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ABSTRACT

We rely on the properties of our skeletal muscles to traverse our world, interact with
objects, and complete everyday tasks. The macroscopic properties of muscles that endow us with
these abilities arise from the material properties of muscle fibers and the surrounding extracellular
matrix (ECM), as well as how they are arranged in muscles with different architectures.
Consequently, changes in these primary constituents of muscle can contribute to some of the
pathological conditions that arise from injury, disease, or aging. Unfortunately, we lack the
knowledge of muscle’s material properties necessary to better understand how changes influence
function. While we know the Young’s modulus of whole muscle, this fails to distinguish the
independent contributions from muscle fibers and ECM. Furthermore, Young’s modulus is not
sufficient to characterize the mechanical properties of muscle as it does not allow for estimation
of shear, a property important for force transfer. The objective of this dissertation was to fill these
two gaps by quantifying and evaluating techniques for assessing the material properties of muscle
and its constituents.

This objective was pursued in three parts. First, I quantified the three-dimensional (3D)
shear modulus of whole muscle in muscles of differing architectures. I found no significant
difference in shear moduli between muscles with different architectures. Muscle, when subjected
to shear deformations, had a linearly increasing shear modulus with increasing strain. Further,
shear modulus, when sheared perpendicular to muscle fibers was greater than any other direction.
At the maximum predicted physiological strain (0.4), the shear modulus was 7 +1 (mean =CI), 6
+1, and 4 =1 kPa when measured perpendicular, parallel, and across muscle fibers, respectively.
Second, I evaluated the efficiency and effect of three decellularization methods on isolating the

ECM for direct testing. I found latrunculin B with osmotic shock was the most efficient method
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for removing cells compared to two other commonly used methods. Latrunculin B

decellularization reduced DNA content to less than 10% of controls and substantially reduced the
myosin and actin content to 15% and 23%, respectively. Additionally, following latrunculin B
decellularization, the Young’s modulus of the remaining ECM was approximately half of the total
passive stiffness. This result suggest that ECM carries approximately half of the passive load in
muscle. Third, I discuss our understanding of how muscle structure may influence the measures
from shear wave elastography (SWE), a noninvasive tool that has the potential to measure changes
in the material properties of muscle’s constituents. Despite a plethora of studies using SWE, 1
found a lack of work that validated the assumptions of SWE in muscle against directly-measured
material properties. There are a great deal of studies showing correlation between muscular
diseases and shear wave speed, but none that have established how the underlying structural
changes in muscle influence shear wave propagation. This unknown influence is partly due to the
fact that we lack quantitative measures of the material properties of muscle at a level of detail on
par with the shear waves we are inducing. Overall, this dissertation provides novel measures of
muscle’s anisotropic shear moduli, a method to isolate ECM for mechanical testing, and future
steps towards validating the measures of ultrasound elastography. These results provide insight
into the anisotropic nature of muscle and parameters that can be used in muscle models to simulate

3D deformations.
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Chapter 1: Introduction

Skeletal muscles are instrumental in our ability to traverse the world around us. Through
the generation of force, muscles move our limbs and allow us to perform a variety of complex
tasks and behaviors. Our muscles enable us to complete activities like get out of bed, walk, and lift
weights. Our function is greatly influenced by the material properties of muscle, which are dictated
by the structural arrangement and composition of the muscle fibers and extracellular matrix
(ECM). For simplicity, the scale of muscle fibers and extracellular matrix will be referred to as
microstructure in the remainder of this dissertation. Consequently, changes to these primary
constituents of skeletal muscle can contribute to pathology and influence muscle function. These
changes can be positive or negative. For example, strength training can increase force production
and endurance (Holviala et al., 2014; Narici et al., 1989), while aging, injury, or disease can lead
to weakness and immobility (Bemben et al., 1991; Brooks and Faulkner, 1994; Frontera et al.,
2008; Ingber, 2003; Kragstrup et al., 2011). These maladaptive microstructural changes can arise
from increases in collagenous ECM, infiltration of fat, or degradation of muscle fibers (Kragstrup
et al., 2011; Lexell, 1995; Lexell et al., 1988; Trappe, 2009). Often, these changes result in pain
and reduced range of motion, which culminates in clinical visits (Woolf and Pfleger, 2003; Woolf
and Akesson, 2001; Yelin et al., 2016). Currently, the diagnosis of stiffness-related muscle
conditions with palpation is unspecific in identifying the source of any changes in stiffness from
the microstructure and incapable of examining deep muscles. This limited method in turn
diminishes clinicians’ ability to track, manage, and promote rehabilitation in people with
musculoskeletal impairments. One promising tool that may identify changes to the stiffness of
muscle constituents is ultrasound shear wave elastography (SWE) (Brandenburg et al., 2014;

Drakonaki et al., 2012). This method has been used to identify hardened masses (tumors) in
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homogeneous materials by measuring the speed of shear wave propagation (Berg et al., 2012;

Cosgrove et al., 2012; Frulio and Trillaud, 2013). Unfortunately, we lack the knowledge of
muscle’s material properties necessary to better understand how changes in microstructure
influence shear wave propagation or muscle function. While we know the Young’s modulus of
whole muscle, this fails to distinguish the contributions from muscle fibers and ECM. Furthermore,
Young’s modulus is not sufficient to characterize mechanical properties in muscle as it does not
allow for estimation of shear, a property important for force transfer. The objective of this
dissertation was to fill this gap by quantifying and evaluating techniques for assessing the material
properties of muscle and its constituents. We accomplished this objective by quantifying the
anisotropic shear modulus of skeletal muscle to provide properties necessary for understanding
shear deformations and shear wave modelling in three-dimensions (3D). We also critically
evaluated chemical isolation techniques used to separate ECM from muscle to establish a method
to determine the material properties of the ECM. The measures and methods provided in this
dissertation present a novel assessment of muscle material properties which are useful not only in
the basic understanding of muscle, but also for the future validation of shear wave elastography.
In the remainder of this chapter, I introduce muscle architecture and the influence of
microstructural arrangement on the macroscopic material properties of muscle. I identify gaps in
our current understanding of muscle’s material properties at both a macroscopic and microscopic
level. I describe the current clinical approach through which muscle stiffness changes are identified
and monitored. I introduce the utility of SWE and briefly discuss the caveats of its use and the
potential influence of microstructure that complicate its diagnostic capabilities. Finally, I

summarize the aim of this dissertation is to better understand muscle mechanics and provide
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material properties that can be used to gain better insight into muscle function, impairments, and

SWE.

Prevalence of Musculoskeletal Impairment

We rely on the health and performance of our skeletal muscles to complete all the
movements of our body. Whether it’s getting out of bed in the morning or running in a marathon,
we constantly depend on the mechanics of our muscles to move. Unfortunately, changes in muscle
function due to aging, injury, or disease can result in pain, reduced range of motion, and difficulty
in completing everyday tasks (Alnageeb et al., 1984; Handorf et al., 2015; Lieber et al., 2003;
Woolf and Pfleger, 2003). Across the world, one in four adults report some level of
musculoskeletal impairment (White and Harth, 1999; Woolf and Akesson, 2001), with a
disproportionate amount (65 — 80%) occurring in people over the age of 65 (Ansari, 2019). This
loss in muscle function not only has a physical effect, but also a psychological one. In some cases,
individuals lose their independence, relying on a caregiver’s assistance to bathe, dress, and eat
(Brooks and Faulkner, 1994; Sansone et al., 2012). These functional losses not only impact an
individual’s quality of life, but also financially strains the individual and the health care system.
In 2011 in the United States, the estimated cost of musculoskeletal conditions was $796.3 billion
— approximately 5.2% of the Gross National Product (Weinstein and Yelin, 2014). Musculoskeletal
conditions, and their associated costs, continue to rise (Woolf and Pfleger, 2003; Yelin, 2003;
Yelin and Callahan, 1995; Yelin et al., 2019). The United Nations and World Health Organization
have recognized this worldwide burden, by endorsing 2000-2010 as the Bone and Joint Decade

(Tsou and Chng, 2002).
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Skeletal Muscle Architecture and Composition

Muscles depend on their structural properties and complex varied architecture to fulfill a
diverse set of functional demands (Gans, 1982; Lieber and Friden, 2000). Muscle architecture is
the orientation of muscle fibers relative to the axis of force generation (Lieber and Friden, 2000).
The fiber orientation describes how pennate or parallel a muscle is. A muscle with parallel fibers
has a pennation angle of zero. An idealized muscle with parallel fibers will have fibers that act
purely in translation, while pennate fibers will rotate (Gans, 1982). This variation in fiber
orientation contributes to the differences in muscles and their function (Huijing, 1999; Lieber and
Friden, 2000). At higher pennation angles, muscles and fibers will experience higher shear strains
and higher shear resistance (Huijing, 1999). Knowing the shear modulus, a measure of shear
resistance, is important to understanding shear deformation in architectural distinct muscles.
Unfortunately, shear modulus has not been measured, or compared, in muscles with different
architectures. In Chapter 2, we address this gap by quantifying the shear modulus in three muscles
with different pennation angles.

Muscle is composed of many mechanically important parts of varying scale. Two major
components of muscle microstructure are the ECM and muscle fibers. The ECM and fibers are
arranged with each other to formulate the macroscopic properties of muscle. The ECM is further
composed of three hierarchal layers —the endomysium, perimysium, and epimysium —which scale
in size from smallest to largest (Purslow, 2002; Purslow and Trotter, 1994; Trotter and Purslow,
1992). The endomysium surrounds individual muscle fibers, which bundle together to form
fascicles. Fascicles are surrounded by the perimysium, which also bundle to make whole muscle.

Finally, the whole muscle is surrounded by the epimysium (Wisdom et al., 2015). The ratio, health,
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and size of these parts facilitate cellular growth, mobility, homeostasis, and disease progression

(Handorf et al., 2015).

Each layer of ECM is composed of many wavy collagen fibers, which provide mechanical
support for the nerves, blood vessels, and fibers that run through muscle (Purslow, 2002). Purslow
and Trotter (1994; 1992) have obtained iconic images of ECM’s structure detailing the collagen
fiber arrangement. Within the subdivided structure of ECM, the collagen fibers of the epimysium
and perimysium are oriented at approximately +55 degrees with respect to muscle fibers (Purslow
and Trotter, 1994). On the contrary, in the endomysium, the collagen fibers are oriented randomly
(Trotter and Purslow, 1992). These images by Purslow and Trotter have been used throughout
muscle research to describe the ECM and organized packing of muscle fibers. Work by Gillies et
al. (2017; 2011) expanded upon these images by imaging the individual collagen fibers within the
endomysium and perimysium. They showed the collagen fibers were kinked and wrapped around
each other with few terminating on the muscle fiber. These images have resulted in increased
speculation of the ECM’s role in the nonlinear mechanics and contribution to macroscopic stiffness
of muscle (Lieber and Friden, 2019).

The muscle fibers, much like the ECM, are comprised of many smaller elements. The
contractile unit of muscle fibers are the sarcomeres, which consist of three types of myofilaments
(Squire et al., 2017): the thick filament containing myosin, the thin filament containing actin, and
the third myofilament containing titin (Wang et al., 1984). The thick and thin filament form the
myosin-actin cross-bridge (Huxley, 1957). This cross-bridge is where muscle generates force
(Huxley, 1969). Myosin converts chemical energy, in the form of adenosine triphosphate, into
mechanical energy by binding and moving along the actin filaments. Titin, termed the molecular

spring, is a giant protein (~3000 to 3700 kDa) that resides at the end of the thick filament (Granzier
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et al., 2007). Titin is thought to generate passive force when muscle is stretched (Trombitas et al.,

1998). However, titin’s importance to macroscopic passive mechanics is still debated (Lieber and

Friden, 2019).

Microstructural Contributions to Muscle Function

How muscles actively contract has long been an interest to scientists. After all, the active
generation of force is the process by which muscles move our limbs. As stated above, the
contractile components of muscle are contained within the muscle fibers. Muscle fibers are
elongated and multinucleated rods of varying diameter (Sweeney and Hammers, 2018). The
collection of muscle fibers innervated by a single motor neuron is a motor unit (Purves, 2018). The
number of muscle fibers in a motor unit can vary across and within muscles (Buchthal and
Schmalbruch, 1980). The activation of these motor units is coordinated across all the fibers
contained within a muscle to produce a contraction. Through neural drive, the activation and
deactivation of muscles is coordinated to maintain postural stability and voluntarily complete tasks
(Grillner, 1972). Unfortunately, this high interest in active muscle has resulted in less research of
the passive muscle properties. While we are aware of the significance of active contraction, this
dissertation instead will focus on the importance of muscle’s passive properties.

Both the ECM and muscle fibers contribute to the passive mechanics of muscle. However,
the relative contributions of each has yet to be agreed upon (Brynnel et al., 2018; Gillies and
Lieber, 2011; Gindre et al., 2013; Sleboda and Roberts, 2017). Passive stiffness has been linked to
three main components: 1) the ECM (Fomovsky et al., 2010; Gillies and Lieber, 2011; Huijing,
1999; Kjaer, 2004); 2) titin within muscle fibers (Brynnel et al., 2018; Heidlauf et al., 2017; Li et

al., 2016; Prado et al., 2005); and 3) incompressible fluid in the muscle (Jenkyn et al., 2002;
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Sleboda and Roberts, 2017; Takaza et al., 2013b). Researchers have argued that these elements

independently constitute the majority of passive stiffness, while others support the proposition that
a combination of them together provide the passive stiffness (Bleiler et al., 2019; Gindre et al.,
2013). Unfortunately, due to limitations in our knowledge of muscle mechanics and ability to
isolate components of muscle for testing, a consensus on which structures contribute most to
passive muscle stiffness has yet to be reached. In Chapter 3, we attempt to address this limitation
by identifying a method in which the ECM can be isolated for testing. Additionally, we supply
evidence towards the notion that ECM is a major contributor of passive stiffness.

The ECM provides a mechanical scaffold to support muscle fibers, transmit force, and
contribute to passive stiffness. The ECM, as stated previously, at rest is composed of slack collagen
fibers of varying lengths (Gillies et al., 2017). During extension of the muscle, these collagen fibers
nonuniformly elongate until they become taut (Munster et al., 2013; Roeder et al., 2002). This
unequal loading of the ECM is thought to give muscle its nonlinear passive stiffness (Fratzl et al.,
1998; Meyer and Lieber, 2011; Sopher et al., 2018). This nonlinearity aids muscle by preventing
damage to the muscle fibers. Under increased load, the ECM provides more resistance to muscle
elongation. Unfortunately, there seems to be a narrow range of ECM stiffness that is physiological
and healthy. In individuals with Duchenne muscular dystrophy, there is an influx of collagenous
ECM (Duance et al., 1980; Jones et al., 1983). This results in an increase of the macroscopic
stiffness of muscle and a decrease in strength and mobility of the muscle (Klingler et al., 2012).
Similarly, in aging muscle, structural and functional changes to the ECM contribute to the
alteration of muscle’s mechanical properties (Kragstrup et al., 2011; Rosant et al., 2007). Older
adults tend to be weaker and more susceptible to musculoskeletal injuries (Brooks and Faulkner,

1994). Therefore, identifying changes to the underlying muscle structure that influence function
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are important to disease diagnosis, treatment, and rehabilitation. How these microstructural

changes due to pathology are potentially measured in muscle with SWE is covered later in this

introduction as well as detailed further in Chapter 4.

Macro- and Microscopic Stiffness of Skeletal Muscle

Skeletal muscle stiffness is a fundamental property that contributes to the body’s ability to
move (Ettema and Huijing, 1994; Grillner, 1972). Stiffness is a material’s resistance to
deformation in response to an applied load. Changes in external load and composition of the
microstructure can influence stiffness and the muscle’s ability to function appropriately (Handorf
et al., 2015). While there have been great strides in measuring the Young’s modulus of active
muscle (Brozovich et al., 1988; Ettema and Huijing, 1994; Joyce and Rack, 1969; Joyce et al.,
1969; Lieber, 2018; Rack and Westbury, 1974), as it is most relevant to voluntary movement, this
has come at the neglect of understanding the passive properties. The passive stiffness of the muscle
plays a central role in how muscle resists joint motion and transmits forces internally through
muscle (Grillner, 1972; Handorf et al., 2015). These functions stem from both shear and
longitudinal loads on the muscle, which are influenced by shear and Young’s modulus,
respectively. Understanding how the shear and Young’s modulus of muscle, and its constitutive
parts, is paramount to better knowing how changes to these properties influence muscle mechanics.
With more knowledge of muscle’s material properties, we can provide further insight and care for
people with musculoskeletal conditions.

