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GENERAL INTRODUCTION

Muscle is a biological tissue whose mechanical properties vary with activity. Skeletal muscles
are vital in the normal activities of a human being. Their main functions are to produce force
and cause motion. The real-time estimation of muscle contractile properties is difficult due to
the changes that may exist between muscle size, morphology and the exercised force. There
are many muscular disorders which affect muscle function or structure, e.g. spastic
paraplegia, muscular dystrophies or myositis. Our knowledge of muscle changes in diseases
and treatments remains incomplete. Thus, the development of a non-invasive in vivo
technique could provide information on a contracted or at rest muscle and will be
essential to improve our understanding of muscle tissues. Biopsies and palpations remain
the conventional clinical tests to diagnose and to monitor (Hsieh et al., 2000; Lew et al., 1997;
Palacio-Torralba et al., 2015a) diseases, respectively. However, these techniques are invasive

and subjective.

MRE (Magnetic Resonance Elastography) is a non-invasive medical imaging technique,
developed with magnetic resonance imaging (MRI) (Bensamoun et al., 2007; Brauck et al.,
2007; Debernard et al., 2011a, 2011b; Dresner et al., 2001), which allows assessment of the
shear elasticity of tissues by applying a mechanical or compression excitation. Motion-
sensitive MR sequences have been introduced to analyze the propagation of shear waves
created by this excitation, through soft tissues (Muthupillai et al., 1995). MRE was applied to
different healthy (Green et al., 2013a) and pathological soft tissues (Bensamoun et al., 2007,
2011a; Serai et al., 2012; Venkatesh et al., 2008) in order to provide quantitative data to the
clinician from superficial to deep areas. This data would track the evolution of a disease, to
better know the pathophysiology of this disease, to choose the most suitable treatment and to

evaluate long-term effects of treatment with a gain of tissue function.

Recent application of MRE has studied skeletal muscle biomechanics (Bensamoun et al.,
2006a; Debernard et al., 2011a). The aim of my thesis is to develop experimental protocols
to characterize the mechanical properties of healthy thigh muscles with MRE technology
(Magnetic Resonance Elastography). A better knowledge of muscle behavior, through
analysis of its mechanical properties, will in improve the diagnosis, the treatment, and the
follow-up of muscle disorders. Thus, a database of the muscle viscoelastic properties (G', G")

have been constituted with the passive state of the thigh muscles.
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In parallel to this in vivo study, phantoms are developed with similar mechanical and
structural properties to the investigated muscles. This test-objets will enable to test, MRE
parameters, MRE sequence, and to develop new protocols before to apply in vivo the MRE
muscle test. The particularity of the laboratory BioMechanic and Bioengineering (BMBI),
where this PhD project belongs, is to associate experimental and numerical research. Thus,

the present experimental functional properties will be used for the numerical model.
This manuscript is composed of four chapters.

The first one will be devoted to some anatomical reminders on the muscle tissue, followed by
a state of the art of the experimental techniques used for the mechanical characterization of

muscle (in vivo) and phantom (in vitro).

In the second chapter, the different materials and methods developed in this study will be

explained through two parts:

The first in vitro part is devoted to the development and characterization of a test object,

which has the same structural and mechanical properties as the muscle.

The second in vivo part aims at developing experimental MRE protocols to determine the

viscoelastic properties of healthy thigh muscles.
The third chapter will present the results of these experimental in vitro and in vivo analyses.

The fourth chapter will provide a discussion of all the results, with the future experiments

follow-up by the fifth chapter composed of a conclusion.
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LITERATURE REVIEW

A. The skeletal muscle architecture

1. Introduction
Muscle tissues are a system capable of changing its length, exert force and convert chemical
energy to mechanical energy. The tissues that generate movements of the human body are the
striated or skeletal muscles. The body contains over 600 skeletal muscles representing 40-
50% of the total weight of the human body (Bonnel et al., 2009). The contraction of skeletal
muscle, placed under the control of the somatic nervous system, doesn’t only allows humans
to move in its environment, to control, modify, seize and move objects but also, it plays an

important role in body temperature regulation.
2. Different types of muscle in the body

There are three types of muscles in the human body, namely the smooth muscle, the cardiac
muscle, and the skeletal muscle (Figure 1.1).

- The skeletal muscle tissues:

Skeletal muscles form approximately 40 % of the body weight in men and 32 % of that in
women (Sherwood, 2015). Their function is to engage and to mobilize the skeleton. They are
the third key element of the locomotor system. This muscle is called "striated" because its
macroscopic observation suggests parallel streaks with each other. Its activity is voluntary and
is dependent on the somatic nervous system. Skeletal muscle is an essential component of the
body and is primarily responsible for the production of the movement.

- The smooth muscle tissues:

They are found in the walls of the organs, vessels and bronchi. Their work is independent of
their wills and therefore is under the control of the autonomic nervous system.

- The heart muscle tissues:

They are striated and their activity is involuntary, but under the control of the autonomic
nervous system. Although there are significant differences in structures, mechanical

properties and control mechanism between these three types of muscles.
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3.

| * i S
Skeletal rnscle Smooth muscle Cardiac muscle

Figure 1.1: Types of skeletal muscles

Chemical composition of muscle

The skeletal muscle is constituted of about 75% water and 20% protein; the rest consists of

inorganic salts and other substances such as high energy phosphate, urea, lactic acid and

various minerals, enzymes and pigments, ions, amino acids, fats and sugars.

The most abundant muscle proteins are myosin, actin and tropomyosin. They represent

respectively 52%, 23% and 15% of the muscle protein content. In addition, it is about 700 mg

of myoglobin per 100 g of muscle tissue (Robertson, 1961)

4.

4.1

Multi-scale Structure of skeletal muscle

Organization of the muscle fiber

Circular Muscles: These muscles appear circular in shape and are normally sphincter

muscles which surround an opening such as the mouth and the eyes.

Convergent Muscles: These are muscles where the origins (the attachment to a fixed
bone, usually the proximal attachment) are wider than the point of insertion. This fiber

arrangement allows a maximum force production.

Parallel or Fusiform Muscles: Parallel muscles have fibers which run parallel to
each other and are sometimes called strap muscles such as biceps femoris,
semitendinosus, gracilis, biceps brachii and sartorius. They cause large movement

because they are long muscles which are not very strong but have good endurance.
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- Pennate Muscles: Muscles with fibers that run oblique to insert the tendon are called
pennate muscles. They can be divided into:

e Unipennate muscles have their fibers arranged in a diagonal direction to insert
onto the tendon that allow great strength such as vastus medialis and vastus
lateralis,

e Bipennate muscles have two rows of muscle fibers which are placed in
opposite diagonal directions, allowing a high power but a less range of motion
such as rectus femoris.

e Multipennate: As the name suggests multipennate muscles have multiple rows
of diagonal fibres with a central tendon that are inserted into two or more
tendons.

The physiological cross-section (P.C.S), which is the area that cuts all the fiber of the muscle
and often used to approximate the number of muscle fibers, is much larger in pennate muscles

(Figure 1.2).

Figure 1.2: The three types of muscle-tendon arrangement, a) the parallel-fibered muscle, b)
the unipennate muscle and c) the bipennate muscle. P.C.S. marks the physiological cross-

section that cuts all the fiber. Reprint from Gray's Anatomy (Gray et al., 1924).
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These types of fiber differ in their morphology, their contractile and biochemical properties
and play an important role on the developed force. Their distribution in the muscles varies
from one muscle to another. Histology with coloring techniques (Brooke and Kaiser, 1970;
Brooke MH and Kaiser KK, 1970; Choi and Kim, 2009) have distinguished three types of
muscle fibers, divided into two major groups (figure 1.3), slow fibers (I) and fast fibers (II)
(Pette and Vrbova, 1985) (Plaghki, 1985). They have each their own specificities.

Figure 1.3: Identification of slow and fast fibers, according to Kim and Choi, 2009

- Slow fibers (type I) : They have a high level of oxidative enzymes, low glycogen
level and a high density of mitochondria. They contract slowly and have high
resistance to fatigue. They are rich in myoglobin and blood capillaries that causes their

red color.They are found in the muscles having a postural function.

- Fast fibers (type II) : On the contrary they are subdivided into two types of fibres,
ITA (red) and IIB (white) which are able to contract quickly and have a lower

resistance to fatigue.

Slow fibers are always solicited the first whereas the fast fibers are only solicited during

important efforts and short periods.

The skeletal muscle architecture is the structural property of the whole muscles that dominates
their function. The skeletal muscles are usually fixed on the bone at each of their ends via a
tendon and there are several levels of organization in a skeletal muscle as shown in Figure 1.4
(Marieb and Hoehn, 2014).

The skeletal muscle is composed a large number of smaller bundles of muscle fascicles,

which are separated by connective tissue such as epimysium, perimysium, endomysium and

23



LITERATURE REVIEW

sarcolemma. The muscle fascicle is composed of many skeletal muscle cells, it is known as
muscle fiber, which has a cylindrical shaped cell measuring from 10 to 100 micrometers as
diameter and until 75 cm as length (Sherwood, 2015). Each muscle fiber is protected by a cell

membrane called the sarcolemma. The muscle fiber is composed of a set of myofibrils.

Fascicle _rt‘c,.....__._......__..._

PRringesism
.

L %.‘ s
\¥

Fpirmyrsium [eazting + col apine]

R (MUSCLE FIBER)
e A PR Y

4240005,/  MYOFIBRIL

b e i

MYOFILAMENTS

Figure 1.4: multi scale organization of the muscle system

Myofibrils have specific contractile intracellular elements that are composed of a succession
of sarcomeres in series. The sarcomere is the smallest contractile intracellular element and
consists of thin (actin) and thick (myosin) myofilaments that, through their interactions, can
perform a shift that induce tension production in muscle, through interconnectivity and
movement with each other (Huxley and Simmons, 1971) (Huxley and Taylor, 1958). Several
proteins are presented in the muscle cell. Indeed, besides actin and myosin which are
contractile proteins, it contains regulatory proteins such as troponin and tropomyosin or

structural like titin, nebulin and alpha-actinin of the muscle system.

4.2  The functional unit of muscle

The principal function of skeletal muscle is to produce movement of the body set or
body parts and perform work through coordinated and voluntary muscle contraction such as
lifting weights or walking. Moreover, skeletal muscles are important for maintaining the
position of the body and give it its shape. It also generates heat as a by-product of muscle

activity, which assists in maintaining normal body temperature.
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The fibers are surrounded by endomysium and include a set of myofibrils surrounded by a
membrane called the sarcolemma. Typically there are hundreds of these membranes in one

cross section of a muscle fiber. It is divided into segments called sarcomeres.

Sarcomeres are composed of thick filaments (composed of a protein, myosin, whose diameter
is 12 to 18 nm) and thin filaments (compound of another contractile protein, actin, which has
a diameter of 5 to 8 nm). They are surrounded by two dark colored bands (characterizing
anisotropic zones, highly birefringent) called Z-discs or Z-lines. These Z-discs are dense
protein discs that do not allow easily the passage of light and thus appear black under the

microscope.

The area between the Z-discs is fourthly divided into two lighter colored bands of actin at
either end called the I-bands (characterize isotropic zones) and a darker, grayish band of

myosin in the middle called the A-band .

During muscle contraction, each muscle sarcomere shortens as the thin filaments slide closer

to each other between the thick filaments so that the Z lines are pulled closer (Figure 1.5).
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4.3  The thigh muscles
4.3.1 Composition of the thigh muscles
The thigh is composed of ten muscles located in the anterior, medial and posterior area.
- The anterior thigh muscles: The muscles of the anterior part of the thigh include the
quadriceps group and Sartorius. The quadriceps muscle is a group of four muscles that
originate in different locations and that form the front of the thigh. Rectus femoris

forms the middle portion of the quadriceps, vastus lateralis is the lateral-most of the
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quadriceps, vastus medialis is the most medial of the quadriceps and vastus
intermedius lies behind the rectus femoris. The main action of this muscle group is the

extension and the stabilization of the leg.

Anterior thigh muscles

Maedial thigh muscles

Posterior thigh muscles

Figure 1.6: Axial image with the investigated thigh muscles. Quadriceps muscle (VL: vastus
lateralis, VI: vastus intermedius, VM: vastus medialis, RF: rectus femoris), Sr: sartorius, Gr:
gracilis, AD: adductor, hamstring muscles (ST: semitendinosus, SM: semimembranosus, BC:

long and short biceps)

- The medial thigh muscles: The muscles of the medial part of the thigh have the
adductor and gracilis muscles that bring the thigh toward the midline and that rotate it.
- The posterior thigh muscles: The posterior thigh is known as the hamstring muscles.
They are composed of three muscles, semimembranosus, semitendinosus and biceps,

that form the back of thigh. Theirs roles are to flex the leg.

4.3.2 Determination of the morphological properties with imaging techniques

The ultrasonic imaging (US), is one of medical imaging technique that is widely used
in clinical studies, has been used to make an evaluation of muscle geometric parameters. In
the muscle, the muscle fibers are arranged in different orientations compared to aponeurosis.

The angle formed between these muscle fibers, which connect the tendon and aponeurosis, is
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called the pennation angle (figure 1.7). Ultrasound is simplest method to visualize the
orientation of the muscle fascicles. Moreover, any authors use this technique to evaluate the
muscle thickness, the pennation angle (0) (figure 1.7) , and the fascicle length (Abe et al.,
1998, 2000; Arampatzis et al., 2007; Brechue and Abe, 2014; Chow et al., 2000; Fukunaga et
al., 1992, 1997a, 1997b; Hodges et al., 2003; Ichinose et al., 1997; Reeves and Narici, 2003).

Figure 1.7: Schematic representation of muscle architecture.

These studies are valuable because they have defined a new typology of the human
body muscles according to the arrangement of the muscle fibers.

Several studies use the ultrasound imagery technique to determine the structural
parameters of muscle such as: the muscular thickness (Kubo et al., 2003), the thickness of the
subcutaneous adipose tissue (Heckmatt et al., 1988a; Saito et al., 2003; Scholten et al., 2003),
the pennation angle (Debernard et al., 2011a; Fukunaga et al., 1997a; Henriksson-Larsen et
al., 1992; Hodges et al., 2003; Kawakami et al., 1993; Kubo et al., 2003; Maurits et al., 2004),
the length of fascicule (Kubo et al., 2003), and the muscle area (Cross-Sectional Area (CSA))
(Maurits et al., 2004; Walton et al., 1997).

These studies were capable of determining the healthy muscle architecture (Heckmatt
et al., 1988a; Maurits et al., 2004; Scholten et al., 2003) in order to study the effects of
hypertrophy (Kawakami et al., 1993), the age, the sex (Kubo et al., 2003; Men et al., 1985;
Young et al., 1984) and neuromuscular diseases (Heckmatt et al., 1988b; Maurits et al., 2004;

Scholten et al., 2003) on the eventual modification of the muscular architecture.

These parameters along with the muscular area (Beneke et al., 1991) and the muscular

volume (Walton et al., 1997) can be defined with magnetic resonance imaging (MRI) to
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decrease the acquisition protocol, the methods and cutting numbers by optimizing the
acquisition time for these purposes (Fukunaga et al., 2001; Lund et al., 2002; Morse et al.,
2007; Nordez et al., 2009; Tracy et al., 2003). However MRI has certain limitation of
visualization and characterization of the depth of the muscular architecture compared to the

ultrasonic imaging technique (US).

4.3.3 Aponeurosis

A white or yellowish membrane is glossy, very resistant and is made of intersecting
fibers, either termination or intersection muscles that attach the bone or muscle envelope to
hold it in place. It constitutes a very thin envelope that surrounds and connects the various
organs of our body. This tissue is found deep in the muscles, bones, nerves, heart, lung,
cortex, ligaments and internal organs. Around the muscles and muscle bundles, the
aponeurotic bulkheads form groups called lodges that allow easily to differentiate each

muscle (Figure 1.7)

B. Mechanical properties of the muscle

1. Functional characteristics of skeletal Muscle Tissue

The Muscle is the only body tissue with the properties of irritability, contractility,
extensibility and elasticity.

The irritability property of a muscle is the ability to respond to a stimulus, that
produces a muscle contraction. Stimulus can be internal or external. The Contractility refers
to the ability to shorten or contract causing an increase in the tension between its ends and
length that may shorten, or remain the same. The extensibility means the ability to stretch in
response to a force and the elasticity is the ability to recoil when a stretch force is removed to

returns the muscle to its resting length.

The characterization of the skeletal muscles properties are carried out by complex
mechanical behaviours such as anisotropy, quasi-incompressibility, non-linear elasticity and
viscoelasticity with time dependent creep and stress relaxation, rate dependence and

hysteresis in addition to the ability to undergo large deformation (Fung and Cowin, 1994).

2. The Hill model

For further explanation and to identify the behavior of the muscle in its active and

passive states, simple models have been proposed with the combination of springs and
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daspots elements. The first model, that represents muscle response, is a simple spring. It
characterizes the effect of the muscle length as a function of the developed force. To study the
influence of the speed of contraction, a viscous element is added in parallel by Hill (Hill,
1922). In 1927, Levin and Wyman complicated the Hill model by adding an elastic
component in series to take into account the influence of the tendon on the myo-tendon
complex (Levin and Wyman, 1927). This model was modified by Hill in 1938 and revisited
by Shorten in 1987. It is a three-component model; where each component reflects a property

of the muscle behavior (Goubel and Lensel-Corbeil, 2003):

N2 4.\ N: E:ruio‘n:.

MMMIRG: ' s ‘ Y
. :

Figure 1.8: Mechanical model of muscle Shorten-Hill (1987); CC: Contractile component,
PEC: Parallel elastic component, SEC: Series elastic component
- Contractile component (CC) (muscle fiber) is similar to a shock absorber and has their

shortening velocity related to the force developed by the muscle.

- Parallel elastic component (PEC) (muscle membrane or fascia) represents the muscle

behavior when reaching important extensions.

- Series elastic component (SEC) (tendon) explains the significant and rapid decrease of
efforts when the muscle is contracted at a constant length (isometric conditions) and
subjected to a rapid shortening. It also intervenes in enhancing the muscle

performance by storing mechanical potential energy developed by the muscle.

Specific tests performed on in vitro muscle and then extended to in vivo tests allow the
studying of each of these components: Contractile component (CC), Elastic component

parallel (ECP) and Elastic component series (ECS).
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The elastic component series and the contractile component allow the modeling of the specific
behavior within the myofibril, the muscle contraction. The parallel elastic components allow
the reproduction of the elastic comportment of the conjunctive tissue that includes the muscle

membranes: endomysium, perimysium and epimysium.

