>, from data files
fibers.txt, growth.txt, and delay.txt. Whatever files
are included in the command will have tags created
in the output out.txt.

*/

#include <iostream>
#include <stdio.h>
#include <string.h>

using namespace std;

int main(int nargs, char xargvl[])
{
// some variables to use
int fib_arg, gro_arg, del_arg;
int n, num;
char szline[256];

// assess what arguments we have
if(nargs<3){ cout << "incorrect arguments.\n"; }

if( strcmp(argv([1],"fibers.txt") == 0 )
{fib_arg = 1;}

else if( strcmp(argv[2],"fibers.txt") == 0 )
{fib_arg = 2;}

else if( strcmp(argv[3],"fibers.txt") == 0 )
{fib_arg = 3;}

else
{fib_arg = 0;}

if( strcmp(argv([1],"growth.txt") == 0)
{gro_arg = 1;}

else if( strcmp(argv[2],"growth.txt") == 0)
{gro_arg = 2;}

else if( strcmp(argv[3],"growth.txt") == 0)
{gro_arg = 3;}

else
{gro_arg = 0;}

if( strcmp(argv([l],"delay.txt") == 0)
{del_arg = 1;}
else if( strcmp(argv[2],"delay.txt") == 0)



{del_arg = 2;}

else if( strcmp(argv([3],"delay.txt") == 0)
{del_arg = 3;}

else
{del_arg = 0;}

//——— read fibers ——

// open input file

FILEx fpf = fopen(argv[fib_argl, "r");
if (fpf == 0) return false;

// get number from the first line of the file
fgets(szline, 256, fpf);
sscanf(szline, "%d", &n);

// create array to store fiber orientation vectors
float dataf [n][3];

// read the data from fibers.txt into dataf[][]
for(int i=0; i<n; i++)
{
fgets(szline, 256, fpf);
sscanf(szline, "%d %f %f %f", &num, &dataf[i][@], &dataf[i]l[1],
&dataf[i]l [2]);
if (num!=(i+1)) { break; }
}

//—-—— read growth ——

// open input file

FILEx fpg = fopen(argvlgro_argl, "r");
if (fpg == 0) return false;

// get number from the first line of the file
fgets(szline, 256, fpg);
sscanf(szline, "%d", &n);

// create array to store fiber orientation vectors
float datag [n]l[1];

// read the data from growth.txt into datagl[][]
for(int i=0; i<n; i++)

{
fgets(szline, 256, fpg);
sscanf(szline, "%d %f", &num, &dataglil [0]);
if (num!=(i+1)) { break; }

¥

//——— read delay ——-

// open input file

FILEx fpd = fopen(argv[del_argl, "r");
if (fpd == @) return false;

// get number from the first line of the file
fgets(szline, 256, fpd);



sscanf(szline, "%d", &n);

// create array to store fiber orientation vectors
float datad [n][1];

// read the data from delay.txt into datad[][]
for(int i=0; i<n; i++)

{
fgets(szline, 256, fpd);
sscanf(szline, "%d %f", &num, &datad[il [0]);
if (num!=(i+1)) { break; }

}

// open output file
FILEx fpo;
if(nargs == 3)
fpo = fopen(argvI[2], "w");

else if(nargs == 4)
fpo = fopen(argvI[3], "w");
else if(nargs == 5)

fpo = fopen(argvI[4]l, "w");
if (fpo == 0) return false;

// print ElementData

char str[256];
fputs("\t\t<ElementData>\n", fpo);
for(int i=0; i<n; i++)

{
sprintf(str, "\t\t\t<element id=\"S%d\">", i+1);
fputs(str, fpo);
if(fib_arg !'= 0)
{
sprintf(str, "<fiber>%f,%f,%f</fiber>", datafl[il [0], datafl[i][1],
dataf[il [2]);
fputs(str, fpo);
}

if(gro_arg !'= 0)

{
sprintf(str, "<growth>%f</growth>", datagl[i] [0]);
fputs(str, fpo);

}

if(del_arg !'= 0)

{
sprintf(str, "<delay>%f</delay>", datad[i] [0]);
fputs(str, fpo);

}

fputs('</element>\n", fpo);



fputs("\t\t</ElementData>", fpo);

return 0;

Appendix D: Post-processing Code for SHR Study

D.1: For Calculating Average Strains
jan312013NONregionalstrainsall.m
clear all; close all; clc;

format long
load names.mat

W_t1l = 0;
W_t3 = 0;
W_t4 = 0;
W_t5 = 0;
S_tl1 = 0;
S_t3 = 0;
S_t4 = 0;
S_t5 = 0;

for i = [1:17,21:34,36:37,39:1length(names)]

% Construct the path to look for text files relating to this data set
if (names{i}(1:3) == 'shr')
types(i) = 1;
path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...
'\SHR',names{i}(4:6),'\");
elseif (names{i}(1:3) == 'wky')
types(i) = 2;
path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...
"\WKY',names{i}(4:6),'\");
end

times(i) = str2num(names{i}(6));

FS = zeros(15448,9); %Initialize fiber strain array for each data set.



Columns

1 an 9 will remain zeros.

for j = 8 % 4 for end diastole, 8 for end systole

0 not 1

strainfile = strcat(path,'fs',num2str(j-1),"'.txt"' );
FS(:,j) = dlmread(strainfile, ' ', [5 1 15452 11);

FS(:,3) FS(:,j)-1; %Remember to subtract one so that zero strain is
cl = 0;
c2 = 0;
c3 = 0;
c4 = 0;

if( types(i) == 2 )
if( times(i) == 1)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_tl == 0) W_t1l = temp;
else W_t1 = [wW_t1,temp];
end
elseif( times(i) == 3)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_t3 == 0) W_t3 = temp;
else W_t3 = [W_t3,temp];
end
elseif( times(i) == 4)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_t4 == 0) W_t4 = temp;
else W_t4 = [wW_t4,temp];
end
elseif( times(i) == 5)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_t5 == 0) W_t5 = temp;
else W_t5 = [W_t5,temp];
end
end

elseif( types(i) == 1)

if( times(i) == 1)

for kK = 1:15448;
temp(k) = FS(k,j);

end
if( S_tl == 0) S_t1 = temp;
else S_t1 = [S_t1,temp];
end

elseif( times(i) == 3)
for kK = 1:15448;



temp(k) = FS(k,j);
end
if( S_t3 == 0) S_t3 = temp;
else S_t3 = [S_t3,temp];
end
elseif( times(i) == 4)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( S_t4 == 0) S_t4 = temp;
else S_t4 = [S_t4,temp];
end
elseif( times(i) == 5)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( S_t5 == 0) S_t5 = temp;
else S_t5 = [S_t5,temp];
end
end

end
end
end

save('AVGstrainsHUGE.mat');