The shear modulus of muscle, a quantification of resistance to shear deformations, is
thought to be the primary regulator of force transmission between muscle fibers and the ECM and

between the tendon and muscle (Huijing, 1999). Shearing forces in muscle are produced by injury,
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physiologically through the transference of forces, and between adjacent muscles (Huijing, 1999;

Jarvinen et al., 2013). These forces can result in three-dimensional deformations of muscle. In
muscle, shear forces are applied in three functionally relevant directions with respect to the
muscle’s architecture: 1) parallel, 2) perpendicular, and 3) across muscle fibers. These directions
encompass the anisotropic properties of muscle, the physiological loading directions, and those
that may occur with injury. Despite the importance of shear modulus in 3D, only one study has
directly measured the shear modulus in muscle. Morrow et al. (2010) used a novel apparatus to
measure the shear modulus of the whole muscle through direct mechanical testing. Unfortunately,
they only characterized the muscle when subjected to shear deformations parallel to the muscle
fiber orientation. Therefore, the shear modulus perpendicular and across muscle fibers remains
unknown. Additionally, there have been many reports of shear modulus measured from ultrasound
elastography, but again these are usually restricted to one direction (Eby et al., 2013; Koo et al.,
2013; Maisetti et al., 2012). Without measures of shear modulus in all three directions, we will
continue to limit our understanding of how the directionally specific stiffness of muscle influences
function. In Chapter 2, we address this gap in knowledge by directly quantifying the shear modulus
of whole muscle in three functionally-relevant degrees of freedom.

In tension, skeletal muscle passively deforms longitudinally as the structure is elongated
from antagonistic muscle contraction. The resistance in response to this force is quantified as the
Young’s modulus. During passive extension of the muscle, the tendon pulls the muscle transferring
forces through the tendinous aponeurosis throughout muscle’s ECM and fibers. As previously
stated, there are three factors (ECM, titin, and intramuscular fluid) that may influence muscle’s
resistance to these passive forces. Previous research has elucidated some of the mechanical

properties of ECM through manipulation of whole muscles, fiber bundles, and single fibers (Meyer
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and Lieber, 2011). Additionally, researchers have used knowledge of single collagen fibers and

arrangement of ECM to model the deformations of the ECM structure (Bleiler et al., 2019; Roeder
et al., 2002). These studies suggest that ECM is the dominating factor contributing to the Young’s
modulus of passive muscle. However, these studies have not been validated by direct
measurements. This is because such measurements require the isolation of intact ECM from the
muscle. In Chapter 3, we address this gap by quantifying the efficiency of three decellularization
methods on removing muscle cells from skeletal muscle and to determine their effects on the

remaining ECM.

Methods to Measure Stiffness

There are many ways to measure the material properties of muscle. However, the scale and
parameter of interest aids in the selection of which is most appropriate. The material properties of
muscle have been measured on scales as small as single cells and as large as entire muscles.
Scientists have used atomic force microscopy (AFM)(Defranchi et al., 2005; Friedrichs et al.,
2010; Mathur et al., 2001; Oberhauser et al., 2002; Wenger et al., 2007), uniaxial tensile testing
(Donahue et al., 2001; Meyer and Lieber, 2018; Meyer and Lieber, 2011; Morrow et al., 2010;
Smith et al., 2011; Takaza et al., 2013a), and rheology (Aimedieu et al., 2003; Chen et al., 2010;
Chotard-Ghodsnia and Verdier, 2007; van Turnhout et al., 2005) to obtain most of the available
measures of muscle.

The devices to measure material properties can be variable in their resolution and accuracy
depending on the configuration of the machine. AFM has the highest resolution and is typically
used to measure the smallest components of a material. AFM uses a laser to detect the deflection

of a cantilever with a nanometer sized tip. When the cantilever and tip contact a material, the
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cantilever will deflect more in a stiff material and less in a soft one. In muscle research, AFM has

been used to measure the viscoelastic properties of single muscle cells (Mathur et al., 2001), the
adhesion force between cells and ECM (Friedrichs et al., 2010), and the Young’s modulus of
collagen fibers (Wenger et al., 2007), to name a few. Commercially available uniaxial tensile
testers are by far the most commonly used method to test the macroscopic properties of muscle.
Uniaxial tensile testers can apply a controlled elongation on a material and measure the resulting
tensile force. These measures are often used to identify the forces at which a material fails or to
compute the Young’s modulus. These machines, unless configured for detailed measurements,
have the lowest resolution. However, this is a trade off with a higher load capacity. This is why
tensile testers are commonly used for whole muscle measurement. They have been used to measure
the anisotropic tensile properties of whole muscle (Morrow et al., 2010), the viscoelastic and
failure load of tendon under cyclic loads (Donahue et al., 2001), and the anisotropic deformation
of muscle under large strains (Takaza et al., 2013a). Custom built tensile testers, while less
common, provide scientists with a unique opportunity to tailor a machine specifically for their
needs. For example, this has been done to measure the transverse mechanical properties of single
muscle fibers and fiber bundles (Smith et al., 2011), to compare fiber mechanics between species
(Meyer and Lieber, 2018), and to indirectly elucidate the nonlinear mechanics of ECM (Meyer
and Lieber, 2011). Finally, rheometers sit between the resolution of AFM and tensile testers.
Rheometers use two parallel plates to compress or torsional shear a material under a controlled
cyclic force or displacement. These machines are often used to study the viscoelastic
characteristics of a material, yet its functionality is far from optimal. Rheometers are limited in the
physical size of a sample it can accept on both the small and large end (Mackay, 1998). Despite

this limitation, its utility still exists and is important to material characterization in general, and of
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muscle. It has been used to measure the compression characteristics (Aimedieu et al., 2003) and

the effects of temperature on the passive transverse properties of muscle biopsies (van Turnhout
et al., 2005).

In Chapter 2 and 3 of this dissertation, we use a uniaxial tensile tester to measure the
material properties of ECM in tension and whole muscle in shear. In Chapter 2, due to the size and
properties of the muscle we were interested in (shear modulus), we substituted the standard pincher
clamps for custom manufactured one. This substitution is elaborated in more detail within that
section, but it is worth reiterating that we made no adverse changes to the machine that would
compromise our measures. With our custom clamps, we moved from a force generated at the ends
of our sample to ones at the faces. This simple shift allowed our uniaxial tensile tester to switch
from longitudinal to shear deformations. In Chapter 3, we used the commercially supplied clamps

of our tensile tester to measure the Young’s modulus of whole muscle ECM.

Clinical Assessment of Muscle Stiffness

The musculoskeletal system is one of the major organ systems in the human body. This
organ system is primarily responsible for force generation, postural control, and movement.
Skeletal muscles, one of three types of muscle groups, accounts for 30 to 40% of total mass of an
adult (Janssen et al., 2000). Unfortunately, this means when a muscle becomes impacted by disease
or injury, localizing the change can be rather difficult.

Musculoskeletal disease can often negatively impact muscle or joint stiffness. Current
clinical evaluation of muscle and joint stiffness is done with palpation, joint resistance
examination, or tissue biopsies (Howell et al., 1993). In palpation and joint resistance evaluations,

clinicians are qualitatively discerning the stiffness of a person’s muscle or joint. These methods
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are usually subjective and based on the experience of the clinician performing the examination.

Additionally, palpation, while moderately specific in nature, is only able to identify changes that
occur in superficial muscles. Joint resistance is even less specific, giving a global view of changes
that occur about a joint. Of the three commonly used methods, tissue biopsies may provide the
most specific information in regard to disease diagnosis. Using histology, biopsies are capable of
visualizing the biological microstructure of the sampled tissue (Alnageeb et al., 1984; Duance et
al., 1980; Goebel et al.). This information allows clinicians to precisely identify compositional
changes to the microstructure that are synonymous with diseases like muscular dystrophy.
However, biopsies are invasive, provide no quantitative measure of stiffness, and may inflict
damage to the tissue. Therefore, to aid healthcare professionals, noninvasive diagnostic tools are
needed to quantify and identify the changes in microstructure involved in disease.

In recent years, ultrasound shear wave elastography (SWE) has presented itself as a
possible means through which the Young’s modulus of a material can be measured. In
homogeneous tissues, like breast and liver, it has been commonly used to identify tumors
(Cosgrove et al., 2012; Frulio and Trillaud, 2013; Sebag et al., 2010). Similar to mechanical testing,
SWE measures a tissue’s deformation in response to an applied stress or force. In SWE, this force
is produced through an acoustic radiation pressure within the material (Brandenburg et al., 2014;
Gennisson et al., 2013). This radiating force causes shear waves to propagate in the tissue that have
a velocity related to the stiffness in which they are traveling (Gennisson et al., 2013). A stiffer
material will result in a faster wave propagation, and vice versa. In the case of homogeneous
isotropic materials, the relationship between shear wave speed and shear modulus, which can be

used to calculate Young’s modulus, is widely accepted. However, the validity of this relationship
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in skeletal muscle, a heterogeneous anisotropic material, remains to be seen as direct comparisons

to quantitative measures of shear modulus have not been made.

Muscle stiffness measures from SWE are complicated by the material and the environment
in which they are obtained. Shear wave propagation has been shown to be impacted by the
anisotropy properties of muscle (Gennisson et al., 2010b), active and passive state of muscle
(Wang et al., 2019), and tension applied to the muscle (Bernabei et al., 2020). Furthermore, how
much compression of the probe on the material that is applied by the sonographer may influence
the imaging contrast and amount of noise (Li and Cao, 2017). Unfortunately, these variables, and
possibly more, make comparing measures between clinicians and experiments difficult.

Despite the challenge in making SWE measures in muscle, researchers have continued to
use this tool to correlate changes in muscle stiffness to disease (Lacourpaille et al., 2015; Simon
et al., 2016; Zhou et al., 2018). These diseases, as previously stated, are typically associated with
a change in microstructural stiffness or composition. However, our ability to decipher measures of
shear wave speed into diagnostically useful measures of microstructural stiffness is nonexistent.
We do not yet know the sensitivity of shear wave propagation to changes in microstructure, or
simply how shear waves traverse through the muscle microstructure. Many studies have made
significant contributions towards the validation of SWE in muscle at a macroscopic level, but few
have probed at the microstructural scale. The measurements in Chapters 2 and 3 work toward
advancing the understanding of macro- and microstructural properties which are useful for SWE.
In Chapter 4, we further describe and discuss our current understanding of shear wave propagation

in muscle and how microstructure may influence these measures.
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Statement of Objectives

The aim of this dissertation was to measure the material properties of skeletal muscle and
lay the foundation needed to better understand and model skeletal muscle mechanics. There is
much we have yet to quantify in muscle as it is a functionally and architecturally complex material.
In Chapter 2, we quantify the shear moduli of skeletal muscle in the three degrees of freedom
relevant to the function of whole muscle. Using a custom designed and manufactured clamp, we
determined if the orientation of muscle significantly affected shear moduli in a manner similar to
the transversely isotropic Young’s modulus. We also evaluated the significance of differing
muscular architecture on the values of shear moduli. In Chapter 3, we pursued a finer level of detail
in muscle by critically evaluating methods through which ECM can be isolated and mechanically
tested. We used two commonly used decellularization techniques and one proposed to be superior
in muscle to establish a method to isolate ECM. We determined the efficiency of cellular removal
and effects on the remaining tissue. Finally, in Chapter 4, we reviewed the scientific literature on
shear wave elastography’s sensitivity to microstructural muscle properties. We discussed the
potential influences of architectural arrangement of muscle and changes to microstructural
composition and stiffness on shear wave propagation. We also note the experimental challenges
of these measures and propose questions associated with relating shear wave propagation to
informative, quantitative measures of muscle. Together, these studies further our understanding of
the material properties of muscle. Furthermore, quantifying the macroscopic and microscopic
properties of muscle opens the way to be able to more accurately validate and model shear wave
propagation. This more detailed knowledge of muscle mechanical properties will aid in the
transition of ultrasound shear wave elastography of muscle to a more clinically valuable diagnostic

tool.
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Chapter 2: Multidirectional measures of shear modulus in skeletal muscle

This work was completed under the mentorship of Eric Perreault, PhD. I would also like to acknowledge Daniel
Ludvig, PhD for his helpful contributions to the data analysis.

This study was funded by the National Institutes of Health (RO1AR071162 and T32HD07418).

Abstract:

Skeletal muscle stiffness is a fundamental property that contributes to the body’s ability to
locomote and complete everyday tasks. Understanding healthy skeletal muscle stiffness and
evaluating changes to stiffness can facilitate better clinical evaluation of muscle pathologies. While
recent studies have evaluated stiffness in tension, there remains a void in understanding muscle’s
anisotropic shear properties. Shear modulus aids in the resistance to injury and physiologically
with the transmission of forces within muscle. The objective of this study was to quantify the shear
moduli of skeletal muscle in the three degrees of freedom relevant to the function of whole
muscles. We collected data from the extensor digitorum longus, tibialis anterior, and soleus
harvested from both hindlimbs of 12 rats. These muscles were chosen to further evaluate the
consistency of shear moduli across muscles with different architectures. We calculated the shear
modulus from muscles oriented in three directions: parallel, perpendicular, and across with respect
to muscle fiber alignment. Results showed that the shear modulus measured perpendicular to fibers
was greater than in any other direction, but only significantly different from the modulus measured
across fibers. At the estimated maximum physiological strain, shear modulus was 6 +1, 7 =1, and
4 £1 kPa when measured parallel, perpendicular, and across muscle fibers, respectively. Despite
architectural differences between muscles, in our paradigm we did not find an effect of muscle
type on shear modulus. However, this does not exclude the possibility that muscle type may be

significant in another species. Finally, shear modulus increased linearly with increasing strain,
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indicative of a nonlinear elastic material. Our results show that in rat, muscles’ shear moduli are

similar when measured parallel and perpendicular to fibers and are not influenced by architectural

differences in muscles.

Introduction:

The shear modulus, a value quantifying a material’s resistance to shear deformation, is
thought to be the primary factor in load transfer within muscle (Huijing, 1999). These loads can
be internal from active or passive muscle function or external from injury (Huijing, 1999; Jarvinen
et al., 2013). Most of muscle research has been on the active properties of muscle, as they are most
relevant to voluntary movement. However, the passive properties of muscle play a central role in
how muscle resists joint motion, transmits forces internally, and repairs (Herbert and Gandevia,
2019). Passive forces on muscle can be parallel, perpendicular, or across muscle fibers. This can
result in purely shear or tensile deformation, or a combination of the two. While recent studies
have begun to investigate passive stiffness in tension (Bosboom et al., 2001; Lieber and Friden,
2019; Morrow et al., 2010), there remains a void in understanding muscle’s anisotropic shear
properties. Therefore, it is necessary to quantify the three-dimensional (3D) shear modulus of
muscle. This will allow us to better interpret the anisotropic function of muscle and its resistance
to shearing forces.

Muscle has often been described as a transversely isotropic material based on the geometric
arrangement of its fibers (Blemker and Delp, 2005). Material properties parallel to the fibers are
typically considered to differ from those in the plane of symmetry perpendicular to the fibers. In
tension, muscle has two primary directions: 1) longitudinal (parallel) and 2) transverse

(perpendicular) to muscle fibers. Any measurement taken perpendicular to muscle fibers will result
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in the same Young’s modulus. However, in shear, where forces are applied in planes, the muscle

should have three defining directions: 1) parallel, 2) perpendicular, and 3) across muscle fibers.
These correspond to forces oriented in the 1) z-axis laying on the xz- or yz-planes, 2) x- or y-axis
laying on the xy-plane, and 3) y-axis laying on the xz- or yz-planes (Fig. 2.1). For continuum
modeling, measuring the shear modulus in these three directions would allow us to describe muscle
under purely shear strain or stress. Additionally, these directions encompass the physiological
loading directions and those that may occur with injury, such as blunt force trauma. Without these
multidirectional measures of shear, we limit our understanding of muscle to forces oriented parallel
to fibers, thereby excluding the potential for simulating injuries, or shear wave propagation, with
shearing forces in other directions. Furthermore, combining 3D measures of shear modulus with
measures of Young’s modulus and Poisson ratio we gain the ability to model muscle under any
stress or strain. Currently, to our knowledge, direct measures of a muscle’s shear modulus have
been limited to a single dimension. Previous work by Morrow et al. (2010) used a novel apparatus
to directly quantify Young’s modulus in two dimensions and shear modulus in one dimension.
They made measurements in longitudinal extension, transverse extension, and lateral shear of
whole muscle. They concluded that the Young’s modulus in tension was higher in the fiber
direction (parallel) than in the cross-fiber (perpendicular) direction. However, as they only
measured one direction of shear, the 3D characterization and anisotropy of the shear modulus

remains to be determined.
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Figure 2.1 Three-dimensional representation of shearing muscle in the parallel (xy-plane), perpendicular (xz-
plane), and across (yz-plane).
Solid arrows indicate direction of force and displacement, while transparent arrows indicate stationary resistant force.