The continuum mechanics is the field of physics interested in the deformation of the
solid and the fluid flow and that describes all mechanical changes of an environment: static
compression or extension and the mechanical wave propagation of all kinds. To discuss
continuous mechanics, several hypotheses must be respected: a continuous medium,
homogeneity and isotropy. Mechanical waves are the carriers of information in the continuum
mechanics that allow us to identify the mechanical properties of tissues. These waves will be

propagate through tissue with parameters dependant on its properties.

The theory of the continuous medium mechanics is based on the law made by Hooke
(Chapman, 2004). This law allows to connect the force exerted on a solid to its deformation. It
also describes all the mechanical modification of the object on the environment: static
compression or extension and the propagation of the mechanical waves of all kinds.

Subsequently, it is possible to introduce parameters that can describe the continuous media.

3. Hooke's law

Muscle tissues are non-linear, viscoelastic, anisotropic and incompressible. However,
to simplify the analysis, the mechanical properties are usually modeled to behave the muscle
as linear, elastic and isotropic materials (Bensamoun et al., 2006a; Krouskop et al., 1998;
Ophir et al., 1999). The elasticity is the quality of a material to be deformable while resuming
its original shape when the applied stress disappears. The conventional theory of elasticity
describes the mechanical properties of elastic solids where stress is proportional to strain in
small deformations. Thus, the elasticity of a muscle means that the muscle can return to its

original length and form after a contraction or a stretch.

Robert Hooke created a law named hook’s law proving that strength is always
proportional to the elongation. Originally developed to describe the behavior of the springs,
this law is then applied by physicists in soft solid element in the case of small deformations.
When a deformation (strain) is applied to the solid, volume internal forces to the object will
be created in order to reduce the solid to its equilibrium state. These volume internal forces

are called contraints (stress).
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Hooke’s law allows to connect a stress (o) (force) to a strain (g) (local elongation) and

elasticity (E):

4. Stress and strain Tensors

They allow to extend the concepts of strain and stress to a case of an elementary
volume of three dimension according to the tensor formalism. They are defined as follows
(Figure 1.9):

The stress tensor 6;; corresponds to the it component of the stress applied to the facet normal

n, (vector).
. 1 ,0u; auj . .
The strain tensors ¢;; are defined as ¢;; = ;= + a:), where u is the field displacement.
X X
] L
Hydrostatic pressure (2D) Torsion(20)
y y
o P
@ | Y 3
?
Oxx
@ —— ’ny
= P
gt
@ PO ’ )
=" _| 0 Ox
“lo » ) lox 0
y Fure crushing (20} y
)
k= iy
m Exx
= -
n
e= | 0
0 Eyy

Figure 1.9: Different simplest cases of stresses and strains and their associated tensors
(illustrated in 2D) .

5. Tensor of elasticity in isotropic medium
Hooke's law can be extended to a three-dimensional problem when considering an

elementary volume, in the approximation of small strains that links the stress tensor (o) to the
strain tensor (¢) with an elastic tensor. In fully anisotropic homogeneous material, the stress-

strain relationship can be described by Hooke’s law:
Oj = CU Sj

where o; is the stress matrix and g; the strain matrix and C;; is a fourth order tensor that

linearly relates € and o.
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C;j is sometimes named the elastic rigidity tensor and contains 81 elements that completely
describe the elastic characteristics of the medium. Because of the symmetry of ¢ and ¢, only
36 elements of C;; are independent in general cases. The stiffness tensor C;; consists of 21

independent variables due to symmetry considerations (i.e. C;; = Cj;).

Cii}=

{Cy) [Cia Cos Cas Can Cus Cosl
|Cis Cas Css Cis Css Ces)
lcie o6 Cie Cie Css Ceel

By exploiting the symmetries of the medium, the tensors of stresses ( ¢;) and the strains (o;)
can be reduced to tensors each having only 6 items. Moreover, only 2 independent constants
of rigidity are present in Cj; for linear homogeneous isotropic purely elastic medium: Lame
coefficients A and p have a stress dimension; A is related to longitudinal strain and p to shear
strain. However, the transversely isotropic material contains only six independent parameters

due to the axis of symmetry.

C, C, C, 0 0 0]
C, C, C, 0 0 0
S A A A
0o 0 0 0 C, 0
(0 0 0 0 0 C

Lame coefficients are defined from C;; as follows:

C11 = sz = C33 = 7\,+2|.L
Cin=Ci;3=Cy=A
Cu=Cs5=Ce=(Ci1 -C2)2=1n

The strain—stress relationship can be written as:

011 A+ 2u A A €11
/022\ / A A+ 2u A 0 \ /522 \
033 | _ A A A+ 2u €33
O3 | — u 0 0 || 2&23
043 0 0 u 0/ 2893
012 0 0 u 2¢e9;
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Employing the lame coefficient, it is possible to define a couple of equivalent parameters
(Storaa et al., 2003) whose physical signification differs slightly. This allows to choose the
most suitable couple (torque) to the problem:

K=L1+2/3u

where K is the compression module (bulk modulus) and p is the shear modulus.

The coefficient K is then called the compression module since it connects the compression
strain to the strain. This compression module characterizes the change in volume of the solid
when stress is applied simultaneously on all sides and perpendicular to all the points of the

surface which surround the solid (principle of hydrostatic pressure).

The second coefficient lame p corresponds to the shear modulus which connects the shear
strains to stresses. This shear modulus reflects the difficulty to twist (shear) the solid.
Although this coefficient is small in soft biological tissues, it is not negligible. This module
changes a lot with tissue pathology, which makes it interesting medically to characterize this
parameter. In the literature, the shear modulus (p) is defined as "shear modulus" when it is
independent of the frequency and as "shear stiffness" at a given frequency (Bensamoun et al.,

2007; Debernard et al., 2011b; Dresner et al., 2001).

However, it is possible to study the mechanical properties of a solid following a different
approach. Under homogeneous deformations, such as hydrostatic pressure, the stress tensor is

constant throughout the solid.

Young's modulus (E) and Poisson's ratio (v) are two parameters that characterize the solid.
They are defined as:

v=M2(Atp) and E = p (3A+2p)/ (At p)
Poisson's ratio (v) defines the relationship between uniaxial crushing and resulting lateral
elongation and is 0.5 for incompressible solids. Young's modulus (E) is the potential crush,
always uniaxially, a solid having the ability to deform laterally. Since the stresses are applied
uniaxially (in a single direction), other parameters are free to deform. It is possible to express

the two lame coefficients (1) depending on the Young's modulus E and Poisson's ratio v:

_ Ev d _ E
T (1-2v).(1+v) an H= 2(1+v)
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The table below lists the conversions between Lame coefficients, Young’s modulus, Poisson’s

ratio, and C;; for an isotropic elastic homogeneous medium.

Ca

E p(3A+2p)
A+
v A
21+ p)
Ev A
1-2v).(1+v)
E I
2(1+v)
E(1-v) A+2u
(1-2v).(1+v)
Ev A
(1-2v).(1+v)
E I
2(1+v)

C44-

Table 1-1: List of conversions between Lame coefficients, Young’s modulus, Poisson’s ratio,
and C;j for an isotropic elastic homogeneous medium

6. Incompressibe property

Muscle is an incompressible material. The volume of the muscle remains constant for

any given transformation during compression (Figure 1.10). Due to the conservation of the

volume, strain in a certain direction has to be compensated by an inverse strain in other

directions. The sum of the strain in all directions must be null (Steylen, 2001) under the

hypothesis of no shear strain. An incompressible material is also called an isochoric material.
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remains constant during (Lindberg, 2013).
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This mechanical property is due to the important quantity of water in the muscle. It is usually
used as a Poisson coefficient modeling. Poisson’s ratio (v) is a material constant that can be
used to characterize the deformation in such material. This constant describes the relation
between the transversal and the axial strain and varies between -1 and 0.5. Even though there
are very little quantitative data on the Poisson’s ratio of soft biological tissues, researches in
animal, human and phantom studies have shown that the Poisson’s ratio of soft tissues and
mescle is close to 0.5 (Fung and Cowin, 1994; Krouskop et al., 1998; Ophir et al., 1999;
Steylen, 2001).

The finite element models (Blemker et al., 2005; JOHANSSON et al., 2000; Leclerc et al.,
2013a; Martins et al., 1998; Oomens et al., 2003; Yucesoy et al., 2002) use incompressible or

nearly incompressible materials to represent the passive muscle behavior.

Muscle tissues are composed mainly of water and are nearly incompressible, the
compression module K is very large compared to the shear modulus p. The compression
modulus K of these tissues is of an order of several GPa contrary to shear modulus p which is

of an order of some tens of kPa.

For medical applications, Poisson's ratio is close to 0.5, K >> p and K = A. Therefore,

the Young's modulus E can be simplified to:
E=3pn

7. Propagation of waves in a soft material

The study of the shear wave propagation in the soft tissue is a very important issue to
determine the mechanical properties. The elastography technique, which determines the
mechanical properties, is based on this wave propagation which will be described

subsequently.

In the case of an elastic solid and supposing that the deformations are low, it is possible to
express the equation of motion in function of the mechanical properties of the solid and the
displacement (u):

o’u E
o 20+v)i-2v)

grad(V-u)+LAu

2(1+v)

where p is the density, t is the time, E is the Young's modulus and v is the Poisson's ratio.

yo,
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In the case of a plane elastic wave traveling along the x direction, the equation of motion

becomes:
ou, I ou,
ox* v, ot
62uy _i 82uy _
oxt Voo

where V) is the velocity of the longitudinal waves (or compression waves, seismic waves P)
and V; is the velocity of the transversal waves (or shear waves, seismic waves S) (Figure

1.11).

These velocities (V) and Vi) can be expressed in function of the Young’s modulus (E) and

ﬁff

As a function of the direction of propagation of the wave, two types of waves can be

Poisson's ratio (v):

distinguished:
1. The compression waves (longitudinal) Vi, where the wave propagation direction is

parallel to the displacement (Figure 1.11a).

2. The shear waves (transversal) Vi, where the wave propagation direction is

perpendicular to the displacement (Figure 1.11b).
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Figure 1.11: Representation of the compression (A) waves and the shear (B) waves.

The expressions of longitudinal and transversal velocities in function of the
compression and shear moduli show that the propagation of longitudinal waves is governed
by the compression module while the propagation of transverse waves is governed by the

shear modulus, which is connected to the Young's modulus.

In homogeneous isotropic elastic medium, it is possible to split the acoustic waves in
independent longitudinal and transverse waves, each travelling at a speed Vi and Vr

respectively.

For quasi incompressible and soft biological tissues, the compression wave propagation
velocities are 1500 m/s, similar to water, and the shear wave propagation velocities are
between 1 m/s and 20 m/s. Thus, shear wave could be measured and the soft tissues have

different shear moduli (Robert, 2009) (Figure 1.12).
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Figure 1.12: Variation of the mechanical compression and shear modulus of various
biological tissues. Ranges associated with each modulus for a given tissue type are indicated

by the shaded regions (Sarvazyan et al., 1998).

8. Viscoelastic comportment
The word viscoelastic is composed of the words "viscous" and "elastic"; thus a
viscoelastic material exhibits both viscous (fluid) and elastic (solid) behaviors, such as the

muscle tissue.

Skeletal muscle tissue, like many other biological tissues, is a viscous material. The
viscosity has a direct effect on the mechanical properties of the passive muscle. Best et al.,
(1994) realized a test of traction on rabbit muscle at strain rate between 0.01s™ and 2 s and
showed that the response of the stress is dependent on the strain rate. Similarly Myers et al
(1995, 1998) conduct the same type of experiment but with higher strain rate: 1 s, 10 s and
2557, For the same strain at 20%, they get a Young's modulus of 1.75 MPa for 1 s, and 2.79

MPa for 25 s™', showing a significant increase in the stiffness as a function of the strain rate.

8.1 Elastic properties
The strain—stress relationship 0; = Cjj. € is valid when the strain is instantaneously
provoked by stress, i.e., no dephasing process occurs. The equations of the compression and
the shear waves can be reformulated according to the two longitudinally (u;) and transversely

(u,) displacements of the wave:
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o’u, o’u,
ol o
o’u, o’u,
PR

These equations assume that the waves, that propagate in the medium, remain unchanged and
can propagate to infinity if the considered solid doesn’t exceeded by limit. However shear
waves attenuate rapidly during their propagation in biological tissue. In order to take this
attenuation in the wave equation, it is necessary to consider that the shear modulus is not a
real number but a complex number. It is possible to approach the problem solely in terms of
shear considering only the complex shear modulus (G*) and Hooke's law where the wave

equation becomes:

o=G -¢
0u .
.—2=G -Au
ot

The behavior of the material is then mainly described by the expression of the complex shear
modulus. The complex shear modulus can simplify the notations and its expression allows
modeling of behavior solids. The different behavior modes correspond to the rheological

models whose complexity varies according to the desired use.

8.2 Viscous properties
The behavior of viscoelastic materials under uniaxial loading may be represented by
means of conceptual models composed of elastic and viscous elements, which provide
physical view point and have didactic value. One can build up a model of linear
viscoelasticity by considering the combinations of the linear elastic spring and the linear

viscous dash-pot. These are known as rheological models or mechanical models.

The complex shear modulus (G*) and its mechanical behavior is characterized with different
rheological models whose complexity varies according to the desired usage. The study of the
characteristics of deformable bodies (elasticity, viscosity, plasticity, fluidity) is better known
as the rheology study. Indeed the objective of the rheology is to study the fluid flow and the
viscoelastical properties of the deformable solid. The two basic components used in rheology

are the spring and the dash-pot.
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The rheological models can be characterized with respect to their static and dynamic

behavior.
The static characterization is obtained through two types of experiments: creep and relaxation:

- Creep consists in applying a constant stress to the system and observes its time

deformation.

- Relaxation consists in eliminating comes to release the system stress and observe its

behavior at the equilibrium.

The dynamic characterization consists in expressing the shear modulus in function of to the
characteristics of the rheological model in consideration and characterizes the mechanical

behavior in function of on the applied frequency.

Voigt Maxwell Zener Jeffreys Springpot

=
=
¥

M tj n Hy

HJH :
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Figure 1.13: Rheological models used in the literature for the characterization of biological
tissues. G * is the complex shear modulus, u is shear modulus, n is viscosity, f'is the frequency

and w is the pulsation (2.7.f)

The Maxwell model can be represented by a purely viscous dash-pot and a purely elastic
spring connected in series. This model is particularly adapted for modeling liquid

deformations.
Jeffrey model contains one spring and two dampers and is used normally in fluids,

The Kelvin—Voigt model also called the Voigt model, is a viscoelastic material that has both
the elasticity (u) and the viscosity (1) properties and can be represented by a purely viscous
dash-pot and purely elastic spring connected in parallel. The behavior of these objects,

described by a Voigt model, is closer to the behavior of a solid rather than that of a liquid.
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The Zener model also known as the standard linear solid (SLS) model is a method that
models the behavior of a viscoelastic material using a linear combination of springs and dash-
pot to represent elastic and viscous components respectively. This model consists of two
elasticity coefficients pl and p2. Often, the more similar Maxwell model and the Kelvin—
Voigt model are used. These models are often proven insufficient since the Maxwell model
does not describe creep or recovery and the Kelvin—Voigt model does not describe stress

relaxation. SLS is the simplest model that predicts both phenomena.

The springpot model is condensed between the spring and dash-pot. The viscoelastic
behavior of biological tissues cannot be modeled perfectly with different models previously
introduced. The springpot (u, n, o) model take three parameters into account. The parameter
o represented a weighting factor between a purely elastic behavior (o = 0) and a purely
viscous behavior (o = 1). For the springpot model, (n) and (n) were linearly dependent,

meaning that either the value of (i) or () were fixed.
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C. Techniques used for the characterization of the mechanical
properties.

In this part, the experimental techniques are performed in vitro and in vivo in order to

determine the mechanical properties of soft biological tissues.

1. In vitro methods

1.1  Compression tests
In a compression test, the sample is maintained between two plates (steel) while the

normal force (F) is measured as a function compression (h), performed at an imposed speed
after preloading (Figures 1.14). Then from the slope of the force-displacement curve, the

Young's modulus can be calculated as

A

by
A, Ah

=

where o is the uniaxial compressive stress, € is the longitudinal strain, AF is the difference
of the compressive forces, Ay is the initial section of the sample and Ah is the height

difference between the initial state hy and the compressed state.

Figure 1.14: a: Custom built for the characterization of mechanical properties of liver
(Schwartz et al., 2005). b: Experimental setup high speed cyclic testing rig. (A) Top platen;
(B) bottom platen, (C) LVDT transducer; (D) static load cell; (E) dynamic load cell; and (F)
connection with shaker (Van Loocke et al., 2009).
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The characterization of mechanical properties of several tissues using the compression tests
are summarized in this table:

Authors Samples Applied parameters Measured parameters
Liver and Kidney Mooney-Rivlin coefficients
(Miller, 2000) (Monkey) Speeds : 5 a 500 cm/s Cio=Cy =6.2kPa

- C20 = C02 =3.5kPa

Young's modulus

were performed at 0.2—-80

Liver
E=2.5kPa
(Schwartz et al., 2005) (Deer Family) Speeds : 2 a 10 mm/s ) )
Viscosity
n =600 Pa.s
Liver Young's modulus
] ) Preload : 0.2 N
(Hollenstein et al.,2006) (Bovine) E,=1.1 MPa
Strain rate : 0.5%/s
15 mm x 50 mm E, =38.5 MPa
Curve of Stress — Stretch
I
1 /2/ x
Liver ) ',f/
(Roan and Vemaganti, ) Preload : 0.002 N ER 4
(Bovin) ) £ /
2006) Strain rate : 0.01/s F e
4 f,’.‘
i+
Brain Force: 0.5a9 N
) o Mooney-Rivlin coefficients
(Miller and Chinzei, 1997) (Pork) Speeds : 0.005 a 500
. C]o = C01 =0.8 kPa
30 mm x 13 mm mm/min
Stress — Stretch
Ogden model
Liver C,=0.002 kPa, C, =169 kPa
(Gao et al., 2009) (Cochon) Vitesse : 1.3 mm/s o; =25, 0,=-16.63
5S1mmx 11 mm Chui model
C, =60 MPa, C, =1.55 MPa
et C; =100 MPa
Percentage errors between experimental
and theoretical peak stresses
Mean compression level of
25% was applied and cycles <
Muscle 5
(Van Loocke et al., 2009) ) of 2% and 10% amplitude €
(Porcine) 4
H

Hz

_________ i ¥ oLV SYMmodel |-
| B NLv 5YM model

3 4

compression rate (%s-1)

Table 1-2: In vitro compression tests performed on biological tissues
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1.2  Indentation tests

Indentation tests are used to determine the mechanical properties (young modulus) of a
material to deformation. The sample is placed on a plane surface with a tip placed vertically
above. Then this tip descends to contact with the sample and the indentation depth is
measured in function of the stress applied by the probe in order to deduce the sample

mechanical properties.