TTESTSnonregional.m

W_m = [mean(W_t1);
mean(W_t3);
mean(W_t4);
mean(W_t5) ]

W_sd = [std(W_t1);

std(W_t3);

std(wW_t4);

std(W_t5)]1
allWm = mean([W_t1,W_t3,W_t4,W_t51")
allWs = std([W_t1,W_t3,W_t4,W_t51")

S m= [mean(S_t1);
mean(S_t3);
mean(S_t4);
mean(S_t5)]

S_sd = [std(S_t1);
std(S_t3);
std(S_t4);
std(S_t5)]1



format long

A A A A ° A A A A A P A P A P P P P P K X X P P P K X X P P N K X X K

jan312013regionalstrainsall.m

clear all; close all; clc;

format long
load names.mat

W_t1l = 0;
W_t3 = 0;
W_t4 = 0;
W_t5 = 0;

S_t3_r1);
S t4 r1);
S t5 rl1);

S t3.r2);
S_t4_r2);
S _t5 r2);

S t3.r3);
S_t4_r3);
S_t5 r3);

S_t3_r4);
S t4 r4);
S t5 r4);

[h,p_W_1] = ttest2(W_t1_r1, W_t3_r1);
[h,p_W_2] = ttest2(W_t3_rl1, W_t4_r1);
[h,p_W_3] = ttest2(W_t4_r1, W_t5_r1);
p_W = [p_W_1;

p_W_2;

p_W_3]
[h,p_S_r1_1]1 = ttest2(S_t1_r1,
[h,p_S_r1_2] = ttest2(S_t3_r1,
[h,p_S_r1_31 = ttest2(S_t4_r1,
[h,p_S_r2_11 = ttest2(S_t1_r2,
[h,p_S_r2_2]1 = ttest2(S_t3_r2,
[h,p_S_r2_31 = ttest2(S_t4_r2,
[h,p_S_r3_11 = ttest2(S_t1_r3,
[h,p_S_r3_2] = ttest2(S_t3_r3,
[h,p_S_r3_31 = ttest2(S_t4_r3,
[h,p_S_r4_11 = ttest2(S_t1_r4,
[h,p_S_r4_2]1 = ttest2(S_t3_r4,
[h,p_S_r4_31 = ttest2(S_t4_r4,
p_S = [p_S_rl1_1;

p_S_r2_1;

p_S_r3_1;

p_S_r4_1;

p_S_rl_2;

p_S_r2_2;

p_S_r3_2;

p_S_r4_2;

p_S_rl_3;

p_S_r2_3;

p_S_r3_3;

p_S_r4_3]



S_t1
S_t3
S_t4
S_t5

for

Colu

0 no

[SESHSES]

i = [1:17,21:34,36:37,39:length(names)]

% Construct the path to look for text files relating to this data set
if (names{i}(1:3) == 'shr')
types(i) = 1;

path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...

"\SHR',names{i}(4:6),'\");
elseif (names{i}(1:3) == 'wky"')
types(i) = 2;

path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...

"\WKY',names{i}(4:6),'\");
end

times(i) = str2num(names{i}(6));

FS = zeros(15448,9); %Initialize fiber strain array for each data set.
mns 1 an 9 will remain zeros.

for j =4 % 4 for end diastole, 8 for end systole

strainfile = strcat(path,'fs',num2str(j-1),"'.txt"' );

FS(:,j) = dlmread(strainfile, ' ', [5 1 15452 11);

FS(:,j) = FS(:,j)-1; %Remember to subtract one so that zero strain
t1

cl
c2
c3
c4 ;
if( types(i) == 2 )
if( times(i) == 1)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_tl == 0) W_t1l = temp;
else W_t1 = [wW_t1,temp];
end
elseif( times(i) == 3)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_t3 == 0) W_t3 = temp;
else W_t3 = [W_t3,temp];
end
elseif( times(i) == 4)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_t4 == 0) W_t4 = temp;

.
’
.
’
.
’

[SESESNS]

is



else W_t4 = [wW_t4,temp];
end
elseif( times(i) == 5)
for kK = 1:15448;
temp(k) = FS(k,j);
end
if( W_t5 == 0) W_t5 = temp;
else W_t5 = [W_t5,temp];
end

elseif( types(i) ==
if( times(i) ==

1)
1)

for k = 1:15448;

temp (k)
end
if( S_tl1l ==
else S_t1 =
end

= FS(Kk,j);

0) S_t1 = temp;
[S_t1,templ;

elseif( times(i) == 3)
for k = 1:15448;

temp (k)
end
if( S_t3 ==
else S_t3 =
end

= FS(K,j);

0) S_t3 = temp;
[S_t3,templ;

elseif( times(i) == 4)
for k = 1:15448;

temp (k)
end
if( S_t4 ==
else S_t4 =
end

= FS(K,j);

0) S_t4 = temp;
[S_t4,templ;

elseif( times(i) == 5)
for k = 1:15448;

temp (k)
end
if( S_t5 ==
else S_t5 =
end
end

end
end
end
save('AVGstrainsHUGE.mat');

TTESTSregional.m

W.m= [mean(W_t1_r1);
mean(W_t1_r2);

o° o° o°

= FS(Kk,j);

0) S_t5 = temp;
[S_t5, temp];



A A A A ° A A A A A P P P N A A P P X N A X P P N N A X P P A P A A P A A P P A P P PP

mean(W_t1_r3);
mean(W_t1_r4);
mean(W_t3_r1);
mean(W_t3_r2);
mean(W_t3_r3);
mean(W_t3_r4);
mean(W_t4_r1);
mean(W_t4_r2);
mean(W_t4_r3);
mean(W_t4_r4);
mean(W_t5_r1);
mean(W_t5_r2);
mean(W_t5_r3);
mean(W_t5_r4)1

W_sd = [std(W_t1_r1);
std(W_t1_r2);
std(W_t1_r3);
std(W_t1_r4);
std(W_t3_r1);
std(W_t3_r2);
std(W_t3_r3);
std(W_t3_r4);
std(W_t4_r1);
std(W_t4_r2);
std(W_t4_r3);
std(W_t4_r4);
std(W_t5_r1);
std(W_t5_r2);
std(W_t5_r3);
std(W_t5_r4)]