Furthermore, it is unknown how differences in muscle architecture alter the shear modulus
of muscle. Muscles differ in architectural features like length, cross-sectional area, fiber packing
and muscle fiber arrangement (Gans, 1982; Lieber and Friden, 2000). These architectural
differences change the amount of excursion and how passive load is distributed through the muscle
(Burkholder et al., 1994; Gans, 1982). One of the most striking differences in muscle can be
pennation angle, a measure of fiber orientation in reference to the longitudinal axis of muscle. In
rat hindlimbs, the pennation angle of muscles can range from around 0 to 20 degrees (Eng et al.,
2008). These differences in fiber orientation can result in varying levels of force generation (Lieber
and Friden, 2000) and transmission (Huijing, 1999). It has been proposed that for a given change
in fiber length, more resistance will be incurred as the pennation angle increases (Huijing, 1999).

Therefore, it is important to evaluate the consistency of shear modulus measures across muscles
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with differing architectures. This will provide further clarity into the potential relationship between

shear modulus and muscle architecture.

Indirect testing using ultrasound elastography has shown great promise in measuring the
shear modulus in muscle. However, there remains uncertainty in its measures of heterogeneous
materials making direct material measurements the most reliable. Despite this concern with
heterogeneity, the shear modulus of muscle derived from measures of shear wave speed have been
reported. These reported measures are usually of one direction (Koo et al., 2013; Maisetti et al.,
2012). While these studies report shear moduli values with confidence, we are unaware of direct
comparisons between direct measures of shear modulus and estimates from elastography. Most
studies use elastography to measure Young’s modulus under the assumption that shear and
Young’s moduli are related (Bercoff et al., 2004). In the case of unstressed homogenous isotropic
materials, such as breast and liver, Young’s and shear moduli have been shown to directly relate
to shear wave speed (Cosgrove et al., 2012; Frulio and Trillaud, 2013). However, in muscle, this
relationship may differ from what is expected in other soft tissue (Eby et al., 2013). Therefore, not
only are direct mechanical measurements of skeletal muscle shear modulus needed for a general
understanding of muscle mechanics, but they are necessary towards the validation of the measures
in elastography.

The objective of this study was to quantify the shear moduli of skeletal muscle in the three
degrees of freedom relevant to the function of whole muscles. We measured the shear modulus in
the extensor digitorum longus (EDL), tibialis anterior (TA), and soleus from rat hindlimbs to
evaluate the consistency of shear modulus across muscle with differing architectures. We also
estimated the shear wave speed from our measures of shear modulus to compare against previous

studies of ultrasound elastography. Our results are the first to quantify the multidirectional shear
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modulus of skeletal muscle that can be used in three-dimensional modeling. This is an important

step towards evaluating shearing forces in muscle and validating the measures of ultrasound

elastography.

Materials and Methods:

All data were collected from healthy Sprague-Dawley rats obtained through the
Northwestern University tissue sharing program. A total of 12 rats were used. We evaluated three
muscles with differing architectures (EDL, TA, and soleus) to determine if shear modulus was
consistent across muscles. The typical pennation angle of these muscles in rat are 9.0 +1.1 degrees,
12.8 £1.2 degrees, and 3.9 £2.4 degrees for the EDL, TA, and soleus, respectively (Eng et al.,

2008).

Tissue Preparation

The EDL, TA, and soleus muscles were harvested from both hindlimbs immediately
following termination and placed in chilled phosphate-buffered saline to stem the effects of rigor
(Tuttle et al., 2014). Muscle samples had their aponeuroses dissected away using a surgical scalpel
to ensure measurements were made only on muscle tissue, similar in procedure to Morrow et al.
(2010). Before mechanical testing, muscles were sectioned into rectangular cubes (~9 x 9 x 4 mm)
aligned with the muscle fibers. Shear measurements were made with the cubes oriented in one of
three directions: parallel, perpendicular, or across muscle fibers, allowing us to obtain 3D measures
of the shear modulus (Fig. 2.1). Data were collected from 106 total samples. Samples (24 total)
were eliminated if they showed separation from our testing apparatus during testing or artifacts

(drops and rises) were observed in the raw data. These methods resulted in approximately 9
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samples for each of the three muscles and each of the three directions. The length, width, and

thickness of each sample was measured prior to testing. These physical properties were used in the

calculation of stress and strain.

Mechanical Testing

Shear modulus was measured using an Instron mechanical tester (Instron 5942; Instron
Corp., Canton, MA). An offset aluminum bracket with acrylic inserts was mounted into the
uniaxial tensile tester, similar in design to Morrow et al. (2010) (Fig. 2.2A). Aluminum brackets
were milled in unison to ensure that surfaces were parallel with one another. Acrylic inserts were
used to promote adhesion of the tissue and to easily exchange the testing surface between samples.
The harvested muscle samples were fixed to the acrylic plates using cyanoacrylate glue. The plates
were then screwed onto the aluminum brackets to form a rigid clamp. Specimens were positioned
in the center of the testing apparatus to ensure that forces were uniformly applied to the tissue faces
and that measurements were in line with the load cell. The use of cyanoacrylate glue bonded tissue
to the fixture beyond muscle failure, as seen by rupture within samples as opposed to separation
from our mounting plates.

Muscle samples were tested within 12 hours of harvesting. Data were collected at a strain

rate of 5% per minute until failure, as indicated by a sudden drop in force and tearing of the muscle.
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Figure 2.2 Shear testing apparatus A) photograph and B) schematic.
Exaggerated representations of the thickness (t), displacement (d), and force (F) are shown in the schematic.

Data Analysis

Shear modulus was calculated from measures of shear stress and shear strain. Tissue shear
stress, specifically the second Piola-Kirchhoff stress, was calculated as the applied force (F)
divided by the initial cross-sectional area (Fig. 2.2B). The second Piola-Kirchhoff stress is used as
it references the undeformed state of a material with a constant cross-section. Our cubic samples,
to the best of our abilities, have a constant cross-section and our adhered surface encompasses the
entire face of the sample. Tissue shear strain, specifically the Green shear strain, was calculated as
the inverse tangent of displacement (d) divided by initial thickness (t) (Fig. 2.2B). Green shear
strain was used because of the small deformations in length. Representative stress-strain data are

shown in Fig. 2.3A. Instantaneous shear modulus was computed as the slope of the stress-strain
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curve (Fig. 2.3B). We report values at regular strain intervals of 0.1, within the predicted

physiological range of 0 to 0.4 (Blemker et al., 2005).
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Figure 2.3 Representative data for A) shear stress and B) shear modulus versus strain from each of the three

tested muscles types (EDL, TA, and Soleus) measured parallel to muscle fibers.

Open circles indicate the strain values selected within the physiological strain limit for shear modulus calculation.

Shear wave elastography provides an alternative method for measuring the shear modulus
of muscle, but we are unaware of direct comparisons between direct measures of shear modulus
and estimates from elastography. We used our measures of shear modulus to estimate the speed
with which shear waves would have propagated in our tissue samples. Shear wave speed was
estimated using Eq. 1, which has been validated for homogenous materials (Yamakoshi et al.,

1990) but not for muscle.

Shear wave speed = \[shear mOduluS/density (1)
We used an approximation of 1000 kg/m® for muscle density (Segal et al., 1986).

Magnitude comparisons were made to previously published data in cats (Bernabei et al., 2020) and

humans (Wang et al., 2019).
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Statistical Analyses

We compared the shear modulus across the three different orientations using the statistical
tests in Matlab (Mathworks, Natick, MA). Shear moduli were analyzed with a linear mixed effects
model. Shear modulus was the dependent variable, modeled as a linear function of strain. Strain
was modeled with interactions due to muscle and orientation. Strain was down-sampled to points
within the physiological range of 0 to 0.4 (Blemker et al., 2005), and modeled as a nominal
variable to reduce unnecessary high degrees of freedom and correlation within the model. Samples
were treated as a random factor. The orientation and muscle were both categorical variables. We
tested the model estimates with an analysis of variance to determine significance between the
various fixed factors and correlation terms (significance of muscle type). Bonferroni corrections
were used to account for multiple comparisons. There were 3 planned comparisons associated with

testing between orientations, resulting in a significance level of a=0.05/3.

Results:

There was no significant effect on shear modulus due to muscle type in our linear mixed
effects model (p=0.21). Furthermore, we found no significant effect in the interactions of muscle
type with any combination of orientation and strain or between orientation and strain (all p>0.13).
We therefore simplified our model to exclude the muscle type and interaction terms. All further
analyses are based on this reduced model.

The effect of muscle orientation on the shear modulus was significant (p=0.007). At the
estimated maximum physiological strain, shear modulus was 6 +1 kPa (mean + 95% confidence
interval), 7 £1 kPa, and 4 1 kPa when measured parallel, perpendicular, and across muscle fibers,

respectively. Using multiple comparisons, we found only the shear modulus perpendicular to
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muscle fibers was significantly different (p=0.002), and greater, than the shear modulus in the

across direction (Fig. 2.4). There was no significant difference in shear modulus between
perpendicular and parallel (p=0.15) or between across and parallel directions (p=0.06). This can
be seen in Fig. 2.4, where the shear modulus measured parallel to fibers lays between the predicted
values of moduli measured in the perpendicular and across directions. The average percent
difference of shear modulus between the parallel and perpendicular direction was 27 £7 % (mean
+ standard deviation). The average percent difference of shear modulus between the parallel and
across direction was 33 £9 %. Whereas in the significantly different directions, the average percent

difference of shear modulus between the perpendicular and across direction was 47 £10 %.
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Figure 2.4 Shear modulus as a function of strain for the three orientations (parallel, perpendicular, and across).
Predicted shear moduli and 95% confidence intervals are from the estimated linear mixed effects model. The samples
oriented in the perpendicular direction were significantly different (p=0.002), and stiffer, than the across. There was
no significant difference between parallel and the other two directions (p>0.05).
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The effect of strain on shear modulus was significant (p<0.0001). The shear modulus

increased linearly with increasing strain, indicative of a nonlinear elastic material (Fig. 2.4). We
excluded strain’s interaction with orientation in our model, as stated above, because it was not
significant. Therefore, the rate of increase in shear modulus was the same for all directions. The
predicted rate of increase in shear modulus between a strain of 0.1 and 0.4 was 8 =1 kPa (mean +
95% CI).

As reported above, we did not see a muscle-specific effect on shear modulus. However, it
is important to note that these measures were difficult to acquire, with a fair bit of variability (Fig.
2.5). For example, at a strain of 0.1, the shear modulus in the across direction was 1.7 +1.2 kPa
(mean £+ STD), 2.4 +1.0 kPa, and 1.9 +£0.9 kPa for the EDL, TA, and soleus respectively. The shear
modulus in the parallel direction was 3.3 +2.6 kPa, 2.3 +2.1 kPa, and 3.5 £2.5 kPa for the EDL,
TA, and soleus respectively. The shear modulus in the perpendicular direction was 6.2 +4.5 kPa,
3.0 £2.6 kPa, and 4.7 +3.0 kPa for the EDL, TA, and soleus respectively. Though we did not
observe statistically significant differences between muscles, there were some interesting trends
(Fig. 2.6). The soleus has the largest shear modulus in the parallel and perpendicular direction,
whereas the TA has the largest shear modulus in the across direction (Fig. 2.6). At the
physiological limit, the largest mean difference across muscles was observed in the across
orientation, where the TA had a shear modulus that was approximately 50% greater than the EDL.

All other observed differences were closer to 20%.
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Figure 2.5 Shear modulus measured across muscle fibers of the EDL, TA, and Soleus at a strain of 0.1.
There was no statistically significant difference between muscles. However, there was a large amount of variability in
the measurements from each muscle type.
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Figure 2.6 Average shear modulus versus strain for each of the three muscle types (EDL, TA, and Soleus) and
orientations (parallel, perpendicular, and across).

There was no significant difference due to muscle, but the average shear modulus measured in the parallel and
perpendicular direction showed a trend between muscles. In these directions, the soleus was most stiff, followed by
the EDL, and finally TA. However, the shear modulus measured in the across direction of the TA was stiffest, followed
by soleus, and finally EDL.
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Discussion:

The objective of this study was to quantify the shear moduli of skeletal muscle in the three
degrees of freedom relevant to the function of whole muscles. We performed direct mechanical
testing on tissue samples from three muscles of differing architecture in the rat hindlimb. We found
no statistically significant effect due to muscle type on shear modulus. However, we did find the
effect of strain on shear modulus was significant. The shear modulus increased linearly with
increasing strain. Additionally, we found that the shear modulus when measured perpendicular to
fibers was greatest. Within the physiological strain range, the average perpendicular shear modulus
was 27 +7 % greater than the parallel and 47 £10 % greater than across. These results support the
notion that muscle can be described as anisotropic in shear, but the transverse symmetry plane may
not be as readily evident as it is in tension.

The shear modulus increased linearly with increasing strain. Muscle has been shown to
exhibit a nonlinear stress-strain response when subjected to longitudinal extensions (Morrow et
al., 2010). We found a similar response to shear deformations (Fig. 2.3), which resulted in a linear
shear modulus-strain relationship (Fig. 2.4). This relationship is perhaps due to the nonlinear
mechanics of the extracellular matrix. In longitudinal extension, muscle fibers and fiber bundles
had a linear Young’s modulus-strain relationship, while the inclusion of extracellular matrix made
it nonlinear (Meyer and Lieber, 2011). The extracellular matrix is composed of many wavy
collagen fibers (Gillies and Lieber, 2011; Trotter and Purslow, 1992). Therefore, the nonlinear
shear modulus for muscle, which increases linearly with strain over the full range of physiological
values, may be a result of unequal straightening of the extracellular matrix’s collagenous structure

(Munster et al., 2013; Sopher et al., 2018). Lengthening of the extracellular matrix due to shearing
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decreases the number of slack collagen fibers. The addition of more load bearing collagen fibers

at greater shear strains may correspond to the increase in shear modulus we observed.

The shear modulus measured perpendicular to fibers was significantly greater than the
shear modulus measured across fibers. Whereas the shear modulus measured perpendicular and
parallel to fibers were not significantly different. This difference could be due to muscle’s
directionally-dependent composition (Gans, 1982; Lieber and Friden, 2000). Muscle is composed
of two macroscopic structures, muscle fibers and the extracellular matrix, both of which have
unique orientations in muscle (Eng et al., 2008; Purslow and Trotter, 1994; Trotter and Purslow,
1992). It is possible that the muscle fibers have a greater shear modulus than the surrounding
extracellular matrix. Therefore, shearing perpendicular to fibers could result in a larger shear
modulus because of the resistance caused by the extracellular matrix and muscle fibers, whereas
shearing in the parallel and across directions may only have resistance due to the extracellular
matrix and transmembrane proteins. This difference could also be in response to how the muscle
is physiologically loaded. Under normal physiological conditions, the body does not commonly
experience shearing forces across the face of muscle fibers (Blemker et al., 2005; Purslow, 2002).
One possible exception to this is blunt trauma where the muscle may be sheared in all three
directions (Best, 1997; Loerakker et al., 2013; Woodhouse and McNally, 2011). However, for
normal force transmission the structural arrangement of muscle doesn’t provide, or necessitate, a
large shear stiffness in the across direction. Speculating at a scale beyond what was measured here,
the similarity in perpendicular and parallel directions could be due to negligible stiffness of the
transmembrane proteins at the scale we measured. It could also be that the stiffness of the
extracellular matrix dominates the total passive muscle stiffness, as alluded to by indirect measures

(Meyer and Lieber, 2011). Contrary to what we first assumed with our hypothesis, one could argue
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that muscle fibers simply glide past each other when subjected to shear forces and the interwoven

extracellular matrix resists shearing. Without separating and testing these elements independently,
we cannot confirm what component of muscle dominates the passive shear modulus.

Despite using muscles with different architectures, we did not find evidence that muscle
type significantly influenced shear moduli. One potential reason is rats have a short life span,
ranging from 2.5 — 3.5 years (Sengupta, 2013). In humans, the pennation angle, muscle volume,
and fascicle length is reduced with age (Narici et al., 2003; Thom et al., 2007). Additionally, in
aging human muscle, there are reductions in fiber size (Lexell, 1995; Lexell et al., 1988; Trappe,
2009) and increases in collagen and fat content (Kragstrup et al., 2011). These age-related
architecture and composition changes result in reduced force generation and transmission (Bemben
etal., 1991; Lieber and Friden, 2000; Thom et al., 2007). This reduction in force transmission seen
in older humans could be a result of changes to the shear modulus that resist it (Huijing, 1999;
Kragstrup et al., 2011). These increases in shear modulus may be incurred as a way to influence
muscle function by providing greater resistance to potentially injury causing shear loads (Kjaer,
2004). Therefore, a rat’s short life span may not provide sufficient time in which they can have
changes to muscle architecture and composition. In an experiment that evaluated the effect of aging
on the shear modulus of various muscles, we may have found a significant effect. Furthermore,
examining the shear modulus between muscles within a species that has a longer lifespan, like
humans, may show a significance due to muscle type. While not significant in our experiment, we
did observe a trend in the shear moduli of the muscles we tested. In the parallel and perpendicular
orientations, the average modulus of soleus was highest followed by EDL then TA. This was not

the case when measured across fibers, where the TA was stiffest followed by the soleus then EDL.
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Therefore, under a longitudinal (time) study, there may be a slight difference due to architectural

differences in rat muscles.