Indentation tests have been studied by some authors on skeletal muscle (Gefen et al., 2005;
Palevski et al., 2006; Zheng et al., 1999). However, these have considered the muscle tissue as

isotropic and having linear elastic and viscoelastic properties (Carter et al., 2001).

Figure 1.15: Experimental setup for testing by indentation(Carter et al., 2001)

1.3 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis uses a parallel shear motion between the two plates
rather than the rotational motion on a frequency interval. The DMA test applies a sinusoidal
stress (o) to the sample and measures the deformation (g) as well as the resulting phase shift
(0). From these parameters, we can consider the complex shear modulus (G*) composed of a

storage modulus (G’) and a loss modulus (G”’).

) c . O .
G*=G'+1-G" = —=cosd +1-—sind
€ €

A study used DMA to calculate the ex vivo shear modulus from the muscle leg of rats. The
ranges of elastic properties is between 22 and 33kPa within a frequency range of 1 to 100
rad/s (van Turnhout et al., 2005). Other studies showed the complex shear modulus (G = 2.94
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kPa, G’> = 1.27 kPa) of the bovine liver at 62.5 Hz (Klatt et al., 2010a) and a variation of the

storage modulus and the loss modulus as a function of frequencies (10 - 80Hz).

1.4 Torque meter technique

The torque meter technique is used to define the elastic properties of the skin. This
technique applyed a torque through a disc joined to the surface of the skin. The measured
rotation angle allows to characterize the extensibility of the skin (Evans, 1965). From this test,
one obtains several elastics properties of the skin such as Young's modulus and shear modulus
(Agache et al., 1980; Grahame, 1969; Tomlinson et al., 1969), was measured. Subsequently,
the viscoelastic coefficient (Duggan, 1967; Ridge and Wright, 1966) was also calculated.

2. In vivo methods
The different techniques that characterize the functional properties of the muscle are

defined herafter.

2.1 Palpation

Palpation is the process of using hands to examine the body especially while
perceiving/diagnosing a disease or an illness. The rigidity of biological tissues is of great
importance for the clinical diagnosis, and palpation is currently used by clinicians to evaluate
the rigidity of available organs. Indeed, this information allows clinicians to identify
pathological tissues that have a greater rigidity than normal tissues. However, palpation is a
subjective method that depends on the physician's experience. That is why that the diagnosis

should be confirmed by other procedures.

2.2 Electromyography (EMG)

Electromyography is an attractive muse because it supplies easy access to
physiological processes that cause the muscle to generate force, produce movement and
accomplish the countless functions which allow us to interact with the world around us.
Electromyography is an experimental technique for detecting myoelectric signals during a
contraction from recording and analyzing these signals (Basmajian and De Luca, 1985). There
are two types of EMG: surface EMG and intramuscular EMG. Surface EMG assesses muscle
function by registering muscle activity from the surface above the muscle on the skin by
surface electrodes. The Surface EMG represents the muscular activity, characterizes the

different action potentials and translates the recruitment process of the muscular fibers.
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However, its interpretation faces a number of methodological factors such as the distance of
the muscular fibers to the electrodes, the property of the electrode filter and the problem of the
orientation of the electrodes relative to the main axis of the muscle. Also intrinsic muscle
factors, such as skin, adipose tissue, conjunctive tissue, fibers diameters, muscle lengh, spatial
arrangement of active fibers and pennation angle could be a problem. Moreover physiological
factors such as the level and the type of muscle fiber, and intramuscular temperature, (Farina
et al., 2004; Hogrel, 2005; De Luca, 1997; Merletti et al., 2009) can interfere with the result.
All of these factors reside in the signal noising and a better myoelectric signal acquisition (De

la Barrera and Milner, 1994).

2.3 Myotonometric

The myotonometric method has been demonstrated to be an effective, reproducible
and accurate technique (Bizzini and Mannion, 2003; Viir et al., 2006), but is not applicable
for the following conditions: thin muscle, muscle with small mass, obese persons (BMI >
30 kg'm ?), patients suffering from severe pain, muscle which are palpable in small volume,

and muscles which are located under other muscles (Gapeyeva and Vain, 2008).

2.4  Elastography techniques

2.4.1 Introduction

Biopsy is always the reference method in detecting abnormal tissue changes, revealed
by mechanical modifications. Nevertheless, biopsy remains an invasive and a painful method
providing an analysis of a small piece of target tissue (local measurement). Thus, the non-
invasive evaluation of the functional properties of soft tissues is a key point for the clinicians
to evaluate the behavior of various tissues such as muscle (Bensamoun et al., 2006a), brain
(Sack et al., 2008), kidney (Leclerc et al., 2013a), prostate (Sahebjavaher et al., 2014), breast
(Sinkus et al., 2005a), and liver (Klatt et al., 2010a) before and after treatment (Debernard et
al., 2011b).

The elastography techniques are performed with either ultrasound (US) or magnetic
resonance (MR) imaging. They have been developed over the past fifteen years to
characterize the mechanical properties of soft tissue. The clinical diagnosis, established from
imaging tests (MRI, CT, and ultrasound), is mainly based on an analysis of the structural
properties of the tissue represented by its texture and morphology (Beers et al., 2011; Zuberi

et al., 1999). In addition to the anatomical images, a second one can reveal the mapping of the
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stiffness tissue, used for clinical diagnosis (Bensamoun et al., 2006a, 2008a; Niitsu et al.,

2011; Shinohara et al., 2010), and the follow-up of desease.

2.4.2 Ultrasound (US) elastography techniques

The ultrasound elastography is one of the most common elastography techniques and
different principles are used in order to measure deformations within the tissue.
Different applications can be grouped into a variety of ultrasound elastography techniques:

1. Quasi-static elastography: An arbitrary deformation is applied using a pressure
sensor and the displacement is visualized by US. In other words, the quasi-static
ultrasound elastography is initially based on the estimation of the axial tissue
displacement and strain, which corresponds to the displacements estimated along both
the direction of insonification and tissue deformation. A characterization of the
ultrasonic radiofrequency echo signals, captured from a standard clinical ultrasound
diagnostic equipment (Ophir et al., 1991), is performed to measure the elastic

parameter.

2. Sonoelastography: A mechanical actuator is used to generate shear waves in the
tissue. The wave amplitude is obtained by US using the Doppler effect. New
applications use two actuators in order to create wave outcome of the interferences.
The speed of this wave is slower, which allows the capture of an image with a

conventional scanner (Wu et al., 2006).

3. Supersonic Shear Imaging (SSI)

Supersonic shear imaging (SSI) is a new ultrasound-based technique for real-time
visualization of soft tissue viscoelastic properties. This technique relies on the ability of the
ultrasound probe and therefor the thickness of the adipose tissue can be a limit. In order to
build a mapping of the elasticity modulus, the used formula is:

E=3.p.V?
where p the density of the tissues: 1000 kg/m”.
This technique is based on two principles:
- Radiation pressure: Ultrasound is focused at several successive depths generating
pushed by radiation force. Each focusing point generates spherical waves which
interfere in the manner of a Mach cone creating a planar shear wave. The creation of a

single Mach cone allows the characterization of the entire tissue environment, except
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at the Mach cone. With this imaging technique, a wave with amplitude of the order of
several micrometers (Tanter et al., 2007) is generated.

- Ultrafast imaging: It capture images of the propagation of these shear waves. It is
performed by ultrafast imaging (Figure 1.16). Ultrafast imaging allows the scanning of
the entire imaging plane with a very good temporal resolution in one single
acquisition, typically with a frame rate of 5 000 images per second and up to 30 000

images per second in the case of tissues such as the peripheral arteries or the eye.

1) Supersonic Mach cone 2) Ultrafast imaging

Ultrasound
probe

Succesive
pushes

L— ' .-
Shear wave L

Imaging plane

Plane
ultrasound
wawve

Figure 1.16: 1: the ultrasounds are successively focused at different depths to create pushes
by radiation pressure. The constructive interferences of the shear waves form a supersonic
Mach cone (in which the speed of the source is greater than the speed of the generated wave)
and a quasi-plane shear wave is created; 2: the ultrasound machine then switch into an
ultrafast imaging mode to follow the shear wave that is propagating through the medium
(Gennisson et al., 2013).

- Mechanical properties of tissues calculated by SSI.

This approach has been applied to study the viscoelastic properties of breast lesions
(Tanter et al., 2008), liver (Deffieux et al., 2009) and muscles (Deffieux et al., 2009;
Gennisson et al., 2010). Muscle applications are on the biceps brachii muscles and brachilis as

shown in the following figure (Figure 1.17) for made different loads.

The cartographies of the speed propagation of the shear waves, show an increase in the

velocity with respect to the level of contraction.
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Figure 1.17: Shear waves velocity cartographies, obtained on the biceps brachii and

brachialis by Supersonic Shear Imaging technology for different loads (Gennisson et al., 2010).

4. Transient elastography
- 1D transient elastography: the 1D shear elasticity probe
This technique was first developed at the Institute Langevin in 1995 by Catheline et al,
1998. It is based on generating a transient impulse with low frequency pulse (adjustable from
10 Hz to 500 Hz) (little shock) on the medium by a vibrator and recording the shear wave that

propagates within the medium by using an ultrasound transducer (Figure 1.18).

Medium to stan ——— Spherical shear wave
Transient shaker

\ Ultrasound line (axial

correlation of the

speckle)
Ultrasonic transducer

Figure 1.18: The vibrator gives a low frequency pulse (adjustable from 10 Hz to 500 Hz) in
the medium creating, among others, a shear wave. The ultrasound transducer, which is
placed on the vibrator, thus allows following, by axial intercorrelation of the ultrasound
speckle and more than one thousand times per second, the propagation of the shear wave
depending on the depth over time. We can then deduce the speed of the shear wave and thus

the Young’s modulus of the medium (Gennisson et al., 2013).

The front face of the transducer play the role of a piston giving a slight mechanical
impulse on the surface of medium, which generates a spherical compression wave as well as a

spherical shear wave (Catheline et al., 1999). The detection of the displacement, which is a
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function of depth and of time, is made by correlations of retro-diffused echoes (via ultrasound
speckle) recorded at a framerate higher than one thousand time per second with a mono-

dimensional ultrasound transducer (5 MHz) (Figure 1.19).

By measuring the phase for each depth, we extract the phase speed of the shear wave at the
central frequency that leads to an estimation of Young’s modulus by considering the medium
to be homogeneous, incompressible and non-viscous ( E=3pc?, where p is the density of the

medium (kg.m™) and c is the velocity (m.s) of the shear waves propagation).

Numerical simulation In vivo muscle
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a Time (ms) (b Time (ms)

Figure 1.19: Comparison between (a) the numerical simulation of the time/depth profile and
(b) the time/depth profile in a muscle in vivo. The slope allows to work back to the speed of

the shear wave and thus the Young’s modulus of the medium ( Gennisson, 2003).

This technique is simple and fast and its practice was extended and marketed by the company
echosense (Paris, France) for the detection and monitoring of liver fibrosis. This technique,
which was initially developed for quality control in the food industry, was then used in the
medical field and developed for the measurement of other mechanical parameters such as
anisotropy, viscosity or elastic non-linearity (Catheline et al., 2003, 2004; Gennisson et al.,
2003).

- 2D transient elastography
In 1997, the 1D transient elastography technique was extended to 2D which allowed

the production of elasticity maps of biological tissues. This technique includes an ultra-fast
ultrasonic imaging electronic system that can create up to 5000 frames per second. With such
an imaging system, one single low frequency (LF) pulse excitation is necessary to acquire the
full data set. A vibrator was fixed to the ultrasound imaging array, which is then used as an
impactor to generate a quasi-plane shear wave (Figure 1.20). Once the movie of the
propagating shear wave is reconstructed, the wave equation is inverted to recover a map of

Young’s modulus (Gennisson et al., 2013).
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1) Transient pulse 2) Ultrafast imaging
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Figure 1.20: The ultrasound array, mounted on a vibrator, gives a low frequency shock in the
medium (around 50 Hz). The shear waves generated on the borders of the array interfere
within the imaging plane as a quasi-plane wave propagating on the depth; 2: the ultrasound,
then, switches into an ultrafast imaging mode to follow the shear wave , propagating through

the medium (Gennisson et al., 2013).

- Mechanical properties of tissues calculated by transient elastography (1D, 2D).

In 2003 and at Institute Curie, the first in vivo tests were carried out (Figure 1.21). The
obtained results were encouraging, but the device was bulky, heavy and difficult to use in
practice (Bercoff et al., 2003). This method has been largely applied to determine the
mechanical properties of the liver (Castera et al., 2008; Foucher et al., 2006; Friedrich—Rust et
al., 2008).

Figure 1.21: a: breast elastography. An adenocarcinoma appears stiffer in the elasticity
image (Bercoff et al., 2003).
In 2002, Sandrin et al. calculated the velocity of the shear wave in a human bicep contracted

by various loads in function of time and showed that the velocity increases during the
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contraction of the muscle and decrease during the unloading (Sandrin et al., 2002) (Figure
1.22).
Load (Kg)
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Figure 1.22: The velocity of the shear wave in a human bicep contracted by various loads.

5. Shearwave Dispersion Ultrasound Vibrometry (SDUV)

The interaction between the two beams of very similar frequency (Af et f + Af) causes a
radiation force that generates shear waves propagating at a speed C,. This method was
developed by Chen et al. (2004) for the quantitative measurement of the viscoelastic
properties. The propagation velocity of shear wave C; at the frequency ws is estimated by
measuring the difference of the phase Aps on a propagation path Ar (Cs = os*(Ar/Aps)) (Chen
et al., 2004). This technique was applied in vivo on beef muscles to determine the elasticity
and viscosity parameters along or perpendicular to the fibers (Chen et al., 2009). This method
was also applied for in vitro measurements of renal cortex shear elasticity and shear viscosity

in healthy swine kidneys (Amador et al., 2011)).

2.4.3 Magnetic resonance elastography (MRE) technique

I. Introduction

The magnetic resonance elastography (MRE) technique associates, as the name
suggests, the magnetic resonance imaging (MRI) to visualize the propagation of a shear wave.
To the standard MRI sequences (Spin Echo (SE), Gradient Echo (GE), Echo Planar Imaging
(EPI) or others), motion-sensitizing gradient (MSG), imposed along a specific direction
(switched in polarity at some adjustable frequency (Callaghan and StepiSnik, 1995; Denk et
al., 1993), will be synchronized to the local movement, allowing to increase the sensitivity to

the phase shift of the spins and thus obtain a better picture of wave propagation. The wave
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will be generated with different types of vibrators adapted to the characterized biological

tissue.

MRE is a medical imaging technique (Muthupillai et al., 1995), that can non-
invasively estimate in vivo the mechanical properties of the tissue. MRE estimates the

stiffness of the target tissue based on the displacement caused by the mechanical shear waves.

II. Description of the technique

As any elastography technique, MRE consists of three main steps:

First: The shear waves are induced in the tissue using an external transducer.
Second: The waves are imaged inside the target tissue with MRE sequence.

Third: The resulting displacement data are processed to generate quantitative maps

(elastogram) displaying the mechanical properties of the target tissue.
Step 1: Inducing a mechanical deformation in the tissue

e Different drivers.

The speaker device, which drives the passive wave generator, is located outside the
scanner room to avoid interference. To produce wave, two types of drivers can be used:
pneumatic or mechanical. These drivers generate waves at the surface of the biological tissue
and must be carefully designed to ensure MR compatibility. The driver is developed as a
function of the tissue.

I. Mechanical driver

Sack et al (2008) used a rigid carbon fiber pointer instead of the plastic air tube

connected to a driver to characterize the brain (Figure 1.24). However, it was less flexible

which limited the orientation, the displacement of the driver in the MRI.

Figure 1.23: MRE head driver with a loud speaker coupled with a long carbon fiber rod
(Sack et al., 2008).
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II. Round pneumatic driver

Talwalkar et al (Talwalkar et al., 2008) designed a pneumatic MRE transducer for the
liver using a loud speaker as the actuator (Figure 1.23). The vibration generated by the
speaker travels through an air filled plastic tube to a passive driver placed on the patient’s

body.

Position of the Driver Experiment Setup of Human Study for MR Elastography of the Liver

| ."
Active Drive /@
soHz

Figure 1.24: MRE liver driver with a loud speaker coupled with a plastic air-filled tube
(Talwalkar et al., 2008)

Passive Driver

Yin et al (Yin et al., 2007) and Leclerc et al (Leclerc et al.,, 2012) used a new
generation of pneumatic vibrator, which is now used clinically to achieve MRE tests on the
liver. This vibrator can transmit waves ranging from 20 to 200 Hz and studies were carried

out on the liver at a frequency of 60 Hz.

III.  Tube pneumatic driver

Bensamoun et al (2006a) used as a flexible pneumatic driver for the characterization of
the thigh muscles using a loud speaker as the actuator. The used vibrator (driver) is silicone
tube, this driver is attatched around the thigh, and air pressur is sent a 90 Hz from the speaker,

the vibration of the tube generates the waves inside the thigh muscle (Figure 1.25).

Pneq matic Q

Mirror driver

41gitudinal
load cell

Speaker

Figure 1.25: MRE tests composed of a driver (tube) with a loud speaker coupled with a
plastic air-filled tube (Bensamoun et al., 2006)
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Step 2: Imaging the displacement of the wave

The second step aims to visualize the propagation of the shear waves within the target
tissue. Thus, in order to spatially map and measure the wave displacement patterns, a phase —
contrast MRI technique is used where a motion sensitizing gradient (MSG) echo sequence is
imposed along a specific direction and switched in polarity at some adjustable frequency
(Callaghan and StepiSnik, 1995; Denk et al., 1993). Trigger pulses synchronize an oscillator
unit that drives a transducer, coupled with the surface of the target tissue to be imaged, to

induce shear waves in the object at the same frequency as the motion-sensitizing gradient.