S m= [mean(S_t1_r1);
mean(S_t1_r2);
mean(S_t1_r3);
mean(S_t1_r4);
mean(S_t3_r1);
mean(S_t3_r2);
mean(S_t3_r3);
mean(S_t3_r4);
mean(S_t4_r1);
mean(S_t4_r2);
mean(S_t4_r3);
mean(S_t4_r4);
mean(S_t5_r1);
mean(S_t5_r2);
mean(S_t5_r3);
mean(S_t5_r4)1

S_sd = [std(S_t1_r1);
std(S_t1_r2);
std(S_t1_r3);
std(S_t1_r4);
std(S_t3_r1);
std(S_t3_r2);



std(S_t3_r3);
std(S_t3_r4);
std(S_t4_r1);
std(S_t4_r2);
std(S_t4_r3);
std(S_t4_r4a);
std(S_t5_r1);
std(S_t5_r2);
std(S_t5_r3);
std(S_t5_r4)]

o° 0 d° A° ° ° ° P J° o°

format long

[h,p_W_r1_1] = ttest2(W_t1_r1, W_t3_rl1);
[h,p_W_r1_2] = ttest2(W_t3_r1, W_t4_rl1);
[h,p_W_r1_3] = ttest2(W_t4_r1, W_t5_r1);
[h,p_W_r2_11 = ttest2(W_t1_r2, W_t3_r2);
[h,p_W_r2_2] = ttest2(W_t3_r2, W_t4_r2);
[h,p_W_r2_31 = ttest2(W_t4_r2, W_t5_r2);
[h,p_W_r3_1] = ttest2(W_t1_r3, W_t3_r3);
[h,p_W_r3_2] = ttest2(W_t3_r3, W_t4_r3);
[h,p_W_r3_3] = ttest2(W_t4_r3, W_t5_r3);
[h,p_W_r4_11 = ttest2(W_t1_r4, W_t3_r4);
[h,p_W_r4_2] = ttest2(W_t3_r4, W_t4_r4);
[h,p_W_r4_31 = ttest2(W_t4_r4, W_t5_r4);
p_W = [p_W_rl_1;

p_W_r2_1;

p_W_r3_1;

p_W_r4_1;

p_W_rl_2;

p_W_r2_2;

p_W_r3_2;

p_W_r4_2;

p_W_rl_3;

p_W_r2_3;

p_W_r3_3;

p_W_r4_3]
[h,p_S_r1_11 = ttest2(S_t1_r1, S_t3_rl1);
[h,p_S_r1_2] = ttest2(S_t3_r1, S_t4_rl);
[h,p_S_r1_31 = ttest2(S_t4_r1, S_t5_r1);
[h,p_S_r2_11 = ttest2(S_t1_r2, S_t3_r2);
[h,p_S_r2_21 = ttest2(S_t3_r2, S_t4_r2);
[h,p_S_r2_31 = ttest2(S_t4_r2, S_t5_r2);
[h,p_S_r3_11 = ttest2(S_t1_r3, S_t3_r3);
[h,p_S_r3_2] = ttest2(S_t3_r3, S_t4_r3);
[h,p_S_r3_31 = ttest2(S_t4_r3, S_t5_r3);
[h,p_S_r4_11 = ttest2(S_t1_r4, S_t3_r4);
[h,p_S_r4_2]1 = ttest2(S_t3_r4, S_t4_r4);
[h,p_S_r4_31 = ttest2(S_t4_r4, S_t5_r4);
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D.2: For Calculating the Thickness and Diameter of The LV Mesh

ThicknessDiameter.m

clear all; close all; clc;

format long
load names.mat

n_z_

t
d
a

for

r = 20;

zeros(42,1); % lv thickness
zeros(42,1); % lv diameter
zeros(42,1); % age/acquisition number

i=[1:17,21:34,35,36,37,38,39:length(names)]

% Construct the path to look for text files relating to this data set
if (names{i}(1:3) == 'shr')

path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...

"\SHR',names{i}(4:6),'\");
sw(i,1) = 1;
elseif (names{i}(1:3) == 'wky')

path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...

"\WKY',names{i}(4:6),"'\");
sw(i,1) = 2;
end
nodefile = strcat( path, names{i}(1:4), names{i}(6), 'nodes.txt');
nodes = GetNodes(nodefile,5,15448); %these are ref config nodes
[datal] = GetTD( nodes , n_z_r );
% use max thickness and diameter values along the height of the LV

%t(i,1) = max(data(:,1));
%d(i,1) = max(data(:,2));



%suse average of the values in upper-middle part, slices 4-7 of 20.
t(i,1) = mean(data(4:7,1));
d(i,1) = mean(data(4:7,2));

a(i,1) = str2num(names{i}(6)); % this is the acquisition number

% use this later to look at lifespan changes in thickness and diameter
between es/ed/ref

% FS = zeros(15448,9); %Initialize fiber strain array for each data set.
% %Columns 1 and 9 will remain zeros for ref config.
% for j = 2:8

% strainfile = strcat(path,'fs',num2str(j-1),"'.txt"' );

% FS(:,j) = dlmread(strainfile, ' ', [5 1 15452 11);

% FS(:,j) = FS(:,j)-1; %Remember to subtract one so that zero strain

% for r = 1:nr

% c=0;

% for kK = 1:15448

% if R(k,1) == r

% c = c+1;

% fsr(c) = FS(k,j);
% end

% end

% FSR_all(r,j,i) = mean(fsr);
% clear fsr;

% end

% end

%This just puts a '3' instead of a '@' in the rows of sw that haven't been
%set to 1 or 2 for shr or wky. Matlab doesn't like zeros in there.
for i=1:42
if sw(i,1)==0,
sw(i,1) = 3;
end
end

%These are my beautiful colors
cot=1[[.6 .1 .6];[.1 .1 .7];[.2 .6 .7];[.2 .6 .11;[.5 .5 .5];...
(.7 .7 .31;[.9 .5 .1];[.8 .2 .4];[.8 .1 .6];[.1 .1 .1] ];

%%% make some basic plots to see the relationship. This just puts all of
%%% the points on there. no averages per age group.

figure % thickness

for 1 = 1:42

plot( a(i), t(i),
"Color', col(sw(i,1),:),su.
'Marker','d', ...
'MarkerFaceColor',col(sw(i,1),:)), hold on,



end
hold off

figure % diameter

for i = 1:42

plot( a(i), d(i),
'Color', col(sw(i,1),:),...
'Marker','d', ...
'MarkerFaceColor',col(sw(i,1),:)), hold on,

end

hold off

%%% Average and standard dev of all of the WKY data
% (use to get "normal")

Avg_t_wky = mean( t(21:42,1) );

Std_t_wky = std( t(21:42,1) );