The estimated shear wave speed was extrapolated back to zero strain to correspond to shear
wave elastography measures made in passive, non-tensioned muscle (Fig. 2.7). At zero strain, the
predicted shear wave speed was 1.5 £0.3 m/s (mean + CI), 1.8 £0.3 m/s, and 1.0 £0.3 m/s in the
parallel, perpendicular, and across directions respectively. Under maximum passive strain, the
highest predicated shear wave speed was 2.6 0.2 m/s measured perpendicular to fibers. The shear
wave speed, in all cases, increased with strain. In general, shear wave speed calculated from the
passive muscle increased by 1 m/s between a strain of 0.1 up to the physiological range limit 0.4.
These estimates from direct shear moduli measures produced results near those directly measured
with elastography in passive muscle. In the study by Bernabei et al. (2020), cats exhibited a shear
wave speed of approximately 3 m/s. Similarly, in the study by Wang et al. (2019), human
participants showed a shear wave speed of approximately 2.5 m/s at a neutral elbow angle of 80
degrees. Species-specific differences may contribute to some of the variability in muscle, but the
estimates calculated here fall within these direct measurements. It is important to note that this
conformity does not confirm that shear wave speed only relies on shear modulus in muscle, rather
that shear modulus is a major component of that potentially complicated relationship. Our results
suggest that shear wave speed may be useful for estimating shear modulus of non-tensioned tissue.
Therefore, elastography could be used to measure the shear modulus in a variety of species and

muscles to further our understanding of species and muscle architecture differences.
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Figure 2.7 Estimated shear wave speed for the three orientations (parallel, perpendicular, and across).
Estimates and 95% confidence intervals are from the estimated linear mixed effects model. The shear wave speed
estimates showed a slight upwards trajectory with increasing strain from 1 to 3 m/s. This is consistent with directly
measured shear wave speed for passive muscle in both cats and humans.

Limitations

The results presented here generalize muscle as one uniform material with anisotropic
properties. However, muscle is a complex heterogeneous material. The shear moduli we measured
are of total muscle which include the combination of extracellular matrix and muscle fiber
properties. Without investigating these materials separately, one cannot decipher the individual
contributions of these elements. Additionally, we selected a slow rate of extension to eliminate the
viscoelastic effects of muscle from our measures. The rate used is most likely below typical
physiological speeds where viscoelastic properties may be important for normal muscle function.
Studies at higher rates, capable of measuring the viscoelastic properties, may supplement the
measures collected here. Finally, samples were cut into cubes by hand, which may introduce slight

variations in shape. The utmost care was taken in being consistent, but slight undercuts not easily
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visible by eye may produce measurement variability. This was mitigated to the best of our ability

by taking dimensional measures before testing and using a large sample size. Despite these
limitations, the values reported here provide new insight into muscle anisotropy and useful

parameters to simulate shear wave propagation.

Conclusions:

Our results are the first direct measures of three-dimensional shear moduli in skeletal
muscle. These results show that the shear modulus measured perpendicular to fibers was greater
than any other direction, but only significantly different from the moduli measured across fibers.
Additionally, the shear modulus increased linearly with increasing strain, indicative of a nonlinear
elastic material. Despite architectural differences between muscles, we did not find the shear
modulus of the rat muscles we tested to be different. The estimated shear wave speed is consistent
with those directly measured in cats and humans. This suggests that shear wave speed can be used
to estimate shear modulus, and vice versa, in passive non-tensioned muscle. Finally, for continuum
models, the quantitative measures reported here can be used to describe the mechanical properties
of muscle in shear. In combination with 3D measures of Young’s modulus and Poisson ratio, any

deformation within the muscle can be determined.
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Chapter 3: Efficiency of skeletal muscle decellularization methods and their effects on the

extracellular matrix

This chapter consists of a manuscript published in the Journal of Biomechanics:
Reyna, W. E., Pichika, R., Ludvig, D., Perreault, E. J. (2020).
“Efficiency of skeletal muscle decellularization methods and their effects on the extracellular matrix.” J Biomech

This study was funded by the National Institutes of Health (RO1AR071162 and T32HD07418). We would like to
acknowledge Dr. Richard Lieber for his technical support and comments during the formative stages of this project.

Abstract:

Extracellular matrix (ECM) is widely considered to be integral to the function of skeletal
muscle, providing mechanical support, transmitting force, and contributing to passive stiffness.
Many functions and dysfunctions attributed to ECM are thought to stem from its mechanical
properties, yet there are few data describing the mechanics of intact ECM. Such measurements
require isolating intact ECM from the muscle cells it surrounds. The objectives of this study were
to quantify the efficiency of three techniques for this purpose: Triton, Triton with sodium dodecyl
sulfate, and latrunculin B; and to determine their impact on properties of the remaining ECM.
Efficiency was quantified by DNA content and evaluation of western blot intensities for myosin
and actin. The properties of ECM were quantified by collagen content and uniaxial tensile testing.
We found that latrunculin B was the most efficient method for removing skeletal muscle cells,
reducing DNA content to less than 10% of that seen in control muscles, and substantially reducing
the myosin and actin to 15% and 23%, respectively; these changes were larger than for the
competing methods. Collagen content after decellularization was not significantly different from
control muscles for all methods. Only the stiffness of the muscles decellularized with latrunculin
B differed significantly from control, having a Young’s modulus reduced by 47% compared to the

other methods at matched stresses. Our results suggest that latrunculin B is the most efficient
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method for decellularizing skeletal muscle and that the remaining ECM accounts for

approximately half of the stiffness in passive muscle.

Introduction:

The extracellular matrix (ECM) is widely considered integral to the function of skeletal
muscle, providing mechanical support to muscle fibers, transmitting force from fibers to tendon,
and contributing to passive stiffness. The importance of ECM is underscored by the disabilities
accompanying changes in ECM structure resulting from age, injury, or disease (Alnageeb et al.,
1984; Handorf et al., 2015; Lieber et al., 2003; Woolf and Pfleger, 2003). Many of the functions
and dysfunctions attributed to ECM stem from its mechanical properties (Gillies and Lieber, 2011),
yet there are few data quantifying them.

Many studies of ECM have considered the mechanics of single collagen fibers, or indirect
measures of whole ECM stiffness. The beautiful images from Trotter and Purslow (1992), showed
that ECM is hierarchical in structure, containing endo-, peri-, and epimysium layers surrounding
muscle fibers. The collagen fibers within these layers create a reinforced structure that stiffens
upon stretching (Huijing, 1999). Indirect measures of ECM have been made by looking at changes
in mechanical properties of fiber bundles with and without ECM. These results suggested that
ECM is the dominant factor contributing to the Young’s modulus of muscle (Gillies et al., 2017;
Meyer and Lieber, 2011). However, a quantitative assessment of ECM properties was not obtained.
Modeling has also been used to predict the mechanical properties of ECM from knowledge of
collagen fiber mechanics and the structure of their arrangement in ECM (Bleiler et al., 2019;
Roeder et al., 2002), but these predictions have not been validated by direct measurements. Such

measurements require isolating intact ECM from the muscle cells it surrounds. Though there are
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many approaches for skeletal muscle decellularization, their efficiency for removing cellular

material from intact muscles and their influence on whole muscle ECM has yet to be quantified.

The focus of this study work was on decellularization as a tool for assessing the role of
ECM in muscle mechanics. Many decellularization processes were developed for applications in
tissue transplantation and regeneration, for which a primary concern is the elimination of antigenic
components that could cause an immune response inhibiting recellularization (Crapo et al., 2011;
Gilbert et al., 2009; Soto-Gutierrez et al., 2011). While we draw on some of the techniques
developed for regeneration applications, we limit our evaluations to metrics of muscle cell removal
and ECM integrity specific to our application. Still, our results may serve as a starting point for
choosing a decellularization process suitable for muscle transplantation by providing measures of
scaffold stiffness and removal efficiency, as recent work has shown the importance of scaffold
stiffness on facilitating cellular differentiation and migration (Breuls et al., 2008).

Many techniques use harsh chemicals and physical disruptions to lyse cells and wash out
cellular components, processes that may also disrupt ECM composition (Crapo et al., 2011; Gilbert
et al., 2006). Gillies and colleagues (2011) proposed a novel method for decellularizing skeletal
muscle using latrunculin B to disrupt actin, and additional washes to induce cell lysis, disrupt titin,
depolymerize myosin, and remove DNA. The proposed benefits were an efficient removal of
muscle cells with a preservation of ECM structure. This method was shown to reduce more than
90% of the cellular DNA, nearly all of the full chain myosin, and to partially degrade actin.
However, comparisons to alternative methods were not made. Two common alternatives use
Triton X-100 alone or in combination with sodium dodecyl sulfate (SDS) (Caralt et al., 2015).
Triton X-100 lyses cells by disrupting the lipid-lipid and lipid-protein interactions, SDS solubilizes

cytoplasmic and nuclear cellular membranes. The reported actions of these chemicals do not
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include degradation of collagen, a proxy for ECM integrity (Crapo et al., 2011). Thus, it remains

unknown how the use of latrunculin B, a method that is proposed to be more effective, compares
to these alternatives with respect to the efficacy of decellularization and the corresponding impact
on the properties of the remaining ECM structure.

The objectives of this study were to quantify the efficiency of three decellularization
methods on removing muscle cells from skeletal muscle and to determine their effects on the
remaining ECM. Decellularization efficiency was quantified by measures of DNA content and
evaluation of western blot intensities for myosin and actin. The characteristics of the resulting
ECM were quantified by measures of collagen content. We also performed uniaxial tensile testing
to quantify the mechanical properties of the remaining ECM structure. All measures were made in
the flexor digitorum profundus muscle of fresh chicken. Our results are the first to comparatively
evaluate decellularization methods for skeletal muscle using mechanical measures of whole
muscle ECM. This is an important step towards characterizing the mechanical properties of intact
skeletal muscle ECM so as to understand its contribution to whole muscle mechanics during

passive and active conditions.

Materials and Methods:

Decellularization was evaluated using two criteria: 1) content of cellular DNA, myosin,
and actin, and 2) properties of ECM. All data were collected from the chicken flexor digitorum
profundus muscle obtained from a local butcher; a total of 212 fresh muscles were harvested.
Muscles were tested within a week of death, a period in which mechanics, collagen, and myosin

heavy chain (MHC) are unaffected by post-mortem time (Tuttle et al., 2014). The interface
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between tendon and muscle was marked immediately after dissection, and the length of the muscle

excluding the tendon was used as a reference for all future measurements.

The length, mass, and volume of each sample was measured before and after
decellularization but prior to tensile testing to track changes in these physical properties at each
stage of the experiment. Volume was measured using the water suspension method (Hughes,

2005).

Decellularization Procedures

Muscles were randomly assigned to one of four treatment groups: 1) untreated Control, 2)
1.0% Triton X-100 only decellularization, 3) 1.0% Triton X-100 and 0.1% SDS decellularization,
and 4) 50 nM latrunculin B with 0.6 M potassium chloride and 1.0 M potassium iodide washing.
Control muscles were tested immediately following harvest. We also completed a control that
followed the times, temperatures, and washes in the decellularization processes but these outcome
measures did not differ from the untreated control and therefore are not presented for conciseness.
The decellularization procedures followed those detailed by Gillies et al. (2011) and Caralt et al.
(2015). In short, each group went through 3-6 solution changes to perform decellularization.
Washes were completed by placing each muscle in a 50mL vial and covering with 25 mL of
solution. Vials were agitated on a vertical and horizontal orbital shaker (Belly Dancer Shaker, Ibl
Scientific, Dubuque, [A) at approximately 80 rpm.

Thirty-eight samples from each treatment group were used for biochemistry to evaluate
decellularization efficiency. The remaining 15 samples were used for tensile testing to evaluate

the mechanical consequences of decellularization.
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Biochemical Analysis

Samples from each group allocated for biochemistry underwent one of three tests: 1) DNA
content (n=15), 2) myosin and actin western blot (n=8), and 3) collagen content (n=15). DNA
content has previously been used as the main metric to evaluate decellularization (Crapo et al.,
2011; Gilbert et al., 2009; Soto-Gutierrez et al., 2011). We also considered myosin and actin due
to their roles in muscle contraction. ECM is composed primarily of collagen (Purslow, 1999, 2008;
Trotter and Purslow, 1992), which we used as a quantitative metric of ECM integrity; a substantial
reduction in collagen content would indicate damage to the ECM.

DNA was isolated from whole muscle using the PureGene Cell and Tissue Kit protocol
(Qiagen, Valencia, CA). DNA content per total pre-decellularization wet weight was quantified
using the Eppendorf Bio-Spectrometer Basic (Eppendorf, Hamburg, Germany) at an absorbance
value of 260nm. Values with a 260/280 absorbance ratio outside of 1.7-2.0 were thrown out due
to potential contaminants (Ahn et al., 1996; Sambrook et al., 1989).

Myosin and actin were measured relative to the control using the intensity of the western
blot bands. The eight samples allocated for western blot analysis were split into two equal groups,
one for myosin and one for actin. Muscles in their entirety from each group, including control,
were freeze dried and pulverized. Pulverized samples were reconstituted with equal volume to
produce a consistent dilution across groups. Myosin samples were further purified using the MHC
protocol detailed by Minamoto and colleagues (2015). Aliquots from the homogenate were plated
to measure total protein content using the Pierce™ BCA protein assay kit (Pierce Biotechnology,
Rockford, IL). This measurement was used to determine the most concentrated sample, the control,
and least concentrated, latrunculin B. Balancing these total protein values, so as not to saturate the

gel or miss protein, we loaded 25 pL of tissue homogenate from each sample into wells of a
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NuPAGE 4-12% Bis-Tris gradient gel to separate proteins based on molecular weight. Once

separated, protein was transferred using the Bio-Rad Trans-Blot SD semi-dry transfer cell to a
Nitrocellulose membrane and checked using the water soluble Ponceau S stain. Membranes were
blocked overnight at 4°C with 5% Bovine Serum Albumin (BSA) in Tris Buffered Saline-TWEEN
20 (TBST). Membranes were incubated with the primary antibody myosin skeletal muscle
monoclonal antibody (Mouse MAb (MY SNO02) (NeoMarkers, Fremont, CA) and actin monoclonal
antibody (ACTNO5(C4)) (ThermoFisher Scientific, Rockford, CA) for 1 hr at room temperature.
Membranes were washed with 4 changes of TBST every 20 min. The secondary antibody (Goat
Anti-Mouse IgG HRP Conjugate (H+L), used for Myosin and Actin) (EMD Millipore Corp,
Billerica, MA) was incubated on the membrane for 1 hr at room temperature followed by a 2-hr
wash with TBST. The membrane was developed with a 50:50 mixture of detection reagent from
the Pierce™ ECL Western kit (Pierce Biotechnology, Rockford, IL) for 7 min. Membranes were
imaged using a Syngene PXi imager (Syngene, Frederick, MD). Bio-Rad’s Precision Plus
Protein™ Standard was used to identify the molecular weights of actin and myosin based on
previous measures made in chicken skeletal muscle (Rosser et al., 1996; Soglia et al., 2016). Post
processing densitometry was made using ImageJ (NIH), to determine the intensity of bands and
the subsequent percent difference from control.

Collagen content was quantified from the entire muscle using the hydroxyproline protocol
(Edwards and O'Brien, 1980). Briefly, whole muscle tissue was hydrolyzed with 6 N hydrochloric
acid for 22 hrs or until no particles of tissue could be seen. The hydrolysate was dried, then
dissolved in 3 ml of water to create samples of equal volume. Ten to twenty-five microliters of the
hydrolysate were oxidized with chloramine-T followed by p-dimethylaminobenzaldehyde and

absorbance was read at 550 nm in triplicates to determine the hydroxyproline content.
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Measurements were made using the Synergy|HTX multi-mode plate reader (Bio-Tek Instruments,

Inc., Winooski, VT). Collagen content was calculated using the hydroxyproline to collagen
conversion multiplication factor of 7.46, determined from mammalian and avian experiments

(Neuman and Logan, 1950).