During the MRE experiment, any cyclic motion of the spins in the presence of these
motion-sensitizing gradients causes a measurable phase shift ¢ in the received MR signal. The
displacement at each voxel can be calculated from the measured phase shift. The phase shift
caused by a propagating mechanical wave with a wave vector k within a medium at a given

frequency (1/T) in the presence of a cyclic motion-sensitizing gradient (MSG) is given by

(Muthupillai et al., 1995, 1996) :

COS(E'F‘FQ),

WNT(G E
9(7.6) =20 Go =)

where @ is the phase shift, 7 is the spin position vector, 8 (rad) is the relative phase of the
magnetic and mechanical oscillations, y (rad-s™-T™") is the gyromagnetic ratio of the tissue

proton, N is the number of gradient pairs used to sensitize the motion, T (s) is the period of

the MSG, GT) is the MSG gradient vector, k is the wave vector and g is the displacement

amplitude vector.

The accumulated phase shift is proportional to its displacement. The phase shift is also
proportional to the period of the MSG (T) and the number of gradient pairs (N). High
sensitivity to small amplitude synchronous motion can be achieved by accumulating phase
shifts over multiple cycles of mechanical oscillation and the MSG waveform.

An example of a MRE sequence is shown in the figure below.
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Figure 1.26: Schematic diagram of MRE sequence. Modified extracts (Manduca et al., 2001;
Yinet al., 2007)

Thus, the obtained MR image contains both the background phase (anatomical image)
and the propagating wave information (phase image), which is typically separated by
collecting 2 images with opposite MEG polarities and calculating a phase-difference image.
This phase-difference image has only the motion information and is referred to as a wave

phase image (Figure 1.27).

Figure 1.27: Images obtained during an MRE sequence: anatomical image (A) and phase

image (B). The example is taken from a phantom.
Step 3: Determination of the mechanical properties.

MRI techniques coupled with elastography sequence allowed to follow the tissue
motion and to measure the deformation of the internal tissues (Fowlkes et al., 1995) to image
the mechanical properties.

Other MRE techniques use phase contrast imaging that consists of encoding the movement in
the phase of the MRI signal. From the MRE displacement data (image phases), we can extract
the mechanical properties such as shear modulus by using a variety of reconstruction

techniques based on the equation of motion. The complex shear modulus (G*, kPa) is related
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to an elastic component (G’, kPa), that represents the real part, and a viscous component (G”,
Pa.s), that represents the imaginary part.

Different methods used to calculate the mechanical properties, are discussed below:

- Manual estimation of shear modulus from the phase image

The displacement of the waves is analyzed, in the phase image, through a
quantification of the wavelength (1) inside the target tissue. Subsequently, assuming that the
muscle is linear elastic, isotropic, homogeneous and incompressible, the local shear stiffness
() is calculated using the following equation:

n=p.(fL)2
where p is the muscle density of the biological tissue, fixed to 1000 kg/m’ because the
majority of the tissue content is water, f* is the oscillating frequency and 4 is the wavelength.
From the phase image, a profile is drawn in the direction of the wave propagation direction

for deriving the wavelength (Figure 1.28).

Phase image

) Wavelength
Profile :

.ﬁ"
60 CE 6o
Displacement {pm)
Figure 1.28: Measurment shear modulus (u, kPa) from the calculation of the wavelength A
(mm) by placing a profile (red) in the direction of the wave propagation direction on the

phase image.

- Cartography of the shear modulus

From the phase image, it is possible to generate cartography of the shear modulus. To
do so, different algorithms can be used.

In the literature, several algorithms have been used such as the algorithm Local
Frequency Estimation (LFE) (Manduca et al., 1996a, 2001), the Matched Filter (MF), the
Phase Gradient (PG) and the direct inversion (DI). In 2001, Manduca described different
algorithms used in magnetic resonance elastography and the main algorithms are described

below.
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1. Local Frequency Estimation (LFE)

This algorithm estimates at each pixel, the wavelength A (mm) based on the local
spatial frequency of the shear wave and using the equation previously established p = p.(f.A)2.
LFE has been implemented for MRE data reconstruction by Manduca et al. The LFE enables
to calculate the shear modulus assuming an isotropic local homogeneous, incompressible and

no attenuation.

This algorithm has been tested and shown to be a robust algorithm (Manduca et al.,
2001), insensitive to noise (Manduca et al., 1996a), easily extended to 3D (Manduca et al.,
1996b), and is extremely sensitive to interference waves. One disadvantage of LEF is the
limitation of the resolution where at sharp boundaries the LFE results in blurred estimates.
However, this algorithm is not suitable for measuring the shear modulus if the size of the

object is smaller than half the wavelength since the elasticity estimation will be incorrect.

1I.  Phase gradient

The phase gradient (PG) algorithm is an inverse approach based on the estimation of
the wavelength along a designated profile (Manduca et al., 2001). The harmonic component
of the shear wave was extracted from this method at the excitation frequency with a temporal
Fourier transform, and produced both an amplitude and phase of the propagation wave that
determine the harmonic at each pixel in the image. The wavelength, calculated from the
gradient of this phase can be characterized by a linear curve fitting algorithm (Ringleb et al.,
2007) and is equal to the wave number k. The gradient of this phase is inversely proportional
to the local wavelength 4:

A=FOV.2n/k N
where FOV is the field of view in meters and N is the number of pixels in the field of view.

In principle, the phase gradient method can have a very high resolution, but it is very
sensitive to noise and some averaging of the gradient is usually necessary. In addition, it gives
inaccurate results in the presence of a superposition of waves or a complex movement

(Catheline et al., 1999).

1II.  Algebraic inversion of the differential equation (AIDE)

Algebraic inversion of the differential equation (AIDE) (Manduca et al., 2001;
Oliphant et al., 1999, 2001) stands for for the direct inversion of the motion equations
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assuming local homogeneity (Oliphant et al., 1999, 2001). The aim is to determine the
components of the matrix A by measuring locally at each pixel, the local derivative of the

displacement or phase.

o’U, o,
O’xx, 0°xx,
All AIZ 2 2
dcla 4 |le ou, o0U, (1)
noz O’xx, O°xx,
4y A4y 5 5
ou, oU,
| O’xx,  O'xx, |

The linear elastodynamic equation or Navier equation, with the assumption of local
homogeneity and a harmonic motion which allows to deduce the Lamé coefficients p and A is:
(AX) + (X))V(Viai(X,1)) + (X)V2iu(x, 1) = —p(X) 0’ 1i(X,1)

Then the solution is given by
Fw} U b (2)
=—pw (A A 4|U,
H U,
where A” is the conjugate transpose of A.
Assuming that the longitudinal pressure varies slowly, its derivative is negligible. Thus, the
inversion is given by (2) without the A term. It is not always necessary to know the
polarization of the movement in the three directions of the space.
Ul
{” } — _pw* (4’4 4| U, 3)
H U,

Assuming an incompressible material, Helmholtz inversion equation will be:

-

2
=—po
H==p Vi

This equation allows the estimation of the shear modulus (p) from a single polarization of

motion.
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2.4.4 Applications

The non-invasive evaluation of the functional properties of soft tissues have been
evaluated for: liver (Garteiser et al., 2013; Leclerc et al., 2013a; Yin et al., 2007),muscle
(Debernard et al., 2013; Domire et al., 2009; Klatt et al., 2010b; Ringleb et al., 2007),breast
(Sinkus et al., 2005a), brain (Green et al., 2008; Sack et al., 2008),heart (Elgeti et al., 2010;
Kolipaka et al., 2009a), lungs (Mariappan et al., 2011; McGee et al., 2008), cartilage (Lopez
et al., 2008), prostate (Sahebjavaher et al., 2013), spleen (Mannelli et al., 2010) and the
kidney (Bensamoun et al., 2011b). The different tissues, using MRE, are described hereafter.

1. Liver tissue

The technique of magnetic resonance elastography (MRE) is used to characterize the
mechanical properties of the liver for obese patients and with ascites patients around the liver.
Clinical studies have demonstrated that MRE can distinguish between fibrotic liver and
healthy livers based on the changes of the tissue stiffness (Asbach et al., 2010; Huwart et al.,
2008; Leclerc et al., 2013a).

Rouviére et al (Rouviére et al., 2006) were one of the first who studies 12 healthy
subjects and 12 patients with various liver diseases and they found that the shear moduli were
2.7 kPa and 5.6 kPa for the healthy liver and patients, using a 90 Hz frequency, respectively.

In the study of Yin et al. (2007), 35 healthy subjects and 48 patients with different
etiologies performed a MRE test. The average shear modulus obtained for healthy liver is
2.20 = 0.31 kPa. For the 48 patient groups, the mean of the shear modulus is 5.80 + 2.57 kPa
and they represented the MRE maps of displacement to show that the wavelength (1), at the
frequency of excitation 60 Hz, is longer in the liver with fibrosis (Figure 1.29¢) than its
healthy counterpart (Figure 1.29b). The reconstructed stiffness of the fibrotic liver (Figure
1.291) is significantly higher than in healthy liver (Figure 1.29¢). A cut-off of 2.93 kPa, based
on ROC analysis, was established as the optimal threshold for distinguishing healthy to

fibrotic livers.
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Figure 1.29: MRE results for normal (35 volunteers) and fibrotic (48 volunteers) livers.

Anatomical images for normal (a) and fibrotic (d) liver. Displacement images for normal (b)

and fibrotic (e) liver. Stiffness maps for normal (c) and fibrotic (f) liver. (Yin et al. 2007)

2. Brain tissue

Recently, several studies used MRE to characterize the mechanical properties of brain (Atay
et al., 2008; Green et al., 2008; Ieva et al., 2010; Kruse et al., 2008; Murphy et al., 2011,
2012; Romano et al., 2012; Sack et al., 2008; Schregel et al., 2012; Vappou et al., 2007, 2008;
Xu et al., 2007a, 2007b). The variation of the mechanical properties have been one of the
criteria to determine the diseases such as hydrocephalus, Alzheimer®s disease (AD), multiple
sclerosis (MS) and brain tumors.

The work of Green et al. (2008) was to investigate viscoelastic properties of a normal brain
tissue via the full 3D reconstruction method by using MRE, based on spin echo and at an
excitation frequency of 80 Hz. The in vivo MRE results for elasticity and the first
measurements of the viscous properties of grey and white matter regions of the brain showed
that the elasticity in grey matter was significantly higher (3.1 kPa) than white matter (2.7 kPa)

while there was no significant difference between the two in terms of viscosity.

Sack et al (2008) used the MRE technique at driving frequencies of 25 and 50 Hz for a phase
sensitive 2D echo planar imaging acquisition. The elastic results of this study (u= 1.17+0.03
kPa at 25Hz and p=1.56+0.07 kPa at 50 Hz) show that the shear modulus is about one-third
higher with higher vibration frequencies. In contrast, no dispersion was observed for the shear
viscosity with mean values of n=3.1+£0.4 Pas and n=3.4+0.2 Pas at 25 and 50 Hz respectively
(Figure 1.30).
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Figure 1.30: Experimental data for shear moduli (A) and shear viscosity (B) acquired at 25
Hz (circles) and 50 Hz (triangles) wave excitation. The error bars correspond to the standard

deviations of the data for each frequency and volunteer (Sack et al., 2008).

3. Muscle tissue

3.1 Healthy muscles

A lot of studies have used MR elastography (MRE) technique under various testing
condition to analyze the mechanical behavior of healthy muscles such as biceps brachii
(Dresner et al., 2001; Papazoglou et al., 2006; Sack et al., 2002), vastus medialis, vastus
lateralis, sartorius (Bensamoun et al., 2006a, 2007, 2008b; Debernard et al., 2011b; Domire et
al., 2009) and the trapezius muscles (Chen et al., 2007, 2008). Basford et al. (2002), Heers et
al. (2003) and Jenkyns et al. (2003) proved that the elasticity values of the tibialis anterior
(TA) and (lateral gastrocnemius) (LG) at 150 Hz are in the same range in passive condition.
Klatt et al. (2010b) demonstrated that the elasticity increases with the frequency and found
that the elasticities of the quadriceps femoris, for healthy subjects, vary from 0.77 to 2.02 kPa
in the frequency range of 25 to 62.5 Hz. Green et al (2012) used MRE to follow the
physiological response of the gastrocnemius muscles after eccentric exercise. It was found
that muscle elasticity increased significantly 48 hours after exercise. Even under the same
testing frequencies, different muscle groups have different elasticity values. The elastic

properties calculated in several studies were summarized in the table below.
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Dresner et al 2001 Biceps 150 273+ 11.9 -
Sack et al., 2002 Biceps 200 21+3 -
TA 12+04 -
MG 249+0.7 -
Basford et al 2002 LG 16.2+0.2 -
Sol 150 16.8+0.2 R
TA 11.9+0.6 -
MG 203+1.1 -
Heers et al 2003 LG 16.4+0.2 -
Sol 150 164+02 -
TA 12.3 -
Jenkyn et al 2003 LG 150 22 -
Biceps 17,945,5 -
FDP 142 8.7+2.8 -
Uffmann et al., 2004 LG 99+6.8 -
Sol 100 12.5+£7.3 -
Papazoglou et al., 2006 Biceps 75 - 200 29,3+6,2 -
Sr 7,53+1,6
90 10%MVC 4,83+1,68
Bensamoun et al 2006 3,91+1,2
VM 20% MVC 6,4+1,79
90 4,54+0,4
5% MVC 18,52+1,26
10% MVC 19,18+1,21
Brauck et al., 2007 Calf 100 3,83+0,24
muscles 15% MVC 19,13+1,11
20% MVC 19,75+0,99
25 0.77+0.14
37.5 1.18+0.15
Klatt et al 2010 QF 50 1.52+0.1
62.5 2.02+0.14
10% MVC 7,33+£1,23
Debernard et al. 2011 VM 90 4,03+1,23 20% MVC 12.970.87
1 hour after eccentric 1,2540,21
exercise
MG 1,15+0,23 48 hour after eccentric 1,3840,27
exercise
1 week after eccentric 1,18+0,23
exercise
60 1 hour after eccentric 1,10+0,27
exercise
Green et al., 2012 48 hour after eccentric 1,06+0,2
Sol 1,01+0,26 exercise
1 week after eccentric 0,96+0,22
exercise
MG pl=0.86+0.15
pl =0.66+0.19
Green et al.2013 Sol 75—118 Hz pl =0.83+0.22
pl =0.65+0.13 - -
TA ul=0.78+0.24
pnl =0.66+0.16

Table 1-3: Mean of the shear modulus (1) of healthy muscles at rest and in contraction.
Several muscles are mentioned such as biceps, flexor digitorum profundus (FDP), tibialis
anterior (TA), medial gastrocnemius (MG), lateral gastrocnemius (LG), soleus (Sol), vastus
lateralis (VL), vastus medialis (VM), Sartorius (Sr), and the quadriceps femoris (QF). “L”
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({" 2

denotes the stiffness measured perpendicular to the muscle fibers, denotes stiffness
measured parallel to the muscle fibers. MVC: maximum voluntary contraction.

- :nodata

3.2 Pathological muscles

It is well known that the mechanical properties of skeletal muscle changes due to disease and
eccentric exercise. Basford et al. (2002) were the first to apply the MRE technique on
paraplegic muscles and poliomyelitis, showing an increase in the shear modulus in the case of
these pathologies muscle. In addition, the MRE was used in the evaluation of mechanical
properties in patients with hyperthyroidism (Bensamoun et al., 2007) and hypogonadism
(Brauck et al., 2007). More over, McCullough et al (2011) used MRE to distinguish between
myositis patients to normal healthy subjects. Muscle inflammation with myositis show a

decrease in the elasticity in the case of these pathologies.

Left leg (relaxed) Right leg (relaxed)
Tibialis anterior Paraplegia 24.68+9.47 kPa 35+13.78 kPa
Poliomyelitis 121.0248.13 kPa 43.78+0.34 kPa
Medial gastrocnemius Paraplegia 34.7945.59 kPa 68.54+22.38 kPa
Poliomyelitis 60.91+0.11 kPa 32.36+0.19 kPa
Basford etal., 2002 lateral gastrocnemius Paraplegia 42.46+8.59 kPa 42.39+10.67 kPa
Poliomyelitis 28.8+0.68 kPa 22.73+0.91 kPa
Paraplegia 44.86+10.8 kPa 45.2+10.94 kPa
Soleus Poliomyelitis 62.68+1.30 kPa 20.49+3.38 kPa
Chen et al.,2007; 2008 Adjacent muscle (relaxed) Taut band (relaxed)
Trapeze Myofascial 6.2+0.8 kPa 9+0.9 kPa
Bensamoun et al.,2007 Hyperthyroidism Before treatment (relaxed) After treatement (relaxed)
Vastus medialis 2.11+0.61 kPa 5.52+1.52 kPa
Brauck et al.,2007 Calf muscles Hypogonadisme 13.42+0.92 kPa 19.54+2.19 kPa
McCullough et al., 2011 Myositis Relaxed Contraction
Vastus medialis Decrease No different
Bensamoun et al., 2015 Duchenne muscular Relaxed 10% MVC
Vastus medialis dystrophy (DMD)
4.75 £0.50 kPa 7.50 £ 0.62 kPa

Table 1-4: Mean of the shear modulus (1) for pathological muscles at different condition.
MVC: maximum voluntary contraction
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D. Phantoms developed for elastography

In the field of radiology, phantom (object-test) means any object mimicking the
physical properties of human tissues. Test-objects are available within the CIRS Company to
perform different studies directly in clinical environment. However, most phantoms,
presented in the literature, were designed by the research teams themselves to understand
better the investigated biological tissues. The creation of a phantom aims to simulate the
mechanical behavior of the organ to be characterized in vivo. Thus, the experimental
parameters of the elastography techniques (MRE, US) used could be tested in vitro before to
be applied in vivo. In addition, the phantom could be used for calibration and the verification
of the phase image. In the literature, phantoms were made with different compositions such as
agarose (Chen et al., 2005a, 2007; Hamhaber et al., 2003; Luo et al., 2006; Normand et al.,
2000; Papazoglou et al., 2006; Ringleb et al., 2005), bovine gels (Chen et al., 2007, 2008),
wirosil® (Chen et al., 2006; Kolipaka et al., 2009a), plastisol® (Leclerc et al., 2012; Samani
et al., 2003) and zerdine hydrogel (Oudry et al., 2014). In the literature, the phantoms were
used for MRE technique to:

- Study the optimization of the driver: frequency (Chen et al., 2005a, 2006; Leclerc et
al., 2012) and boundary conditions (Chen et al., 2005a, 2006; Kolipaka et al., 2009a).