%%% Now get the average at each time point

%This is to organize t and d by age for SHR
c3 = zeros(2,5);

for j = 1:5
for i = 1:17
if a(i)==j
c3(1,j) = c3(1,7)+1;
t_Age_shr(c3(1,j),j) = t(i);
d_Age_shr(c3(1,j),j) = d(i);
end
end
end
%This is to organize t and d by age for WKY
for j = 1:5
for i = 18:42
if a(i)==j
c3(2,3) = c3(2,7)+1;
t_Age_wky(c3(2,j),3j) = t(i);
d_Age_wky(c3(2,j),j) = d(i);
end
end
end

% This calculates the average and std err of t and d by age group

for j = 1:5

SWKY

Avg_t_Age_shr(j
Avg_d_Age_shr(j
StdE_t_Age_shr(
StdE_d_Age_shr(
Std_t_Age_shr(j
Std_d_Age_shr(j

mean( t_Age_shr( 1:c3(1,j),j ) );
mean( d_Age_shr( 1:c3(1,j),j ) );
std( t_Age_shr( 1:¢3(1,j),3 ) ) / sqrt( c3(1,3) );
std( d_Age_shr( 1:¢3(1,j),3 ) ) / sqrt( c3(1,3) );
std( t_Age_shr( 1:c3(1,j),j ) );
std( d_Age_shr( 1:c3(1,j),j ) );

) =
) =

~ — L — —

%SHR
Avg_t_Age_wky(j)

mean( t_Age_wky( 1:c3(2,j),3i ) );



By,
)/

mean( d_Age_wky( 1:c3(2,3),j )
std( t_Age_wky( 1:c3(2,j),]
std( d_Age_wky( 1:c3(2,j),]
Std_t_Age_wky(j) std( t_Age_wky( 1:c3(2,3),j )
Std_d_Age_wky(j) std( d_Age_wky( 1:c3(2,3),j )
%scheck statistical significance

[h,p] = ttest2( t_Age_shr( 1:c3(1,j),j ), t_Age_wky( 1:c3(2,j),j ), 0.05

Avg_d_Age_wky(j)
StdEr_t_Age_wky(]j

) sqrt( c3(2,3) );
StdEr_d_Age_wky(j)

sqrt( c3(2,3) );

~— — — ~— ~—

HPt(j,1:2) = [h,pl;
[h,p] = ttest2( d_Age_shr( 1:c3(1,j),j ), d_Age_wky( 1:c3(2,j),j ), 0.05

HPd(j,1:2) = [h,pl;

figure
plot([6,12,15,18,20], Avg_t_Age_wky, 'bs-'),hold on
plot([6,12,15,18,20], Avg_t_Age_shr, 'ro-'),hold off

figure
plot([6,12,15,18,20], Avg_d_Age_wky, 'bs-'),hold on
plot([6,12,15,18,20], Avg_d_Age_shr, 'ro-'),hold off

figure

plot(t(1:17),d(1:17),'bs"), hold on
plot(t(18:42),d(18:42),'r™"),
axis([5 7 10 161)

GetTD.m

function [out] = GetTD( C, n_z_r )

inputs: C: Nodal Coordinates. Nx3 array where each row contains the
X, Yy, and z coordinates of the N'th node.
n_z_r: number of z regions to slice it into

% output: T: 1 x n_z_r. thickness of LV at heights z. average of
thicknesses of the 4
gquadrants.

D: 1 x n_z_r. diameter of LV at heights z. average of outer
diameters on x
and y axes.

note: Z_td = 11.94 corresponds to slice 16, approximately the widest

% e.g.: [T D] = GetTD( C, 20 )
% part of the LV.



format long
N = size(C,1); %Number of nodes

%%%% Initialize Data Arrays %%%%
R = zeros(5000,3,n_z_r);

D = zeros(n_z_r,1);

T = zeros(n_z_r,1);

ct = zeros(n_z_r,1);

A = zeros(100,3,4);

(@]
+
N

= zeros(4,1);

o°
o°
o°
o°
o°
o°
o°
o°

Assign the nodes to a z-region.
z_max = max(C(:,3));

z_min = min(C(:,3));

z_chunk = (z_max - z_min)/n_z_r;

for i = 1:(n_z_r + 1)
z_slices(i) = z_max - (i-1)*z_chunk;
end

for j =1
for i
V4 (113);
if z <= z_slices(j) && z > z_slices(j+1)
ct(j,1) = ct(j,1) + 1;
R(ct(j,1),:,j) = (C(i,:));
end
end
end

—h o

%%% Calculate Average Diameter and Thickness.
or j = 1l:n_z_r

maxX = max(R(1:ct(j,1),1,3));
minX = min(R(1:ct(j,1),1,3));
maxY = max(R(1:ct(j,1),2,3));
minY = min(R(1:ct(j,1),2,3));
cenX = mean([maxX,minX],2);
cenY = mean([maxY,minY],2);
DiaX = maxX-minX;

Dia¥Y = maxY-minY;

AvgDia = mean([DiaX,DiaY],2);
D(j,1) = AvgDia;

o°
o°
o°
o°



for i = 1l:ct(j,1)
if( (R(i,2,j) < (cenY+delta)) && (R(i,2,j) > (cenY-delta)) )
if (R(i,1,j) > (cenX))
ct2(1,1) = ct2(1,1) + 1;
A(ct2(1,1),:,1) = R(i,:,7);
elseif (R(i,1,j) < (cenX))
ct2(2,1) = ct2(2,1) + 1;
A(ct2(2,1),:,2) = R(i,:,]);
end
elseif( (R(i,1,j) < (cenX+delta)) && (R(i,1,j) > (cenX-delta)) )
if (R(i,2,j) > (cenY))
ct2(3,1) = ct2(3,1) + 1;
A(ct2(3,1),:,3) = R(i,:,]);
elseif (R(i,2,j) < (cenY))
ct2(4,1) = ct2(4,1) + 1;
A(ct2(4,1),:,4) = R(i,:,7);

end
end
end
tl = maxX - min(A(1:ct2(1,1),1,1));
t2 = maxY - min(A(1:ct2(2,1),2,2));
t3 = abs(minX - max(A(1:ct2(3,1),1,3)));
t4 = abs(minY - max(A(1l:ct2(4,1),2,4)));

AvgT = mean([t1l, t2, t3, t4]1,2);
T(j,1) = AvgT;

end

out = [T DI;

D.3: Organizing and Presenting Strain Data

DataProcessing.m

clear all, close all, clc
load fiberstrains.mat

%% Look at progression of fiber strains over time for each rat %%
% SHR's
figure,
subplot(1,7,1), bar(shrl_1'), title('shrl'), legend('1l"'),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
set(gca, 'YGrid', 'on' ),
subplot(1,7,2), bar(shr2_1245'), title('shr2'), legend('1','2','4','5"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