Mechanical Testing

Uniaxial testing was used to determine elastic tensile properties of the tissue along the
direction most relevant to muscle structure and function (Lloyd LF Plus; Amatek Inc, Lloyd
Instruments, Leicester, UK). Samples were hydrated in phosphate-buffered saline, then rigidly
anchored using two vertically aligned metal wedge clamps at the interface between tendon and
muscle. Data were collected at a strain rate of 5% per min until failure.

Tissue stress was calculated by dividing the applied load by the cross-sectional area,
estimated for each sample as the volume divided by length using the pre-decellularization
measures. Tissue strain was calculated by dividing the extension of the tissue by the pre-
decellularization sample length. Pre-decellularized dimensions were used to reduce normalization
errors induced by sample swelling associated with the decellularization processes. Instantaneous

Young’s modulus was computed as the slope of the stress-strain curve.

Statistical Analyses

Statistical tests were performed in Matlab (Mathworks, Natick, MA). Physical properties
were analyzed using a paired t-test between pre-decellularized and post-decellularized
observations. DNA and Collagen content were analyzed using a one-way ANOVA. Post-hoc

comparisons between treatment groups were made using the Tukey-Kramer method at a
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significance level of p=0.05. Biochemical and physical data results are presented as means =+

standard error.

We modeled Young’s modulus as a function of stress to determine how it was influenced
by the different treatment groups. Linear mixed effects models were used for this analysis.
Young’s modulus was the dependent variable, modeled as a linear function of stress. Samples were
treated as a random factor to account for the correlation of repeated measurements within each
sample. The preparation for each treatment group was modeled as a fixed factor. We compared the
slopes and intercepts of the fitted models to determine how the different treatments influenced
mechanical properties. Bonferroni corrections were made to account for multiple comparisons.

There were 12 planned comparisons, resulting in a significance level of p=0.05/12 for reference.

Results:

Decellularization Efficiency

Latrunculin B and Triton/SDS reduced DNA content more than Triton alone. Triton/SDS
and latrunculin B decreased DNA content to 8 + 1 ng/mg and 7 = 1 ng/mg, respectively, a
significant difference from the control samples (78 + 5 ng/mg; p<0.0001). There was no significant
difference between the Triton/SDS and latrunculin B treatment groups (p>0.9; Figure 3.1). Triton
without SDS also significantly decreased DNA content relative to control (25 + 3 ng/mg;

p<0.0001), though not as effectively as latrunculin B or Triton SDS (both p<0.0001).
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Figure 3.1 Average DNA content per total pre-decellularization wet weight from 15 samples in each treatment
group.

There were significant differences (** denotes p < 0.0001) between control and treatment groups and Triton to other
treatments. Error bars indicate standard errors.

Latrunculin B removed more actin and myosin than the two Triton based methods.
Densitometry of the western blots showed latrunculin B on average was able to reduce myosin by
85 + 7 % and actin by 77 = 10 % (Figure 3.2, bar graphs). Whereas Triton and Triton/SDS reduced
the myosin content by 26 + 15 % and 16 + 14 % and actin by 14 + 9 % and 29 £ 11 %, respectively.
This is also shown by visual inspection of the western blots for all groups (Figure 3.2, blots).
Myosin content was nearly eliminated by latrunculin B, as noticed by its near absence in the
western blot. There was no noticeable difference in the Triton and Triton/SDS groups compared
to each other, or to the control. The removal of actin varied across treatment groups. Latrunculin
B had the lowest content followed by smaller reductions in the Triton and Triton/SDS groups

relative to the control.
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Figure 3.2 Representative western blots and average percent difference from control of full chain myosin and
actin for each of the treatment groups.

Both proteins were reduced substantially by the latrunculin B treatment. Left Bar of western blot represents protein
standard for protein density identification. Error bars indicate standard errors.
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None of the decellularization methods altered collagen content relative to control (Figure

3.3). The control tissue had a collagen concentration of 155 £+ 10 ug/mg. All other treatment groups

did not differ significantly from this value (F(3,56)=0.76, p>0.5).
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Figure 3.3 Average collagen content from 15 samples in each treatment group.
There were no significant differences between groups. Error bars indicate standard errors.

Mechanical Effects

All decellularization methods caused swelling of the tissue samples, which must be
considered when evaluating mechanical properties. This swelling caused small decreases in length
(Figure 3.4A) that reached statistical significance in the latrunculin B group (p<0.0001). It also led
to increases in mass for all treatment groups (Figure 3.4B; Triton and latrunculin B p<0.005,

Triton/SDS p<0.0001).
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Figure 3.4 Physical properties, A) length and B) mass, of 15 samples per treatment group.

Measurement obtained pre- and post-decellularized show signs of swelling in decelluarize samples. There was a
significant difference between latrunculin B lengths. Additionally, all treatment groups had significantly different
masses after decellularization. Error bars indicate standard errors. * denotes significant difference of p < 0.005 and **
of p<0.0001.

The shortened length in the decellularized samples relative to their pre-decellularized
length caused force to increase above zero at lengths shorter than the control samples. Similar
results were shown by Sleboda and Roberts (2017), who demonstrated that swelling shifts the
onset of passive force development in muscle. This shift can be observed in the average stress-
strain curves for each treatment group (Figure 3.5). Analyzing further, the Young’s modulus versus
strain (Figure 3.6A) shows that the unaligned strain makes comparisons impossible. Without
accounting for the swelling, comparable points cannot be identified. We accounted for this shift
by examining Young’s modulus as a function of stress rather than the more commonly used strain,
which eliminates effects due to a shift in the length at which passive force development begins

(Figure 3.6B; see Supplementary Material for rationale).
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Figure 3.5 Average stress versus strain relative to the original starting length of each muscle.

All treatment groups show lateral shifts in decellularized samples due to swelling. Shaded regions represent standard
deviations.
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Figure 3.6 Representative data for Young’s modulus versus A) strain and B) stress from each of the four
treatment groups.
All treatment groups exhibited a lateral shift in strain due to swelling that prevents comparisons across samples.

Whereas Young’s modulus visualized against stress does not have these limitations, as a result of its invariance to
swelling
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The relationship between Young’s modulus and stress was different for latrunculin B than

for all other treatment groups. The linear mixed-effects model describing this relationship for all
treatment groups had an R*=0.92 and a log-likelihood of -1923 (Figure 3.7). The control group
had a slope and intercept of 32 + 2 and 0.43 = 0.05 MPa, respectively. Only the slope for latrunculin
B (17 + 3) differed significantly (p<0.0001) from the control group. There were no significant
differences in the intercept for any decellularization group compared to control. However, the
intercepts for latrunculin B (0.23 + 0.07 MPa) and Triton (0.55 + 0.05 MPa) differed significantly
(p=0.0003), as did the intercepts between Triton and Triton/SDS (0.33 £ 0.05; p=0.002). The
stiffness for the latrunculin B group was significantly lower than the other treatment groups over
nearly the entire measurement range (Figure 3.7). There was also a smaller but significant

difference between Triton/SDS and the control and Triton groups at low stresses.
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Figure 3.7 Young’s modulus as a function of stress for the four treatment groups.
Lines and 95% confidence intervals are from the estimated linear mixed effects model. Latrunculin B is significantly
less stiff than control. Triton/SDS is also significantly different from control at low stresses.
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Discussion:

The objectives of this study were to quantify the efficiency of three decellularization
methods on removing muscle cells from skeletal muscle and to determine their effects on the
remaining ECM. Biological and mechanical tests were performed to quantify the efficacy of
decellularization and their influence on stiffness, respectively. We found that latrunculin B and
Triton/SDS reduced DNA content by approximately 90%. However, latrunculin B was the only
method to show substantial decreases in myosin and actin, suggesting that it was the most effective
method for removing the cellular content of skeletal muscle from the surrounding ECM. None of
the tested methods altered the content of ECM, as was expected from previous results (Caralt et
al., 2015; Gillies et al., 2011). Together, these results suggest that latrunculin B is the most
effective of the tested methods for decellularizing skeletal muscle. The latrunculin B treatment
group was also the only one that had a Young’s modulus significantly different from the control
group. It had a stress-dependent increase in stiffness that was approximately 50% of the control
group, suggesting that nearly half of the passive stiffness in our muscle samples can be attributed

to ECM remaining after decellularization.

Decellularization Efficiency

Decellularization is common in tissue transplantation and regenerative engineering
research, where the main concern is removing cellular-DNA to eliminate an immune response in
the recipient. When the goal is to isolate ECM from skeletal muscle, it is important to remove as
much of the cellular content as possible, especially the load bearing proteins. Gillies et. al. (2011)
proposed a method involving latrunculin B that was designed to remove all cellular content and

preserve ECM integrity. It was stated that this method was advantageous in comparison to others
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though experimental assessments were not published. We found that latrunculin B led to a

decellularization efficiency similar to what was reported by Gillies et al. We observed a decrease
in DNA to about 10% of control values, slightly larger than the 4% reported in the earlier study.
We also found myosin was reduced to about 15% and actin to about 23%, as seen before. The
differences in DNA content could be attributed to species differences or simply muscle size. The
volume of the mouse tibialis anterior has been reported to be ~50 mm’ (Zhang et al., 2008) whereas
the average volume of the chicken flexor digitorum profundus muscles used in our study was (530
+ 130 mm’).

Triton and Triton/SDS were also effective at removing DNA but not the actin and myosin
proteins essential for muscle contraction. Similar reductions in DNA have been reported when
decellularizing organs for regeneration and transplantation applications (Caralt et al., 2015), but
we are unaware of previous studies that examined the use of Triton and Triton/SDS for removing
actin and myosin from skeletal muscle. Our results suggest that they are not effective for this
purpose.

Gillies et al. also suggested that latrunculin B would cause less damage to the ECM. Our
measures of collagen content do not support that statement. We found no significant changes in
the collagen content across all treatment groups. However, it is important to acknowledge that
different procedures (e.g. concentrations, wash durations, ...) may lead to different results from
the same chemicals.

Decellularization is strongly influenced by the size of the specimen and the composition of
the tissue being decellularized. While we expect our results to extend to skeletal muscles with
similar cross-sectional areas, the efficacy of the decellularization processes should be carefully

quantified if used for other muscles. Freezing tissue for histological staining proved challenging
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and unfeasible due to the high liquid content following decellularization, which produced

structure-damaging ice crystals. We also attempted to stain the decellularized muscles after fixing
with formalin due to its stiffening effects on tissues (Fox et al., 1985). Unfortunately, there was
not enough muscle tissue remaining to maintain the shape of the material after decellularization,
making it impossible to obtain architecturally intact sections suitable for staining. However,
throughout mechanical testing, visual inspection and physical examination of the decellularized
tissue did not show exhibit notable signs of degradation leading to disintegration or loss of its
general geometric shape. This observation is further substantiated by our collage measures;
collagen, our proxy for integrity, did not show a substantial decrease in content. Additionally,
while densitometry of western blots has been used to determine the content of imaged proteins,
care should be taken with directly reporting these concentration values. Western blots are highly
dependent on how loading was controlled, how successful gel to membrane transfer, and how
normalization was done. We preformed these experiments according to the suggestions provided
in the Aldridge et al. (2008) study and using the entire muscle to eliminate dissecting unequal

subsections of the muscle.

Mechanical Effects

The muscles decellularized with latrunculin B were significantly less stiff (~47%) than all
other treatment groups. This result coupled with the effectiveness of latrunculin B decellularization
suggests that ECM accounts for approximately half of the passive stiffness in the muscles used for
this study. This estimate assumes that decellularization did not damage the integrity of the ECM.
Collagen content was unaffected relative to our control samples, but we did not examine changes

in the microstructure of ECM. If it was damaged, then our estimate could be considered as a lower
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bound on the passive force load carried by ECM. Our estimate of the ECM contributions to passive

stiffness lies between what has been suggested by other groups. Gillies et al. (2011) concluded that
ECM accounts for most of the passive muscle stiffness based on results using the same
decellularization method. They also observed a clear separation (~30% difference at 100% strain)
in the stiffness of control samples and those decellularized with latrunculin B, but their statistical
tests did not reach significance. The difference may be due to the methods of analysis or overall
measurement variability. Brynnel et al. (2018) concluded that titin rather than ECM dominates the
passive stiffness of muscle. They disrupted titin with KCI/KI washes similar to those used in our
study, and observed a much larger decrease in passive stiffness. Those results might arise from
species-specific differences in the role of ECM (Meyer and Lieber, 2018) or from the fact that they
referenced stiffness to sarcomere lengths prior to decellularization, which may make it difficult to
compare across treatment conditions (Figure 3.5).

There were challenges measuring the mechanical properties of muscle after
decellularization due to swelling. Treatment groups showed various amounts of swelling. This
likely arises from osmotic differences caused by the chemical agents used in decellularization.
This swelling may have been exacerbated by the loss of muscle fibers, which normally generate a
transverse force restricting volume changes (Smith et al., 2011), which could explain the increased
swelling in the latrunculin B samples. This swelling made it impossible to compare measured
mechanical properties using lengths, such as slack length or the optimal force length, identified
prior to decellularization (Figure 3.6A). Swelling caused a treatment-dependent shift to shorter
slack lengths after decellularization. Similar shifts were observed by Sleboda and Roberts (2017),
who examined the effects of swelling on passive muscle mechanics. They concluded that swelling

influences slack length but not the form of the passive force-length curves. Assuming that swelling
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has the same effect on decellularized tissue, we compensated for changes in slack length by

comparing our treatment groups at matched stresses (Figure 3.6B) rather than matched strains

since changes in stress are invariant to changes in slack length (see Supplementary Material).

Conclusions:

Our results suggest that latrunculin B is an effective method for decellularizing skeletal
muscle, outperforming Triton and Triton/SDS methods that are common in other applications.
While all tested methods had no measured effect on the quantity of ECM, latrunculin B was more
effective at removing cellular DNA, myosin, and actin. The efficacy of this method allowed us to
measure the Young’s modulus of the remaining ECM structure. It increased linearly with the
applied stress and remained at approximately 50% of the value measured in control samples. These
results suggest that ECM carries approximately half of the passive load in the chicken flexor

digitorum profundus muscle used in this study.
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Supplementary material:

This supplementary material provides an explanation for why evaluating Young’s modulus
as a function of strain rather than stress provides an analysis that is invariant with respect to shifts
in the strain at which stress becomes nonzero, such as those that occur with muscle swelling
(Sleboda and Roberts, 2017).

A typical plot of muscle’s stress-strain response is shown (Figure 3.8A), where stress (o)
is assumed to increase for strain (¢) greater than zero. Swelling has been shown to change the strain
at which stress rises above zero, shifting it to a lower value (&) (Sleboda and Roberts, 2017).
Assuming that there is only a lateral shift in the stress-strain curve after swelling, the relationship
between the stress of the swelled material and the original material is given by:

Oswenr = 0(€ + &)
Instantaneous Young’s modulus (E) is calculated by taking the derivative of the stress-

strain equation:

_do do(e)
T de  de

which in the case of swelling is:

E _ daswell _ dG(E + 80)
swell — de - de

It is traditional to evaluate how Young’s modulus changes as a function of strain but such
analyses are sensitive to swelling-induced changes in where stress begins to rise above zero (Figure
3.8B). Changes in the amount of swelling and therefore the value of &, can make it challenging to
compare across samples or treatment groups. These difficulties can be eliminated by evaluating
how Young’s modulus changes as a function of stress rather than strain (Figure 3.8C). This is

because plotting Ej,,.;; as a function of ay,,,;; is identical to plotting E as a function of g, as there
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is a consistent change of variables (¢ = € + &,) mapping the original to the swelled values of

interest.
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Figure 3.8 Characteristic representation of muscle’s A) Stress versus strain, B) Young’s modulus versus strain,
and C) Young’s modulus versus stress response in a typical and swollen state.
Assessment versus stress is invariant to swelling, unlike those that are reliant on strain.
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Chapter 4: Influence of muscle’s structure on ultrasound shear wave propagation

This work was completed under the mentorship of Eric Perreault, PhD.

This study was funded by the National Institutes of Health (T32HD07418).