- Study the performance of a driver (Chen et al., 2005b; Hamhaber et al., 2003; Houten
et al., 2000; Mariappan et al., 2009a, 2009b; Yin et al., 2008).

- Study the ability of the MRE squence to detect tumors (Mariappan et al., 2009a),
simulated with inclusions inside the phantom (Chen et al., 2008; Houten et al., 2000;
Manduca et al., 2003).

- Test the development of inversion algorithms used for the measurment mapping of the
mechanical properties (Houten et al., 2000; Kolipaka et al., 2009a; Li et al., 2012;
Manduca et al., 2003; Oida et al., 2004).

- Test the development of new MRE sequences (Kolipaka et al., 2009b).

- Test the development of methods for the characterization of the anisotropy behavioor
(Namani et al., 2009; Papazoglou et al., 2006).

- Determine new data-processing for the characterization of the viscoelastic properties
(Leclerc et al., 2012; Okamoto et al., 2011; Papazoglou et al., 2012; Schregel et al.,
2010).
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- Valide MRE results with other techniques performed on the same phantom.
Correlation of the MRE mechanical properties were realized with ultrasound
elastography techniques (Baghani et al., 2009; Oudry et al., 2009a, 2009b), dynamic
mechanical analysis (Chen et al., 2005a; Okamoto et al., 2011; Ringleb et al., 2005)
and compression tests (Hamhaber et al., 2003; Namani et al., 2009).

1. Mechanical tests
The mechanical properties of the phantom have been performed with different

mechanical tests sumerazed hearafter.

Hamhaber et al.,

Agar-agar

Compression tests

Speed: 1 mm /s

Shear modulus

2003 40 mm x 50 mm Preload: 0.1 N pu=4.5to 550 kPa
Chen et al., 2005a; Agarose 0.5%, 1% shear strain Shear modulus
Chen et al., 2005b; 55x10x2 mm Dynamic 10% clamping
Ringleb et al., 2005; Mechanical compressive strain G'=10to 250 kPa
Chen et al., 2006 Analysis (DMA) 0.1a120 Hz
Luo et al., 2006 Agarose Compression tests Young's modulus
15 mm x 25 mm E=10to 70 kPa
Peters et al., 2005 Gelatine Dynamic Compression : 10 % Young's modulus
3 mmx 10 mm Mechanical E =51to20kPa
Analysis (DMA)
Oudry et al., 2009a Copolymer-in-oil Dynamic Pre-compression:50 mN  viscoelastic properties
20 mm x 3 mm Mechanical 1% strain pu=0.6to 11 kPa
Analysis (DMA) n=1to258 Pa
Silicone Viscoelastic properties
Plastisol Hyper-frequency of plastisol
Hadj Henni et al., PVA-C viscoelastic F=10 and 1000 Hz G'=8 to 10 kPa
2011 Chitosan Hydrogel spectroscopy G"=0.1to 2 kPa
Agar-gelatin (HFVS)
5al4m
Viscoelastic properties
Okamoto et al., 2011 Gelatine Dynamic shear F=20 and 200 Hz. G’=0.7al.1kPa

100 mm x 5.8 mm

test (DST)

G’ =0.120.4kPa

Table 1-5: Viscoelastic properties of the phantoms using mechanical tests.
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2. Magnetic resonance elastography Tests

Specific driver have been developed in order to apply the MRE technique to the
phantoms.
In 2003 Hamhaber et al. (2003) used a mechanical vibrator (Figure 1.31) which will generate
shear waves on the surface of a phantom. The custom-made vibrator consisted of a Plexiglas
bar with a coil at one side and a contact plate at the other extremity. The middle of the bar was
fixed by a slack-free bearing. The coil was driven by a signal generator and a power amplifier

which produced sinusoidal signals with the desired frequency and amplitude up to 30 V.

1D-P5D ;I-I - tissue phantom

——— G1.5%=35317 +2013 N/m?

Figure 1.31: A:Principle of the mechanical excitation of shear waves inside the agar gel
phantom, B:Phase image (G=shear modulus) (Hamhaber et al., 2003).
A mechanical vibrator in contact with the surface of a phantom (Figure 1.32) was also used

by Oida et al. (2004).

—fr— : 5
__‘___osclllulur _ - t:st,:lllattr

Transverse Wave
- .,

Y

To amplifier transverse waves longitudinal waves

material

Figure 1.32: A: example of actuator, B-C: MRE of transverse and longitudinal strain waves.
The wavelength of longitudinal strain waves is long er than that of transverse strain waves.
(Oida et al., 2004).
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Chen et al. (2005b) has developed an agarose phantom, placed in a head coil, with an

electromechanical driver composed of a rod (D=10 mm) inserted in the phantom and tapped

on the center of the surface. Then shear waves are propagated along a radial direction.

B

Figure 1.33: A: Setup of the MRE scan on an agarose gel phantom,B: A superior view of a
MRE wave image for the cylindrical 2% agarose gel phantom at frequency of 150Hz.. 1.
Round gel phantom in a container, II. The applicator of the electromechanical driver. The
diameter of the tip is 10 mm, III. The electromechanical driver which is phase-coupled with

oscillating the motion sensitizing gradient, IV. Head coil (Chen et al., 2005b).

The study of Kolipaka et al. (2009) shows the acoustic driver system for generating motion in
the phantom and the hydraulic system, including the computer-controlled flow pump, the
pressure transducer for recording the in-line pressure and the plythesmograph for triggering

the MRE pulse sequence.

Plythesmograph

—

>

I Pressure Transducer

Heart
Phantom

[ —

Balloon
with water

Computer Controlled Pump

Driver Motion I

Pneumatic Driver System

Figure 1.34: Experimental setup for MRE heart phantom (Kolipaka et al., 2009b)
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Leclerc et al. (2012) and Debernard et al. (2012) have characterized the viscoelastic property
of a plastic phantom mimicking the elastic properties of biological soft tissue using an
abdominal pneumatic driver. The phantom was placed inside a head coil (Figure 1.35), resting
around the pneumatic driver and connected to a large active loudspeaker to generate waves

inside the phantom.

Phase image

\
N4

N -
u=4.16%0"14kPa

Figure 1.35: Magnetic Resonance Elastography (MRE) tests performed on a plastic phantom
with a pneumatic driver (Leclerc et al., 2013b).
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3. Mechanical properties

The table, hereafter, summarizes the mechanical properties of the phantoms in the

literature.

Authors phantoms Frequencies Different concentrations

0.5% 45+0.2kPa
1.0 % 16.8 £0.82 kPa
125 Hz 15% 353 2.0 kPa
20% 57.3+7.6 kPa
0.5% 4.7+0.2kPa
Hamhaber et al., 2003 1.0% 15.0£0.6 kPa
1.5% 35.0 + 1.7 kPa
250 Hz 20% 57.9+3.7 kPa
Agarose gel 0.5 % 43+0.3kPa
400 Hz 1.0% 15.1+0.8 kPa
2.0% 55.0 + 3.8 kPa
200 Hz 2.0% 27.9 kPa
1.5% 14.3 +1.3 kPa
20% 25.0£0.2 kPa
Ringleb et al., 2005 100 Hz
150 Hz 2.5% 49.3 1.4 kPa
200 Hz 3.0% 80.8 +1.6 kPa
3.5% 108.3 +4.4 kPa
Chen et al., 2007, 2008 250 Hz 8% 13.5+2.0 kPa
Bovine gel 18% 48.6 +10.8 kPa
Yin et al., 2008 90 Hz 15% 2.67 +0.06 kPa
350.00
300.00
Wirosil gel &
300Hz 00
Chen et al., 2006 Test 1: Phantom 350Hz E 200.00 Ty
(D=300mm and 400Hz 2 150,00
thickness = 25 mm) 450Hz | -
2 0.
Test 2: Phantom S
(length =160 mm, 0.00

300 350 400
Frequency (Hz)

width = 25 mm and
thickness = 25 mm)

Storage modulus ( ¢) and loss modulus (°) over drive

frequency
104 # * * * e
30 Hz
40 Hz o
Papazoglou et al., 2012 Agar gel 50 Hz <107
60 Hz b O =y — — o — —0— —0 —0— 0
70 Hz 2 107
80 Hz (4]
90 Hz .
100 Hz
30 W 50 60 70 80 90 100
frequency in Hz
60 Hz 55% of plastisol 3.34 kPa
Leclerc et al., 2012 Mixture of softener 70 Hz 55% of plastisol 3.41 kPa
and plastisol 80 Hz 55% of plastisol 3.44 kPa

Table 1-6: Elastic properties of the phantoms
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MATERIALS AND METHODS

This second chapter will be composed of tow parts related to in vitro (phantom) and in vivo

(muscle) stidies.

The in vitro section is composed of a description of the phantoms manufacture which has
similar muscle architecture. Then, mechanical and MRE tests have been performed on the
phantoms. The displacement of the wave will be analysed with different pneumatic drivers
and the mechanical properties will be determined. In addition, new data processing methods
will be tested on the phantoms befor in vivo muscle analysis. This study is to develop MRE

methods to determine the passive elastic.

The second part is dedicated to in vivo study of thigh muscle tissues with no muscle
abnormalities or histories of muscle disease. The developed experimental MRE muscle
protocols for the quantification of the elastic properties of all thigh muscle will be presented.
In addition, multifrequency (70, 90, 110 Hz) MRE tests associated to a new data-processing

method will be described for the viscoelastic measurements.
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A. Phantom study

1. Phantom preparation

Homogeneous phantoms were created with different concentrations of liquid plastic
(Plastileurre, Bricoleurre, France) and softener (Assouplissant, Bricoleurre, France) in order
to mimic the muscle biological tissues. Thus, the phantoms were made with a mixture of
softener and liquid plastic (LureCraft, LaGrande, USA), or plastisol (Figure 2.1A), which is a
suspension of PVC (polyvinyl chloride) particles in a plasticizer. The advantages of using
Plastisol® are performing tests-objects with different elasticities, having a very resistant
product, in their chemical composition and in their mechanical properties over time. In

addition, the Plastisol® has a density close to that of soft tissue.

The mixture was adjusted from 30% to 70% with a step concentration of 10%, in order
to progressively increase the stiffness of the media. Based on previous studies, the phantoms
composed of 50% and 70% of plastisol will be used for MRE and mechanical tests. Indeed,
we have demonstrated that 50% and 70% plastisol correspond to a passive and active muscle,
respectively. Subsequently, both mixtures were heated to 177 °C, and the solution was poured
into cylindrical molds (aluminum) (Figure 2.1B) with two different sizes which were resistant
to high temperature. The first has a large diameter (d=14 cm, height: 15c¢m) (Figure 2.1C) and
is used for MRE test. The other one has a smaller diameter (d=9.9 mm, height 76 mm) and is
used for mechanical Hyper-Frequency Viscoelastic Spectroscopy (HFVS) tests.

The mixtures left to cool at the room temperature (23°C) until the phantoms were
solidified. Then they were stocked and preserved at the room temperature (23°C). The density

of the phantoms was evaluated as similar to the biological tissues (1000 kg/m3 ).

A Mixture of B: Solutioninto C: Large cylindrical
softener and liquid aluminum mold homogeneous
plasticin the phantom

heater

=

Figure 2.1: Manufacturing protocol for plastic phantoms
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2. Development of phantom with similar muscle architecture

The thigh is composed of surperficial muscles (RF) and deep (VI) muscles (Figure 2.3A),
made of muscle fibers (10 um < D < 100 um) and separated with aponeurosis membrane. To
represente the muscle fibers inside the phantom, teflon tubing pipe (internal diameter: 0.6
mm, external diameter: 0.9 mm) were thread in the upper part of the phantom composed of
50% plastisol. The fibers were oriented parallel to the main axis of the phantom (Figure

2.2A).

Main axis

Figure 2.2: Fibers orientation

To mimick the aponeurosis membrane, a plastic sheet (8 x 15 cm, thickness = 1 mm) was
included in the middle of the phantom (Figure 2.3B). The structure of the phantom was
visualized through a MRI acquisition (Figure 2.3B).

Thigh Phantom

&«

Muscle 1
Muscle 2

y

Fibers

Figure 2.3: MRI sagittal acquisitions of the thigh muscles (4) (RF: rectus femoris, VI: vastus

intermedius) and (B) the phantom showing similar structures.
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3. Development of a device to stretch the fiber

A mechanical device, compatible MRI, was manufactured in UTC, to mimick a stretch
muscle. Thus, the objective was to stretch the fibers inclusion. The teflon fibers are placed
between two opposite circles discs which were desined with 50 hols , separatd by a distance
of 10 mm. A load cell (5 — 2000 N) was fixed at one end to measure the level of stretch
applied to the fibers.

Load cell Two opposite circles discs

Phantom Fibers

Hose connected to
a loudspeaker Drlver

Figure 2.4: Device to stretch the fibers

4. Determination of the mechanical properties

1. Hyper-Frequency Viscoelastic Spectroscopy (HFVS)

The Hyper-Frequency Viscoelastic Spectroscopy (HFVS) mechanical test was performed,
in collaboration with Cedric Schmitt from Rheolution Inc, using the RheoSpectris C500
instrument (Montreal, QC, Canada) (Figure 2.5).This instrument is a new generation
viscoelastic spectroscope capable of measuring the storage (G’) and loss (G’”) moduli of

materials in a wide frequency range between 10 Hz and 1500 Hz.

The basic principle of this instrument is to generate transient mechanical shear waves inside
the probed sample confined into a rigid cylindrical holder and to measure the behavior
(vibration) of the entire sample monitored at the surface, using an ultra-sensitive optical sensor
to process the viscoelastic spectroscopy. For each measurement, the small phantom (50% of
plastisol) was contained in a cylindrical holder (D=10mm) and was placed in the mechanical

unit specially designed for cylindrical geometries. From the viscoelastic measurements over
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the full frequency range (from 10 Hz to 500 Hz), only 60, 80 and 100 Hz were selected to

compare with the same frequencies used during MRE tests.

A study of reproducibility of the measurement was performed according to the protocol
which was to remove the sample and then return it to take another measurement. This was
done three times for each sample in order to calculate the standard deviation of the

measurement.

Fhantom contained
into a hollow cylinder

- -

Fiheapat (500

Holder connected
to the instrument

@
Figure 2.5: Set up of the hyper-frequency viscoelastic spectroscopy tests performed on the

different small phantoms
2. Magnetic Resonance Elastography tests

The tests were all performed at the Advanced Medical Imaging Centre (CIMA) and at the
Polyclinic Saint-Come, in Compiegne, in collaboration with Ludovic Robert, MRI

radiographer, and Dr charleux, radiologist at CIMA- polyclinic ST-come.

2.1 MR elastography set-up for the artificial muscle

MRE tests were conducted on the large phantom composed of 50% plastisol, within a
1.5T MRI machine (General Electric HDxt). The phantom was placed on the MRI table with

the fibers oriented in the same direction as in vivo muscle MRE test.

95



MATERIALS AND METHODS

To generate the waves within the phantom, two different pneumatic drivers were used to
analyze the effect of the driver on the wave propagation. The first one was the same silicone
tube used for in vivo muscle (Figure 2.6A). The second one has a round shape, and is used in
clinical practice for MRE liver analysis (Figure 2.6B). The tube driver was wrapped and
clamped around one extremity of the phantom simulating the in vivo placement of the tube at
the end of the distal part of the thigh (Bensamoun et al., 2006b). The round driver (D=15 cm)
was placed below and then above the phantom (Figure 2.6B). A long hose was connected to a
large active loudspeaker to send the air pressure at the optimal in vivo muscle frequency (f: 90

Hz) (Bensamoun et al, 2006). The MR acquisitions were recorded with the body coil.

Figure 2.6: MRE tests performed on the large phantom with two different drivers.

MRE sequence was performed with four offsets, a gradient echo sequence, an acquisition
matrix of 256 x 64 (interpolated to 256 x 256), a flip angle of 45°, a field of view of 30 cm, TR
equal to 50 ms and TE corresponding to the minimum echo time allowing for motion
encoding. Phase images, showing the displacement of the shear waves inside the phantom,

were collected to analyze the propagation of the wave according to the type of the driver.

2.2 Multifrequency MRE set-up performed on the homogeneous phantom

Multifrequency MRE (MMRE) was realized on a 50% plastic phantom without fiber and sheet
inclusion. The phantom was positioned inside the head coil of the scanner with the phantom
cylinder perpendicular to the static scanner field. Harmonic compression excitation was generated
with home made pneumatic driver having a round (D=15cm) shape similar to the clinical liver

driver. It was placed below the phantom (Figure 2.7a).

The main vibration direction was perpendicular to the static BO-field direction, and

waves are propagated parallel to the main axis of the phantom cylinder. Image slices were
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acquired in the sagittal plane in order to obtain vertical wave displacement through the
phantom (Figures. 2.7b, ¢, d). Harmonic drive frequencies were performed at 60, 80 and 100
Hz. MRE sequence was realized with the following parameters: TR/TE = 56 ms / 23 ms, 256
x 256 matrix size, 200 x 200 cm FOV, 1.5 mm slice thickness, four offsets.

Phase images, revealing the propagation of the shear waves, were recorded (Figure 2.7b-d).

a

1.5 T MRI

Head coil

B

Main axis

Phantom A

' connected to

oudspeaker

+40

Shear wave displacement (um)

-40

Figure 2.7: MRE Experimental set-up for the homogeneous phantom (a) (50% plastic). Phase
images showing wave’s displacement inside the phantoms at 60 Hz (b), 80Hz (c) and 100 Hz (d).
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2.3 Phase Image processing and data analysis

- Elastic properties

A post-processing was applied with a mask, removing the noise located in the background
of the image. Butterworth filter was also applied to suppress interfering wave patterns. The
mechanical (elasticity and viscosity) properties of the phantoms were obtained with the

following method.

A local stiffness is measured by prescribing a 1D profile drawn along the direction of the
shear wave propagation (Figure 2.8a). A representation of the behavior of the wavelength (1),
along the profile, enables to measure the wavelength (Figure 2.8a), which was determined by
considering the distance between consecutive picks (Figure 2.8b). The local elastic properties
(shear modulus) were calculated at each frequency, from the displacement of the shear wave.
Assuming that the media is linear elastic, isotropic, homogeneous and incompressible, the
shear modulus was calculated using the following equation p = p. (f. A) 2, where p is the

muscle density fixed to 1000 kg/m® and f is the frequency.

Phase images Wavelength

Profile

-

5.2 105 158 211

ﬁ’
60 CINN 60

Displacement (um)

Figure 2.8: a: MRE tests performed on the homogeneous phantom (50%) showing the wave'’s

displacement. B: Behaviors of the waves traveling along the red profile.