0 0° A° A° A° A° A A A P P o°
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subplot(1,7,3), bar(shr3_13'), title('shr3'), legend('1','3"'),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,4), bar(shr5_123"'), title('shr5'), legend('1','2','3"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,5), bar(shr6_13'), title('shr6'), legend('1','3'),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,6), bar(shr7_134"'), title('shr7'), legend('1','3','4"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,7), bar(shrg8_13'), title('shr8'), legend('1','3'),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

% WKY's

figure,

subplot(1,7,1), bar(wky2_345"'), title('wky2'), legend('3','4','5"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
set(gca, 'YGrid', 'on' ),

subplot(1,7,2), bar(wky3_1234"'), title('wky3'), legend('1','2','3','4"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,3), bar(wky4_1'), title('wky4'), legend('1','3"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,4), bar(wky5_1345"'), title('wky5'), legend('1','3','4','5"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,5), bar(wky6_135"'), title('wky6'), legend('1','3','5'),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,6), bar(wky7_145"), title('wky7'), legend('1','4','5"),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

subplot(1,7,7), bar(wky8_13'), title('wky8'), legend('1','3'),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

%% 0rganize fiber strains by time %%



% SHR's

shr_fs1l = [shr1_1; shr2_1245(1,:); shr3_13(1,:); shr5_123(1,:);
shr6_13(1,:); shr7_134(1,:); shr8_13(1,:)1;
shr_fs2 = [shr2_1245(2,:); shr5_123(2,:)];
shr_fs3 = [shr3_13(2,:); shr5_123(3,:); shr6_13(2,:); shr7_134(2,:);
shr8_13(2,:)1;
shr_fs4 = [shr2_1245(3,:); shr7_134(3,:)];
shr_fs5 = shr2_1245(4,:);
%SWKY 's
wky_fsl = [wky3_1234(1,:); ...wkyd4_1(1,:);
coawWky5_1345(1,:); «.n
wky6_1345(1,:); wky7_1345(1,:); wky8_13(1,:)1;
wky_fs2 = [wky3_1234(2,:)1;
wky_fs3 = [wky2_345(1,:);wky3_1234(3,:); wky5_1345(2,:); .
wky6_1345(2,:); wky7_1345(2,:); wky8_13(2,:)1;
wky_fs4 = [wky2_345(2,:); ...wky3_1234(4,:);
wky5_1345(3,:); ...
wky6_1345(3,:); wky7_1345(3,:)1;
wky_fs5 = [wky2_345(3,:)

wky5_1345(4,:); .
wky6_1345(4,:); wky7_1345(4,:)1;
% get the means
shr_fsm(1,1:7)
shr_fsm(2,1:7)

shr_fsm(3,1:7)

mean(shr_fs1,1);
mean(shr_fs2,1);
mean(shr_fs3,1);
shr_fsm(4,1:7) mean(shr_fs4,1);
shr_fsm(5,1:7) mean(shr_fs5,1);
shr_fsm = [zeros(5,1), shr_fsm, zeros(5,1)];

wky_fsm(1,1:7)
wky_fsm(2,1:7)
wky_fsm(3,1:7)

mean(wky_fs1,1);
mean(wky_fs2,1);
mean(wky_fs3,1);
wky_fsm(4,1:7) mean(wky_fs4,1);
wky_fsm(5,1:7) mean(wky_fs5,1);
wky_fsm = [zeros(5,1), wky_fsm, zeros(5,1)];

% get the std deviations

shr_fs_std(1,1:7) std(shr_fs1);
shr_fs_std(2,1:7) std(shr_fs2);
shr_fs_std(3,1:7) std(shr_fs3);
shr_fs_std(4,1:7) std(shr_fs4);
shr_fs_std(5,1:7) std(shr_fs5);

shr_fs_std = [zeros(5,1), shr_fs_std, zeros(5,1)];

wky_fs_std(1,1:7)
wky_fs_std(2,1:7)
wky_fs_std(3,1:7)
wky_fs_std(4,1:7) std(wky_fs4);
wky_fs_std(5,1:7) std(wky_fs5);
wky_fs_std = [zeros(5,1), wky_fs_std, zeros(5,1)];

std(wky_fs1);
std(wky_fs2);
std(wky_fs3);

% get the p values



(hd(1) pd(1)]
[hd(2) pd(2)]
[hd(3) pd(3)]
[hd(4) pd(4)]
[hd(5) pd(5)]

ttest2(shr_fs1(:,3),wky_fs1(:,3),0.05,0);
ttest2(shr_fs2(:,3),wky_fs2(:,3),0.05,0);
ttest2(shr_fs3(:,3),wky_fs3(:,3),0.05,0);
ttest2(shr_fs4(:,3),wky_fs4(:,3),0.05,0);
ttest2(shr_fs5(:,3),wky_fs5(:,3),0.05,0);

[hs(1) ps(1)]
[hs(2) ps(2)]
[hs(3) ps(3)]
[hs(4) ps(4)]
[hs(5) ps(5)]

ttest2(shr_fs1(:,7),wky_fs1(:,7),0.05,0);
ttest2(shr_fs2(:,7),wky_fs2(:,7),0.05,0);
ttest2(shr_fs3(:,7),wky_fs3(:,7),0.05,0);
ttest2(shr_fs4(:,7),wky_fs4(:,7),0.05,0);
ttest2(shr_fs5(:,7),wky_fs5(:,7),0.05,0);

Plot average (for a given time point) of average fiber strains

with error bars at +/- 1 std dev

top row is SHR, bottom row is WKY

left to right is Acquisitions 1 to 5

figure,

for i=I[1,3,4,5]
subplot(2,5,i), plot([0:8], [shr_fsm(i,:)], 'ks-', 'LineWidth',1,...