Abstract:

There is great potential in the diagnostic value of ultrasound shear wave elastography. In
muscle, it has been proposed as a noninvasive quantitative way to measures stiffness. However,
muscle’s underlying structure, which contributes to the macroscopic properties, complicates how
we relate measures from elastography to stiffness and disease. The goal of this review was to
describe and discuss how the structure of muscle influences shear wave propagation. The basic
assumptions of ultrasound wave propagation in materials, specifically of biological tissue, used to
transpose propagation speed to stiffness is summarized. The potential implications of structural
arrangement of muscle on shear wave propagation, with an emphasis on resolution and scale, is
described. Physical properties of muscle that are thought to be important for shear wave
propagation that have not yet been measured are identified. Lastly, the current and future use of
phantoms and computational simulations are explored. We found that studies reporting
macroscopic stiffness of muscle do not account for muscle’s heterogeneous structure. The
compositional changes and intricacies of muscle structure are not well understood in the current
elastography measures. We propose that quantitative material property measures of muscle’s
constituents, specifically the extracellular matrix and muscle fibers, and macroscopic properties
will facilitate a better understanding of wave propagation, disease identification, muscle-
mimicking phantoms, and computation simulation validation. Through further research of general
muscle mechanics and simultaneous material property and shear wave measures, we will yield

results that will propel the use of SWE into the clinic for musculoskeletal diagnosis.
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Introduction

Skeletal muscles are the means by which we move and physically interact with the world
on a daily basis. Muscles do this by working in concert with each other to create actions about a
joint. The ability of muscles to elongate and compress to complete these tasks is greatly influenced
by the mechanical properties of the underlying structure of muscle, specifically the extracellular
matrix (ECM) and muscle fibers (Figure 4.1) (Huijing, 1999). Consequently, our muscles’ abilities
are inhibited by pathological changes to the mechanical properties of the muscle structure, such as
changes in stiffness, as we succumb to injuries, aging, or disease (Alnaqgeeb et al., 1984; Handorf
et al., 2015; Lieber et al., 2003). One in four adults in developed countries report musculoskeletal
impairments resulting in a variety of mild to severely debilitating symptoms, including pain,
stiffness, and reduced range of motion (White and Harth, 1999; Woolf and Akesson, 2001). These
symptoms often result in costly and sometimes ineffective medical care and treatment in our
attempt to reduce suffering and disability (Woolf and Pfleger, 2003; Woolf and Akesson, 2001).
Clinical evaluations of muscle stiffness-related impairments can be expensive, invasive, and in
many cases, not sufficient in detail to identify the specific muscle structures involved in
impairment (Simons and Mense, 1998). This lack of specificity unfortunately impedes clinicians’

ability to identify, treat, and monitor the structures of muscle responsible for debilitation.
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Figure 4.1 Graphic of muscle scaling.

A) Muscle fibers are encapsulated circumferentially by endomysium which form a fascicle. Fascicles are a bundle of
muscle fibers and their endomysium which are surrounded by the perimysium. B) Bundles of fascicles are contained
within the epimysium to form the whole muscle. The components of the extracellular matrix are: endomysium,
perimysium, and epimysium. Images from Wisdom et al. (2015)

Ultrasound shear wave elastography has presented itself as a promising tool that may
overcome these clinical hurdles, but few have considered elastography to quantify the mechanics
of muscles underlying structure. This noninvasive method induces shear waves in a tissue and
measures the speed of propagation. In homogeneous isotropic materials, measures of shear wave
speed can be used to estimate Young’s modulus (Berg et al., 2012; Cosgrove et al., 2012; Frulio
and Trillaud, 2013; Tanter et al., 2008). In muscle, a heterogeneous and transversely isotropic
material, changes to the underlying structure that occur as a result of aging or disease, can change
the macroscopic properties (Campbell, 1995; Duance et al., 1980; Jones et al., 1983; Klingler et
al.,2012; Lieber and Friden, 2019). For example, in patients who exhibit increased muscle stiffness
as a result of Duchenne muscular dystrophy, there is an increase in extracellular matrix and
intramuscular fat (Duance et al., 1980; Jones et al., 1983; Klingler et al., 2012). Similarly, with
human aging we find structural muscle changes, as well as functional changes to the extracellular

matrix which can contribute to the degradation of muscle’s mechanical properties and increased
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stiffness (Kragstrup et al., 2011; Rosant et al., 2007). The macroscopic disease related changes

have been correlated to changes in the measured shear wave speed (Lacourpaille et al., 2015;
Simon et al., 2016; Zhou et al., 2018). Our ability, however, to perform the inverse clinical analysis
is nonexistent, thereby thwarting efforts to diagnose the underlying muscle constituent changes
from elastography measures. These obstacles exist in large part because we do not fully understand
the effects of muscle structure on shear wave propagation. Some of the important structural
components of muscle that influence macroscopic function, and are also likely to influence shear
wave propagation, are the muscle fibers and extracellular matrix (ECM). Many studies have made
significant progress in developing ultrasound elastography for muscle, yet few have probed the
sensitivity of these results to muscle structure. Therefore, the goal of this review is to describe and
discuss our current understanding of shear wave propagation in muscle and how muscle structure
may influence these measures. This information will aid in our pursuit of understanding the
measures of shear wave elastography for the diagnosis of musculoskeletal disease.

This goal will be accomplished by reviewing studies related to four key themes, all focused
on helping us understand how the structure of muscle influences shear wave propagation. First, we
will review the basic assumptions of ultrasound shear wave propagation in materials, specifically
of biological tissue, used to infer stiffness from propagation speed. Second, we will discuss the
potential implications of the structural constituents of muscle on shear wave propagation, with an
emphasis on resolution and scale. Third, we will identify the physical properties of muscle that are
thought to be important for shear wave propagation, and identify those that have not yet been
measured. Lastly, we will discuss how phantoms and computational simulations can be used to
investigate the effects of structural changes on shear wave propagation. Throughout will be a

discussion of previous studies that have used ultrasound elastography in muscle and the influence
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of structure on those measures. In the collection of relevant studies, we will discuss the bridge

between the underlying structure and shear wave propagation, as well as note the challenges and
questions associated with relating shear wave propagation speed to informative measures of
muscle. These aspects will inform future researchers and direct focus to propel the use of

ultrasound elastography for skeletal muscle diagnostics into the clinic.

Methods

We performed a literature search on 8/5/2020 in PubMed to identify manuscripts relevant
to the use of elastography in muscle. Our search terms, including derivations, were mechanical
(elastic modulus, stiffness, modulus), skeletal muscle, and elastography (shear wave propagation,
elasticity imaging techniques, acoustic microscopy). Four hundred and thirty-six articles were
identified from this search (Figure 4.2). Articles were included if they met all of the following
criteria: 1) published within 1990 to 2020; 2) used or modeled an elastography technique
(ultrasound or magnetic resonance); 3) measured skeletal muscle; 4) provided quantitative
measures of material properties; and 5) published in English. Articles were excluded if they 1)
were abstracts or non-peer reviewed, or 2) did not report shear wave speed, Young’s modulus, or
shear modulus. This resulted in one hundred and eighty-two articles that were further categorized
into four groups: 1) ultrasound elastography (110 articles); 2) magnetic resonance elastography
(40 articles); 3) computational simulations (17 articles); and 4) reviews (15 articles). A majority
of these articles were used to formulate this review; some with overlapping concepts were
excluded. In addition to these primary sources on muscle elastography, we incorporated some texts
and manuscripts describing the fundamental principles of elastography in materials other than

muscle (13 articles).
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Figure 4.2 Adapted PRISMA diagram.

Ultrasound elastography: assumptions about a material

Elastic Wave Equation Assumptions

Ultrasound shear wave elastography, developed in the 1990’s as one potential replacement
for palpation, measures the speed of a propagating shear wave in a material to estimate the Young’s
modulus (O'Donnell et al., 1994; Ophir et al., 1991; Sarvazyan et al., 1995; Yamakoshi et al.,
1990). A history of the principles and functions of ultrasound elastography can be found in the
review by Gennisson et al. (2013). Briefly, much of what we know about shear wave propagation
in biological tissue is based on the elastic equations of wave motion, where shear wave speed (V)

is directly linked to shear modulus (p) and density (p) (Eq. 1)(Graff, 1991).

V=\/T/p (1

In nearly incompressible (Poisson Ratio (v) =0.5) homogeneous isotropic linear elastic
materials, there is a direct relationship between shear and Young’s modulus (E) (Eq. 2).

E=2u(1+v)=3u (2)
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An increase in stiffness results in an increase in wave speed, this direct relationship allows

measures of shear wave speed to be used to estimate Young’s modulus. Clinically, this relationship
was used to identify tumors in soft tissue, such as breast and liver, where stiff inclusions in an
otherwise soft homogenous material is able to be localized (Figure 4.3)(Cosgrove et al., 2012;

Frulio and Trillaud, 2013). These assumptions have often been applied to muscle.

Figure 4.3 Shear wave elastography image of breast cancer with color elasticity map overlay.
Red represents highest stiffness and blue lowest. Image from Cosgrove et al. (2012)

In the case of muscle, which is neither homogeneous nor isotropic, the assumptions of wave
propagations used in other soft tissues are not satisfied. Much of the initial elastography work in
muscle took similar assumptions from other soft tissues (Bilston and Tan, 2015; Brandenburg et
al., 2014; Deffieux et al., 2008; Drakonaki et al., 2012; Gennisson et al., 2010a; Miyamoto et al.,
2015). In these studies, muscle is assumed to be homogeneous, isotropic, unstressed, and linear
elastic. It has become increasingly evident that these assumptions do not hold, since shear wave

velocity measures may be effected by stress (Bernabei et al., 2020; Sandercock et al., 2018),
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anisotropy (Gennisson et al., 2003; Gennisson et al., 2010a; Li and Lee, 2017; Qin et al., 2014),

and homogeneity (Guidetti and Royston, 2018; Klatt et al., 2010; Magin, 2010; Palnitkar et al.,
2019). Despite this evidence, the basic assumptions for muscle which are imposed by the elastic
wave equations have persisted over time. Recently, in materials that exhibit axial loads, there has
been a new-found interest in the Timoshenko beam model (Graff, 1991; Mei and Mace, 2005) and
the inclusion of stress (o) in the relationship between propagation speed and stiffness (Eq. 3)

(Martin et al., 2018).

y= [ 3)

Variations in the Timoshenko beam equation (Eq. 3) can lead to changes in how wave
speed approximates Young’s modulus. Physiologically, the inclusion of stress is more akin to
muscle’s in vivo state, where it is under passive or active load and rarely truly unstressed, unlike
the breast or liver. While it may be beneficial and perhaps more accurate to include stress,
measuring the isolated stress on muscle does pose a new technical and device requirement for

measurements in the clinic.

Timoshenko Beam Equation Assumptions.

The Timoshenko beam equation assumes a tissue is homogenous, isotropic, and abides by
the fundamental laws of continuum mechanics (Graff, 1991). Muscle is not homogeneous. While
previous studies have ignored this fact, there remains a large area of doubt in the validity of using
elastography to measure muscle stiffness. In continuum mechanics, bulk modulus, shear modulus,
Young’s modulus, and Poisson ratio are linked with each other; thus, when given any two

parameters the other two can be calculated. The Timoshenko beam, as well as much of the



77
mechanics of the body, fall within fundamental laws of continuum mechanics. However, there are

materials that do not obey the laws of continuum mechanics and some of these have properties
analogous to muscle. For example, work by van Oosten et al. (2016) on biopolymer networks,
which show similarities to muscle’s extracellular matrix, would suggest that muscle at a
macroscopic level may not abide by continuum mechanic rules. van Oosten and colleagues formed
biopolymer networks from intracellular and extracellular proteins to measure the axial and shear
stress when subjected to uniaxial and shear strains. In these experiments, it was found that shear
and Young’s moduli were not proportional, as expected by the rules of continuum mechanics. This
experiment also showed a difference in biopolymer network compression versus extension.
Unfortunately, van Oosten and colleagues did not determine if this result was due to the composite
nature of the material, but did suggest a possible mechanism for compression and extension
differences were a result of undulations and buckling of individual fibers, which are similar to the
collagen fibers within the ECM (Gillies et al., 2017; Purslow and Trotter, 1994; Trotter and
Purslow, 1992). They proposed that it is easier to compress or buckle a fiber, which does not
contribute to the stiffness of the network, than it is to remove undulations. Therefore, without more
direct measures of muscle we cannot determine if shear and Young’s moduli are related in some
other way. Perhaps the individual components of muscle structure (ECM and muscle fibers) may
act as expected, but collectively produce a complicated mechanical response. ECM is known to be
made up of wavy collagen fibers (Gillies et al., 2017) that unequally elongate with strain (Munster
et al., 2013; Roeder et al., 2002), with different arrangement depending on scale (endo-, peri-, or
epimysium) (Purslow and Trotter, 1994; Trotter and Purslow, 1992). Surprisingly, there is not
much work looking at directly measured shear modulus in muscle, which perhaps perpetuated our

assumption that Young’s and shear moduli were inherently linked. There is also a lack of data
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describing how the mechanical properties scale in muscle, which not only inhibits our ability to

understand elastography but also muscle stiffness. In summary, given evidence that muscle is not
homogenous, isotropic, or unstressed we should be wary of the Young’s moduli calculated from

shear wave speed using the wave equations or Timoshenko beam model in muscle.

Relevant scale and arrangement of muscle structure

Size of Shear Waves and Resolution

Ultrasound elastography induces micron sized displacements within a tissue, which are
thought to be entirely shear in nature (Gennisson et al., 2013; Graff, 1991; Royer and Dieulesaint,
2000). However, muscle being isovolumetric and nearly incompressible, with a Poisson ratio near
0.5 (Takaza et al., 2013a; Van Loocke et al., 2006) cannot have a purely unidirectional
deformation. A displacement perpendicular to fibers, like those generated by shear waves, would
theoretically require compensatory displacements parallel to fibers. Additionally, the collagen
fibers in ECM are not unidirectional organized or distributed (Neuman and Logan, 1950). Some
portion of shear wave induced displacement will cause elongation of the ECM. Furthermore,
muscle is known to transmit active and passive force through transmembrane protein linkages
(Buck and Horwitz, 1987; Friedrichs et al., 2010; Ingber, 2003; Juliano and Haskill, 1993) between
ECM and muscle fibers. Therefore, shear forces that deform tissue should be dispersed through
the ECM, muscle fibers, and proteins in directions that may lay outside our expected orientation.

The spatial resolution of ultrasound elastography is dependent on vibration frequency and
the shear wavelength through a material (Righetti et al., 2002). Experimental results by Zemzemi
etal. (2020) showed an axial B-mode imaging resolution between 140 and 50 um, but elastography

resolution was limited by post-processing down to 1/45 of the shear wavelength (400 um) when a
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constant central shear wavelength of 18mm was used. While simulations by Righetti et al. (2002)

with a central acoustic wavelength showed that at low frequency (<10MHz) axial resolution could
be as high as 600 um, but at high frequency (>60MHz) the resolution could be 50 pm. This would
suggest, depending on measurement parameters, there is some spatial averaging of muscle fibers
which can range from 20 to 100 um in diameter and a up to 12 cm long (Cooper, 2000; Feher,
2017). However, there would remain clear separation between fascicles which are approximately
1 to 10 mm in diameter (Jensen et al., 2004) and the perimysium, the middle layer of ECM, which
surrounds fascicles up to approximately 3cm long and 300 pm thick (Passerieux et al., 2006;
Passerieux et al., 2007; Sleboda et al., 2020). Therefore, as the resolution is smaller than fascicles
and within a few 100 pm of single fibers and ECM thickness it is possible that muscle’s underlying

structure can influence the travelling dynamics of waves.

Changes to Muscle Constituents

The variation in stiffness between muscle constituents may cause waves to travel faster in
one element than they do through the other depending on the state of the muscle (active or passive).
Physiologically, we know that changes to muscle stiffness, commonly associated with
musculoskeletal impairment, are a result of compositional changes (Handorf et al., 2015). These
changes include disturbances to activation dynamics and the loss, or addition, of muscle fibers
and/or ECM (Alnaqeeb et al., 1984; Janssen et al., 2000; Kragstrup et al., 2011; Lexell, 1995). For
example, post-stroke patients exhibit muscle contracture as a result of muscle fibers activation and
subsequent stiffening. The prevalence of musculoskeletal impairments is high with a majority
resulting in clinical visits. Unfortunately, current clinical evaluation is limited in specificity, or

invasive, which can cause unnecessary damage. The most widely accepted and used technique to
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identify changes in stiffness is palpation. Palpation about a joint of suspected impairment gives

clinicians a qualitative measure of joint and muscle stiffness. This method is highly reliant on the
skill of the clinician and gives only a superficial “view” of muscle with low specificity. Changes
to the macroscopic stiffness can be identified using ultrasound shear wave elastography when
compared to the non-paretic side, or healthy controls (Figure 4.4) (Jakubowski et al., 2017; Lee et
al., 2015; Rasool et al., 2016; Rasool et al., 2018; Wu et al., 2017). However, these comparative
studies rely on prior diagnosis, with the current macroscopic measures from ultrasound shear wave
elastography we cannot do the inverse and diagnose diseases. Perhaps with the addition of machine
learning, and a large dataset in which to compare to, these measures may serve better diagnostic
purpose. As categorizing by age, sex, and activity level which have been shown to affect the
stiffness of muscle’s constituents (Alnaqgeeb et al., 1984; Bonnans et al., 2014; Ettema and Huijing,
1994; Grillner, 1972; Howell et al., 1993; Kragstrup et al., 2011; Rosant et al., 2007) will all
undoubtedly impact classification. All of these aspects change the macroscopic stiffness, it’s in the
interpretation of the underlying muscle structure that we gain the ability to specify where the
change stems from. Using the phase velocity curves fit to a Voigt model may be a way to separate
the components of a tissue (Dai et al., 2015; Qiang et al., 2015; Royston et al., 2011; Sack et al.,
2013). In the lung and brain, both of which are heterogeneous tissues like muscle, phase velocity
curves were fit with fractional Voigt models to separate the viscous and elastic components of
their underlying structure (Dai et al., 2015; Sack et al., 2013). In muscle, a Voigt model from phase
velocity was shown to distinguish between active and passive force generation where it was
speculated that fibers dominate in the active state and ECM in the passive (Wang et al., 2019).
However, this is a new area of research and whether the quantitative parameters from a Voigt

model represent the individual mechanical properties of muscle remains to be determined.
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Figure 4.4 Shear wave elastography image of the biceps brachii muscle in a human show differences in shear
wave speed between non-paretic and paretic sides.