- Viscoelastic property

Theory

Experimental (G(w)) and numerical (Gmodel(®)) complexe viscoelastic parameters were

determined using basic equations that are summarized below.
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A black profile (Figure 2.9a) was prescribed in the direction (x) of the wave propagation, and
the wave behavior along this profile was extracted (Figure 2.9b). The amplitude of the wave
along the profile was referred to as a scalar wave field u(x, /) whose temporal Fourier-
transformation was denoted as U(x, ®). Assuming that the medium of propagation was linear,
locally homogeneous, isotropic, incompressible, and under pure shear stress, the motion

equation (Helmholtz) in the frequency domain was (Klatt et al., 2010):

2

PCOZQ+Q(OJ)§Q=0 [1]

where @ = 2 7w fis the angular driving frequency, G(®w) = G’ + 1 G” is the complex shear
modulus, and p is the muscle density.
It was assumed that the displacement of the wave followed a harmonic plane wave

represented by the equation:

U=ugexp [ kx] (2]
where u is the initial amplitude, and £k =k — iy is the complex wave number (k and y are real

parameters).
: o 2z
The parameter (k) was linked to the wavelength (L) by the relationship & =7. The

parameter (y) corresponded to the attenuation coefficient. These two parameters were
measured from the analysis of wave displacement u(x, ¢) along the red profile (Figure 2.9a).
The wavelength (L) was measured with the different extrema, and the corresponding location

(xi) was extracted from the wave (Figure 2.9b). Two consecutive extrema were separated in
. A
() by a half period (5 ). For better accuracy, the first and last extrema were used to deduce

the value of A (Figure. 9c). This process was applied to each offset and an average of the
wavelength was determined.

Subsequently, a logarithmic In(|Uj|) representation of the extrema was fitted with a linear
least square line, which allowed measurement of the attenuation (y) parameter (Figure 2.9¢).

It can be noted that the slope of the line corresponded to — vy .

Solving Eq. [1] for G(w) with U from Eq. [2], and the parameters (%, y), gave the following

experimental viscoelastic parameters:
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k2_7/2

G’ (0) = po?
O P G kY

[3]

2ky
(K =y + Q2 ky)

The complex modulus was related to elasticity (1) and viscosity (1) using various rheological

G” (@) = pa? [4]

models. In this study, the four following models for Gy (®) were used:

u+ion Voigt
M Maxwell
Gt (@) = e, [5]
pifp Hion(u +p) 7 ener
My +ion
1% (i w)* Springpot

Whereas the Voigt and Maxwell models require two parameters (u: shear modulus and
n: shear viscosity), the Zener (1, po, ) and springpot (i, 1, o) models take three parameters
into account. The parameter a represented a weighting factor between a purely elastic
behavior (a0 = 0) and a purely viscous behavior (a0 = 1). For the springpot model, (1) and (1)
were linearly dependent, meaning that either the value of (n) or (n) were fixed. Using the
same assumption as in Klatt et al.’s study (2010), we fixed the n value to the data obtained in

the Zener model.

The viscoelastic parameters (i, 1, o) from these four models were calculated by minimizing

the following error ():

N
X :% > JRe[G(@,)~G yy (@, +(Am[G(,)~ G 1 (@) [6]

n=1

where N is the number of experimental driving frequencies (N=3).

a b c

;llm ,.

[@ @ Original data
In(lu” . Fitted line

o

-0 +0
Shear wave displacement (pm)

Figure 2.9: Illustration of the process for the evaluation of attenuation. a: Phase image with

the propagation of the shear wave through the phantom where a profile (black arrow) is
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drawn in the direction of propagation. b: Amplitude of the profile along the distance x. c: Plot
of the extrema of the amplitude profile and of the least-square fitted line for the calculation of

the attenuation coefficient.

- Image processing

The complex shear modulus G(w) was then calculated according to equations [3] and [4]
assuming a density of 1000 kg.m™. An average result was obtained over the four offset

images. The rheological models were then estimated by minimizing the Eq. 6.

Three relative errors were also computed to compare the quality of fit along the driving

frequencies:
i :100|J(Relg @I +AmIGy @ (7]
| JRel G + AmIG(wp)]F
wheren=1,2,3;m,=2=nf,; f;=70Hz; f,=90 Hz; f;=110 Hz
2.4 Summary of the different tests applied to the developed phantoms.
Phantoms Techniques Mechanical

_ parameters
50% 70%

Homogeneous
phantoms (50%,
70%) of plastic

MMRE test p,m,G’,G”

= Contracted muscle

= Relaxed musci!:

Teflon tubing pipe Plastic sheet

Teflon fiber and
plastic sheet
inside the
phantom (50%)
of plastic

MRE test K, wave
behaviours

Small plastic

phantom (50%) HEVS test G, G
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B. Thigh muscle study

This section presents the developed experimental MRE muscle protocols and the data-

processing for quantifying the passive elasticity and viscosity.

1. Ethics Statement

In this study, the examinations were all performed at the Centre d’Imagerie Médicale
Avancée (CIMA), Compiégne hospital, in collaboration with Ludovic Robert, radiographer

and with the presence of Dr. Charleux, radiologist.

The human subject ethical approval was sought from the institutional review board of
Amiens Hospital, and all the subjects were explained with the experimental protocol and

asked to sign the informed consent form prior to the experiment.
2. Participants

The thigh muscles were studied for ninety two healthy volunteers (7 women, 22 men, age
range: 21 to 38 years, mean age = 26 £ 3.41 years, BMI (body mass index) range: 18.93 to
33.12; mean BMI = 23.55 £ 3.31) with no muscle abnormalities or histories of muscle

disease.

3. Experimental configuration

MRE tests were conducted with a 1.5 T Signa HDx MRI machine (General Electric,
Milwaukee, WI, USA). The quadriceps (rectus femorus: RF, vastus intermedius: VI, vastus
medialis: VM, vastus lateralis: VL) and sartorius (Sr) muscles were studies in the supine

position (Figure 2.10a).

For the characterization of the group of ischio (semitendinous: ST, semimembranous:
SM, biceps (long and short): BC) and gracilis (Gr) muscles, the subjects were in the prone
position (Figure 2.10b). It can be noted that only the supine position could have been used for
all the investigated muscles. However, the prone position was used to later characterize the

ischio and gracilis muscles in the active state by using the same protocol described, hereafter.

102



MATERIALS AND METHODS

Figure 2.10a shows a homemade ergometer that was used in previous studies
(Bensamoun et al., 2006b; Debernard et al., 2011) and witch stress the quadriceps muscles.
Figure 2.10 shows the right knee positioned in a 30° flexion with the right foot placed on a
support and secured with Velcro straps. It can be noted that the present ergometer was used
only for the characterization of muscle in passive state. The purpose was firstly to develop the
MRE protocols for all the thigh muscles. In future experiments, we have planified to apply

these protocols to muscle in active state.

A custom-made Helmholtz surface coil was placed around the thigh and a pneumatic
passive driver (silicon tube) consisting of a remote active pressure driver connected to a hose
(tube) was wrapped and clamped around the subject’s thigh. It can be noted that this tube was
the same previously used for the phantom (figure 2.6). For the characterization of the
quadriceps and sartorius muscles, the tube was placed on the lower part of the thigh due to a
lower thickness of adipose tissue in this area. Subsequently, the tube was moved up to the
middle part of the thigh for the investigation of the ischio and gracilis muscles; this enabled a
better placement of the driver above a larger volume of muscle. In this study, the mechanical
mode of excitation is chosen as compression mode rather than shear mode because the energy
of the waves is more efficiently propagating throughout the muscles: as the attenuation is less
pronounced in this mode, the shear waves generated deep in the muscle are more present

(Sinkus et al., 2005a).
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Silicon tube

Air pressure 90 Hz

Air pressure 70, 96;14052._“ !

Figure 2.10: MRE setup placed inside a 1.5 T MRI machine. a: A participant laid supine on
a custom-built ergometer to characterize the quadriceps (VL, RF, VI, and VM) and sartorius
(Sr) muscles. b: Participant laid in prone position to analyze the ischio (ST, SM, BC) and
gracilis (Gr) muscles. Waves were generated at 70 Hz, 90 Hz and 110Hz through a pneumatic
driver (silicon tube) attached around the thigh muscles, where a coil was placed.

VL: vastus lateralis, RF: rectus femoris, VI: vastus intermedius, VM: vastus medialis, Sr:

sartorius, ST: semitendinosus, SM: semimembranosus, BC: biceps, Gr: gracilis.
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4. Acquisition of the anatomical and phase images of the muscle

A series of axial scout images were acquired along 20 cm of the thigh with a 2D gradient
echo (GRE) MRE sequence. The axial image represented all the distribution of the muscles
was selected. Subsequently, five different orientations of imaging planes (IP) (Figure 2.11a)
were manually conducted on the axial image of the investigated muscle (represented in red,
Figure 2.11a). Each orientation corresponds to a protocol to characterize specific muscles.
The accuracy of the orientation of the imaging plan is an important part of the MRE protocol.
Thus, the orientation for each imaging plane was slightly rotated, and it was found that a

range of + 4 degrees was acceptable to visualize a clear propagation of the wave.

It can be noted that these orientation of the IP are specific to each muscle due to the
muscle fiber orientation and to the localization of the muscle within the thigh (surface vs

deep).

Subsequently, sagittal images (Figure 2.11B) showed the entire muscle along the thigh
where a clear propagation, represented by a measurable wavelength, of the shear waves was
tracked (Figure 2.11C). Moreover, the five sagittal images (Figure 2.11B) could be used as a

muscle shape reference to accurately place the imaging plan.

The MRE pulse sequence included a motion-encoding gradient which oscillated, in the Z-
direction, at the same frequency as the driver (70, 90, 110 Hz) and was used to image the
displacement of the shear waves. Thus, the phase image (Figure 2.11C) was recorded with a
GRE sequence, 256x256 acquisition matrix, and two opposite polarities of the motion-
encoding gradient having a 2.2 G/cm maximum gradient amplitude limit, a flip angle of 45°, a
24 cm field of view and a slice thickness of 5 mm. Four offsets were recorded for the nine

thigh muscles in a relaxed condition.

Periodic variations in air pressure were induced inside the tube at different frequencies 70, 90
and 110 Hz, (frequency: f), resulting in the propagation of acoustic waves within the muscles.
These frequencies were chosen as optimal based on previous MRE experiments on thigh
muscle with the present tube driver (Bensamoun et al., 2006b; Domire et al., 2009). For each
imaging plan, the scan time at 70Hz, 90Hz and 110Hz was 38s with TR/TE of 57.2ms / 26.4
ms, 40s with TR/TE of 55.6ms / 23.2 ms and 33s with TR/TE of 54.6ms / 21.2ms,

respectively.
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A: Axial images with the B: Sagittal images C: Phase images

investigated muscle
Adiposetissue
VI

Femur Driver

+40

0
Wave displacement (um)

unclear wavelength
in ST, SM

-40

Driver Driver

Figure 2.11: lllustration of the three MRE steps to obtain the phase image. A (step #1): The
first column showed the orientation of the imaging plan (IP) as represented by a dashed line,
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within the target muscle. B (step #2): Sagittal images obtained from step #1 and represented
the investigated muscles along the thigh. C (step #3): MRE sequence was performed on the
selected sagittal image leading to the acquisition of the phase image, representing the
displacement of the shear waves within the muscle.

5. Phase Image Processing and Data Analysis

- Elastic property

The recorded phase images underwent the same post-processing as the phantom (p98,
2.3) by applying a mask, which removed the noise located in the background of the image. In
addition, directional filter oriented along the direction of wave propagation, combined with a
Butterworth spatial filter were applied to simultaneously remove interfering waves,
longitudinal waves, and noise (Manduca et al., 2003). Then, the same operator manually drew
a profile within an accuracy of 5° in the direction of the wave propagation following the
muscle fascicle paths, inside the following four investigated muscles (Gracilis,
Semimembranosus, Semitendinosus and Biceps) in order to calculate the wavelength (),
which is represented by the distance between consecutive peaks (Figure 2.12).

Assuming that the muscle was linearly elastic, isotropic, homogeneous and

incompressible, the shear modulus (i), which represented the local elasticity, was calculated
using the following equation u = ,0.( f ./1)2 , where p is the muscle density and assumed to be

close to that of water (i.e., 1000 kg/m’).

f‘-"" profile
[

@
=
e

-
Gr
¢

Displacement {um)

Figure 2.12: Behavior of the shear wave (f=90Hz) along the profile placed in the gracilis
(Gr) muscle.
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- Viscoelastic property

The same theory as for the one applied for the determination of the viscoelastic properties of
the phantom was used. Multi frequency MRE tests were performed on SM, ST, BC and Gr
muscles and phase images were obtained for each muscle at the three different frequencies

(Figure 2.13).

Displacemsnt (um)

\

" f=110Hz

Figure 2.13 : Phase images of Gr muscle at different frequencies (70, 90, 110 Hz)

The complex shear modulus G(w) was also calculated based in the viscoelastic theory
previously described for the homogeneous phantom (P98).

Phase wave images were first unwrapped and filtered by directional bandpass

Butterworth filter to suppress compression waves component and reduce the noise (Manduca

et al., 2003).

pm

400 - I 1

1
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o - | o ——70H:
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70 ——90Hz
110Hz

Figure 2.14: Representation of the wavelengths (1) measured within the gracilis (Gr) muscle,
along the red profile, for the three frequencies (70, 90, 110 Hz).
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6. Statistical analysis

A Friedman test, post-hoc t-test (Kolmogorov-Smirnov), Analyses of variance
(ANOVA) and Student's paired t-test were performed with Statgraphics 5.0 (Sigma Plus,
Maryland, USA) software to compare the shear moduli and viscoelastic parameters between

the muscles and the subcutaneous adipose tissues.
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A. Phantom study

1. Elastic properties of the phantoms as a function of the:

1.1 Concentration of plastisol

Figure 3.1 showed the recorded phase images, obtained for the homogeneous phantoms
(without fiber) composed of 50% (Figure 3.1A) and 70% (Figure 3.1B) of plastisol
concentration. A clear visualization of the wave propagation was observed within the
phantoms. An increase of the wavelength (A) was obtained when the plastisol concentration
was increased (Figure 3.1B;). The shear modulus measurements for the phantoms at 50% and
70% of plastisol were pspo, = 2.40 £ 0.18 kPa and p7g, = 6.24 = 0.21 kPa, respectively. These
elastic properties were similar to the previous elastic properties measured for passive (1 = 3.83

+ 0.24 kPa ) and active (un = 7.33 = 1.23 kpa) thigh muscle (Debernard et al., 2011b).

A 50 % profile

Phase images

Wavelength

; : _ _ . ; : __mm
52 105 158 211 52 105 158 211

Figure 3.1: A-B: phase images obtained from MRE tests performed on phantoms with different

plastic concentrations. A;-B;: Behaviors of the waves traveling along the red profile.

1.2 Type of drivers

Different pneumatic drivers were tested on the phantom (50%) composed of fiber

inclusion, in order to analyze the impact of the driver on the shear wave displacement. The
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results of the phase images, acquired through axial and sagittal scan plans, using the round
pneumatic (Figure 3.2) and the silicone tube (Figure 3.3) drivers at the same frequency (90

Hz) are presented hereafter.

Using the round driver (Figure 3.2), the shear modulus measured, along the red profile, on
the axial (u_axial =2.94 £+ 0.18 kPa) and sagittal (u_ sagittal = 3.04 + 0.21 kPa) plans were in
the same range. The shear modulus was the same, for each scan plane, in the media with and

without inclusion.

Axial Sagittal

Driver
position # 2

Driver
position # 1

Anatomical images

Plastic sheet =Aponeurosis

Phase images

Displacement {pm) Displacement (pm)

Figure 3.2: A-B: Axial and sagittal anatomical images of the phantom (50%) where the fibers
and plastic sheet are localized. Phase images obtained through MRE experiments performed
at 90Hz with the round driver in contact with the media without inclusion (A1-B1) and with

inclusion (A2-B2). Red arrows indicate the direction of the wave propagation.
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Phantom: Axial - Sagittal Muscle: Sagittal

Muscle 2 (V1)

il

Plastic sheet = Aponeurosis

Anatomical images

Phase images

Displacement (um)
Figure 3.3: A-B-C: Views of the axial (A) and sagittal (B) anatomical images of the phantom

(50%) with inclusion and the muscle (C). A;-B;: Result of the MRE experiments (90Hz)
performed with the tube driver attached around the phantom. C;: MRE tests (90Hz)

performed on thigh muscle. Wave direction indicated by arrows along the red profile.

Using the tube driver (Figure 3.3), the shear modulus measured on the axial (p_axial
=4.47+ 0.51 kPa) image was approximately the same as for the one measured through the
sagittal plan (n_ sagittal = 4.24 + 0.25 kPa). Moreover, similar elastic properties were found

in both side of the phantom.

The comparison of stiffness between the axial and sagittal acquisitions revealed the same
range whatever the drivers are. This result demonstrated the homogeneous stiffness inside the

phantom.

The comparison of the shear modulus obtained with both drivers showed an effect of the
type of driver on the stiffness value. Indeed, higher values (Wound drive= 3.04 £ 0.21 kPa vs
Utube driver— 4.24 £ 0.25 kPa) were found with the tube driver.

Different shear wave behaviours were found with both drivers. Indeed, Figure 3.2 showed

the results of the shear wave displacement when the round driver was placed below (Figure
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3.2A,-B)) and above (Figure 3.2A,-B,) the phantom. It can be noted that the shear wave did
not pass through the plastic sheet which plays the role of a separation (aponeurosis) between
two muscles. The same result was obtained with the tube driver (Figure 3.3B;) and a sliding
of the wave along the plastic sheet was also visualized. The same phenomena occurred for in
vivo MRE muscle study (Figure 3.3C)).

For both drivers, a uniform propagation of the wave was observed in the media without
inclusion. However, the wave behavior was sensitive to the presence of the fibers. Gaps were
identified in the media with fiber inclusions (Figure 3.2A,-B, and Figure 3.3A,-B,). Similar
shear modulus was found in the media with and without inclusion, likly due to the unload
fibers.

Figure 3.3A revealed a clear circular wave propagated all around the phantom. This result
demonstrated a uniform repartition of the vibration inside the tube which is attached around
the phantom. At the opposite, a local source of vibration was observed with the round driver.