'MarkerEdgeColor', 'k', '‘MarkerFaceColor',[1 1 1], 'MarkerSize',5),

axis([0 8 -.1 0.08]), hold on,
errorbar([0:81,shr_fsm(i,:),shr_fs_std(i,:)),
set(gca, 'YTick',[-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
%set(gca, 'YGrid', 'on' ),
hold off

end

for i=I[1,3,4,5]

subplot(2,5,1i+5), plot([0:8], [wky_fsm(i,:)], 'ks-', 'LineWidth',1,...
'MarkerEdgeColor', 'k', '‘MarkerFaceColor',[1 1 1], 'MarkerSize',5),

axis([0 8 -.1 0.08]), hold on,
errorbar([0:8]1,wky_fsm(i,:),wky_fs_std(i,:)),
set(gca, 'YTick',[-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
%set(gca, 'YGrid', 'on' ),
hold off

end

%% NEW — Organize fiber strains by time with zero—-padding for empty spaces%%
% SHR's

shr_fslz = [shr1_1; shr2_1245(1,:); shr3_13(1,:); zeros(1,7); .
shr5_123(1,:); shr6_13(1,:); shr7_134(1,:); shr8_13(1,:)];

shr_fs2z = [zeros(1,7); shr2_1245(2,:); zeros(1,7); zeros(1,7);
shr5_123(2,:); zeros(1,7);zeros(1,7);zeros(1,7)]1;

shr_fs3z = [zeros(1,7);zeros(1,7);shr3_13(2,:);zeros(1,7); ...
shr5_123(3,:); shr6_13(2,:); shr7_134(2,:); shr8_13(2,:)1;

shr_fs4z = [zeros(1,7); shr2_1245(3,:); zeros(1,7); zeros(1,7);
zeros(1,7); zeros(1,7); shr7_134(3,:); zeros(1,7)1;

shr_fs5z = [zeros(1,7); shr2_1245(4,:); zeros(1,7); zeros(1,7);

zeros(1,7); zeros(1,7); zeros(1,7); zeros(1,7)];

SWKY's



wky_fslz = [zeros(2,7); wky3_1234(1,:); zeros(1,7);;

wky5_1345(1,:); wky6_1345(1,:); wky7_1345(1,:); wky8_13(1,:)];
wky_fs2z = [zeros(2,7); wky3_1234(2,:); zeros(1,7);

zeros(1,7); zeros(1,7); zeros(1,7); zeros(1,7)];

wky_fs3z = [zeros(1,7); wky2_345(1,:); wky3_1234(3,:); zeros(1,7);

wky5_1345(2,:); wky6_1345(2,:); wky73; wky8_13(2,:)1;
wky_fsd4z = [zeros(1,7); wky2_345(2,:); zeros(1,7);; zeros(1,7); ...

wky5_1345(3,:); wky6_1345(3,:); wky7_1345(3,:); zeros(1,7)]1;
wky_fs5z = [zeros(1,7); wky2_345(3,:); zeros(1,7); zeros(1,7);

wky5_1345(4,:); wky6_1345(4,:); wky7_1345(4,:); zeros(1,7)];

o)
0

%% Look at strains for a given time point to see variation %%%

o® o°

@]

{Ibo_l’IrS_I'IkA_I’IkA_I'Im*_l’Igd_l'lcp_l’ly+_l};
C {lko_l’|kx_|'|k+_|’|k*_|'|ks_|’|kd_|'|kv_|’|kA_|};
c = {Ibo—l,IrO—I,ICO—I,IkO—I,ImO—I,IgO—I,IkO—I,IyO—I};

o° of

colvec = [ [.8 .1 .1];[.5 .5 .1];[.1 .7 .11;[.1 .1 .8]1;[.6 .1 .61 I;

colvec2 = [ [.5 .5 .5];[.6 .1 .6];[.1 .1 .7]1;[.2 .6 .7];[.2 .6 .1];
[.7 8 .1

7 313 .9 11: 1.8 .2 .41; 6101 .1 .11 1

ol
—

figure,
subplot(1,4,1),
for i=I[1,2,3,5,6,7,8]
plot([0:8]1, [0, shr_fslz(i,:),
01, 'Color' ,colvec2(1,.) 'Marker','d"',
'MarkerFaceColor' ,colvec2(1,.),
'markers',5),hold on,
end, hold off,
ylabel('Fiber Strain'), xlabel('One Cardiac Cycle'), title('Acquisition
1'),
legend('SHR 1','SHR 2','SHR 3','SHR 5','SHR 6','SHR 7','SHR 8',3),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
set(gca, 'PlotBoxAspectRatio', [1 2 1]),
subplot(1,4,2),
for i=[3,5,6:8]
plot([0:8]1, [0, shr_fs3z(i,:),
01, 'Color',colvec2(i,:), 'Marker','d', ...
'MarkerFaceColor',colvec2(i,:),
'markers',5),hold on,
end, hold off,
title('Acquisition 3'),
%legend('SHR 3','SHR 5','SHR 6','SHR 7','SHR 8',3),
axis([0 8 -.1 0.08]),xlabel('One Cardiac Cycle'),
set(gca, 'YTick',[-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
set(gca, 'PlotBoxAspectRatio', [1 2 1]),
subplot(1,4,3),
for i=[2,7]
plot([0:8]1, [0, shr_fsd4z(i,:),



01, 'Color',colvec2(i,:), 'Marker','d', ...
'MarkerFaceColor',colvec2(i,:),
'markers',5),hold on,

end, hold off,
title('Acquisition 4'),
%legend('SHR 2','SHR 7',3),
axis([0 8 -.1 0.08]), xlabel('One Cardiac Cycle'),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
set(gca, 'PlotBoxAspectRatio', [1 2 1]),
subplot(1,4,4),
for i=[2]
plot([0:8]1, [0, shr_fs5z(i,:),

01, 'Color',colvec2(i,:), 'Marker','d', ...
'MarkerFaceColor',colvec2(i,:),
'markers',5),hold on,

end, hold off,

title('Acquisition 5'),

%legend('SHR 2',3),

xlabel('One Cardiac Cycle'),

axis([0 8 -.1 0.08]),

set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

set(gca, 'PlotBoxAspectRatio', [1 2 1]),

%SWKY's
figure,
subplot(1,4,1),
for i=[3,6:8]
plot([0:8]1, [0, wky_fslz(i,:),
01, 'Color',colvec2(i,:), 'Marker','d', ...
'MarkerFaceColor',colvec2(i,:),
'markers',5),hold on,
end, hold off,
title('Acquisition 1'), xlabel('One Cardiac Cycle'), ylabel('Fiber
Strain'),
%legend('WKY 3','WKY 5','WKY 6','WKY 7', 'WKY 8',3),
axis([0 8 -.1 0.08]),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
set(gca, 'PlotBoxAspectRatio', [1 2 1]),
%set(gca, 'YGrid', 'on' ),
subplot(1,4,2),
for i=[2,3,5,6,7,8]
plot([0:8]1, [0, wky_fs3z(i,:),
01, 'Color',colvec2(i,:), 'Marker','d', ...
'MarkerFaceColor',colvec2(i,:),
'markers',5),hold on,
end, hold off,
title('Acquisition 3'), legend('WKY 2','WKY 3','WKY 5', 'WKY 6', "WKY
7','WKY 8',3),
axis([0 8 -.1 0.08]), xlabel('One Cardiac Cycle'),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),



set(gca, 'PlotBoxAspectRatio', [1 2 1]),
subplot(1,4,3),
for i=[2,5,6,71]
plot([0:8]1, [0, wky_fsd4z(i,:),