Non-paretic side shows a slower (mean = 2.5 m/s) shear wave speed than the paretic side (mean = 4.7 m/s). Images
from Lee et al. (2015)

Muscle Architecture

Despite muscle being heterogeneous, many studies continue to use the direct relationship
between shear wave speed and stiffness derived for homogenous materials (Ballyns et al., 2012;
Chan et al., 2012; Chen et al., 2016; Koo and Hug, 2015). These studies typically use shear wave
elastography to report total muscle stiffness to correlate disease with changes in measured
properties. Of the studies that populated under a search for skeletal muscle elastography, few
critically evaluated ultrasound elastography’s validity against direct mechanical measures.
However, even at the macroscopic scale contradictions to our accepted assumptions about shear
wave propagation came up. It was found that muscle’s anisotropic material properties significantly
affected propagation speed (Aubry et al., 2017; Gennisson et al., 2010a; Li and Cao, 2017) and

arrangement of muscle fibers could act as wave guides (Brum et al., 2014; Guidetti et al., 2019;
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Palnitkar et al., 2019). It has been proposed that materials with parallel arranged fibers could focus

and constrain how waves traversed (Li and Cao, 2017; Romano et al., 2005). It was further
speculated that waves travelling parallel with fibers had less damping and scattering than those
travelling perpendicular (Ballyns et al., 2012; Palnitkar et al., 2019). In an attempt to simplify the
ultrasound elastography technique future studies were recommended to restrict measures to the
axis parallel with fibers (Ballyns et al., 2012; Brandenburg et al., 2014). This is a reasonable
request, but it is also not entirely achievable. Muscles can vary in architecture. One of the most
striking differences can be pennation angle, a measure of fiber orientation with respect to the
longitudinal axis of muscle (Gans, 1982). In small, pennate, muscles the ultrasound probe can be
larger than the tissue, in which case there will inevitably be some portion of the region of interest
that is angled from fibers. This can be compensated by selecting a smaller region of interest, but
in doing so decreases the sample size. Unfortunately, there is not a unified method in which to
perform shear wave elastography. Therefore, it is worthwhile to further investigate the cause of
shear waves’ sensitivity to fiber arrangement by implementing faster data acquisition frame rates.
Additionally, we should provide a comprehensive method for acquiring reliable measures to
facilitate cross-study comparisons.

The difficulty in connecting measures of shear wave propagation speed to meaningful
estimates of muscle mechanics, commonly termed the inverse problem, has been hampered by a
lack of knowledge about the material properties of muscle. Skeletal muscle is an architecturally
complex composite material made up of two primary components, the extracellular matrix (ECM)
and muscle fibers. The arrangement of these two produce the characteristic transversely isotropic
material properties and mechanics seen at the macroscopic level (Fung, 1993; Gindre et al., 2013;

Meyer and Lieber, 2011; Yucesoy et al., 2002). Muscle fibers are arranged in parallel surrounded
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by the ECM, growing in scale from single fibers and endomysium, to fiber bundles and

perimysium, and finally total muscle and epimysium. These two are connected with
transmembrane proteins that assist in force transmission (Elosegui-Artola et al., 2018; Ingber,
2003). Collectively, these give muscle its unique functions and specificity in the line of action it
is able to move in. While there is a wealth of knowledge on muscle fibers, there is little direct
material property measures of ECM and the transmembrane proteins that connect ECM and fibers
together. In recent years, ECM’s importance has become a hot topic of discussion, some of which
is outlined by the review presented by Gillies and Lieber (2011). However, much of the available
work on ECM at the time was done indirectly or based on simulations and consequently remains
a serious concern in the ability to translate microscopic to macroscopic mechanical properties. This
lack in quantitative knowledge inhibits our ability to solve the inverse problem in elastography
because we do not know how the underlying mechanical properties influence shear wave
propagation.

Muscle mechanics is further complicated by its loading states, passive and active. Material
property recordings can, and have been, done in both passive and active conditions at the whole
muscle and single fiber level (Friedman and Goldman, 1996; Fung, 1993; Morrow et al., 2010;
Munster et al., 2013; Oberhauser et al., 2002; Rack and Westbury, 1974; Roeder et al., 2002; van
Turnhout et al., 2005; Wenger et al., 2007). However, we lack a sufficiently detailed understanding
of ECM and transmembrane proteins to determine their contributions to whole muscle mechanics.
We know a great deal about ECM’s geometry, thanks to the iconic images (Figure 4.5) by Purslow
and Trotter (1994) and (1992). These images have been used to inform our perception of fiber
attachment and arrangement. However, we know very little about ECM’s mechanical properties.

This has been primarily due to the difficulty in isolating ECM from the muscle fibers that it
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surrounds. Recent work has proposed a method to separate and directly measure ECM (Gillies et

al., 2011; Reyna et al., 2020), but there remains much to be learned. In particular, how ECM
behaves in vivo and at its smaller levels of scale (endo-, peri-, and epimysium). Increasing our
understanding of ECM with quantitative material measures could be used in combination with
material measures of muscle fibers to determine how these elements impact shear wave
propagation. This knowledge would allow us to simulate shear wave propagation through a
precisely controlled muscle structure which in turn would lead us to solving the inverse problem.

Translating measures of shear wave speed to the individual stiffness of muscle’s constituents.

Figure 4.5 Scanning electron micrographs from bovine sternomandibularis muscle after sodium hydroxide
digestion of muscle fibers.
A) Low magnification of the collagenous endomysium, within fascicles, and perimysium, separating fascicles,
connective tissue. B) High magnification of the endomysium showing the individual collagen fibers. Images from
Purslow and Trotter (1994)

Validating elastography with material properties of muscle constituents

As stated previously, much of the work in measuring muscle mechanics has been focused
on the muscle fibers, active contraction, or at a scale well below the measurable range of ultrasound
shear wave elastography (titin, actin and myosin cross-bridge, etc). It is in our favor to fully

understand passive muscle mechanics and the implementation of ultrasound elastography in
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passive tissue. This will eliminate confounding factors that may arise from active muscle

contraction and give us a basis on which to expand upon. Additionally, direct measures of shear
and Young’s moduli will give us values in which to compare estimates from elastography against.
This premise has been done in active tissue, where direct measures of muscle’s short range
stiffness, a proxy for Young’s modulus, were correlated with shear wave speed (Bernabei et al.,
2020; Sandercock et al., 2018). However, this has not been done in passive tissue or while directly
measuring shear modulus. The challenge, and perhaps the reason it hasn’t been done, is the space
required to do so. Short range stiffness can be measured by measuring the force and displacement
when anchored to the tendon which does not encroach on the ultrasound probe. This is unlike
measuring shear modulus, where an apparatus such as the one used by Morrow et al. (2010)
requires attachment to two surfaces on the muscle (Figure 4.6). This may be feasible in excised
tissue where anchoring can be done on the planes of interest, but not in vivo. Indention probing,
similar in design to the cantilever beam used in atomic force microscopy, could give direct
measures of shear modulus. However, the speed and scale at which this can be done needs to be

established.

Figure 4.6 Testing apparatus, arranged for longitudinal shear, for direct measurement of shear modulus.
Image from Morrow et al. (2010)
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Furthermore, towards validating and investigating the sensitivity of shear wave speed to

changes in muscle constituents we should collect accurate measures of the shear and Young’s
moduli of muscle. The muscle fibers, ECM, tendinous aponeurosis, and transmembrane proteins
are all at a scale relevant to disease and some are near the current 50 - 600 pm shear wave
elastography resolution. Of these components, we know the Young’s modulus of muscle fibers
(Defranchi et al., 2005; Friedman and Goldman, 1996; Lieber and Friden, 2019; Meyer and Lieber,
2018; Ogneva et al.,, 2010), tendon (Bennett et al., 1986; Loren and Lieber, 1995), one
transmembrane protein (Aaron and Gosline, 1981), and whole muscle ECM (Gillies et al., 2011;
Meyer and Lieber, 2011; Reyna et al., 2020). These measures are typically made in line with the
tendon, or axis of load, which is physiologically relevant and important to the understanding of
normal muscle functions. These longitudinal measures are also useful in formulating how tension
on muscle influences the macroscopic mechanics which can be used to inform our measures of
shear wave propagation speed. Unfortunately, we lack a measure of shear modulus in whole
muscle, in addition to most of the underlying muscle components making comparisons to
elastography measures nonexistent and simulations of the propagation dynamics unreliable.
Additionally, as stated previously, the continuum mechanics relationships between shear and
Young’s moduli may not hold in muscle. We need to make big strides in this field to better compare
how estimates of shear moduli from ultrasound shear wave elastography stack up to direct
measures. This should be followed up by simulations that probe the effects of changing stiffness
and composition, in order to elucidate a relationship capable of distinguishing where changes in

propagation speed arise from.
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Phantoms and Computational simulations of elastography

Phantoms

Phantoms have been used to represent the heterogeneous anisotropic properties of muscle
to have control over the minutia of physical properties. Ultrasound phantoms are not a new
construct; in fact, they are used in the calibration of ultrasound systems. However, of the 11 studies
that have implemented muscle structure-mimicking phantoms in elastography (Ariji et al., 2016;
Aubry et al., 2017; Chakouch et al., 2015; Chatelin et al., 2014; Guidetti et al., 2019; Maccabi et
al., 2016; Nightingale et al., 2001; Palnitkar et al., 2019; Qin et al., 2013; Ruby et al., 2019; Urban
et al., 2015) none have copied the physical scale of muscle constituents or their relevant stiffness
properties. This is primarily due to technical limitations. There are two main aspects of a phantom
that need to be considered: the first, and perhaps the most important of all, it must be made of a
material which can be imaged by ultrasound and the second, is that it must represent the target
materials physical properties (transverse isotropy, shear moduli, and Young’s moduli). The study
by Nightingale et al. (2001) accomplished the first criterion by including additives (graphite) into
the base matrix. This additive allowed an otherwise water based matrix to provide reflections back
to the ultrasound probe. However, as you change the chemical concentration of additives the
stiffness of the material will change. Therefore, care should be taken in balancing the tradeoffs of
imaging ease with the targeted material properties. The second criteria, producing a phantom that
represents muscle’s transverse isotropy with a scale similar to single fibers, was pursued by
Guidetti et al. (2019) with the aid of 3D printing (Figure 4.7). Physiologically muscle fibers run
unidirectional through muscle. In Guidetti’s experiments, the phantom was printed with gelatin
fibers 200 um in diameter embedded into a soft matrix. Unfortunately, due to 3D printing

limitations Guidetti and colleagues had to implement a cross pattern to support higher layers. This
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meant they no longer were able to satisfy the transverse isotropic arrangement of muscle. Despite

this limitation, they were able to generate a phantom with anisotropic properties by imbedding
high stiffness fibers into a low stiffness matrix. Unfortunately, they did not take direct measures
of the total material stiffness following creation. Thus, it remains to be seen, and should be pursued,
if a phantom representing muscle’s unique geometric structure and stiffness can be generated and
appropriately imaged with ultrasound elastography. Results of course should be verified against
the genuine article. Independent measures of muscle fibers exist, as does the method through which
ECM can be isolated and measured (Reyna et al., 2020). Researchers should finish the
characterization of ECM and continue pursuit of mimicking these materials in phantoms.
Phantoms will give us better control of the relative amount and stiffness of muscle’s components.

This control will provide a basis through which healthy and eventually diseased tissue can be tuned
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Figure 4.7 Gelatinous 3D printed anisotropic phantom.
A) One representative anisotropic phantom. B) Two layers of the phantom viewed from the top down. Blue filaments
sit on the first layer and red filaments sit on the second. Images from Guidetti et al. (2019)
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Computational Simulations

Beyond these laboratory experiments exist finite element analysis (FEA), a computational
means to evaluating mechanical systems. Many simulations exist that demonstrate the loading
attributes of muscle ranging in scale from single fibers (Marcucci et al., 2017; Zhang and Gao,
2012) all the way to strain mapping within whole muscle (Bleiler et al., 2019; Blemker et al., 2005;
Gindre et al., 2013; Johansson et al., 2000). Unfortunately, much of these previous studies
implemented gross approximations of tissue material properties or find clever ways to avoid them
entirely through convoluted relationships. In doing so they avoid the underlying scaling mechanics
that describes how muscles structure contributes to the macroscopic properties. Regardless, in
many cases these simulations produce a result consistent with strain behavior recorded in
laboratory experiments. Although, without well-defined material parameters of the underlying
constituents of muscle, we cannot conclude how changes may affect the macroscopic properties
or the results of simulations. This is not to say that simulations are not useful, or that these studies
failed in some way, but rather without experimental data these results should not be solely used to
inform our understanding of muscle’s microstructural contributions. How these underlying
elements of muscle interact with each other and how much stiffness they contribute remains to be
seen.

Using FEA simulations will allow us to exclude confounding factors (activation amount,
temperature,...) and control the individual material properties and tension on a material. FEA
simulations have been used to simulate shear wave propagation through isotropic and anisotropic
materials (Chen et al., 2005; Gennisson et al., 2003; Guidetti et al., 2019; Guidetti and Royston,
2018; Li and Lee, 2017; Palmeri et al., 2005; Palnitkar et al., 2019). For example, the work by

Chen et al. (2005) systematically examined the effect of material properties, excitation frequency,
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boundary conditions, and applied tension on shear wave propagation through a homogeneous

phantom. They found “good agreement” between their simulation and magnetic resonance
elastography (MRE) measures, concluding that FEA is capable of simulating shear waves. Work
by Guidetti et al. (2019) developed and simulated an anisotropic phantom. They showed that FEA
could generate the same elliptical shaped wavefronts seen in experimental measures. Similarly
concluding that FEA simulations can provide insight into the proper interpretation of experimental
measures of anisotropic materials, like skeletal muscle. Unfortunately for ultrasound shear wave
elastography, most of these simulations are focused on MRE where excitation frequency is
externally produced and significantly slower (typically below 200Hz; (Glaser et al., 2012)) than in
ultrasound. As nearly all of these simulations studies suggest, the FEA simulations can be adapted
for ultrasound and other tissues.

Despite varying levels of model complexity, the validity of the approximation is dependent
on the material properties used (Bleiler et al., 2019; Blemker et al., 2005; Jenkyn et al., 2002;
Johansson et al., 2000). In the case of skeletal muscle, there is a great deal we still lack. As stated
previously, we have an incomplete set of material parameters, particularly of non-parallel to fiber
measures. It has long been concluded that muscle is transversely isotropic based on geometry at
the macroscopic level, but it has only been in the last decade that anyone confirmed this with direct
mechanical measures (Morrow et al., 2010). Models can provide, and have provided, a fantastic
purpose, but extreme care and vigilance should be taken in the use of material properties. Our
simulations are only as good as the parameters we use to make them. As it currently stands, far too
many assumptions must be made about muscle’s constitutive properties to appropriately simulate
shear wave propagation. Despite this reservation, a handful of studies have implemented finite

element modeling to investigate the effects of material properties, boundary conditions, and
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applied tension on shear wave propagation (Chen et al., 2005; Dao et al., 2014; Deffieux et al.,

2012; Guidetti and Royston, 2018). Most simulation studies validate against experimental
measures - as they should. However, this validation is not always quantitative or definitive. For
example, in the study by Chen et al. (2005), while they validated their simulations against
laboratory measures they concluding “good agreement” between the two. In their defense, there
are many variables in experimental measures that are ignored in simulations making quantitative
validation difficult. Additionally, while some models may be flawed in the selection of material
properties, they still conclude, as argued throughout this review, that elastography is not solely a
measure of shear modulus. Rather it is a collective measure of many muscular variables.
Quantifying the material properties of muscle’s constituents, as suggested in the previous section,
will yield more properties that will bolster the validity of models. Additionally, with a more
detailed model we will be able to better simulate how shear waves displace and traverse the muscle

structure.