This result means that this type of driver must be placed clos to the investigated tissue.
2. Viscoelastic properties of the phantoms:

2.1 Hyper-Frequency Viscoelastic Spectroscopy (HFVS) tests

The HF viscoelastic spectroscopy technique was performed at a large range of frequency (10-
500 Hz) on the small phantom (50%). Within this large frequency range, only the three
frequencies (60, 80, 100Hz) were used to compare with those applied during MRE tests. The
results revealed an increase of the elstic properties (G”) as a function of the frequencies
(Figure 3.4A). In addition, the viscous properties (G”) revealed also an increase as a function

of the frequencies (Figure 3.4B).

A B
G’ (kPa) G” (kPa)

1.855 - 035

1.85 - 03

0.25 -
1.845 -

0.2 4
184 -

1.835 -
- J
1.825

60 80 100

0.15

01

0.05 -

0

60 80 100

f(Hz) f(Hz)

Figure 3.4: Viscoelastic parameters (G’, G”) measured by rheometer
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2.2 Multifrequency MRE tests

The phase images recorded on the large homogeneous phantom (50%) showed a
decrease of the wavelength as a function of the frequency:

+40

Shear wave displacement (um)

-40

105 158 211 . . k . ; 26 52 105

Figure 3.5 : Behaviours of the wave obtained at 60, 80 and 100 Hz

From the experimental wave behaviours, the wavelengths and the attenuation
parameters were measured at the different frequencies (60, 80, 100 Hz), to calculate the elastic

(G’) and the viscous (G”) data.

Method Parameter f =60 Hz f =80 Hz f =100 Hz
MR elastography G’ (kPa) 1.358 £ 0.013 1.579 £ 0.004 1.574 +£0.015
G” (kPa) 0.2129 + 0.0092 0.3319 £ 0.0016 0.4162.0247

Table 3-1: Experimental viscoelastic data for the large phantom (50%)

Table 3.2 showed the results of the dynamic viscoelastic (G’, G’) parameters obtained
with the HFUS technique. It can be noted that our post processing method to experimentally
evaluate G’ is slightly underestimating using MMRE technique at each frequency (-26 % for
60Hz, -14.3% for 80Hz and -15.1% for 100Hz)

At the opposite, the G” values are overestimate with MMRE technique compared to

HFVS tests: +12%, +31.2% and +32% at 60 Hz, 80 Hz and 100 Hz, respectivly.

For both techniques, the results showed higher G’ values compared to G”. It can be

concluded that the present developed phantom has an elastic behavior.
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Method Parameter f =60 Hz f =80 Hz f =100 Hz

Rheometer G’ (kPa) 1.835+0.001 1.843 £0.001 1.853 £0.001
G” (kPa) 0.1902 £+ 0.0004 0.2530 + 0.0005 0.3154 + 0.0006

MR elastography G’ (kPa) 1.358 +£0.013 1.579 + 0.004 1.574 +£0.015
G” (kPa) 0.2129 + 0.0092 0.3319 £ 0.0016 0.4162 + 0.0247

Table 3-2: Summary of the viscoelastic parameters (G’, G”) measured with MMRE and

HFUS technique at three drive frequencies (mean * standard deviation).

In conclusion, similar elastic (G”) values were obtained with both techniques at 60,
80,100Hz. Thus, the spectroscopy technique has validated the elastic properties measured
with MMRE technique. In addition, the viscous properties obtained with both techniques also

revealed an increase as a function of the frequencies.
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B. Muscle thigh study
1. Propagation of the shear waves within the nine muscles

A: Axial images with the B: Sagittal images C: Phase images
investigated muscle

Adiposetissue

RF

+40

0
Wave displacement (um)

<

unclear wavelength
in ST, SM

-40

Driver

Figure 3.6: Illustration of the three MRE steps to obtain the phase image. A (step #1): The
first column showed the orientation of the imaging plan (IP) as represented by a dashed line,
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within the target muscle. B (step #2): Sagittal images obtained from step #1 and represented
the investigated muscles along the thigh. C (step #3): MRE sequence was performed on the
selected sagittal image leading to the acquisition of the phase image, representing the
displacement of the shear waves within the muscle.

Figure 3.6 shows the imaging planes used to obtain clear and consistent displacement of
the waves for the different muscles. This result was obtained after several rotations of the
imaging planes within the investigated muscles.

Imaging plane #1 (IP#1) was vertically placed through the rectus femoris (RF) and vastus
intermedius (VI) muscles. IP#1 allowed visualization of wave displacement for both muscles
during the same MRE test. Any reflective wave was obtained by the presence of the femur.
By using imaging plane #2 (IP#2), all muscles from the ischio group (BC, ST, SM) were
characterized in the same phase image (Figure 3.6C). Another imaging plane #3 (IP#3) was
used to analyze the gracilis (Gr) muscle. The sagittal image revealed the gracilis, a long (20
cm) and thin muscle, near the SM and ST muscles. Moreover, unclear propagation was
obtained through the SM and ST muscles with IP#3, demonstrating the importance of
accurate placement of the imaging plane according to muscle architecture and localization
within the thigh. Figure 3.7 summarized this last result.

The identification of the imaging plane for the vastus medialis (VM), sartorius (Sr)
(IP#4), and vastus lateralis (VL) (IP#5) muscles has been previously determined (Bensamoun
et al., 2006). These results are included here (Figure 3.6) to provide complete representation
of the MRE protocol and characterization of these thigh muscles.

Characterization of the shear modulus of the adipose tissue was independent of the
placement of the imaging plane. The physiological composition of the adipose tissue, being
softer than the muscle, provided excellent propagation of the wave within this media around
the thigh muscle. A profile was placed, within the subcutaneous adipose tissue layer, in the

direction of the wave based on the phase image (Fig 3.6C).
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B: Phase image (IP#2) A: Axial image D: Phase image (IP#3)

Unclear wavelength

in SM,ST
+40 -40 .0 ) +40
Shear wave displacement (jumn) Shear wave displacement (jun)

C: Wavelength along P1 E: Wavelength along P2

1811 36.23 54.34 72.45 9.06 1811 2717 36.24 4528 54.34

Figure 3.7: Visualization of clear and unclear wave propagation. A: Axial image with two
different orientations of the imaging planes (IP#2, IP#3) through semimembranosus (SM) and
semitendinosus (ST). Phase images showing clear (B) wave with measurable wavelength (1)

(C) and unclear (D) waves with non measurable wavelength (E). P1: Profile 1, P2: Profile 2.

2. Comparison of the elastic property between the nine muscles at rest

condition
Due to the high number of acquisitions and time limitations, it was not possible to apply

all the imaging planes for each volunteer.

Figure 3.8 shows the values of the shear moduli for the nine muscles and the subcutaneous
adipose tissues. Different shear moduli values were found for the muscles in a relaxed state.
The gracilis muscle had a significantly (p<0.03) higher shear modulus (u g = 6.15 + 0.45
kPa) compared to the other tissues. Two muscles (Sr and ST) also showed significantly
(»<0.02) higher shear moduli (n s, =5.15+0.19 kPa and p st = 5.32 £ 0.10 kPa) compared
to the other five muscles (SM, BC, VI, VM, and RF) and the subcutaneous adipose tissue.
These remaining tissues (SM, BC, VI, VM, and RF) had similar shear moduli (from p rr =
3.91 £ 0.16 kPa to nu vi = 4.23 £ 0.25 kPa). The shear modulus of the subcutaneous adipose
tissue had the lowest (p<0.01) value (K adipose tissue = 3-04 £ 0.12 kPa) compared to all other
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muscles. The reproducibility of the shear moduli was assessed from successive MRE tests

with a delay of 5 min between each test.

The reproducibility of the measurements performed twice for all the muscles was
evaluated through an intraclass correlation coefficient (ICC) (Fleiss et al., 1686). The result
showed an average ICC of = 0.8 (range from 0.72 to 0.87) for the nine muscles and the

subcutaneous adipose tissue, attesting to the good reproducibility of the shear moduli.

7.00 - *
6.00 - B Gr n=5
HSr n=16
g 500 1 B ST n=8
~ B SM n=8
‘g 4.00 - a
= 1 ®BC n=8
'8 mVI n=13
g 3.00 -
— HNVM n=14
5
o J W RF n=12
& 2.00
VL n=12
1.00 - W Adipose tissue n=5
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Figure 3.8: Shear modulus (u) with SEM obtained for the different thigh muscles and adipose
tissues.

VL: vastus lateralis, RF: rectus femoris, VI: vastus intermedius, VM: vastus medialis, Sr:
sartorius, ST: semitendinosus, SM: semimembranosus, BC: biceps, Gr: gracilis.

*: signiticantly different to all tissues (P < 0.03).

@ : signiticantly different to all tissues except ST (P < 0.02).

7: signiticantly different to all tissues except Sr (P < 0.02).

o.: signiticantly different to Gr, Sr, ST and adipose tissue (P < 0.04).

@: signiticantly different to all muscles (P < 0.01).

3. Comparison of the viscoelastic property between the four muscles

(ST, SM, BC, Gr) at rest condition using rheological model
The results of the MMRE tests performed at different frequencies (70, 90, 110 Hz) on the
muscles (ST, SM, BC, and Gr). The phase images (figure 3.9) showed a clear propagation of

the shear waves inside the gracilis muscle at different frequencies.
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Displacement {um)

Figure 3.9: Phase images of Gr muscle at different frequencies (70, 90, 110 Hz)

Figure 3.10 shows the behavior of the wavelength for the Gr muscle at the three
frequencies. The wave was attenuated along its propagation and had a decrease wavelength
(A) (from 33.1-25.2mm) in accordance with the increase in frequency. Similar results were
obtained for the other muscles (ST, SM, and BC). When drawing each profile, care was taken

to verify the validity of the waveform and ensure its attenuation value.
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Figure 3.10: Representation of the wavelengths (1) measured within the gracilis (Gr) muscle,
along the red profile, for the three frequencies (70, 90, 110 Hz).

Figure 3.11 presents the results of the experimental viscoelastic (G” and G”) values for
the three frequencies. The Gr muscle revealed higher elastic shear modulus (G’) values for the

three frequencies compared to the other three muscles. In addition, the BC, SM, and ST had
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close shear moduli (G’) at 90 Hz. This result is likely related to the frequency, which has been
previously demonstrated to be optimal at 90 Hz (Bensamoun et al., 2007). Both parameters,
(G’) and (G”) increased with frequency. The viscous shear modulus showed less variation
compared to (G’) at each frequency, and between all the muscles. Consequently, the ratio of

G”/G’ was similar (~0.3) at 70 and 90 Hz.
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Figure 3.11: Mean + SEM of the dynamic experimental viscoelastic parameters (a: G’, b: G”
and c: G’/G”) measured with MRE at the three drive frequencies for the semimembranosus

(SM), semitendinosus (ST), biceps (BC), and gracilis (Gr) muscles.

Table 3.3 shows the rheological fit for these parameters calculated with the Voigt,
Maxwell, Zener, and springpot models, with data taken from the MMRE viscoelastic
parameters. The quality of fit was the best for the Zener model for each muscle. This result is
represented by the lowest error () value found for this model. This finding supports the fact
that the three-parameter Zener model was favored over a two-parameter model. Among the

two-parameter models, the springpot also gave a low error value (y).

Comparisons between the relative errors revealed that 99 g, was the smallest value
compared to %70 nz and ¥ 110 uz. This result was observed for all the models and all the muscles.
It can be concluded that the experimental data obtained at 90 Hz gave the best agreement with

the rheological models.
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Table 3-3: Rheological model parameters (mean +SEM) and error of the fit measured from
MMRE tests realized from four thigh muscles

Model Parameter BC Gr SM ST
Voigt n (Pas) 2.51+£0.18 2.85+0.27 2.93+0.24 2.20+0.17
u (kPa) 438+0.26 6.88 +£0.78 3.86+0.22 5.00+0.40
x (kPa) 0.35+0.11 0.46+0.13 0.42+0.10 0.41 £0.10
Y70 1z (%) 129+7.6 11.8+59 17.3+9.3 99+44
%90 11z (%) 7.5+1.1 73+1.3 12.5+43 8.5+3.5
Y110 Hz (%0) 140+2.5 9.6+1.6 22.5+5.8 13.7+3.3
Maxwell n (Pas) 2535+ 1.41 55.10 £ 8.71 18.60 + 1.04 40.27 +9.79
u (kPa) 4.90 +0.30 7.32+0.79 4.62+0.31 542 +0.34
x (kPa) 0.41 £0.09 0.49 +0.09 0.46 +£0.09 0.42 +£0.09
Y7011z (%) 12.7+7.7 11.6+ 6.0 16.1+9.1 10.0+4.5
%90 1z (%) 73+1.5 6.9+1.1 123+4.6 8.7+3.9
Y110 1z (%0) 13.3+£2.6 92+1.2 22.7+6.8 13.2+33
Zener n (Pas) 3.96 + 0.54 6.65 +£1.47 4.19+£0.39 429 +0.81
w (kPa) 3.42+0.20 5.20 +0.56 2.92+0.18 3.92 +0.44
w, (kPa) 6.90 +£3.28 6.36 +2.63 7.38 +£3.22 3.34+0.21
x (kPa)* 0.31 +0.08 0.37 = 0.08 0.38 = 0.09 0.35 £ 0.08
Y70 1z (%) 10.9+ 6.0 9.97 +4.81 14.1+74 82+34
Y90 1z (%) 7.8+1.6 7.15+1.33 126 £+4.4 93+39
Y110 Hz (%0) 119+1.5 7.77+1.35 22.0+6.3 114+2.6
Springpot 1 (Pas) 3.96 +0.54 6.65+1.47 4.19+0.39 4.29 +0.81
u (kPa) 5.65+0.33 8.10£0.80 5.30+0.29 6.10 £0.38
o 0.210£0.009 0.158+0.012 0.266+0.010 0.172+0.022
x (kPa) 0.35+0.08 0.44 +0.09 0.42 +0.09 0.38 +£0.08
Y70 1z (%) 13.5+6.5 11.1+49 16.5+ 8.4 93+33
Y90 1z (%) 7.7+1.6 73+1.3 125+4.2 8.7+3.7
Y110 Hz (%0) 134+1.6 8.8+ 1.8 23.3+6.2 13.0+3.0

BC: Biceps; Gr: Gracilis; SM: Semimembranosus; ST: Semitendinosus

* The minimum error  values are represented in bold.

According to the parameters from the rheological model (Table 3.3), the Zener and
springpot models were further compared to muscle viscoelasticity. Figure 3.12 shows the
results obtained with the Zener model. We recall that (i) is related to the elasticity of a spring
element that is parallel to the Maxwell elements, which is composed of an elastic (u2) and a

viscous (77) component. For the elastic component (u1) (Figure 3.12b), it appeared that the Gr
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muscle (11 6= 5.20 £ 1.26 kPa) was significantly different to the BC () pc = 3.42 + 0.45
kPa), SM (u1 sm = 2.92 + 0.41 kPa), and ST (p; st = 3.92 £+ 0.44 kPa). The Gr muscle also
showed similar greater elastic behavior than the experimental (G”) at 90 Hz (Figure 3.11a).
The values of Zener's second elastic component (u,) were higher than those for (pu;) for BC,
SM, and ST. However, the values of (u,) between muscles were not statistically different.
Concerning the viscous component (1)), a similar range of values was obtained for BC, SM,
and ST, with the Gr showing higher values that were not significantly different to those of the
other muscles (Figure 3.12).

a b c

n (Pa.s) M1 (kPa) M2 (kPa)

8 T T 7 T T T T 20 T

L | e = 1

6 I *T : 1ot ]
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51 1osr T

S i

BC Gr SM ST BC Gr SM ST BC Gr SM ST

Figure 3.12: Mean + SEM of the viscoelastic parameters (a: viscosity (n). b:elasticity (u;). c:
elasticity (uz)) of the four thigh muscles (semimembranosus (SM), semitendinosus (ST), biceps
(BC), and gracilis (Gr) muscles) obtained from the Zener model. (**P < 0.05, *P < 0.1).

Concerning the springpot model (Figure 3.13), significant higher values of (n) were
observed for the Gr muscle (n = 8.1 + 1.8 kPa) compared to the other muscles. This result was
similar to the experimental elastic shear modulus obtained at 90 Hz (Figure 3.11a).
Concerning the a values, the SM muscle had a higher (o = 0.266 + 0.023) value compared to
the other muscles (Figure 3.13a). Moreover, the trend of o values for each muscle was

equivalent to that obtained for the ratio G/ G’ at 90 Hz (Figure 3.11c).
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0.0
BC Gr SM ST BC Gr SM ST

Figure 3.13: Comparison of the viscoelastic parameters (mean + SEM ) (a: ratio o. b:
elasticity p).of the four thigh muscles (semimembranosus (SM), semitendinosus (ST), biceps

(BC), and gracilis (Gr) muscles) obtained from the springpot model. (**P <0.05, *P <0.1).
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DISCUSSION AND PERSPECTIVE

A.Phantom study

Skeletal muscle is a physiological complex material, with a hierarchical organization,
anisotropic and non-linear behaviors acting in passive and active states. The originality of this
study was to develop a phantom ables to mimic the architecture (fiber, aponeurosis ...) and the
passive mechanical properties of the muscle. The next step will be to incorporate the viscosity

of the muscle to have the real viscoelastic behavior of this tissue.

The characterization of the surface muscles is easier compared to the deep ones which are
unreachable. Thus, the present cylindrical phantom will allow to test different drivers to
improve the deep propagation of the wave, and to test other MRE parameters to develop an

optimal protocol as a function of the target muscle.

The comparison between in vivo and in vitro (Figures 3.3B1- C,) studies showed a
similar behavior of the wave displacement which did not pass through the muscle membrane
(aponeurosis). Moreover, equivalent shear moduli were found between in vivo and in vitro
study using the tube driver, usually used for in vivo MRE muscle test. These results revealed
that the present phantom could be a suitable object to set up new protocols for the deep

muscles.

It can be noted that the phantom was placed in a device adapted to stretch the fibers at
different levels. A stress muscle could be therefore simulated with the present phantom. In
addition, the orientation of the muscle fibers inside the phantom could be changed to better
study the behavior of the wave as a function of the fiber orientation. This phantom called
“aretificial muscle” could be used to set-up diffusion tensor imaging (DTI) sequence for the
determination of the muscle anisotropic structure of the muscle. Then DTI and MRE results

could be correlated to accuraly characterize the muscle behavior.