01, 'Color',colvec2(i,:), 'Marker','d", ...
'MarkerFaceColor',colvec2(i,:),
'markers',5),hold on,

end, hold off,
title('Acquisition 4'),
%legend('WKY 2','WKY 5','WKY 6','WKY 7',3),
axis([0 8 -.1 0.08]), xlabel('One Cardiac Cycle'),
set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),
set(gca, 'PlotBoxAspectRatio', [1 2 1]),
subplot(1,4,4),
for i=[2,5,6,71]
plot([0:8], [0, wky_fs5z(i,:),

01, 'Color',colvec2(i,:), 'Marker','d", ...
'MarkerFaceColor',colvec2(i,:),
'markers',5),hold on,

end, hold off,

title('Acquisition 5'),

%legend('WKY 2','WKY 5', 'WKY 6','WKY 7',3),

axis([0 8 -.1 0.08]), xlabel('One Cardiac Cycle'),

set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[06 1 2 3 45 6 7 8]),

set(gca, 'PlotBoxAspectRatio', [1 2 1]),

D.4 : Calculating Regional Strains
CalcRegionalStrains6.m

clear all; close all; clc;

%THIS SCRIPT WAS USED TO CALUCULATE THE 4-REGION STRAINS FOR ALL OF THE
%RATS.

%NOTE: THIS CODE WILL TAKE THE STRAINS FROM THE EQUATORIAL SLICE ONLY (2ND
%SLICE FROM THE BASE OUT OF 4 SLICES).

%IT SAVES THIS DATA TO THE FILE FSR_all_4reg_equator, WHICH CONTAINS
%ONE VARIABLE: FSR_all

format long

load names.mat

nr = 4;

FSR_all = zeros(nr,9,42); %Regional fiber strain array to contain values from

all data sets.

for i = [1:17,19,21:34,36:37,39:length(names)]



% Construct the path to look for text files relating to this data set
if (names{i}(1:3) == 'shr')

path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...

"\SHR',names{i}(4:6),'\");
elseif (names{i}(1:3) == 'wky')

path = strcat('C:\Documents and Settings\Genevieve\Desktop\RATS',...

"\WKY',names{i}(4:6),'\");
end

[L] = GetLandmarks( names{i} );

nodefile = strcat( path, names{i}(1:4), names{i}(6), 'nodes.txt');
nodes = GetNodes(nodefile,5,15448);

R = AssignRegions3( nodes, 4, [4,4,4,4]1, L);

FS = zeros(15448,9); %Initialize fiber strain array for each data set.
Columns 1 an 9 will remain zeros.

for j = 2:8
strainfile = strcat(path,'fs',num2str(j-1),"'.txt"' );
FS(:,j) = dlmread(strainfile, ' ', [5 1 15452 11);
FS(:,j) = FS(:,j)-1; %Remember to subtract one so that zero strain

0 not 1
for r = 1:nr
c=0;
for k = 1:15448
if (R(k,1) == r && R(k,2) == 2)
cC = c+1;
fsr(c) = FS(k,j);
end
end
FSR_all(r,j,i) = mean(fsr);
clear fsr;
end
end

% %%%% PLOT %%%%

% cot=1[.5.5.5];[.6 .1 .6];[.1 .1 .71;[.2 .6 .71;[.2 .6 .11;...
% [.7 .7 .31;[.9 .5 .11;[.8 .2 .41;[.8 .1 .6]1;[.1 .1 .1];...
% [.5 .5 .5];[.6 .1 .6];[.1 .1 .71;[.2 .6 .71;[.2 .6 .1];...
% [.7 .7 .31;[.9 .5 .11;[.8 .2 .41;[.8 .1 .6]1;[.1 .1 .1];...
% [.5 .5 .5];[.6 .1 .6];[.1 .1 .71;[.2 .6 .71;[.2 .6 .1];...
% [.7 .7 .31;[.9 .5 .1];[.8 .2 .4]1;[.8 .1 .6]1;[.1 .1 .11 1;
% figure,

% for k = 1:nr

% plot( 1:9, FSR(k,:),

% 'Color', col(k,:),...



'Marker','d', ...
'MarkerFaceColor',col(k,:) ), hold on,
end
ylabel('Fiber Strain'),
xlabel('One Cardiac Cycle'),
title(strcat('Regional Fiber Strains for',names{i})),
legend('anterior', 'septal', 'inferior', 'lateral’'),
axis([1 9 -.1 0.1]),
%set(gca, 'YTick', [-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08]),
set(gca, 'XTick',[0 1 2 3 456 7 8]),
set(gca, 'YGrid', 'on' ),
hold off

A d° A° ° ° ° A A P ° o o°

end

save FSR_all_4reg_equator;

AssignRegions3.m

function [R] = AssignRegions3( C, n_z_r, n_xy_r, L)

96%% % %%% % %% %% %% % %676 % % %6%6 %% %6 %6 % %6 %6 % %6 %676 % %6 %6 %6 % %6 %6 % %6 %676 % %6 %6 %6 % %676 % %6 %6 %6 % %6 %6 %6 % %676 % % %6 %6 % %6 %6 %6 % %6 %6 % % %6 %6 %
%%%
%function R = AssignRegions( C, n_z_r, n_xy_r, xy_as, Xxy_is )
%
% inputs: C: Nodal Coordinates. Nx3 array where each row contains the
% X, Yy, and z coordinates of the N'th node.
% n_z_r: Number of Z Regions. scalar-valued. any number ok.)
% n_xy_r: Number of XY Regions (for each z-region).
% vector of length n_z_r, can contain values of 1, 4, or 6
ONLY
% e.g.: n_xy_r = [6; 6; 4; 1] for n_z_r = 4 is AHA
Recommendation.
[L] = [ anteroseptal x-coord, anteroseptal y-coord;
inferoseptal x-coord, inferoseptal y-coord;
center x-coord, center y-coordl];
output: R: Nx3 array, where each row contains

(1) the x-y region number, (2) the z region number, and
(3) the AHA region number, for each of the N nodes

e.g.: R = AssignRegions( C, 4, [6; 6; 4; 11, L)
R_shr25 = AssignRegions2( shr25nodes, 1, [4], L);



format long
N = size(C,1); %Number of nodes

o°
o°
o°
o°

%%%% Initialize the array that will hold the region information.
R = zeros(N,3);

%%% Assign the nodes to a z-region. %%%%

This based on each node's z-coordinate.