Summary and Future Directions

There is great clinical significance, and diagnostic value, of developing ultrasound
elastography for the evaluation of muscle mechanics. There are hundreds of studies that have
outlined the significance of developing this noninvasive tool for monitoring muscle; These include,
but are not limited to monitoring, athletic performance (Akkoc et al., 2018; Bailey et al., 2015;
Chino et al., 2018; Souron et al., 2019), effects of static stretching (Akagi and Takahashi, 2014;
Andrade et al., 2016; Blain et al., 2019; Caliskan et al., 2019; Freitas et al., 2016; Hirata et al.,
2017), muscular dystrophy (Lacourpaille et al., 2017; Lacourpaille et al., 2015; Moore et al., 2018;

Pichiecchio et al., 2018; Qin et al., 2014), spasticity from cerebral palsy (Bilgici et al., 2018;
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Brandenburg et al., 2016; Ceyhan Bilgici et al., 2018; Eby et al., 2017; Mathevon et al., 2018; Vola

etal., 2018; Wu and Wang, 2012), pharmacological interventions (Askin et al., 2017; Brandenburg
et al., 2018; Mathevon et al., 2015; Park and Kwon, 2012), topical therapy (Eriksson Crommert et
al., 2015; Ichikawa et al., 2015; Leow et al., 2017), space flight (Parvin et al., 2017), and injury
(Howell et al., 1993; Lv et al., 2012; Miyamoto et al., 2018; Zhou et al., 2018). Despite this list of
relevant fields of study and the many associated publications, there is disproportionately few on
the validity of shear wave measures. Researchers suggest high reliability and repeatability
(Adigozali et al., 2017; Brandenburg et al., 2015; Chen et al., 2019; Chino et al., 2012; Dubois et
al., 2015; Gao et al., 2020; Goo et al., 2020), which is interpreted as measuring a relatively
consistent stiffness across days or operators. Reliability and repeatability, however, does not
necessarily indicate accuracy in measuring the true mechanical stiffness value, but simply that
measures are precise with respect to each other when only a single testing method and shear wave
speed to shear modulus relationship is considered. Therefore, while comparisons to healthy
individuals shows significant differences in shear modulus, the numerical Young’s moduli values
may only be relative.

Our understanding of the mechanical properties of muscle’s underlying structure remains
incomplete. Determining the contributions and interactions of muscle’s constituents are important
in not only understanding the dynamics of shear wave propagation but general muscle function.
Until recently we did not have a well-defined method for isolating and directly measuring the
stiffness of ECM (Reyna et al., 2020). We should leverage this method and continue to separate
ECM into its hierarchal structure, as its geometrical arrangement suggests a difference in stiffness
between layers. Furthermore, we should investigate how degenerative diseases influence stiffness

changes measured via ultrasound elastography with the use of phantoms and simulations. The
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remainder of this section provides a summary of the current gaps and future directions researchers

should pursue.

We did not find any report of simultaneously measured shear wave speed, Young’s
modulus, and shear modulus to verify the continuum mechanic assumptions used in muscle.
Therefore, it is paramount we reaffirm our basic understanding of shear wave elastography, the
property it measures, and the appropriate relationships to use for muscle. This could be done by
taking direct material property and shear wave speed measures within the same tissue. The most
robust method to accomplish this would be with simultaneous measures. This would alleviate
potential environmental or animal discrepancies that could arise from sequentially made measures.
With direct measures of Young’s and shear modulus in three-dimensions, this type of study would
better identify any relationships that may exist between these parameters.

Few studies have controlled some of the major variables of muscle like activation amount,
fatigue, tension, temperature, and composition (fat, ECM, or muscle content). Recent work has
concluded shear wave speed is influenced by stiffness independent from changes in tension,
suggesting that changes to shear wave speed are not unique to one variable of muscle (Bernabei et
al., 2020). It is challenging, and nearly impossible, to have control over all aspects of muscle in
the laboratory. Scientists have found clever ways, such as using temperature to adjust stiffness
independent from tension. It is through this kind of ingenuity we will continue to find ways to have
greater control over the variables of muscle in the laboratory. In isolating and controlling these
properties we gain a better understanding of the sensitivity of shear wave propagation in muscle
and experimental values to validate computational models against.

Attempts to imitate muscle structure through musculoskeletal mimicking phantoms are in

their infancy. They are limited in scale and accuracy to material properties. Muscle is a complex
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structure, and the scale at which elements arrange is small, making it difficult to physically model.

Novel 3D printing techniques have been developed towards the creation of muscle phantoms, but
further work needs to be done. We should continue to innovate new ways to emulate the
anisotropic properties of muscle with appropriate stiffness properties in both shear and tension; all
the while balancing the need to produce an ultrasound image-able object. In doing so, we will have
explicit knowledge of the arrangement and properties of the material, making verification of
computational models to experimental results easier and more accurate. This control and
knowledge will also facilitate solving the inverse problem and potentially finding how measures
of shear wave propagation correspond to the underlying structural stiffness and disease.

In the context of ultrasound shear wave propagation, muscle’s arrangement, interactions,
and physical linkages between structural elements produce the anisotropic properties of muscle.
These anisotropic mechanical and compositional properties make use of homogeneous
approximations inappropriate, particularly when measuring between major axes. While some of
these elements may be below the measureable scale of ultrasound elastography, they remain an
important aspect and limiter to the proper understanding of wave propagation. Any changes in
these co-dependent structures will result in a macroscopic change in order to best preserve
function. It is important to know fundamentally what is happening in muscle to best predict and
measure what is occurring with wave propagation. We should quantify the remaining material
properties of muscle constituents, specifically the ECM, to obtain a level of detail necessary for
3D modeling. Then, using muscle models we could simulate how waves propagate through muscle

along with the effects of changing structural properties.
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Conclusion

There is significant diagnostic value in determining the effects of muscle structure and the
changes due to impairment of muscle on the propagation of shear waves. We have discussed the
implications of structure on our current measurements and use of shear wave elastography in
muscle. Muscle is a heterogeneous material made up of components of various physical size with
mechanics that change with injury, age, and disease. Without further investigation, how the
compositional changes and intricacies of muscle structure influence the macroscopic measures
reported by most elastography studies will remain unknown. Measuring, simulating, and
controlling the underlying properties of muscle will better inform and improve our ability to
calculate diagnostically meaningful properties, such as stiffness, from measures of shear wave
propagation. In doing so, we will provide a more robust and accurate way for clinicians to track,

manage, and promote rehabilitation in patients with musculoskeletal ailments.
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Chapter 5: Concluding Remarks

Summary of Findings and Future Directions

This dissertation quantified the three-dimensional (3D) shear modulus of skeletal muscle,
identified a method to isolate the extracellular matrix (ECM), and described the influence of
muscle microstructure on shear wave propagation. This work was motivated by a lack of
quantitative material properties of muscle that provide a level of detail useful for 3D modeling
stresses and strains in muscle. This work provides a vital piece of information needed to model the
macroscopic properties of muscle when subject to shearing, like those produced by blunt force
trauma. This work also provides a means to further investigate the microscopic properties of
muscle structure necessary for more detailed modelling. The results of the three studies presented
in this dissertation are summarized here. This is followed by a discussion on the broader
implications of this work and future uses of this research.

In Chapter 2 we quantified the shear modulus of muscle in 3D across muscles of differing
architecture. The moduli we measured constituted the three primary directions that a transversely
isotropic material can be sheared in. On their own, the parameters presented in Chapter 2 can be
used to generate the shear portion of the continuum mechanics stiffness matrix. This completed
stiffness matrix will allow future researchers to quantify the macroscopic mechanics of muscle
when subjected to shear strains or stresses. In combination with the Young’s moduli of rat muscle
and the Poisson ratio, any 3D deformation can be determined. However, the three directions we
measured does assume muscle’s internal cross-section is uniform. Muscle fibers are typically
idealized and accepted to be cylindrical rods in 3D modelling (Bleiler et al., 2019; Blemker and
Delp, 2005; Blemker et al., 2005). However, light micrographs by Sjostrom et al. (1992) show a

nonuniform cross-section of both single fibers and fiber bundles. Future work should further probe
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muscle’s anisotropy. Taking multiple measurements in different directions may show that muscle

is more orthotropic than transversely isotropic.

Furthermore, in Chapter 2 we did not find a significant difference in shear modulus
between muscles of different architectures. This result could be due to the short life span of a rat
(2.5 —3.5 years) (Sengupta, 2013), which may not provide sufficient time in which they can have
changes to muscle architecture and composition. In humans, aging has been shown to affect muscle
architecture (Narici et al., 2003; Thom et al., 2007) and composition (Kragstrup et al., 2011; Lexell,
1995; Lexell et al., 1988; Trappe, 2009). These age-related changes have been associated with
increased resistance (shear modulus) to passive force transmission (Bemben et al., 1991; Ettema
and Huijing, 1994; Huijing, 1999; Lieber and Friden, 2000). Increases to the shear modulus with
aging muscle may be a coping mechanism that is used to provide greater resistance to injury
causing shear loads (Kjaer, 2004). Rats short life span may not provide the time needed to see a
significant effect. Taking shear moduli measurements across a variety of species and muscles may
identify species-specific differences.

In Chapter 3 we critically evaluated and established a method for isolating skeletal muscle
ECM. We found that using latrunculin B and osmotic shock was the most efficient method of the
three we tested. Isolating skeletal muscle ECM posed a unique problem that typical transplantation
decellularization methods did not cover. In transplantation research, scientist commonly use
decellularization to remove cellular DNA from an organ (Badylak et al., 2011; Caralt et al., 2015;
Crapo et al., 2011; Gilbert et al., 2006). However, isolating skeletal muscle ECM for mechanical
testing more importantly required removing the contractile component of muscle. We determined
that latrunculin B was superior for muscle specific decellularization. It preserved the collagen

content of ECM while simultaneously removing a majority of the actin, myosin, and DNA content
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of muscle cells. Using this method, future researchers can isolate and quantify the 3D material

properties of whole muscle ECM in tension and shear. Additionally, this decellularization method
is a gateway to isolating the hierarchical structure of ECM for analysis. The ECM is composed of
three parts: the endomysium, perimysium, and epimysium (Purslow and Trotter, 1994; Trotter and
Purslow, 1992). These structures of ECM have their own collagen fiber arrangement that could
show differences in material properties (Purslow, 2002; Purslow and Trotter, 1994). Quantification
of the material properties of ECM’s layers in 3D by future researchers would be instrumental to
our understanding of muscle structure. With these measures, we open up a new level of muscle
modelling detail that could be used to determine the microscopic to macroscopic scaling of muscle
mechanics.

In Chapter 4 we discuss the implications of muscle’s structure on obtaining diagnostically
useful measures from ultrasound shear wave elastography (SWE). We found a large body of work
exists in which researchers have used SWE as their primary method of measuring the Young’s
modulus of muscle. However, there is a lack of validation studies comparing SWE measures
against direct measures of shear and Young’s modulus. In Chapter 2, we found similarities
between direct and SWE measured shear modulus of passive non-tensioned tissue. The similarity
with directly measured values provides confidence in some of the macroscopic measures from
SWE, but under active or loaded conditions there still remains uncertainty in the macroscopic
stiffness measures obtained from SWE. There is even less confidence in the measure of
microstructure and disease diagnosis by SWE. We found a number of publications showed a
difference in stiffness between healthy controls and impaired subjects. Unfortunately, the
macroscopic stiffness reported does not provide much use in the diagnosis of specific ailments, as

it does not identify the source of underlying structural changes. Disease and age can influence the



99
force generation, transmission, and subsequently stiffness through changes in muscle composition

(Gillies and Lieber, 2011; Narici et al., 2003). These unique changes in composition have been
associated with nonunique macroscopic stiffness changes (Gans, 1982; Lieber and Friden, 2019).
These nonunique changes makes the macroscopic stiffness reported by SWE studies unspecific to
the disease or the underlying structures. Without knowing how shear wave propagation can be
decomposed into measures of microscopic stiffness, we cannot identify a specific ailment.

With 3D modeling of muscle microstructure, we can begin to better understand shear wave
propagation through muscle. Unfortunately, we currently lack the quantitative material properties
of ECM’s shear and Young’s modulus to accomplish this task. Using the decellularization method
outlined in Chapter 3, we could make these material property measures. Once isolated, ECM could
be dissected into its hierarchical structure (endo-, peri-, and epimysium) providing further insight
into muscle microstructural mechanics. Combing these material properties with those reported for
muscle fibers (Bensamoun et al., 2006; Meyer and Lieber, 2018; Meyer and Lieber, 2011; Toursel
et al., 2002) we could simulate shear wave propagation at a scale on par with the resolution of the
SWE (Zemzemi et al., 2020). These simulations would allow us to see the travelling dynamics of
shear waves and potentially the decomposition of these measures into the individual muscle

constituent stiffnesses.

Broader Implications and Uses

This work makes significant contributions to our understanding of muscle mechanics by
providing material properties that can be used to gain better insight into muscle function,
impairments, and SWE. We quantified the three-dimensional shear moduli of muscle which can

have direct applications in the design of muscle models. Prior models were limited to longitudinal
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measured material properties of Young’s modulus; we now have the capability to model shear

deformations with the inclusion of the shear moduli we measured. Researchers have previously
speculated the importance of force transmission in shear (Huijing, 1999). Using our measures,
computational simulations can determine how shearing forces propagate through muscle in 3D.
These quantitative properties further open the way to investigate the mechanics of injury and
passive loading in muscle.

In Chapter 3, we showed a decellularization method capable of isolating ECM for direct
mechanical testing. This work bolstered the argument that ECM is a major contributor of passive
muscle’s Young’s modulus (Lieber and Friden, 2019) by showing ~50% of the passive stiffness
remained after isolation of the ECM. Using the decellularization method from Chapter 3 will allow
us to further investigate the mechanics of ECM independently from muscle fibers. We measured
the Young’s modulus of ECM in one direction. Future work can directly test and quantify the shear
and Young’s moduli of the ECM in 3D. The increased level of muscle detail we can achieve with
decellularization will facilitate microstructural modeling. This model will also allow
characterization of how changes to microstructure, as a result of disease, influences the
macrostructural function of muscle.

We also showed evidence that measures of stiffness from SWE are flawed in their current
ability to provide quantitative information about the microstructure that is disease specific. Using
SWE to target Young’s modulus, the measure of interest (Brandenburg et al., 2014; Drakonaki et
al., 2012), at a macroscopic and microscopic scale will require more work. The homogeneous
assumption we use in muscle to relate shear wave propagation, shear modulus, and Young’s
modulus is incorrect. Muscle’s directionally specific microstructure disproves this assumption

(Gans, 1982; Gillies and Lieber, 2011; Lieber and Lieber, 2002). Simultancous measures of
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material properties and shear wave speed will further inform our understanding of their true

relationship in muscle. Furthermore, leveraging previous work on muscle fibers and the
decellularization method described in this dissertation to measure the material properties of muscle
ECM in 3D we can better model how shear waves propagate through the microstructure. These
models could possibly relate the measures of shear wave propagation to changes in microstructural
stiffness and disease, bringing us one step closer to providing people with quicker diagnosis and,

through targeted rehabilitation, a better quality of life.

Remaining Questions

With this dissertation, we scratched the surface of a very large field of study. Our
measurements have advanced our understanding of muscle and provided evidence for a technique
to isolate muscle’s ECM. This work also, as expected, motivates and opens the way to further
discovery. The larger logical next steps and questions, some of which are detailed within the
chapters of this dissertation, from this work are:

In non-rodent species, is the shear modulus between architecturally different
muscles different? If so, does this difference stem from differences in life style (e.g.
activity, injury, ...) or life span? With the inclusion of shear modulus in muscle
models, do we have a more accurate representation of muscle deformation? Can we
use it to determine the dynamics of muscle when subjected to passive loads? Using
the decellularization method identified in Chapter 3, what are the 3D shear and
Young’s moduli of muscle ECM? Are there material property differences between
the layers of ECM? With measures of ECM and computational models, how is force

transmitted between single fibers and ECM? Simulating shear wave propagation
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through a detailed model of muscle, do the differences in microstructure stiftness

influence waves? Is there a relationship between changes in ECM or fiber stiffness
that are reflected in the measures of shear wave propagation? Using the information
from simulations, can we take measures from SWE experiments and predict the
corresponding microstructural stiffness and associated disease?

While these are but a few of the remaining questions left to answer, the work completed
and presented here have provided a means for assessing the material properties of muscle and its
constituents — novel information that promotes future investigation of muscle ECM and 3D
musculoskeletal modeling. With this work, we are one step closer to fully understanding skeletal

muscle.
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