This test object will be further developed with surrounded environmental tissue such as
the adipose tissue. In this study, the in vivo elastic properties of the fat tissue was determined
and by adjusting the plastic concentration level it could be possible to also simulate this
material within the phantom. Moreover, the fibrosis tissue identified within pathological
muscle (Duchenne, myopathy) (Bensamoun S. F. et al., 2014) could be also incorporated

within the present phantom. Indeed, we have previously measured a stiffer media in
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Duchenne muscle in passive condition. However, the displacement of the wave was difficult
to follow due to this muscle composition. Thus, the phantom could help to better interpret the
changes of the wave behavior within myopathic muscle which are composed of broken
muscle fibers and fibrosis infiltration. This “artificial muscle” will help to develop, to

optimize, MRE protocol for the characterization of this type of myopathy.

In addition, the homogenous phantoms could be used for the calibration of MRE
technique used in clinical practice for liver tissue and new MRE sequence, new drivers, etc...
could be tested in vitro before to apply in vivo protocols. One example in this application was
the validation of the present post processing data tested in vitro before to apply in vivo this

method.

This in vitro study is a first step toward an artificial muscle allowing the development of

in vivo MRE protocol, to mimic healthy and pathological muscles.

B. Thigh muscle study

1. Elastic property

The development of non-invasive protocols to assess functional tissue properties has
provided useful information. This study shows the feasibility of developing MRE muscle
protocols to quantify the shear modulus of all nine healthy thigh muscles. It could be used as a
method to identify problems within injured or diseased muscles and to follow the effects of
treatments and therapies. These data, obtained from healthy resting muscles, could be used as
a baseline model by clinicians. Moreover, human in vivo data for modeling the mechanical
properties of the muscle are lacking. Thus, our obtained values will be of interest for

modeling purposes in implementing the true in vivo characteristics of lower limb muscles.

In 2006, the first MRE protocol was published for the characterization of the vasti (VL,
VM) and sartorius (Sr) muscles (Bensamoun et al., 2006b). This previous protocol used the
same tube driver and similar imaging planes as the present study. Similar ranges of the shear
modulus for VL, VM and Sr, were found between both studies. Other studies have established

MRE muscle protocols with different drivers, and MR sequences, to also determine the
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mechanical properties (i.e., elasticity) of individual muscles as function of age, muscle
condition (Debernard et al., 2011b; McCullough et al., 2011) , and disease (Domire et al.,
2009), such as myopathy (Bensamoun et al., 2007; Bensamoun et al., 2014). In cases of
muscle pathologies or injuries, it appears that different muscles had different physiological
and functional changes. Thus, it was important to develop other muscle protocols allowing a
complete behavior of a group of muscles. These new shear modulus data will improve our
understanding of the changes in muscle elasticity at rest and during a contraction and will

enable to adapt the treatment as a function of the muscle damage.

One of the challenges of developing a successful MRE technique is to be able to
characterize deep muscles. This method based on the interpretation of the wave propagation
along the muscle fiber but this architecture doesn’t show through the MRE acquisition.
However, ultrasound technique revealed the muscle fiber orientation and the anisotropic
behavior by rotating the probe. Nevertheless, ultrasound is limited by the penetrating depth of
the beam (Ballyns et al., 2012), and electromyography requires the use of a needle to reach
deep muscles. The present study demonstrated the ability and the potential of the MRE
technique to quantify the shear modulus of deep muscles in the thigh at rest. In addition, MRI
acquisition provides a larger field of view compared with ultrasound and can reveal a
complete view of the muscle (e.g., gracilis) from the distal to proximal sides of the thigh. This
representation is of importance and can identify the affected muscle area and localize future
treatments such as pharmaco-gene therapeutic trials for Duchenne muscular dystrophy

(Bensamoun et al., 2014).

The present study has demonstrated different shear moduli values between the muscles.
The gracilis, sartorius, and semitendinosus muscles showed higher shear modulus compared
with the other thigh muscles. Similar trends were also found for the sartorius and
semitendinosus muscles. These differences in shear moduli could have been caused by the
position (supine vs prone), the subject's knee angle, and the placement of the scaning planes.
However, the muscles (Gr, Sr) were tested in both positions and revealed similar mechanical
properties, demonstrating that position had no influence on these two muscles. It is thus
assumed that the physiological and architectural compositions of the muscles have impacts on
wave displacement. Moreover, the lower shear modulus for the adipose tissue was may be due

to its physiological composition which differed to that of muscle tissue (Debernard et al.,
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2011). To better analyze the physiological and structural composition of the different muscles,
diffusion (Froeling et al., 2012; Li et al., 2014; Scheel et al., 2013; Williams et al., 2013)
imaging technique could be performed. Moreover, it would be of interest to couple the MR
elastographic sequence with diffusion imaging to characterized the anisotropic (Green et al.,

2013b; Qin et al., 2011a, 2013) properties when there is muscle disease (Qin et al., 2014).

The setup of the present MRE muscle protocols is mainly related to the orientation of the
imaging planes which are important in achieving good wave displacement. The good
reproducibility result showed the reliably of the study. This work is the first step of the
development of a muscle atlas that could be improved by including other parameters, such as
viscosity (Green et al., 2012; Klatt et al., 2010b; Qin et al., 2011a), anisotropy (Green et al.,

2013b), fiber type, muscle volume, and percentages of water and adipose tissues.

The present MRE protocols were developed for muscles in rest condition and it is
assumed that the positions (supine and prone) have any impact on the passive elasticity result.
However, this statement is not validated in active state due to the initial morphology (length
of the fiber, aponeurosis angle) of the muscle which may influence the contractile result. In
previous studies, it was demonstrated that shear modulus increased as a function of the level
of contraction (Debernard et al., 2011b). Preliminary tests performed on the rectus femoris in
a contracted state (10% and 20% MVC) confirmed this statement (1 grF relax = 3.91 £ 0.16 kPa,
B RF 10% = 5.54 £ 0.08kPa, and p_rr 20% = 6.56 = 0.15 kPa). Therefore, it is expected that the
other muscles have increased elasticity. The present homemade ergometer was adapted to
stress the quadriceps muscle and may be further developed to stress other muscles.
Preliminary tests were also performed for the vastus intermedius in a contracted state (20%
MVC). The phase image shows a non-uniform wave displacement compared to the clear
propagation obtained when the muscle was at rest. Consequently, it was difficult to have an
accurate measurement of the shear modulus. The next step will be to adapte the developed

potocoles for muscle in active condition.

2. Viscoelastic property

The novelty of the study is its direct method to extract the in vivo viscoelastic

parameters from experimental wavelength and attenuation measurements. This data

133



DISCUSSION AND PERSPECTIVE

processing was validated first on the phantom before being applied to muscles. Indeed, it was
demonstrated that the experimental G’ and G” values provided by the hyper-frequency
viscoelastic spectroscopy technique are in agreement with those measured by our method
using multifrequency MRE tests. Moreover, our approach was based on a profile placed
within the region of interest on the muscle and within the direction of wave propagation. This
made the present method more sensitive to changes in the muscle's mechanical properties.

Another advantage of our method was that it did not need to calculate the Laplacian operator

2
(== U) in Eq. 1. Only the locations of the extrema in the waveform were needed.

ox?

In this study, our approach was based on the local homogeneity of the biological tissue

by local measurement along the profile: thus we assumed that the spatial derivatives of shear
modulus (8_ G) were negligible (Sinkus et al., 2005). A more realistic model for muscle
x

tissue may have used the assumption of a transversely isotropic and incompressible medium

(Sinkus et al., 2005; Qin et al., 2011). In case of compressibility, the Helmholtz equation

2
(p ®* U + G(w) ; U = 0) must be corrected by an additional term for pressure (Sinkus et
X

al., 2010), which requires the acquisition of a 3D MR phase image to calculate the curl
operator. In addition, a transversely isotropic medium assumes to reconstruct two shear
moduli (parallel and perpendicular to the muscle fibers) with a diffusion tensor imaging
sequence (Sinkus et al., 2005). Muscle is a complex biological tissue composed of multiple
parameters, which need to be all taken into account but which is not compatible with general

clinical investigations due to the increase times of MR acquisition.

This study focused on four relaxed healthy muscles (BC, Gr, SM, ST) and is a follow-
on study on work in which we quantified the passive elastic properties of nine thigh muscles.
The present results have extended this previous database using passive viscoelastic data from
MMRE tests. Comparison of viscoelastic measurements with other studies on muscles is
difficult because of the different experimental setups and methods of data processing.
Moreover, some studies have characterized isolated muscles, such as the vastus medialis and
sartorius (Debernard et al., 2011b), whereas others have measured the viscoelastic properties

of a group of femoral muscles (Klatt et al., 2010b). For instance, Klatt et al.’s study used the
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same criterion of fit (Eq. [6]; p: 100) as in our present study, but the MMRE tests were
performed at a lower frequency range (25-62.5 Hz), with a shear motion driver, and a group
of femoral muscles were analyzed. As a consequence, comparisons of the elastic values
obtained with the springpot model for the BC (un = 5.65 + 0.33 kPa), Gr (u = 8.10 + 0.80 kPa),
SM (n =5.30 £ 0.29 kPa), and ST (u = 6.10 + 0.38 kPa) muscles are not within same range as
in Klatt et al.’s study for the femoral muscle (u=2.68 + 0.23 kPa).

Another example is Debernard et al.'s study (Debernard et al., 2011b), where they used
the same driver frequencies for the MMRE tests as in our present study, but their fit of the
rheological model differed to ours. Theirs was based on a cost function composed of the
speed of the experimental shear wave whereas we used the experimental wavelength and
attenuation to measure (G’) and (G”’) (Eq. [6]; p: 100). Even though, comparisons could be
biased, the viscosities (1, Zener) of the vastus medialis (3.57 £+ 0.92 Pa.s) and sartorius (6.37
+ 1.13 Pa.s), as reported by Debernard et al., were within the same range as for BC (3.96 +
0.54 Pa.s), SM (4.19 = 0.39 Pa.s), ST (4.29 £ 0.81 Pa.s), and Gr (6.61 + 1.47 Pa.s).

Comparison between the Zener and springpot models showed a similar trend regarding
the elastic components for each muscle. The Gr muscle showed higher elastic values in both
models compared to the other muscles. This has been reported previously (Bensamoun et al.,
2007) and additional spectroscopic investigations are needed to further characterize the
structural properties that explain this higher elasticity. The p; parameter from the Zener model
could be a marker for the function of the Gr muscle, which is a long spindle-shaped muscle

that plays a major role in the flexibility of the hip and knee.

The springpot model also provided an insight into muscle physiology (Klatt et al.,
2010b; Anantawaraskul, 2005). Indeed, it is known that the parameter a is determined by the
degree of freedom in the underlying network of tissue (Gurtovenko et al., 2005). Thus, the
low a-value (0.155) for the phantom revealed a homogeneous media, which is in agreement
with the uniform preparation of the phantom. It can be noted that this a value was close to
those obtained for the Gr and ST muscles. Higher a values were calculated for BC (0.210 +
0.020) and SM (0.266 + 0.023) muscles whereas Gr (0.158 £ 0.012) and ST (0.172 £ 0.022)
muscles had significantly lower values. These results indicate a more hierarchical structure for
BC and SM muscles, represented by the presence of more cross-bridges between muscle
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filaments at the micro-structural level. This range of values was also found by Klatt et al.’s
study (Klatt et al., 2010) for the femoral muscles (0.253 + 0.009). In addition, the trend of a
values for each muscle was similar to the experimental ratio G”/G’ at 90 Hz. This last result

demonstrates that the optimal frequency to characterize muscle using MMRE is 90 Hz.

In conclusion, the present MMRE tests associated with the data processing method
showed that the complex shear modulus of passive muscle can be analyzed using two
rheological models (Zener, springpot). The elastic and viscous data could be used as a
reference for future assessment of muscular dysfunction. Further experiments will be
performed on the other thigh muscles under active conditions in order to obtain a complete

muscle database of their functional properties.
In perspective, the elastic muscle database for the thigh will be completed with the

elasticity of active muscle at different levels of contraction. In the same way, the viscoelastic

properties of the remaining thigh muscles will be also characterized.
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A.Summary of the in vitro studies

The objective of this in vitro study was to create a phantom witch the same muscle
architecture (fiber, aponeurosis ...) and mechanical properties of muscle in passive and active

states.

Two homogeneous phantoms were manufactured with different concentrations of
plastisol to simulate the muscle elastic properties in passive (50% of plastisol) and active
(70% of plastisol) muscle conditions. Moreover, teflon tubing pipes (D = 0.9 mm) were
thread in the upper part of the phantom (50%) to represent the muscle fibers and a plastic
sheet (8 x 15 cm) was also included in the middle of the phantom to mimic the aponeurosis

structure.

Subsequently, MRE tests were performed at 90Hz with two different pneumatic drivers,
tube and round shapes, to analyze the effect of the type of driver on the wave propagation.
The wavelength was measured from the phase images and the elastic properties (shear
modulus) were calculated. Both phantoms revealed elastic properties which were in the same
range as in vivo muscle in passive (2.40 + 0.18 kPa) and active (6.24 + 0.21 kPa) states. The

impact of the type of driver showed higher values with the tube (range: 1.2 kPa to 1.53 kPa).

The analysis of the wave behavior revealed a sliding along the plastic sheet as it was
observed for in vivo muscle study. The wave was also sensitive to the presence of the fibers

where gaps were identified.

A new post processing method was established to measure G’ and G” from experimental
multi frequencies (60, 80, 100 Hz) MRE (MMRE) tests and rheological models. This method
was tested on the phantom (50%) made without fiber. Cross validation of the viscoelastic (G’,
G”) results was made with Hyper-Frequency Viscoelastic Spectroscopy (HFVS). Both
techniques showed similar range of values for G’ and G” at the same frequencies. This last

result validated our new data processing for the viscoelastic measurement.
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B. Summary of the in vivo studies

The objective of this in vivo study was to develop MRE protocols to characterize the
elastic properties (shear modulus) of the nine thigh muscles. These tests were performed at a

single frequency (90Hz).

Different shear moduli were found between the muscles. The gracilis revealed the highest
elastic properties compared to all the other muscles. These different elasticities may be due to

different physiological and architectural compositions between the tissues.

Then the viscoelastic properties of the ischio (ST, SM, and BC) and Gr muscles were
determined based on our new data-processing method (validated on the phantom 50%) using
MMRE tests (70, 90 and 120Hz) and rheological models. The results revealed that two
rheological models, zener and springpot, can be used to measure the viscoelastic properties in
passive state. A similar trend was found between the experimental ratios G”’/G’ obtained at 90

Hz and the a value of the springpot model.

The present MRE muscle protocol, and the viscoelastic data base, could be used as non-
invasive diagnostic tools to evaluate tissue alterations, the progression of diseases, and the

effect of treatments, such as the ongoing therapeutic trials for Duchenne muscular dystrophy.
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A. Résumé de I'étude in vitro

L'objectif de cette étude in vitro était de créer un fantdme avec la méme architecture
musculaire (fibre, aponévrose ...) et les mémes propriétés mécaniques que le muscle en

condition passive et active.

Deux fantdmes homogeénes ont été fabriqués avec différentes concentrations de plastisol pour
simuler les propriétés élastiques du muscle en condition passive (50% plastisol) et active
(70% de plastisol). Pour cela, des fils en Téflon (d = 0,9 mm) ont été insérés dans la partie
supérieure du fantdme (50%) pour représenter les fibres musculaires. De plus, une feuille en
maticre plastique (8 x 15 cm) a également été placée au milieu du fantome pour imiter la

structure de 1'aponévrose.

Ensuite, des tests ERM ont été effectués a 90 Hz avec deux stimulateurs pneumatiques de
différentes formes (tube en silicone, membrane circulaire) pour analyser l'effet du type du
stimulateur sur la propagation des ondes. La longueur d'onde a été mesurée a partir des
images phase et les propriétés élastiques (module de cisaillement) ont été calculées. Les deux
fantomes (50% et 70%) ont montré des propriétés €lastiques similaires a celles du muscle a
I’état passif (2,40 = 0,18 kPa) et actif (6,24 + 0,21 kPa). Le stimulateur en forme de tube a

donné¢ des valeurs plus ¢levées (environ 1,2 kPa a 1,53 kPa).

L'analyse du comportement des ondes a révélé un glissement le long de la feuille plastique.
Ce phénomeéne a aussi été observé in vivo le long de I’aponévrose. L'onde a également été
sensible a la présence des fils en téflon car des coupures, des trous, ont été identifiés au cours

de la propagation de I’onde.

Une nouvelle méthode de post-traitement a été créée pour mesurer les paramétres G' et G" a
partir de tests ERM réalisés a plusieurs fréquences (60, 80, 100 Hz) et en utilisant des
modeles rhéologiques. Cette méthode a été testée sur un fantéme (50%) qui n’avait pas
d’inclusion. Les résultats des mesures viscoélastiques (G', G") ont été validés avec la
technique HFVS (Hyper-Fréquence viscoélastique Spectroscopy). Des valeurs similaires, G'
et G, ont été obtenues avec les deux techniques. Ce dernier résultat valide la nouvelle

méthode de post-traitement pour mesurer les propriétés viscoélastiques.
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B. Résumé de 1'étude in vivo

L'objectif de cette étude in vivo a été de développer des protocoles ERM pour caractériser les
propriétés ¢lastiques (module de cisaillement) des neuf muscles de la cuisse. Ces tests ont été

effectués a une seule fréquence (90 Hz).

Différents modules de cisaillement ont été trouvés entre les muscles. Le gracilis a révélé des
propriétés €lastiques plus élevées que les autres muscles. Ces différentes €lasticités peuvent

étre dues a différentes compositions physiologiques et architecturales entre les tissus.

Ensuite, les propriétés viscoélastiques des muscles ischio (ST, SM, et la BC) et du muscle Gr
ont été déterminées en appliquant la nouvelle méthode de post-traitement des données
(précédemment validée sur le fantdme 50%) avec des tests ERM multi fréquences (70, 90 et
120 Hz) et en utilisant des mod¢les rhéologiques. Les résultats ont montré que deux modeles
rhéologiques, Zener et springpot, peuvent étre utilisés pour mesurer les propriétés
viscoélastiques des muscles a 1’état passif. De plus, des résultats similaires ont été trouvés

entre G "/ G ', obtenus expérimentalement a 90 Hz, et la valeur a du mod¢le de springpot.

Les différents protocoles ERM développés pour le muscle, et la base de données des
propriétés viscoélastiques, pourraient étre utilisés comme un outil de diagnostic non invasif
pour évaluer des altérations des tissus musculaires, pour suivre la progression des maladies, et
¢valuer I'effet des traitements, tels que les essais thérapeutiques en cours pour la myopathie de

Duchenne.
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