The z-region number for each node is stored in the second column of R.
Z-regions are numbered from base to apex.

Currently, the code divides the mesh into equal-sized z-regions. Uneven
%sspacing could be added.

if n_z_r <1

fprintf('\n Error: n_z_r cannot be negative.');

o° o o o° o

elseif n_z_r ==1
R(:,2) = 1;

elseif n_z_r > 1
max(C(:,3));

_ min(C(:,3));
z_chunk = (z_max - z_min)/n_z_r;

Z_max

for i = 1:(n_z_r + 1)
z_slices(i) = z_max - (i-1)*z_chunk;

end
for i = 1:N
zZ = C(l;3);
for j = 1:in_z_r
if z <= z_slices(j) && z >= z_slices(j+1)
end
end
if z == z_min
R(i,2) = n_z_r;
end
end

end

%%% Check the z-region assignments %%%%
% Check that all nodes were assigned a z region
or i = 1:N
if(R(1i,2) == 0)
fprintf(strcat(' \n Error: no z component for node#',num2str(i)));
end

[
-
[

-

—h

end

%%%%%%% plot x-z to see z-regions
igure,

o° o°
— o°



for i = 1:N
if R(i,2) == 1
plot(C(i,1),C(i,3),"'ko"), hold on,
elseif R(i,2) == 2
plot(C(i,1),C(i,3),"'bo"), hold on,
elseif R(i,2) == 3
plot(C(i,1),C(i,3),"'ro"), hold on,
elseif R(i,2) == 4
plot(C(i,1),C(i,3),"'go"'), hold on,
end
end
hold off

%%%%%%%% plot y-z to see z-regions
figure,
for i = 1:N
if R(i,2) == 1
plot(C(i,2),C(i,3),"'ko"), hold on,
elseif R(i,2) == 2
plot(C(i,2),C(i,3),"'bo"), hold on,
elseif R(i,2) == 3
plot(C(i,2),C(i,3),"'ro"), hold on,
elseif R(i,2) == 4
plot(C(i,2),C(i,3),'go"'), hold on,
end
end
hold off

A A A A A° A A A A A A A P P A X P P N K X X P P N NP P

o°

%%% Assign the nodes to an xy-region %%%%

)
]

Find the slopes of the lines from the center to the anteroseptal
and inferoseptal points
s

o° of

m_as = (L(1,2) - L(3,2))/(L(1,1) - L(3,1));
m_is = (L(2,2) - L(3,2))/(L(2,1) - L(3,1));
for 1 = 1:N

%% Procedure for dividing the xy slice into 6 regions

% if( R(i,2) == 3 || R(i,2) == 4) %assign directly to z-regions

if n_xy_r(R(i,2)) == 6 %if this node has been assigned to a
%z-region for which n_xy_r is 6

x = C(i,1);
y_as = m_asx(x-L(3,1)) + L(3,2); % y=mx+b
y_is = m_isx(x-L(3,1)) + L(3,2);
y_cs = L(3,2);
if y <= y_as
if y <= y_is
R(i,1) = 1; %anterior region
elseif y > y_is
if y < y_cs

R(i,1) = 6; %antero-lateral region



else
R(i,1) = 5; %infero-lateral region

end
end
elseif y > y_as
if y > y_is
R(i,1) = 4; %inferior region
elseif y <= y_is
if y > y_cs
R(i,1) = 3; %infero-septal region
else
R(i,1) = 2; %antero-septal region
end
end

end

%% Procedure for dividing the xy slice into 4 regions

% elseif( R(i,2) == 2 ) %directly assign to z-region numbers
elseif n_xy_r(R(i,2)) == 14 %if this node has been assigned to a
%z-region for which n_xy_r is 4
X = C(lrl);
y = C(iIZ);
y_as = m_askx(x-L(3,1)) + L(3,2);
y_is = m_isx(x-L(3,1)) + L(3,2);
if y <= y_as
if y <= y_is
R(i,1) = 1;
elseif y > y_is
R(i,1) = 4;
end
elseif y > y_as
if y > y_is
elseif y <= y_is
end
end

%% This option just assigs the whole xy-plane to one region

% elseif( R(i,2) == 1 ) %directly assign to z-region numbers
elseif n_xy_r(R(i,2)) ==1

R(i,1) = 1;
else

fprintf('\n Error: Invalid n_xy_r');
end
end

%% Check the xy-region assignments %%%%
Check that all nodes were assigned an xy region

or i = 1:N

if(R(i,1) == 0)

fprintf(strcat(' \n Error: No xy region assigned for

i=",num2str(i)));

end
end

;)
676
;)

676

—h



%% Check the code by plotting the regions
for j = 1:n_z_r
figure,
for i = 1:N
if R(i,2) == j
if R(i,1) == 1
plot(C(i,1),C(i,2),'ko"), hold on
elseif R(i,1) == 2
plot(C(i,1),C(i,2),"'bo"), hold on
elseif R(i,1) == 3
plot(C(i,1),C(i,2),'ro"), hold on
elseif R(i,1) == 4
plot(C(i,1),C(i,2),"'go"'), hold on
elseif R(i,1) == 5
plot(C(i,1),C(i,2),'co"), hold on
elseif R(i,1) == 6
plot(C(i,1),C(i,2),'mo"), hold on

A A A A A° ° A A A A A A P P A I I P N NP N

end
end
end
plot(L(3,1),L(3,2),'rs"'), hold on
end

%%% Set up the third column of AHA region numbers
if n_z_r =14
for i=1:N
if R(i,2) ==1
elseif R(i,2) == 2
R(i,3) = R(i,1) + 6;
elseif R(i,2) == 3
elseif R(i,2) == 4
R(i,3) = 17;
end
end
end

GetLandmarks.m

function L = GetLandmarks( name )

%
%
%
%
% Input:

% name = name of rat data set. (e.g. 'shr2_5")
%

%

%

%

%

Output:
[L] = [ anteroseptal x-coord, anteroseptal y-coord;
inferoseptal x-coord, inferoseptal y-coord;
center x-coord, center y-coord];



in = fopen('ImageSectionPoints.txt','r');
line = fgetl(in);
line_no = 0;
while(line ~= -1)
line_no = line_no + 1;
if(strcmp(line(1:6),name))
break
end
line = fgetl(in);
end

Data = dlmread('ImageSectionPoints.txt',
L = [Data(1:2);

Data(3:4);

Data(5:6)1;

’

[line_no-1 1 line_no-1 61]);
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